
published in the literature [50,51]. The main advantage of EESM over MIESM is

that the nonlinear weighting function Φð:Þ and its inverse function used to calcu-

late the effective SINR are closed-form and easy to compute. The performance of

EESM to predict the BLER in the MIMO high-correlation scenarios can be tested

in two ways, that is, using a single parameter (one-dimension minimization) or

using two different parameters. The advantage of using a single parameter is that

minimization effort is simple and there is a single minimum. This is the reason

that there are two sets of parameters for EESM shown in Table 11.3. The values

of the EESM parameters in Table 11.3 are in good agreement with those pub-

lished in the literature for QPSK and 16QAM and deviate for 64QAM

[28,34,50,51]. Comparing the MSEs corresponding to MIESM and EESM in the

table suggests that MIESM outperforms EESM and provides more accurate link-

abstraction relative to reference link-level curves at the expense of more

complexity.

The accuracy of a mutual information-based metric depends on the equivalent

channel over which this metric is defined. The capacity is defined as the mutual

information based on a Gaussian channel with Gaussian distributed inputs. The

modulation constrained capacity is the mutual information of a symbol channel,

that is, constrained by the input symbols drawn from a complex set. The computa-

tion of the mutual information per coded bit can be derived from the received

symbol-level mutual information which is regarded as received bit mutual infor-

mation rate (RBIR) link-to-system mapping. An alternative approach directly

arrives at the bit-level mutual information and is known as the mean mutual infor-

mation per bit (MMIB) PHY abstraction method. The procedure of the MIESM

approach is illustrated in Figure 11.6. Given a set of N received encoder symbol

SINRs from the system-level simulation, denoted as fSINR1; SINR2;SINR3;
. . .;SINRNg; a mutual-information metric is calculated. Based on the computed

MI metric, an equivalent SINR is obtained and used to look-up the BLER value

[34,50,51].

.
.

.

SINR1

SINR2

SINRN

.
.

.

Modulation model
Information collection/

correction

Quality mapping

MI metric (m)

m

I1

IN

I2

BLERQPSK

SINR

Mutual
information

BPSK

64 QAM
.
.

MI metric (m)

BLER

Rate=r1

Rate=rn

...

Channel coding model

Multistate channel quality of
one coding block Mapping function Mapping table

FIGURE 11.6

Procedure for MIESM link-to-system mapping method [26].
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11.5 IMT-Advanced test environments
For evaluation of the IMT-Advanced candidates, the ITU-R WP 5D defined sev-

eral test environments where each test environment is characterized with certain

user mobility, path loss and channel models, and system configuration parameters.

The evaluation of candidate radio access technologies was performed in selected

scenarios of the following test environments [12�14]:

• Indoor test environment models isolated cells at offices and/or in hotspots

comprising stationary and pedestrian users. In this model, the emphasis is on

very small cells, very high user throughputs, and high user density inside

buildings.

• Urban micro-cellular test environment with higher user density was defined to

model pedestrian and slow vehicular users. The micro-cellular test environ-

ment’s focus is on small cells and high user densities which demonstrates typi-

cal traffic load in city centers and dense urban areas. The key characteristic of

this test environment is high traffic loads as well as outdoor and outdoor-to-

indoor coverage. This scenario is interference-limited. A continuous cellular

layout and the associated interference are assumed and radio access points are

located below rooftop level.

• Urban macro-cellular environment (base coverage urban) was defined to model

coverage for pedestrian users up to fast-moving vehicular users. The base cover-

age urban test environment focuses on large cells and continuous coverage. The

main characteristics of this test environment are continuous and ubiquitous cov-

erage in urban areas. This scenario is interference-limited, using macro-cells

with radio access points above rooftop level. In an urban macro-cell test envi-

ronment, mobile stations are located outdoor at street level and fixed base sta-

tion antennas are located clearly above surrounding building heights. Therefore,

NLoS or obstructed sight can be considered in this scenario.

• High-speed or rural test environment models high-speed vehicular and trains.

The high-speed test environment focuses on larger cells and continuous cover-

age. The key characteristics of this test environment are continuous wide area

coverage supporting high-speed vehicles. This scenario will therefore be

noise-limited and/or interference-limited and uses macro-sized cells.

11.6 Network layout for system-level simulations
In the rural or high-speed, macro- and micro-cellular environments, no specific

topographical details are taken into consideration. Base stations are placed in reg-

ular grids conforming to a hexagonal layout. A basic hexagonal layout with three

cells/sectors per site is shown in Figure 11.7 where antenna bore-sight, cell range,

and inter-site distance are also illustrated. The system-level simulations use a

wrap-around model with 19 sites each comprising 3 cells. The users are dropped
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uniformly over the entire coverage area (Monte Carlo method4) in order to model the

inter-cell interference. Depending on the configuration being simulated and required

output, the effect of the surrounding outer cells may be disregarded. In such cases,

only 19 cells of the center cluster may be modeled. For the cases where modeling of

the interfering outer cells is necessary for accuracy of the results, the wrap-around

structure with the seven cluster network can be used. A cluster is defined as six dis-

placements of the center hexagon. In the wrap-around inter-cell interference model,

the network is extended to a cluster of networks consisting of seven replicas of the

original hexagonal network, with the original hexagonal network in the middle while

the other six copies are attached to it symmetrically on six sides. The number of

mobile stations is predetermined for each sector/cell, where each MS location is ran-

domly distributed with uniform distribution (see Figure 11.7).

The serving cell of each MS is determined in two steps due to the wrap-

around nature of the cell layout. The first step is to determine the 19 shortest-

distanced cells for each MS from all seven logical cell clusters, and the second

step is to determine the serving cell/sector among the nearest 19 cells for each

MS based on the strongest link according to the path loss and shadowing. To

determine the shortest-distanced cell for each MS, the distances between the MS
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FIGURE 11.7

Illustration of a hexagonal cellular network layout [14].

4Monte Carlo methods are a class of computational algorithms that rely on repeated random sam-

pling to compute their results. Monte Carlo methods are often used in simulating physical and

mathematical systems. Because of their reliance on repeated computation of random or pseudoran-

dom quantities, these methods are most suited to calculation by a computer and tend to be used

when it is unfeasible or impossible to find a closed-form result with a deterministic algorithm [56].
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and all logical cell clusters are calculated and the 19 cells with a shortest distance

in all seven cell clusters are selected. The serving cell for each MS provides the

strongest link with a strongest received long-term signal power. It should be noted

that the shadowing experienced on the link between MS and cells located in dif-

ferent clusters is the same.

11.7 IMT-Advanced evaluation methodology and baseline
configurations
The IMT-Advanced candidate technologies were required to be evaluated under

at least three test environments. ITU-R WP 5D specified a common evaluation

methodology based on which the candidates were required to be configured and

assessed against the IMT-Advanced minimum system requirements. Table 11.4

provides the common parameters for evaluation of radio access technologies as

specified by ITU-R recommendations [6,12�14].

The BS antennas in each sector are assumed to have antenna patterns in azi-

muth and elevation directions that are given by:

AeðφÞ52min 12
φ2φtilt

φ3dB

� �2
;Am

" #

Elevation direction

AðθÞ 52min 12 θ
θ3dB

� �2
;Am

" #

Azimuth direction

(11.24)

where AðθÞ is the relative antenna gain (in dB) in the direction of 2180� # θ#
180�, θ3 dB is the 3 dB beam-width (θ3dB 5 70�),Am 5 20 dB is the maximum atten-

uation, AeðφÞ is the relative antenna gain (in dB) in the elevation direction

290� #φ# 90�, φ3dB is the elevation 3 dB beam-width (φ3dB 5 15�), and φtilt is the

tilt angle. The value of the antenna tilt angle is assumed to be φtilt 5 0� for InH,

φtilt 5 12� for UMi, φtilt 5 12� for UMa, and φtilt 5 6� for RMa test environments.

The combined antenna pattern at angles off the cardinal axes is computed as

2min½2 ðAðθÞ1AeðφÞÞ;Am�. The antenna bearing is defined as the angle between

the main antenna lobe center and a line directed due east given in degrees. The

bearing angle increases in a clockwise direction. The center directions of the

main antenna lobe in each sector point to the corresponding side of the hexagon.

For an indoor test environment, the BS is assumed to have an omni-directional

antenna pattern. The mobile station is assumed to have omni-directional antennas.

11.8 Link-level and system-level channel models
The channel behavior is described by its long- and short-term fading characteris-

tics where the former often depends on the geometrical location of a user in a

wireless network and the latter defines the time-variant spatial channels.
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In general, there are two ways of modeling a channel, deterministic and stochastic.

The deterministic category encompasses all models that describe the propagation

channel for a specific transmitter location, receiver location, and environment.

Deterministic channel models are site-specific, as they clearly depend on the loca-

tion of transmitter, receiver, and the properties of the environment. They are there-

fore most suitable for network planning and deployment. In many cases, it is not

possible or desirable to model the propagation channel in a specific environment.

Especially for system testing and evaluation, it is more appropriate to consider

channels that reflect “typical,” “best case,” and “worst case” propagation scenarios.

A stochastic channel model thus reflects the statistics of the channel impulse

responses and during the actual simulation; impulse responses are generated as rea-

lizations according to those statistics[18�22,29�33,35�43].

Essential to the evaluation of multiple-antenna techniques, which are the key

enabling technology for IMT-Advanced systems, is the modeling of MIMO chan-

nels that can be represented as double-directional channels or as vector (or

matrix) channels. The former representation is more related to the physical propa-

gation effects, while the latter is more focused on the mathematical effect of the

channel on the system. The double-directional model is a physical model in which

the channel is constructed from summing over multiple waves or rays. Thus, it

can also be referred to as a “ray-based model.” The vector or matrix channel is a

mathematical or analytical model in which the space-time channel as seen by the

receiver is constructed mathematically, assuming certain system and antenna para-

meters. In this approach, the channel coefficients are correlated random processes

in both space and time, where the correlation is defined mathematically.

The ITU-R WP 5D specified channel models for the evaluation of IMT-

Advanced candidate technologies which consisted of primary and extension mod-

ules. The framework of the primary module is based on the WINNER II channel

model,5 which applies the same approach as the 3GPP/3GPP2 spatial channel

model (SCM).6 The extension module extends the capabilities of the IMT-

Advanced channel model to cover additional deployment scenarios beyond that of

IMT-Advanced candidate technology evaluations, allowing the use of modified

parameters to generate large-scale parameters. The ITU-R WP 5D specified chan-

nel model is a geometric stochastic model. It does not explicitly specify the loca-

tions of the scatterers, rather the directions of the rays generated as a result of

scattering objects. The geometric modeling of the radio channel enables separa-

tion of propagation parameters and antennas. The channel parameters for individ-

ual snapshots are determined stochastically based on statistical distributions

extracted from channel measurements. Antenna geometries and radiation patterns

5Information on WINNER II channel models can be found at http://www.ist-winner.org/

deliverables.html.

6Information on the 3GPP/3GPP2 spatial channel model can be found in 3GPP TR 25.996 spatial

channel model for multiple input multiple output (MIMO), September 2003.

90511.8 Link-level and system-level channel models

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 914 of 1122

http://www.ist-winner.org/deliverables.html
http://www.ist-winner.org/deliverables.html
http://www.ist-winner.org/deliverables.html
http://www.ist-winner.org/deliverables.html


can be defined properly by the user of the model. As shown in Figure 11.8, chan-

nel realizations are generated through the application of the geometrical principle

by summing the rays (plane waves) with specific small-scale parameters, such as

delay, power, angle-of-arrival (AoA), and angle-of-departure (AoD). The superpo-

sition results in correlation between antenna elements and temporal fading with

geometry-dependent Doppler spectrum. A number of rays constitute a cluster.

A cluster and a propagation path diffused in space are equivalent in delay and

angle domains. A generic MIMO channel model is applied to all test scenarios.

The time-variant impulse response matrix of the MIMO channel can be written as

(assuming NTX transmit antennas at the BS and NRX receive antennas at the MS)

Hðt; τÞ5 PN
n51 Hnðt; τÞ where τ denotes the delay and N5NRX 3NTX is the

number of multipaths. The channel impulse response is composed of the antenna

array response matrices FTX and FRX for the transmitter and the receiver, respec-

tively, as well as the dual-polarized propagation channel response matrix hn for

the nth cluster, hence:

Hnðt; τÞ5
ZZ

FRXðφÞ hnðt; τ;ϕ;φÞ FT
TXðϕÞ dϕ dφ (11.25)

The channel from transmit antenna element s to receive antenna element u for

cluster n can be expressed as follows:

Hu;s;nðt; τÞ5
XM

m51

FRX;u;V ðφn;mÞ
FRX;u;H ðφn;mÞ

" #T
αn;m;VV αn;m;VH

αn;m;HV αn;m;HH

� 	
FTX;s;V ðϕn;mÞ
FTX;s;H ðϕn;mÞ

" #

3 exp ðj2πυn;mtÞδ ðτ2 τn;mÞ

3 exp ðj2πλ21
0 ðφn;mUrRX;uÞÞexp ðj2πλ21

0 ðϕn;mUrTX;sÞÞ

(11.26)

where FRX;u;V and FRX;u;H denote the antenna element u field patterns for vertical

and horizontal polarizations, respectively, αn;m;VV and αn;m;VH are the

AODn
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N
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path n
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MSΩ
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broadside

MS antenna array
broadside

BS antenna
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Sub-path k
Vθ

MSθ

BSθ

MS travel 
direction

FIGURE 11.8

Illustration of angular parameters in the MIMO channels [1,14].
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complex-valued gains of vertical-to-vertical and horizontal-to-vertical polariza-

tions of ray n;m, respectively, λ0 represents the wave length of the RF carrier,

ϕn:m AoD unit vector, φn:m is the AoA unit vector, rTX;s and rrx;u are the location

vectors of element s and u, respectively, and υn;m denotes the Doppler frequency

component of ray n;m [1,14,26]. If the radio channel is dynamically modeled, the

above-mentioned small-scale parameters are going to be time-variant.

In Figure 11.8, the placement of the MS with respect to each BS is to be

determined according to the cell layout. From this placement, the distance

between the MS and the BS d and the LoS directions with respect to the BS and

MS, θBS and θMS can be determined. Note that θBS and θMS are defined relative to

the broadside directions. The MS antenna array orientations ΩMS are independent

and identically distributed and are obtained from a uniform 0�360� distribution.
The generic MIMO channel model is a stochastic model with two levels of

unpredictability: large-scale parameters, such as shadow fading, delay, and angu-

lar spreads that are drawn randomly from tabulated distribution functions; and

small-scale parameters, such as delay, power, and direction of arrival and depar-

ture that are selected randomly according to tabulated distribution functions and

large-scale parameters. An infinite number of different realizations of the channel

model can be generated randomly selecting different initial phases for the scatter-

ing objects.

The general approach in the SCM is based on the geometry of a network

layout. The large-scale parameters, such as path loss and shadowing factor, are

generated according to the geometric positions of the BS and MS. Then the statis-

tical channel behavior is defined using distribution functions of delay and angle,

and also by the power delay and angular profiles. Typically, an exponential power

delay profile and Laplacian power angular profile are assumed with the function

completely defined once the root mean-square (RMS) delay spread and angular

spread are specified. The RMS delay and angular spread parameters can be ran-

dom variables with a mean and standard deviation. The RMS delay and angular

spread can be mutually correlated, together with other large-scale parameters,

such as shadowing factors. According to the exact profile and distribution func-

tions defined by the particular RMS delay and angular spread values, a finite

number of channel taps are randomly generated with a per-tap delay, mean power,

mean AoA and AoD, and RMS angular spread. They are defined in a way such

that the overall power profile and distribution function are satisfied. Each tap is

the contribution of a number of rays (plane waves) arriving at the same time,

with each ray having its own amplitude, AoA, and AoD. The number of taps and

their delay and angles may be randomly defined, but a reduced-complexity model

can specify the delays, mean powers, and angles of the channel taps in a predeter-

mined manner when typical values are often chosen. Similar to the well-known

tapped-delay-line version of the wide-sense stationary uncorrelated scattering

model, where the power delay profile is fixed, a spatial tapped-delay-line

reduced-complexity model additionally defines the spatial information, such as

per-tap mean AoA, AoD, and per-tap angular spread, and the power angular
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profile. Spatial tapped-delay-line models are also referred to as cluster-delay-line

models as each tap is modeled as the effect of a cluster of rays arriving at the

same time. Each tap suffers from fading in space and over time. The spatial fad-

ing process will satisfy a predetermined power angular profile.

The realization of a time-varying spatial channel can be performed in two

ways:

• Ray-based: The channel coefficient between each transmit and receive antenna

pair is the summation of all rays at each tap and at each time instant, accord-

ing to the antenna configuration, gain pattern, AoA, AoD of each ray. The

temporal channel variation depends on the traveling speed and direction rela-

tive to the AoA/AoD of each ray.

• Correlation-based: The antenna correlation for each tap is computed first

according the per-tap mean AoA/AoD, per-tap power angular profile, and

antenna configuration parameters (e.g., spacing and polarization). The per-tap

Doppler spectrum depends on the traveling speed and direction relative to the

mean per-tap AoA/AoD, as well as the per-tap power angular profile. The

MIMO channel coefficients at each tap can then be generated mathematically

by transforming typically the independent and identically distributed Gaussian

random variables according to the antenna correlation and the temporal corre-

lation (correspondingly the particular Doppler spectrum).

The generic channel model is based on the drop concept. The system-level simu-

lation is performed in a sequence of “drops,” where a “drop” is defined as one simu-

lation run over a certain time period when using the generic model. A drop (or

snapshot of a channel segment) is a simulation instance where the random properties

of the channel remain constant except for the fast fading caused by the changing

phases of the rays. The constant properties during a single drop are the power, delay,

and direction of the rays. In a simulation, the number and the length of drops are

selected based on the evaluation requirements and the deployment scenario. The

generic channel model allows simulation of several statistically independent drops in

order to obtain a statistical representation of system performance. The channel model

parameters for evaluation of IMT-Advanced technologies in various test environ-

ments are shown in Table 11.5. In Table 11.5, DS is the RMS delay spread, ASD is

the RMS azimuth spread of departure angles, ASA denotes the RMS azimuth spread

of arrival angles, SF represents the shadow fading, and parameter K denotes the

Rician K-factor. IMT-Advanced primary module path loss model parameters for a

hexagonal cell layout are summarized in Table 11.6.

The break point distance in the above table is defined as d0BP 5 4h0BSh
0
MSfc=c

where fc is the center frequency (Hz), c5 3:03 108 m=s is the propagation veloc-

ity in free space, h0BS and h0MS are the effective antenna heights at the BS and the

MS, respectively. The effective antenna heights h0BS and h0MS are computed as fol-

lows: h0BS 5 hBS 2 1 and h0MS 5 hMS 2 1 where hBS and hMS are the actual antenna

heights. The effective height in urban environments is assumed to be equal to

1.0m. In the above table, PLb denotes basic path loss, PLB1 is loss of UMi
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Table 11.5 Channel Model Parameters for IMT-Advanced Test Environments [4,14]

Channel Model Parameters

InH UMi UMa RMa

LoS NLoS LoS NLoS Outdoor-
to-Indoor

LoS NLoS LoS NLoS

Delay spread
(DS) log10(s)

μ 27.70 2 7.41 27.19 26.89 26.62 27.03 26.44 2 7.49 27.43

σ 0.18 0.14 0.40 0.54 0.32 0.66 0.39 0.55 0.48

AoD spread
(ASD)
log10(degrees)

μ 1.60 1.62 1.20 1.41 1.25 1.15 1.41 0.90 0.95

σ 0.18 0.25 0.43 0.17 0.42 0.28 0.28 0.38 0.45

AoA spread
(ASA)
log10(degrees)

μ 1.62 1.77 1.75 1.84 1.76 1.81 1.87 1.52 1.52

σ 0.22 0.16 0.19 0.15 0.16 0.20 0.11 0.24 0.13

Shadow fading
(SF) (dB)

σ 3 4 3 4 7 4 6 4 8

K-factor (K) (dB) μ 7 N/A 9 N/A N/A 9 N/A 7 N/A

σ 4 N/A 5 N/A N/A 3.5 N/A 4 N/A

Cross-
correlations

ASD vs. DS 0.6 0.4 0.5 0 0.4 0.4 0.4 0 20.4

ASA vs. DS 0.8 0 0.8 0.4 0.4 0.8 0.6 0 0

ASA vs. SF 20.5 2 0.4 20.4 20.4 0 20.5 0 0 0

ASD vs. SF 20.4 0 20.5 0 0.2 20.5 20.6 0 0.6

DS vs. SF 20.8 2 0.5 20.4 20.7 20.5 20.4 20.4 2 0.5 20.5

ASD vs.
ASA

0.4 0 0.4 0 0 0 0.4 0 0

ASD vs. K 0 N/A 20.2 N/A N/A 0 N/A 0 N/A

ASA vs. K 0 N/A 20.3 N/A N/A 20.2 N/A 0 N/A

DS vs. K 20.5 N/A 20.7 N/A N/A 20.4 N/A 0 N/A

SF vs. K 0.5 N/A 0.5 N/A N/A 0 N/A 0 N/A

(Continued )
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Table 11.5 (Continued)

Channel Model Parameters

InH UMi UMa RMa

LoS NLoS LoS NLoS Outdoor-
to-Indoor

LoS NLoS LoS NLoS

Delay distribution Exponential Exponential Exponential Exponential Exponential Exponential Exponential Exponential Exponential

AoD and AoA distribution Laplacian Wrapped Gaussian Wrapped Gaussian Wrapped Gaussian

Delay scaling parameter rτ 3.6 3 3.2 3 2.2 2.5 2.3 3.8 1.7

Cross-
polarization ratio
(dB)

μ 11 10 9 8.0 9 8 7 12 7

Number of clusters 15 19 12 19 12 12 20 11 10

Number of rays per cluster 20 20 20 20 20 20 20 20 20

Cluster ASD 5 5 3 10 5 5 2 2 2

Cluster ASA 8 11 17 22 8 11 15 3 3

Per cluster shadowing
standard deviation ζ (dB)

6 3 3 3 4 3 3 3 3

Correlation
distance (m)

DS 8 5 7 10 10 30 40 50 36

ASD 7 3 8 10 11 18 50 25 30

ASA 5 3 8 9 17 15 50 35 40

SF 10 6 10 13 7 37 50 37 120

K 4 N/A 15 N/A N/A 12 N/A 40 N/A
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Table 11.6 IMT-Advanced Primary Module Path Loss Models (fc Is in GHz, All Distances Are in Meters, and a Hexagonal Cell Layout

Is Assumed) [14]

Scenario Path Loss PL (dB)

Shadow Fading
Standard Deviation
(dB)

Applicability Range (m)/Antenna
Height (m)

InH LoS 16:9 log10ðdÞ1 32:81 20 log10ðfcÞ σ5 3 3,d, 100
hBS 5 32 6
hMS 5 12 2:5

NLoS 43:3 log10ðdÞ1 11:51 20 log10ðfcÞ σ5 4 10,d, 150
hBS 5 32 6
hMS 5 12 2:5

UMi LoS 22:0 log10ðdÞ1 28:01 20 log10ðfcÞ
40 log10ðd1Þ1 7:8� 18 log10ðh0BSÞ�
18 log10ðh0MSÞ12 log10ðfcÞ

σ5 3 10,d1 ,d0
BP

d0
BP ,d1 , 5000

hBS 5 10; hMS 5 1:5

NLoS 36:7 log10ðdÞ1 22:71 26 log10ðfcÞ σ5 4 10,d, 2000
hBS 5 3
hMS 5 12 2:5

Outdoor-to-
indoor

PLb 1PLtw 1PLin
PLb 5PLB1ðdout 1dinÞ; PLtw 5 20; PLin 5 0:5din

σ5 7 10,dout 1din , 1000
0,din ,25

UMa LoS 22:0 log10ðdÞ1 28:01 20 log10ðfcÞ
40:0 log10ðd1Þ1 7:82 18:0 log10ðh0BSÞ
2 18:0 log10ðh0MSÞ1 2:0 log10 fcð Þ

σ5 4 10,d1 ,d0
BP

d0
BP ,d1 , 5000

hBS 5 25; hMS 5 1:5
NLoS 161:04� 7:1 log10ðWÞ1 7:5 log10ðhÞ

2 ð24:37� 3:7ðh=hBSÞ2Þ log10ðhBSÞ
1 ð43:42� 3:1 log10ðhBSÞÞ ðlog10ðdÞ2 3Þ
1 20 log10ðfcÞ � ð3:2 ðlog10ð11:75hMSÞÞ2 2 4:97

σ5 6 10,d, 5000 hBS 5 25; hMS 5 1:5;
W5 20; h5 205, h, 50;

5,W, 50 10, hBS , 150;

1, hMS , 10
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Table 11.6 (Continued)

Scenario Path Loss PL (dB)

Shadow Fading
Standard Deviation
(dB)

Applicability Range (m)/Antenna
Height (m)

RMa LoS PL1 5 20 log10ð40πdfc=3Þ1minð0:03h1:72;10Þ
log10ðdÞ �minð0:044h1:72;14:77Þ1 0:002log10ðhÞd
PL2 5PL1ðdBPÞ140 log10ðd=dBPÞ

σ5 4
σ5 6

10,d,dBP dBP ,d, 10000
hBS 5 35; hMS 5 1:5W520; h5 5

NLoS 161:04� 7:1 log10ðWÞ17:5 log10ðhÞ
�ð24:37� 3:7ðh=hBSÞ2Þlog10ðhBSÞ
1 ð43:42� 3:1 log10ðhBSÞÞðlog10ðdÞ2 3Þ
1 20 log10ðfcÞ � ð3:2 ðlog10ð11:75 hMSÞÞ2 2 4:97Þ

σ5 8 10,d, 5000 hBS 5 35;
hMS 5 1:5W5 20; h5 5
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outdoor scenario, PLtw is penetration loss through the wall, PLin denotes the loss

inside, dout is the distance from the BS to the wall next to the MS location, din
denotes the perpendicular distance from the wall to the MS which is evenly dis-

tributed between 0 and 25 m, and the break point distance is defined as

dBP 5 2πhBShMSfc=c.
Spatial correlation is often said to degrade the performance of multi-antenna

systems and impose a limit on the number of antennas that can effectively fit in a

small mobile device. This seems intuitive as the spatial correlation decreases the

number of independent channels that can be created by precoding. When model-

ing spatial correlation, it is useful to employ the Kronecker model, where the cor-

relation between transmit and receive antennas are assumed independent and

separable. This model is reasonable when the main scattering appears close to the

antenna arrays and has been validated by outdoor and indoor measurements.

Assuming Rayleigh fading, the Kronecker model means that the channel matrix

can be represented as H5R
1=2
RXHchannelðR1=2

TX ÞT where the elements of Hchannel are

independent and identically distributed as circular symmetric complex Gaussian

with zero-mean and unit variance. The important part of the model is that Hchannel

is pre-multiplied by the receive-side spatial correlation matrix RRX and post-

multiplied by the transmit-side spatial correlation matrix RTX. Equivalently, the

channel matrix can be expressed as HBZð0;RTX � RRXÞ where � denotes the

Kronecker product.

Using the Kronecker model, the spatial correlation depends directly on the

eigenvalue distributions of the correlation matrices RRX and RTX. Each eigenvec-

tor represents a spatial direction of the channel and its corresponding eigenvalue

describes the average channel/signal gain in this direction. For the transmit-side,

the correlation matrix RTX describes the average gain in a spatial transmit direc-

tion, while the receive-side correlation matrix RRX describes a spatial receive

direction. High spatial correlation is represented by a large eigenvalue spread in

RTX or RRX, implying that some spatial directions are statistically stronger than

the others. On the other hand, low spatial correlation is represented by a small

eigenvalue spread in RTX or RRX, which implies that almost the same signal gain

can be expected from all spatial directions [57].

Let us now focus on a specific case of downlink transmission from a base sta-

tion to a mobile station. Denoting the nth snapshot of the spatial correlation matri-

ces at the BS and the MS by RBS;n and RMS;n, the per-tap spatial correlation is

determined as the Kronecker product7 of the BS and MS’s antenna correlation

matrices:

7Given an m3 n matrix A and a p3 q matrix B, the Kronecker product C5A� B, also called the

matrix direct product, is an mp3 nq matrix with elements defined by cαβ 5 aijbkl, where

α � pði2 1Þ1 k and β � qðj2 1Þ1 l. The matrix direct product provides the matrix of the linear

transformation induced by the vector space tensor product of the original vector spaces. More pre-

cisely, suppose that operators S:V1-W1 and T:V2-W2 are given by SðxÞ5Ax and TðyÞ5By.

Then S� T:V1 � V2-W1 �W2 is determined by S� Tðx� yÞ5 ðAxÞ � ðByÞ5 ðA� BÞðx� yÞ[57].
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Rn 5RBS;n � RMS;n (11.27)

We denote the number of receive antennas by NRX and the number of transmit

antennas by the NTX. If cross-polarized antennas are present at the receiver, it is

assumed that NRX=2 receive antennas have the same polarization, while the

remaining NRX=2 receive antennas have orthogonal polarization. Likewise, if

cross-polarized antennas are present at the transmitter, it is assumed that the

NTX=2 transmit antennas have the same polarization; while the remaining NTX=2
transmit antennas have orthogonal polarization. It is further assumed that the

antenna arrays are composed of pairs of collocated antennas with orthogonal

polarization. With these assumptions, the per-tap channel correlation is deter-

mined as follows:

Rn 5RBS;n � Γ� RMS;n (11.28)

Where RMS;n is an NRX 3NRX matrix if all receive antennas have the same polar-

ization, or an NRX=23NRX=2 matrix if the receive antennas are cross-polarized.

Likewise, RBS;n is an NTX 3NTX matrix if all the transmit antennas have the same

polarization, or an NTX=23NTX=2 matrix if the transmit antennas are cross-

polarized. Matrix Γ is a cross-polarization matrix based on the cross-polarization

defined in the cluster-delay-line models. Matrix Γ is a 23 2 matrix if cross-

polarized antennas are used at the transmitter or at the receiver. It is a 43 4

matrix if cross-polarized antennas are used at both the transmitter and the

receiver.

Table 11.7 defines the correlation matrices for the eNB and UE in E-UTRA

with a different number of transmit/receive antennas at each entity [4].

For the scenarios with more antennas at either eNB, UE, or both, the channel

spatial correlation matrix can be expressed as the Kronecker product of ReNB and

RUE according to Rspatial 5ReNB � RUE. The parameters α and β for different

antenna correlation types are given in Table 11.8.

Table 11.7 eNB/UE Correlation Matrix [4,58]

Entity

Number of Antennas

1 2 4

eNB ReNB 5 1
ReNB 5

1 α
α

�
1

� �

ReNB 5

1 α1=9 α4=9 α
α1=9� 1 α1=9 α4=9

α4=9� α1=9� 1 α1=9

α
�

α4=9� α1=9� 1

0

BB@

1

CCA

UE RUE 5 1
RUE 5

1 β
β

�
1

� �

RUE 5

1 β1=9 β4=9 β
β1=9� 1 β1=9 β4=9

β4=9� β1=9� 1 β1=9

β
�

β4=9� β1=9� 1

0

BB@

1

CCA
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The multipath fading channel model specifies three different delay profiles

which are representative of low, medium, and high delay spread environments,

that is, extended pedestrian A (EPA) model, extended vehicular A (EVA) model,

and extended typical urban (ETU) model [52]. The multipath delay profiles for

these channels are shown in Table 11.9 and the associated number of channel

taps, RMS delay spread, and maximum tap excess delays are provided in

Table 11.10. In addition to a multipath delay profile, a maximum Doppler fre-

quency is specified for each multipath fading propagation condition as follows:

EPA 5 Hz (νmax 5 5 Hz), EVA 70 Hz (νmax 5 70 Hz), and ETU 300 Hz

(νmax 5 300 Hz).

Table 11.9 EPA/EVA/ETA Multipath Power Delay Profiles [4,58]

Tap
Excess
Delay (ns)

Relative
Power (dB)

Tap Excess
Delay (ns)

Relative
Power (dB)

Tap Excess
Delay (ns)

Relative
Power
(dB)

EPA EVA ETU

0 0.0 0 0.0 0 21.0
30 21.0 30 21.5 50 21.0
70 22.0 150 21.4 120 21.0
90 23.0 310 23.6 200 0.0
110 28.0 370 20.6 230 0.0
190 217.2 710 29.1 500 0.0
410 220.8 1090 27.0 1600 23.0
� � 1730 212.0 2300 25.0
� � 2510 216.9 5000 27.0

Table 11.8 Values of α and β for Different Antenna Correlations [4]

Low
Correlation

Medium
Correlation High Correlation

α β α β α β
0 0 0.3 0.9 0.9 0.9

Table 11.10 Delay Profiles of LTE Channel Models [4,58]

Model
Number of Channel
Taps

RMS Delay
Spread (ns)

Maximum Tap Excess
Delay (ns)

EPA 7 45 410
EVA 9 357 2510
ETU 9 991 5000
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11.9 LTE-Advanced link-level and system-level
performance
The 3GPP LTE-Advanced was a candidate for IMT-Advanced whose perfor-

mance was fully characterized based on the ITU-R defined evaluation methodol-

ogy. The following sections summarize the performance characterization of the

3GPP LTE-Advanced as part of the IMT-Advanced submission.

11.9.1 Cell spectral efficiency and cell-edge spectral efficiency
Cell spectral and cell-edge spectral efficiencies were evaluated through extensive

simulations conducted by a number of 3GPP member companies. The simulation

results were reported based on specific 3GPP LTE-Advanced configurations, that

is, downlink and uplink MU-MIMO, downlink and uplink CoMP, and uplink SU-

MIMO, for both FDD and TDD duplex schemes in various test scenarios. It must

be noted that during LTE Rel-10 development and prior to IMT-Advanced sub-

mission, CoMP was an incomplete study item in 3GPP and no standard technique

was specified for CoMP at that time; therefore, CoMP simulation results pre-

sented in this chapter, which were provided by a number of 3GPP member com-

panies, did not use standard techniques and may not agree with each other in

various conditions. Nevertheless, the CoMP study item was later completed and

CoMP was specified as a feature in LTE Rel-11 specifications that will be dis-

cussed in the next chapter [11].

The performance differences among contributing sources can be explained by

implementation-specific functionalities at the transmitter and the receiver that are

not explicitly specified by the standard, such as receiver type, scheduling algo-

rithms, and error modeling. In the results reported for the downlink, the size of

the control channel (L OFDM symbols) and the number of the MBSFN subframes

are the factors that affect the overhead. Note that in 3GPP submission, the control

channel overhead is statically modeled, that is, the downlink control channels

occupy a fixed number of OFDM symbols irrespective of the number of users,

although it is expected that the size of the physical downlink control channel

dynamically varies with the number of active users in the cell. In the MBSFN

subframes and in the MBSFN region, there are no cell-specific reference signals

(CRS), which effectively reduces the overhead.

Channel estimation and receiver types are the factors that affect the demodulation

performance. Availability of CSI at the eNB is the assumption that impacts the trans-

mit signal processing at the eNB for MU-MIMO and CoMP schemes. In the tables for

the uplink, physical uplink control channel bandwidth is the factor that affects the

overhead. Each value in Tables 11.11 and 11.12 is obtained as an average of all sam-

ples provided by different companies. The results suggest that the requirements are ful-

filled with L5 3 corresponding to the largest overhead except for the system

bandwidth of 1.4 MHz where the requirements cannot be met. If the control overhead
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Table 11.11 LTE-Advanced Downlink Cell Spectral and Cell-Edge Spectral Efficiencies [2,6]

Scheme and
Antenna
Configuration

Test
Environment

Duplex
Scheme

ITU-R Requirement Cell
Spectral Efficiency/Cell-Edge
Spectral Efficiency

Cell Spectral
Efficiency (bits/s/Hz/
cell)

Cell-Edge Spectral
Efficiency (bits/s/Hz)

L5 1 L5 2 L5 3 L51 L5 2 L53

Rel-8 SU-MIMO
43 2(A)

InH FDD 3/0.1 4.8 4.5 4.1 0.23 0.21 0.19

MU-MIMO
43 2 (C)

3/0.1 6.6 6.1 5.5 0.26 0.24 0.22

Rel-8 SU-MIMO
43 2 (A)

TDD 3/0.1 4.7 4.4 4.1 0.22 0.20 0.19

MU-MIMO
43 2 (C)

3/0.1 6.7 6.1 5.6 0.24 0.22 0.20

MU-MIMO
43 2 (C)

UMi FDD 2.6/0.075 3.5 3.2 2.9 0.10 0.096 0.087

MU-MIMO
43 2 (A)

2.6/0.075 3.4 3.1 2.8 0.12 0.11 0.099

CS/CB-CoMP
43 2 (C)

2.6/0.075 3.6 3.3 3.0 0.11 0.099 0.089

JP-CoMP
43 2 (C)

2.6/0.075 4.5 4.1 3.7 0.14 0.13 0.12

MU-MIMO
83 2 (C/E)

2.6/0.075 4.2 3.8 3.5 0.15 0.14 0.13

MU-MIMO
43 2 (C)

TDD 2.6/0.075 3.5 3.2 3.0 0.11 0.096 0.089

MU-MIMO
43 2 (A)

2.6/0.075 3.2 2.9 2.7 0.11 0.10 0.095

(Continued )
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Table 11.11 (Continued)

Scheme and
Antenna
Configuration

Test
Environment

Duplex
Scheme

ITU-R Requirement Cell
Spectral Efficiency/Cell-Edge
Spectral Efficiency

Cell Spectral
Efficiency (bits/s/Hz/
cell)

Cell-Edge Spectral
Efficiency (bits/s/Hz)

L5 1 L5 2 L5 3 L51 L5 2 L53

CS/CB-CoMP
43 2 (C)

2.6/0.075 3.6 3.3 3.1 0.10 0.092 0.086

JP-CoMP
43 2 (C)

2.6/0.075 4.6 4.2 3.9 0.10 0.092 0.085

MU-MIMO
83 2 (C/E)

2.6/0.075 4.2 3.9 3.6 0.12 0.11 0.099

MU-MIMO
43 2 (C)

UMa FDD 2.2/0.06 2.8 2.6 2.4 0.079 0.073 0.066

CS/CB-CoMP
43 2 (C)

2.2/0.06 2.9 2.6 2.4 0.081 0.074 0.067

JP-CoMP
43 2 (A)

2.2/0.06 3.0 2.7 2.5 0.080 0.073 0.066

CS/CB-CoMP
83 2 (C)

2.2/0.06 3.8 3.5 3.2 0.10 0.093 0.084

MU-MIMO
43 2 (C)

TDD 2.2/0.06 2.9 2.6 2.4 0.079 0.071 0.067

CS/CB-CoMP
43 2 (C)

2.2/0.06 2.9 2.6 2.4 0.083 0.075 0.070

JP-CoMP
43 2 (C)

2.2/0.06 3.6 3.3 3.1 0.090 0.082 0.076

CS/CB-CoMP
83 2 (C/E)

2.2/0.06 3.7 3.3 3.1 0.10 0.093 0.087
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Rel-8 SU-MIMO
43 2 (C)

RMa FDD 1.1/0.04 2.3 2.1 1.9 0.081 0.076 0.069

Rel-8 SU-MIMO
43 2 (A)

1.1/0.04 2.1 2.0 1.8 0.067 0.063 0.057

MU-MIMO
43 2 (C)

1.1/0.04 3.9 3.5 3.2 0.11 0.099 0.090

MU-MIMO
83 2 (C)

1.1/0.04 4.1 3.7 3.4 0.13 0.12 0.11

Rel-8 SU-MIMO
43 2 (C)

TDD 1.1/0.04 2.0 1.9 1.8 0.072 0.067 0.063

Rel-8 SU-MIMO
43 2 (A)

1.1/0.04 1.9 1.7 1.6 0.057 0.053 0.049

MU-MIMO
43 2 (C)

1.1/0.04 3.5 3.2 3.0 0.098 0.089 0.083

MU-MIMO
83 2 (C/E)

1.1/0.04 4.0 3.6 3.4 0.12 0.11 0.10

Rel-8 Single-
Layer BF
83 2 (E)

1.1/0.04 2.5 2.3 2.1 0.11 0.10 0.093
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Table 11.12 3GPP LTE-Advanced Uplink Cell Spectral and Cell-Edge Spectral Efficiencies [2,6]

Scheme and
Antenna
Configuration

Test
Environment

Duplex
Scheme

ITU-R Requirement Cell Spectral
Efficiency/Cell-Edge Spectral
Efficiency

Cell Spectral
Efficiency (bits/s/
Hz/cell)

Cell-edge Spectral
Efficiency (bits/s/
Hz)

Rel-8 SIMO
13 4 (A)

InH FDD 2.25/0.07 3.3 0.23

Rel-8 SIMO
13 4 (C)

2.25/0.07 3.3 0.24

Rel-8 MU-MIMO
13 4 (A)

2.25/0.07 5.8 0.42

SU-MIMO 23 4 (A) 2.25/0.07 4.3 0.25
Rel-8 SIMO
13 4 (A)

TDD 2.25/0.07 3.1 0.22

Rel-8 SIMO
13 4 (C)

2.25/0.07 3.1 0.23

Rel-8 MU-MIMO
13 4 (A)

2.25/0.07 5.5 0.39

SU-MIMO 23 4 (A) 2.25/0.07 3.9 0.25
Rel-8 SIMO
13 4 (C)

UMi FDD 1.8/0.05 1.9 0.073

Rel-8 MU-MIMO
13 4 (A)

1.8/0.05 2.5 0.077

MU-MIMO
23 4 (A)

1.8/0.05 2.5 0.086

Rel-8 SIMO
13 4 (C)

TDD 1.8/0.05 1.9 0.070

Rel-8 MU-MIMO
13 4 (A)

1.8/0.05 2.3 0.071

MU-MIMO
23 4 (A)

1.8/0.05 2.8 0.068

MU-MIMO
13 8 (E)

1.8/0.05 3.0 0.079
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Rel-8 SIMO
13 4 (C)

UMa FDD 1.4/0.03 1.5 0.062

CoMP 13 4 (A) 1.4/0.03 1.7 0.086
CoMP 23 4 (C) 1.4/0.03 2.1 0.099
Rel-8 SIMO
13 4 (C)

TDD 1.4/0.03 1.5 0.062

CoMP 13 4 (C) 1.4/0.03 1.9 0.090
CoMP 23 4 (C) 1.4/0.03 2.0 0.097
MU-MIMO
13 8 (E)

1.4/0.03 2.7 0.076

Rel-8 SIMO
13 4 (C)

RMa FDD 0.7/0.015 1.8 0.082

Rel-8 MU-MIMO
13 4 (A)

0.7/0.015 2.2 0.097

CoMP 23 4 (A) 0.7/0.015 2.3 0.13
Rel-8 SIMO
13 4 (C)

TDD 0.7/0.015 1.8 0.080

Rel-8 MU-MIMO
13 4 (A)

0.7/0.015 2.1 0.093

CoMP
23 4 (A)

0.7/0.015 2.5 0.15

MU-MIMO
13 8 (E)

0.7/0.015 2.6 0.10
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assumption is relaxed, that is the number of active users decreases, L5 1; 2 can be

considered and thereby the performance can be further improved. The tables show

that LTE Rel-8 with SU-MIMO 43 2 configuration can already fulfill the ITU-R

requirements. The tables also show that further performance improvements can be

achieved using additional technical features.

In the following tables, various antenna configurations have been utilized. There

are four or eight transmit antennas with the following configurations: (A) uncorrelated

co-polarized, that is, co-polarized antennas are four-wavelength apart; (B) grouped co-

polarized, that is, two groups of co-polarized antennas where there is a 10-wavelength

distance between the center of each group and 0.5-wavelength separation between

antennas within each group; (C) correlated and co-polarized, that is, 0.5-wavelength

between antennas; (D) uncorrelated and cross-polarized, that is, columns with 6 45�

linearly polarized antennas and separated by four wavelengths; and (E) correlated and

cross-polarized, that is, columns with 6 45� linearly polarized antennas and separated

by 0.5-wavelengths. These configurations are illustrated in Figure 11.9.

The downlink and uplink cell spectral and cell-edge spectral efficiencies in

various test environments for the TDD and FDD duplex schemes are shown in

Tables 11.11 and 11.12, respectively. In these tables, the acronyms “JP-CoMP,”

“CS-CoMP,” and “CB-CoMP” refer to joint processing, coordinated scheduling,

and coordinated beamforming multi-point transmission schemes, respectively.

The joint processing refers to a CoMP scheme where data is available at each of

the geographically separated transmission points and physical downlink shared

channel (PDSCH) transmission occurs from multiple points, whereas coordinated

scheduling/beamforming is an alternative CoMP technique where data is only

available at serving cell and data transmission is from that point, but user schedul-

ing/beamforming decisions are made with coordination among different cells.

11.9.2 VoIP capacity
While most of the modern packet-switched air-interfaces do not specify voice

codecs, calculation of the VoIP capacity requires explicit assumptions about a

particular voice codec and its parameters, such as the frame rate, real-time

4λ 4λ 4λ 10λ

0.5λ 0.5λ 0.5λ

0.5λ 0.5λ

4λ 0.5λ 0.5λ0.5λ

Antenna configuration (A) Antenna configuration (B)

Antenna configuration (C) Antenna configuration (D) Antenna configuration (E)

FIGURE 11.9

Illustration of antenna configurations used in LTE evaluations.
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transport protocol (RTP) payload size, and discontinuous transmission (DTX)

capability. The VoIP capacity of LTE-Advanced was calculated assuming use of

AMR 12.2 kbps codec with a 50% speech activity factor. It was further assumed

that the percentage of users in outage is less than 2% where a user is defined to

have experienced outage if less than 98% of the VoIP packets have been deliv-

ered successfully to the user within a one-way radio access delay bound of 50 ms.

The assumptions and the configuration parameters used in the system-level simula-

tions for VoIP are as described in Table 11.13. The number of active VoIP users

was calculated through extensive system-level simulations that were conducted by

a number of 3GPP member companies. Table 11.14 shows the VoIP capacity

results in the indoor, micro-cellular, macro-cellular, and high-speed test environ-

ments for FDD and TDD duplex schemes. The results suggest that LTE-Advanced

satisfies the ITU-R requirements in various deployment scenarios. The antenna

configurations are illustrated in Figure 11.9.

11.9.3 Mobility
IMT-Advanced specified four mobility classes based on UE speeds as follows:

Stationary (0 km/h); Pedestrian (0 to 10 km/h); Vehicular (10 to 120 km/h); and

High-speed vehicular (120 to 350 km/h). In order to evaluate LTE-Advanced

against mobility requirement, the methodology that is set forth in Report ITU-R

M.2135-1 [14] is followed, where in the first step the system-level simulation is

performed for each test environment in the uplink to obtain the uplink SINR distri-

bution (see Figure 11.10). From the uplink SINR distribution the 50% point of

CDF is obtained for each test environment. In the second step, link-level simulation

is conducted to generate the spectral efficiency versus SINR curves for each test

environment. The spectral efficiency values include the effect of control channel

overhead from the uplink system-level simulations for each test scenario. The

mobility requirement in each mobility class is satisfied, if the uplink traffic channel

Table 11.13 Assumptions for VoIP Capacity Calculation [14,26]

Parameter Value

Codec AMR12.2 kbps mode
Encoder frame length 20 ms
VAF 50%
Payload Active: 33 bytes (octet-aligned mode)

Inactive: 7 bytes
SID packet is sent every 160 ms during silence
intervals

Protocol overhead with
compressed header

10 bits1padding (RTP-pre-header)
4 bytes (RTP/UDP/IP) 2 bytes (radio link control (RLC)/
security) 16 bits (CRC)
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Table 11.14 LTE-Advanced VoIP Capacity [6]

Antenna
Configuration

Duplex
Scheme

Test
Environment

ITU-R
Requirement

VoIP Capacity (Active
Users/MHz/Cell)

Antenna
configuration
(A)

FDD InH 50 140
UMi 40 80
UMa 40 68
RMa 30 91

Antenna
configuration
(C)

InH 50 131
UMi 40 75
UMa 40 69
RMa 30 94

Antenna
configuration
(A)

TDD InH 50 137
UMi 40 74
UMa 40 65
RMa 30 86

Antenna
configuration
(C)

InH 50 130
UMi 40 74
UMa 40 67
RMa 30 92
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FIGURE 11.10

Statistical distribution of the uplink SINR in various test environments [6].
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link-level data rate, normalized by bandwidth, is greater than the minimum require-

ments shown in Table 11.15, when the user is moving at the maximum speed in

that mobility class in each of the test environments [14].

It can be concluded from Table 11.15 that the evaluated LTE-Advanced con-

figurations can fulfill the ITU-R requirements concerning the mobility in all test

environments.

11.9.4 Peak spectral efficiency
The peak spectral efficiency of LTE-Advanced is calculated based on the follow-

ing assumptions: 20 MHz bandwidth; one OFDM symbol for downlink control

signaling; CRS corresponding to one and four antenna ports; UE-specific refer-

ence signals corresponding to 24 and zero resource elements per resource-block

pair. It was further assumed that physical broadcast channel and synchronization

sequences occupy a total of 564 (Rel-10 MU-MIMO/CoMP with six MBSFN sub-

frames per 10 ms) and 528 (Rel-8 downlink SU-MIMO) resource elements per

radio frame for downlink eight- and four-layer spatial multiplexing, respectively.

In addition, DL/UL configuration 1 (2 DL subframes, 1 special subframe, 2

uplink subframes) and special-subframe configuration 4 (12 DwPTS, 1 GP, 1

UpPTS, UpPTS is used for sounding reference signal transmission) are assumed

for the TDD mode. The results shown in Table 11.16 suggest that LTE Rel-8

already fulfills the ITU-R requirements for downlink peak spectral efficiency.

The table also shows the additional performance improvement that can be

achieved using advanced features, for example, downlink eight-layer spatial

multiplexing.

The uplink peak spectral efficiency is calculated assuming 20 MHz bandwidth,

PUCCH occupying two pairs of resource blocks per subframe, and physical ran-

dom access channel consuming six resource-block pairs per radio frame. The

same TDDDL/UL and special-subframe configurations are assumed as for the

downlink peak spectral efficiency calculation. Table 11.16 shows that the exten-

sion of LTE Rel-8 with two-layer spatial multiplexing can fulfill the ITU-R

requirement in the uplink.

11.9.5 User-plane/control-plane latency and handover
interruption time
The LTE user-plane one-way access latency for a scheduled UE consists of fixed

node-processing delays, which include radio frame alignment and 1 ms transmis-

sion time interval (TTI) duration. Using the latency calculation model shown in

Figure 11.11, and assuming that the number of HARQ processes is 8 for the FDD

mode, the one-way latency is given as TUSER-PLANE 5 41 8p where p is the proba-

bility of HARQ retransmissions or the error probability of the first HARQ retrans-

mission. While the minimum latency of TUSER-PLANE 5 4 ms is achieved for

p5 0, a more realistic value of TUSER-PLANE 5 4:8 ms is obtained for p5 0:1.
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Table 11.15 3GPP LTE Uplink Link-Level Simulation Results for the Mobility Requirements [2,6,14]

Path Loss Model
(LoS/NLoS)

Duplex
Scheme

Test
Environment

ITU-R
Requirements

Median SINR
(dB)

Uplink Spectral Efficiency
(bits/s/Hz)

Antenna configuration
13 4 (NLoS)

FDD InH 1.0 13.89 2.56
UMi 0.75 4.54 1.21
UMa 0.55 4.30 1.08
RMa 0.25 5.42 1.22

Antenna configuration
13 4 (LoS)

InH 1.0 13.89 3.15
UMi 0.75 4.54 1.42
UMa 0.55 4.30 1.36
RMa 0.25 5.42 1.45

Antenna configuration
13 4 (NLoS)

TDD InH 1.0 13.89 2.63
UMi 0.75 4.54 1.14
UMa 0.55 4.30 0.95
RMa 0.25 5.42 1.03

Antenna configuration
13 4 (LoS)

InH 1.0 13.89 3.11
UMi 0.75 4.54 1.48
UMa 0.55 4.30 1.36
RMa 0.25 5.42 1.38
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The user-plane one-way latency for a scheduled UE in the TDD mode consists

of fixed node-processing delays, radio frame alignment, and TTI duration. The

latency component can be seen in Figure 11.11 for the downlink and uplink. Using

the latency model shown in Figure 11.11, the total one-way processing time is

2.5 ms, TFA is the radio frame alignment which depends on various configurations

of the TDD frame structure, and the TTI duration is 1 ms, hence, the user-plane

latency of the TDD mode can be written as TUSER-PLANE 5 3:51 TFA 1 pTRTT
where TRTT is the average HARQ round-trip time and p is the error probability of

the first HARQ transmission.

Table 11.17 shows the user-plane latency component breakdown in downlink and

uplink for different TDD DL/UL configurations when p5 0:1 is assumed. It is shown

that in all cases, LTE can meet the ITU-R requirements for user-plane latency.

The above analysis further shows that the 5 ms user-plane latency requirement

can be satisfied in the TDD mode in uplink and downlink using the DL/UL con-

figuration 6 only when p5 0 is assumed.

In order to calculate the control-plane latency, the model shown in Figure 11.12

is used. The transition from the RRC_IDLE to the RRC_CONNECTED state in

LTE comprises several steps that are shown in sequential order in Table 11.18.

While the results of the analysis suggest that LTE Rel-8 satisfies the ITU-R

requirements, using the improved features and protocols introduced in later

releases would allow reduction of the control-plane latency to 50 ms. Note that

since the non-access stratum (NAS) setup process can be executed in parallel

with the RRC connection setup, it does not appear in the total latency calculation.

Table 11.16 3GPP LTE-Advanced Peak Spectral Efficiency [2]

Scheme
Duplex
Scheme Direction

Spectral Efficiency
(bits/s/Hz)

ITU-R requirement FDD Downlink 15
Rel-8 four-layer spatial
multiplexing

16.3

Eight-layer spatial multiplexing 30.6
ITU-R requirement Uplink 6.75
Two-Layer spatial multiplexing 8.4
Four-Layer spatial multiplexing 16.8
ITU-R requirement TDD Downlink 15
Rel-8 four-layer spatial
multiplexing

16.0

Eight-Layer spatial multiplexing 30.0
ITU-R requirement Uplink 6.75
Two-Layer spatial multiplexing 8.1
Four-Layer spatial multiplexing 16.1
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The analysis shown in Table 11.18 shows that any of the LTE configurations can

fulfill the ITU-R requirements related to control-plane latency.

The calculation of the user-plane latency was carried out for synchronized (or

prescheduled) UEs. In the case where the UE is not prescheduled or when the UE

is required to synchronize in order to be allocated uplink resources, reduced

RACH scheduling period, shorter PUCCH cycle, and reduced processing delays

can be applied to satisfy the control-plane latency requirements.

The LTE-Advanced general handover procedure is based on that of LTE Rel-

8, which was described in Chapter 4, and is illustrated in Figure 11.13. The model

shown in the figure has been used for calculation of the handover interruption

time. As shown in the figure, once the handover command has been processed by

UE

Processing 
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1.5 ms

ms

eNB

Processing 
Time

1.5 ms

Processing 
Time

1.5 ms

TTI
1 ms

 
HARQ Round Trip Time

8 ms

UE eNB

Frame
Alignment +
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Time
1 ms +TFA

UE

Processing
Time

1.5 ms

eNB

Frame
Alignment +
Processing
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User-Plane Latency Analysis (FDD)

User-Plane Latency Analysis
(TDD Downlink)

User-Plane Latency Analysis
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TTI
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Processing 
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FIGURE 11.11

LTE user-plane latency calculation model [2].

928 CHAPTER 11 Link-Level and System-Level Performance

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 937 of 1122



Table 11.17 TDD Mode User-Plane Latency Analysis with 10% HARQ Retransmission Probability [2]

Step Procedure Direction

DL/UL Configuration

0 1 2 3 4 5 6

1 eNB processing
delay (ms)

Downlink 1 1 1 1 1 1 1

2 Frame alignment (ms) 1.7 1.1 0.7 1.1 0.8 0.6 1.4
3 TTI duration (ms) 1 1 1 1 1 1 1
4 UE processing

delay (ms)
1.5 1.5 1.5 1.5 1.5 1.5 1.5

5 HARQ retransmission
(ms)

0.13 10 0.13 10.2 0.13 9.8 0.13 10.5 0.13 11.6 0.13 12.4 0.13 11.2

Total one-way
delay (ms)

6.2 5.62 5.18 5.65 5.46 5.34 6.02

1 UE processing
delay (ms)

Uplink 1 1 1 1 1 1 1

2 Frame alignment (ms) 1.1 1.7 2.5 3.3 4.1 5 1.4
3 TTI duration (ms) 1 1 1 1 1 1 1
4 eNB processing

delay (ms)
1.5 1.5 1.5 1.5 1.5 1.5 1.5

5 HARQ retransmission
(ms)

0.13 11.6 0.13 10 0.13 10 0.13 10 0.13 10 0.13 10 0.13 11.5

Total one-way
delay (ms)

5.76 6.2 7 7.8 8.6 9.5 6.05
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the UE, the UE detaches from the source eNB and stops receiving data. This

marks a point in time where the user-plane connectivity is interrupted. The UE

then performs frequency synchronization with the target eNB depending on

whether the target cell is operating on the same carrier frequency as the current

serving cell. Since the UE has already identified and measured the target cell, the

corresponding delay will be negligible. The UE then performs downlink synchro-

nization. Although baseband and RF timing alignments are part of the delay bud-

get, since the UE has already acquired downlink synchronization with the target

2) Preamble

UE eNB MME

3) Processing

1) RACH waiting

4) Grant

5) Processing

6) RRC + NAS request

7) RRC processing
11) NAS processing

12) NAS request

13) Processing

14) NAS setup

15) Processing

8) RRC setup

9) Processing

10) Connection complete

16) NAS setup

18) Setup complete

17) Processing

FIGURE 11.12

Analysis of RRC_IDLE to RRC_CONNECTED state transition in 3GPP LTE [2].
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cell in conjunction with previous measurements and can relate the target cell

downlink timing to the source cell downlink timing with a time offset, the corre-

sponding delay is going to be less than 1 ms. The data forwarding between the

two eNBs is initiated before the UE moves and establishes connection to the tar-

get cell, and because the backhaul is faster than the radio interface, forwarded

data is already awaiting transmission in the target cell when the user-plane with

the target cell is reestablished. The latter delay component thereby does not affect

the overall delay.

Based on the analysis shown in Table 11.19, the minimum handover interrup-

tion time is 10.5 ms for the FDD mode and 12.5 ms for the TDD mode. Note that

this delay does not depend on the frequency of the target cell as long as the cell

frequency has already been measured by the UE during the measurement gap.

As explained earlier, the minimum handover interruption time is 10.5 ms for

FDD and 12.5 ms for TDD regardless of the frequency of the target cell and

Table 11.18 Analysis of Control-Plane Latency Components [2]

Step Procedure
Processing
Time (ms)

1 Average delay due to RACH scheduling period
(1 ms RACH cycle)

0.5

2 RACH preamble 1
3�4 Preamble detection and transmission of random access

response (time between the end RACH transmission and
UE’s reception of scheduling grant and timing adjustment)

3

5 UE processing delay (decoding of scheduling grant, timing
alignment, and C-RNTI assignment1 L1 encoding of RRC
connection request)

5

6 Transmission of RRC and NAS request 1
7 Processing delay in eNB (L2 and RRC) 4
8 Transmission of RRC connection setup and UL grant 1
9 Processing delay in the UE (L2 and RRC) 12
10 Transmission of RRC connection setup complete 1
11 Processing delay in eNB (Uu-S1-C) �
12 S1-C transfer delay �
13 MME Processing Delay (including UE context

retrieval of 10 ms)
�

14 S1-C transfer delay �
15 Processing delay in eNB (S1-C-Uu) 4
16 Transmission of RRC security mode command and

connection reconfiguration1 TTI alignment
1.5

17 Processing delay in UE (L2 and RRC) 16
Control-plane delay 50
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measurements. Note that in the FDD mode, the average delay due to RACH

scheduling is 0.5 ms assuming 1 ms RACH periodicity, whereas in the TDD

mode, the minimum delay is obtained with configuration 0 (i.e., six normal uplink

subframes); however, when taking into account the average waiting time for a

downlink subframe to receive the random access response and to initiate transmis-

sion of downlink data, TDD configuration 1 (with random access preambles in

special subframes) offers the shortest handover interruption time.

11.9.6 Estimation of the L1/L2 overhead
The downlink L1/L2 overhead of the LTE-Advanced includes different types

of reference signals, that is, CRS transmitted within each resource block, UE-

specific demodulation reference signals (DM-RS), and the reference signals

that are specifically utilized in the estimation of CSI (CSI-RS). The overhead

channels further include control signaling channels that are transmitted in the

first L OFDM symbols (L5 1, 2, or 3) of each subframe (L5 4 in the case of

1.4 MHz bandwidth system bandwidth) and the synchronization signals, as

UE

Handover preparation

Processing

1) Radio synch

2) RACH waiting

6) Processing

Handover command

Data forwarding

5) Grant

4) Processing

Serving
eNB Target eNB

3) RACH preamble

H
andover interruption tim

e

7) Data transmission

FIGURE 11.13

Model for calculation of handover interruption time [2,10].
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well as physical broadcast control channel. The protocol headers correspond-

ing to layer-2 sub-layers (MAC/RLC/PDCP) were also included in the self-

evaluation results. The overhead due to CRS and L1/L2 control signaling

depend on the number of antenna ports and the number of OFDM symbols

used for the control region. The number of overhead resource elements per

resource-block pair (168 resource elements in total) and the corresponding

relative overhead is shown in Table 11.20 for non-MBSFN and MBSFN

subframes. The overhead (due to L1/L2 control signaling and CRS) in

Table 11.20 is shown in terms of the number of resource elements per

resource-block pair and in percentages.

In the case of MBSFN subframes, the overhead is reduced. All subframes in a

radio frame are assumed to be either regular or MBSFN type in overhead estima-

tion. The total overhead depends on the fraction of MBSFN subframes. In the

self-evaluation results, a fraction of 0% and 60% was assumed. The overhead due

to UE-specific reference signals depends on the number of UE-specific antenna-

ports and is 12 resource elements (7.1%) for one and two antenna ports, and 24

resource elements (14.3%) for three to eight antenna ports. Note that the overhead

due to UE-specific reference signals is only present in resource blocks in which

UE-specific reference signals are transmitted.

The relative overhead due to synchronization signals and physical broadcast

channel depends on the operation bandwidth. A total of 528 resource elements

per 10 ms radio frame are used for the synchronization signals and physical

broadcast channel for four CRS antenna ports, corresponding to approximately

0.6% and 0.3% overhead for 10 and 20 MHz operating bandwidth, respectively.

Table 11.19 Breakdown of Handover Interruption Time [2]

Step Procedure

FDD Mode
Processing
Time (ms)

TDD Mode
Processing
Time (ms)

1 Radio synchronization to the target cell 1 1
2 Average delay due to RACH scheduling

period assuming 1 ms periodicity
0.5 2.5

3 RACH preamble 1 1
4�5 Preamble detection and transmission of

random access response (time between
the end RACH transmission and UE’s
reception of scheduling grant and timing
adjustment)

5 5

6 Decoding of scheduling grant and timing
alignment

2 2

7 Transmission of downlink data 1 1
Handover interruption time 10.5 12.5
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Table 11.20 LTE-Advanced L1/L2 Overhead [2,6]

Control-Region Size Subframe Type

FDD Duplex Scheme TDD Duplex Scheme

Number of Cell-Specific Antenna Ports Number of Cell-Specific Antenna Ports

1 2 4 1 2 4

L5 1 Regular subframes 18 (10.7%) 24 (14.3%) 32 (19.0%) 18 (10.7%) 24 (14.3%) 32 (19.0%)
L5 2 30 (17.9%) 36 (21.4%) 40 (23.9%) 30 (17.9%) 36 (21.4%) 40 (23.9%)
L5 3 42 (25%) 48 (28.6%) 52 (31.0%) 42 (25%) 48 (28.6%) 52 (31.0%)
L5 1 MBSFN subframes 12 (7.1%) 12 (7.1%) 12 (7.1%) 12 (7.1%) 12 (7.1%) 12 (7.1%)
L5 2 24 (14.2%) 24 (14.2%) 24 (14.2%) 24 (14.2%) 24 (14.2%) 24 (14.2%)
L5 3 36 (21.4%) 36 (21.4%) 36 (21.4%) 36 (21.4%) 36 (21.4%) 36 (21.4%)
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The overhead due to protocol headers is proportional to data packet size and is

approximately 2.7%, 0.51%, and 0.32% for physical-layer data rates of 1, 10, and

100 Mbps, respectively. This overhead was not included in the self-evaluation

results. The relative overhead due to CSI-RS depends on the number of antennas

and periodicity. In a typical case, it is about 0.12% per antenna port (0.48% for

four antenna ports and 0.96% for eight antenna ports). The relative overhead due

to UE-specific reference signals is estimated at approximately 7% in case of rank

1 and rank 2 transmission, and 14% for rank 3 to rank 8 transmission.

In the uplink, the L1/L2 overhead includes the demodulation reference sym-

bols that are used in uplink channel estimation for coherent demodulation and are

transmitted once every 0.5 ms. It further includes the sounding reference signal

used for uplink channel state estimation at the eNB and the L1/L2 control signal-

ing transmitted on configurable amount of resource blocks, as well as L2 control

overhead due to random access, uplink time-alignment control, power headroom

reports, and buffer-status reports. The L2 overhead associated with the PDU head-

ers (MAC/RLC/PDCP) is further taken into consideration in the total overhead

calculation. The amount of overhead due to DM-RS is approximately 14%, corre-

sponding to one SC-FDMA symbol in each slot. The relative overhead is

estimated independent of the rank of the transmission. The amount of SRS over-

head depends on the sounding reference signal transmission interval and the band-

width. Using a 10 ms SRS transmission interval and full-band SRS, the relative

overhead is approximately 0.7%. The amount of uplink resources reserved for

random access depends on the PRACH configuration, for example, a typical case

with PRACH preamble format 0 is six resource blocks per radio frame, resulting

in a relative overhead of 0.6%, 1.2%, and 2.4% for a channel bandwidth of 20,

10, and 5 MHz, respectively.

The relative overhead due to uplink timing-alignment control depends on the

configuration and the number of active UEs within a cell. The absolute overhead

is typically less than 32 bits/s per UE. The amount of overhead for buffer-status

reports depends on the configuration; assuming a continuous data and reporting

interval of 10�20 ms, the absolute overhead is 0.8�3.2 kbps. The amount of

overhead due to protocol headers depends on the data packet size and is approxi-

mately 2.7%, 0.51%, and 0.32% for L1 data rates of 1, 10, and 100 Mbps, respec-

tively. The above overhead calculations are based on a normal cyclic prefix

length. In the case of MBSFN subframes in the TDD mode, all the subframes are

assumed to be of MBSFN type in the overhead estimation. The total overhead

depends on the fraction of MBSFN subframes. In self-evaluation results, a frac-

tion of 0% and 33% has been assumed for a TDDDL:UL ratio of 3:2 (i.e.,

TDDDL/UL configuration 1).

In the TDD mode, the relative overhead due to synchronization signals and

physical broadcast channel depends on the operation bandwidth and DL/UL con-

figuration. A total of 528 resource elements per 10 ms radio frame are used for

the synchronization signals and the broadcast channel when using four CRS

antenna ports. For a DL:UL ratio of 3:2, the latter overhead translates into
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approximately 1.0% and 0.5%, for 10 and 20 MHz operation bandwidth, respec-

tively. The amount of SRS overhead depends on the SRS transmission interval and

bandwidth as well as the usage of UpPTS in the special subframe. For a DL:UL

ratio of 3:2 with four DL/UL switching points per 10 ms radio frame, the SRS

transmission interval of 5 ms and full-band SRS within UpPTS, the relative over-

head is approximately 3.45%. The amount of uplink resources reserved for random

access depends on the configuration of the random access channel. In a typical

case with a DL:UL ratio of 3:2 and PRACH preamble format 0, i.e., six resource

blocks per radio frame are used for the PRACH, resulting in a relative overhead of

1.4%, 2.8%, and 5.6% for channel bandwidth of 20, 10, and 5 MHz, respectively.

11.9.7 Link budget
The LTE-Advanced link budget under various deployment scenarios specified by

ITU-R was evaluated as part of the IMT-Advanced submission (Table 11.21).

Table 11.21 summarizes the link budget of the TDD mode. It is shown that LTE-

Advanced control and data channel coverage meets the IMT-Advanced link bud-

get requirements.

11.9.8 Evaluation of LTE-Advanced against
LTE Rel-10 requirements
This section provides the self-evaluation results of LTE-Advanced against LTE

Rel-10 requirements [3], where the target values for cell spectral efficiency and

cell-edge spectral efficiency are specified for 3GPP case 1 channel model [4]

with 23 2, 43 2, and 43 4 antenna configurations in the downlink, and 13 2

and 23 4 antenna configurations in the uplink. Table 11.22 shows the downlink/

uplink cell and cell-edge spectral efficiency results under 3GPP Case 1 configura-

tion for the FDD and TDD modes. The results suggest that, if LTE Rel-8 is

extended with MU-MIMO 43 2 in the downlink, the LTE Rel-10 performance

targets can be fulfilled. The table also includes the advanced features by which

the performance can be further improved. The uplink performance results indicate

that LTE Rel-8 SIMO and LTE-Advanced CoMP, SU-MIMO, and MU-MIMO

schemes can fulfill the LTE Rel-10 requirements. In 3GPP case 1 scenario, the

center frequency is 2.0 GHz, the transmission bandwidth is 23 10 MHz for the

FDD mode and 20 MHz for the TDD mode, inter-site distance is 500 m, the pene-

tration loss is 20 dB, and all users are assumed moving at 3 km/h.

11.10 Miscellaneous evaluations
In order to investigate the usage and advantages of various LTE downlink

MIMO schemes in realistic deployment scenarios, link-level and system-level

simulations were performed under certain assumptions [47�49]. In order to
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Table 11.21 LTE-Advanced Link Budget in Various Deployment Scenarios for the TDD Mode [2,6,15]

Parameter

InH UMi UMa RMa

Downlink Uplink Downlink Uplink Downlink Uplink Downlink Uplink

System Configuration

Carrier frequency (GHz) 3.4 3.4 2.5 2.5 2.0 2.0 0.8 0.8
BS antenna heights (m) 6 6 10 10 25 25 35 35
MS antenna heights (m) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Cell area reliability for control channels 95% 95% 95% 95% 95% 95% 95% 95%
Cell area reliability for control channels 90% 90% 90% 90% 90% 90% 90% 90%
Transmission bit rate for control channel
(kbps)

46.93 1.60 44.80 1.60 44.80 1.60 44.80 1.60

Transmission bit rate for data channel
(Mbps)

4.65 0.37 2.25 0.074 2.25 0.074 2.25 0.074

Target packet error rate for control channels 1% 1% 1% 1% 1% 1% 1% 1%
Target packet error rate for data channels 10% 10% 10% 10% 10% 10% 10% 10%
Spectral efficiency (bits/s/Hz) for data 0.23 0.52 0.22 0.21 0.22 0.21 0.22 0.21
Path loss model NLoS NLoS NLoS NLoS NLoS NLoS NLoS NLoS
Mobile speed (km/h) 3 3 3 3 30 30 120 120
Feeder loss (dB) 2 2 2 2 2 2 2 2

Transmitter

Number of transmit antennas 2 1 2 1 2 1 2 1
Maximum transmit power per antenna
(dBm)

21 21 41 24 46 24 46 24

Total transmit power (dBm) 24 21 44 24 49 24 49 24
Transmitter antenna gain (dBi) 0 0 17 0 17 0 17 0

(Continued )
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Table 11.21 (Continued)

Parameter

InH UMi UMa RMa

Downlink Uplink Downlink Uplink Downlink Uplink Downlink Uplink

Transmitter array gain (dB) 0 0 0 0 0 0 0 0
Control channel power boosting gain (dB) 0 0 0 0 0 0 0 0
Data channel power loss due to pilot/control
boosting (dB)

0 0 0 0 0 0 0 0

Cable, connector, combiner, body losses,
etc. (dB)

3 1 3 1 3 1 3 1

Control channel EIRP (dBm) 21 20 58 23 63 23 63 23
Data channel EIRP (dBm) 21 20 58 23 63 23 63 23

Receiver

Number of receive antennas 2 4 2 4 2 4 2 4
Receiver antenna gain (dBi) 0 0 0 17 0 17 0 17
Cable, connector, combiner, body losses,
etc. (dB)

1 3 1 3 1 3 1 3

Receiver noise figure (dB) 7 5 7 5 7 5 7 5
Thermal noise density (dBm/Hz) 2 174 2 174 2 174 2 174 2 174 2 174 2 174 2 174
Receiver interference density for control
channels (dBm/Hz)

2 174 2 174.9 2 169.3 2 161.7 2 169.3 2 161.7 2 169.3 2 161.7

Receiver interference density for data
channels (dBm/Hz)

2 174 2 174.9 2 169.3 2 165.7 2 169.3 2 165.7 2 169.3 2 165.7

Total noise plus interference density for
control channels (dBm/Hz)

2 167 2 168 2 165 2 161 2 165 2 161 2 165 2 161

Total noise plus interference density for data
channels (dBm/Hz)

2 167 2 168 2 165 2 164 2 165 2 164 2 165 2 164
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Occupied channel bandwidth for control
channels (MHz)

36 0.18 18 0.18 18 0.18 18 0.18

Occupied channel bandwidth for data
channels (MHz)

36 1.8 18 0.90 18 0.9 18 0.90

Effective noise power for control channels
(dBm)

2 91 2 115 2 92 2 108 2 92 2 108 2 92 2 108

Effective noise power for control channels
(dBm)

2 91 2 105 2 92 2 104 2 92 2 104 2 92 2 104

Required SNR for the control channel (dB) 2 4.2 2 10.6 2 4.2 2 10.5 2 4.2 2 10.1 2 4.2 2 9.9
Required SNR for the data channel (dB) 2 1.6 2 2.3 2 1.7 2 5.5 2 1.7 2 5.1 2 1.7 2 4.8
Receiver implementation margin (dB) 2 2 2 2 2 2 2 2
HARQ gain for control channel (dB) 0 0 0 0 0 0 0 0
HARQ gain for data channel (dB) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Receiver sensitivity for control channel
(dBm)

2 94 2 124 2 95 2 117 2 95 2 117 2 95 2 116

Receiver sensitivity for data channel (dBm) 2 91 2 106 2 93 2 108 2 93 2 108 2 93 2 108
Hardware link budget for control channel
(dB)

115 144 153 157 158 157 158 156

Hardware link budget for data channel (dB) 113 126 151 148 156 148 156 148

Calculation of Available Path Loss

Lognormal shadow fading standard
deviation (dB)

4 4 4 4 6 6 8 8

Shadow fading margin for control channels
(dB)

2.8 2.8 3.1 3.1 5 5 5 5

Shadow fading margin for data channels
(dB)

0.9 0.9 1.3 1.3 8.1 8.1 10.5 10.5

BS selection/macro-diversity gain (dB) 0 0 0 0 4.9 4.9 6.7 6.7

(Continued )
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Table 11.21 (Continued)

Parameter

InH UMi UMa RMa

Downlink Uplink Downlink Uplink Downlink Uplink Downlink Uplink

Penetration loss (dB) 0 0 0 0 0 0 0 0
Other gains (dB) 0 0 0 0 9 9 9 9
Available path loss for control channel (dB) 111 138 149 151 0 0 0 0
Available path loss for data channel (dB) 111 122 148 144 140 136 137 134

Range/Coverage Efficiency Calculation

Maximum range for control channel (m) 100.0 100.0 1405.2 1621.2 1175.6 978.0 3210.9 2634.3
Maximum range for data channel (m) 100.0 100.0 1383.9 1062.7 1258.4 714.4 3565.5 1975.1
Coverage area for control channel (km2/site) 0.031 0.031 6.20 8.26 4.34 3.01 32.4 21.8
Coverage area for data channel (km2/site) 0.031 0.031 6.02 3.55 4.97 1.60 39.9 12.3

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 949 of 1122



Table 11.22 Self-Evaluation of LTE-Advanced Against LTE Rel-10 Requirements [4]

Scheme and
Antenna
Configuration Direction

Duplex
Scheme

Rel-10 Requirements (Cell Spectral
Efficiency/Cell-Edge Spectral
Efficiency)

Cell Spectral
Efficiency (bits/s/
Hz/cell)

Cell-Edge Spectral
Efficiency (bits/s/
Hz)

L5 3 L5 3

MU-MIMO
23 2 (C)

Downlink FDD 2.4/0.07 2.69 0.090

JP-CoMP 232 (C) 2.4/0.07 2.70 0.104
MU-MIMO
43 2 (C)

2.6/0.09 3.43 0.118

CS/CB-CoMP
43 2 (C)

2.6/0.09 3.34 0.129

JP-CoMP
43 2 (C)

2.6/0.09 3.87 0.162

MU-MIMO
43 4 (C)

3.7/0.12 4.69 0.203

CS/CB-CoMP
43 4 (C)

3.7/0.12 4.66 0.205

JP-CoMP 434 (C) 3.7/0.12 5.19 0.269
MU-MIMO
23 2 (C)

TDD 2.4/0.07 2.88 0.113

JP-CoMP 232 (C) 2.4/0.07 3.15 0.130
MU-MIMO
43 2 (C)

2.6/0.09 3.76 0.151

JP-CoMP 432 (C) 2.6/0.09 4.64 0.199
MU-MIMO
43 4 (C)

3.7/0.12 4.97 0.209

(Continued )
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Table 11.22 (Continued)

Scheme and
Antenna
Configuration Direction

Duplex
Scheme

Rel-10 Requirements (Cell Spectral
Efficiency/Cell-Edge Spectral
Efficiency)

Cell Spectral
Efficiency (bits/s/
Hz/cell)

Cell-Edge Spectral
Efficiency (bits/s/
Hz)

L5 3 L5 3

CS/CB-CoMP
43 4 (C)

3.7/0.12 5.06 0.244

JP-CoMP 434 (C) 3.7/0.12 6.61 0.330
Rel-8 SIMO 132
(C)

Uplink FDD 1.2/0.04 1.33 0.047

CoMP 13 2 (C) 1.2/0.04 1.40 0.051
SU-MIMO 23 4 (C) 2.0/0.07 2.27 0.091
Rel-8 SIMO 132
(C)

TDD 1.2/0.04 1.24 0.045

CoMP 13 2 (C) 1.2/0.04 1.51 0.051
SU-MIMO 23 4 (C) 2.0/0.07 2.15 0.090
MU-MIMO 234
(C)

2.0/0.07 2.59 0.079
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reduce the simulation run time, a 1.4 MHz system bandwidth was assumed.

Figures 11.14�11.19 show snapshots of the simulation results. Table 11.23 pro-

vides the assumptions that were made in addition to baseline configuration for

3GPP case 1 that is included in 3GPP TR 36.814 [4]. The UEs are randomly

dropped in the cell, but all UEs are assumed to be in the outdoor area. MIESM

link-to-system mapping scheme is used in the simulations.

Figure 11.14 shows the LTE-Advanced downlink throughput versus SNR, as

well as downlink spectral efficiency CDF for SISO and closed-loop spatial multi-

plexing (CLSM) transmission mode 4 with various antenna configurations.

The CDF of wideband SINR (geometry) with macroscopic path loss with and

without additional lognormal-distributed space-correlated shadow fading is illus-

trated in Figure 11.15. The downlink spectral efficiency (bits/s/Hz) for various

MIMO configurations with lognormal-distributed space-correlated shadow fading

effect is shown in Figure 11.16. This figure shows how spectral efficiency is dis-

tributed geographically across the cells and the network. In particular, the cell-

edges and the effect of MIMO to improve cell-edge performance must be noted.

Figure 11.17 illustrates the sector SINR calculated with distance-dependent mac-

roscopic path loss and additional lognormal-distributed space-correlated shadow

fading. In this case we assume a SISO configuration. Figure 11.18 depicts down-

link spectral efficiency (bits/s/Hz) without the effect of shadow fading. The geo-

graphical distribution of sector SINR calculated with distance-dependent macro-

scale path loss is shown in Figure 11.19. Figure 11.19 further shows CQI mapping

across the cell. As expected, the lower modulation order and coding rates are

used near cell-edges, and as we move toward the eNB, higher CQI values are

reported by the UEs. The results closely correlate with the expectations of the

system behavior as well as those published in the literature under given

assumptions.

Table 11.23 System-Level Simulation Parameters (Other Parameters Same as [4]

Case 1 Scenario)

Parameter/Feature Value/Configuration

Bandwidth 1.4 MHz
Frequency 2.1 GHz
Network layout 19-cell wrap-around (tri-sector with 3D antenna models)
Scheduler algorithm Proportional fair
Channel model WINNER1

Receiver type Zero-forcing
Simulation length 5000 subframes
Number of UEs/Cell 10
Path loss model PL5 128:11 37:6 log10R
Feedback delay Modeled

94311.10 Miscellaneous evaluations
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LTE-Advanced downlink throughput versus SNR and spectral efficiency CDF for various
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Spectral efficiency (bits/s/Hz) for various MIMO configurations (1.4 MHz bandwidth, with

shadow fading) [45]
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Sector SINR calculated with distance-dependent macroscopic path loss and additional

lognormal-distributed space-correlated shadow fading (1.4 MHz bandwidth, SISO) [45]
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Spectral efficiency (bits/s/Hz) (1.4 MHz bandwidth and no shadow fading) [45]
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Sector SINR calculated with distance-dependent macro-scale path loss and CQI mapping

(1.4 MHz bandwidth, SISO) [45]
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The MIMO or network MIMO techniques are used for improving sector throughput

and cell-edge throughput through multi-cell collaborative precoding, network coordi-

nated beamforming, or inter-cell interference nulling. When a mobile station is at the

cell-edge, it may be able to receive signals from multiple cell sites, and the mobile

station’s transmission may also be received at multiple cell sites. If the data transmis-

sion and signaling from multiple cell sites can be coordinated, the downlink perfor-

mance can be significantly improved. This coordination can be similar to the

interference avoidance techniques or the case where the same data is transmitted

from multiple cell sites. In the uplink, since the signal can be received by multiple

cell sites, the system can take advantage of coordinated multi-point reception to

significantly improve the link performance. The coordinated multi-point (CoMP)

transmission/reception specified in long-term evolution (LTE) Rel-11 is a method

of MIMO transmission for interference reduction, which enables features such as

network synchronization, cell- and user-specific reference signals, feedback of

LTE-Advanced.

© 2014 Elsevier Inc. All rights reserved.
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multi-cell channel state information (CSI), and synchronous data transfer between

the base stations that can be used for interference mitigation and to achieve macro-

diversity gain [23�26].

The LTE Rel-11 specifications provide support for coordinated transmission

in the downlink and coordinated reception in the uplink. The use cases include

homogeneous configurations, where the points are different cells, as well as hetero-

geneous configurations, where a set of low-power nodes (e.g., remote radio heads

(RRH) or pico-cells) are located in the geographical area served by a macro-cell.

For coordinated transmission in the downlink, the signals transmitted from multi-

ple transmission points are coordinated to improve the received strength of the

desired signal at the UE or to reduce the co-channel interference. The main advan-

tage of coordinated reception in the uplink is to ensure that the uplink signal from

the UE is reliably received by the network while limiting uplink interference,

taking into account the existence of multiple reception points. Note that the

mechanisms discussed in this chapter apply to both FDD and TDD modes of opera-

tion [5].

In this chapter, we will discuss the theoretical and practical aspects of coordi-

nated multipoint transmission/reception not only from the radio access network

perspective, but also from the core network and backhaul point of view and will

investigate whether some of the proposed schemes would realistically offer any

gains when their backhaul implications and cost of implementation and operation

are considered.

12.1 Interference cancellation in cellular networks
In the downlink of an LTE system, the UE often suffers from different types of

interference. In the case of single-user MIMO (SU-MIMO), the signal received

by the UE includes a linear combination of multiple streams, which causes inter-

stream interference. On the other hand, in a multi-user MIMO (MU-MIMO) sce-

nario, where a single cell communicates with many UEs simultaneously using the

same time�frequency resources, the signal received by each UE suffers from

interference caused by the signals intended for other UEs served by the same cell.

This interference is known as inter-user interference. A UE at the cell-edge suf-

fers from inter-cell interference, i.e., interference caused by the signals sent from

a neighbor cell to its UEs. The neighbor cell might belong to the same site as the

serving cell (intra-site) or to a different site (inter-site). Different interference can-

cellation schemes are applied at the receiver to mitigate the interference in the

above cases. While the inter-stream interference cancellation can be performed at

the UE without requiring any additional information, inter-user interference can-

cellation may require knowledge of the precoding matrices of the other UEs that

one wishes to cancel. Moreover, the inter-cell interference cancellation needs an

estimate of the channels seen between the neighbor interfering cells and the UE.

The above interference models are illustrated in Figure 12.1 [26].
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Let us consider a scenario where eNBs and UEs have multiple transmit/

receive antennas (i.e., a MIMO channel). As shown in Figure 12.1 and in the case

of a SU-MIMO inter-stream interference model, the signal received at the UE

includes, in addition to noise, a linear combination of multiple streams. The beam

is generated by using a non-identity precoding matrix. For simplicity, we assume

that the channel is flat. In order to mitigate the inter-stream interference at the

UE1

eNB1

MMSE 
detector

Decoder

Interference 
cancellation

Y sx% ˆ sx

MMSE 
detector

Decoder

Interference 
cancellation

Y sx% ˆ sx

Encoder

UE1

eNB1

UE2

1( )1H ,W

(H2,W2)

eNB2 eNB1

UE1

UE2

1( )1H ,W

2 2( )H ,W

21 2( )H ,W

Symbol-level interference cancellation

Codeword-level interference cancellation

SU-MIMO inter-stream interference model

MU-MIMO inter-user interference model

Multi-cell inter-user interference model

FIGURE 12.1

Illustration of interference models and cancelation at symbol and codeword level [26].

MMSE, minimum mean square error.
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UE, interference cancellation can be applied either at the modulated symbol level,

where we cancel the estimated interfering stream before decoding, or at the code-

word level where we cancel the interfering decoded codeword (see Figure 12.1).

Interference cancellation techniques have been widely studied in the literature

[23�26]. While successive interference cancellation scheme processes each

stream successively by canceling the previously decoded streams, parallel inter-

ference cancellation scheme processes all stream in parallel and cancel their inter-

ference after they have all been decoded independently. In order to avoid the

propagation of interference cancellation error, each stream can be canceled only

if it was correctly decoded by checking the corresponding decoded packet cyclic

redundancy check (CRC). Successive interference cancellation can also be done

iteratively, i.e., after the first iteration over all streams; we can further improve

the quality of the decoded streams by canceling the residual errors estimated in

the first iteration, and so on. There are methods proposed in the literature for

reducing the complexity of iterative interference cancellation algorithms. In

Figure 12.1, and in the case of the MU-MIMO inter-user interference model, the

cell serves both UEs simultaneously using the same time�frequency resources.

The first user UE1 receives, in addition to its own data, interference due to data

intended for the second user UE2, i.e., inter-user interference. In order to cancel

the inter-user interference, UE1 needs to know the precoding matrix W2 that was

used for UE2. In general, W2 is not known by UE1, and some additional signaling

would be required in order to make W2 available at UE1.

In Figure 12.1 and in the case of the multi-cell MU-MIMO interference

model, UE1 at the cell-edge is served by the eNB1 through channel H1 and with

the precoding matrix W1, and suffers from inter-cell interference, i.e., interference

from the neighbor cell which serves another user UE2 with the precoding matrix

W2. In order to cancel the inter-cell interference, UE1 needs an estimate of the

channel H21 and the precoding matrix W2 intended for UE2. The channel H21 can

be estimated by UE1 based on some reference signals sent from the neighbor cell.

The precoding matrix W2 is in general not known by UE1 and would require

some additional signaling from eNB2.

Let us consider the case of multi-cell inter-user interference shown in

Figure 12.1. It can be shown that the signal to interference plus noise ratio

(SINR) at UE1 can be formulated as follows:

SINR1ðW1;W2Þ5
jH1W1j2

σ2
n 1σ2

I 1 jH21W2j2
(12.1)

In Eq. (12.1), W1and W2 represent the beamforming optimization matrices/

vectors at the eNBs; H1 and H21 denote information that is not typically available

at the CoMP scheduling unit, but measurable at the UEs; σ2
n denotes the receiver

noise variance; and σ2
I indicates the interference from eNBs outside the coordi-

nated set. Thus, the inter-cell interference propagated through channels H21 and

H12 results in degradation of SINR measured at UE1 and UE2, respectively.
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As mentioned above, the UE in the downlink of an LTE system can suffer

from inter-stream, inter-user, and/or intra-site/inter-cell interference. While the

UE is able to perform inter-stream interference cancellation without any addi-

tional information, it needs the precoding matrices of other UEs served by the

same cell in an MU-MIMO system in order to cancel the interuser interference,

and it additionally requires an estimate of the channels of the interfering neigh-

boring cells in order to be able to cancel the inter-cell interference. An important

use case for successive interference cancellation is MU-MIMO, but the principles

can also be generalized to CoMP schemes. Multi-user MIMO is well known to

improve the spectral efficiency by allowing a group of users to simultaneously

share the same radio resources. In addition, MIMO provides antenna gain that

improves the overall performance. The capacity region of the multi-user channel

can be theoretically increased by MIMO through the so-called multiplexing gain.

For the spatially separated (uncorrelated) users, the multiplexing gain can be

achieved if CSI is available at the base station.

12.2 Distributed antenna systems
A distributed antenna system (DAS) is a network of spatially separated antennas

connected to a common source via a transport medium that provides wireless ser-

vice within a geographic area (cell) or a structure (indoor coverage). The basic

notion of DAS was to split the transmit power among several antenna elements

which are geographically separated, in order to provide coverage over the same

area as a centralized antenna system, but with reduced total power and improved

reliability. Thus, a set of centralized antennas radiating at high power are replaced

by a group of low-power antenna elements to cover the same area. This concept

was initially described in a paper by Saleh et al. [9]. Different variants of DAS

have recently been deployed by selected network operators worldwide [10,16].

Examples include systems comprising RRH which consist of multiple outdoor

units in which only the radio frequency (RF) front-end functionalities are imple-

mented. The RRHs are connected to the baseband processing part of the base sta-

tion through a bi-directional high-capacity/low-latency link. The DAS scheme can

be implemented as a multi-airlink/multi-frequency/multi-wireless network, or a

fiber-optic-based network. While the basic DAS concept is very similar to RRH,

it can be differentiated with the latter features based on its greater flexibility and

capacity that can be dynamically adapted to and optimized for varying traffic and

user mobility conditions. The DAS enables independent operation of multiple fre-

quency bands and multiple protocols across a single access network; conse-

quently, multiple operator network sharing can be supported by a DAS

[8,10�14,18]. Recent studies have shown that in addition to coverage improve-

ments, a DAS can also provide other advantages such as reduced power and

increased system capacity in a single-cell environment. Each distributed antenna

module is connected to a home base station (or central unit) via dedicated wires,
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fiber optics, or an exclusive RF link. Although the connections via the same RF

link used in a cell are possible, the connections with the same RF link construct

information-theoretic relay channels are categorized as another research area

called cooperative communications. Since the distributed antenna modules

and the home base station together construct a macroscopic multiple-input single-

output (MISO) vector channel, the DAS can be also interpreted as a macroscopic

multiple-antenna system [19].

The advantage of the DAS scheme is that less power is consumed in overcom-

ing penetration and shadowing losses, since a line-of-sight channel is often present,

leading to reduced fading depths and reduced delay spread. A DAS can be imple-

mented using passive splitters and feeders, and active repeater amplifiers can be

included to overcome the feeder loss. If a given area is covered by N distributed

antenna elements rather than a single antenna, then the total radiated power is

reduced by approximately a factor of N12n=2, and the power per antenna is reduced

by a factor of Nn=2, where a path loss model with path loss exponent n1 is assumed.

As an alternative, the total area covered could be extended for a given limit of

effective radiated power, which may be important to ensure compliance with regu-

latory limits. In other words, for a given target radiated power, an

N-element antenna system will have increased coverage area over a single-antenna

system by a factor of N122=n. Given the same coverage area, the maximum path loss

for an N-element distributed antenna system is reduced by a factor of Nn=2. The

transmit power of user devices can then be reduced by a factor of Nn=2, resulting in a

more energy-efficient uplink and lower battery consumption. The use of

distributed antenna systems is expected to reduce inter-cell interference and to

improve SINR especially for users near cell boundaries, which are often performance

limiting users, compared to conventional cellular systems in an interference-limited

multi-cell environment. As a result, distributed antenna systems achieve lower sym-

bol error probability and higher capacity than conventional cellular systems. Recent

studies suggest that distributed antenna architectures could be an effective solution

for reducing inter-cell interference in an interference-limited cellular environment.

Let us look at a distributed antenna system from mathematical point of view.

As shown in Figure 12.2, in a distributed antenna system the main baseband pro-

cessing modules such as channel cards are centralized at a location (central pro-

cessing unit), and are connected with distributed antenna modules. Each

distributed antenna module is physically connected with a home base station via a

dedicated link. The general architecture of a DAS in a multi-cell environment is

illustrated in Figure 12.2, where a cell is covered by a small base station and six

1In the study of wireless communications, path loss can be represented by the path loss exponent,

whose value is normally in the range of 2�4, where 2 is for propagation in free space and 4 is for

a relatively lossy environment and for the case of full specular reflection from the earth’s surface.

In some environments, such as buildings, stadiums, and other indoor environments, the path loss

exponent can reach values in the range of 4�6. On the other hand, a tunnel may act as a wave-

guide, resulting in a path loss exponent of less than 2.
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distributed antenna modules. In contrast, the same area is covered by only a single

high-power base station in traditional cellular systems. The actual number of dis-

tributed antenna modules would be determined by coverage, user densities, and

other deployment/economic/environmental factors. Let P
ðjÞ
i denote the total transmit

power of the ith distributed antenna module of the jth cell, where the small base

station of each cell and home cell are indexed by i5 0 and j5 0, respectively. Let

us further assume that
PNunit

i51

P
ðjÞ
i 5P ’j, where P is the total transmit power of the

conventional base station for a fair comparison. The radius of a cell is R, and the

coverage radius of a distributed antenna module is r. We further assume a seven

cell cellular structure with universal frequency reuse, where a given cell is sur-

rounded by one continuous tier of six cells, as shown in Figure 12.2.

Let us assume (without loss of generality) that there are six RRHs in each

cell, and further in each site, downlink signals are transmitted through all the

eNB

eNB

eNB

eNB

eNB

eNB

eNB

r

Remote radio
heads (RRH)

Baseband
processing unit

(eNB)

Fiber-optic links

Macro-cell cell
boundary

RRH cell
boundary

R

FIGURE 12.2

Example of the architecture of a distributed antenna system with one-tier interference

model.
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distributed antenna modules and the home base station. In this case, the multiple

distributed antenna modules and the home base station together construct a mac-

roscopic MISO vector channel given by [19]:

h5
ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
0

q
h
ð0Þ
0

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
1

q
h
ð0Þ
1

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
2

q
h
ð0Þ
2

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
3

q
h
ð0Þ
3

�

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
4

q
h
ð0Þ
4

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
5

q
h
ð0Þ
5

ffiffiffiffiffiffiffiffiffiffi
PL

ð0Þ
6

q
h
ð0Þ
6

�
(12.2)

In Eq. (12.2), h
ðjÞ
i denotes short-term fading channel from the ith distributed

antenna module in the jth cell which is an independent and identically distributed

complex Gaussian random variable h
ðjÞ
i Bℂð0; 1Þ. The fading channel is assumed

to be static during orthogonal frequency division multiplexing (OFDM) symbol

duration. The coefficient PL
ðjÞ
i denotes path loss and shadow fading from the ith

distributed antenna module in the jth cell. The transmitted signal vector is repre-

sented as x5 ðxð0Þ0 ; xð0Þ1 ; . . .; xð0Þ6 ÞT, where each entry x
ðjÞ
i represents the transmitted

signal from the ith distributed antenna module in the jth cell with ℰfjxðjÞi j2g5P
ðjÞ
i .

Under these conditions, the received signal at a mobile station in a given OFDM

symbol duration is given by [19]:

y5 hx|{z}
Desired signal

1
X6

j51

X6

i50

h
ðjÞ
i

ffiffiffiffiffiffiffiffiffiffi
PL

ðjÞ
i

q
x
ðjÞ
i

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Inter-cell interference

1 n|{z}
Receiver noise

(12.3)

where n is an additive white Gaussian noise with normal distribution

nBNð0;σ2
nÞ. Since the number of interfering sources is sufficiently large and

the interfering sources are independent of each other, the interference plus

noise can be assumed to be a complex Gaussian random variable z with variance

σ2
z 5

P6
j51

P6
i50 PL

ðjÞ
i P

ðjÞ
i 1 σ2

n according to the central limit theorem2, whereas

the interference plus noise power of the conventional cellular system is given by

σ2
c 5

P6
j51 PL

ðjÞ
0 P

ðjÞ
0 1σ2

n. When only a single distributed antenna module or the

2In probability theory, the central limit theorem states that, given certain conditions, the mean of a

sufficiently large number of independent random variables, each with finite mean and variance,

will be approximately normally distributed. Let X1;X2; . . .;Xn be a set of n independent random

variables and let each Xi have an arbitrary probability distribution pðx1; x2; . . .; xN Þ with mean μi

and a finite variance σ2
i . Then, the normal form variable Xnormal 5

PN

i51

ðxi 2μiÞ
� �

=

ffiffiffiffiffiffiffiffiffiffiffi
PN

i51

σ2
i

s

has a

limiting cumulative distribution function which approaches a normal distribution. Under additional

conditions on the distribution of the addend, the probability density itself is also normal with mean

μ5 0 and variance σ2 5 1. If conversion to normal form is not performed, then the random variable

X5
PN

i51

xi

� �
=N is normally distributed with μX 5μx and σX 5σx=

ffiffiffiffi
N

p
[28].
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home base station is selected for transmission (based on the criterion of minimiz-

ing propagation path loss), the received signal is given by [19]:

y5 hð0Þm

ffiffiffiffiffiffiffiffiffiffi
PLð0Þ

m

q
xð0Þm

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Desired signal

1
X6

j51

h
ðjÞ
i

ffiffiffiffiffiffiffiffiffiffi
PL

ðjÞ
i

q
x
ðjÞ
i

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Inter�cell interference

1 n|{z}
Receiver noise

(12.4)

where m5 argmink5 0;1...6ðPLðjÞ
0 ;PLðjÞ

1 ; . . .;PLðjÞ
6 Þ and qj is randomly selected from

the set f0; 1; . . .; 6g. The interference plus noise can be shown to be a complex

Gaussian random variable u with variance σ2
u 5

P6
j51 PL

ðjÞ
qj P

ðjÞ
qj 1σ2

n. Since other

cells adopt the same transmission scheme as the home cell, only one of the inter-

fering sources in the other cells can be randomly selected in a dynamic point

switching scheme. If the CSI is known only at the receiver and the channel is

ergodic, the ergodic capacity at a given location of the mobile station under study

can be written as follows:

Cergodic 5Eh log2 11
1

σ2
z

hΦhH
� �� �

(12.5)

where Φ is the covariance matrix of the transmitted signal vector x given by

Φ5 diagðPð0Þ
0 ;Pð0Þ

1 ; . . .;Pð0Þ
6 Þ. When the channel is known in the transmitter side,

the ergodic capacity at a given location of the mobile station is given by:

Cergodic 5Eh max
ϕii #P

ð0Þ
i
’i
log2 11

1

σ2
z

hΦhH
� �( )

(12.6)

where ϕii is the ith diagonal element of matrix Φ. The maximum capacity is

achieved by proper design of the transmit power spectrum matrix Φ under indi-

vidual power constraints of the distributed antenna modules and the home base

station. If power cooperation among the distributed antenna modules and the

home base station is allowed, this problem reduces to a standard water-filling

problem in a macroscopic MISO vector channel [19].

The above study suggests that the distributed antenna systems effectively reduce

inter-cell interference and improve SINR especially for the cell-edge users, which are

typically performance limiting users, compared to conventional cellular systems in an

interference-limited multi-cell environment. As a result, distributed antenna systems

achieve lower symbol error probability and higher capacity than conventional cellular

systems; thus, distributed antenna architectures appear to be an effective solution

for reducing inter-cell interference in an interference-limited cellular environment.

12.3 Theory of CoMP operation
Future cellular networks are required to provide high-data-rate services to a large

number of users, which necessitates high spectral efficiency over the entire cell
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coverage area. In order to address this problem, it is important to ensure robust-

ness of the radio interface to interference, in particular inter-cell interference,

which appears when the same radio resources are reused in different cells in an

uncoordinated manner. The inter-cell interference particularly degrades the perfor-

mance of users located in the cell-edge areas, which causes an inconsistent level

of performance among cell-edge and inner-cell users. One possible solution to

alleviate this performance discrepancy is to employ coordinated multi-point trans-

mission and reception, which refers to a system where the transmission or recep-

tion at multiple, geographically separated antenna sites is dynamically

coordinated in order to improve system performance. The coordination can be dis-

tributed either by means of direct communication between different sites, or by

means of a central coordinating node [34�47].

The notion of clustering (grouping of the cooperating cells) is essential to

coordinated beamforming and relaxed coherent joint processing. Indeed, the term

CoMP suggests that a number of base stations share some knowledge about users.

However, as the number of users and eNBs increases, the signaling overhead

required for the inter-eNB information exchange and the amount of feedback

needed from the users dramatically increase. Therefore, cooperation should be

limited to a small number of cells/sites. To achieve this goal, the network is

divided into clusters of cooperating cells. Cluster selection is important to the per-

formance of cooperation strategies. Cluster formation may be static, if the clusters

remain fixed in time, or dynamic (see Figures 12.7 and 12.8). Selection may be

performed in a network-centric or in a user-centric manner. The network-centric

clustering typically divides the network into a set of disjoint clusters of eNBs

such that one eNB can belong only to one cluster. In contrast, in the user-centric

clustering approach, one eNB may belong to more than one cluster, depending on

the parameter under consideration. From the user point of view, this means that,

in a given cell, each user may have a different set of cooperating eNBs. The con-

cept of clustering is similar to cooperative sets and/or measurement sets, which

will be defined later.

CoMP architectures may include centrally located or distributed processing

among the collaborating nodes. The use of geographically distributed antennas in

CoMP and the introduction of multiple transmission nodes is conceptually similar

to the distributed antenna systems. In particular, in a CoMP scheme exploiting

DAS principles, there are several possible transmission strategies including the

power-weighted transmission scheme and the single transmit-selection scheme.

Assuming linear transceiver processing, a CoMP system with N antennas is ide-

ally able to accommodate up to N streams without becoming interference limited.

The inter-stream interference can be controlled or even completely eliminated by

proper precoder selection. This is especially true in the coherent joint processing

case, where user data is conveyed from multiple base station antenna nodes over a

large virtual MIMO channel. The coherent multi-user multi-cell precoding techni-

ques have strict requirements in terms of signaling and measurements. In addition

to the complete channel knowledge of all jointly processed links, a stringent
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synchronization across the transmitting nodes and centralized entities performing

scheduling and computation of joint precoding weights is required in order to avoid

carrier phase drifting at different transmit nodes. A large amount of data needs to

be exchanged between the network nodes. Therefore, broadband links, such as opti-

cal fibers or dedicated radio links, are needed.

Another form of coordinated transmission is dynamic multi-cell scheduling

and interference avoidance, where the network nodes coordinate their transmis-

sions (precoder design, scheduling) in order to minimize the inter-cell interfer-

ence. Carrier phase coherence between the transmit nodes is not required, since

each data stream is transmitted from a single transmission point. As a result, the

non-coherent coordinated multi-cell transmission approaches have somewhat

looser requirements on the coordination and the backhaul, but could potentially

need centralized resource management mechanisms.

In order to understand how the above coordinated transmission schemes

are mathematically formulated, consider an example of a centralized non-

codebook-based coordinated beamforming scenario with static cooperating

clusters. Let us assume a general downlink system model for the network con-

sisting of Ncell cells and Nuser single-antenna UEs per cell. This scenario can be

considered a traditional cellular network, in which only one transmitter per cell

is used, or a CoMP network, in which more than one transmitter per cell is

used. We refer to this model as a CoMP system made of Nunit single-antenna

remote units per cell. In general, the downlink system model of a CoMP cellular

network can be expressed as y5HWx1 n, where HAℂNuser 3NcellNunit , and

WAℂNcellNunit 3Nuser are the CoMP processing matrices, which depend on the par-

ticular CoMP configuration, x5 ðx1; x2; . . .; xNuser
ÞTAℂNuser 3 1 is a complex vector

that contains the transmitted signal, y5 ðy1; y2; . . .; yNuser
ÞTAℂNuser 3 1 is a complex

vector containing Nuser signals received by Nuser UEs, and nAℂNuser 3 1 is the

noise vector. The ijth entry fhðkÞij g of matrix H represents the complex-valued

channel gain between the ith UE (1# i#Nuser) and the jth remote unit

(1# j#Nunit) belonging to the kth cell (1# k#Ncell). The jith element fwðkÞ
ji g of

the matrix W is the square root of the transmission power applied at the jth

remote unit (1# j#Nunit), transmitting toward the ith UE (1# i#Nuser), belong-

ing to the kth cell (1# k#Ncell). In this model, we assume a flat fading channel

as typically observed at each subcarrier in an OFDM system. The above model

can be extended to the case of remote units and mobile terminals equipped with

multiple antennas. In the following, we assume that there are two cells in the

network, and there are three remote units per cell, and further there are two users

in each cell, thus Ncell5 2; Nunit 5 3; and Nuser 5 2. Using the above hypotheses,

one can rewrite the received signal equation as follows [24]:

y1
y2

� �
5 ðHð1Þ Hð2Þ Þ Wð1Þ

Wð2Þ

� �
x1
x2

� �
1

n1
n2

� �
(12.7)
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which can be further expanded as follows:
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(12.8)

where yi is the signal received by the ith UE and xj denotes the signal transmitted

by the jth remote unit. The particular expressions of WAℂNcellNunit 3Nuser for CoMP

transmit-selection and power-weighted schemes when only one user per cell is

considered are as follows:

Wtransmit-selection 5

0 0

w
ð1Þ
ji 0

0 0

0 0

0 w
ð2Þ
ji

0 0

0

BBBBBBBBB@

1

CCCCCCCCCA

Wweighted-power 5

w
ð1Þ
11 0

w
ð1Þ
21 0

w
ð1Þ
31 0

0 w
ð2Þ
12

0 w
ð2Þ
22

0 w
ð2Þ
32

0

BBBBBBBBBBB@

1

CCCCCCCCCCCA

(12.9)

In the above expressions, and for the CoMP transmit-selection scheme, the only

non-zero term w
ðkÞ
ji for k5 1; 2 is selected by a certain criterion such as minimizing

the path loss between any of the remote units transmitting toward the mobile user

which is being served, i.e., w
ðkÞ
ji 5min

j
fPLðj; iÞgjk51;2 for the ith mobile user. In the

CoMP power-weighted scheme
PNunit

j51 w
ðkÞ
ji 5Ptotal for k5 1; 2 where Ptotal is the

total transmit power of the conventional base station, for the ith mobile user.

Consider a coordination cluster with NTP transmission points, each equipped

with an antenna array comprising NTX antenna elements, and Nuser UEs equipped

with NRX receive antennas. Assuming an OFDM transmission, the baseband sig-

nal received by the ith UE at the kth subcarrier in the downlink is given by:

yiðkÞ5HiðkÞxðkÞ1 niðkÞ (12.10)

where the NRX 3NunitNTX matrix HiðkÞ is the composite channel between all

transmission points and the ith UE; niðkÞ represents thermal noise vector including

inter-cluster interference which is assumed to be white Gaussian distributed with
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covariance matrix EfniðkÞnHi ðkÞg5σ2
i I; x is an NunitNTX 3 1 vector representing

the sum signal transmitted from all transmission points, given by:

xðkÞ5
XNuser

i51

xiðkÞ5
XNuser

i51

ffiffiffiffi
pi

p
uisiðkÞ (12.11)

where siðkÞ is a modulation symbol drawn from a unit-variance symbol alphabet,

which is transmitted to the ith UE using the transmit power pi and beamforming

vector ui, respectively. The beamforming vectors are normalized to have unit

power EðuHi uiÞ5 1 for i5 1; 2; . . .;Nuser. The average SINR for the ith UE,

assuming an MRC receiver type, is given by [24]:

SINRiðU;pÞ5
piu

H
i RiuiP

j 6¼ipju
H
j Riuj 1σ2

i

(12.12)

where U is the transmit beamforming matrix given by U5 ð u1 u2 . . . uNuser
Þ,

pi is the vector of transmit powers, and Ri is the transmit correlation matrix for the

ith UE, given by Ri 5EfHH
i ðkÞHiðkÞg5 diagðRi1;Ri2; . . .;RiNunit

Þ. Since the transmis-

sion points are separated by large distances, their antennas are mutually uncorrelated.

The considered coordinated beamforming scheme is a modified form of the multi-

user beamforming algorithm, in which the beamforming vectors and power alloca-

tions are obtained by maximizing the jointly achievable SINR margin as

follows [24]:

C5 max
U;p

min
iAf1;2;...;Nuserg

SINRiðU;piÞ
γi

(12.13)

The above optimization is performed under per-transmitter power constraint:

X

iASn

pi #Pmax nAf1; 2; . . .;Nunitg (12.14)

where γi is the target SINR for the ith UE, Sn is the set of UEs connected to the

nth transmission point, and Pmax is the maximum transmission point transmit

power. The beamforming vectors and downlink power allocations are found itera-

tively using the uplink�downlink duality theorem, which states that the downlink

broadcast channel has a virtual dual uplink multiple access channel which has the

same SINR achievable regions as the downlink, and the same beamforming vec-

tors to achieve the SINRs in both links [24].

It can be expected that the most appropriate scenarios for coordinated beam-

forming have low angular spreads which are found in the urban, suburban, and

rural environments with above-rooftop antenna deployment. Due to low feedback

requirements, coordinated beamforming is especially of interest in the FDD

mode. The joint processing might be difficult to realize in a practical system due

to the stringent feedback requirements. It can also be expected that coordinated

beamforming is robust to user mobility, hence making it an attractive alternative
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both in low and high mobility scenarios [24]. The performance (cell spectral

efficiency) of an intra-eNB CoMP with SU-MIMO and implicit feedback relative

to a conventional SU-MIMO scheme have been simulated and are shown

in Figure 12.3. The improvement of cell spectral efficiency due to use of CoMP

in different areas of the cell and in particular the cell-edge areas can be seen in

Figure 12.3. The simulation assumptions are consistent with those recommended

in 3GPP TR 36.814 [4].

12.4 CoMP architectures
In LTE Rel-8, MIMO transmission in each cell is controlled independent of that

of the neighbor cells. Inter-cell interference coordination (ICIC) was supported by

means of coordination message exchanges between base stations via a standard-

ized inter-eNB interface known as X2 [6,7]. The goal of ICIC is to provide the

scheduler at one cell with information about the current or prospective interfer-

ence condition at its neighbors. However, in reality, the transfer latency of these

coordination messages depends on the backhaul technology and is not negligible.

While ICIC techniques are primarily designed for semi-static coordination, CoMP

techniques target more dynamic coordination and may require much lower

latency. The macro-cells constitute the basis of a mobile network’s coverage; the

deployment of low-power nodes (e.g., pico- or femto-cells or relay nodes) within

the macro-cell is expected to be an effective solution in the future to address

ever-increasing mobile traffic demands. Such networks, referred to as heteroge-

neous networks, are characterized by severe inter-cell interference between the

macro and the low-power nodes due to their proximity and different transmit

power classes. The inter-cell interference effect is even more detrimental when

the effective cell size of the low-power node is expanded to balance the traffic
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FIGURE 12.3

Performance of intra-eNB CoMP with SU-MIMO and implicit feedback relative to

conventional SU-MIMO.
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load between the macro-cell and the low-power node cell; thus, the UE may be

associated with a cell that does not provide the strongest received signal power.

In general, and as shown in Figure 12.4, CoMP transmission/reception techni-

ques can be classified into the following two major categories:

1. Inter-eNB CoMP, wherein coordination amongst eNBs is done via the X2

interface with typical feedback delay of 5�30 ms. This method requires stan-

dardization of the feedback channel with consideration for overhead and delay

reduction.

2. Intra-eNB CoMP, wherein transmission points are usually connected via wide-

band/low-delay optical fibers with typical feedback delay of 5 ms and with

minimal impact on the X2 interface.

LTE Rel-11 has focused on the intra-eNB CoMP scenarios in order to limit

the scope of specification impacts on lower protocol layers.

One recent deployment trend that is foreseen to be widely applied to LTE net-

works consists of splitting the base station functionalities into a baseband unit,

which performs in particular the scheduling and the baseband processing functions,

and a number of RRHs responsible for all RF transmission/reception aspects. The

baseband processing unit is typically located at the center of the cell and is con-

nected via optical fiber to the RRHs. In addition to suppressing the feeder loss

(since the power amplifier is immediately close to the antenna), this approach

allows the baseband processing unit to manage different radio sites in a central

manner. Furthermore, having geographically separated RRHs controlled from the

same location enables either centralized baseband processing units jointly manag-

ing the operation of several radio sites, or the exchange of very low-latency coordi-

nation messages among individual baseband processing units. The RRH

deployments facilitate the tight coordination between transmission/reception points

that is required for some CoMP schemes. The applicability and benefits of CoMP

techniques depend to a great extent on the backhaul characteristics (latency and

capacity), which determine the type of CoMP processing and the corresponding

Intra-eNB CoMP

Inter-eNB CoMP
eNBCell/sector

FIGURE 12.4

Illustration of inter-eNB and intra-eNB CoMP scenarios.
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performance. In order to account for the various possible network topologies and

backhaul characteristics, the study of CoMP in 3GPP focused on the following sce-

narios (Figure 12.5) [5,27]:

• CoMP scenario 1 (homogeneous macro network with intra-site CoMP):

Coordination among the cells (sectors) controlled by the same macro base sta-

tion (where no backhaul connection is needed).

• CoMP scenario 2 (homogeneous macro network with inter-site CoMP):

Coordination between cells belonging to different radio sites from a macro

network.

• CoMP scenario 3 (heterogeneous network with low-power pico-cells within

the macro-cell coverage area): Coordination between a macro-cell and low-

power transmit/receive points within its coverage, each point controlling its

own cell (with its own cell identity).

• CoMP scenario 4 (heterogeneous network with low-power RRH):

Coordination between a macro-cell and low-power transmit/receive points

Macro-cell Macro-cell
(coordination area)

Coordination
area

CoMP Scenario 1 CoMP Scenario 2

CoMP Scenario 3 CoMP Scenario 4

High-power RRH

Low-power RRH

Pico-cell

Macro-cell
(coordination area)

Optical
fiber

Macro-cell
(coordination area)

Optical
fiber

Optical
fiber

X2
interface

eNB

eNB

eNB

FIGURE 12.5

Illustration of CoMP scenarios [5].
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within its coverage, each point controlling its own cell, except that the

low-power transmit/receive points constitute geographically distributed

antennas of the macro-cell, and are thus all associated with the macro-cell

identity.

CoMP scenario 1 is defined for homogeneous networks where the coordination

area is restricted to the cells of a single site controlled by an eNB. Although the

extent of coordination is limited to the cells of the same site, CoMP scenario 1 has

the advantage of requiring no inter-eNB interface among different sites. Such an

advantage would make CoMP scenario 1 attractive to the network operators.

CoMP scenario 2 is for homogeneous networks where the coordination area is

expanded from the CoMP scenario 1 to include the cells of different sites. CoMP sce-

nario 2 may be realized by having a single eNB control the RRHs at different sites,

or by having multiple eNBs at different sites to coordinate with each other. CoMP

scenario 2 is depicted in Figure 12.5 with high-power RRHs at different sites con-

trolled by a single eNB. Depending on the number of cells involved and the latency

of connections between the sites, which are both dependent on network implementa-

tion, different levels of performance gain over CoMP scenario 1 may be obtained.

CoMP scenario 3 relies on a heterogeneous network model where macro-cells

with high transmission power and pico-cells with low transmission power are con-

nected. In practice, this scenario may be realized by a single eNB controlling the

high-power RRH of the macro-cell and the low-power RRHs of pico-cells within

the macro-cell coverage area. Another possible network implementation is that

the eNBs of the macro-cell and the pico-cells are different and coordinate with

each other. Figure 12.5 illustrates CoMP scenario 3 with low-power RRHs at dif-

ferent sites controlled by a single eNB.

CoMP scenario 4 is defined for heterogeneous networks where low-power

RRHs are distributed throughout the coverage area of a macro-cell. The difference

between this scenario and the other intra-eNB scenarios is that all low-power

RRHs in this case share the same physical cell identity with the macro-cell.

Therefore, it can be construed that the low-power RRHs form a set of distributed

antennas in the macro-cell area. Since the coordination is done among distributed

antennas within the same cell, depending on the size of macro-cell, there may not

be a need for conventional mobility support such as handover procedures among

the RRHs. Furthermore, since each RRH is not an independent cell, a low-delay

and high-capacity backhaul connection such as optical fiber can provide the radio

connection between the macro-eNB and the RRHs. CoMP scenarios 3 and 4 are

expected to find applications in metropolitan areas where network deployment is

dense and RRHs with different transmission power levels can be deployed to

improve control/data coverage and capacity [17].

A set of geographically collocated antennas that correspond to a particular sec-

torization scheme are traditionally configured as a cell. A UE attempts to connect

to a single cell at any given time, if the measured received reference signal

strength from that cell is higher relative to that from other cells. This cell then
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becomes its serving cell. Given the new definition of CoMP scenarios as intro-

duced earlier, the antennas configured as a cell may not be geographically collo-

cated. The term transmission point can then be used to refer to a set of collocated

antennas, and a cell can correspond to one or more such transmission points. Note

that a single geographical site may contain multiple transmission points in the

case of sectorization, with one transmission point corresponding to one sector.

CoMP techniques can also be defined in a more straightforward manner as the

coordination between transmission points.

A mobile station is said to be connected to a cooperating set/cluster if its serv-

ing cell belongs to the cluster. We assume no coordination between clusters,

which also means that a cell belongs to one, and only one, cluster. The serving

cell selection in LTE Rel-8 is based on the long-term average reference signal

received power (RSRP) measurements. The cell with the strongest RSRP acts as

the serving cell. The serving cell also defines the cluster to which the mobile is

connected. Since each cell uniquely belongs to one cluster, the serving cluster is

determined once the serving cell is selected. It is assumed that the measurement

set of a UE is a subset of the cluster.

12.4.1 Air-interface and network support for CoMP schemes
In order to enable CoMP operation, the network architecture must be able to pro-

vide sufficient coordination and synchronization among different transmission

points and/or cells/sites. If inter-eNB coordination is enabled, user data and/or

CSI will be exchanged and shared between eNBs; thus, low-latency and high-

capacity backhaul would be required to support inter-eNB CoMP deployment sce-

narios. The impacts on the radio interface mainly depend on type of CoMP scheme

that is utilized, which may include, but is not limited to, the following [5]:

• CSI measurement and feedback mechanisms at the UE, which may include

reporting dynamic channel conditions between transmission points in the

CoMP measurement set and the UE. Depending on the duplex scheme, chan-

nel reciprocity may be exploited to facilitate channel estimation at the trans-

mission points.

• Low-latency and configurable reporting mechanisms to facilitate the decision-

making process concerning the set of participating transmission points.

• Static and dynamic coordination and tight synchronization are required prior

to transmission of the signal over multiple transmission points.

• Reference signals with unique signatures are required to enable inter-cell/

intra-cell interference and channel measurements. Depending on the CoMP

scheme, the LTE Rel-10 CSI reference signal (CSI-RS) structures were found

to be suitable to provide support for certain interference measurement and

characterization [33].

• Improved control signaling design may be required to support signaling and

feedback for certain CoMP algorithms. LTE Rel-11 provided the enhanced

physical downlink control channel (ePDCCH) and other downlink control
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signaling improvements, as well as transmission mode 10 to accommodate the

CoMP design and operation.

Different impacts on the network architecture are foreseen depending on the

CoMP scenario being deployed, including coordination among base stations, use

of radio over fiber links to connect different transmission/reception points, or

coordinated relaying, affecting both data-plane and control-plane protocols. The

optical fiber links have a small impact on the current network architecture since

the interface between base station control unit and the associated RRH can be

either proprietary or based on an open standard interface such as the Common

Public Radio Interface (CPRI)3 standard which defines the interface between enti-

ties known as RECs and local or RRH referred to as radio equipment (RE) [29].

It is necessary to further study the transfer of data and control information over

optical fiber interfaces. Cooperation among distributed base stations has a higher

impact on the network. A central control/scheduling/processing unit may be nec-

essary depending on the required coordination scheme.

Other important aspects to be considered when deploying CoMP in a network

include centralized/decentralized management of UEs connected to multiple trans-

mit/receive points. Most proposals addressing multi-antenna schemes often

assume power constraints on the sum of power transmitted by different antennas.

This assumption may not hold when each antenna in a multi-antenna base station

is powered by its own power amplifier and is limited by the linearity of that

amplifier, or when the system uses distributed antennas belonging to the same or

coordinated base stations, and each one is subject to its own power limits and

emission constraints [23].

12.4.2 Downlink CoMP
A set of geographically separated points directly and/or indirectly involved in down-

link data transmission to a UE over a time�frequency resource is defined as a

CoMP cooperating set. Note that this set may be transparent to the UE. The trans-

mission points in a cooperating set are either directly participating in transmission of

data in the time�frequency resource, or indirectly participating in transmission,

3The CPRI is an initiative to define a publicly available specification that standardizes the protocol

interface between the radio equipment control (REC) and the radio equipment (RE) in wireless

base stations. This allows interoperability of equipment from different vendors and preserves the

software investment made by wireless service providers. Conventional base stations are located

adjacent to the antenna in a small building at the base of the antenna tower. Finding suitable sites

can be a challenge because of the footprint required for the building, the need for structural rein-

forcement of rooftops, and the availability of both primary and backup power sources. CPRI allows

the use of a distributed architecture where base stations, containing the REC, are connected to

remote radio heads via low-loss fiber links that carry the CPRI data. This architecture reduces costs

for service providers because only the remote radio heads containing the REs need to be situated in

environmentally challenging locations. The base stations can be centrally located in less challeng-

ing locations where footprint, climate, and availability of power are more easily managed [29].
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which make them candidate points for data transmission that do not transmit data

but contribute in making decisions on the user scheduling/beamforming in the

time�frequency resource. The CoMP transmission points (TPs) are defined as a set

of points transmitting data to a UE. It is understood that CoMP TPs are a subset of

the CoMP cooperating set. In general, the downlink CoMP schemes may be classi-

fied into one of the following categories (see Figure 12.6) [5]:

• Joint processing (JP) where data for a UE is available at more than one trans-

mission point in the CoMP cooperating set for a time�frequency resource. A

subcategory of JP CoMP is the joint transmission (JT) in which data is simul-

taneously transmitted from multiple points (part of or an entire CoMP coop-

erating set) to a single UE or multiple UEs in a time�frequency resource.

Alternatively, the data to a UE can be simultaneously transmitted from multi-

ple points, e.g., to (coherently or noncoherently) improve the received signal

quality and/or data throughput. Another subgroup of JP CoMP is known as

dynamic point selection (DPS)/muting where data is transmitted from one

point (within the CoMP cooperating set) in a time�frequency resource. The

transmitting/muting point may change from one subframe to another, including

varying over the resource block pairs within a subframe. The data is available

simultaneously at multiple points. This includes dynamic cell selection (DCS).

The DPS may be combined with JT, in which case, multiple points can be

selected for data transmission in the time�frequency resource.

• Coordinated scheduling/beamforming (CS/CB) in which data for a UE is only

available and is transmitted from one point in the CoMP cooperating set, i.e.,

downlink data is transmitted from that point for a time�frequency resource

but user scheduling/beamforming decisions are made with coordination among

points corresponding to the CoMP cooperating set. In this case, the transmis-

sion points are selected semi-statically. Semi-static point selection (SSPS) is a

method where data is transmitted to a specific UE from one point at a time.

The transmitting point may only change in a semi-static manner. Muting may

be applied in a dynamic and semi-static manner to the above transmission

schemes (Figure 12.6).

The CS/CB scheme reduces the interference level experienced by a UE termi-

nal by appropriately selecting the beamforming weights of interfering points to

steer the interference toward the null space of the interfered UE. The JT scheme

allows one or more neighboring points to transmit the desired signal rather than

interfering signals from the point of view of the selected UE. The transmission

point selection scheme enables the UE to be dynamically scheduled via the most

appropriate transmission point by exploiting changes in the channel slow/fast fad-

ing conditions. Hybrid methods may also be implemented in a network to cope

with different types of interference. A combination of JP and CS/CB schemes is

possible in the downlink. Data for a UE may be available only in a subset of points

in the CoMP cooperating set for a particular time�frequency resource, but user

scheduling/beamforming decisions are made with coordination among points
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corresponding to the CoMP cooperating set. For example, some points in the coop-

erating set may transmit data to the target UE according to a JP scheme, while

other transmission points in the cooperating set may perform one form of CS/CB

scheme. For the JT scheme, CoMP transmission points may include multiple points

in the CoMP cooperating set at each subframe for a certain time�frequency

resource, whereas in the case of CS/CB, DPS, SSPS, a single point in the CoMP

cooperating set is the CoMP transmission point at each subframe for a certain

time�frequency resource. For SSPS, this CoMP transmission point can change

semi-statically within the CoMP cooperating set. Examples of static and dynamic

formation of CoMP clusters (cooperating sets) are shown in Figures 12.7 and 12.8.

12.4.3 Uplink CoMP
The uplink CoMP schemes may be divided into one of the following categories:

• Joint reception (JR) in which physical uplink shared channel (PUSCH) trans-

mitted by the UE is received jointly at multiple points which are part of or the

entire CoMP cooperating set at a certain time, e.g., to improve the received

signal quality.

• CS/CB where user scheduling and precoding decisions are made with coordi-

nation among points within the CoMP cooperating set. The user data is only

intended for one recipient point in the set.

Similar to the downlink, the uplink CoMP cooperating set is a set of geograph-

ically separated points that may be designated for data reception from a UE.

The uplink CoMP reception points are a set of points for receiving data from a

UE. The CoMP reception points are a subset of the CoMP cooperating set in the

uplink. For the JR scheme, CoMP reception points may include multiple points in

UE

Cell1/eNB1 Cell2/eNB2
Cell1/eNB1 Cell2/eNB2

Optical fiber link/X2
(CSI and Data)

UE1

Optical fiber link/X2
(CSI)

UE2

Coordinated beamforming/coordinated schedulingJoint processing

FIGURE 12.6

Illustration of downlink CB/CS and JT CoMP concepts.
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CoMP scenario 1

Cooperating
sets

FIGURE 12.7

Illustration of static CoMP clusters (Scenario 2, 9 cells per cooperating set) [5].

Set 1

Cooperating
sets at t0

Set 1

Cooperating
sets at t0+T

Set 2

Set 2

FIGURE 12.8

Dynamic clustering of CoMP (change of cooperating CoMP sets across time).
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the CoMP cooperating set at each subframe for a certain time�frequency resource,

whereas for uplink CS/CB, a single point in the CoMP cooperating set is the CoMP

reception point at each subframe for a certain time�frequency resource [5].

In other words, uplink CoMP schemes can be divided into two major groups.

The first group uses dynamic selection of the best reception point according to

short-term channel quality. The second category uses joint reception, where several

reception points act as a joint receiver with a larger number of antennas. Joint

reception is more complex to implement, but it offers larger gains relative to DPS.

One of the most important aspects of coordinated uplink reception is the decoupling

of the points that transmit downlink control from those that receive uplink data.

Important aspects of the implementation pertain to coordination and exchange of

information among reception points in terms of selection of reception points, com-

putation of the receive combiner, coordinated scheduling, and exchange of received

signal samples (e.g., quantized received signals, locally combined signals, or log-

likelihood ratios). These functions are typically centralized in the baseband proces-

sing unit connected to the coordinated eNBs via optical fiber links [17].

In uplink coordinated multi-point reception, the UE signals which were previ-

ously treated as interference at a reception points, other than the serving node,

would become desired signals. Uplink reference signals that are used for channel

estimation in the demodulation process of PUSCH are very sensitive to interfer-

ence. In LTE Rel-8/9/10, the assignment of the pseudo-random base sequences

for scrambling the reference signals of a UE was made by a single serving cell.

It was possible to assign orthogonal sequences to the UE, whose reference signals

were received by the same receiving point, via either different cyclic shifts of the

same base sequence or orthogonal cover codes. At the same time, several interfer-

ence randomization techniques improved the inter-cell interference generated by

uncoordinated uplink scheduling assignments across multiple neighboring cells.

These randomization techniques include sequence-group hopping, sequence hop-

ping, and different cyclic shifts [1�3]. The opportunity offered by CoMP to

receive the UE’s signals at one cell when the UE’s transmission is intended for

another cell created new constraints for assigning orthogonal sequences to the

users allocated in overlapping time�frequency resources [17].

LTE Rel-11 introduced new capabilities for configuring reference signal ini-

tialization parameters. In particular, the initialization of the pseudo-random

sequences is no longer associated with the physical cell identity, but rather is

explicitly signaled as a UE-specific virtual cell identity [1]. This enables the

assignment of the same base sequence with different cyclic shifts to the UE which

is connected to different cells, allowing virtual cells to be created within the cov-

erage area of a macro-cell deployed with RRHs, as in CoMP scenario 4.

Furthermore, it is possible to configure the initialization of the cyclic shift hop-

ping in a dedicated manner for each UE, which enables grouping of UEs by

orthogonal cover codes across different cells even when these UEs are assigned

different base sequences [17].
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12.4.4 CSI measurement and feedback in CoMP-enabled networks
A downlink CoMP measurement set is defined as a group of transmission points

relative to which the UE measures and reports the CSI. The UE reports may

select points for which actual feedback is transmitted. The measurement set

typically encompasses cells for which the mobility-management-related measure-

ments are conducted for the purpose of cell selection/reselection and handover.

The proper operation of any CoMP scenario depends on the accuracy and

timeliness of the CSI measurement and feedback in the network. Some CoMP

schemes are more affected by CSI inaccuracy and feedback delays. LTE Rel-11

has specified a general control signaling framework that enables all CoMP

schemes to properly operate by enhancing and extending the features that existed

in the previous releases. The CoMP measurement set is alternatively defined as a

set of CSI-RS resources on which the UE is required to measure and report the

CSI that may include rank indicator, precoding matrix index, and channel quality

indicator. There is typically a unique correspondence between a CSI-RS resource

and a transmission point. As shown in Figure 12.9, the CoMP measurement set is

a subset of the CoMP cluster/cooperating set (Smeasurement�setCScooperating�set). The

size of a CoMP measurement set that can be configured for a UE is limited to

three CSI-RS resources in order to reduce the uplink signaling overhead. The UE

at different locations may observe different sets of strong-signal transmission

points; thus, the configuration of a CoMP measurement set is UE-specific. Due to

UE mobility, CoMP measurement sets dynamically change and need to be recon-

figured when necessary to ensure optimal CoMP performance. To assist the net-

work in managing the CoMP measurement set of each UE, a CoMP resource

management procedure based on CSI-RS measurement has been defined in

LTE Rel-11. While the CoMP resource management concept can be applied to all

CoMP scenarios, it is particularly useful for CoMP scenario 4 where the transmis-

sion points are not identifiable from their transmitted cell-specific reference

signals, making it impossible to compare the received signal strengths based on

cell-specific reference signals.

The CoMP resource management procedure requires the UE to perform

CSI-RS-based received signal quality measurements on a set of CSI-RS resources

that are candidates for inclusion in the CoMP measurement set. The set of

CSI-RS resources explicitly configured by the network for CoMP resource man-

agement is called the CoMP resource management set. The latter set can be con-

figured independently of the CoMP measurement set [17]. The measurement of

CSI-RS received power is similar to that defined for RSRP measurement on

cell-specific reference signals. Nevertheless, there are some differences between

the two types of measurements. The UE is only required to conduct measurement

on CSI-RS resources in the CoMP resource management set. Therefore, the UE

does not autonomously detect CSI-RS resources, resulting in reduced UE operational

complexity. The CoMP resource management measurement/reporting is event-

driven and the triggers can be either absolute, i.e., a measurement report is triggered
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when the received signal power goes beyond an absolute threshold, or relative, i.e.,

the received signal power is compared to that of another CSI-RS resource.

To ensure the CSI-RS received power measurement is immune to interference

and to ensure the accuracy of the measurement, the network can mute the transmis-

sions on the resource elements from the neighboring TPs that correspond to the

CSI-RS resource elements of the transmission point being measured. When per-

forming CSI-RS received power measurements, the UE may assume that the tim-

ing of the received CSI-RS is the same as that derived from the primary and

secondary synchronization signals of the serving cell. This allows the UE to use a

single timing derived from the synchronization signals of the serving cell to

receive CSI-RS that might be transmitted from a different TP. While this simplifies

UE implementation, the impact on the accuracy of CSI-RS received power

depends on the extent of the timing error. Studies suggest that there is no signifi-

cant impact on CSI-RS measurement provided that a timing error is limited to

63 ms [17,21,27].

Since a UE needs to measure CSI-RS to generate CSI feedback and receive

UE-specific reference signals to coherently demodulate PDSCH, it is imperative

that the CSI-RS and DM-RS are transmitted such that the interference among the

reference signals of multiple TPs is sufficiently randomized. LTE Rel-10

Cooperating
sets

Measurement
set

Measurement
set

Cooperating
sets

FIGURE 12.9

Example illustration of cooperating and measurement sets.
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addresses this requirement by defining unique initialization seeds for generating

the scrambling sequences of each transmission point/cell’s reference signals based

on the physical cell identity. This approach may not work for CoMP scenario 4

since multiple TPs share the same cell identity. In order to provide sufficient

interference randomization, LTE Rel-11 replaced the use of the physical cell iden-

tifier for initialization of the scrambling sequences with a virtual cell identifier,

which is signaled to the UE using higher layer signaling, allowing flexible

deployment of transmission points in CoMP scenario 4, and providing sufficient

interference randomization for DM-RS and CSI-RS. In the case of CSI-RS, the

interference among CSI-RSs of different TPs is further reduced by allocating dif-

ferent time or frequency resources for CSI-RS transmissions. The use of a virtual

cell identifier provides interference randomization when the same time and fre-

quency resources are used across different cells for CSI-RS transmissions [1].

The feedback scheme for CoMP in LTE Rel-11 is defined per CSI-RS resource,

where the UE reports the CSI individually for multiple CSI-RS resources. Note that

each CSI-RS resource is transmitted from one transmission point. As a result, when

the UE is configured with multiple CSI-RS resources and performs per CSI-RS

resource feedback, it reports individual CSIs for each of the TPs transmitting the

configured CSI-RS resources. There is at least one feedback process associated with

each CSI-RS resource within the CoMP measurement set. Each feedback process

provides the eNB with the measured CSI (measured on a particular CSI-RS

resource). The CSI feedback can be configured to be periodically reported, or sched-

uled for aperiodic reporting. For CS/CB, separate CSI feedback for at least two TPs

can be configured where one of the processes would be used for reporting the CSI

for the serving TP, and the other(s) can be used for reporting the CSI associated

with the interfering TP(s). Similarly, for a dynamic point switching scheme, multi-

ple CSI feedback processes can be configured, allowing the network to dynamically

switch the transmitting TPs. The above feedback mechanism can also support other

CoMP schemes including non-coherent JT, where precoding is applied individually

to the transmit antennas belonging to each TP, and coherent JT in a non-standard-

ized form by aggregating multiple TPs under a single CSI-RS resource.

The reader’s attention is drawn to the fact that there are two types of feedback

in general to support CoMP operation, as follows:

1. Explicit feedback which is characterized by having a channel part and a noise-

and-interference part. The channel part includes reports for each point in the

UE’s measurement set that is reported in a given subframe that contains one

or several channel properties. The channel properties include instantaneous

channel matrix either in the form of full matrix or main eigen component(s)

of the channel matrix; and transmit channel covariance either in the form of

full covariance matrix or main eigen component(s) of the channel covariance

matrix. Inter-point channel properties may also be reported including a noise-

and-interference part, total interference received power, total received signal

covariance matrix, and covariance matrix of the noise and interference.
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2. Implicit feedback is based on certain hypotheses at the UE, and the feedback

is generated depending on the operation scheme, e.g., SU-MIMO/MU-MIMO,

single cell/point or coordinated transmission, and single-point CS/CB or

multi-point (JP) transmission. Under this category, other forms of feedback

may be considered such as precoding matrix index (PMI) with fine quantiza-

tion granularity, wideband/subband PMI, and channel quality indicator (CQI).

Note that CQI only accounts for interference outside the CoMP measurement

set or relative received power between CoMP transmission points.

LTE Rel-11 does not specify any standardized support for coherent JT.

Another important feature that has been included in LTE Rel-11 to support CoMP

is the interference measurement resource (IMR), which is a set of resource ele-

ments where a UE can be configured to measure interference. Prior to LTE Rel-

11, interference measurement was mainly implementation-specific and based on

cell-specific reference signals. Such interference measurement schemes may not

be applicable to CoMP because in CoMP scenario 4, multiple TPs may share a

common cell identity. In that case, TPs within a cell are not distinguishable since

they are transmitting the same cell-specific reference signals. Moreover, the inter-

ference measured using cell-specific reference signals does not allow the network

to adaptively control the interference measured by the UE. As an example, if the

effect of a particular TP shutdown is desired, the network can configure two sepa-

rate IMRs for two feedback processes. One of the IMRs would capture the inter-

ference with the TP turned off, while the other the IMR would capture the

interference with the TP turned on. The configuration of the IMR is done on a

per-UE basis via higher layer signaling. Depending on the measurement reports

from the UE, the network can determine which transmission points should be added

to, removed from, or replaced in the CoMP measurement set in order to select the

set of transmission points with the strongest signal measured at the UE [3].

12.5 Effects of X2 latency on CoMP performance
The X2 latency is defined as the accumulation of the time needed to send a mes-

sage across the X2 interface, as well as the required time to process the X2 mes-

sage in the eNB [20,30]. The non-zero X2-latency affects HARQ ACK/NACK

round trip time and the CSI feedback delay. The HARQ ACK/NACK round trip

time is defined as the time interval between the first transmission of PDSCH

using a HARQ process identifier and the earliest retransmission/fresh transmission

using the same HARQ process identifier. The CSI feedback delay is the time

interval between the CQI measurement period at the UE and the next downlink

data transmission from the eNB that is based on the knowledge of this CQI. Since

both CQI as well as HARQ information need to be transmitted from the serving

cells to the master cell of a cluster across the X2 interface, the X2 delay impacts
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both HARQ delay as well as CQI delay. The ACK/NACK delay determines the

number of HARQ processes that are needed to guarantee continuous transmission

(efficient channel utilization), if the mobile station is scheduled all the time.

Therefore, the impact of long HARQ ACK/NACK delays is important for low to

medium cell loads. In highly loaded cells, the number of required HARQ pro-

cesses decreases, since each mobile station attains less access to the channel. This

impact is therefore dependent on the cell load. Due to the increased CQI delay,

the CQI contains less information about the channel at the time when it is

accessed. This means that it becomes more difficult to adapt the MCS and other

transmission parameters to the instantaneous channel conditions.

In order to investigate the effect of X2 latency on the inter-eNB JT CoMP

operation, let us assume that a sufficient number of HARQ processes are available

such that the impact of the X2 delay on the HARQ ACK/NACK delay can be

neglected. This is ensured by setting the number of available HARQ processes to

infinity. To investigate the impact of X2 latency on CQI delay, X2 delays of 0, 1,

3, 5, 10, 15, and 20 ms were simulated. Figure 12.10 shows the loss in average

user throughput for various X2 delays relative to an ideal interface with zero

delay. The losses are given for the 5th, 50th, and 95th percentile of the cumula-

tive distribution function (CDF) of average user throughput without X2 delay. It

can be seen that the losses become larger with increasing values of X2 delay.

This indicates that inter-eNB JT CoMP is very sensitive to X2 delay.

12.6 Performance of CoMP scenarios
The performance of intra-eNB CoMP techniques has been extensively studied and

evaluated in 3GPP and documented in Ref. [5] as part of the CoMP feasibility stud-

ies. The detailed simulation assumptions and simulation models used in this evalua-

tion are described in 3GPP TR 36.814 and TR 36.819 [4,5]. The evaluations were

conducted by various sources in the following deployment scenarios [31,32]:

1. Scenario 1: Homogeneous network with intra-site CoMP.

2. Scenario 2: Homogeneous network with high transmit-power RRHs.

3. Scenario 3: Heterogeneous network with low-power RRHs within the macro-

cell coverage, where transmission/reception points are identified by different

cell IDs.

4. Scenario 4: Heterogeneous network with low-power RRHs within the macro-

cell coverage where the transmission/reception points created by the RRHs

have the same cell IDs as the macro-cell.

Despite the fact that there was a detailed evaluation methodology that was

used by all companies participating in the evaluations, there were discrepancies in

the reported results among sources because they used different assumptions con-

cerning (unspecified parameters) channel estimation error modeling, channel reci-

procity modeling, the feedback/SRS mechanisms, scheduling algorithm, and the
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receiver architecture. In the full-buffer/non-full-buffer evaluations, cell average

spectral efficiency in bits/s/Hz/cell and 5% user spectral efficiency in bits/s/Hz/

user were evaluated and reported. The user spectral efficiency is defined as the

amount of data (file size) per time needed to download data per occupied band-

width. The time needed to download the data starts when the packet is received

in the transmit buffer, and ends when the last bit of the packet is correctly deliv-

ered to the receiver. The serving cell spectral efficiency represents the total

amount of data for all users during the entire observation time per the number of

cells and per occupied bandwidth.

It was observed from the evaluation results for scenarios 1 and 2 that in the

downlink, CoMP schemes offer performance gains in homogeneous networks. In

the uplink, considerable gain is achievable with a CoMP JR scheme in scenarios

1 and 2. The results were obtained based on ideal and realistic assumptions. It

was concluded from the evaluation results in scenarios 3 and 4 that CoMP can

provide performance benefits in heterogeneous networks both with full-buffer and

FTP traffic models. Based on the evaluation results on the impact of backhaul

constraints (capacity/latency), it was concluded that the performance of CoMP

schemes relying on spatial information exchange is sensitive to the delay between

two transmission points; however, the level of sensitivity depends on the CoMP

scheme.

The macro-cell area average spectral efficiency in Figure 12.11 is defined as

the sum of cell throughputs in the macro-cell area, which also includes pico-cells/

RRHs deployed in the macro-cell area. The results of evaluations show that

performance gains can be achieved using CoMP compared to the traditional single-

cell schemes in both homogeneous and heterogeneous networks. CoMP perfor-

mance gains are noted for UEs severely affected by interference. These UEs are

typically found at the cell-edges in homogeneous networks. In general, JT CoMP
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Impact of X2 latency on user throughput using inter-eNB JT CoMP scheme [15,22].
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techniques provide larger performance gains relative to CS/CB CoMP schemes,

but at the expense of larger backhaul overheads and more stringent requirements

on backhaul capacity and latency (see Figure 12.11). These observations suggest

that CoMP techniques are a promising trend for LTE-Advanced networks. CoMP

will thereby contribute to providing the end users with a more consistent experi-

ence of mobile broadband across the network coverage areas (Figure 12.12).

The relative performance gains of CoMP scenarios 3 and 4 over HetNet with

and without enhanced ICIC (eICIC) were evaluated and are shown in Figure 12.13.

The impact of lower capacity/higher latency links connecting the transmission

points was also investigated. The evaluation results were obtained for CoMP in a

homogeneous network [5]. Figure 12.14 shows the evaluation results for SU-

MIMO CS/CB and MU-MIMO JT CoMP schemes with varying levels of back-

haul delay. The CSI feedback delay is assumed to be 5 ms. The results suggest

that the JT CoMP scheme demonstrates larger performance variation, and is more

sensitive to backhaul delays compared to the CS/CB CoMP scheme.
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FIGURE 12.11

Comparison of the absolute performance downlink MU-MIMO, CS/CB SU-MIMO, and JT

MU-MIMO (FDD, full-buffer, 3GPP spatial channel model, cross-polarized antennas) [4,5].
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FIGURE 12.12

Comparison of the absolute performance uplink SU-MIMO and JR MU-MIMO (FDD, full-

buffer, 3GPP spatial channel model, cross-polarized antennas) [4,5].
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LTE Rel-8/9 specified system bandwidths of 1.4, 3, 5, 10, 15, and 20 MHz to

meet different spectrum and deployment requirements. Support of wider band-

widths up to 100 MHz was one of the distinctive features of IMT-Advanced sys-

tems. The IMT-Advanced systems targeted peak data rates in excess of 1 Gbps

for low mobility and 100 Mbps for high mobility scenarios [32,33]. In order to

support wider transmission bandwidths, LTE Rel-10 introduced the carrier aggre-

gation concept, where two or more component carriers with arbitrary bandwidths

belonging to the same or different frequency bands could be aggregated. The

support of system bandwidths up to 100 MHz would allow a substantial

increase in link-level peak data rate, as well as in the system capacity and user

throughput. Another advantage of carrier aggregation is to allow efficient use of

fragmented spectrum in the form of a virtually wideband spectrum. The fragmen-

ted spectrum may belong to the same or different frequency bands and may be of

different bandwidths. LTE Rel-11 further extended the advantages of carrier

LTE-Advanced.

© 2014 Elsevier Inc. All rights reserved.
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aggregation by configuring extended carriers and carrier segments. Furthermore,

carrier aggregation can be used to mitigate inter-cell interference in heterogeneous

networks [30,31].

Using the carrier aggregation scheme, it would be possible to simultaneously

schedule a user on multiple component carriers for downlink or uplink data

transmission, resulting in some challenges in resource scheduling and load bal-

ancing across the network. In a non-contiguous inter-band carrier aggregation

scenario, where the aggregated carriers belong to different frequency bands, the

fading characteristics might be different between component carriers; as a

result, the coverage may vary significantly from one carrier to another. At dif-

ferent locations in the cell, some users may only be scheduled on fewer car-

riers, while other users may have access to the entire carrier set, which may

have a negative impact on sustained user throughput within the coverage area

of an eNB.

To allow smooth network migration and upgrades to new releases, it was

essential to ensure backward compatibility of LTE-Advanced with LTE Rel-8/9,

as well as to support mixed operation of the legacy LTE systems and LTE Rel-10

on the same carrier in an operator’s network. LTE Rel-10 carrier aggregation sat-

isfied this requirement by configuring each component carrier in a backward com-

patible manner with LTE Rel-8/9, and by further supporting at least one of the

bandwidths compatible with LTE Rel-8/9. The backward compatibility implies

that the complete set of LTE Rel-8/9 downlink physical channels and signals are

transmitted on each component carrier using LTE Rel-8/9 signaling procedures,

including broadcast channel, synchronization signals, reference signals, and con-

trol channels. This would also allow reuse of the LTE Rel-8/9 RF designs and

implementations at the eNB and the UE. Although we will primarily focus on car-

rier aggregation for FDD systems, carrier aggregation is fully supported in the

TDD systems, as well.

In this chapter, we will take a pragmatic and systematic approach to describe

carrier aggregation principles and its impact on different protocol layers. Various

aspects of carrier aggregation including deployment scenarios, physical and MAC

layer support, as well as higher-layer signaling and RF transceiver design chal-

lenges, will be discussed and examples will be provided.

13.1 Principles of carrier aggregation
In LTE-Advanced carrier aggregation terminology, a component carrier is often

referred to as a serving cell, is assigned its own cell identifier, and is managed

as a serving cell by the higher layers. Each individual RF carrier is known as a

component carrier. A component carrier can be downlink and uplink or down-

link only, but it cannot be an uplink-only RF carrier for obvious reasons. The

number of downlink component carriers may be different than that of the
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uplink. In general, a different number of component carriers can be aggregated

for the downlink and uplink. The UE may support carrier aggregation only in

the downlink or in both directions. Up to five component carriers, possibly each

with different bandwidth can be aggregated, allowing transmission bandwidths

of up to 100 MHz [12,14]. In FDD systems, a serving cell comprises a pair of

different carrier frequencies for downlink and uplink transmissions, whereas for

TDD, a serving cell is defined as a single-carrier frequency where downlink and

uplink transmissions occur in different transmission time intervals. Given that

component carriers do not have to be contiguous in frequency which enables

utilization of fragmented spectrum, operators with a fragmented spectrum can

provide high data-rate services based on the availability of a virtually wide

bandwidth even though they do not own a single wideband spectrum allocation.

Each UE has a single serving cell that provides all necessary control informa-

tion and functions, such as non-access stratum mobility information, security

establishment, RRC connection establishment/reconfiguration, etc. This serving

cell is referred to as the primary cell (PCell). Other auxiliary cells or component

carriers are referred to as secondary cells (SCells).

As shown in Figure 13.1, there are three different carrier aggregation scenar-

ios, as follows [11]:

1. Intra-band contiguous carrier aggregation: This type of carrier aggrega-

tion uses a single frequency band. It is the simplest form of carrier

aggregation from an implementation point of view. In this scenario, the

CC1 CC2

Frequency band A Frequency band B

CC1

CC1

CC2

Frequency band A

CC2

Frequency band A

Intra-band contiguous carrier aggregation

Intra-band non-contiguous carrier aggregation

Inter-band non-contiguous carrier aggregation

Frequency band B

Frequency band B

FIGURE 13.1

Carrier aggregation scenarios [16,18,20].
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carriers are contiguous and the frequency spacing between center fre-

quencies of contiguously aggregated RF carriers is a multiple of 300 kHz

in order to be compatible with the 100 kHz frequency raster of LTE

Rel-8/9 and preserve orthogonality of the subcarriers with 15 kHz

spacing.

2. Intra-band non-contiguous carrier aggregation: In this scenario, the aggregated

carriers are not adjacent and the multi-carrier signal cannot be treated as a sin-

gle signal; therefore, two transceivers may be required. This adds significant

complexity particularly to the UE where form-factor, power consumption, and

cost are the major concerns.

3. Inter-band non-contiguous: This type of carrier aggregation uses different fre-

quency bands which might be appealing to network operators due to the possi-

bility of using fragmented frequency bands. In this scenario, the UE may have

to use multiple transceivers, having unavoidable impact on cost, performance,

and power consumption. In addition, there are also further complexities result-

ing from the requirements to reduce intermodulation and cross-modulation

impairments created by the transceivers. This type of carrier aggregation may

improve mobility by exploiting radio propagation characteristics of different

bands.

An enhanced carrier aggregation work item was approved for LTE Rel-11,

where as part of that work item, new non-backward-compatible partially config-

ured carrier types could be defined for LTE Rel-11 and beyond to address the

ever-increasing demand for higher capacity and higher data rates in cellular net-

works [19]. The new carrier types are going to be useful in practical deployments

where the size of the available frequency block does not match the provisioned

bandwidths of 1.4, 3, 5, 10, 15, and 20 MHz in LTE Rel-8/9. If the size of the fre-

quency block is smaller than 5 MHz (corresponding to 25 resource blocks), the

number of resources on the carrier segment or extension carrier may not be ade-

quate to efficiently transmit user data and synchronization signals, broadcast and

control channels. Although it is desirable to reduce the overhead of the new car-

rier types (i.e., extension carrier and carrier segment), in practical deployment

scenarios, if the frequency gap between the reference carrier and the extension/

segment carrier is excessively large, the time and frequency synchronization and

slot/subframe alignment of the carriers in a carrier set may not be maintained

without including synchronization signals on the extension carrier/carrier

segments.

Any fully configured backward compatible carrier in a carrier set may be

extended by an extension carrier or appended by segment carriers. The design of

the new carrier types has been required to support the operation in the following

scenarios, but not necessarily equally optimized for both cases:

• Synchronized carriers: The base carrier and the new carrier types are synchro-

nized in time and frequency to the extent that no separate synchronization is

needed in the receiver.
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• Unsynchronized carriers: The base carrier and the new carrier types are

not synchronized with the same degree of accuracy as the synchronized

carriers.

Note that synchronization is considered from the perspective of the UE

receiver. Energy efficiency, flexible spectrum usage, heterogeneous network

deployments, and machine type communications were identified as key objectives

for the enhanced carrier aggregation project in 3GPP [19]. The considerations for

the design of the additional carrier types that could assist in addressing the above

goals mainly focused on operation with no cell-specific reference signals,

enhanced control signaling with self-contained reference signals, and configur-

ability of synchronization and other reference signal types when needed.

The new carrier types are defined as follows [15]:

• Carrier segment: The carrier segments are defined as the bandwidth exten-

sions of an LTE Rel-8 compatible component carrier, provided that the

total number of resource blocks is limited to 110. The combined RF car-

rier (i.e., LTE Rel-8 RF carrier1 carrier segments as shown in

Figure 13.2) utilizes the same backward compatible mechanisms of acces-

sing the additional resources on the carrier segments as well as the base

RF carrier. As an example, if two 2.5 MHz carrier segments are combined

with a 5 MHz LTE Rel-8 RF carrier, the resulting 10 MHz RF carrier is

going to be utilized as a 10 MHz LTE Rel-8 RF carrier. The use of carrier

segments in the above manner would allow more efficient utilization of

small fragments of spectrum without having to transmit additional over-

head due to synchronization, broadcast, and control channels on the carrier

Fully
backward

compatible
component

carrier A

Carrier
segment 1

Carrier
segment 2

LTE Rel 8/9
supported bandwidth

LTE Rel 8/9
supported bandwidth

Fully backward compatible
component carrier B

Extension
carrier

LTE Rel 8/9
supported bandwidth

Frequency separation

Extension carrier
bandwidth

Carrier
segment
concept

Extension
carrier

concept

FIGURE 13.2

Illustration of the carrier segments and extension carriers [15].
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segments. The notion of carrier segment allows for aggregation of addi-

tional resource blocks to a component carrier, while still retaining the

backward compatibility of the original carrier, Note that carrier segments

are always adjacent and linked to one component carrier and cannot be

used as stand-alone. They do not provide synchronization signals, system

information, or paging, and therefore cannot be used for random access or

camping. They support the same HARQ process and transmission mode as

the component carrier to which they are linked.

• Extension carrier: The extension carrier is a carrier that cannot be operated

as a single stand-alone RF carrier and must be part of a component carrier

set where at least one of the carriers in the set is a stand-alone backward

compatible component carrier. Depending on whether the extension car-

riers are adjacent or non-adjacent to a component carrier carrying synchro-

nization signals, the extension carrier may or may not be required to carry

synchronization signals. If the extension carrier does not carry the synchro-

nization signals, then it must be located close to a component carrier with

synchronization signals for reliable synchronization. No legacy control

channel PDCCH, PHICH, PCFICH, and no cell-specific reference signals

is another possible configuration for the extension carriers which allows

reduced overhead and more efficient use of radio resources on that carrier.

The extension carrier supports a separate HARQ process, PDCCH,

and transmission mode, which is configured from its linked component

carrier.

13.2 Deployment scenarios
Carrier aggregation enables various network deployments. In general, carrier

aggregation is used to improve data rates for users within overlapped areas of the

cells (cell boundaries). However, carrier aggregation can also be used to mitigate

inter-cell interference in heterogeneous networks (see Chapter 14). The following

network deployment scenarios were considered during the development of LTE-

Advanced. Although exemplified with two component carriers at frequencies fc1
and fc2 as shown in Figure 13.3, the concept can be generalized to any number of

component carriers [7,22,23,29]:

• Deployment Scenario 1: In this case, cells with carrier frequencies fc1 and fc2
are (geographically) collocated, and their coverage is overlaid with fc1 and fc2
in the same frequency band. They provide approximately the same coverage

due to similar path loss characteristics within the same band. This carrier

aggregation scenario achieves higher data rates throughout the cell where both

layers provide sufficient coverage and mobility. An example scenario is the

case where fc1 5 2000 MHz and fc2 5 800 MHz are of the same band where

aggregation is possible between the overlaid cells.
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• Deployment Scenario 2: In this case, the cells with carrier frequencies fc1
and fc2 are collocated and overlaid with fc1 and fc2 in different frequency

bands. Different coverage is provided on different carriers due to the

larger path loss in the higher frequency band. Mobility is typically sup-

ported on the carrier in the lower frequency band which further provides

sufficient coverage. The carrier in the higher frequency band is used to

improve data rates and throughput. The cells fc1 and fc2 are collocated and

overlaid, but fc2 has smaller coverage due to larger path loss. In other

words, only fc1 provides sufficient coverage and fc2 is used to improve

throughput. An example scenario would be the case where

fc1 5 f800 MHz; 2000 MHzg and fc2 5 f3500 MHzg where aggregation is

possible between the overlaid cells.

• Deployment Scenario 3: In this case, the cells comprising carrier frequencies

fc1 and fc2 are collocated with fc1 and fc2 in different frequency bands. The

antennas for cells of fc2 are directed to the cell boundaries of fc1 to improve

the cell-edge data rates and user throughput. Due to the larger path loss, cover-

age holes exist for cells in the higher frequency band on which mobility man-

agement is typically not performed. The carrier aggregation is supported in

areas with overlapping coverage and the mobility is based on fc1 coverage.

An example would be the case where fc1 5 f800 MHz; 2000 MHzg and

fc2 5 f3500 MHzg in which aggregation is possible between the overlaid cells.

Scenario 1

fc2
fc1

Scenario 2

Scenario 3 Scenario 4

Scenario 5

FIGURE 13.3

Carrier aggregation deployment scenarios [7].
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• Deployment Scenario 4: In this case the cells associated with carrier frequency

fc1 provide macro coverage and remote radio heads (RRHs) corresponding to car-

rier frequency fc2 are used to improve throughput at hot spots. The mobility is

performed based on the cell coverage of frequency fc1 . In this deployment sce-

nario, the carrier frequencies fc1 and fc2 are usually of different bands. The carrier

aggregation is applicable to users within the coverage of RRHs and the underly-

ing macro-cells. An example would be the case where fc1 5 f800 MHz;
2000 MHzg corresponds to a larger cell and fc2 5 f3500 MHzg corresponds to

smaller cell, in which aggregation is possible between the overlaid cells.

• Deployment Scenario 5: This case is similar to the second scenario where

frequency-selective repeaters or distributed antenna systems are additionally

deployed to extend the coverage for one of the carrier frequencies. It is

expected that fc1 and fc2 cells of the same eNB can be aggregated where cover-

age overlaps.

13.3 Physical and MAC layer aspects of carrier
aggregation
In this section, we discuss the physical and MAC layer aspects of carrier aggrega-

tion, and we will particularly focus on the impacts of carrier aggregation on the

system operation at the lower protocol layers. Note that scheduling and use of the

RF carriers are related to physical and MAC layers, and to a great extent are

transparent to the upper layers.

13.3.1 Physical layer aspects
The physical layer is in charge of processing and transmission of data and control

signaling between the radio access network and the user device. The LTE-

Advanced carrier aggregation feature enables concurrent data transmission on

multiple component carriers (up to five), where the transmission schemes are

largely inherited from LTE Rel-8/9 data transmission procedures per component

carrier, including the multiple access scheme; modulation and coding; and multi-

antenna processing. Some additional UE functionalities beyond those of LTE

Rel-8/9 are supported in LTE Rel-10, including data transmissions over two clus-

ters of contiguous bandwidth on the same carrier where the data is precoded by a

single DFT unit (see Chapter 10 for a description of clustered SC-FDMA), simul-

taneous transmission of a control channel and a data channel in the PCell (see

Chapter 10 for simultaneous PUCCH and PUSCH transmission), and data trans-

missions from multiple antennas with spatial multiplexing [3�6]. Nevertheless,

improving the downlink and uplink control signaling to efficiently support data

transmission was the main challenge in the design of LTE-Advanced carrier

aggregation [29].
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The PDCCH provides information on resource allocation; modulation and

coding scheme HARQ; and other parameters for downlink and uplink data trans-

mission on the physical downlink/uplink shared channel. It is possible to

configure each component carrier to transmit the PDCCH for scheduling

PDSCH/PUSCH on the same carrier frequency and associated linked uplink car-

rier, where the linkage of the downlink and uplink carriers is conveyed in SIB2

[10]. In addition, the PDCCH on a component carrier can be configured to

schedule PDSCH and PUSCH transmissions on other component carriers

through a cross-carrier scheduling feature. Cross-carrier scheduling was primar-

ily developed to support heterogeneous networks comprising a combination of

macro-eNBs and low-power nodes (e.g., pico-cell, femto-cell, and RRHs) where

significant intercell interference may arise when those networks are deployed on

the same carrier [30,31]. Since the PDCCH is transmitted across the entire band-

width of the respective carrier, interference coordination methods based on

fractional frequency reuse may not be adequate in reducing the inter-cell inter-

ference on the PDCCH. Carrier aggregation can address this issue by configur-

ing the UE connected to different network nodes to receive the PDCCH on

different carriers, thereby reducing or even eliminating inter-cell interference on

the PDCCH. With cross-carrier scheduling, only one component carrier needs to

be protected for the PDCCH transmission, which can be used to allocate

resources on other component carriers.

Cross-carrier scheduling enables a PDCCH on a component carrier to be con-

figured in order to schedule PDSCH and PUSCH transmissions on another com-

ponent carrier using a 3-bit carrier indicator field (CIF) which is inserted at the

beginning of the downlink control information (DCI) messages. The carrier aggre-

gation can reduce or even eliminate inter-cell interference on the PDCCH using

cross-carrier scheduling. Figure 13.4 shows a hypothetical heterogeneous network

scenario where a component carrier at f1 is used by the macro-cell at full power

and by the pico-cells at reduced power; whereas component carrier f2 is used by

the macro-cell at reduced power and by the pico-cells at nominally low power. In

this case, cross-carrier scheduling from component carrier f2 allows inter-cell

interference mitigation among the macro- and pico-cells.

Cross-carrier scheduling is also an effective mechanism to schedule data trans-

missions on carriers of small bandwidth from a carrier with a larger bandwidth,

considering that the PDCCH reliability targets are more challenging to achieve on

carriers with small bandwidth due to limited frequency diversity gain. The

PDCCH search space consists of a set of PDCCH candidates over which the UE

performs blind decoding operations to determine whether there is any PDCCH

addressed to it in a subframe. A common PDCCH search space is monitored by

all UEs only in their respective PCells for receiving system information, paging,

power control, and random access-related control information. Each UE also

monitors a UE-specific PDCCH search space primarily carrying scheduling grants

for downlink and uplink data transmissions. The start of the UE-specific PDCCH

search space is a function of the UE’s radio network temporary identifier (RNTI).

99313.3 Physical and MAC layer aspects of carrier aggregation

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1000 of 1122



Since the same set of resources for PDCCH transmission is shared by all UEs, a

PDCCH for a UE may not be transmitted due to partial overlapping with another

PDCCH belonging to a different UE; this condition is referred to as PDCCH

blocking. To maintain the PDCCH blocking probability at LTE Rel-8/9 level, an

LTE Rel-10/11 UE monitors one UE-specific PDCCH search space for each acti-

vated component carrier. For a UE that is not configured with cross-carrier sched-

uling, the UE-specific PDCCH search space on each component carrier is the

same as that in LTE Rel-8/9, whereas for a UE that is configured with cross-

carrier scheduling, the UE-specific PDCCH search space is defined by a
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Illustration of the cross-carrier scheduling concept in carrier aggregation [13,14].
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combination of the UE’s RNTI and the serving cell index. The number of

PDCCH blind decoding operations performed by a UE scales (approximately) lin-

early with the number of its activated component carriers [29]. If carrier aggrega-

tion is configured, the maximum number of blind decoding operations that a UE

performs is 44 for the PCell plus 32 for each active downlink SCell. An addi-

tional 16 blind decodings are needed for each uplink component carrier that is

configured for uplink MIMO operation. When cross-carrier scheduling is config-

ured, CIF is only present in the PDCCH messages in the UE-specific search space

and not in the common search space [13].

The PDSCH/PUSCH on a component carrier can only be scheduled from one

component carrier. Therefore, for each PDSCH/PUSCH component carrier, there

is an associated component carrier, configured via UE-specific RRC signaling,

where the corresponding DCI can be transmitted. Figure 13.4 illustrates an exam-

ple, where PDSCH/PUSCH transmissions on component carrier 1 are scheduled

using PDCCHs transmitted on component carrier 1. In this case, since cross-

carrier scheduling is not used, there is no carrier indicator in the corresponding

DCI formats. The PDSCH/PUSCH transmissions on component carrier 2 are

cross-carrier scheduled from PDCCHs transmitted on component carrier 1.

Therefore, the DCI formats in the UE-specific search space for component carrier

2 include the CIF. Note that the transmissions on a component carrier can be

scheduled by the PDCCHs on one component carrier; thus, component carrier 4

cannot be scheduled by PDCCHs on component carrier 5, given that there is a

semi-static association between component carriers 3 and 4 for PDCCH transmis-

sion in this example [14].

As mentioned earlier, there is one UE-specific search space per aggregation

level and component carrier used for PDSCH/PUSCH. This is illustrated in

Figure 13.4, where PDSCH/PUSCH transmissions on component carrier 1 are

scheduled using PDCCHs transmitted on component carrier 1. There is no CIF in

the UE-specific search space for component carrier 1 since cross-carrier schedul-

ing is not used. For component carrier 2, on the other hand, a carrier indicator

field exists in the UE-specific search space, given that component carrier 2 is
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Symmetric carrier aggregation in the downlink and uplink (example) [16].
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cross-carrier scheduled from the PDCCHs transmitted on component carrier 1.

Search spaces for different component carriers may overlap in some subframes.

In Figure 13.4, this happens for the UE-specific search spaces for component car-

riers 3 and 4. The terminal can identify the two search spaces independently,

assuming that a CIF is used for component carrier 4, but is not used for compo-

nent carrier 3. If the UE-specific and common search spaces corresponding to

different component carriers happen to overlap for some aggregation levels

when cross-carrier scheduling is configured, the terminal only needs to monitor

the common search space. The reason for this is to avoid ambiguities arising

from this condition; if the component carriers have different bandwidths, a DCI

format in the common search space may have the same payload size as another

DCI format in the UE-specific search space corresponding to another component

carrier [14].

The PCFICH is transmitted in each subframe and conveys a control format

indicator (CFI) field, which indicates the number of OFDM symbols carrying

control information in each subframe (up to three OFDM symbols per subframe).

The UE derives the starting OFDM symbol used for the PDSCH transmission

based on the decoded CFI value. For the PDSCH scheduled by PDCCH on the

same component carrier, the UE is required to decode the PCFICH in order to

determine the starting OFDM symbol used for the PDSCH. When cross-carrier

scheduling is utilized, the starting OFDM symbol for the PDSCH transmission is

configured by the network through higher layers, and the UE is not required to

decode PCFICH on that component carrier.

The physical HARQ indicator channel carries HARQ feedback (ACK/NACK)

information associated with a PUSCH transmission. The PHICH structure in LTE

Rel-10/11 carrier aggregation is the same as that for LTE Rel-8/9. The PHICH

corresponding to a PUSCH transmission is always transmitted on the component

carrier where the PDCCH schedules the PUSCH transmission.

The uplink control information (UCI) includes HARQ feedback corresponding

to one or more PDSCHs, channel state information, and scheduling request.

Similar to LTE Rel-8/9, the UCI can be transmitted on the PUCCH, if there is no

transmission on PUSCH in a subframe, or transmitted on PUSCH, if there is a

scheduled transmission on PUSCH. LTE-Advanced further supports simultaneous

PUCCH and PUSCH transmissions in a subframe (see Figure 13.6). This allows

the eNB to flexibly control the performance of the PUCCH and PUSCH indepen-

dently and to avoid the UCI overhead on PUSCH by utilizing existing PUCCH

resources. The PUCCH can only be transmitted on the PCell, since it typically

has more reliable link quality and coverage relative to the SCells (see Figure

13.5). When applicable, UCI is always transmitted on a single PUSCH.

HARQ feedback indicates whether a transport block is correctly received and

decoded. LTE Rel-8/9 supports transmitting a maximum of two and four ACK/

NACKs in an uplink subframe for FDD and TDD, respectively. Given indepen-

dent HARQ processes per component carrier, the maximum number of HARQ

feedback bits in a subframe in response to PDSCH transmissions can be 10 bits
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for FDD and up to 90 bits for TDD (assuming five component carriers with

MIMO transmission modes per component carrier and TDD subframe configura-

tion 5). Reliable transmission of large number of HARQ ACK/NACK bits in an

uplink subframe requires a substantial amount of resources and sufficiently high

signal to interference plus noise ratio. Therefore, HARQ feedback bundling/multi-

plexing schemes are designed for TDD systems to limit the maximum number of

ACK/NACK bits in an uplink subframe to 20. Multiple HARQ feedback bits are

bundled by a logical AND operation to produce one HARQ feedback bit per com-

ponent carrier and per subframe for certain TDD subframe configurations. The

PUCCH format 3 was introduced in LTE Rel-10 to support HARQ feedback for a

UE configured with downlink carrier aggregation. The PUCCH format 3 uses a

SC-FDMA waveform with five SC-FDMA symbols per slot carrying HARQ feed-

back information and one or two SC-FDMA symbols per slot (depending on the

size of the cyclic prefix) for transmission of demodulation reference signals, to

enable coherent demodulation of HARQ feedback (see Chapter 10 for more infor-

mation on PUCCH format 3). An orthogonal cover code of length 5 is applied to

the encoded HARQ feedback bits in the corresponding SC-FDMA symbols,

allowing multiplexing of up to five UEs in one resource block. Assuming QPSK

modulation, k HARQ feedback bits are encoded using the ð32; kÞ Reed�Muller

code with circular rate matching into 48 encoded HARQ acknowledgment bits,

which are transmitted in a subframe comprising two slots.
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Snapshot of clustered SC-FDMA (simultaneous PUSCH and PUCCH transmission) in the

uplink [17,18].
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LTE-Advanced further supports the HARQ feedback multiplexing scheme for

TDD, where two HARQ feedback bits are generated per component carrier, repre-

senting the number of consecutively correctly received PDSCHs on the compo-

nent carrier. PUCCH format 1b can be used to carry four acknowledgments when

channel selection is used, i.e., the PUCCH payload carries two acknowledgments

and the selection of PUCCH resources carries the other two acknowledgments.

The use of bundled acknowledgments in a single uplink subframe is not limited

to the TDD duplex mode. The carrier aggregation in FDD with a different number

of uplink and downlink component carriers encounters the same problem. In LTE

Rel-10, there is only one PUCCH that is always transmitted on the primary com-

ponent carrier. Hence, even in asymmetric carrier aggregation scenarios, the pos-

sibility to transmit more than two HARQ acknowledgment bits in the uplink must

be supported. This is performed via resource selection or by using PUCCH format

3. The acknowledgments in response to PUSCH transmissions are transmitted

using multiple PHICHs, where the PHICH is transmitted on the same downlink

component carrier as the uplink scheduling grant which initiated the uplink

transmission.

The channel-state information feedback enables the eNB to perform PDSCH

scheduling including resource allocation, MCS selection, transmission rank adap-

tation, and the choice of precoding matrix. To accommodate different channel

conditions and interference levels among different component carriers, CSI is fed

back for each component carrier. Both periodic and aperiodic CSI feedbacks are

supported in LTE Rel-10/11, where periodic CSI is transmitted on a set of semi-

statically configured subframes, and aperiodic CSI is dynamically scheduled by

the eNB via the PDCCH. Periodic CSI feedback is independently configured for

each component carrier and transmitted on the PUCCH using PUCCH format 2.

Since the payload size of PUCCH format 2 is limited, the periodic CSI for only

one component carrier can be unconditionally transmitted in a subframe. A prior-

ity based on the periodic CSI reporting type determines the component carrier for

which periodic CSI is reported in the event that periodic CSI feedback of multiple

carriers collide in a subframe. If the collisions involve the same periodic CSI

reporting type, the priority is according to ascending cell index. Aperiodic CSI

feedback is transmitted on PUSCH and typically carries more CSI bits than peri-

odic CSI feedback. LTE Rel-10/11 supports aperiodic CSI feedback for a single

or multiple component carriers in a subframe so that the eNB can balance the CSI

accuracy and feedback overhead [29].

Uplink power control is a mechanism to instruct the UEs to determine the

PUSCH/PUCCH transmission power with the objective of ensuring that the target

reception reliability of that channel is met. The uplink power control supported in

LTE Rel-8/9/10 consists of an open-loop component adjusting for the path loss

between the UE and its serving eNB, and of a closed-loop component based on

transmission power control commands in the PDCCH. The uplink power control

processes are independent among the respective activated cells and each process

is the same as LTE Rel-8/9. The resulting transmission power for PUSCH or
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PUCCH is referred to as nominal transmission power. The key differentiation

with respect to the LTE Rel-8/9 uplink power control operation occurs when the

sum of the nominal transmission powers from the UE exceeds the total maximum

output power for which the UE is configured in a specific subframe. Depending

on whether the UE is configured for simultaneous PUCCH and PUSCH transmis-

sions, on the UCI types for transmission, and on the existence of any PUSCH

transmission, the UE may transmit in a subframe one PUCCH, one PUSCH with

UCI, one or more PUSCH transmissions without UCI, or any other combination.

As control information is more important than data information and does not ben-

efit from the use of HARQ, the UE transmission power is distributed by descend-

ing priority to the PUCCH, PUSCH with UCI, and PUSCH without UCI, where

the nominal transmission power for a channel with higher priority is first guaran-

teed until the UE total maximum output power is reached. For one or more

PUSCH transmissions without UCI, the UE scales each respective nominal

PUSCH transmission power by the same factor, considering that the same quality

of service for data transmission is required on all component carriers [29].

The eNB may not know the exact UE transmission power due to the possibility

of missing power control commands, UE-specific implementation of maximum

power reduction (MPR),1 and additional maximum power reduction (A-MPR)2 in

order to meet regulatory requirements. To provide the eNB with more accurate

information on the UEs transmission power, power headroom reporting was sup-

ported in LTE Rel-8/9. The UE may report type 1 and/or type 2 power headroom

for an activated cell. The type 1 and type 2 power headroom reports indicate the

amount of remaining the UEs transmission power beyond those already used for

PUSCH, or PUSCH and PUCCH transmission in a subframe, respectively [29].

13.3.2 MAC layer aspects
From the MAC perspective, the carrier aggregation simply provides additional

conduits, thus the MAC sublayer plays the role of a multiplexing entity for the

aggregated component carriers. Figure 13.7 shows an overview of the downlink

1The purpose of MPR is to allow the UE, in some configurations, to lower its maximum output

power in order to meet the general requirements on signal quality and out-of-band (OOB) emis-

sions. Note that MPR is an allowance and the UE is not required to use it [13].

2The eNB may inform the UE of the possibility of further lowering its maximum power by signal-

ing an additional MPR (A-MPR). The need for an A-MPR occurs with certain combinations of

E-UTRA bands, channel bandwidths, and transmission bandwidths for which the UE must meet

additional (more stringent) requirements for spectrum emission mask and spurious emissions. As

with MPR, the A-MPR is an allowance, not a requirement, and it applies in addition to MPR.

Regardless of whether the UE makes use of the allowed MPR and A-MPR, the additional require-

ments for spectrum emission mask and spurious emissions that are signaled by the network always

apply. The reason for the complex set of conditions for the relaxation is the expected intermodula-

tion products which may fall into adjacent bands which have different levels of sensitivity (e.g.,

public safety bands) [13].
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LTE-Advanced downlink/uplink layer 2 structure when carrier aggregation is configured [7].

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1007 of 1122



user-plane protocol stack at the base station, as well as the corresponding map-

ping of the most essential radio resource management functionalities for carrier

aggregation. Each user has at least one radio bearer which is referred to as

the default radio bearer. The exact mapping of data to the default bearer is up to

the operator policy and is configured via the traffic flow template. In addition

to the default radio bearer, users may have additional bearers configured. There is

one PDCP and RLC entity per radio bearer, including functionalities such as

robust header compression, security, segmentation, and ARQ. As mentioned in

the previous chapters, the interface between the RLC sublayer and MAC sublayer

is referred to as the logical channel.

There is one MAC entity per user, which controls the multiplexing of data

from all logical channels to the user, and further controls how this data is trans-

mitted on the available component carriers. As illustrated in Figure 13.7, there is

a separate HARQ entity per component carrier, which essentially means that if

data transmission is on the ith component carrier, the HARQ retransmissions in

case of erroneous reception must be performed on the ith component carrier. The

interface between the MAC sublayer and the physical layer, which are referred to

as transport channels, is also separate for each component carrier. The transport

blocks sent on different component carriers can be transmitted with independent

MCSs as well as different MIMO schemes. The latter allows data on one compo-

nent carrier to be transmitted with open-loop transmit diversity (transmission

mode 2), whereas data on another component carrier sent with dual-layer beam-

forming (transmission mode 8). There is independent link adaptation per compo-

nent carrier in order to take advantage of more accurate link adaptation on

different component carriers according to their respective propagation and radio

channel conditions. Semi-persistent scheduling can only be configured for the

PCell, and PDCCH allocations for the PCell can override the corresponding semi-

persistent scheduling resource allocation.

The LTE Rel-8/9 control-plane protocol stack also applies to LTE-Advanced

with multiple component carriers, meaning that there is one RRC per user, inde-

pendent of the number of component carriers. Similarly, idle mode mobility pro-

cedures of LTE Rel-8/9 also apply in a network supporting carrier aggregation. It

is also possible for a network to configure only a subset of component carriers for

idle mode camping [26].

E-UTRA in general supports a synchronized uplink by means of un uplink

timing advance (TA) adjustment procedure. The carrier aggregation in LTE Rel-

10 only supports a single timing advance value which is applied to all component

carriers. This means that the base station transceivers for different carriers should

be at the same location to avoid different propagation delays. The use of RRHs,

distributed antennas, and repeaters was limited. The signal should be received

within the cyclic prefix length for a correct reception by a regular UE. The timing

advance group (TAG) was introduced in LTE Rel-11 for supporting multiple tim-

ing advances typically encountered in inter-band carrier aggregation scenarios. A

TAG includes one or more serving cells with the same uplink timing advance and
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the same downlink timing reference cell. If a TAG contains the PCell, it is

referred to as the primary timing advance group (pTAG). If a TAG contains only

SCell(s), it is denoted as the secondary timing advance group (sTAG). There is

one timing reference cell and one time alignment timer (TAT) per TAG, and each

TAT may be configured with a different value. For pTAG, the PCell is used as

the timing reference cell, whereas for sTAG, the UE may use any activated SCell

from the same sTAG as the timing reference cell. From an RF requirement point

of view, the number of component carriers is limited to two for LTE Rel-11;

thus, if the sTAG is configured, there is only one SCell in the sTAG [7].

The initial uplink timing alignment of the sTAG is obtained by an eNB ini-

tiated random access procedure similar to the pTAG. The SCell in a sTAG can

be configured with random access channel resources, and the eNB may instruct

the UE to perform random access on the SCell. The Msg2 (or random access

response) in response to the SCell preamble is transmitted on the PCell using

an RA-RNTI that conforms to the LTE Rel-8 RACH procedure. The grant in

Msg2 is valid for the SCell in which the preamble was transmitted. The UE

stops transmission of the random access preamble on the SCell when reaching

the maximum number of transmissions. However, the UE will not indicate a

random access problem to upper layers, if the maximum number of preamble

transmissions is reached for the random access procedure on the SCell. The UE

tracks the downlink frame timing change of the SCell and adjusts the uplink

transmission timing following the timing advance commands from the eNB [7].

13.4 Protocol and signaling aspects of carrier aggregation
In order to enable mobility when supporting carrier aggregation, a UE handles a

component carrier in the same way as it would deal with another carrier fre-

quency in LTE Rel-8/9. The UE performs various measurements as instructed by

the eNB including intra- and inter-frequency measurements which are used for

selecting LTE carriers, as well as inter-RAT measurements which are meant for

non-LTE RAT selection. As of LTE Rel-10/11, the following event-triggered

reporting criteria are defined [10]:

• Event A1: Serving cell becomes better than absolute threshold.

• Event A2: Serving cell becomes worse than absolute threshold.

• Event A3: Neighbor cell becomes better than an offset relative to the serving

cell.

• Event A4: Neighbor cell becomes better than absolute threshold.

• Event A5: Serving cell becomes worse than one absolute threshold and neigh-

bor cell becomes better than another absolute threshold.

• Event A6: Intra-frequency neighbor becomes better than an offset relative to

an SCell (LTE Rel-10/11 only).
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For inter-RAT mobility, the following criteria for measurement reporting are

defined [10]:

• Event B1. Neighbor cell becomes better than absolute threshold.

• Event B2. Serving cell becomes worse than one absolute threshold and neigh-

bor cell becomes better than another absolute threshold.

The new measurement event A6 was introduced for LTE-Advanced carrier

aggregation to compare the neighbor cells’ component carriers to the current

SCell, thus allowing reconfiguration of SCells.

The discontinuous reception (DRX) mode was defined in LTE Rel-8/9. If

one or more SCells are configured for a UE in addition to the PCell, the same

DRX mode is applied to all serving cells. According to network configuration

and ongoing HARQ processes, the UE determines the DRX activity cycle

which is common to all serving cells. This means that the active times for

PDCCH monitoring are identical across all downlink component carriers (see

Figure 13.8).

The SCell activation/deactivation is an efficient mechanism to reduce the UE

power consumption in LTE Rel-10/11 carrier aggregation in addition to DRX. On

a deactivated SCell, the UE neither receives downlink signals nor transmits any

uplink signal. The UE is also not required to perform measurements on a deacti-

vated SCell. Deactivated SCells can be used as a path loss reference for measure-

ments in uplink power control. It is assumed that these measurements would be

less frequent while the SCell is deactivated in order to conserve the UE power.

On the other hand, for an activated SCell, the UE performs normal activities for

downlink reception and uplink transmission. Activation and deactivation of

SCells is controlled by the eNB. As shown in Figure 13.8, the SCell activation/

deactivation is performed when the eNB sends an activation/deactivation

command in the form of a MAC control element. A timer may also be used for

automatic deactivation, if no data or PDCCH messages are received on an SCell

for a certain period of time. This is the only case in which deactivation can be

executed autonomously by the UE. Serving cell activation/deactivation is per-

formed independently for each SCell, allowing the UE to be activated only on a

particular set of SCells. Activation/deactivation is not applicable to the PCell

because it is required to always remain activated when the UE has an RRC con-

nection to the network [29].

As already mentioned, if the UE is configured with one or more SCells, the

network may activate and deactivate the configured SCells. The PCell is always

activated. The network activates and deactivates the SCell(s) by sending an acti-

vation/deactivation MAC control element as described in Chapter 8. Furthermore,

the UE maintains an sCellDeactivationTimer per configured SCell and deactivates

the associated SCell upon its expiration. The same initial timer value is applied to

each instance of the sCellDeactivationTimer and it is configured by RRC signal-

ing. The configured SCells are initially deactivated upon addition and after a

handover [9].
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As mentioned earlier, the activation or deactivation of downlink component

carriers are performed through a MAC control element. A command to activate a

component carrier takes effect eight subframes after the receipt of the activation/

deactivation command, i.e., if the MAC control element is received in subframe

n, then the SCells are activated/deactivated starting from subframe n1 8. There is

also a timer-based mechanism for deactivation such that a terminal may deacti-

vate SCells after a configurable time with no activity. Note that the primary com-

ponent carrier is always active. In the uplink, there is no explicit means of

activation for uplink component carriers. However, whenever a downlink compo-

nent carrier is activated or deactivated, the corresponding uplink component car-

rier is also activated or deactivated [14].

13.5 Radio resource management aspects of carrier
aggregation
Cell management is the control procedure enabling the network to add, remove, or

change SCells, or to switch the PCell of a UE. A UE in the RRC_IDLE state estab-

lishes RRC connection on a serving cell, which automatically becomes its PCell.

Depending on the carrier where initial access is performed, different UEs in a net-

work with carrier aggregation capability may have different PCells. With the RRC

connection established on the PCell, the network can further configure one or more

SCells for a carrier-aggregation-capable UE, considering the UEs capability [8] to

meet the UE’s data service requirements. The necessary information, including sys-

tem information of an SCell is conveyed to the UE via dedicated RRC signaling.

Addition, removal, or reconfiguration of SCells for a UE is performed via dedicated

RRC signaling (see Figure 13.9). The network can further change the PCell of a

UE to improve the link quality of the PCell on which critical control information is

sent, or to provide load balancing among different SCells. The change of PCell in

LTE Rel-10 carrier aggregation can only be performed via a handover procedure,

and it does not necessarily require the UE to switch to single-carrier operation.

Intra-LTE handover in LTE-Advanced allows the target PCell to configure one or

more SCells for the UE to use immediately after handover [29].

The carrier aggregation additional SCells cannot be activated immediately at

the time of RRC connection establishment, since there is no provision in the RRC

connection setup procedure for SCells. SCells are added or removed from the set

of serving cells through the RRC connection reconfiguration procedure. Note that,

since intra-LTE handover is treated as an RRC connection reconfiguration, SCell

handover is supported. The carrier aggregation-related information sent by the

eNB pursuant to the RRC connection reconfiguration procedure can be summa-

rized as follows [20]:

• Cross-carrier scheduling configuration: This indicates if scheduling for the

referenced SCell is managed by that SCell or by another cell.
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• SCell PUSCH configuration: This indicates whether resource block group hop-

ping is utilized on the SCell.

• SCell uplink power control configuration: This carries a number of primitives

related to the SCell uplink transmit power command, including the path loss

reference-linking parameter.

• SCell CQI reporting configuration: This carries a number of primitives related

to CQI measurement reporting for SCells.

13.6 RF and implementation aspects of carrier aggregation
Although not considered a problem for the base station, carrier aggregation will

undoubtedly pose major difficulties for the UE, which must handle multiple (simul-

taneously operating) transceivers. The addition of simultaneous non-contiguous

transmitters creates a highly challenging radio environment in terms of spurious

signal emissions and self-blocking. Carrier aggregation brings new technical chal-

lenges, especially for the LTE Rel-10/11 UE implementation. The complexity of

the UE’s RF front-end module can vary greatly, depending on which type(s) of car-

rier aggregation are supported, with contiguous carrier aggregation being the least

RRC connection setup

Security establishment

Default bearer establishment

Bearer resource allocation request

RRC connection reconfiguration
(activate dedicated EPS bearer context request)

RRC connection reconfiguration complete

Activate dedicated EPS bearer context accept

Measurement report
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UEeNB

Always occurs on PCell and no other
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UE requests a bearer with certain
QoS attributes that can support
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eNB configures PCell data radio
bearer with measurements on SCell
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Measurement report indicates that
SCell signal is sufficiently strong
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FIGURE 13.9

Summary of message exchange for addition of SCells [20].
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complex scenario. In LTE Rel-10 devices, contiguous carrier aggregation will not

exceed two component carriers or 40 MHz maximum bandwidth. It may be possi-

ble to support this configuration with a single wideband transceiver in the UE. For

non-contiguous component carrier allocations, the UE will have to use multiple

transceivers or a single, extremely wide wideband transceiver. Using multiple trans-

ceivers may be more realistic in the sense that such configuration requires only the

addition of parallel paths to process each frequency band, as in existing multiband

devices. However, using multiple transceivers also increases the size, cost, and

power consumption of the mobile device [12�14].

In a wideband transceiver, a single transceiver must process the multi-band

non-contiguous carrier aggregation using wideband RF components. There are

two main issues with this approach. First, as the bandwidth increases, the effec-

tive noise bandwidth increases, thus resulting in increased noise power. Second,

with a wider bandwidth, more unwanted signals are likely to be received from

other sources. Therefore, for non-contiguous carrier aggregation, most proposals

today are leaning toward the use of multiple transceivers instead of a single wide-

band approach. In addition to increasing the RF front-end complexity, using

simultaneous non-contiguous transmitters creates a highly challenging radio envi-

ronment in terms of spurious signal management and self-blocking. Because these

challenges particularly impact UE design, more work needs to be done before

interband carrier aggregation can be successfully introduced in the uplink [14].

Simultaneous transmit or receive with mandatory MIMO support would aggra-

vate the challenge of antenna design. The frequency bands designated for the

deployment of LTE are mostly the existing IMT-2000 bands, or the bands where

the legacy systems, including UMTS and GSM, were deployed. The frequency

bands in some regions are defined in a technology-neutral manner, which means

that coexistence among different technologies is a necessity. In general, the

requirements for LTE operation in different frequency bands do not impose any

specific requirements on the radio-interface design. However, there are implica-

tions for the RF requirements and the way they are defined in order to support

coexistence between operators in the same geographical area, collocation of base

station equipment of different operators, and coexistence with services in adjacent

frequency bands and across country borders [14].

Operators may deploy LTE or other IMT-2000 technologies such as HSPA or

EDGE in their respective bands. Such coexistence requirements to a large extent

are developed within 3GPP, but there may also be regional requirements defined

by regulatory bodies in some frequency bands. There are in many cases limita-

tions to where base station equipment can be deployed. The base station sites are

often shared between operators, or an operator will deploy multiple technologies

in one site. This imposes additional requirements on base station transceivers.

The use of the RF spectrum is regulated through international agreements gov-

erned by ITU-R. As a result, there are requirements for coordination among

operators in different countries, and for coexistence with services in adjacent fre-

quency bands. Coexistence between operators of TDD systems in the same band
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is provided by inter-operator synchronization in order to avoid interference

between downlink and uplink transmissions of different operators. Through

the release-independent principle, it is possible to design terminals based on an

early release of 3GPP specifications that support a frequency band added in a

later release [14].

The requirements for carrier aggregation are defined for carrier aggregation

configurations with associated bandwidth combination sets. For inter-band carrier

aggregation, a carrier aggregation configuration is a combination of operating

bands, each supporting a carrier aggregation bandwidth class. For intra-band con-

tiguous carrier aggregation, a carrier aggregation configuration is a single operat-

ing band supporting a carrier aggregation bandwidth class. For each carrier

aggregation configuration, requirements are specified for all bandwidth combina-

tions contained in a bandwidth combination set, which is indicated per supported

band combination in the UE radio access capability [8]. A UE can indicate sup-

port of several bandwidth combination sets per band combination [1].

13.6.1 Temporal/spectral masks and unwanted emissions
E-UTRA needs to ensure user orthogonality in the time-domain similar to UMTS

systems. In UMTS, the requirements for user orthogonality were based on ON/

OFF masks, which defined the allowable transmit power during the OFF and ON

periods of transmission. In E-UTRA, similar requirements exist for the eNB for

FDD and TDD operation modes. However, for the LTE UE, the requirements are

considerably more complex than those for UMTS, due to the characteristics of

the SC-FDMA scheme used for the uplink transmissions. Figure 13.10 shows the

general ON/OFF mask in time which applies whenever the UE is required to

switch on or off. Note that although the requirement is given in terms of a mask,

it actually applies to the average power during the ON and OFF periods. In

UMTS the transient period 20 μs is centered on the slot boundary, whereas in

LTE, the transient period is in general shifted into the next subframe. Therefore,

the first few SC-FDMA samples are more susceptible to corruption by insufficient

transmit power or inter-UE interference, whereas the samples at the end of the

subframe are protected. For PRACH, the transient periods are located outside the

preamble in order to protect the entire random access preamble. The same princi-

ple applies to sounding reference signals to allow reliable uplink channel sound-

ing without impairments arising from transient periods. This is also applicable to

discontinuous transmission measurement gaps [1,13].

For TDD, where two sounding reference signals can be transmitted on adja-

cent symbols in the UpPTS field, the transient periods are located between the

two sounding reference signals. The general temporal masks apply in the case of

transitions into and out of the OFF power state. A general output power dynamic

requirement also exists for continuous transmission at slot boundaries where fre-

quency hopping occurs, and at subframe boundaries for either frequency hopping

or power changes. In all these cases, the transient periods are symmetric around
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the slot or subframe boundaries. The transient power masks are applied in transi-

tion from the PUCCH/PUSCH to sounding reference signal with DTX after

sounding reference signal, from the PUCCH/PUSCH to sounding reference signal

to PUCCH/PUSCH, from DTX to sounding reference signal to PUSCH/PUCCH,

or from PUCCH/PUSCH to DTX in a sounding reference signal symbol to

PUCCH/PUSCH [1,13].

A radio transmitter is required not to transmit any signal outside its designated

transmission band. However, in practice, all radio transmitters do transmit

unwanted signals outside their designated transmission bands. The LTE specifica-

tions define two separate types of unwanted emissions: OOB emissions and spuri-

ous emissions. OOB emissions are unwanted emissions immediately outside the

channel bandwidth resulting from the modulation process and non-linearity in the

transmitter, but excluding spurious emissions. Spurious emissions are emissions

which are caused by unwanted transmitter effects such as harmonics emission,

parasitic emission, intermodulation products,3 and frequency conversion pro-

ducts, but exclude OOB emissions. The OOB emissions requirement for the eNB

transmitter is specified both in terms of adjacent channel leakage power ratio

(ACLR) and operating band unwanted emissions. The operating band unwanted

emissions define all unwanted emissions in the downlink operating band plus the

frequency ranges 10 MHz above and 10 MHz below the band. Unwanted emis-

sions outside of this frequency range are limited by a spurious emissions require-

ment. For an eNB supporting multi-carrier or intra-band contiguous carrier

Subframe duration 1ms

Transient period
20 μs

Transient period
20 μs

Start of OFF power
requirement

End of OFF power
requirement

The OFF power
requirements do not apply
for DTX and measurement

gaps

Start of ON power End of ON power

FIGURE 13.10

General ON/OFF temporal mask [1].

3Intermodulation or intermodulation distortion (IMD) is the amplitude modulation of signals con-

taining two or more different frequencies in a system with non-linearities. The intermodulation

between each frequency component will form additional signals at frequencies that are not just at

harmonic frequencies (integer multiples) of either, but also at the sum and difference frequencies of

the original frequencies, and at multiples of those sum and difference frequencies.
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aggregation, the unwanted emission requirements apply to channel bandwidths of

the outermost carrier larger than or equal to 5 MHz. The occupied bandwidth is

the width of a frequency band such that, below the lower and above the upper fre-

quency limits, the mean powers emitted are each equal to a specified percentage

β=2 of the total mean transmitted power. The value of β=2 is set to 0.5%. This

requirement also applies during the transmitter ON period [1].

ACLR is the ratio of the filtered mean power centered on the assigned channel

frequency to the filtered mean power centered on an adjacent channel frequency.

The requirements apply outside of the edges of the RF bandwidth regardless of

the type of transmitter considered, i.e., single carrier or multi-carrier. It applies to

all transmission modes provisioned by the manufacturer’s specification. In addi-

tion, for an eNB operating in non-contiguous spectrum, the ACLR applies to the

first adjacent channel inside any sub-block gap with a sub-block gap size

Wgap $ 15 MHz. The ACLR requirement for the second adjacent channel applies

inside any sub-block gap with a sub-block gap size Wgap $ 20 MHz. This require-

ment is also applied during the transmitter ON period [1].

Since OOB emissions occur close to the desired signal transmission, increasing the

power level of the desired signal will usually increase the level of the unwanted emis-

sions. On the other hand, reducing the transmit power is usually an effective method

for reducing the OOB emissions, thus providing one possible solution to network-

signaled power-reduction requirements. The OOB emissions are an inevitable by-

product of the modulation process, and are often caused by non-linearities in power

amplifiers. In fixed-bandwidth radio systems, the OOB emission requirements were

defined with respect to the center frequency of the transmission. Since E-UTRA sup-

ports variable bandwidth, it is more convenient to define OOB requirements with

respect to the edge of the channel bandwidth rather than the center of the channel, as

shown in Figure 13.11. In LTE, the OOB emissions are defined by means of spectrum

emission masks and ACLR requirements.

The spectrum emission mask is a power attenuation function defined for

out-of-channel emissions relative to the in-channel power spectrum. The spec-

trum emission mask of the UE applies to frequencies within ΔfOOB of the edge

of the assigned LTE channel bandwidth, as shown in Figure 13.11. For intra-

band contiguous carrier aggregation the spectrum emission mask of the UE

applies to frequencies ΔfOOB starting from the 6 edge of the aggregated chan-

nel bandwidth (see Figure 13.11). For intra-band contiguous carrier aggrega-

tion and bandwidth class C, the power of any UE emissions are required not to

exceed the levels specified in Table 13.1 within the specified channel band-

width [1].

13.6.2 Operating bands for carrier aggregation
E-UTRA was designed to operate in the frequency bands defined in [1,2]. The

requirements were defined for 1.4, 3, 5, 10, 15, and 20 MHz bandwidths with a spe-

cific configuration in terms of number of physical resource blocks. Using carrier
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aggregation, a number of contiguous and/or non-contiguous frequency bands can be

aggregated to create a virtually larger bandwidth. The channel raster is 100 kHz,

which means the center frequency must be a multiple of 100 kHz [1]. To support

transmission in paired and unpaired spectrums, two duplexing schemes are sup-

ported, i.e., FDD, allowing both full and half-duplex terminal operation, as well as

TDD.

Figure 13.12 illustrates the relation between the channel bandwidth

(BWChannel) and the transmission bandwidth, i.e., the number of permissible physi-

cal resource blocks (NRB). The channel edges are defined as the lowest and highest

frequencies of the carrier separated by the channel bandwidth, i.e.,

fC 6
1
2
BWChannel. In the case of carrier aggregation, the aggregated channel

Spurious emission
region

ΔfOOB ΔfOOB

E-UTRA band

Channel bandwidth
Physical resource blocks

MHz from E-UTRA
channel edge

dB
m

/1
M

H
z

0

-5

-10

-15

-20

-25

2 MHz

5 MHz

10 MHz

15 MHz

20 MHz

Spurious emission
region

FIGURE 13.11

Transmitter RF spectrum and UE spectrum emission mask [1,13].
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Table 13.1 General E-UTRA Carrier Aggregation Spectrum Emission Mask for Bandwidth Class C [1]

Spectrum Emission Limit (dBm/BWchannel-CA)

ΔfOOB(MHz) 50 RB 1100 RB
(29.9 MHz)

75 RB1 75 RB
(30 MHz)

75 RB1 100 RB
(34.85 MHz)

100 RB1 100 RB
(39.8 MHz)

Measurement
Bandwidth (MHz)

6 0�1 222.5 222.5 223.5 224 0.030
6 1�5 210 210 210 210 1
6 5�29.9 213 213 213 213 1
6 29.9�30 225 213 213 213 1
6 30�34.85 225 225 213 213 1
6 34.85�34.9 225 225 225 213 1
6 34.9�35 225 225 213 1
6 35�39.8 225 213 1
6 39.8�39.85 225 225 1
6 39.85�44.8 225 1
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bandwidth BWChannel-CA is defined as BWChannel2CA 5 fedge-high 2 fedge-low
(see Figure 13.12). The lower band edge fedge-low and the upper band edge fedge-high
of the aggregated channel bandwidth are used as the reference points in

frequency for transmitter and receiver requirements, and are subsequently defined

as follows: fedge-low 5 fC-low 2 foffset-low and fedge-high 5 fC-high 1 foffset-high. The lower

and upper frequency offsets depend on the transmission bandwidth configur-

ations of the lowest and highest assigned edge component carriers, and are defined

as foffset-low 5 0:18NRB-low=21BWGuard-band and foffset-high 5 0:18NRB-high=21 -

BWGuard-band where NRB-low and NRB-high denote the transmission bandwidth config-

urations for the lowest and highest assigned component carrier, respectively, and

BWGuard-band denotes the nominal guard band size. Note that the 0.18 multiplier in

the equations is the bandwidth of a physical resource block in MHz. The aggre-

gated transmission bandwidth is defined as the number of the aggregated resource

blocks within the entire assigned aggregated channel bandwidth, and is defined per

carrier aggregation band class.

As shown in Figure 13.12, the spacing between carriers depends on the

deployment scenario and the size of the frequency block available to the network

operator, as well as the channel bandwidth. The nominal channel spacing between

For each carrier the center subcarrier
corresponding to DC subcarrier is not transmitted

in downlink

Highest carrier bandwidth
configuration

Lowest carrier bandwidth
configuration

Aggregated channel bandwidth

Lower edge Upper edge

foffset

fedge–low fC–low

foffset

fedge–highfC–high

BWchannel–CA

Δfspacing

DC subcarrier

Emission mask

Channel bandwidth (MHz)

Transmission bandwidth configuration

Resource block
Active resource

blocks

Transmission Bandwidth

FIGURE 13.12

Relationship between channel bandwidth and transmission bandwidth in E-UTRA [2].
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two adjacent E-UTRA carriers is defined as Δfspacing 5 ðBWChannelð1Þ 1
BWChannelð2ÞÞ=2 where BWChannelð1Þ and BWChannelð2Þ parameters are the channel

bandwidths of the two respective E-UTRA carriers. The channel spacing can be

adjusted to optimize performance in a particular deployment scenario. For intra-

band contiguous carrier aggregation bandwidth, the nominal channel spacing

between two adjacent E-UTRA component carriers is specified as follows [1,2]:

Δfspacing-CA ðMHzÞ50:3
BWChannelð1Þ1BWChannelð2Þ20:1 BWChannelð1Þ2BWChannelð2Þ

�� ��

0:6

� �

The channel spacing for intra-band contiguous carrier aggregation can be

adjusted to any integer multiple of 300 kHz (less than the nominal channel spac-

ing) to optimize performance in a particular deployment scenario. The E-UTRA

channel raster (including the carrier aggregation scenarios) is 100 kHz for all

bands, which means that the carrier center frequency must be an integer multiple

of 100 kHz.

The carrier frequency in the downlink/uplink directions is designated by the

E-UTRA absolute radio frequency channel number (EARFCN) in the range of

0�65,535. The relation between EARFCN and the downlink carrier frequency

(in MHz) is given by fDL 5 fDL-low 1 0:1ðNDL � NOffset-DLÞ, where fDL-low;
NDL; and NOffset-DL parameters are given in [1,2]. Similarly, the relationship

between EARFCN and the uplink carrier frequency (in MHz) for the uplink is

defined as fUL 5 fUL-low 1 0:1ðNUL � NOffset-ULÞ, where fUL-low;NUL; and NOffset-UL
parameters are provided in [1,2]. Note that NDL and NUL in the latter equations

are the downlink and uplink EARFCN, respectively. Figure 13.13 shows a snap-

shot of four adjacent 20 MHz component carriers chosen from the 3.5 GHz band

that are aggregated with the adjacent center frequency spacing set to 20.1 MHz (a

multiple of 300 kHz). This figure also shows the spectrum of two 20 MHz com-

ponent carriers chosen from Band 7 in 2600 MHz that are aggregated with the

center frequency spacing set to 20.1 MHz [18].

The channel numbers that designate carrier frequencies which are extremely

close to the operating band edges are not used. This implies that the first 7, 15,

25, 50, 75, and 100 channel numbers at the lower operating band edge, and the

last 6, 14, 24, 49, 74, and 99 channel numbers at the upper operating band edge

are not utilized for channel bandwidths of 1.4, 3, 5, 10, 15, and 20 MHz,

respectively.

A sub-block is defined as one contiguous allocated block of spectrum for

transmission and reception by the same eNB. There may be multiple instances of

sub-blocks within an RF bandwidth. Sub-block bandwidth is defined as the band-

width of one sub-block. The frequency gap between two consecutive sub-blocks

within an RF bandwidth is referred to as sub-block gap, where the RF require-

ments in the gap are based on coexistence for uncoordinated operation. The lower

sub-block edge of the sub-block bandwidth BWChannel-block is defined as

fedge block low 5 fC block low 2 foffset. The upper sub-block edge of the sub-block
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bandwidth is defined as fedge block high 5 fC block high1 foffset. The sub-block band-

width BWChannel-block is alternatively defined as BWChannel block 5 fedge block high

2 fedge block low in MHz [2].
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20 MHz + 20 MHz component carriers in band 7
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FIGURE 13.13

Snapshot of spectrum of two and four aggregated adjacent component carriers [17,18].

101513.6 RF and implementation aspects of carrier aggregation

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1022 of 1122



LTE Rel-10 specified the radio frequency aspects of inter-band carrier aggre-

gation only for FDD, assuming aggregation of bands 1 and 5. However, network

operators are interested in various band combinations, as shown in Table 13.2,

depending on their available spectrum resources. Radio frequency properties of

each band combination must be specified to comply with the regulations. In addi-

tion, inter-band carrier aggregation for TDD needs to be supported in future

releases with the possibility of having different TDD uplink�downlink subframe

configurations on different bands to coexist with the already deployed TDD sys-

tems in that band.

A carrier aggregation bandwidth class is defined by the aggregated transmis-

sion bandwidth configuration and the maximum number of component carriers

supported by a UE. Table 13.3 shows supported bandwidth classes for LTE Rel-

11 UE as defined in [1]. Figure 13.14 illustrates the standard notation used by the

UE to indicate its support of carrier aggregation for a particular frequency band

or band combination to the network. The example shows that in order to indicate

support for intra-band, non-contiguous carrier aggregation in band 5 based on

bandwidth class A, the notation would be CA_5A_5A. It informs the network that

this device is able to receive (or transmit) two separate carriers in frequency band

5, each with a maximum bandwidth of 100 resource blocks, i.e., 20 MHz.

Another example is CA_1C which indicates that the UE can operate with two

contiguous component carriers with a maximum of 200 resource blocks which

can be in the form of 151 15 or 201 20 MHz. Note that there might be different

bandwidth combinations for each E-UTRA carrier aggregation configuration [1].

Table 13.4 summarizes some important parameters associated with UE categories

as of LTE Rel-11.

13.6.3 Transmitter characteristics for carrier aggregation
The transmitter characteristics not only define RF requirements for the desired

signal transmitted from the UE and the eNB, but also for the unavoidable

unwanted emissions outside the transmission bandwidth. These requirements are

fundamentally categorized as follows: (1) output power-level requirements set the

limits for the maximum permissible transmitted power corresponding to dynamic

variation of the power level during transmission; (2) transmitted signal quality

requirements define the cleanliness of the transmitted signal and also the relation-

ship between multiple transmitter branches; and (3) unwanted emissions require-

ments set the limits for all emissions outside of the transmitted carrier(s)

operating band which are tightly coupled to regulatory requirements and coexis-

tence with other systems. The following is a list of major UE and eNB transmitter

attributes [14]:

• eNB: Output power level (maximum output power, output power dynamics,

and on/off power for TDD), transmitted signal quality (frequency error, error

vector magnitude (EVM), and time alignment between transmitter branches),
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Table 13.2 Carrier Aggregation Bands and Band Aggregation as of LTE Rel-11 [1]

Band
Combination

Carrier
Aggregation
Scenario

Uplink
Frequency
Range (MHz)
fUL-low 2 fUL-high

Downlink
Frequency Range
(MHz)
fDL-low 2 fDL-high

Duplex
Mode

1 Intra-band
contiguous

1920�1980 2110�2170 FDD
7 2500�2570 2620�2690 FDD
40 2300�2400 2300�2400 TDD
41 2496�2690 2496�2690 TDD
1 and 5 Inter-band 1920�1980 2110�2170 FDD

824�849 869�894
1 and 18 1920�1980 2110�2170 FDD

815�830 860�875
1 and 19 1920�1980 2110�2170 FDD

830�845 875�890
1 and 21 1920�1980 2110�2170 FDD

1447.9�1462.9 1495.9�1510.9
2 and 17 1850�1910 1930�1990 FDD

704�716 734�746
2 and 29 1850�1910 1930�1990 FDD

N/A (downlink
only SCell)

717�728

3 and 5 1710�1785 1805�1880 FDD
824�849 869�894

3 and 7 1710�1785 1805�1880 FDD
2500�2570 2620�2690

3 and 8 1710�1785 1805�1880 FDD
880�915 925�960

3 and 20 1710�1785 1805�1880 FDD
832�862 791�821

4 and 5 1710�1755 2110�2155 FDD
824�849 869�894

4 and 7 1710�1755 2110�2155 FDD
2500�2570 2620�2690

4 and 12 1710�1755 2110�2155 FDD
699�716 729�746

4 and 13 1710�1755 2110�2155 FDD
777�787 746�756

4 and 17 1710�1755 2110�2155 FDD
704�716 734�746

4 and 29 1710�1755 2110�2155 FDD
717�728

(Continued )

101713.6 RF and implementation aspects of carrier aggregation

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1024 of 1122



unwanted emissions (operating band unwanted emissions, ACLR, spurious

emissions, occupied bandwidth, and transmitter intermodulation).

• UE: Output power level (transmit power, output power dynamics, and power

control), transmitted signal quality (frequency error and transmit modulation

quality), unwanted emissions (spectrum emission mask, ACLR, spurious emis-

sions, occupied bandwidth, and transmit intermodulation).

The ACLR is directly related to the operating point of the power amplifier. In

general, leakage into adjacent channels increases abruptly as the power amplifier

is driven into its non-linear operating region at the highest output power levels

due to the intermodulation products. As a result, it is important that the peak out-

put power of the UE does not drive the power amplifier too far into its non-linear

region. On the other hand, most power amplifiers are designed to operate effi-

ciently only in a small region at the top of the linear operating region. This corre-

sponds to the rated output power of the power amplifier below which the

efficiency drops abruptly. Since high efficiency is crucial to ensuring a long bat-

tery life for the UE, it is also desirable to maintain the power amplifier operating

as close as possible to the top of the linear operating region. If the ACLR and

spectrum mask requirements cannot be met, typically the UE output power must

be reduced to bring the leakage to acceptable levels. This can be achieved without

excessive loss of efficiency by reducing the peak output power of the power

amplifier, a process known as derating. The amount of derating required is highly

dependent on the peak to average power ratio (PAPR) and bandwidth of the trans-

mitted signal. In general, for any given channel bandwidth and power amplifier,

transmissions with a larger occupied bandwidth create more OOB emissions,

Table 13.2 (Continued)

Band
Combination

Carrier
Aggregation
Scenario

Uplink
Frequency
Range (MHz)
fUL-low 2 fUL-high

Downlink
Frequency Range
(MHz)
fDL-low 2 fDL-high

Duplex
Mode

N/A (downlink
only SCell)

5 and 12 824�849 869�894 FDD
699�716 729�746

5 and 17 824�849 869�894 FDD
704�716 734�746

7 and 20 2500�2570 2620�2690 FDD
832�862 791�821

8 and 20 880�915 925�960 FDD
832�862 791�821

11 and 18 1427.9�1447.9 1475.9�1495.9 FDD
815�830 860�875
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resulting in larger adjacent channel leakage than transmissions with lower occu-

pied bandwidth. The increase in OOB emissions from the larger occupied band-

width of the LTE signal is mainly due to increased adjacent channel occupancy

by third and fifth order intermodulation products (see Figure 13.15). For an LTE

uplink transmitted signal, certain combinations of resource block allocations and

modulation schemes create more OOB emissions than others [13].

For low-bandwidth applications such as VoIP, which typically use QPSK

modulation, no power derating is required from the normal-rated maximum UE

output power, ensuring broad coverage for such applications, since full output

power of the power amplifier can be used to counter the path loss effect at the

cell-edge. Moreover, the structure of the LTE uplink signal, with control informa-

tion being usually positioned at the channel edge and high-bandwidth data trans-

missions toward the middle of the band, helps to improve OOB emissions and

reduce ACLR. Taking the above considerations into account, the total power

Table 13.3 Carrier Aggregation Bandwidth Classes and Corresponding Nominal

Guard Bands [1]

Carrier
Aggregation
Bandwidth
Class

Aggregated
Transmission
Bandwidth
Configuration

Maximum
Number of
Component
Carriers

Nominal Guard
Band BWGuard Band

A NRB-Aggregated # 100 1 0:05BWChannel-1
B NRB-Aggregated # 100 2 �
C 100,NRB-Aggregated # 200 2 0:05maxðBWChannel-1;

BWChannel-2Þ
D 200,NRB-Aggregated # 300 � �
E 300,NRB-Aggregated # 400 � �
F 400,NRB-Aggregated # 500 � �

CA_1C

E-UTRA band number

Supported bandwidth class

Contiguous intra-band
carrier aggregation

Non-contiguous intra-band
carrier aggregation

Inter-band carrier aggregation

CA_1A_5ACA_5A_5A

FIGURE 13.14

Standard notation for carrier aggregation support (type, frequency band, and bandwidth)

[1,16].
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Table 13.4 UE Categories as of LTE Rel-11 [8]

UE
Category

Peak
Data Rate
Downlink/
Uplink
(Mbps)

Maximum
Number
of DL-
SCH
Transport
Block Bits
Received
within a
TTI

Maximum
Number of
Bits of a DL-
SCH
Transport
Block
Received
within a TTI

Total
Number
of Soft
Channel
Bits in the
Downlink

Maximum
Number of
Supported
Layers for
Spatial
Multiplexing
in the
Downlink

Maximum
Number of
UL-SCH
Transport
Block Bits
Transmitted
within a TTI

Maximum
Number of
Bits of a UL-
SCH
Transport
Block
Transmitted
within a TTI

Support
for
64QAM
in
Uplink

Total
Layer 2
Buffer
Size
(Bytes)

Maximum
Number of
Bits of an
MCH
Transport
Block
Received
within a
TTI

Category 1 10/5 10,296 10,296 250,368 1 5160 5160 No 150,000 10,296

Category 2 50/25 51,024 51,024 1,237,248 2 25,456 25,456 No 700,000 51,024

Category 3 100/50 102,048 75,376 1,237,248 2 51,024 51,024 No 1,400,000 75,376

Category 4 150/50 150,752 75,376 1,827,072 2 51,024 51,024 No 1,900,000 75,376

Category 5 300/75 299,552 149,776 3,667,200 4 75,376 75,376 Yes 3,500,000 75,376

Category 6 300/50 301,504 149,776
(4 layers)

3,654,144 2 or 4 51,024 51,024 No 3,300,000 (75,376)

75,376
(2 layers)

Category 7 300/150 301,504 149,776
(4 layers)

3,654,144 2 or 4 102,048 51,024 No 3,800,000 (75,376)

75,376 (2
layers)

Category 8 1200/600 2,998,560 299,856 35,982,720 8 1,497,760 149,776 Yes 4,220,0000 (75,376)
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derating required to meet a target ACLR value can be decomposed into a term

corresponding to the occupied bandwidth as a proportion of the channel band-

width, and a term corresponding to the waveform of the transmitted signal. Small

resource assignments at the edges of the band behave as tones and hence may

produce highly concentrated IMD products [14]. Therefore, for simultaneous

PUSCH and PUCCH transmission, the spectral emission mask is expected to be

the limiting requirement, as it is for LTE Rel-8 with full resource allocation (see

Figure 13.6).

As mentioned earlier, the ACLR metric defines the ratio of the power trans-

mitted in the assigned channel bandwidth to the power of the unwanted emissions

transmitted in an adjacent channel. There is a corresponding receiver requirement

known as adjacent channel selectivity (ACS), which defines a receiver’s ability to

suppress a signal in an adjacent channel. Therefore, from the receiver’s point of

view, the unwanted emissions as a result of transmissions in the adjacent bands in

the desired signal’s receiver bandwidth are represented by ACLR, and the ability

of the receiver to suppress the interfering signal in the adjacent channel is defined

by ACS. The two parameters when combined define the total leakage between

two transmissions on adjacent channels. That ratio is called the adjacent channel

interference ratio (ACIR), and is defined as the ratio of the power transmitted on

one channel to the total interference received by a receiver on the adjacent chan-

nel due to both transmitter RF filter imperfection (ACLR) and receiver RF filter

imperfection (ACS) [14].

In LTE, the EVM is required to be less than 17.5% for QPSK, 12.5% for

16QAM and 8% for 64QAM (applicable to the downlink only). The EVM values

are designed to correspond to no more than 5% loss in average and cell-edge

throughputs in typical deployment scenarios. At the link level, EVM is equivalent

to signal to noise ratio loss [13]. The occupied bandwidth is defined as the band-

width containing 99% of the total integrated mean power of the transmitted spec-

trum on the assigned channel. The occupied bandwidth for all transmission

bandwidth configurations (resource blocks) must be less than the channel band-

width. For intra-band contiguous carrier aggregation the occupied bandwidth is a

measure of the bandwidth containing 99% of the total integrated power of the

Channel bandwidth

3
rd 

order intermodulation distortion

5
th

order intermodulation distortion

Out of Band
emissions

Out of Band
emissions

Desired signalsCenter frequency
5

th 
order intermodulation distortion

3
rd 

order intermodulation distortion

Transmission
bandwidth

Spectrum emission mask

FIGURE 13.15

Illustration of the IMD components [20].
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transmitted spectrum. The occupied bandwidth must be less than the aggregated

channel bandwidth [1].

The output power dynamics are impacted by the UE transmitter architecture,

which may be based on single or multiple power amplifiers. Figure 13.16 illus-

trates various options for UE transmitter architecture which can be used to sup-

port different carrier aggregation scenarios. As shown in Figure 13.16 for

alternative 1, if two component carriers are contiguous, then a single IFFT mod-

ule can be used to generate both OFDM signals. A single RF mixer can be used

to convert the baseband signal frequency to RF frequency followed by a single

power amplifier to amplify the power of the transmitted signal. If two component

carriers are non-contiguous but within the same frequency band, then alternatives

2 or 3 shown in Figure 13.16 may be used as a general transmitter architecture.

However, for non-contiguous component carriers in different frequency bands,

separate IFFT modules, mixers, and power amplifiers would be required to pro-

cess the OFDM signals, unless a multi-band power amplifier is utilized.

13.6.4 Receiver characteristics for carrier aggregation
Although the requirements for LTE receivers are similar to those defined for

UMTS, they are defined differently due to the flexible bandwidth properties of

LTE. The receiver RF requirements are primarily divided into three categories:

(1) sensitivity and dynamic range requirements for receiving the desired signal;

(2) receiver susceptibility to interfering signals defining receiver’s vulnerability to

different types of interfering signals at different frequency offsets; and (3)

unwanted emission limits. The following is a list of attributes for the UE and

eNB receivers [14]:

• eNB: Sensitivity and dynamic range (reference sensitivity, dynamic range,

and in-channel selectivity), receiver susceptibility to interfering signals

(OOB blocking, in-band blocking, narrowband blocking, ACS, and receiver

intermodulation), and unwanted emissions from the receiver (receiver spuri-

ous emissions). The spurious emissions power is the power of emissions gen-

erated or amplified in a receiver that appear at the eNB receiver antenna

connector. The requirements apply to all eNBs with separate receive and

transmit antenna ports. The test for the FDD eNB must be performed when

transmitter and receiver are on, with the transmit port properly terminated.

For the TDD eNB with a common receive and transmit antenna port, the

requirement applies during the transmitter OFF period. The blocking charac-

teristic is a measure of the receiver’s ability to receive a desired signal at its

assigned channel in the presence of an unwanted interferer. Narrowband

blocking is similar to ACS, but with interfering signals consisting of only

one resource block.

• UE: Sensitivity and dynamic range (reference sensitivity power level and max-

imum input level), receiver susceptibility to interfering signals (OOB blocking,
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spurious response, in-band blocking, narrowband blocking, ACS, and inter-

modulation characteristics), and unwanted emissions from the receiver

(receiver spurious emissions). Third and higher order mixing of the two inter-

fering RF signals can produce an interfering signal in the band of the desired

channel. Intermodulation response rejection is a measure of the capability of

the receiver to receive a wanted signal on its assigned channel frequency in

Multiplex one or
two basebands IFFT RF filterPA

Local
oscillator

D/A
converter

Baseband 2 IFFT
D/A
converter

Baseband 1 IFFT
D/A
converter

Local
oscillator 1

Local
oscillator 2

RF filterPA

Alternative 1: Single (Baseband + IFFT + D/A converter + mixer + PA)

Alternative 2: Multiple (Baseband + IFFT + D/A converter) + Single  (Stage-1 IF Mixer + IF Combiner + Stage-2 RF Mixer + PA)

Baseband 2 IFFT
D/A
converter

Baseband 1 IFFT
D/A
converter

Local
oscillator 1

Local
oscillator 2

PA RF filter

Alternative 3: Multiple (Baseband + IFFT + D/A converter + Mixer) + Low-power RF Combiner + Single PA

Baseband 2 IFFT
D/A
converter

Baseband 1 IFFT
D/A
converter

Local
oscillator 1

Local
oscillator 2

PA

RF filter

Alternative 4: Multiple (Baseband + IFFT + D/A converter + Mixer + PA) + High-power RF Combiner + Single or Multiple Antennas

PA

RF filter

RF filter

FIGURE 13.16

Example transmitter implementation for intra-band/inter-band carrier aggregation [11].
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the presence of two interfering signals (a continuous wave and E-UTRA

signals).

The LTE RF receiver requirements were partly derived from UMTS. This was

meant to ensure that the implementation of an LTE RF receiver is not going to be

more complex than that of UMTS in order to reduce redesigning efforts. The

main differences between the LTE and UMTS RF receiver requirements arise

from the variable channel bandwidth and the different multiple access schemes.

The receiver RF requirements are based on a number of specific assumptions for

testing purposes including integrated antennas with 0 dBi gain; two antenna ports;

test signals of equal power level applied to each antenna port; and use of a maxi-

mal ratio combining to combine the signals. It is assumed that the signals are

received from independent AWGN channels, thus signal addition would provide

3 dB diversity gain.

LTE supports different MCSs; however, the RF receiver specifications are

defined for only two MCSs, referred to as reference channels, which are at the

extremes of the available range, in order to reduce the number of conformance

tests which have to be performed. The low-SNR reference channel uses QPSK

with a code rate of 1/3, while the high SNR reference channel uses 64QAM with

a code rate of 3/4. For each of the reference channels, the SINR requirements, at

which 95% throughput is achieved, are specified.

When the LTE receiver is tested in full-duplex FDD mode, the transmitter

must also be operating so that signal leakage from the transmitter to the receiver

due to insufficient isolation of the duplexer is taken into consideration. This con-

dition does not apply to half-duplex FDD or TDD operation. In practice, the

transmitted signal leakage interferes with the receiver not only because of the

power of the fundamental components, but also because of the OOB phase noise

of the transmitted signal when it falls into the receiver band. In LTE, the spurious

emissions from the UE transmitter in its own receive band are required to be

247 dBm or less, measured in a 1 MHz bandwidth. This corresponds to

2107 dBm/Hz. The maximum transmit power for an LTE mobile device is

123 dBm for power class 3, thus the spurious emissions requirement is

2130 dBc/Hz. The LTE receiver sensitivity is measured with the transmitter

operating at the full power for its class. In order to allow the transmitter to

degrade the receiver sensitivity by no more than 0.5 dB, the transmitter noise

needs to be 9 dB below the noise floor at the antenna connector. If we assume

that the spurious emissions of the transmitter in the corresponding receiver band

are just at the limit of the specifications, it can be shown that the duplexer isola-

tion needs to be at least 78 dB for the LTE FDD mode. However, making duplex-

ers smaller and cheaper is often achieved at the expense of compromised

isolation, and typical duplexers might provide just 45�55 dB isolation [14].

Therefore, the transmit signal could substantially desensitize the receiver. This is

not acceptable, thus the LTE transmitter has to achieve spurious emissions about

20 dB lower than the transmitter requirements within the receiver band. The
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transmit power at the input to the low-noise amplifier is equal to the transmit

power at the antenna plus the duplexer attenuation from transmit port to antenna

(about 2 dB) minus the duplexer transmit-to-receiver isolation (B50 dB).

Therefore, at the maximum LTE UE output power of 123 dBm, the mean trans-

mitter power leakage to the low-noise amplifier is 225 dBm [13].

This value is calculated based on the average transmit power, but the transmit-

ted signal contains amplitude modulation, and therefore the peak signal will be

higher. The transmitter leakage problem presents a particularly challenging require-

ment, if applied to RF bands with a small frequency separation. In FDD systems,

when performing a selectivity or blocking test with a single interfering signal in

one of the adjacent channels, the receiver is also exposed to its own transmitted sig-

nal as a second interferer, which, in the worst case scenario, can cause intermodula-

tion, in which the interferers are mixed together to generate in-band IMD products.

The maximum input level is the maximum mean received signal strength,

measured at each antenna port, at which there is sufficient SINR for a specified

modulation scheme to meet a minimum throughput requirement. In LTE, the

maximum input level is only specified for the high SINR reference channel,

assuming that the high SINR reference channel is about 4 dB higher due to the

PAPR of the signal. The downlink requirement is for a maximum average input

level of 225 dBm at any channel bandwidth with full resource block allocation.

In FDD systems, the requirement must be met when the transmitter is set at 4 dB

below the maximum output power. If PAPR is measured on a bitwise basis and

plotted as a complementary cumulative probability distribution, then for the LTE

downlink it reaches a value of around 11 dB for QPSK and 11.5 dB for 64QAM,

over a window of 106 bits. In OFDM, the PAPR is dominated by the multi-carrier

nature of the signal, and therefore does not vary much with modulation [13].

The primary purpose of the reference sensitivity requirement is to verify the

receiver noise figure, which is a measure of how much the receiver’s RF signal

chain degrades the SNR of the received signal. For this reason, a low-SNR transmis-

sion scheme using QPSK is chosen as a reference channel for the reference sensitiv-

ity test. The reference sensitivity is defined at a receiver input level where the

throughput is 95% of the maximum throughput for the reference channel. For the

base station, reference sensitivity could potentially be defined for a single resource

block up to a group covering all resource blocks. Considering the complexity, a

maximum granularity of 25 resource blocks has been chosen, which means that for

channel bandwidths larger than 5 MHz, sensitivity is verified over multiple adjacent

5 MHz blocks, while it is only defined over the full channel for smaller channel

bandwidths. For the UE, reference sensitivity is defined for the full channel band-

width signals and with all resource blocks allocated to the desired signal. For chan-

nel bandwidths greater than 5 MHz in some operating bands, the nominal reference

sensitivity needs to be met with a minimum number of allocated resource blocks

[14]. In other words, the reference sensitivity level is the minimum mean received

signal strength applied to both antenna ports (assuming two receive antennas) at

which there is sufficient SINR for the specified modulation scheme to meet a
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minimum throughput requirement of 95% of the maximum possible value. It is

measured with the transmitter at full power. The reference sensitivity is a range of

values that can be calculated as PReference Sensitivity5
10logðkT0BÞ1NF1 SINR1 LImplementation Margin 2 3 ðdBmÞ, where kT0B is the

thermal noise power in dBm, B is the noise equivalent bandwidth (Bsystem band-

width), NF is the maximum receiver noise figure, SINR is the minimum SINR for

the chosen MCS, LImplementation Margin is the implementation margin, and 23 repre-

sents the receive diversity gain [13]. Note that the noise floor for any receiver is

defined as Noise Floor5 10logðkT0BÞ1 NF52 1741NF1 10logB ðdBmÞ,
where NF5 SNRin2 SNRout (in dB) is a measure of SINR degradation by the

components in the RF signal path, including the RF filters and low-noise amplifier.

The thermal noise power density kT0 52 174 dBm=Hz is measured at typical

room temperature of 290�K. The LTE specifications require NF# 9 dB for the UE

and NF# 5 dB for the eNB, nevertheless, commercial RF components and UE

receivers can achieve lower than these limits [13].

The UE receiver dynamic range requirement is meant to ensure that the

receiver can operate at received signal levels considerably higher than the refer-

ence sensitivity. The base station dynamic range testing assumes the presence of

increased interference and corresponding higher signal levels, thereby testing the

effects of different receiver impairments. In order to drive the receiver to the

worst condition, a higher SNR transmission scheme using 16QAM is applied for

the test. In order to further drive the receiver to processing higher signal levels,

an interfering AWGN signal at 20 dB above the assumed noise floor is added to

the received signal. The dynamic range requirement for the UE is specified as a

maximum signal level at which the throughput requirement is met.

Blocking corresponds to the scenario when strong interfering signals received

outside the operating band (OOB blocking) or inside the operating band (in-band

blocking), but not adjacent to the desired signal. In-band blocking includes inter-

ferers in the first 20 MHz outside the band for the base station and the first

15 MHz for the UE. The scenarios are modeled with a continuous wave signal for

the OOB case and an E-UTRA signal for the in-band case. There are additional

base station’s blocking requirements for the scenario when the base station is col-

located with another base station in a different operating band. For the UE, a

fixed number of exceptions are allowed from the OOB blocking requirement, for

each assigned frequency channel and at the respective spurious response frequen-

cies. At those frequencies, the UE must comply with the more relaxed spurious

response requirement. Note that these effects and satisfaction of the requirements

become more challenging when carrier aggregation is supported.

ACS is the case when there is a strong signal in the channel adjacent to the

desired signal, and is closely related to the corresponding ACLR requirement. For

the UE, the ACS is specified for two cases with a lower and a higher signal level.

In-channel selectivity is the case when there are multiple received signals of differ-

ent received power levels inside the channel bandwidth, where the performance of

the weaker desired signal is verified in the presence of the stronger interfering
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signal. In-channel selectivity is only specified for the base station. Narrowband

blocking is an adjacent strong narrowband interferer, which in the requirement is

modeled as a single resource block LTE signal for the base station and a continuous

wave signal for the UE. Receiver intermodulation occurs when there are two inter-

fering signals in the spectral proximity of the desired signal, where the interferers

are one continuous wave and one LTE signal. The interferers are placed in fre-

quency in such a way that the main intermodulation product falls within the desired

signal’s channel bandwidth. There is also a narrowband intermodulation require-

ment for the base station where the continuous wave signal is very close to the

wanted signal, and the LTE interferer is a single resource block signal. For all

requirements except in-channel selectivity, the wanted signal uses the same refer-

ence channel as in the corresponding reference sensitivity requirement. When the

interference is added, the same 95% relative throughput is met as for the reference

channel, but at a desensitized higher desired signal level [14].
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In this chapter, we discuss two important features that were included in the recent

releases of LTE to address inter-cell interference problems in LTE systems and

in-device inter-radio interference issues, where both problems adversely affect the

system capacity, user throughput, and normal operation of the LTE system.

The proliferation of Internet-connected mobile devices will continue to drive

growth in data traffic in an exponential order, forcing network operators to dra-

matically increase the capacity of their networks. The ever-increasing demand for

mobile communication services has made it difficult for the conventional homo-

geneous networks to provide the required capacity and user throughput as they

have approached their theoretical limits. One of the most promising and cost-

effective solutions to improve the system capacity is to increase the node density,

i.e., to deploy low-power nodes such as relay, pico-cell, femto-cell, and remote

radio heads in homogeneous networks. The new network architecture is known as

heterogeneous networks (HetNets). The deployment of low-power nodes can

LTE-Advanced.

© 2014 Elsevier Inc. All rights reserved.
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provide a more flexible and more effective way to eliminate the coverage holes in

macro-cells and improve the system capacity. Therefore, it is considered as a

promising approach in the next generation wireless communication systems such

as systems beyond IMT-Advanced [16,17]. One of the key issues in the new net-

work architecture is the handover performance deterioration. In co-channel

HetNets, the cell-edge UEs can experience more serious interference. The basic

principle of inter-cell interference coordination (ICIC) is to avoid high-power

transmission on time�frequency resources on which cell-edge users are scheduled

in neighboring cells, users that would otherwise experience high interference and

correspondingly low data rates. In the next sections, we study the causes and rem-

edies of inter-cell interference in the HetNets [2].

We will then discuss signaling and procedures for in-device coexistence (IDC)

and for interference avoidance. An increasing number of UEs are equipped with

multiple radio transceivers for LTE, Wi-Fi, Bluetooth (BT), Global Navigation

Satellite System (GNSS), and so on. The studies conducted for LTE Rel-11 IDC

work item have shown that existing radio resource management mechanisms in

some cases are not adequate to overcome the coexistence issues, and some

enhanced signaling and other procedures are necessary to avoid or mitigate the

collocated multi-radio interference in the identified usage scenarios. Therefore, a

new IDC indication message has been defined in LTE Rel-11. This message

enables the UE to alert the network to an interference issue, and provide informa-

tion regarding the direction and nature of the interference, which may be identi-

fied in either the time- or frequency-domain. Upon receipt of the IDC message,

the network will take appropriate steps to alleviate the problem by reallocating

radio resources or configuring discontinuous reception mode parameters [1].

14.1 Intra-cell/inter-cell interference mitigation methods
The classic design principle of cellular communications systems is to divide a geo-

graphical area into non-overlapping cells, each served by a single base station. The

intercell interference is a serious problem of such systems, in particular when fre-

quency reuse one is utilized. One way to reduce the inter-cell interference within

the system is to employ efficient interference averaging mechanisms that organize

transmission such that the interference is evenly distributed among all users.

There are three major frequency reuse schemes in cellular systems for mitigat-

ing inter-cell interference: hard frequency reuse; fractional frequency reuse

(FFR); and soft frequency reuse. A hard frequency reuse scheme splits the system

bandwidth into a number of non-overlapping sub-bands according to a predeter-

mined reuse factor, and lets neighboring cells transmit on different sub-bands

(scenario A in Figure 14.1). As shown in Figure 14.2, an FFR scheme partitions

the given bandwidth into an inner and an outer partition. It then allocates the

inner part to the users closer to the base station with reduced power and applies a
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Co-channel interference mitigation schemes [12].

Cell A

Cell B

Cell C

Cell B

Cell C

Cell B

Cell C

F1 F2 F3 F4 F5 F6

C
el

l A
 p

ow
er

F1 F2 F3 F4 F5 F6

F3 F4 F5 F6

Sub-band Frequency

Entire frequency band used in the center of the cell

F1 F2

C
el

l C
 p

ow
er

C
el

l B
 p

ow
er

FIGURE 14.2

Illustration of fractional frequency reuse concept [17].
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frequency reuse factor of 1, i.e., the inner part is completely reused by all base

stations. For users closer to the cell-edge, a fraction of the outer part of the band-

width is dedicated with a frequency reuse factor greater than 1 (see scenario B in

Figure 14.1). With soft frequency reuse, the overall bandwidth is shared by all

base stations, i.e., a reuse factor of 1 is applied, but for the transmission on each

sub-band, the base stations are restricted to a certain power limit.

Depending on whether noise or inter-cell interference is the dominant effect,

the cellular system is referred to as noise-limited or interference-limited. In an

interference-limited system, the carrier to interference plus noise ratio (CINR) can

approximately be replaced by the carrier to interference ratio (CIR), and the inter-

cell interference plays an important role in terms of achievable system capacity

and coverage. In a network deployment with a smaller frequency reuse factor,

severe inter-cell interference may occur in the system. In fact, the closer the user

is to the cell-edge, the more severe the inter-cell interference can be. Due to a

large distance between the transmitter and the receiver, the desired signal power

PCj
is then relatively weak compared to the inter-cell interference signal strength.

By increasing the frequency reuse factor, the inter-cell interference can be effec-

tively limited, however, at the expense of sacrificing the available bandwidth for

each cell and more complex network planning. In addition, in order to increase

the data rate and spectral efficiency without requiring more spectrum resources

in cellular networks, two traditional spatial reuse mechanisms, cell splitting and

sectorization are often utilized. Several advanced antenna techniques such as

MIMO and adaptive beamforming can also be used to enhance cellular system

performance.

When properly selected transmission format and link adaptation are employed, the

capacity of cellular systems depends essentially on the average quality of the received

radio signals, which can be characterized by a CINR metric, defined as follows:

CINR5
PCj

PN 1
P

k 6¼j PIk

where PCj
is the received carrier signal power from the jth (serving) cell, PIk

denotes the received co-channel interference signal from the kth cell (other than the

serving cell), and PN is the noise power. The received signal power PCj
is deter-

mined by the distance between the transmitter and the receiver, the transmission

power, and the associated path loss caused by the environment. The most dominant

noise type is thermal noise originated from hardware components in the system.

The background radiation originating from cosmic or terrestrial sources picked up

by the receive antennas also adds to the overall noise in the receiver. As for the per-

ceived interference, actually, the interference PIk includes not only co-channel

interference, which is also known as inter-cell interference, but also intra-cell inter-

ference. Since inter-cell interference is the dominant component in an OFDMA

system (due to orthogonality of the users in time and frequency) compared to the

intra-cell interference, our focus in this section will therefore be only on the
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inter-cell interference. The inter-cell interference depends on the number of

co-channel cells, the distance between these cells, the transmission power, and the

terrain characteristics, in which the first two factors depend on the choice of the

frequency reuse factor.

The minimization of the inter-cell interference is desirable to fulfill the fol-

lowing objectives: (i) maximization of the overall network capacity; (ii) maxi-

mization of the cell-edge throughput; and (iii) enhancements in terms of both

the overall network capacity and the cell-edge performance. Interference mitiga-

tion techniques can be generally classified into three major categories: interfer-

ence cancellation, interference randomization, and interference coordination

techniques.

Inter-cell interference cancellation techniques have been investigated and

deployed with varying degrees of success in terrestrial mobile networks for more

than 20 years. The basic principle of inter-cell interference cancellation techni-

ques is to regenerate the interfering signals and subsequently subtract them from

the desired signal. Various inter-cell interference cancellation techniques have

been proposed in the literature, and they are mainly characterized as filter-based

and multi-user detection (MUD) schemes [8�10]. Filter-based approaches try to

mitigate intercell interference by means of linear filters and interference models.

In contrast, MUD directly includes the interfering signals in the decoding process.

This is done by jointly decoding the desired signal and the interfering signals, or

by decoding and subtracting the interfering signals from the signal of interest.

Inter-cell interference cancellation techniques can also be jointly used with multi-

user MIMO techniques, if the UEs are equipped with multiple-receive antennas.

From an implementation viewpoint, interference cancellation does not require any

modification of the standards, making it an attractive technique. Although inter-

cell interference cancellation promises significant gains and its algorithms are

mature, it is considered mostly as a technique for the uplink due to processing

complexity which scales exponentially with the number of active users.

Furthermore, it requires exchange of information in real-time between the base

stations about every few milliseconds to maximize the system gain. Moreover,

inter-cell interference cancellation can potentially improve channel performance

to that of AWGN if accurate channel estimation is available [8�10].

In contrast to inter-cell interference cancellation, which tries to eliminate the

effect of interfering sources in the received signal, inter-cell interference randomi-

zation, which is also known as interference whitening or interference averaging,

attempts to make the inter-cell interference appear as background noise, i.e., it

averages the interference across the data symbols of a data block or the entire fre-

quency band. The approaches include frequency hopping and interleave division

multiple access. However, these methods randomize the interference into white

Gaussian noise, which cannot reduce interference in nature. Therefore, these

approaches can hardly achieve a substantial performance improvement [8�10].

ICIC techniques, also known as inter-cell interference avoidance, in OFDMA

radio access systems have recently gained much attention from both the academia
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and the standardization communities. In order to reduce inter-cell interference in

cellular networks, the ICIC methods apply restrictions to resource management in

a coordinated manner among neighboring cells. Resources for coordination can

be space (with beamforming antennas), time, frequency, code resources, or trans-

mit power. The restrictions can be in the form of time/frequency resource avail-

ability to the resource manager, and/or restrictions on the transmit power that can

be applied to certain time�frequency resources. The impact on the system archi-

tecture as a result of support of ICIC schemes can be mainly divided into four

major categories depending on the degree of distribution: global; distributed;

decentralized; and local ICIC schemes.

Global ICIC schemes require an omniscient central entity with full system

knowledge, which is capable of acquiring the global system state in zero time,

and can distribute scheduling and other decisions instantly to all network nodes.

Distributed ICIC schemes rely on one or more central components, which

exchange information potentially with all nodes in the network. The central com-

ponents thereby collect state information and distribute information relevant for

coordination to the network nodes, e.g., coordinated multi-point transmission/

reception. Decentralized ICIC schemes are distinguished from distributed schemes

by having no central entity involved in the coordination process. The coordination

is performed exclusively by communication and information exchange among the

network nodes. Local ICIC schemes are based mainly on information that is

available locally in each eNB. There is no coordination-related communication

and information exchange among neighboring eNBs. The local information

includes feedback received from the UEs about the strongest interferers.

Information exchange among eNBs or with a central coordinator could result in

higher performance gains at the expense of increased system complexity [8�10].

A global ICIC scheme is practically unfeasible, although it may potentially

attain the highest performance improvements among all ICIC schemes. Local

ICIC schemes require no separate network equipment and provide the most flexi-

bility with respect to the network design, although using local ICIC schemes may

not achieve the highest performance gain.

An interference mitigation scheme based on beamforming transmits a narrow

beam toward the desired user instead of transmitting in the conventional omnidi-

rectional or sectorized manner [12]. This scheme is capable of reducing the inter-

ference imposed on users of the system, particularly benefiting the cell-edge

users. Therefore, the classic beamforming technique is sometimes also referred to

as interference alignment. Beamforming techniques may be further classified into

two types, namely, non-adaptive and adaptive beamforming, where both types

require partial or full channel state information feedback. Adaptive beamforming

techniques adapt the antenna complex-valued weights according to diverse opti-

mization criteria by exploiting the channel knowledge. A particularly beneficial

adaptive beamforming technique is the well-known eigen beamforming, where the

antenna weights are chosen to be the eigenvector of the largest eigenvalue of the

spatial MIMO channel covariance matrix. On the other hand, a beam-switching
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technique uses the best-oriented beam among a number of preselected beams,

where each array-weight vector is a function of the beam direction, as well as of

the antenna element’s position. In a typical 120� antenna pattern sector generated

by a uniformly spaced linear array having four antenna elements, a total of eight

beams may be created, where the adjacent beams are evenly spaced by an angle of

13� [12]. The index of the best beam vector resulting from the maximum mean

channel gain measured at the receiver is signaled back to the transmitter, where the

channel gain is averaged over a certain time period, a set of subcarriers, and over

the spatial domain constituted by the receive antennas, depending on the accuracy

of the CSI feedback as well as depending on the affordable feedback bit rate.

The combination of more advanced opportunistic transmission and beamform-

ing techniques may attain further performance improvement in multi-user envir-

onments. The concept of beam hopping may be further utilized to intelligently

avoid directional interference. Regardless of the use of the adaptive or non-

adaptive variant, when transmitting directionally by exploiting the maximum

equivalent channel gain, the received signal power and the SINR are enhanced, or

alternatively, the transmitted power may be reduced despite maintaining a certain

received SINR. As a result, the interference imposed on the adjacent cells is

reduced, and the overall interference level in the entire system is reduced. In con-

trast to the directivity exploited by the above-mentioned beamforming techniques,

the benefits of transmit diversity may be limited by transmitting the same signal

from different antennas, provided that they experience independent fading. Since

the transmit power required for maintaining a certain error probability may be

reduced as a benefit of transmit diversity, the interference imposed becomes

lower [10].

The concept of distributed antennas has been exploited to ensure that the

antenna elements are sufficiently geographically dispersed and far apart to guar-

antee that the signals generated by each antenna are uncorrelated. The advantage

of employing distributed antennas is the increased macro-diversity effect, which

is particularly beneficial for the cell-edge users, which would otherwise suffer

from severe co-channel interference. In contrast to the conventional single-cell

transmission, where each user is served by its local base station only and suffers

from co-channel interference caused by the adjacent cells, in the distributed

antenna multi-cell transmission, each user is served by several coordinated base

stations and each base station jointly processes multiple users’ information, which

is shared via the backhaul using a high-capacity low-latency optical fiber link.

This leads to an equivalent distributed MU-MIMO system [10].

14.2 Heterogeneous networks
One of the most promising and cost-effective solutions to improve the system

capacity is to deploy low-power nodes such as relays, pico-cells, femto-cells, and

103514.2 Heterogeneous networks

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1042 of 1122



remote radio heads overlaid by macro-cell networks. The new network architec-

ture is known as heterogeneous networks (as shown in Figure 14.3) can provide a

flexible and effective way to eliminate the coverage holes in macro-cells and

improve the system capacity. One of the key issues in the new network architec-

ture is the handover performance deterioration in co-channel HetNets, where the

cell-edge UEs can experience more serious interference [2,13�15].

The output power of the low-power nodes varies depending on the type of

deployment and usage scenario. If the low-power nodes are intended for outdoor

deployments, their transmit power ranges from 250 mW to approximately 2 W.

They do not require an air-conditioning unit for the power amplifier, and are

much lower in cost than traditional macro base stations, where their transmit

power typically varies between 5 and 40 W. Femto base stations are meant for

indoor use, and their transmit power is typically 100 mW or less. Unlike pico

base stations, femto base stations may be configured with a restricted association,

allowing access only to its closed subscriber group (CSG) members, or alterna-

tively they can be configured as an open subscriber group (OSG), allowing full or

partial access to the public. A network that consists of a mix of macro-cells and

low-power nodes, where some may be configured with restricted access and some

may lack wired backhaul, is referred to as a HetNet [11,16].

Cellular systems have been traditionally deployed as homogeneous networks

using a macro-node-centric planning process. A homogeneous cellular system is a

network of base stations in a planned layout and a collection of user terminals, in

which all the base stations have similar transmit power levels, antenna patterns,

receiver noise floors, and similar backhaul connectivity to the packet data net-

work. Furthermore, all base stations offer unrestricted access to user terminals in
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OSG-HeNB

Macro UE

Cell range expansion

SIR < 0 dB at cell-edge of expanded coverage area
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FIGURE 14.3

An example HetNet topology [22].
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the network, and can serve approximately the same number of user terminals, all

of which carry similar data flows with similar QoS requirements.

The locations of the macro base stations are carefully chosen through network

planning, and the base station settings are properly configured to maximize the

coverage and to control the interference between base stations. As the data traffic

grows and the RF environment changes, the network relies on cell splitting or

additional carriers to overcome capacity and link budget limitations in order to

maintain uniform user experience. However, this deployment process is complex

and iterative. Moreover, site acquisition for macro base stations with towers is

becoming more difficult in a dense urban environment, thus a more flexible

deployment model is needed for operators to improve broadband user experience

in a ubiquitous and cost-effective way.

In a homogeneous network comprising macro-cells, each mobile terminal is

served by the base stations with the strongest signal strength, while the unwanted

signals received from other base stations are usually treated as interference. In a

HetNet, such principles can lead to significantly suboptimal performance. In such

systems, smarter resource coordination among base stations, better server selec-

tion strategies, and more advanced techniques for efficient interference manage-

ment can provide substantial gains in throughput and user experience as

compared to a conventional approach of deploying macro-cellular network

infrastructure.

A pico base station is characterized by a substantially lower transmit power

relative to a macro base station. The potentially large disparity between the trans-

mit power levels of macro and pico base stations implies that in a mixed macro/

pico deployment, the downlink coverage of a pico base station is much smaller

than that of a macro base station. This is not the case for the uplink, where the

strength of the signal received from a user terminal depends on the terminal trans-

mit power, which is the same for uplink paths from the terminal to different base

stations. Therefore, the uplink coverage of all the base stations is similar and the

uplink handover boundaries are determined based on channel gains. This can

potentially create a mismatch between downlink and uplink handover boundaries,

and make the base station to device association or cell selection more difficult in

HetNets, compared to homogenous networks, where downlink and uplink hand-

over boundaries are closely matched (Figure 14.4).

If the cell selection is predominantly based on downlink signal strength, as in

LTE Rel-8, the usefulness of pico base stations will be greatly diminished. In this

scenario, the larger coverage of high-power base stations limits the benefits of

cell splitting by attracting a large fraction of user terminals toward macro base

stations based on signal strength without having enough macro base station

resources to efficiently serve these user terminals, while lower power base sta-

tions may not be serving any user terminals. Therefore, from the point of view of

network capacity, it is desirable to balance the load between macro and pico base

stations by expanding the coverage of pico base stations and subsequently

increasing cell splitting gains [11,16].
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Balanced load distribution between macro and pico base stations can be

achieved if base station to device association is based on path loss (associating

the base station with the minimum path loss rather than the base station with the

maximum downlink signal strength), and a fixed partitioning of resources

between the macro and pico base stations. As a result, more users are associated

with the pico base stations, and the network is able to provide more

equitable distribution of radio resources to each user. The effect is even more pro-

nounced in hotspot layouts where users are clustered around pico base stations.

Capacity gains can be achieved through sharing of the resources allocated for

low-power base stations, while sufficient coverage is provided by high-power

base stations on the resources that are allocated to them.

In a HetNet, in order for a user terminal to obtain service from a low-power

base station in the presence of macro base stations with stronger downlink signal

strength, the pico base station needs to perform interference coordination, for con-

trol and traffic channels, with the dominant macro interferers, and the user term-

inals need to support advanced receivers for interference cancellation. In the case

of femto base stations, only the owner or subscribers of the femto base station

may be allowed to access the femto base stations. For user terminals that are close

to these femto base stations, but barred from accessing them, the interference

caused by the femto base stations to the user terminals can be particularly severe,

making it difficult to establish a reliable downlink communication to these user

terminals. Therefore, as opposed to homogeneous networks, where resource shar-

ing is a good transmission strategy, femto networks necessitate more coordination

via resource partitioning across base stations to manage inter-cell interference.

The introduction of low-power nodes in a macro network creates imbalance

between uplink and downlink coverage (see Figure 14.4). Due to the larger trans-

mit power of the macro base station, the handover boundary is shifted closer to

the low-power node, which can lead to severe uplink interference problems as the

UEs served by macro base stations create strong interference to the low-power

nodes. Given the relatively small footprint of low-power nodes, even in the case

of the most optimized placement, low-power nodes may become underutilized due

to geographic changes in data traffic. The performance of a mixed deployment of

UE
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FIGURE 14.4

Illustration of uplink/downlink imbalance in HetNets [11].
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macro-, pico-, and open femto-cells was evaluated in the literature [1,11,17,22],

which showed that the limited coverage of low-power nodes is the main reason

for limited performance gain in HetNets. Furthermore, some of the deployed

femto-cells may have enforced restricted association, which effectively creates a

coverage hole and aggravates the interference problem. In order to cope with the

interference, it is necessary to introduce techniques that can adequately address

these issues. Due to restricted association, a CSG femto-cell creates a downlink

coverage hole at the vicinity of the femto-cell for non-member UEs. In order to

reduce the effect of the coverage hole, a femto-cell could adapt the transmitted

power intelligently such that interference is contained within the intended cover-

age area such as a residential site. Since the femto-cell coverage and femtocell

interference to the macro-UE are directly proportional to the femto-to-macro sig-

nal strength ratio, a femto-cell could set the proper transmit power by estimating

the additional interference that could be tolerated by a non-member UE near the

femto-cell. As a result, the femto-cell maintains a similar coverage area regardless

of its location within the overlaid macro-cell.

Pico-cells are eNBs with lower transmit power than traditional macro-cells.

They are typically equipped with omnidirectional antennas and are deployed

indoors or outdoors, often in a planned manner. Their transmit power ranges from

250 mW to approximately 2 W for outdoor deployments, while it is typically

100 mW or less for indoor deployments. Since pico-cells are regular eNBs from

an architecture perspective, they can benefit from X2-based ICIC.

In light of the above challenges in the operation of HetNets, an ICIC scheme

is critical to HetNet deployment. A basic ICIC technique involves resource coor-

dination among interfering base stations, where an interfering base station avoids

use of some resources in order to enable control and data transmissions to the vic-

tim user terminal. More generally, interfering base stations can coordinate their

transmission power and/or spatial beams with each other in order to enable con-

trol and data transmissions to their corresponding user terminals.

The resource partitioning can be performed in time-domain, frequency-

domain, or spatial-domain. Time-domain partitioning can better adapt to user dis-

tribution and network load variations, and is the most attractive method for

spectrum-constrained environments. For example, a macro base station can

choose to reserve some of the subframes in each radio frame for use by pico base

stations, based on the number of user terminals served by pico and macro base

stations, and/or based on the data rate requirements of the user terminals.

Frequency-domain partitioning offers less granular resource allocation and flexi-

bility, but is a viable method especially in an asynchronous network. Spatial-

domain partitioning can be supported by a CoMP transmission/reception scheme,

which was discussed in Chapter 12. For time-domain resource partitioning, a macro

base station can use almost blank subframes (ABS) to reserve some subframes for

pico nodes. The macro base station continues transmission of legacy common con-

trol channels during almost blank subframes to maintain backward compatibility

with legacy user terminals. The user terminals can cancel interference on common
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control channels within almost blank subframes caused either by higher power

macro base stations or by nearby femto stations that they are prohibited to access.

An interference cancellation receiver can handle colliding and non-colliding refer-

ence signal scenarios, and can eliminate the need for cell planning for heteroge-

neous deployment [22].

The studies in 3GPP concerning HetNet mobility improvement have continued

in LTE Rel-11 [2]. The comprehensive simulations conducted in these studies

concluded that handover performance of HetNets was not as good as homoge-

neous macro-cell deployments. Furthermore, it was shown that the UE speed has

significant impact on the handover performance, and that careful DRX configura-

tions are required to avoid negative impact on handover performance. The objec-

tive in LTE Rel-12 is thus to enhance handover performance in HetNet scenarios

(e.g., minimization of handover failure rate, minimization of ping-pong effects,

recovery from radio link failure), as well as supporting UE mobility and longer

DRX cycles. The enhancement of mobility in small-cell scenarios with focus on

inter-frequency schemes will also be part of the LTE Rel-12 development.

14.3 Enhanced inter-cell interference coordination (eICIC)
The basic principle of ICIC is to avoid high-power transmission on time�
frequency resources on which cell-edge users are scheduled in neighboring cells,

users that would otherwise experience high interference and correspondingly low

data rates. In LTE Rel-8, ICIC is performed over the frequency-domain by trans-

mission of messages across a standardized backhaul inter-eNB interface such as

X2. Because the latency over X2 is typically in the order of a few milliseconds, it

is expected that any updates or reconfiguration to the ICIC messages are rela-

tively infrequent (in the order of seconds). The LTE Rel-8 frequency-domain

ICIC in the downlink is based on event-triggered message exchange between

eNBs approximately every 200 ms to allow adaptive FFR. Uplink ICIC is based

on event-triggered overload indicator and high interference indicator messages

exchanged between the eNBs approximately every 20 ms. In the context of ICIC,

the following metrics are defined [11,7]:

• High interference indicator (HII): The HII provides information about a set of

resource blocks on which an eNB is going to schedule transmissions for cell-

edge terminals, i.e., resource blocks on which a neighboring cell can expect

higher inter-cell interference. Although it is not explicitly specified how an

eNB should respond to an HII message (or any other ICIC-related X2 signal-

ing) received from a neighboring eNB, a reasonable action for the receiving

eNB would be to avoid scheduling its own cell-edge terminals on the same

resource blocks, reducing the uplink interference to cell-edge transmissions

in its own cell, as well as in the cell from which HII message was received.

The HII is an indicator which is sent as a bitmap with one bit per resource
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block/sub-band that the serving cell intends to use for scheduling cell-edge

UEs, potentially causing high inter-cell interference to the neighboring cell.

An eNB can send HII with different, neighbor-cell-specific contents to differ-

ent neighbor cells.

• Relative narrowband transmit power (RNTP): For the downlink, the relative

narrowband transmit power is defined to support ICIC operation. The RNTP is

similar to the HII in the sense that it provides information for each resource

block whether the relative transmit power of that resource block exceeds a

threshold level. Similar to the HII, a neighboring cell can use the information

provided by the received RNTP when scheduling its own terminals, especially

terminals in the cell-edge that are more likely to be interfered by the neighbor-

ing cell. The RNTP message is signaled using a bitmap wherein each RNTP

bit value indicates whether the corresponding resource block pair is limited by

a transmit power threshold. Upon receipt of the RNTP message, the recipient

eNBs can take into account this information while making their scheduling

decisions for subsequent subframes. One such example may be that the recipi-

ent eNB avoids scheduling UEs in resource blocks where the source eNB

(e.g., macro-cell eNB) is transmitting above a certain power limit.

• Overload indicator (OI): The overload indicator is an indicator exchanged

over the X2 interface, reflecting the uplink interference plus noise level (low,

medium, or high) of a resource block measured by an eNB. Although the reac-

tion of the recipient eNB upon receipt of the OI is not standardized, a possible

reaction to the OI by the recipient eNB would be to limit the maximum trans-

mit power of a UE scheduled on resource blocks indicated by the OI to have

high interference.

During LTE Rel-10 standardization, 3GPP developed two approaches to coor-

dinate inter-layer interference, primarily targeting the aforementioned deployment

scenarios. Both approaches rely on a semi-static resource partitioning across

layers, but take two different approaches to ICIC of control and data channels. In

one approach, interference avoidance is addressed by means of ICIC in the fre-

quency-domain, relying on carrier aggregation (CA) as introduced in LTE Rel-10.

In the other approach, interference avoidance is addressed by means of ICIC in

the time-domain, relying on ABS. Both approaches target scenarios with low-

power nodes, assuming time-synchronization with the macro-eNB.

14.3.1 CA-based eICIC schemes
In CA, a terminal may simultaneously receive/transmit data and control on multiple

components carriers (CCs), where a component carrier is fully backward compati-

ble with LTE Rel-8. A terminal supporting carrier aggregation can be configured

by higher layer signaling to enable cross-carrier scheduling on certain component

carriers. This implies that a terminal receiving a downlink assignment on one com-

ponent carrier may receive associated data on another component carrier. One of
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the main motivations for introducing cross-carrier scheduling was to enhance

operations in HetNets in a multi-carrier deployment. The basic idea in CA-based

ICIC is to create a protected component carrier for reliable reception of downlink

physical signals, system information, and control channels at victim layers, but

data can be received on any configured downlink component carrier via cross-

carrier scheduling. This, in conjunction with RNTP at aggressor layers, forms the

basis of CA-based eICIC. As shown in Figure 14.5, assume a macro�pico deploy-

ment scenario with two downlink component carriers, CC1 and CC2. In this partic-

ular scenario, a macro-cell creates a protected component carrier by reducing its

transmit power on CC1 in order to enable larger picocell coverage on CC1. On

CC2, the macro-cell transmits with its nominal output power, implying that the

size of the pico-cell associated with CC2 will be reduced in comparison with the

pico-cell coverage on CC1. The dashed areas in the figure represent cell range

expansion zones, i.e., areas with reduced reception reliability of the downlink con-

trol channels, PDCCH, PHICH, and PCFICH [11,22].

As shown in Figure 14.5, it is obvious that without use of eICIC, a terminal

configured with CC1 and CC2 can simultaneously receive from both carriers only

in the following scenarios: (i) it operates within the coverage of the pico-cell

associated with CC2 when connected to the pico-cell; (ii) it operates within the

coverage of the macro-cell on CC1 when connected to the macro-cell. However,

with cross-carrier scheduling a pico-cell-edge user can receive PDCCH on the

protected CC1, whereas the associated PDSCH is received on CC2, on which the

macro-cell will have reduced its transmit power on PDSCH in resource blocks

known by the pico-cell via X2 signaling of RNTP. It is also shown that the opera-

tion of the CA-based eICIC, in which the macro-cell avoids transmissions or

reduces its transmission power of PDSCH in resource blocks in the upper band of

CC2, the users operating in the cell range expansion zones receive data via cross-

carrier scheduling, whereas users closer to the eNB sites do not need to rely on

data reception via cross-carrier scheduling. A UE typically associates with a base

station that exhibits strong downlink SINR. If the macro-cell transmission inter-

feres with that of a low-power node, the UE may not be able to select the low-

power node. With cell range expansion, a UE can associate with a low-power

node despite the fact that the downlink SINR may be much lower than 0 dB.

Time-domain resource partitioning enables load balancing between high- and

low-power nodes. Note that resource partitioning is dynamically adapted to net-

work load. Capacity gains in HetNets are achieved by off-loading traffic from

macro-cells to pico-cells, and the amount of off-loading is increased by cell range

expansion. Cell range expansion virtually increases the footprint of the low-power

node. The operating signal-to-interference ratio (SIR) in the expanded cell range

may be less than 0 dB. The ABS facilitate serving UEs in the expanded cell range

by the victim nodes. However, interference from cell-specific reference signals

and other control signals within ABS limits the cell range expansion. LTE Rel-10

supports cell range expansion with SIR526 dB, which was further decreased to

29 dB in LTE Rel-11 [11,22].
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In CA-based eICIC, the primary cell associates with a protected component

carrier. Pico-cell users would then have CC1 as their primary cell, whereas macro-

cell users would have CC2 as their primary cell. The CRS transmission from an

aggressor cell (necessary for backward compatibility with legacy LTE systems)

will potentially create inter-cell interference toward victim users. Therefore, LTE

Rel-10 introduced transmission mode 9 for which demodulation of PDSCH relies

entirely on the UE-specific reference signals for data demodulation, and CSI refer-

ence signals for CSI measurement. Through RNTP signaling, DM-RS collisions

across different cells can be avoided since DM-RS are only transmitted in resource

blocks carrying PDSCH. Such UE-specific configuration is useful in HetNet sce-

narios where the CRS reception might be deteriorated. Furthermore, a terminal can

be configured to conduct measurements corresponding to mobility and radio link

monitoring on its primary cell only, i.e., the cell with the best CRS quality [5�7].

14.3.2 Non-CA-based eICIC
The underlying concept of time-domain eICIC is that an aggressor layer creates

protected subframes for a victim layer by reducing its transmission activity in cer-

tain subframes. To do so, the aggressor eNB reduces its transmission power of

some downlink signals, or alternatively mutes their transmission during a set of

low-interference subframes designated as ABS whose occurrences are known in

advance at the coordinated eNBs. The ABS patterns can be constructed by config-

uring MBSFN subframes and/or by not scheduling unicast traffic, or alternatively

by reducing transmit power in certain subframes. During ABS, the aggressor eNB

does not transmit PDSCH but may transmit CRS, critical control channels, and

broadcast and paging information. If the victim cell schedules its UEs in sub-

frames that overlap with aggressor cell ABS, the victim cell protects its UEs from

strong inter-cell interference, thereby increasing the likelihood of successful

PDCCH/PDSCH reception (Figure 14.6).

Backward compatibility is ensured by transmitting essential physical signals,

system information, and paging in the same way as in LTE Rel-8. This implies

that CRS transmission at the aggressor layers will create interference on either

PDSCH signal or CRS signals at victim layers even during ABS, although the

CRS interference on PDSCH can be reduced by configuring MBSFN subframes,

since the CRS is not transmitted in the MBSFN region of MBSFN subframes.

Furthermore, the primary and secondary synchronization signals, as well as sys-

tem information, are transmitted in the zero and fifth subframes of a radio frame,

and will thus be inter-layer interference sources that cannot be avoided by intro-

ducing ABS. In the case of a macro�femto deployment, CSG femto-cells repre-

sent the aggressor layer, whereas in the case of a macro�pico deployment,

macro-cells represent the aggressor layer. With the time-domain ICIC, a macro-

cell eNB may schedule users during protected subframes when they are in the

proximity of CSG femto-cells, whereas a pico-cell eNB may schedule their cell-

edge users only during protected subframes (Figure 14.7). The information
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regarding the subframes on which coordinated low-interference transmission

occurs is exchanged between coordinating eNBs via bitmap patterns. Upon

receiving the bitmap pattern either via customized network operation administra-

tion and maintenance, or via the X2 interface, the recipient eNB can schedule

data for its victim UEs on subframes that overlap with the aggressor ABS trans-

missions, as shown in Figure 14.7. In order to enable this, the time-domain eICIC

requires time-synchronized eNB transmissions at least at the subframe boundaries.

In an FDD system, for optimal operation with a synchronous uplink HARQ in a

HetNet, a bitmap of length 40 bits (which is equivalent to a 40-ms periodicity) is

used. Additional interference mitigation through subframe shifting is required to

avoid cross-layer interference from broadcast channel and synchronization sig-

nals. It is also desirable to configure paging occasions, and scheduled system

information, in non-ABS at the aggressor layer and in protected subframes at the

victim layer [11].

In LTE Rel-8, a UE may average channel and interference estimates over mul-

tiple subframes to derive a CSI feedback. When time-domain eICIC is used, the

interference level of these two types of subframes, i.e., protected and unprotected

subframes, can be significantly different. In order to ensure that the UE does not

average interference across the two different types of subframes, the eNB can

configure two subframe subsets such that the UE only averages the channel and

interference estimates over subframes within the subset, but not across the two

subsets. The UE then reports the CSI measurements separately for the two subsets

either periodically (with the respective configured reporting periods for each sub-

set) or aperiodically (i.e., one of the CSI measurements from two subframe sub-

sets is reported via PUSCH, when triggered by PDCCH) [11].

In the connected mode, where a UE’s mobility is controlled by the network,

the network may perform an inter-frequency or inter-RAT handover to a different

carrier frequency when the network determines that a non-CSG UE (range-

extended pico-cell UE) is in the proximity of a CSG femto-cell based on the

UE’s measurement reports. In the idle mode, where the mobility is controlled by

the UE within the network, the UE autonomously performs an inter-frequency or

inter-RAT cell reselection to a base station on a different carrier when the UE

moves close to a dominant interferer. Thus, in both cases, an inter-frequency/

inter-RAT handover can potentially create LTE coverage loss, possibly leading to

LTE service discontinuity on a collocated carrier. To avoid occurrence of LTE

coverage holes, LTE Rel-10 eICIC developed mobility support and radio link

monitoring (RLM) [11].

In LTE, the UE performs RRM measurements to manage its network connec-

tion and to facilitate handover. In the connected mode, the UE reports RSRP and/

or RSRQ of the serving and the neighboring cells to the serving eNB (see

Chapter 9 for a description of RSRP and RSRQ). The network then performs a

handover, transferring the UE to a neighbor cell when the serving cell’s RSRP

falls below the neighbor cell’s RSRP plus an offset to ensure UE service continu-

ity during mobility. In LTE Rel-10, a victim UE can be configured to perform
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resource-specific RRM measurements only on protected subframes. The resource-

specific RRM measurements can improve accuracy of RSRP/RSRQ reporting by

eliminating persistent interference on the CRS. Note that the collision of CRSs

transmitted from different cells can be avoided by properly assigning the physical

cell identities.

Radio link monitoring is a measurement function for ensuring that UEs main-

tain time synchronization and can reliably receive their control information. In

LTE, the UE continuously evaluates the quality of the serving eNB in the down-

link, and ensures that it is time synchronized to the serving eNB. If downlink syn-

chronization is lost, the UE must suspend its uplink transmissions and should try

to recover its existing link or to find a new serving cell with which a reliable

downlink channel can be established. The RLM functionality comprises out-of-

sync and in-sync evaluation procedures where the UE monitors CRS quality of

the serving cell in the presence of co-channel interference. If the UE’s serving

cell is not the strongest measured cell due to severe interference, the UE can

potentially declare a radio link failure. In order to ensure predictable UE behav-

ior, LTE Rel-10 provides a mechanism so that the serving eNB can

configure resource-specific RLM measurements at the UE for recording its radio

link quality as experienced by the UE in protected subframes. This ensures that

the link quality is tied to that of the protected subframes, and the UEs can con-

tinue to maintain their connection in HetNet scenarios [11].

In summary, time-domain eICIC may be utilized for pico-cell users which are

served in the edge of the serving pico-cell, e.g., for traffic off-loading from a

macro-cell to a pico-cell, allowing such UEs to receive service from the pico-cell

on the same frequency layer. The inter-cell interference in this case may be miti-

gated by the macro-cell(s) utilizing ABS to protect the corresponding pico-cell’s

subframes from interference. A UE served by a pico-cell uses the protected

resources for cell measurements (RRM), RLM, and CSI measurements. For a UE

served by a pico-cell, the RRM/RLM/CSI measurement resource restriction may

allow more accurate measurement of the pico-cell under severe interference from

the macro-cell(s). The pico-cell may selectively configure the RRM/RLM/CSI

measurement resource restriction only for those UEs subject to strong inter-cell

interference. Furthermore, for a UE served by a macro-cell, the network may con-

figure a RRM measurement resource restriction for neighbor cells in order to

facilitate mobility from the macro-cell to a pico-cell [3].

14.3.3 Further enhanced ICIC
Due to time limitations, some enhanced ICIC techniques were deprioritized in

LTE Rel-10. Particularly, the impact of legacy transmissions on control and data

channel demodulation when using ABS was left for consideration in LTE Rel-11,

leading to a further enhanced ICIC (FeICIC) scheme development. The work on

the FeICIC scheme attempted to identify the UE performance requirements, possi-

ble air-interface changes, and eNB signaling improvements. In order to significantly
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improve detection of physical cell identity and system information in the presence

of dominant interferers, the study focused on UE receiver implementation, UE

performance requirements, and eNB signaling required for UE measurement/

reporting, as well as network assisting information for CRS interference cancella-

tion and usage of reduced-power ABS. In LTE Rel-11, the enhanced downlink

physical control channel has been developed to allow improved control channel

inter-cell interference mitigation.

Co-channel deployments are of interest due to cost-effectiveness and high

spectral efficiency. The resource partitioning can effectively mitigate interference

from the traffic channels. However, inter-cell interference originated from the

synchronization and control channels as well as CRSs will persist, since transmis-

sion of these signals is necessary for legacy support. Subframe time shifting can

be utilized in FDD systems to avoid collision of the control/synchronization chan-

nels between eNBs of different power classes that require partitioning, but it can-

not be applied to TDD systems. There is no network solution for CRS

interference mitigation for either FDD or TDD systems. Without additional inter-

ference mitigation of the aforementioned channels and CRS, only limited SIR

bias values (approximately 6�10 dB) can be supported, which limits the potential

for cell range expansion. It must be ensured that UEs are able to detect and

acquire a weak cell and measure and report the measurements to the network,

which is a prerequisite for handover and cell range expansion. The CRS interfer-

ence mitigation has an important role in system performance. Strong CRS inter-

ference, even though present only in a relatively small fraction of resource

elements, can significantly degrade turbo code performance and the overall SINR;

therefore, the potential gains of cell range expansion can be severely reduced.

Given that the aforementioned interference sources are all broadcast at full power

targeting UEs at the cell-edge, it must be ensured that a robust UE-based interfer-

ence cancellation solution is feasible, which decodes the strongest signal, per-

forms channel gain estimation toward the interfering cell, cancels the interfering

signal, and continues the procedure until the desired signals of the serving cell are

acquired.

As mentioned earlier, adaptive inter-cell interference management in LTE

Rel-10 is enabled by coordination of resources used for scheduling data traffic

through the X2 interface. The granularity of the negotiated resource is a single

subframe (Figure 14.8). The resource partitioning enables cell range expansion

through use of a bias for cell range determination. In a typical case, cell range

expansion is enabled to improve system capacity, and a cell bias is applied to

low-power nodes. The bias value refers to a threshold that triggers handover

between two cells [16]. A positive bias means that the UE will be handed over to

a pico-cell as soon as the difference in the signal strength from the macro-cell

and pico-cell falls below a threshold. The macro base station informs the pico

base station which resources will be utilized for scheduling a macro-UE, and

which subframes are assigned as ABS. Therefore, the low-power nodes are

informed of the interference pattern from the high-power base station, and can
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schedule the UE in the extended cell areas on subframes protected from high-

power interference. Interference coordination is performed by means of a bitmap,

where each bit in the bitmap is mapped to a single subframe (see Figure 14.8).

The size of the bitmap is 40 bits, suggesting that the interference pattern repeats

every 40 ms. Depending on the traffic volume, the pattern can change every

40 ms. The aggressor node effectively controls which resources can be used to

serve the UE in the cell range expansion zones. An example of coordination

between a macro-cell and pico-cell is shown in Figure 14.8. Note that the cell

range expansion may be desirable for a macro base station as well. A typical use

case for cell range expansion in the macro base station is to reduce the number of

handovers. In a scenario with a large number of high-mobility users, the number

of handovers in the network can become problematic, particularly in the deploy-

ment of pico base stations, the cells become small. The same resource partitioning
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Illustration of the static/semi-static interference management eICIC schemes for FDD

systems in macro-cell/pico-cell and macro-cell/CSG-femto-cell scenarios [16].
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schemes can then be utilized to allow high-mobility macro-UEs to remain attached

to a macro-cell while inside the coverage area of a pico-cell [16]. In this case, the

pico base station needs to restrict scheduling data traffic on some resources. In a

macro�femto scenario (see Figure 14.8), due to the lack of an X2 interface

between the eNB and the HeNB, only a static network-configured solution is feasi-

ble when CSG-femto nodes are deployed on the same frequency as the macro-cell.

Due to the static nature of the solution, the resource partitioning pattern cannot be

adapted to the instantaneous characteristics of actual data traffic [16].

14.4 Multi-radio coexistence and interference avoidance
There has been a significant increase in the use of wireless devices equipped with

a number of different radio technologies collocated on a single hardware platform

in recent years, where each radio technology (depending on availability and cov-

erage) can facilitate certain user applications/network services. A typical configu-

ration of multi-radio mobile terminals consists of one or more wide-area RATs

such as HSPA1 , LTE, mobile WiMAX, cdma2000, and a number of short-range

wireless technologies such as Bluetooth and Wi-Fi operating in the industrial, sci-

entific, and medical (ISM) bands, as well as a GNSS or global positioning system

(GPS) receiver for positioning. When these radios operate simultaneously in adja-

cent or overlapping RF spectrums, it results in interference from transmission of

one radio to the reception of the other radios. This condition is referred to as

in-device coexistence interference. IDC interference occurs when the frequency

separation of less than 50 MHz is allotted between UMTS/LTE and the ISM-band

radios (Table 14.1). With a frequency separation of less than 20 MHz, typically

50 dB of isolation is required to avoid IDC effects. The small form factor of

mobile terminals usually provides only 10�30 dB isolation. As a result, an effec-

tive solution is required to mitigate the IDC interference without degrading the

performance of the wireless access systems collocated on the user terminal [1,18].

Table 14.1 Experimental Results Concerning Minimum Frequency Gap

Requirements [1]

Aggressor Victim

Minimum Frequency Gap
Requirement (MHz)

Antenna Isolation

10 dB 15 dB 20 dB

LTE Band 40 Wi-Fi 58 52 50
Wi-Fi LTE Band 40 56 50 46
LTE Band 7 Wi-Fi 60 52 50
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The commercial applications of GNSS receivers typically use the L1 band

(1575.42 MHz) for location-based services. The uplink direction of LTE Band 13

(777�787 MHz) and Band 14 (788�798 MHz) can disrupt the operation of a

GNSS receiver using the L1 band. This is because the second harmonic of Band

13 (i.e., 1554�1574 MHz) and the second harmonic of Band 14 (i.e.,

1576�1596 MHz) are extremely close to the L1 band [1].

14.4.1 Collocated multi-radio coexistence issues
As shown in Figure 14.9, the lower portion of the ISM band is very close to LTE

Band 40 (TDD). In the case of LTE-BT simultaneous operation, the LTE trans-

mitter causes interference to the BT receiver, and the BT transmitter causes inter-

ference to the LTE receiver by desensitizing the receiver. Similar interference

issues exist for LTE-Wi-Fi concurrent operation. It is also shown in Figure 14.9

that there is less than 20 MHz frequency separation between BT and LTE Band 7

(FDD uplink). Thus, the LTE transmitter causes interference to the BT receiver.

There is no impact on the LTE receiver from the BT transmitter, because the
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E-UTRA frequency bands around 2.4 GHz ISM band [1].
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corresponding LTE Band 7 (FDD downlink) is far away from the ISM band.

There is only 5 MHz separation between Wi-Fi and the LTE Band 7 uplink; how-

ever, since Wi-Fi operation is limited to channel 13 in most countries except Japan,

there is often a frequency separation of 17 MHz. In the case of LTE-Wi-Fi coexis-

tence, only the Wi-Fi receiver will be affected by the LTE uplink transmitter [1].

Interference between LTE Bands 7 and 40/41 with the 2.4 GHz ISM band is

significant when operating in adjacent bands, where current RF filtering schemes

are not adequate to mitigate the problem in a number of practical scenarios

according to 3GPP RAN Working Group 4 studies [1]. The IDC interference level

and its impact on the receiver performance depends on transmit power and

receiver blocking characteristic of each radio, and physical characteristics of

transceivers (e.g., filter frequency responses, antenna isolation). LTE Rel-8/9/10

already defined some mechanisms such as DRX mode and measurement gaps

which would allow mitigation of some coexistence scenarios; however, these

schemes are solely controlled by the eNB. The network-controlled UE assisted

(i.e., providing triggers) and UE-based autonomous solutions were considered as

part of the LTE Rel-11 IDC work item. The interference between LTE and the

2.4-GHz ISM band is significant when operating in adjacent bands, as shown in

Figure 14.9. Those problems can be summarized as follows [1]:

• LTE Band 40 to ISM interference: LTE deployed in the upper 30 MHz of

Band 40 can desensitize1 the entire ISM band. LTE in any channel in Band 40

can desensitize the lower 20 MHz of the ISM band.

• ISM to LTE Band 40 interference: ISM in the lower 20 MHz can desensitize

all channels in LTE Band 40. ISM in any part of its band can desensitize the

upper 20 MHz of LTE Band 40.

• LTE Band 7 to ISM interference: LTE Band 7, in the uplink direction,

deployed in 2510 MHz channel can desensitize the entire ISM band.

• With LTE deployed in Band 40, in some scenarios, and BT as a master can

cause about 44% downlink error rates, and BT as a slave can cause about 55%

downlink error rate.

• With LTE deployed in Band 7, the BT receiver error rate is 100% with high

data rate applications on LTE.

• LTE Band 7/13/14 transmitter induces interference to GNSS receiver.

As shown in Figure 14.9, there are 14 channels in the ISM band designated

for Wi-Fi operation. Each channel has 5 MHz separation from other channels,

1Desensitization is a common performance degradation indicator, where the desensitization is rela-

tive to an assumed reference sensitivity value. The desensitization is approximated as 10log10x,

where x is the ratio between the coexistence interference and the noise floor at the receiver sensitiv-

ity level. Using desensitization as the performance measure provides an indication of the degrada-

tion that can be expected when the victim system is in its most vulnerable state at the edge of its

coverage, and thus may be descriptive of a worst case scenario. The error vector magnitude (EVM)

measure can also indicate potential degradation in receiver performance because a signal with large

EVM would likely be incorrectly decoded at the receiver.
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with the exception of channel 14 where separation is 12 MHz. Channel 1 starts

with 2401 MHz and channel 14 ends at 2495 MHz. Different countries have dif-

ferent policies for the number of allowed channels of Wi-Fi operation [21]. Since

E-UTRA Band 7 is an FDD band, there is no impact on the LTE receiver from

the Wi-Fi transmitter; however, the Wi-Fi receiver is interfered by the LTE uplink

transmitter in this frequency band. Bluetooth operates in 79 channels, each having

1 MHz bandwidth in the ISM band. The first channel starts at 2402 MHz, and the

last channel ends at 2480 MHz [20]. The LTE Band 40 and BT will adversely

affect each other, and the transmission of LTE Band 7 in the uplink direction will

affect BT reception, as well.

14.4.2 In-device coexistence scenarios
In order to find an efficient and effective solution for the IDC issues that were

mentioned above, it is important to identify the use cases that are commonly

encountered. This is due to the fact that different usage models result in different

assumptions about the behavior of the LTE transceiver and other collocated radio

technologies, which eventually impact solutions. The IDC scenarios of interest in

this study are as follows [1]:

1. LTE1BT earphone (VoIP service): In this scenario, LTE is used for VoIP,

and the BT earphone is used to send or receive voice packets. The activities

of LTE and BT transceivers are going to be very similar in this case because

of the end-to-end latency requirement.

2. LTE1BT earphone (multimedia service): In this scenario, multimedia content

is downloaded via the LTE link, and audio is routed to a BT headset, where

the activities of LTE and BT are correlated. The requirements for scheduling/

unscheduled periods for a typical streaming application can be set based on

the LTE and BT characteristics. Activity time for BT can vary dynamically

with a streaming application. The BT audio stream typically uses the advanced

audio data profile (A2DP) [20], in which transmission delays greater than

60 ms can cause audible playback artifacts; consequently, the scheduling

period of LTE should not exceed this limit. The latency requirement is less

stringent on the LTE side in this case, and depends on the QoS class of the

content. The maximum unscheduled period for LTE can be as long as 150 ms.

However, in order not to degrade the LTE performance, it is desirable to mini-

mize the LTE unscheduled period, and the smallest unscheduled period is

determined by the on-time needed by the BT transceiver to sustain the data

rate, depending on the link condition. This number typically ranges from 15 to

60 ms. As a result, the LTE scheduling period should be less than 60 ms, and

the unscheduled period should be between 15 and 60 ms [1].

3. LTE1Wi-Fi portable router: In this scenario, LTE is considered a backhaul

link providing access to the Internet, and the connectivity is shared by other
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local users using Wi-Fi. The Wi-Fi transceiver is operated as an access point

and has full control over frequency channel and transmitting power. Given the

ability of the Wi-Fi transceiver to select the frequency channel, it may be pos-

sible to avoid interference to/from Wi-Fi by moving the Wi-Fi signal away

from the LTE band, as shown in Figure 14.10. In the downlink, the worst case

latency will be for a packet arriving at the eNB at the beginning of the LTE

unscheduled period; thus, the latency is the sum of the LTE unscheduled

period (waiting time for LTE scheduling) and the LTE scheduling period

(waiting time for Wi-Fi scheduling). In the uplink, the scheduling/unscheduled

periods can be made as small as 1 ms to minimize latency, but this is not

desirable due to the impact on retransmissions and other sensitive timings in

LTE and Wi-Fi operation. In order to fulfill the latency requirements of

Transmit power of
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Wi-Fi or BT signal
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FIGURE 14.10

Illustration of IDC issues and some remedies [1].
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common services under this scenario, the scheduling periods and unscheduled

periods should be typically not more than 20�60 ms.

4. LTE1Wi-Fi off-load: In this scenario, an LTE UE can also connect to Wi-Fi

to off-load traffic, and the Wi-Fi transceiver operates as a terminal in the

infrastructure mode. It is difficult for the Wi-Fi transceiver to change the con-

figured frequency channel in this case. In addition, the Wi-Fi radio is required

to scan for the beacon signal transmitted from the Wi-Fi access point every

102.4 ms to maintain connection. The scheduling/unscheduled period require-

ments pertaining to this scenario differ from the previous scenario. One differ-

ence is about Wi-Fi beacon reception by the UE in Wi-Fi client mode, which

implies alignment of the LTE unscheduled period with the Wi-Fi beacons.

Furthermore, the scheduling period of LTE should less than 100 ms in order

to facilitate beacon reception. In this case, the packets only go through one

radio link (either Wi-Fi for off-load packets or LTE for normal packets),

resulting in somewhat larger scheduling/unscheduled intervals that can meet

the latency requirements. The ratio of the scheduling/unscheduled intervals

should correspond to the traffic volume of the normal and offloaded traffic.

5. LTE1GPS receiver: In this scenario, the LTE UE is also equipped with a

GPS receiver to support location-based services.

14.4.3 In-device coexistence and interference avoidance
The LTE network-controlled UE-assisted solutions which were studied during

LTE Rel-10 can be categorized as follows [1]:

• Frequency division multiplexing (FDM) based solutions include moving the

LTE signal away from the ISM band, or moving the ISM signal away from

the LTE frequency band (see Figure 14.10).

• Time division multiplexing (TDM) based solutions include DRX mode,

HARQ process reservation, and uplink scheduling restriction.

• Power control-based solutions include LTE power control or ISM-band radio

power control (see Figure 14.10).

• UE autonomous solutions include time-domain remedies such as LTE denials

for infrequent short-term events, LTE denials for ISM data packets, and ISM

denials for LTE important signals reception.

The RF filtering in the transmit side reduces the out-of-band (OOB) spurious

emissions of the aggressor leaking into the receive band of the victim. The receive

filter reduces the blocking effect due to the transmissions in the band of the aggres-

sor technology. When two radios operate in adjacent bands, there can be limited

attenuation of each filter in the transition band that overlaps with the designated

band of the other technology. This can lead to a large interference to the victim,

due to spurious emissions and imperfect blocking performance. In some cases,

such as LTE Band 40 and the ISM band starting at 2400 MHz, there is no guard
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band between the frequencies of the two technologies. There are further challenges

in RF design due to variations in filter response across manufacturing processes, as

well as a wide temperature range over which the terminal must operate [18].

As shown in Figure 14.11, in a typical UE implementation, the baseband pro-

cessing modules of UMTS/LTE and ISM-band radios are separated, whether

within the same chip from the same vendor or different chips from the same or

different manufacturers. In either case, the two chips may exchange handshake

signals, referred to as inter-chip handshaking and signaling, to convey real-time

status and control information including advanced notice of future activities. This

advanced notification signal can be used as a trigger to notify the serving eNB of

forthcoming IDC conditions. The eNB can suspend normal UE LTE operation

during the ISM-band radio activities and resume normal operation once the IDC

condition is resolved. The IDC coordination module (typically proprietary) resides

in the UE, as shown in Figure 14.11, and is responsible for coordination and pri-

oritization among different collocated radios, obtaining and interpreting the coor-

dination information from different radios, and generating control commands to

different radio modules including but limited to generation of the IDC trigger

messages in the uplink (to be transmitted via LTE transceiver module), interpreta-

tion of the IDC acknowledgment messages, and so on.

The IDC solutions for interference avoidance are mainly considered for the

UE in RRC connected mode. The idle mode operation itself is not considered a

problem since the UE can just stop ISM-band radio transmissions at important

LTE events such as paging. There are three interference avoidance approaches

that can be taken to address the IDC issues: (1) uncoordinated, where different

radio technologies within the same UE operate independently without any inter-

nal coordination; (2) UE only, where there is an internal coordination between

different radio technologies within the UE, which means that the activities of

one radio are known by other radios. However, in this case the network is not

IDC coordination module

ISM band radio transceiver
technologies

(Wi-Fi/BT/NFC)
LTE radio transceiver

IDC 
coordination 
information/
commands

IDC 
coordination 
information/
commands

Inter-chip handshaking and signaling
(real-time status and control information 

including advanced notice of future activities)

IDC-related signaling
with eNB (e.g., UE-
assisted triggers)

FIGURE 14.11

Example block diagram of the UE internal IDC signaling and coordination module.
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aware of the coexistence issues experienced by the UE and is not involved in

the coordination; and (3) network-coordinated with UE assistance, where differ-

ent radio technologies within the UE are aware of possible coexistence problems

and the UE can inform the network about such problems. The latter method is

illustrated in Figure 14.11, and has become the basis for the solutions that have

been developed in LTE Rel-11 for collocated multi-radio coexistence problems.

Based on the above assumption that different collocated radio modules can

handshake and exchange (advance) information/notification about their current or

upcoming activities, we now study the solutions that were developed in 3GPP to

mitigate collocated multi-radio coexistence issues. It must be noted that other

standardization organizations such as Wi-Fi Alliance [21] and Bluetooth Special

Interest Group [20] have also taken steps on their side to find solutions that can

alleviate or ideally resolve the in-device coexistence and interference problems.

For example, BT devices may by default configure themselves as masters; thus,

in-device BT may only behave as a BT slave under certain scenarios. On the

3GPP side, the standard solution in LTE Rel-11 enables the UE, with the assis-

tance from the serving eNB, to resolve the IDC interference issues in situations

where the actions taken by BT/Wi-Fi radios are not sufficient to solve the prob-

lem [18].

Based on RF analysis results, one straightforward solution to effectively miti-

gate or reduce the IDC interference is to let radio transceivers work in different

frequency bands with sufficient frequency separation. The basic concept of an

FDM-based solution is to move the victim (or aggressor) signal farther away

from the aggressor (or victim) signal and increase the frequency separation for

better filtering performance. An LTE FDM-based solution is to move the LTE

signal farther away from the ISM band by performing inter-frequency handover

within LTE according to the existing procedure specified in [3,4]. On the con-

trary, in the ISM FDM-based solution, the ISM radio signal is moved away from

the LTE frequency band in the frequency-domain by switching the Wi-Fi channel

in the portable router scenario, or by making use of the BT adaptive frequency

hopping (AFH) feature to select a set of BT channels away from the LTE operat-

ing band (see Figure 14.9). The LTE FDM-based solution is applicable to all

usage models as long as an alternative LTE frequency channel is available. In

some deployments, using the FDM-based solution to resolve IDC interference

problems may not be possible or desirable. As an example, the LTE FDM-based

solution may not be applicable when all available LTE bands are impacted by

ISM radio activities, the UE is in an area with only one LTE frequency band, or

the UE does not have good channel quality in the alternative bands. It is also pos-

sible that the operator has alternative frequency bands, but those bands are con-

gested due to a large number of active UEs. To ensure efficient network

operation, it can be beneficial to balance load between RF bands and retain the

UE in the current frequency, even if the LTE receiver is disturbed by the ISM sig-

nals. In that case, time multiplexing of LTE and ISM-band radios is more desir-

able [18].
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In LTE TDM-based solutions, the basic idea is to time-multiplex the trans-

mission or reception of different radios by either adapting the LTE transmission/

reception timing to that of ISM-band radios, or vice versa. In LTE, DRX was

adopted as a TDM-based solution for IDC interference avoidance. In the DRX

mode, the UE is allowed to switch its LTE receiver off and stop monitoring the

PDCCH. Since uplink transmissions are scheduled on the PDCCH, the gaps in

PDCCH reception imply that uplink transmissions cannot be scheduled when the

UE is in DRX mode. As a result, the time is divided into scheduled and

unscheduled periods from the LTE device perspective. Unscheduled time can be

used for ISM-band communication. To facilitate the DRX solution for coexis-

tence of LTE and other radios, the UE should provide assisting information to

the eNB.

The UE provides the eNB with a desired TDM pattern. For example, the para-

meters related to the TDM pattern can consist of periodicity of the TDM pattern

and scheduling period (or unscheduled period), as shown in Figure 14.12. It is up

to the eNB to decide and signal a suitable DRX configuration to the UE based on

a UE suggested TDM pattern and other criteria. The scheduling period corre-

sponds to the active time of DRX operation, while unscheduled period corre-

sponds to the inactive time. The eNB would attempt to guarantee the unscheduled

period using appropriate downlink/uplink scheduling, sounding reference signal

transmission configuration, DRX command MAC control element usage, and so

on. During the inactive time, the UE is allowed to delay the initiation of dedicated

Pattern periodicity (120 ms)

Scheduling
period (60 ms)

Unscheduled
period (60 ms)

DRX cycle (128 ms)

DRX on-duration (50 ms)
(LTE operation)

LTE inactivity period
opportunity for ISM-band
radio operations (78 ms)

UE suggested TDM pattern

eNB configured DRX pattern

FIGURE 14.12

Example UE suggested TDM pattern and eNB configured DRX pattern [1].
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scheduling request and/or random access procedure. Figure 14.12 illustrates an

example where the eNB signals a DRX configuration based on a UE suggested

pattern [1].

In the LTE1Wi-Fi off-load usage model introduced earlier, long scheduling

and unscheduled periods are desired to enable completion of pending data transmis-

sions. However, long periods would increase the latency of packet transmission. In

addition, since in this scenario Wi-Fi acts as a terminal, it should be able to receive

a beacon signal transmitted once every 102.4 ms. As a result, a suitable TDM pat-

tern suggested by the UE should be 128 ms, where LTE occupies the first 60 ms.

However, due to a limited number of DRX patterns in LTE, the eNB may

configure the UE with a long DRX cycle of 128 ms and “on duration” of 40 ms. It

should be noted that because of pending HARQ retransmissions in the LTE side,

transition from scheduling time to unscheduled time is not unexpected. Therefore,

LTE transmissions may stop before expiration of the on duration timer.

In an LTE1BT voice scenario, scheduling and unscheduled periods for each

radio alternate much faster than in the Wi-Fi coexistence scenario. In enhanced

synchronous connection oriented (eSCO) mode in BT [20], the transmission inter-

val is 3.75 ms having six transmit/receive slots; thus, in order to maintain the

minimum QoS requirements for voice conversation, the network should ensure at

least a pair of correct BT transmit/receive instances in each BT interval of

3.75 ms. The remainder of the time can be allocated to LTE radio activities. The

UE indicates to the network the desired subframes reservation bitmap (10 bits,

one for each subframe). For short-term subframe reservation patterns, it is desir-

able that the pattern is consistent with uplink/downlink HARQ timing so that

none of the HARQ processes is interrupted. Based on the assisting information,

the network configures suitable DRX parameters.

In certain cases where the IDC interference condition cannot be predicted in

advance, it is impossible to perform inter-frequency handover, or to provide

unscheduled periods via DRX configuration. For example, one such condition

may be the case where an unpredicted BT connection setup occurs and the

DRX cannot be configured early enough to accommodate this critical communi-

cation. In another scenario, some critical signaling may occur irregularly where

the UE can neither perform handover to an alternative band or be configured

with a specific DRX configuration. Therefore, there are conditions where FDM-

based or TDM-based schemes may not be applicable, and the UE has to deny

LTE uplink transmissions autonomously to protect important signaling on other

radios. However, the denial rate should be very low so that it does not signifi-

cantly impact LTE operation. In addition to the TDM-based solution performed

under the control of an LTE network, the UE may also use time-multiplex solu-

tions through internal coordination. For example, the UE may terminate Wi-Fi

or BT transmission when the LTE is receiving critical downlink signals. This

would be useful to prevent disruption in the LTE signaling procedure as a result

of unpredictable IDC interference from the ISM-band radios. Consequently, the
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UE must carefully assess the IDC conditions before deciding on the best mitiga-

tion strategy in order not to compromise the performance and normal operation

of the collocated radios.

Figure 14.13 illustrates the signaling procedure in network-coordinated UE-

assisted IDC interference mitigation solution. When a UE experiences an IDC

condition that cannot be locally resolved and network assistance is required, the

UE sends an IDC indication via dedicated RRC signaling to report the problem

[3]. The detail of the IDC indication trigger is left to UE implementation. The UE

may rely on the existing LTE measurements and/or UE internal coordination. The

IDC indication should be triggered based on ongoing IDC interference on the

serving or non-serving frequencies, instead of assumptions or predictions of

potential interference. A UE that supports IDC functionality indicates this capabil-

ity to the network, and the network can then configure the UE through dedicated

signaling whether the UE is allowed to send an IDC indication. The UE may only

send an IDC indication for E-UTRA uplink/downlink RF carriers for which a

measurement object is configured [4].

The term “ongoing IDC interference” should be treated as a general guide-

line by the UE. For the serving frequency, the ongoing interference may be

related to the interference caused by an aggressor radio to a victim radio dur-

ing either active data exchange or upcoming data activity which is expected in

Indication of support of IDC solutions
Configure IDC reporting and identify

the frequencies for which the
UE is allowed to send IDC indication

IDC condition cannot be
resolved by the UE

IDC indication with assistance information

Measurement configuration
for usable frequencies

RRM measurements

eNB chooses an
appropriate IDC solution

Signaling related to FDM-based 
or TDM-based solutions

UE eNB

eNB decides whether
further measurements

are necessary

FIGURE 14.13

Signaling procedure for network-coordinated UE-assisted IDC resolution [18].
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a few hundred milliseconds. For a non-serving frequency, the ongoing interfer-

ence may be an anticipation of the LTE radio becoming an aggressor or a vic-

tim, if it makes handover to a non-serving frequency. Similarly, concerning

activation of secondary cells in the case of carrier aggregation, the ongoing

interference may be an anticipation of the LTE radio becoming an aggressor

or a victim. Ongoing interference may affect several subframes/slots. When

the eNB is notified of an IDC condition through an IDC indication from the

UE, the eNB can choose to apply an FDM-based or a TDM-based solution. To

assist the eNB in selecting an appropriate solution, all necessary/available

assisting information for both methods is sent together as part of IDC indica-

tion message to the eNB. The IDC assisting information contains the list of

E-UTRA carriers suffering from ongoing interference, the direction of the

interference and depending on the scenario; it may also contain preferred time-

multiplex patterns or parameters to enable appropriate DRX configuration for

the UE on the serving E-UTRA carrier. The IDC indication is also used to

update the IDC assistance information, including the cases when the UE no

longer encounters the IDC condition. In the case of inter-eNB handover, the

IDC assisting information is transferred from the source eNB to the target

eNB. The UE should only indicate that the IDC condition is over when it is

not experiencing an IDC condition any more. The UE should not resend the

same IDC indication message to the network, but it may resend the same IDC

indication after handover. The IDC condition can be divided into three phases:

(i) the UE detects the start of IDC condition but does not initiate the transmis-

sion of the IDC indication to the eNB; (ii) the UE has initiated the transmis-

sion of the IDC indication to the eNB and no solution is configured by the

eNB to resolve the IDC issue; (iii) the eNB has provided the UE with a solu-

tion that resolves the IDC issue (Table 14.2) [3].

In addition, once configured by the network, the UE can autonomously deny

LTE uplink transmission in all phases to protect ISM-band transmission in special

circumstances, if other solutions cannot be used. On the other hand, it is assumed

that the UE also autonomously denies ISM-band transmission to ensure LTE con-

nectivity to the eNB in order to perform LTE procedures, e.g., RRC connection

reconfiguration and paging. The network may configure a long-term denial rate by

dedicated RRC signaling to limit the amount of LTE uplink autonomous denials.

Otherwise, the UE must not perform any LTE uplink autonomous denials [3].

In summary, the IDC interference level and its impact on the receiver perfor-

mance depends on transmit power and receiver blocking characteristic of each

radio and physical characteristics of transceivers (e.g., filter responses, antenna

isolation). The following conclusions were drawn from the analyses performed in

3GPP related to this work item:

• For most cases, we observe that frequency-domain solutions, i.e., moving to

other frequencies, and RF filtering can sufficiently suppress the coexistence

interference.
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Table 14.2 RRM, RLM, CSI Measurements in Different Phases of IDC Interference [3]

Phases of IDC Interference RRM Measurements RLM Measurements CSI Measurements

Phase 1 It is up to the UE
implementation and
RRM measurement
requirements

It is up to the UE implementation and RLM
measurement requirements

It is up to the UE
implementation and
CSI measurement
requirements

Phase 2 (If the UE determines that the
network does not provide a solution that
resolves its IDC problem, it performs
measurements)

The UE is required to
ensure that the
measurements are free
of IDC interference

The UE is required to ensure that the
measurements are free of IDC interference
effects. The UE should maintain LTE
connectivity in this phase, meaning that
RLM measurements are not impacted by
IDC interference. If no solution is provided
within a time, which is up to UE
implementation, the UE may declare RLF or
it may continue to deny the ISM
transmission

�

Phase 3 (If the IDC indication message
reports the IDC condition on a neighbor
frequency, the UE performs RRM
measurements for that frequency)

The UE is required to
ensure that the
measurements are free
of IDC interference

The UE is required to ensure that the
measurements are free of IDC interference
effects

�
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• For the uppermost region of LTE Band 40 (2380�2400 MHz), LTE transmit-

ting with the maximum power of 23 dBm can block the Wi-Fi or BT signal in

the entire ISM band, thus limiting the maximum LTE transmit power below

23 dBm, moving LTE signal away from ISM, or TDM-based solution needs to

be considered (Table 14.3).

• For 2300�2380 MHz in LTE Band 40, Wi-Fi or BT desense due to the LTE inter-

ference may be acceptable except for the lower 20 MHz of the ISM band, since the

performance of the state-of-the-art film bulk acoustic resonator (FBAR) filtering2,

Table 14.3 LTE Blocking Levels for Bluetooth and Wi-Fi Receivers for Different

LTE Transmit Powers and Operating Bands [1]

LTE Transmit
Power (dBm)

Blocking with FBAR Filter (dBm)

2300�
2370 MHz

2360�
2380 MHz

2380�
2400 MHz

2500�
2520 MHz

2520�
2570 MHz

23 234 228 7 237 240
21 236 230 5 239 242
19 238 232 3 241 244
17 240 234 1 243 246
15 242 236 21 245 248
13 244 238 23 247 250
11 246 240 25 249 252
9 248 242 27 251 254
7 250 244 29 253 256
5 252 246 211 255 258
3 254 248 213 257 260
1 256 250 215 259 262
21 258 252 217 261 264
23 260 254 219 263 266
25 262 256 221 265 268
27 264 258 223 267 270
29 266 260 225 269 272

2FBAR filters are a form of bulk acoustic wave (BAW) filter that have superior performance with

steeper rejection curves compared to surface acoustic wave (SAW) filters. The FBAR filters also

feature 0.3�0.5 dB less insertion loss, resulting in up to 50 mA less current consumption, thereby

improving battery life and talk time of the mobile devices. A thin-film bulk acoustic resonator is a

device consisting of a piezoelectric material contained between two electrodes and acoustically iso-

lated from the surrounding medium. The FBAR devices using piezoelectric films with thicknesses

ranging from several micrometers down to tenths of micrometers resonate in the frequency range

of approximately 100 MHz to 10 GHz. Aluminum nitride and zinc oxide are two common piezo-

electric materials used in FBARs [19].
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device OOB/spurious emissions, sensitivity, and blocking of implementations

are typically better than specification limits. Additionally, limiting the number

of data/control bearing resource blocks and assigning resources away from the

ISM band, which directly impact the OOB emissions, can help reduce desensiti-

zation to the lower 20 MHz of the ISM band.

Table 14.3 shows LTE blocking for Wi-Fi and BT receivers for different

LTE transmit powers and operating bands in E-UTRA Band 40 and Band 7. As

shown in Table 14.3, a cell-edge UE with maximum transmitting power of

23 dBm in the uppermost 20 MHz segment of Band 40 can result in a maximum

of 7 dBm OOB blocking interference3 in the Wi-Fi/BT receiver. The LTE trans-

mit power level needs to be limited for the simultaneous operation with ISM-

band reception, if the LTE transceiver is operated in the upper 20 MHz of Band

40. The maximum allowed LTE transmit power for coexistence varies depending

on the blocking characteristics of the Wi-Fi/BT receivers [1].

The RF analyses conducted in 3GPP related to the IDC interference between

ISM-band and LTE technologies, and the conclusions that were made and docu-

mented as a result of those analyses were mainly based on four information

sources. The analyses and measurements presented in 3GPP TR 36.816 [1] indi-

cate that for some IDC scenarios, significant degradation on both LTE and ISM-

band radios can occur despite the use of state-of-the-art RF filtering technology.

The precise quantitative results differed from one source to another due to differ-

ent assumptions in the analyses or the measurement approaches. Nonetheless, the

conclusions were consistent in that at least a significant fraction of spectrum is

highly desensitized when the other technology is transmitting. The assumptions

used by those sources in the simulation or measurements presented to 3GPP are

summarized in Table 14.4.

3Radio receiver blocking or receiver desensitization is an important parameter for any radio

receiver. A good radio receiver blocking or desensitization performance is particularly important in

the scenarios where a number of radios of various forms are used in close proximity to each other.

With wireless communications being used for everything from Wi-Fi to cellular communications

and Bluetooth, as well as many more traditional applications, there are many instances where two

radios operate very close to each other, and the receiver blocking performance will be very critical.

Blocking rejection is the ability of a receiver to tolerate an OOB signal and avoid blocking. A good

automatic gain control design is part of achieving good blocking rejection. When a very strong

OOB signal appears at the input of a receiver, it is often found that the sensitivity is reduced. The

effect arises because the front-end amplifiers are saturated as a result of the strong OOB signal.

This often occurs when a receiver and transmitter are operated from the same site and the transmit-

ter signal is exceedingly strong. When this occurs, it has the effect of suppressing all the other sig-

nals trying to pass through the amplifier, giving the effect of a reduction in gain. Blocking is

generally specified as the level of the unwanted signal at a given offset, which will give a 3-dB

reduction in gain. Depending on the type of receiver, the values for blocking will vary consider-

ably. As a reference point, a good radio receiver should be able to withstand blocking signals of

about 10 dBm before this effect becomes noticeable.
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Table 14.4 Assumptions for the RF Analyses in 3GPP IDC Studies [1]

Parameter Analysis 1 Analysis 2 Analysis 3 Analysis 4

LTE frequency band 40 and 7 40 and 7 40 40 and 7
ISM radio BT, Wi-Fi Wi-Fi Wi-Fi BT, Wi-Fi
Interference directions
considered for B and 40

LTE to BT/
Wi-Fi; BT/Wi-Fi to
LTE

LTE to Wi-Fi; Wi-Fi to
LTE

LTE to Wi-Fi LTE to BT/
`Wi-Fi; BT/Wi-Fi to
LTE

Interference mechanisms Spurious emission
and blocking

Spurious emission and
blocking

Spurious emission Spurious emission
and blocking

RF filtering method FBAR No filters external to
test setup

Commercially available filter
(typical/minimum)

FBAR

Antenna isolation (dB) 12 15, 20, 25 12 12
LTE transmitter power (dBm) 23 23 N/A 0, 15, 23
Wi-Fi transmitter power (dBm) 20 20 20 20, 14.5
BT transmitter power (dBm) 10 N/A N/A 4, 0
LTE RSSI as victim (dBm) 294 270 294 294 (Band 40) 292

(Band 7)
Wi-Fi RSSI (dBm) 279 250 N/A 289, 276
BT RSSI (dBm) 290 N/A N/A 270
LTE bandwidth (MHz) 20 25�100 resource

blocks (over 20)
20 20

Wi-Fi bandwidth (MHz) 22 22 22 22
BT bandwidth (MHz) 1 N/A N/A 1
Performance measure Desensitization (dB) EVM Desensitization (dB) Desensitization (dB)
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In this chapter, we take a top-down systems approach to describe two important

service enablers of LTE/LTE-Advanced that both started in LTE Rel-9 and have

been enhanced in the later releases. The UE positioning and location-based ser-

vices, as well as the evolved multimedia broadcast/multicast services (E-MBMS),

are considered the key enablers of various services in modern cellular systems.

There are numerous applications that rely on these functionalities to provide the

LTE-Advanced.

© 2014 Elsevier Inc. All rights reserved.
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users with the best quality of experience and ease of access to location-optimized

and customized content.

This chapter begins with the description of the positioning standard for LTE/

LTE-Advanced systems. We review the positioning requirements, positioning archi-

tectures, and signaling. The coordinate systems and the transformations used in

positioning systems are described in detail. There are many different use cases for

positioning information. The positioning functions may be used internally by the

EPS, value-added network services, the UE itself, or through the network by a third

party. While the location-based services may be used for emergency services (which

may be mandated), the feature has not been exclusively developed for emergencies.

We will then describe the E-MBMS feature in LTE/LTE-Advanced. The

E-MBMS bearer service is the service provided by the packet-switched domain to

E-MBMS user services in order to deliver IP multicast1 datagrams to multiple

receivers using minimal network and radio resources. An E-MBMS user service is

a service provided to the end user by means of the MBMS bearer service, and pos-

sibly other EPS bearers. The E-MBMS is a point-to-multipoint service in which

data is transmitted from a single source entity to multiple recipients. Transmitting

the same data to multiple recipients allows the sharing of network resources. The

E-MBMS for EPS bearer service supports broadcast mode over E-UTRAN and

UTRAN. The E-MBMS is realized by the addition of a number of new features and

new functional entities to the 3GPP network architecture.

An E-MBMS counting function was introduced that allows counting the num-

ber of connected mode users that are either receiving or are interested in receiving

particular MBMS services. In LTE Rel-11, E-UTRAN MBMS is enhanced to

ensure service continuity when multi-carrier functionality is deployed in an MBMS

service area. The MBMS services may be deployed on different frequencies over

different geographic areas. LTE Rel-11 enhancements allow the network to inform

MBMS-capable devices of information related to MBMS deployment, such as

carrier frequencies and service area identities (SAIs). In LTE Rel-11, an MBMS-

capable device can inform the network of its interest in MBMS services by indicat-

ing the carrier frequencies associated with the MBMS services of interest. The

MBMS interest indication by the device also allows the device to indicate the prior-

ity between MBMS service and unicast service. The network uses the MBMS inter-

est indication provided by the device for mobility management decisions so that

the device is always able to use its receiver at the appropriate carrier frequency to

ensure continuity of MBMS services. In idle mode, an MBMS-capable device can

prioritize a particular carrier frequency during cell reselections depending on the

availability of the MBMS service of interest on that carrier frequency. To ensure

1IP multicast is a method of transmitting IP datagrams to a group of interested receivers in a single

transmission. It is often employed for streaming media applications on the Internet and private net-

works. The method is the IP-specific version of the general concept of multicast networking. It

uses especially reserved multicast address blocks in IPv4 and IPv6. In IPv6, IP multicast addressing

replaces broadcast addressing as implemented in IPv4. IP multicast is described in IETF RFC 1112

[20].
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MBMS service continuity in connected mode, the MBMS interest indications

received from the device are signaled to the target cell as part of handover prepara-

tion procedure [4].

15.1 Positioning and location-based services
Positioning defines the process of determining the position and/or velocity of a

device using radio signals. Location-based services are considered a significant

feature of the modern cellular networks which allow the users to locate them-

selves and each other, as well as enable the mobile applications to offer services

and information customized to the current users’ locations. In addition to the

commercial usage, there are also public safety applications for positioning. As an

example, an emergency call made from a mobile device can be tracked and suffi-

ciently accurate location of the caller can be determined, even though the caller

may not know where he/she is. Many government regulatory organizations around

the world have made support of accurate positioning functionality mandatory for

all mobile devices. In the United States, it is mandatory for network operators to

support FCC’s Enhanced 9112, making the location of a cell phone available to

emergency call dispatchers. With this mandate, the FCC has defined accuracy

requirements for different position estimation methods. Cellular network operators

are responsible for positioning wireless terminals with an accuracy of 50 and

150 m in 67% and 95% of all positioning attempts, respectively. These

figures are valid for UE-based positioning methods, i.e., where the positioning

method involves functionality located in the UE such as global positioning system

(GPS) receiver hardware. The requirements for network-based methods, without

such UE functionality, are 100 m (67%) and 300 m (90%) [17]. These are strin-

gent accuracy requirements that need to be fulfilled and guaranteed no matter

what position estimation technology is used, or in which environment the position

2The FCC’s wireless Enhanced 911 (E911) requirements seek to improve the effectiveness and reli-

ability of wireless 911 services by providing the dispatchers with additional information on wireless

911 calls. The FCC’s wireless E911 rules apply to all wireless licensees, broadband personal com-

munications service (PCS) licensees, and certain specialized mobile radio (SMR) licensees. The

FCC has divided its wireless E911 program into two phases: Phase I and Phase II. Under Phase I,

the FCC requires carriers, within 6 months of a valid request by a local public safety answering

point (PSAP) to provide the PSAP with the telephone number of the originator of a wireless 911

call and the location of the cell site or base station transmitting the call. Under Phase II, the FCC

requires wireless carriers, within 6 months of a valid request by a PSAP to begin providing infor-

mation that is more precise, specifically, the latitude and longitude of the caller. This information

must meet FCC accuracy standards, generally within 50�300 m, depending on the type of technol-

ogy used. The deployment of E911 requires the development of new technologies and upgrades to

local 911 PSAPs, as well as coordination among public safety agencies, wireless carriers, technol-

ogy vendors, equipment manufacturers, and local wireline carriers [17].
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is estimated (i.e., indoor or outdoor). Determining a user’s device position is tra-

ditionally based on satellite-based position estimation using Global Navigation

Satellite Systems (GNSS) such as GPS. Figure 15.1 provides the frequency bands

of the prominent global positioning systems.

The majority of modern mobile devices have an integrated GNSS receiver. To

properly estimate the position, the receiver needs to have an unobstructed line of

sight to at least four satellites, and this is one of the main drawbacks of GNSS-based

methods. In indoor environments, line of sight reception of the low-power radio sig-

nals transmitted from the medium-earth-orbit satellites is not guaranteed, if not

impossible. To overcome this limitation, especially in an environment with poor

signal conditions, Assisted-GNSS (A-GNSS) methods have been developed, e.g.,

Assisted-GPS. In A-GPS, a cellular network uses network resources to provide assis-

tance data that helps the device to locate and utilize the available GPS satellites

faster. A-GNSS reduces start-up and acquisition times, increases sensitivity, and

reduces the UE’s power consumption. While there is often an acceptable coverage

by a cellular network to determine the A-GPS information, this does not help if the

satellites cannot be detected due to extremely weak reception of GPS signals inside a

building. In that case, position estimation using radio signals is more feasible. In

GSM, position estimation based on radio signals has been around for many years. As

mobile broadband technology advances and the demand for more accurate position-

ing and location-based services increases, more sophisticated and accurate position-

ing methods have been developed. In this section, we will only focus on the

positioning methods developed for E-UTRA.

The positioning methods supported in LTE mainly rely on the high-level net-

work architecture as shown in Figure 15.2. The positioning network architecture

has been defined in such a way that it is generally independent from the underly-

ing network. There are three main entities in this architecture, location service

(LCS) client, LCS server, and LCS target. An LCS client is the entity requesting

the service and in the majority of the cases is located in the LCS target. This ser-

vice obtains the location information by sending a request to the server. The loca-

tion server is a physical or logical entity that collects measurements and other

location information from the device and base station, and assists the device with

measurement and estimation of its position. The server processes the request from

the client and provides the client with the requested information [15,18].

GPS L5

Galileo E5 

Galileo E5b GPS L2 GLONASS G2 Galileo E6 Galileo E1 
GPS L1

GLONASS G1

E5: 1191.8 MHz
L5: 1176.4 MHz

1207.1 MHz 1227.6 MHz 1246±0.5625k MHz
K=–7,…,+13 

1278.8 MHz E1: 1575.4 MHz
L1: 1575.4 MHz

1602±0.5625k MHz
K=–7,…,+13 

FIGURE 15.1

Frequency bands used by prominent positioning methods [15].
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FIGURE 15.2

E-UTRA location service architecture [7,15].
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15.1.1 E-UTRA positioning network architecture
Some location-based services are targeted at individual users, while others are

focused on aggregated user behavior that will be of value to enterprises and appli-

cation and content providers. In general, the services can be grouped into the fol-

lowing categories [12]:

• Regulatory-based applications such as emergency call services.

• Consumer applications, such as social networking, service finder, and naviga-

tion services.

• Business applications such as fleet management or social networking tailored

to business needs.

• Third-party applications that enable merchants or application and content pro-

viders to target specific end users for their advertising or services.

• Network operator applications that help detect internal problems, or optimize

networks and business capabilities.

Given that location-based services have generally diverse requirements, the

communication service providers must carefully identify and prioritize a particu-

lar service’s requirements before choosing methods of gathering and delivering

location information. The following list summarizes some of the most important

general requirements [12]:

• Providing the required degree of location accuracy.

• Promptness of response to a location request.

• Scalability to support a large number of user locations.

• Support for real-time, periodic, or event-triggered location updates.

• Ease of implementation.

• Battery consumption for mobile devices.

• Impact on network resources.

• Differentiation of the network provider service from application and content

providers offerings.

The EPS provides several methods for delivering location information when it

is determined. Each method has certain capabilities, strengths, and constraints,

which necessitate satisfaction of the unique requirements of each specific service.

The user-plane method requires minimal interaction with the underlying wireless

access technologies; thus, this method can be used ubiquitously across LTE and the

legacy networks. It is also scalable, which makes it well suited to support commer-

cial location-based services with less complexity, cost, and impact on the network

than the control-plane solution. This solution relies on user-plane data bearers to

transfer location-assistance and positioning-related messages between the secure

user-plane location3 (SUPL)-enabled terminal (SET) and the SUPL location platform

3SUPL is an IP-based protocol for assisted-GPS in order to receive positioning information of GPS

satellites faster via IP connections instead of slow GPS satellite links.
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(SLP). An SUPL client is required on the user device. Lack of direct connection to

the access network is a disadvantage for supporting positioning methods, which

require assistance data from the network. In addition, because this solution can only

enable single-user location requests, it is not suitable for applications that need peri-

odic reporting on all user locations within a cell or zone. Depending on the location

technology used, the user-plane solution can support a high level of accuracy to meet

the needs of the majority of location-based services targeted at the individual user,

such as turn-by-turn navigation and fleet management.

In the control-plane method, which was specified in LTE Rel-9, positioning

data is transferred over the control-plane, between the UE, the eNB, and the posi-

tioning elements, i.e., evolved serving mobile location center/gateway mobile

location center (GMLC). This method provides convenient access to assistance

data from the network, and enables more reliable service performance than the

user-plane solution. Since the control-plane method does not require a client on

the UE, it can be used to support emergency services on LTE networks for lim-

ited service devices. On the other hand, this solution has less scalability than the

user-plane, only supports single-user location requests, and is more difficult to

interwork with legacy networks.

The 3GPP legacy technologies (GSM and UMTS) have supported LCSs net-

work architecture for the purpose of positioning mobile devices since 3GPP Rel-

4. With the introduction of EPS in 3GPP Rel-8, control-plane location-service

architecture for the EPS was introduced in 3GPP Rel-9. Figure 15.2 illustrates the

control-plane location service architecture for the EPS, which introduced new

interfaces SLg and SLs, and allowed the EPS control-plane element mobility

management entity to interconnect with the location service core network ele-

ments, making location services using the positioning functionality provided by

the E-UTRAN possible.

The location service architecture follows a client/server model with the GMLC

acting as the location server providing location information to location service cli-

ents. The GMLC sends location requests to the evolved serving mobile location

center (E-SMLC) through the MME to retrieve this location information. The

E-SMLC is responsible for interaction with the UE through E-UTRAN to obtain

the UE position estimate or to obtain position measurements that help the E-SMLC

to estimate the UE position. Note that the GMLC interaction over the interfaces

connected to it other than SLg was already available before 3GPP Rel-9 for GSM

and UMTS access.

The location service clients can be part of the core network or external to the

core network, and can also reside in the UE or be attached to the UE. Depending

on the location of the location service client, the location request initiated by the

location service client may be a mobile-originated, mobile-terminated, or

network-induced location request. Emergency location service is possible even if

the UE does not have a valid service subscription due to regulatory mandates.

Support of location service-related functionality in the E-UTRAN, MME, and UE

are optional. The location service is applicable to any target UE, no matter
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whether the UE supports location service. The following is a description of vari-

ous LCS architectural elements and interfaces shown in Figure 15.2 [18]:

• Gateway mobile location center: This entity receives and processes location

requests from location service clients; obtains routing information from the

home subscriber server; performs registration authorization; communicates

information needed for authorization, location service requests, and location

information with other GMLC; checks the target UE privacy profile settings;

and depending on roaming support, it may assume the role of requesting

GMLC, visited GMLC, or home GMLC.

• Evolved serving mobile location center: This entity manages the overall coor-

dination and scheduling of resources required for the location determination of

a UE that is attached to E-UTRAN. It calculates the final location and esti-

mates velocity, as well as the location accuracy. It interacts with the UE to

exchange location information applicable to the UE-assisted and the UE-based

positioning methods. It interacts with the E-UTRAN to exchange location

information applicable to the network-assisted and the network-based position-

ing methods.

• Mobility management entity: This entity is responsible for UE subscription

authorization. It coordinates location services and positioning requests. It han-

dles charging and billing, and performs E-SMLC selection (e.g., based on net-

work topology to balance the load on E-SMLC, location service client type,

and requested QoS). It is further responsible for authorization and operation of

the location service.

• Home subscriber server: This entity is used for storage of location services

subscription data and routing information.

• Location measurement unit: The location measurement unit (LMU) conducts

measurements and communicates the measurements to an E-SMLC. All posi-

tioning measurements obtained by an LMU are supplied to the E-SMLC that

made the request. A UE positioning request may involve measurements by

multiple LMUs. The SLm interface between the E-SMLC and the LMU is

used for uplink positioning. It is used to transport SLm-application protocol

(AP) messages over the E-SMLC-LMU interface. Both stand-alone LMU and

LMU integrated into an eNB are supported in LTE Rel-11.

Two protocols are used for the overall information exchange concerning loca-

tion services: (i) LTE positioning protocol (LPP); and (ii) LTE positioning protocol

annex (LPPa). The latter protocol is used for communication between the location

server and the eNB. The base station (when using the observed time difference of

arrival (OTDOA) method) is in charge of properly configuring the radio signals

that are used by the terminal for positioning measurements, i.e., positioning refer-

ence signals (PRSs). It further provides information to the E-SMLC; it enables the

device to conduct inter-frequency measurements, if required; and based on the

E-SMLC request, it conducts measurements and sends the results to the server.

The LPP can be used in the user-plane and control-plane methods. The LPP is a
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point-to-point protocol that allows multiple connections to different devices. The

exchanged LPP messages and information can be divided into four categories:

1. UE positioning capability information transfer to the E-SMLC.

2. Positioning assistance data delivery from the E-SMLC to the device.

3. Location information transfer.

4. Session management.

The SLm-AP (application protocol), terminated between the E-SMLC and the

LMU, is used to support the following functions: (i) delivery of target UE config-

uration data from the E-SMLC to the LMU; and (ii) request of positioning mea-

surements from the LMU and delivery of positioning measurements to the

E-SMLC. The SLm-AP is directly used between the E-SMLC and the LMU.

The MME receives a request for location service associated with a particular

target UE from another entity (e.g., GMLC, eNB, or UE), or the MME by itself

decides to initiate some location service on behalf of a particular target UE (e.g.,

for an IP multimedia subsystem (IMS) emergency call from the UE). The MME

then sends a location service request to the E-SMLC. The E-SMLC processes the

location service request, which may include transferring assistance data to the tar-

get UE to help UE-based and/or UE-assisted positioning. The E-SMLC then returns

the result of the location service to the MME, e.g., a position estimate for the UE

and/or an indication of any assistance data transferred to the UE. In the case of

a location service requested by an entity other than the MME (e.g., UE, eNB, or

E-SMLC), the MME returns the location service result to this entity.

The UE positioning is an access network function (e.g., GERAN, UTRAN,

and E-UTRAN). An access network may support one or more UE positioning

method, which may be the same or different from another access network.

In E-UTRAN, the following UE positioning methods are supported: Cell ID

(CID)-based; enhanced Cell ID (E-CID)-based; downlink OTDOA; and

network-assisted GNSS positioning methods. Determining the position of a UE

involves two main steps: (i) radio signal measurements; and (ii) position and

optionally velocity estimation based on the measurements. The signal measure-

ments may be conducted by the UE or the E-UTRAN. Both TDD and FDD

radio interfaces will be supported in E-UTRAN positioning methods. The basic

signals measured for terrestrial position methods are typically the E-UTRA

radio transmissions. Other transmissions such as general radio navigation sig-

nals, including those from global navigation satellites systems, can also be mea-

sured. The position estimation may be performed in the UE or in the E-SMLC.

In UE-assisted positioning, the UE performs the downlink radio measurements

and the E-SMLC estimates the UE position, while in UE-based positioning, the

UE performs both downlink radio signal measurements and position estimation.

The UE may require some assistance from the network in the form of assistance

data in order to perform the downlink measurements, and these are provided by

the network either autonomously or upon UE request. The E-UTRAN position-

ing capabilities are intended to be forward compatible to other access types and
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other positioning methods, in an effort to reduce the amount of additional posi-

tioning support needed in the future [7].

15.1.2 Network-based and UE-based positioning methods
A network service provider needs to select an appropriate method for determining

the location of a user device, based on the service requirements that have been

identified. There are three primary network-enabled modes of operation for deter-

mining a user’s location. In the UE-based mode, the user device obtains location

measurements with assistance from the network and calculates the user’s position.

In the device-assisted mode, the user device provides positioning measurements,

which the network uses to calculate the user’s location. In the network-based

mode, the network calculates the user’s position without involving the device.

The following location technologies support one or more of the above modes.

The differentiation between supported positioning methods is based on two

facts. First, what the “measurement entity” is, which could only be the device or

the base station. Second, what the “position estimation entity” is. The terms

“-based” and “-assisted” refer to the node that is responsible for performing the

positioning calculation (which may also provide measurements), and a node that

provides measurements (but does not perform the positioning calculation), respec-

tively. Thus, an operation in which measurements are provided by the UE to the

E-SMLC to be used in the calculation of a position estimation is described as

“UE-assisted” (and alternatively “E-SMLC-based”), whereas one in which the UE

calculates its own position is described as “UE-based.” With that knowledge, the

positioning methods supported in LTE can be further categorized. Table 15.1 pro-

vides an overview of supported positioning methods in LTE.

In Table 15.1, A-GPS refers to the case where the network assists GPS-

enabled mobile devices to improve the performance of their GPS receivers by

providing assistance information such as reference time, visible satellite list, refer-

ence position, and satellite ephemeris. In general, A-GPS provides the highest

accuracy of any network-enabled technique. However, it is not reliable in indoor

or in dense urban or high-rise building environments, in which case A-GPS can

be supplemented with other techniques such as downlink OTDOA or E-CID. In

CID-based methods, a user device is located within the coverage area of its serv-

ing eNB, typically to the specific cell/sector within the eNB. Although this

method is the least accurate one, it is the easiest to implement, and highly scal-

able. In E-CID-based methods, the position of the UE is determined to a finer

level compared to the CID-based method, using additional radio signal measure-

ments. This method has low accuracy (50�1000 m) depending on the size of the

cell, but it is easier to implement than other methods, and is generally available

across diverse vendor products and networks. Downlink OTDOA uses the mea-

sured timing of downlink signals received from multiple eNBs to locate the user

device in relation to neighboring eNBs. In dense urban and indoor environments,

OTDOA can be used to supplement A-GPS, provided that the user device can
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Table 15.1 E-UTRA UE Positioning Methods [7]

3GPP
Release Method UE-based

UE-Assisted (E-SMLC-
Based)

LMU-
Assisted/
E-SMLC-
Based eNB-Assisted

Secure User-
Plane Location

9 A-GNSS Yes
Measurement: UE
Estimation: UE

Yes
Measurement: UE
Estimation: LCS
server

No No Yes
(UE-based and
UE-assisted)

9 Downlink
OTDOA

No Yes
Measurement: UE
Estimation: LCS
server

No No Yes
(UE-assisted)

9 Enhanced
Cell-ID

No Yes
Measurement: UE
Estimation: LCS
server

No Yes
Measurement: eNB
Estimation: LCS server

Yes
(UE-assisted)

11 Uplink
TDOA

No No Yes No No

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1086 of 1122



detect PRSs transmitted from three or more eNBs. The uplink time difference of

arrival (UTDOA) has been specified as part of LTE Rel-11, and has minimal

impact on air-interface resources. This uplink positioning method makes use of

the measured timing at multiple LMUs of uplink signals transmitted from the UE.

The LMU measures the timing of the received signals using assistance data

received from the positioning server, and the resulting measurements are used to

estimate the location of the UE.

15.1.3 Positioning methods in LTE/LTE-Advanced
The positioning feature provides a means to determine the geographic location

and/or velocity of the UE based on measuring radio signals. The position informa-

tion may be requested by and reported to a client (e.g., an application) associated

with the UE, or by a client within or attached to the core network. The position

information is reported in standard formats such as those for cell-based or geo-

graphical coordinates, together with the estimated errors (uncertainty) in the posi-

tion and velocity estimation as well as the positioning scheme(s) used to obtain

the position estimate.

The uncertainty of the position measurement is dependent on network imple-

mentation and is controlled by the network operator. The uncertainty may vary

between networks, as well as from one area within a network to another. The

uncertainty may be hundreds of meters in some areas and only a few meters in

others. In the event that a particular position measurement is provided through a

UE-assisted process, the uncertainty may also depend on the capabilities of the

UE. The uncertainty of the position information is dependent on the method used,

the position of the UE within the coverage area, and the activity of the UE.

Several design options of the E-UTRAN system (e.g., size of cell, adaptive

antenna technique, path loss estimation, timing accuracy, and eNB surveys) allow

the network operator to choose a suitable and cost-effective UE positioning

method. The following assumptions are made for the operation of UE positioning

in E-UTRAN [7]:

• The positioning method is equally applicable to TDD and FDD systems.

• The provision of the UE positioning function in EPS is optional through sup-

port of the specified methods in the eNB and the E-SMLC.

• UE positioning is applicable to any target UE, no matter if the UE supports

location service, but with restrictions on the use of certain positioning methods

depending on UE capability [6].

• The positioning information may be used for internal system operations to

improve system performance.

• The location service architecture and functions include the option to accom-

modate several techniques of measurement and processing to ensure adaptabil-

ity to the future technologies and service requirements.

• The LMU aspects are implementation-specific.
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The following sections describe the specific positioning methods that are spec-

ified in E-UTRAN specifications as of LTE Rel-11.

15.1.3.1 Principles of GPS
The GPS is a space-based satellite navigation system that provides location and

time information in all weather conditions, anywhere on or near the earth where

there is an unobstructed line of sight to four or more GPS satellites. The system

provides critical capabilities to military, civil, and commercial users around the

world. It is maintained by the United States government, and is freely accessible

to anyone with a GPS receiver.

A GPS receiver calculates its position by precisely timing the signals sent by

GPS satellites in medium earth orbits. Each satellite continuously transmits mes-

sages that include the time at which the message was transmitted, and the satellite

position at the time of message transmission. The receiver uses the messages it

receives to determine the transit time of each message and computes the distance

to each satellite. Each of these distances and satellites’ locations define a sphere.

The receiver is on the surface of each of these spheres when the distances and the

satellites’ locations are correctly calculated. These distances and satellites’ loca-

tions are used to compute the location of the receiver using the navigation equa-

tions. This location is then displayed, perhaps with a moving map display or

latitude and longitude; elevation information may be included. Many GPS units

show derived information such as direction and speed, calculated from position

changes.

In typical GPS operation, four or more satellites must be visible to obtain an

accurate result. Four sphere surfaces typically do not intersect; thus, we can confi-

dently conclude that when we solve the navigation equations to find an intersec-

tion, this solution gives us the position of the receiver along with accurate time,

thereby eliminating the need for a very large, expensive, and power-consuming

clock. The very accurately computed time is mainly used only for display and is

not utilized in many GPS applications, which use only the location. However, a

number of applications for GPS do use this highly accurate timing.

The receiver uses the messages received from satellites to determine the satel-

lites’ positions and the transmission times. Let ðxi; yi; zi; tiÞ denote the coordinates

of the ith satellite position and the transmission time, where the subscript

i5 1, 2, 3,. . .,N is the satellite number, assuming N$ 4. When the transmission

time of message reception is indicated by the local clock tr, the true reception time

is going to be tr 1 tbias, where tbias denotes the receiver’s clock bias. The message

transit time is tr 1 tbias 2 ti. Assuming the message is traveling at the speed of light,

the distance traveled is calculated as ðtr 1 tbias 2 tiÞc. Having the knowledge of the

distance between the receiver and the satellite, and the satellite’s position, implies

that the receiver is on the surface of a sphere centered at the satellite’s position

with radius equal to this distance. Thus, the receiver is at or near the intersection of

the surfaces of the spheres if it receives signals from more than one satellite. In the
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ideal case with no errors, the receiver is at the intersection of the surfaces of the

spheres [13].

The clock error or bias tbias is the amount that the receiver’s clock is off. The

receiver has four unknowns, the three coordinates of the GPS receiver position,

and the clock bias (x,y,z,tbias). The equations of the sphere surfaces are given by

ðx2xiÞ2 1 ðy2yiÞ2 1 ðz2ziÞ2 5 ðtr1tbias2tiÞ2c2 i5 1; 2; 3; . . .;N. These equations

can be solved by algebraic or numerical methods.

Each GPS satellite continuously broadcasts a navigation message on the L1

C/A and L2 P/Y frequencies (see Figure 15.1) at a rate of 50 bps. Each message

takes 750 s to be completely received. The message structure has a basic format

of a 1500-bit long frame comprising five subframes, each subframe having 300

bits (6 s) long. Subframes 4 and 5 are sub-commutated 25 times each, so that a

complete data message requires the transmission of 25 full frames. Each subframe

consists of 10 words, each 30 bits long. Thus, with 300 bits in a subframe, times

5 subframes in a frame, times 25 frames in a message, each message is 37,500

bits long. At a transmission rate of 50 bps, it would take 750 s to transmit the

entire almanac message. Each 30-s frame begins precisely on the minute or half-

minute as indicated by the atomic clock on each satellite [13].

The first subframe of each frame encodes the week number and the time

within the week, as well as the data about the condition of the satellite. The sec-

ond and the third subframes contain the ephemeris or the precise orbit for the

satellite. The fourth and fifth subframes contain the almanac, which contains

coarse orbit and status information for up to 32 satellites in the constellation, as

well as data related to error correction. Thus, in order to obtain an accurate sat-

ellite location from the transmitted message, the receiver must demodulate the

message from each satellite it includes in its solution for 18�30 s. In order to

collect the transmitted almanacs, the receiver must demodulate the message for

732�750 s [13].

All satellites broadcast at the same frequencies. Signals are encoded using

code division multiple access (CDMA) codes, allowing messages from individual

satellites to be distinguished from each other based on unique encodings for each

satellite that the receiver must be aware of. Two distinct types of CDMA encod-

ings are used: the coarse/acquisition code, which is accessible by the general pub-

lic; and the precise code, which is encrypted so that only the US military can

access it. The ephemeris is updated every 2 hours and is generally valid for

4 hours, with provisions for updates every 6 hours or longer in non-nominal con-

ditions. The almanac is updated typically every 24 hours. Figure 15.3 illustrates

the overall structure of the GPS frame.

It would take 12.5 min to download the entire almanac, and it would take

even longer if the signal quality becomes poor and the receiver fails to correctly

decode any portions of this data. To determine the location of the GPS satellites,

two types of data are required by the GPS receiver: the almanac and the ephem-

eris. This data is continuously transmitted by the GPS satellites, and the GPS

receiver collects and stores this data. The almanac data is data that describes the
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Overall structure of the GPS frame [16].
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orbital information of the satellites. Each satellite will broadcast almanac data for

all satellites. The GPS receiver uses this data to determine which satellites are

going to be visible in the sky. It can then determine which satellites should be

tracked. With the almanac data, the receiver can focus on those satellites it can

see, and exclude those that are over the horizon or out of view. Figure 15.4 illus-

trates the GPS almanac parameters.

The almanac parameters consist of size and shape of orbit (represented by

semi-major axis a and eccentricity e), orientation of the orbital plane in the iner-

tial system (represented by right ascension of ascending node Ω, argument of

perigee ω, and inclination i), and position of the satellite in the orbital plane

(represented by epoch of perigee T0).

Ephemeris data provides the GPS receiver with the position of each GPS satel-

lite at any time throughout the day (Figure 15.5). Each satellite will broadcast its

own ephemeris data showing the orbital information for that satellite only. Given

that the ephemeris data provides very precise orbital and clock correction data

necessary for accurate positioning, its validity is much shorter. It is broadcast in

three 6-s blocks and repeated every 30 s. The validity of data is implementation-

specific and is usually up to 4 hours. The ephemeris data includes the following

list [13,16]:

•
ffiffiffi
a

p
square root of the semi-major axis.

• e eccentricity.

• i0 inclination angle at the reference time.
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Illustration of almanac parameters [16].
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• Ω0 longitude of the ascending node at the beginning of the GPS week.

• ω argument of perigee.

• M0 mean anomaly at the reference time.

• Δn correction to the mean motion computed using
ffiffiffi
a

p
.

• i2dot the rate of change of inclination with time.

• Ω2dot the rate of change of the right ascension of the ascending node with

time.

• Cuc,Cus amplitude of the correction terms for the computed argument of

latitude.

• Crc,Crs amplitude of the correction terms for the computed orbit radius.

• Cic,Cis amplitude of the correction terms for the computed inclination angle.

• toe ephemeris reference time.

15.1.3.2 A-GNSS positioning
GNSS refers to satellite navigation systems that provide autonomous geospatial

positioning with global or regional coverage. Different GNSS methods can be

used separately or in combination to determine the location of a UE. In the

E-UTRAN, the GNSS is designed to work with assistance data provided by the

network. A-GNSS uses signals broadcast by satellites to determine the positions

of UEs equipped with GNSS receivers.

Two types of assistance data are provided to improve the positioning speed

and accuracy which include data assisting the measurements (e.g., reference time,

visible satellite list, satellite signal Doppler, code phase Doppler, and code phase

search windows), and data assisting position calculation (e.g., reference time, ref-

erence position, satellite ephemeris, and clock corrections). A-GNSS provides

improved accuracy relative to the stand-alone GNSS, and it can further reduce the

UE GNSS start-up and acquisition times, it can increase the UE GNSS sensitivity,

and it can allow the UE to consume less power with the GNSS-capable receiver

Equatorial plane

ω

0, dotΩ Ω − ,i i dot−

,ic isC C

,uc usC C

,rc rsC C

Reference at toeΔn

Satellite Perigee

Ascending 
node
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at the start of GPS week
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FIGURE 15.5

Illustration of ephemeris information [16].
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put in idle mode when it is not needed. The A-GNSS methods can be operated in

UE-assisted mode, where the UE performs GNSS measurements and sends them

to the E-SMLC to calculate its position, or the UE-based mode, where the UE

performs GNSS measurements and calculates its own location.

15.1.3.3 Observed time difference of arrival positioning
The OTDOA positioning method is based on measuring the time difference of

arrival (TDOA) on special reference signals, embedded into the overall downlink

signal, received from different eNBs. Each TDOA measurement describes a

hyperbola, where the two focal points (F1,F2) are at the two measured eNBs. The

measurement needs to be conducted at least for three pairs of base stations. The

position of the device is the intersection of the three hyperbolas for the three mea-

sured base stations (A-B, A-C, and B-C), as shown in Figure 15.6.

The measurement conducted between a pair of eNBs is defined as the refer-

ence signal time difference (RSTD). The measurement is defined as the relative

timing difference between a subframe received from the jth (neighboring)

cell and the corresponding subframe from the ith (serving) cell. These measure-

ments are conducted on the PRSs and the results are reported back to the location

server, where the calculation of the position takes place. PRSs were introduced in

UE

eNB C

eNB AeNB B

eNB

B A

C A-C= constant

A-B= constant

B-C= constant
0 x

y

F1

M

F2

FIGURE 15.6

Illustration of downlink OTDOA positioning method [15].
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LTE Rel-9 associated with antenna port 6, since the performance of cell-specific

reference signals was not deemed sufficient for positioning. The reason is that the

required high probability of detection could not be guaranteed. A neighbor cell

with its synchronization signals (primary/secondary synchronization signals) and

reference signals is seen as detectable, when the post-processing SINR is at least

26 dB. The results of the simulations performed during standardization of

LTE Rel-9 suggested that this could be only guaranteed for 70% of all cases for

the third best-detected cell, means second best neighboring cell. This is not

enough, and further it assumed an interference-free environment, which cannot be

ensured in a realistic scenario. However, PRSs still have some similarities with

cell-specific reference signals as defined in LTE Rel-8. It is a pseudo-random

QPSK sequence that is mapped in diagonal patterns with shifts in frequency and

time to avoid collision with cell-specific reference signals and the control chan-

nels. The structure of the PRSs is described in Chapter 9. The PRSs can be muted

on certain occasions to further reduce inter-cell interference. Therefore, PRS con-

figuration and PRS muting is provided via the LPP protocol from the location

server [15].

At least three timing measurements from geographically dispersed base sta-

tions with a good geometry are needed to solve for two coordinates of the UE,

where the good geometry means that no two branches of the distinct hyperbolas

intersect twice so that a unique solution can be found. In practice, a larger number

of measurements, typically at least six to seven, are desirable. The position calcu-

lation is based on the multilateration approach by which an intersection of hyper-

bolas is found, where a hyperbola for a pair of cells corresponds to a set of points

with the same RSTD for the two cells. The OTDOA positioning method is illus-

trated in Figure 15.6, where a UE is receiving downlink signals from the eNBs A,

B, and C, and performing RSTD measurements τAB; τAC; and τBC which form

three intersecting hyperbolic strips, the widths of which correspond to the RSTD

measurement uncertainties. The distance equivalents of the RSTD measurements

are dAB; dAC; and dBC, respectively. Assuming the UE is located at (x,y) in a

Cartesian coordinate system, and eNBs are located at ðxA; yAÞ; ðxB; yBÞ; and ðxc; ycÞ,
respectively, the system of equations to be solved in the least squares sense to find

two-dimensional coordinates (x,y) is as follows:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2xAÞ2 2 ðy2yAÞ2

q
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2xBÞ2 2 ðy2yBÞ2

q
5 dAB 2ΔdABffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx2xAÞ2 2 ðy2yAÞ2
q

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2xCÞ2 2 ðy2yCÞ2

q
5 dAC 2ΔdACffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx2xBÞ2 2 ðy2yBÞ2
q

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2xCÞ2 2 ðy2yCÞ2

q
5 dBC 2ΔdBC

Accurate knowledge of the transmitter locations and timing offsets is needed

to solve the above equations for the UE’s coordinates. Determining transmitter

timing is nontrivial at the required accuracy level. The advantage of OTDOA is

that synchronization between the eNBs and the UE is not required, unlike when

the time of arrival measurement is used. Although RSTD measurements can be
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performed on a number of downlink signals, e.g., cell-specific reference signals

or synchronization signals, it has been recognized that the existing signals suffer

from poor reception, which is critical for OTDOA when multiple remote neighbor

cells have to be detected. Therefore, to ensure the possibility of positioning mea-

surements of a proper quality, and for a sufficient number of distinct locations,

PRS having transmission patterns with an effective reuse of six has been intro-

duced in LTE Rel-9. The interference to PRS can be further minimized, allowing

simultaneous PRS transmissions for groups of cells with either orthogonal PRS

patterns or low inter-cell interference. In OTDOA, the UE receiver has to deal

with PRS from neighbor cells much weaker than those received from the serving

cell. Furthermore, without the approximate knowledge of when the measured sig-

nals are expected to arrive in time and what is the exact PRS pattern, the UE

would need to search the signals blindly, which would impact the time and accu-

racy of the measurements. To facilitate UE measurements, the network transmits

assistance data to the UE, including a neighbor cell list with CIDs, the number of

antenna ports, the number of consecutive downlink subframes per positioning

occasion, PRS transmission bandwidth, expected RSTD, and the estimated uncer-

tainty [11]. It should be noted that the detection of at least three eNBs is an abso-

lute minimum. In practice, additional measurements are often necessary to be

able to suppress outliers in the measurements. Such outliers may arise due to non-

line-of-sight propagation. Thus, the detection capability of a TDOA method can

often be the limiting factor, which makes it important to understand how the

detection performance is computed.

15.1.3.4 E-CID-based positioning
The downlink OTDOA is the method of choice for dense urban and indoor environ-

ments where the A-GNSS method may not be able to provide reliable availability

and satisfactory performance. Another method of positioning in LTE is the E-CID

based on the cell of origin concept. With cell of origin, the position of the device is

estimated using the knowledge of the geographical coordinates of its serving base

station. The knowledge of the serving cell can be obtained after performing a track-

ing area update, or through paging. The position accuracy in this case is linked to

the cell size, as the location server is only aware that the device is served by this

base station. This method would of course not be able to fulfill the accuracy

requirements mandated by the FCC [17]. Therefore, the E-CID method was defined

in LTE, mainly for devices with no integrated GNSS receiver. In addition to the

use of geographical coordinates of the serving base station, the position of the

device is estimated more accurately by performing measurements on radio signals.

The E-CID method can take three approaches, based on different types of

measurements: (i) E-CID with estimation of the distance from one base station;

(ii) E-CID with measurement of the distance from three base stations; and (iii)

E-CID by measuring the angle of arrival (AoA) from at least two base stations. In

the first two cases, the possible measurement can be reference signal received

1088 CHAPTER 15 Positioning and Multimedia Broadcast/Multicast Services

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1095 of 1122



power (RSRP), a standard quality measurement for LTE Rel-8 terminals, TDOA,

and the measurement of the timing advance or round-trip time.

In the first case, the position accuracy would be just a circle. The second and

third methods can provide position accuracy of a point, when measuring more

radio sources. In the first and second cases, the measurements are conducted by

the UE; thus, they are considered UE-assisted. In the third case, the measurements

are performed by the base station; thus, it is eNB-assisted. Ever since LTE Rel-9

was introduced, the timing advance measurement has been enhanced; as a result,

there are now two types of measurements: Type 1 and Type 2. The Type 2 mea-

surement relies on the timing advance estimated from receiving a PRACH pream-

ble during the random access procedure. Type 1 is defined as the sum of the

receive�transmit timing difference at the eNB (positive or negative value), and

the receive�transmit timing difference at the terminal, which is always a positive

value. The base station first measures its own timing difference and instructs the

device to adjust its uplink timing using a timing advance MAC command (see

Chapter 8). The UE measures and reports the receive�transmit timing difference,

as well. Both timing differences allow the calculation of the timing advance Type

1, corresponding to the round-trip time. The round-trip time is reported to the

location server, where the distance to the base station is calculated using

d5 cTRTT=2.
The round-trip time and timing advance can be used for distance estimation;

nevertheless, they do not provide any information on direction. This can only be

obtained through an AoA measurement. The AoA is defined as the estimated angle

of a UE with respect to a reference direction which is geographical north, positive

in a counterclockwise direction, as seen from an eNB. The base station can usually

estimate this angle on any uplink signal; however, typically, sounding reference sig-

nals (SRSs) are used for this purpose. The antenna array configuration has an

impact on AoA measurements, the larger the array size, the higher the accuracy.

With a linear array of equally spaced antenna elements, the received signal at any

adjacent element is phase-rotated by a fixed angle whose value is a function of the

AoA as well as the antenna element spacing and carrier frequency [15].

15.1.3.5 UTDOA positioning
In the uplink positioning methods, the UE’s position is estimated based on timing

measurements of uplink radio signals conducted at different LMUs, along with

the knowledge of the geographical coordinates of the LMUs. The time required

for a signal transmitted by a UE to reach an LMU is proportional to the length of

the transmission path between the UE and the LMU. A set of LMUs are desig-

nated to sample the UE’s signal at the same time [7].

In order to obtain uplink measurements, the LMUs need to know the charac-

teristics of the SRSs transmitted by the UE for the time period required to conduct

the uplink measurement. These characteristics should be static over the periodic

transmission of SRS during the uplink measurements. Therefore, the E-SMLC

will inform the serving eNB to configure the UE to transmit SRSs for the purpose
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of uplink positioning. It is up to the eNB to make the final decision on resources

to be assigned, and to communicate this configuration information back to the

E-SMLC so that E-SMLC can configure the LMUs. The eNB may decide (e.g., in

case no resources are available) to configure no resources for the UE, and to

report the empty resource configuration to the E-SMLC [7].

The conceptual difference between the UTDOA and OTDOA positioning

methods is that the latter requires multiple transmit points, while the former

utilizes multiple receive points at different locations, although the position calcu-

lation principle is the same. In order to perform UTDOA timing measurements on

user data, one reference receiver decodes the UE signals and forwards the

sequence to cooperating receivers. This procedure is relatively complex and

requires a significant amount of signaling. Therefore, SRSs have been selected

for UTDOA measurements. For UTDOA positioning, periodically transmitted

SRSs are scheduled in a non-dynamic manner to allow a sufficiently long time

for the measurements. This reduces the need for signaling of the full scheduling

information to communicate the SRS configuration parameters. The SRS occupies

the last SC-FDMA symbol in an uplink subframe. The bandwidth and the period-

icity of SRS transmission can be configured to meet the positioning requirements.

The SRS-based measurements for positioning may be performed and processed

directly at a base station, or the operation may be performed by specific measure-

ment units that may share the antennas with the base stations. The main disadvan-

tage of the UTDOA method relative to OTDOA is a potential reception problem

due to the power control of the UE transmissions. The UEs close to their serving

base station transmit at a lower power level to avoid unnecessary interference to

other UEs; this is known as the near�far problem. The consequence is that such

signals may not be strong enough to reach the required uplink signal strength for

UTDOA measurements at neighbor cells.

15.2 Evolved multimedia broadcast/multicast service
As we discussed earlier, the E-MBMS bearer service is the service provided by

the packet-switched domain to E-MBMS user services in order to deliver IP mul-

ticast datagrams to multiple receivers by minimal use of network and radio

resources. An E-MBMS user service is a service provided to the end user by

means of the E-MBMS bearer service, and possibly other EPS bearers. The

E-MBMS is a point-to-multipoint service in which data is transmitted from a sin-

gle source entity to multiple recipients over a large geographical area.

Transmitting the same content to multiple recipients allows the sharing of net-

work resources. The E-MBMS for EPS bearer service supports broadcast mode

over E-UTRAN and UTRAN. The E-MBMS is realized by the addition of a num-

ber of new features and functional entities to the LTE network architecture. In the

next sections, we describe the E-MBMS network architecture, user-plane and
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control-plane protocols, and interfaces, as well as E-UTRAN functions and proto-

cols that support MBMS services in LTE/LTE-Advanced systems.

15.2.1 E-MBMS network architecture
MBMS is a bearer service for simultaneous transmission of content over a large

number of synchronized cells to all (or a group of) UEs subscribed to the service

over a common bearer. In that case, the resulting signal will appear to the UE as

one transmission over a time-disperse radio channel. This is concept is known as

multimedia broadcast multicast service single frequency network (MBSFN). A

group of cells that transmit the same content to multiple users forms an MBSFN

area. Multiple cells can belong to a single MBSFN area, and each cell can be part

of up to eight MBSFN areas. There can be up to 256 different MBSFN areas

defined in a network, each one with a unique identity. Once defined, MBSFN areas

will not change dynamically. It is not required that a terminal simultaneously

receive content from multiple MBSFN areas. In other words, an MBSFN area is a

geographical area comprising one or several cells that transmit the same content.

For example, in Figure 15.7, which illustrates a hypothetical MBSFN network, cells

2 and 3 belong to both MBSFN areas 1 and 2. The MBSFN areas are static and do

not vary over time. The usage of MBSFN transmission requires not only time syn-

chronization among the cells participating in an MBSFN area, but also usage of the

same set of radio resources in each of the cells for a particular service. This coordi-

nation is the responsibility of the multi-cell/multicast coordination entity (MCE),

which is a logical node in the radio access network that controls resource allocation

and transmission parameters across the cells in the MBSFN area [10].
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FIGURE 15.7

Illustration of MBSFN areas.

109115.2 Evolved multimedia broadcast/multicast service

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1098 of 1122



Figure 15.8 illustrates the E-MBMS network architecture. As shown in the fig-

ure, the MCE can control multiple eNBs, each controlling one or more cells. The

broadcast multicast service center (BM-SC), located in the core network, is

responsible for authorization and authentication of content providers, charging,

and overall configuration of the data flow through the core network. The MBMS

gateway (MBMS-GW) is a logical node handling multicast of IP packets from the

BM-SC to all eNBs involved in transmission in an MBSFN area. It also manages

session control signaling via the MME. From the BM-SC, the MBMS data is for-

warded using IP-based multicast, a method of sending IP packets to multiple

receiving network nodes in a single transmission, via the MBMS-GW to the cells.

The MBMS is not only efficient from a radio-interface point of view, but it also

saves resources in the transport network by avoiding unicast transmission of the

same packet to multiple nodes unless necessary. This can lead to significant sav-

ings in the transport network.

More specifically, an MBMS-enabled network consists of the following enti-

ties and interfaces [5]:

• Multi-cell/multicast coordination entity: The MCE is a logical entity whose

functions are admission control and allocation of the radio resources used by

all eNBs in the MBSFN area for multi-cell MBMS transmissions. The MCE

decides whether to establish radio bearer(s) for the new MBMS service(s), if

MBMS gateway
(MBMS-GW)

eNB eNB eNB

M
1 M1

M
1

Multi-cell/multicast 
coordination entity (MCE)

M2M2M2

MME
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FIGURE 15.8

E-MBMS network architecture [5].
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the radio resources are not sufficient for the corresponding MBMS service(s),

or may allocate radio resources from other radio bearer(s) of ongoing MBMS

service(s) according to allocation and retention priority (ARP). In addition to

allocation of the time/frequency radio resources, the MCE controls the radio

configuration, e.g., modulation and coding scheme, counting and acquisition

of counting results for MBMS service(s), resumption of MBMS session(s)

within MBSFN area(s) based on the ARP and/or the counting results for the

corresponding MBMS service(s), suspension of MBMS session(s) within

MBSFN area(s) based on the ARP and/or on the counting results for the corre-

sponding MBMS service(s). In the case of distributed MCE architecture, the

MCE manages the above functions for a single eNB of an MBSFN area.

• E-MBMS gateway: The MBMS-GW is a logical entity that is located between

the BM-SC and eNBs whose functions include sending/broadcasting of

MBMS packets to each eNB participating in the service. The MBMS-GW

uses IP multicast as the method of forwarding MBMS user data to the eNBs.

The MBMS-GW performs MBMS session control signaling (i.e., session start/

update/stop) toward the E-UTRAN via MME.

• MCE�MME interface: The application part of the MCE�MME (M3) control-

plane interface allows MBMS session control signaling on E-UTRAN radio

access bearer (E-RAB) level (i.e., does not convey radio configuration data).

The procedures include MBMS session start and stop. The stream control

transmission protocol (SCTP)4 is used as the signaling transport method.

• MCE�eNB interface: The application part of the MCE�eNB (M2) control-

plane interface conveys radio configuration data for the eNBs configured with

multi-cell transmission mode and session control signaling. The SCTP proto-

col is used as signaling transport.

• MBMS�GW�eNB interface: The user-plane interface MBMS-GW-eNB (M1)

carries IP packets between the two network entities and uses IP multicast for

point-to-multipoint delivery of user packets.

There are two MBMS architectures defined in 3GPP. In the “distributed MCE

architecture,” the MCE is part of the eNB and the M2 interface is maintained

between the MCE and the corresponding eNB, whereas in the “centralized MCE

architecture” (shown in Figure 15.8), the MCE is a logical entity and can be

deployed as a stand-alone physical entity or collocated in another physical entity

4SCTP is a transport layer protocol, performing a similar role as the commonly used protocols

transmission control protocol (TCP) and user datagram protocol (UDP). It provides some of the ser-

vice features of both protocols, i.e., it is message-oriented like UDP and ensures reliable and in-

sequence transport of messages with congestion control like TCP. The protocol is defined by IETF

RFC 4960 [19]. The SCTP protocol may be characterized as message-oriented, i.e., it transports a

sequence of messages comprising a group of bytes, rather than transporting an unbroken stream of

bytes as does TCP. As in UDP, a sender sends a message in SCTP in one operation, and that exact

message is passed to the receiving application process in one operation. In contrast, TCP is a

stream-oriented protocol, transporting streams of bytes reliably and in order.
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such as eNB. In both cases, the M2 interface is maintained between the MCE and

all eNB(s) belonging to the corresponding MBSFN area [5].

15.2.2 Basic definitions
In the context of MBMS, the following definitions are used [5]:

• MBSFN synchronization area is defined as an area of the network where all

eNBs can be synchronized and perform MBSFN transmissions. MBSFN syn-

chronization areas are capable of supporting one or more MBSFN areas. On a

given frequency layer, an eNB can only belong to one MBSFN synchroniza-

tion area. MBSFN synchronization areas are independent from the definition

of MBMS service areas.

• MBSFN transmission or a transmission in MBSFN mode is a simulcast trans-

mission technique realized by transmission of identical waveforms at the same

time from multiple cells (macro diversity). An MBSFN transmission from

multiple cells within the MBSFN area is considered like a single transmission

from a UE point of view.

• MBSFN area is defined as a geographical area consisting of a group of

cells within an MBSFN synchronization area of a network, which are coor-

dinated to perform an MBSFN transmission. Except for the reserved cells,

all cells within an MBSFN area contribute to the MBSFN transmission and

advertise its availability. The UE may only need to consider a subset of

nodes in the MBSFN areas that are configured to broadcast the desired

service.

• MBSFN area reserved cell is a cell within an MBSFN area which does not

contribute to the MBSFN transmission. The cell may be allowed to transmit

for other services, but at restricted power on the resources allocated for the

MBSFN transmission.

• Each Synchronization sequence (SYNC) protocol data unit contains a time

stamp which indicates the start time of the synchronization sequence. For an

MBMS service, each synchronization sequence has the same duration which is

configured in the BM-SC and the MCE.

• The synchronization period provides the time reference for the indication of

the start time of each synchronization sequence. The time stamp which is pro-

vided in each SYNC PDU is a relative value which refers to the start time of

the synchronization period. The duration of the synchronization period is

configurable.

15.2.3 E-MBMS user-plane and control-plane protocols
The overall user-plane protocol termination of content synchronization is shown

in Figure 15.9. This structure is based on the functional allocation for unicast, and

the SYNC protocol is defined additionally on the transport network layer to
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support the content synchronization mechanism. The SYNC is a protocol for

transporting additional information that enables eNBs to identify the timing for

radio frame transmission and detect packet loss. Each MBMS service uses its

own SYNC entity. The SYNC protocol is applicable to downlink and is termi-

nated in the BM-SC. The multicast control logical channel is terminated in the

eNB on the network side. The control-plane protocol structure and termination is

further shown in Figure 15.9.

15.2.4 Physical and MAC layer aspects of E-MBMS
The MBSFN transmission is made possible through use of a new transport chan-

nel known as a multicast channel (MCH). As shown in Figure 15.10, two types of

MBMS-related logical channels are multiplexed to MCH, i.e., the multicast traffic

channel (MTCH) and multicast control channel (MCCH). The MTCH is a logical

channel that is used to carry MBMS data corresponding to a certain MBMS ser-

vice. If the number of services provided in an MBSFN area is large, multiple

MTCHs can be configured. For MBSFN transmission, no acknowledgments are

transmitted by the terminals, no RLC retransmissions can be used, and conse-

quently, the RLC unacknowledged mode is utilized. The MCCH is a logical chan-

nel that is used to transport control information necessary for reception of a

certain MBMS service, including the subframe allocation and MCS for each

MCH. There is one MCCH per MBSFN area. Similar to MTCH, the RLC sub-

layer uses unacknowledged mode [2].
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FIGURE 15.9

E-MBMS user-plane and control-plane protocol structure [5].
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Multiple MTCHs and one MCCH can be multiplexed in the MAC sublayer to

form an MCH transport channel. The MAC header contains information about

MTCH/MCCH multiplexing, such that the terminal can demultiplex the informa-

tion upon reception. The MCH is transmitted using MBSFN in one MBSFN area.

The transport channel processing for MCH is similar to the downlink shared

channel with some exceptions. In the case of MBSFN transmission, the same data

is transmitted with the same transport format using the same physical resource

from multiple cells typically belonging to different eNBs. Thus, the MCH trans-

port format and resource allocation cannot be dynamically adjusted by the eNB.

As described above, the transport format is instead determined by the MCE and

signaled to the terminals as part of the information sent on MCCH. As the MCH

transmission is simultaneously targeting multiple terminals, and therefore no

feedback is used, HARQ is not used for MCH transmission. As already men-

tioned, multi-antenna transmission (transmit diversity and spatial multiplexing)

does not apply to MCH transmission. The physical multicast channel (PMCH)

scrambling is unique in each MBSFN area, i.e., identical for all cells participat-

ing in MBSFN transmission. The MCH is mapped to PMCH and transmitted in

MBSFN subframes (see Chapter 9 for a description of MBSFN subframes). An

MBSFN subframe consists of two parts: a control region, used for transmission

of non-MBSFN unicast control signaling; and an MBSFN region, used for trans-

mission of MCH. Unicast control signaling may be needed in an MBSFN

BCCHPCCH CCCH DCCH DTCH MCCH MTCH

BCHPCH

Downlink logical channels

Downlink transport channels

PBCHPDCCH PDSCH PMCHPCFICHPHICH

DL-SCH MCH

Downlink physical channels
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MAC layer

Feedback for 
uplink HARQ (ACK/

NACK)
Resources for 

PDCCH Scheduling 
information/

control 
signaling

MIB (system bandwidth, 
SFN, PHICH 

configuration, number 
transmit antennas

Master 
information 
block (MIB)

Other System 
information 

such as SIB2 
and SIB13

E-MBMS data 
and control

FIGURE 15.10

Logical, transport, and physical channel mapping to support E-MBMS [3,5].
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subframe, e.g., to schedule uplink transmissions in the next subframe or for

MBMS-related signaling [10].

In the case of MBSFN transmission, the cyclic prefix should not only cover

the main part of the actual channel time dispersion, but also the timing difference

between the transmissions received from the cells involved in the MBSFN trans-

mission. Therefore, MBSFN transmissions, which can take place in the MBSFN

regions only, use an extended cyclic prefix. As there are different cyclic prefix

lengths and subcarrier spacing defined for LTE, there are different modes for

MBMS that take advantage of these configurations. In a mixed mode of MBMS

and unicast transmission, the subcarrier spacing is 15 kHz, and resources (sub-

frames) are shared between MBMS data and unicast traffic/control signaling. In a

dedicated MBMS mode or single-cell scenario, the RF carrier is only used for

MBMS transmission. In this case, a different subcarrier spacing of 7.5 kHz can be

used, offering a larger cyclic prefix of 33.3 μs which leads to a further improved

broadcast over large cells (that exhibit larger delay spreads).

If a normal cyclic prefix is used for normal subframes, and also in the con-

trol region of MBSFN subframes, there will be a small gap between the two

parts of an MBSFN subframe. The reason is to keep the start time of the

MBSFN region fixed, irrespective of the cyclic prefix length used for the con-

trol region. The MCH is transmitted by means of MBSFN from a group of cells

that are part of the corresponding MBSFN area. Thus, from the UE’s perspec-

tive, the radio channel through which the MBMS content has been propagated

is the aggregation of the channels of each cell within the MBSFN area. In order

to estimate the channel for coherent demodulation of MCH, the UE cannot rely

on the cell-specific reference signals transmitted from each cell; rather, in order

to coherently demodulate MCH, dedicated MBSFN reference signals are

inserted within the MBSFN part of the MBSFN subframe (see Chapter 9 for a

description of MBSFN reference signals). These reference signals are transmit-

ted by means of MBSFN over a set of cells that form the MBSFN area, i.e.,

they are transmitted in the same time�frequency resources and with the same

reference signal values from each cell. As a result, the channel estimation

based on these reference symbols correctly reflects the overall aggregated chan-

nel corresponding to MCH transmission of all cells that are part of the MBSFN

area. The MBSFN transmission in conjunction with specific MBSFN reference

signals can be seen as transmission using antenna port 4.

The MBSFN-enabled UE can assume that all MBSFN transmissions within

a given subframe correspond to the same MBSFN area. Therefore, the UE

may choose to interpolate over all MBSFN reference signals within a given

MBSFN subframe when estimating the aggregated MBSFN channel. In con-

trast, MCH transmissions in different subframes may correspond to different

MBSFN areas. The frequency-domain density of MBSFN reference signals is

much higher than the corresponding density of cell-specific reference signals,

given that the aggregated channel of all cells involved in the MBSFN trans-

mission (due to large coverage area) is equivalent to a highly time-dispersive
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or highly frequency-selective channel. There is only a single MBSFN refer-

ence signal in MBSFN subframes. Thus, multi-antenna transmission such as

transmit diversity and spatial multiplexing is not supported for MCH transmis-

sion. The main argument for not supporting any standardized transmit diver-

sity scheme for MCH transmission is that the high frequency selectivity of

the aggregated MBSFN channel in itself provides substantial frequency diver-

sity [10].

15.2.5 E-MBMS single frequency network transmission
Multiple MBMS services can be mapped to the same MCH transport channel.

One MCH contains data belonging to only one MBSFN area. An MBSFN area

contains one or more MCHs. All MCHs have the same coverage area. For MCCH

and MTCH, the UE does not perform RLC reestablishment upon cell change

between the cells belonging to the same MBSFN area. Within the MBSFN sub-

frames, all MCHs within the same MBSFN area occupy a pattern of subframes,

not necessarily adjacent in time, which is common for all of these MCHs and

which is referred to as a common subframe allocation (CSA) pattern. As shown

in Figure 15.11, the CSA pattern is periodically repeated with the CSA period.

The MCH subframe allocation (MSA) for every MCH carrying MTCH is defined

by the CSA pattern, the CSA period, and the MSA-end, which are all signaled on

MCCH. The MSA-end indicates the last subframe of the MCH within the CSA

period. Subsequently, the MCHs are time multiplexed within the CSA period,

which ultimately defines the interleaving between the MCHs. It is further possible

for MCHs not to use all MBSFN resources signaled as part of the Rel-8 MBSFN

signaling. Furthermore, such MBSFN resources can be shared for more than one

purpose (e.g., MBMS, positioning). During one MCH scheduling period (MSP),

which is configurable per MCH, the eNB multiplexes different MTCHs and

(optionally) MCCH for transmission on MCH. The MCH scheduling information

(MSI) is provided per MCH to indicate which subframes are used by each MTCH

during the MSP [5].

In the example provided in Figure 15.11, the scheduling period for the first

MCH is 16 frames, corresponding to one CSA period, and the scheduling infor-

mation for this MCH is therefore transmitted once every16 frames. The schedul-

ing period for the second MCH is 32 frames, corresponding to two CSA periods,

and the scheduling information is transmitted once every 32 frames. The MSPs

can range from 80 ms to 10.24 s.

The MCCH information is transmitted periodically with a fixed repetition

period, and changes to the MCCH information can only occur at specific times.

Whenever MCCH information is changed, which can only be done at the begin-

ning of a new modification period, as shown in Figure 15.12, the network notifies

the UEs about the upcoming MCCH information change in the preceding MCCH

modification period. The notification mechanism uses the PDCCH for this pur-

pose. An 8-bit bitmap, where each bit represents a certain MBSFN area, is
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Frames 0–15 Frames 16–31 Frames 32–47 Frames 16–31 Frames 48–63 Frames 64–79

Common subframe allocation (CSA) period

Multicast channel 1 Multicast channel 2 Multicast channel 3

Frame
MSA-end 1

MSI 1 MSI 1 MSI 1MSI 2 MSI 2 MSI 1 MSI 1 MSI 1MSI 2MSI 3 MSI 3
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FIGURE 15.11

Example scheduling of MBMS content [10].
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transmitted in the PDCCH in an MBSFN subframe using DCI format 1C and the

M-RNTI (see Chapter 8 for a description of multicast RNTI). The notification bit-

map is only transmitted when there are changes in the services, as well as to indi-

cate a counting request in an MBSFN area. The purpose of notification indicators

and modification periods is to maximize the amount of time the UE may sleep to

reduce power consumption. In the absence of any changes to MCCH information,

a terminal not subscribed to E-MBMS may enter the DRX mode, and only wake

up when the notification indicator is transmitted. The periodic transmission of

MCCH is useful in order to support mobility, because a terminal entering a new

MBSFN area or a terminal that has missed the first MCCH transmission does not

have to wait until the start of a new modification period to receive MCCH infor-

mation [10].

System information block type 2 (SIB2) carries all relevant information about

common and shared channels in LTE. LTE Rel-9 has extended the scope of this

information to include MBMS-specific information. The new information element

MBSFN-SubframeConfig defines which radio frames contain subframes that can be

used for MBMS (see the example in Figure 15.13). The MBSFN subframes can be

used by all MBSFN areas. The E-MBMS information in SIB2 includes the radio

frame allocation period and a radio frame allocation offset, as well as the subframe

allocation mode, which can be one or four consecutive radio frames containing

MBSFN subframes. A maximum of six subframes in each radio frame can be used

for MBMS transmission. This is due to the fact that zero and fifth subframes carry

synchronization signals and broadcast channel, and subframes 0, 4, 5, and 9 can be

used for paging depending on the paging cycle. A bitmap is used to indicate which

of the six possible subframes are used for MBMS transmission.

System information block type 13 (SIB13) provides MBSFN identity (MBSFN

ID), non-MBSFN region length (one or two OFDM symbols), and MCCH configu-

ration. The MCCH configuration provides information on the repetition period for

MCCH, the MCCH offset as well as the actual subframe where MCCH is transmit-

ted, and the MCS used for MCCH. It is important to note that for MCCH, only

four MCSs are allowed: MCS indices 2, 7 (both QPSK); 13 (16QAM); and 19

(64QAM). The MCCH always defines one MBSFN area and carries a single

MCCH modification period

MCCH repetition period

Notification is sent during this time interval Updated MCCH is sent during this time interval

FIGURE 15.12

Example MCCH transmission schedule [1].
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FIGURE 15.13

Example interpretation of E-MBMS information in SIB2 [15].
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message, i.e., MBSFNAreaConfiguration. This information element provides all

required information for scheduling MBMS services, including all PMCH belong-

ing to that particular MBSFN area and the configuration parameters for the sessions

that are carried by the corresponding PMCH. There are up to 15 PMCH, where

each one has up to 29 MTCHs. For each PMCH, there is information about which

MBSFN subframe carries that PMCH (start, end), as well as the MCS that has been

utilized.

In general, the control information for the UEs supporting E-MBMS is sepa-

rated as much as possible from unicast control information. Most of the E-MBMS

control information is provided on MCCH. The E-UTRA employs one MCCH

logical channel per MBSFN area. In the case where the network

configures multiple MBSFN areas, the UE acquires the MBMS control informa-

tion from the MCCHs that are configured to identify whether the services which

the UE is interested to receive are ongoing. The behavior of the UE when it is

unable to simultaneously receive MBMS and unicast services depends on the UE

implementation. As of LTE Rel-11, an E-MBMS-capable UE is only required to

support reception of a single MBMS service at a time, and reception of more than

one MBMS service is implementation specific. The MCCH carries the MBSFN

Area Configuration message, which indicates the ongoing E-MBMS sessions as

well as the corresponding radio resource configuration. The MCCH may also

carry the MBMS Counting Request message, when E-UTRAN needs to count the

number of UEs in the RRC_CONNECTED state that are receiving or are inter-

ested in receiving specific MBMS services. A limited amount of E-MBMS con-

trol information is provided on the broadcast control channel. This is primarily

the information needed to acquire the MCCH(s), and is carried via SIB13. An

MBSFN area is identified by the mbsfn-AreaId in SIB13. During mobility, the UE

assumes that the MBSFN area is continuous when the source cell and the target

cell broadcast the same value in the mbsfn-AreaId [1].

15.2.6 Mobility support in E-MBMS
The E-MBMS mobility is based on the same procedures that are specified for uni-

cast services. There are no additional mechanisms to instruct the E-MBMS-

capable UEs to select a carrier frequency providing E-MBMS. Furthermore, there

are no provisions to reduce the service interruption time when moving from one

MBSFN area to another. Nevertheless, the E-UTRAN can assign the highest cell

reselection priority to the carrier frequency that provides E-MBMS to facilitate

the transfer of ongoing MBMS service during E-MBMS-subscribed UE mobility.

The E-MBMS mobility procedures would allow the UE to start or continue

receiving MBMS service(s) via MBSFN when moving across cell(s). The

E-UTRAN procedures provide support for service continuity with respect to

mobility within the same MBSFN area. Within the same geographic area, MBMS

services can be provided on more than one frequency, and the frequencies used to

provide MBMS services may change from one geographic area to another within
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a PLMN. The E-MBMS-subscribed UEs can be either in the RRC_IDLE state

performing cell reselection, or in the RRC_CONNECTED state obtaining target

cell MTCH information from the target cell MCCH. To avoid the need for acquir-

ing the E-MBMS related system information and MCCH of neighbor frequencies,

the UE is provided with assistance information on the frequency of MBMS ser-

vices via MBSFN as follows [1,5]:

• User service description: The application layer provides temporary mobile

group identities (TMGIs) for each service, the session start and end time, the

frequencies, and the MBMS SAIs belonging to the MBMS service area.

• System information: MBMS and non-MBMS cells use System Information

Block Type 15 to provide the MBMS SAIs of the current frequency, and of

each neighbor frequency. The E-MBMS SAIs of the neighboring cells may be

provided via X2 signaling.

15.2.7 E-MBMS counting
The MBMS counting in LTE is used to determine if there is a sufficient number

of UEs interested in receiving a service to enable the operator to decide whether

it would be efficient to deliver the service via MBSFN. It allows the operator to

choose between enabling or disabling MBSFN transmission for the service. The

MBMS counting applies only to the UEs in the connected mode. Enabling and

disabling MBSFN transmission is realized by the MBMS service suspension and

resumption function. The counting scheme can be applied to a service already

provided by MBSFN in an MBSFN area (an ongoing service), or a service that

has not been provided via MBSFN in an MBSFN area (service not started yet),

which may be a service provided via unicast bearers [5].

The counting procedure is initiated by the network. Initiation of the count-

ing procedure results in a request to each eNB within the MBSFN area to

send a counting request (extended MCCH message), which contains a list of

TMGIs, which uniquely identifies an MBMS bearer service. A single globally

unique TMGI is allocated by the BM-SC per MBMS bearer service requiring

UE feedback. The connected mode UEs which are receiving or are interested

in the services will respond with a Counting Response message, which

includes short MBMS service identities (unique within the MBSFN service

area), and may optionally include the information to identify the MBSFN

area. The network has the means to disable UE counting per service, and the

UE is able to report on multiple MBMS services via a single Counting

Response message. It is not necessary to retransmit the Counting Response

message when the UE moves within the same MBSFN area. The network

obtains one response from the UE related to one Counting Request message,

which is broadcast for one modification period. The UE cannot automatically

indicate to a network a change of interest in MBMS service(s). The network

counts the UE’s interest per service [5].
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Convolutional turbo code (CTC), 519�521
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Coordinated multipoint (CoMP)

architectures, 960, 964�977
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network, 961�962

operation theory, 959�964, 976�977

reception, 951�952

scenarios, 966�967

techniques, 964�965

downlink, 969�971

inter-eNB, 965

intra-eNB, 965

uplink, 971�973

transmission points (TPs), 969�970, 1034

C-RNTI (Cell-radio network temporary identifier),

52t, 60�61

Cross-carrier scheduling, 993�995

CSG ID (Closed subscriber group ID), 52t

CSG identity (CSG ID), 61

CSIT feedback, 655�656

Cubic metric (CM), 734t

Cyclic delay diversity (CDD), 551

Cyclic prefix (CP), 419�420

detection algorithm, 477f

sizes, 446f

D
Data call establishment procedures, 194�198

mobile-originated data call, call flow, 195f

mobile-terminated data call, call flow, 197f

UE-originated data call procedure, 194�196

UE-terminated data call procedure, 196�198

Data radio bearer (DRB), 92�93

Dedicated control channel (DCCH), 143, 293

Dedicated EPS bearer, 35�36

Dedicated traffic channel (DTCH), 143

Default EPS bearer, 35�36

Delay diversity, 621�622

Demodulation reference signal (DM-RS),

478�479, 739�741, 1044

group hopping pattern, 759

relative position, 782f

structure

Device-to-device (D2D) communication, 22�23

Dirty paper coding (DPC), 639

Discontinuous reception (DRX), 168, 1003

cycle, 277

mode, 1098�1100

retransmission timer, 368

Discontinuous transmission (DTX)

capability, 922�923

measurement gap, 1008

pattern, 232

Discrete Fourier transform (DFT)

spread OFDM (DFT-S OFDM), 724�726

Distributed antenna system (DAS), 955�959

Donor cell’s eNB (DeNB), 61, 64�66, 144�145,

147�148

Doppler effects, 401

Doppler power spectrum, 408�409, 431�433

Doppler spread, 408�409

Downlink assignment index (DAI), 750�751

Downlink carrier aggregation, 784�785

Downlink CB/CS, 971f

Downlink CoMP schemes

categories, 969�970

coordinated scheduling/beamforming (CS/CB),

970

joint processing (JP), 970

Downlink control information (DCI), 457,

1098�1100

Downlink MIMO, 842
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Downlink MU-MIMO, 980f

CS/CB SU-MIMO, 980f

JR MU-MIMO, 980f

Downlink OTDOA, 1088

Downlink physical channel processing, 546�608

physical broadcast channel, 556�560

physical control format indicator channel,

553�556

physical downlink control channel, 568�596

DCI formats, 574�576

enhanced PDCCH, 597�603

PDCCH physical layer processing, 568�574

UE-specific search spaces/blind decoding,

576�596

physical downlink shared channel, 604�608

physical hybrid-ARQ indicator channel,

560�567

Downlink pilot time slot (DwPTS), 447�448

Downlink power control, 698

Downlink shared channel (DL-SCH), 143

Downlink TFT (DL-TFT), 36�38

Downlink transport channels, 143

Dual stack mobile IP (DSMIP), 110�111

Duplex modes, 440�445

Dynamic host configuration protocol

(DHCP), 46

Dynamic overhead, 890f

Dynamic resource allocation, 76

E
ECGI (E-UTRAN cell global identifier), 52t

ECI (E-UTRAN cell identifier), 52t

Effective SINR mapping (EESM), 898

E-MBMS Gateway (MBMS-GW), 70

EMM-DEREGISTERED state, 167�168

EMM-REGISTERED state, 168

Energy efficiency, 989

Energy per resource element (EPRE), 698

Enhanced cell ID (E-CID) method, 1077�1078,

1088

Enhanced control channel elements

(eCCEs), 513

Enhanced ICIC (eICIC) techniques, 689, 980,

1048�1049

Enhanced physical downlink control channel

(ePDCCH), 599, 968�969

DM-RSs, 479

structure, 512f

Enhanced serving mobile location center

(E-SMLC), 71, 73

ePDCCH formats, 600t

EPS. see Evolved packet system (EPS)

EPS connection management (ECM), 48,

166�167, 234�235

EPS mobility management (EMM), 74, 166�168,

234�235

E-RAB ID (E-UTRAN radio access bearer

identifier), 52t

eREG, structure/formation, 601f

Error vector magnitude (EVM), 428�429,

1016�1018

E-UTRA. see Evolved universal terrestrial radio

access (E-UTRA)

E-UTRA absolute radio frequency channel number

(EARFCN), 415, 1014

E-UTRAN cell global identifier (ECGI), 61

E-UTRAN radio access bearer (E-RAB), 136�138

EVA/ETA multipath power delay profiles, 915t

Event-triggered periodic reporting, 260�261

Evolved multimedia broadcast/multicast service

(E-MBMS), 70, 1069, 1090�1103

architecture, 67�71

basic definitions, 1094

counting, 1103

gateway, 1093

logical, transport, and physical channel

mapping, 1096f

MCE-eNB interface, 1093

MCE-MME interface, 1093

mobility support, 1102�1103

multi-cell/multicast coordination entity,

1092�1093

physical and MAC layer aspects, 1095�1098

single frequency network transmission,

1098�1102

Evolved node B (eNB), 38, 137�138, 290�291,

879�880, 986

Evolved packet core (EPC), 30, 42�50

Evolved packet system (EPS), 30, 121, 154, 307,

1070

bearer, 191

bearer ID, 52t

bearer service architecture, 35�36, 241f

reference model, 124�135

Evolved Serving Mobile Location Center

(E-SMLC), 73, 1076

Evolved universal terrestrial radio access

(E-UTRA), 30, 142�143, 914, 1001�1002,

1053�1054, 1072

Evolved universal terrestrial radio access network

(E-UTRAN), 30, 33, 38, 98, 135�138, 149,

290�291, 1070

Extended pedestrian A (EPA) model, 915

Extended typical urban (ETU) model, 915
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Extensible markup language (XML), 82

Extension carrier, 990

F
Fairness measures, 886�887

Femto-cells, 148�149

Film bulk acoustic resonator (FBAR) filtering,

1064�1065

Fractional frequency reuse (FFR), 1030�1032

Frame structure, 445�453

MBSFN, 452�453

type 1, 446�447

type 2, 447�452, 448f

Frequency division duplex (FDD), 357�358,

411�414, 952

Frequency-selective CQI reporting, 855�857

Frequency-switched transmit diversity (FSTD),

666�667

Full-buffer user traffic model, 893

Further enhanced ICIC (FeICIC) scheme,

1048�1049

G
Gateway GPRS support nodes (GGSN), 129

Gateway mobile location center (GMLC), 71�72,

1075�1076

Generic linear combining receiver, 628f

Generic multi-user MIMO transmission model,

647f

Global eNB ID (Global eNB identifier), 52t

Globally unique temporary identifier (GUTI),

266�270

Global navigation satellite system (GNSS), 1030,

1071�1072

measurements, 1085�1086

receivers, commercial applications, 1052

Global positioning system (GPS), 1051

Gold code, 802

Gold pseudo-random sequence, 494�496

GPRS tunneling protocol (GTP), 127�129

GTP-U, 129

tunnel endpoint identifiers (TEIDs), 146

Gram-Schmidt orthogonalization procedure, 661

Grassmannian manifold, 634�635

Gray-coded constellations, 533�534

Guaranteed bit rate (GBR), 36�38, 191�193

Guard period (GP), 442

Guard time (GT), 822�823

GUMMEI (Globally unique MME identity), 52t, 61

GUTI (Globally unique temporary UE identity),

52t

H
Half-duplex FDD (H-FDD), 442

Handover interruption time, 11

Hard/soft decoding, 524f

Heterogeneous networks (HetNet), 689

HetNets, 1029�1030, 1038, 1041�1042

capacity gains, 1042

HetNet scenarios, 1044

HetNet topology, 1036f

Home eNB gateway (HeNB GW), 62, 149

Home eNBs (HeNBs), 61

nodes, support for, 148�151

Home location register (HLR), 35

Home subscriber server (HSS), 35, 126, 183,

271�273

Homogeneous network, 1037

Householder transformation, 636

Hybrid automatic repeat request (HARQ),

140�142, 312, 734�735, 877�879,

1044�1047, 1096�1097

I
IMEI (International mobile equipment identity),

52t

IMS centralized services (ICSs), 85

IMS communication service identifier (ICSI),

91�92

IMSI (International mobile subscriber identity),

52t

IMT-Advanced, 916

IMT-2000 systems, 2

In-device coexistence (IDC), 1030

Industrial, scientific, and medical (ISM) bands,

1051

Integrated services data digital network (ISDN), 43

Integrity protection, 295f

Inter-band noncontiguous, 988

Inter-cell interference cancellation techniques,

1033

Inter-cell interference coordination, 76, 964�965,

1029�1030, 1033�1034, 1039

Interference measurement resource (IMR), 977

Interference rejection combining (IRC) receiver,

628

Inter-frequency neighbor cell measurements,

250�251, 258

Interleaved FDMA (IFDMA), 727�728

Inter-LTE mobility, 259

Internet key exchange (IKE), 78�79

Internet protocol (IP), 154

addresses, 232

connectivity, 180�181
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flow mobility, 107�110

network layer, 401�402

Inter-radio access technology (inter-RAT)

handover procedures, 255�256

measurements, 1002�1003

mobility procedures, 216�221, 216f, 229, 256f,

259

RRM, 77

Interrogating-CSCF (I-CSCF), 81

Inter-symbol interference (ISI), 723�724

Intra-band contiguous carrier aggregation,

987�988

Intra-band non-contiguous carrier aggregation, 988

Intra-cell/inter-cell interference mitigation

methods, 1030�1035

Intra-eNB CoMP techniques, 978

Intra-frequency neighbor cell measurements, 258

Intra-LTE/inter-RAT cell reselection procedure,

280�281

Intra-MME/S-GW handover procedures, 254f

IP connectivity access network (IP-CAN), 192

IP multimedia subsystem (IMS), 36�38

IP security protocol (IPsec), 78�79

J
Joint reception (JR), 971

Joint transmission (JT) CoMP concepts

K
Kronecker product, 913�914

L
Large-delay cyclic delay diversity, 673t

Layer mapping

for 2 and 4 layer transmit diversity, 549f

for spatial multiplexing with 2, 3, and 4 layers,

550f

Linear minimum mean-square error (LMMSE)

receiver, 849

Linear/non-linear precoding concept, 657f

Link adaptation, 537�539, 690�712

Link budget, 882�883

Link-level channel models, 904�915

Link-to-system mapping, 893�901, 899f

Local IP access (LIPA), 30�31, 101�105

Localized/distributed allocation schemes, 462f

Local mobility anchor (LMA), 35

Location-based services, 1071�1090

Location measurement unit (LMU), 73, 1076

Location service (LCS), 71

Logical channel group (LCG), 374

Logical channel ID (LCID), 348

Logical channels, 138, 349�350

Logical to transport channel mapping, 145f

Log-likelihood ratio (LLR), 530�531

Lorentz distribution, 435�436

LTE positioning protocol (LPP), 1076�1077

LTE positioning protocol annex (LPPa),

1076�1077

LTE RRC_CONNECTED state, radio bearers, 236f

M
Machine-to-machine (M2M) applications, 22

Machine type communication (MTC), 22

Macroscopic fading, 404�405

Master information block (MIB), 157�158,

262�263, 445, 557t

Maximal ratio combining (MRC), 627, 729�730

Maximum bit rate (MBR), 192�193

Maximum likelihood detection (MLD) receivers,

846

Maximum-likelihood (ML) detector/decoder, 522,

527�528

Maximum power reduction (MPR), 999

Max-Log-MAP decoding algorithm, 531

MCC (Mobile country code), 52t

MCH subframe allocation (MSA), 1098

Mean mutual information per bit (MMIB), 901

Medium access control (MAC), 344, 722�723

Message authentication code for integrity

(MAC-I), 294

MMEC (MME code), 52t

MMEGI (MME group identifier), 52t

MMEI (MME identifier), 52t

MNC (Mobile network code), 52t

Mobile access gateway (MAG), 47

Mobile IP, 111�114

client-based IP mobility, 113

network-based IP mobility, 113�114

Mobile switching center (MSC), 43, 98

Mobile-terminated data call

call flow, 195f

Mobility classes, 11

Mobility management entity (MME), 32, 74�75,

98, 125, 138, 1076

Mobility procedures, 198�221

Modem, transmitter/receiver chain, 861

Modulation and coding scheme (MCS), 344,

668�669, 722�723, 880, 993

Monte Carlo method, 902�903

Moore-Penrose inverse, 625�626

MSIN (Mobile subscriber identification number),

52t
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M-TMSI (MME mobile subscriber identity), 52t

Multi-antenna techniques, 609�610

Multi-antenna transmission, principles, 608�661

Multi-antenna transmission schemes, 483�485

Multi-antenna transmit-diversity techniques,

844�846

Multicast channel (MCH), 143, 1095

Multicast control channel (MCCH), 143, 1095

Multicast traffic channels (MTCHs), 143,

350�351

Multi-cell/multicast coordination entity (MCE),

68�70, 1091�1093

Multimedia broadcast multicast service (MBMS),

227�229, 350�351

Multimedia broadcast multicast service single

frequency network (MBSFN), 1044, 1091

Multiple access channel (MAC), 641

Multiple access schemes, 439f

Multiple-input and multiple-output (MIMO), 157,

861�864, 1032

advantages, 661�662

channels, 905�906, 952

codebooks, 638

detectors, soft-output, 864�865

general principle of, 610f

receivers, 610�611

Multiple-input single-output (MISO), 611�612

Multiplexing/de-multiplexing entity, 345�347

Multi-radio mobile terminals, 1051

Multiuser detection (MUD), 1033

Multi-user MIMO channel, 650

Multi-user MIMO techniques, 24�25, 502�503,

955

BC model, 646f

Mutual information effective signal to interference

and noise ratio mapping (MIESM), 880

N
Narrowband blocking, 1026�1027

Network architecture, 29

E-MBMS architecture, 67�71

EPC architecture, 42�50

E-UTRAN architecture, 57�67

Network-based IP mobility, 113�114

Network-based positioning methods, 1078�1080

Network-coordinated UE-assisted IDC resolution

signaling procedure, 1061f

Network virtualization. see software-defined

networking (SDN)

New data indicator (NDI), 774

Non-access stratum (NAS), 34�35, 154

Non-CA-based eICIC methods, 1046f

Non-codebook-based transmission, 676�677

Non-contention-based random access procedure,

185�186

O
Observed time difference of arrival (OTDOA)

method, 1086�1087

Open base station architecture initiative (OBSAI),

63�64

Open-loop power control, 697

Open-loop spatial multiplexing, 662�663, 672

Open systems interconnection (OSI), 122

Originating identification presentation (OIP), 82

Orthogonal cover code (OCC), 500, 757�758

Orthogonal frequency division multiple access

(OFDMA), 437

Orthogonal frequency division multiplexing

(OFDM), 2�3, 30

Out-of-band (OOB), 1056�1057

blocking, 1026

emissions, 739�740

Overload indicator, 1041

P
Packet data convergence protocol (PDCP),

127�128, 344, 999�1001

Packet data network gateway, 46

Packet delay budget (PDB), 193�194

Packet delay, DRX effect, 371

Packet loss rate (PLR), 193�194

Packet scheduling (PS), 76

Paging channel (PCH), 143

Paging control channel (PCCH), 142, 607

Paging frame (PF), 266�270

Paging occasion (PO), 266�270

Paging-RNTI (P-RNTI), 591

Parallel concatenated convolutional codes

(PCCCs), 519�521

PDN (Packet data network)

connectivity, 180�181

PDN ID (Packet data network identity), 52t

Peak spectral efficiency, 10, 20

Peak to average power ratio (PAPR), 1018�1019

Per-antenna rate control (PARC), 624�625

Performance metrics

cell-edge user spectral efficiency, 888�889

cell spectral efficiency, 888�889

definition of, 882�889

effective IoT, 887�888

geometry, 887

Jain fairness index, 886�887
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link budget, 882�883

outage throughput, 885

packet delay, 885�886

sector throughput, 883�884

spectral efficiency, 886

user throughput, 883�884

wideband SINR distribution, 887

P-GW ID (PDN GW identity), 35, 52t, 126

Physical broadcast channel (PBCH), 157�158,

453�454

Physical control format indicator channel

(PCFICH), 454

Physical downlink control channel (PDCCH), 454,

1098�1100

Physical downlink shared channel (PDSCH), 353,

454, 993

Physical hybrid-ARQ indicator channel (PHICH),

454

Physical hybrid automatic repeat request (HARQ)

indicator channel (PHICH), 159

Physical multicast channel (PMCH), 454,

1096�1097

Physical random access channel (PRACH), 155,

390, 430, 705, 740�741, 925, 1089

Physical resource blocks (PRBs), 382, 411�414,

743

Physical uplink control channel (PUCCH), 430,

734, 739�740, 992

Physical uplink shared channel (PUSCH), 357,

430, 734, 738�739, 1047

Pico-cells, 148�149, 1039

Pilot-based channel estimation, 480�481

PLMN. see Public land mobile network (PLMN)

PLMN ID (Public land mobile network identifier),

52t

Policy and charging enforcement function (PCEF),

48�49

Policy and charging rules function (PCRF),

32�33, 126

Policy control enforcement function (PCEF),

36�38, 245�246

Positioning, definitions, 1071�1072

Positioning network architecture, 71�74

Positioning reference signal (PRS), 480,

1076�1077

Position measurement, uncertainty, 1080�1081

Power amplifier (PA), 1018�1019

Power control, 690�712

basic concepts, 691�698

downlink power allocation, 698�700

headroom, 706�707

link adaptation, 707�712

PRACH, 705�706

PUCCH, 703�704

PUSCH power control, 700�702

SRS, 704�705

Power headroom reports (PHRs), 706

Precoding matrix index (PMI), 977

feedback, 791t

sub-band, 665�666

UE-selected sub-band, 666

wideband, 665

Proportional fair (PF) scheduling algorithm,

386�387

Protocol data unit (PDU), 122�123, 722�723,

932�933

Proxy binding update (PBU), 113

Proxy-CSCF (P-CSCF), 81

Proxy MIPv6 (PMIPv6), 109�110

Proxy mobile IP (PMIP), 47

P-RS structure, in time/frequency domain, 517f

Public land mobile network (PLMN), 34�35,

154�155, 230�231, 1102�1103

Public switched telephone network (PSTN), 43

Q
QoS class identifier (QCI), 35�36, 244

QPSK modulation, 427f, 556, 571, 787�789

Quadratic permutation polynomial (QPP),

537�539

Quadrature amplitude modulation (QAM)

Quality of experience (QoE), 77�78

Quality of service (QoS)

Quasi-collocated antenna ports, 682

R
Radio access network (RAN), 11�13, 14t, 952

Radio admission control (RAC), 75�76

Radio bearer control (RBC), 76

Radio link control (RLC), 36�38, 179�180,

311�312, 1095

Radio link control acknowledged mode (RLC-AM)

mode, 232�233

Radio link monitoring (RLM) measurements,

1063t

Radio network controllers (RNCs), 31

Radio network layer, 136�137

Radio network temporary identifier (RNTI), 499

Radio resource control (RRC), 127�128,

138�140, 155, 227�229, 987, 1057�1058

Radio resource management (RRM), 30�31,

75�77

measurements, 1063t
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Radio resource management (RRM) (Continued)

mechanisms, 1030

RLM/CSI measurement, resource restriction,

1048

RAKE receiver, 729�730

Random access channel (RACH), 144, 232�233

Random access preamble identifier (RAPID), 394

Random-access preamble sequences, 833

Random access response, 185�186, 348�349

Rate matching process, 541f

Rayleigh distribution, 427

Rayleigh fading channel, 621

Received bit mutual information rate (RBIR) link-

to-system mapping, 901

Received signal strength indicator (RSSI), 246,

496

Receiver antenna array, angle of arrival (AoA),

409

Receiver blocking, 440�441

Reed-Muller code, 785�786

Reference signal received power (RSRP),

231�232, 247, 496�497, 968, 1088�1089

Reference signal received quality (RSRQ), 247,

496�497

Reference signals, 518

Reference signal time difference (RSTD),

1086�1087

Relay nodes (RNs), 130�131

Remote radio heads (RRHs), 30�31, 512

Resource allocation, 698�700

type 0, 464f

type 1, 466f

type 2, 468f

Resource block group (RBG), 454�456, 748

Resource element groups (REGs), 467

Resource element mapping, 554f, 772

Resource indication value (RIV), 465�467, 747

Resource partitioning, 1039�1040

Rician channels, 614�616

Rician factor, 405

Roaming architecture and interworking with other

networks, 50�56

Robust header compression (ROHC), 299�303

RRC_CONNECTED state, 257�258, 389�390

S
SAE temporary mobile subscriber identity

(S-TMSI), 138

Satellite navigation systems, 1085

sCellDeactivationTimer, 378, 1003

SCells

activation/deactivation procedure, 1003

channel quality indicator (CQI), 1006

message exchange for addition, 1006f

PUSCH configuration, 1006

uplink power control configuration, 1006

S1 control-plane protocol stack, 129�131, 146

Sector SINR, 946f

Security Mode Command message, 163

Selected IP traffic offload (SIPTO), 105�107

Semi-static point selection (SSPS), 970

Sequence-group hopping, 758�759

Service access point (SAP), 289�290, 312

Service data flows (SDFs), 35�36, 191

Service data unit (SDU), 122�123, 232�233,

311�312

Serving-CSCF (S-CSCF), 82

Serving gateway (S-GW), 35, 47, 125�126

Serving GPRS support nodes (SGSN), 129, 220

Session description protocol (SDP), 82

Shannon capacity, 619

Shannon limit, 527�528

Short message service (SMS), 32

Signaling radio bearers (SRBs), 61, 383�384

Simultaneous voice and LTE (SVLTE), 90�91

Single-carrier frequency division multiple access

(SC-FDMA), 723, 992

clustered SC-FDMA, 734�736

Single-input multiple-output (SIMO), 611�612

Single-input single-output (SISO), 609, 899�900

Single/multiple timing advance concepts, 689f

Single radio voice call continuity (SRVCC),

84�90

Single-user multiple-input multiple-output (SU-

MIMO) system, 2�3, 637, 952

Singular value decomposition (SVD) concept, 640f

Singular value decomposition (SVD) precoding,

639

SLm-application protocol (AP) messages, 1076

Small cells, 148�149

Software-defined networking (SDN), 25�26, 25f

Sounding reference signal (SRS), 430, 742, 1089

resources, 373

transmission configuration, 1059�1060

Space-division multiple access (SDMA), 651

Spaced-time correlation function, 408�409

Space-frequency block code (SFBC), 485

Space-time block code (STBC), 623

Spatial channel model (SCM), 905�906

Spatial orthogonal resource transmit diversity

(SORTD), 800�801

concept, illustration of, 801f

Spatial tapped-delay-line reduced-complexity

model, 907�908
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Spectral efficiency, 946f

Sphere decoding (SD), 630�631

Static/dynamic overhead, calculation, 889�891

Static/semi-static interference management eICIC

schemes, 1050f

S-TMSI (SAE temporary mobile subscriber

identity), 52t

Stream control transmission protocol (SCTP),

59�60, 128, 130�131, 133�134, 1093

Sub-band frequency hopping, 744

Sub-band PMI, 665f

Sub-block interleavers, 541�542

Sub-carrier spacing, 434

Sub-channelization, 437

Subscriber identity module (SIM) access,

305�307

Subscriber profile ID (SPID), 77

Successive interference cancelation (SIC),

624�625

Successive MMSE (SMMSE), 651

SUPL-enabled terminal (SET), 1074�1075

SUPL location platform (SLP), 1074�1075

Symmetric carrier aggregation, in downlink/uplink,

995f

Synchronization signals, 471

algorithm for coherent detection, 476f

generation and mapping, 475f

primary/secondary, 514�515

System architecture evolution temporary mobile

subscriber identity (S-TMSI), 163, 238

System frame number (SFN), 159, 354, 445

System information (SI)

System information blocks (SIBs), 157�158,

262�263, 556�557

System information RNTI (SI-RNTI), 263�264

System information transmission timing, 164f

System-level channel models, 904�915

System-level simulations, 877

T
TAC (Tracking area code), 52t

TAI (Tracking area identity), 52t

Tail-biting convolutional coding, 525

TAI list (Tracking area identity list), 52t

TAU procedure, 172�174

TEID (Tunnel endpoint identifier), 52t

Time alignment timer (TAT), 1001�1002

Time difference of arrival (TDOA) method,

1086�1088

Time division duplex (TDD), 357�358, 411�414,

1077�1078

Time-varying spatial channel model, 908

correlation-based, 908

ray-based, 908

Timing advance group (TAG), 373�374,

686�690, 1001�1002

TIN (Temporary identity used in next update), 52t

Tomlinson-Harashima precoding (THP) algorithm,

651

Tracking area code (TAC), 154�155

Tracking area identities (TAIs), 159, 238

Tracking areas (TAs), 231

Traffic channels, 138, 142�143

Traffic flow templates (TFTs), 36�38, 192, 242

Traffic models, 891�893

Transmission bandwidth, 414

Transmission control protocol (TCP), 36�38,

383�384

Transmission control protocol/IP (TCP/IP), 293

Transmission time interval (TTI), 344

bundling, 746

duration, 925

Transmit power control (TPC), 801�802

Transparent mode (TM), 311�312

Transport control protocol (TCP), 82

Transport network layer, 136�137

Turbo decoding, 531

U
UE aggregate maximum bit rate (UE-AMBR)

UE-specific/common search space, 594f

UE-specific demodulation reference signals (DM-

RS), 932�933

Unacknowledged mode (UM), 311�312

Un interface, 144�145

Universal integrated circuit card (UICC), 91

Universal mobile telecommunications system

(UMTS), 2�3, 32�33, 38�39, 124�125,

155, 1007, 1051

Universal subscriber identity module (USIM), 231

Unsynchronized carriers, 989

Uplink

cell-specific hopping/mirroring, 746

control information (UCI), 996

DM-RS generation

frame structure, 736�737

physical signals/channels, location of, 740f

peak spectral efficiency, 925

physical resource structure, 743f

pilot time slot (UpPTS) field, 1008�1009

positioning methods, 1089

power control, 998�999

resource allocation, 747f

type 1, 751f
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Uplink (Continued)

type 0, illustration of, 749f

shared channel (UL-SCH), 143�144, 802

SINR, statistical distribution of, 924f

spatial multiplexing, codeword-to-layer mapping

for, 818t

virtual and physical antennas, 839t

Uplink/downlink radio frames, relative timing,

686f

Uplink TFT (UL-TFT), 36�38

Uplink time difference of arrival (UTDOA)

method, 1078�1080, 1090

Uplink timing advance (TA) adjustment procedure,

1001�1002

Uplink transport channels, 143�144

Used in universal mobile telecommunications

system (UMTS), 723

V
Virtual MIMO technique

collaborative spatial multiplexing, 652

Virtual MU-MIMO, 840�841

Virtual resource block (VRB), 454�456, 743�744

Viterbi decoder, 525�527, 624

Voice over Internet protocol (VoIP), 121�122,

178, 296, 369�370, 384�385, 891

Voice over LTE (VoLTE), 80, 90�94

W
Walsh sequences, 798�799

Wideband feedback, 858�859

X
X2-based handover procedure, 254�255

X2 control-plane protocol stack, 147

X2 interface, 60

X2 user-plane protocol stack, 132�134, 133f

XML configuration access protocol (XCAP), 82

Z
Zadoff-Chu sequences, 473�474, 739�740, 754,

758�759, 821, 829

Zero correlation zones (ZCZ) configuration, 831

Zero-forcing (ZF), 624

1116 Index

Petitioners' Exhibit 1010 
Nokia of America Corp., et al. v. KT Corporation, et al. 

Case No. IPR2025-00037; U.S. Patent No. 10,616,932 
Page 1122 of 1122


	11 Link-Level and System-Level Performance of LTE-Advanced
	11.5 IMT-Advanced test environments
	11.6 Network layout for system-level simulations
	11.7 IMT-Advanced evaluation methodology and baseline configurations
	11.8 Link-level and system-level channel models
	11.9 LTE-Advanced link-level and system-level performance
	11.9.1 Cell spectral efficiency and cell-edge spectral efficiency
	11.9.2 VoIP capacity
	11.9.3 Mobility
	11.9.4 Peak spectral efficiency
	11.9.5 User-plane/control-plane latency and handover interruption time
	11.9.6 Estimation of the L1/L2 overhead
	11.9.7 Link budget
	11.9.8 Evaluation of LTE-Advanced against LTE Rel-10 requirements

	11.10 Miscellaneous evaluations
	References
	3GPP Specifications
	ITU Specifications
	Books
	Articles


	12 Coordinated Multipoint Transmission and Reception �䌀漀䴀倀
	12.1 Interference cancellation in cellular networks
	12.2 Distributed antenna systems
	12.3 Theory of CoMP operation
	12.4 CoMP architectures
	12.4.1 Air-interface and network support for CoMP schemes
	12.4.2 Downlink CoMP
	12.4.3 Uplink CoMP
	12.4.4 CSI measurement and feedback in CoMP-enabled networks

	12.5 Effects of X2 latency on CoMP performance
	12.6 Performance of CoMP scenarios
	References
	3GPP Specifications
	Books
	Articles


	13 Carrier Aggregation
	13.1 Principles of carrier aggregation
	13.2 Deployment scenarios
	13.3 Physical and MAC layer aspects of carrier aggregation
	13.3.1 Physical layer aspects
	13.3.2 MAC layer aspects

	13.4 Protocol and signaling aspects of carrier aggregation
	13.5 Radio resource management aspects of carrier aggregation
	13.6 RF and implementation aspects of carrier aggregation
	13.6.1 Temporal/spectral masks and unwanted emissions
	13.6.2 Operating bands for carrier aggregation
	13.6.3 Transmitter characteristics for carrier aggregation
	13.6.4 Receiver characteristics for carrier aggregation

	References
	3GPP Specifications
	Books
	Articles


	14 Enhanced Inter-cell Interference Coordination and Multi-radio Coexistence
	14.1 Intra-cell/inter-cell interference mitigation methods
	14.2 Heterogeneous networks
	14.3 Enhanced inter-cell interference coordination �攀䤀䌀䤀䌀
	14.3.1 CA-based eICIC schemes
	14.3.2 Non-CA-based eICIC
	14.3.3 Further enhanced ICIC

	14.4 Multi-radio coexistence and interference avoidance
	14.4.1 Collocated multi-radio coexistence issues
	14.4.2 In-device coexistence scenarios
	14.4.3 In-device coexistence and interference avoidance

	References
	3GPP Specifications
	Books
	Articles


	15 Positioning and Multimedia Broadcast/Multicast Services
	15.1 Positioning and location-based services
	15.1.1 E-UTRA positioning network architecture
	15.1.2 Network-based and UE-based positioning methods
	15.1.3 Positioning methods in LTE/LTE-Advanced
	15.1.3.1 Principles of GPS
	15.1.3.2 A-GNSS positioning
	15.1.3.3 Observed time difference of arrival positioning
	15.1.3.4 E-CID-based positioning
	15.1.3.5 UTDOA positioning


	15.2 Evolved multimedia broadcast/multicast service
	15.2.1 E-MBMS network architecture
	15.2.2 Basic definitions
	15.2.3 E-MBMS user-plane and control-plane protocols
	15.2.4 Physical and MAC layer aspects of E-MBMS
	15.2.5 E-MBMS single frequency network transmission
	15.2.6 Mobility support in E-MBMS
	15.2.7 E-MBMS counting

	References
	3GPP Specifications
	Books
	Articles


	Index



