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252 LTE - THE UMTS LONG TERM EVOLUTION

however, suffer the expense of added antennas and signal processing complexity and its gains
strongly depend on the spatial characteristics of the propagation channel (see Chapter 20).

These aspects are analysed further in the following sections, considering first theoretically
optimal transmission schemes and then popular MIMO approaches. First a base station
to single-user communication model is considered (to cover single-user MIMO); then the
techniques are generalized to multi-user MIMO.

The schemes adopted in LTE Releases 8 and 9, specifically for the downlink, are addressed
subsequently. We focus on the Frequency Division Duplex (FDD) case. Discussion of some
aspects of MIMO which are specific to Time Division Duplex (TDD) operation can be found
in Section 23.5.

11.1.2 MIMO Signal Model

Let Y be a matrix of size N X T denoting the set of (possibly precoded) signals being
transmitted from N distinct antennas over 7' symbol durations (or, in the case of some
frequency-domain systems, 7' subcarriers), where 7' is a parameter of the MIMO algorithm
(defined below). Thus the n™ row of Y corresponds to the signal emitted from the n™ transmit
antenna. Let H denote the M x N channel matrix modelling the propagation effects from each
of the N transmit antennas to any one of M receive antennas, over an arbitrary subcarrier
whose index is omitted here for simplicity. We assume H to be invariant over 7' symbol
durations. The matrix channel is represented by way of example in Figure 11.2. Then the
M x T signal R received over T symbol durations over this subcarrier can be conveniently
written as

R=HY +N (1L.1)

where N is the additive noise matrix of dimension M X T over all M receiving antennas. We
will use h; to denote the i column of H, which will be referred to as the receive spatial
signature of (i.e. corresponding to) the i transmitting antenna. Likewise, the j™ row of H
can be termed the transmit spatial signature of the j receiving antenna.

N transmitting antennas M receiving antennas

0010110 0010110

MIMO transmitter MIMO receiver -

—

Figure 11.2: Simplified transmission model for a MIMO system with N transmit antennas
and M receive antennas, giving rise to an M X N channel matrix, with MN links.
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MULTIPLE ANTENNA TECHNIQUES 253

Let X = (xy, x2, ..., xp) be a group of P QAM? symbols to be sent to the receiver over
the 7 symbol durations; these symbols must be mapped to the transmitted signal Y before
launching into the air. The choice of this mapping function X — Y(X) determines which
one out of several possible MIMO transmission methods results, each yielding a different
combination of the diversity, array and multiplexing gains. Meanwhile, the so-called spatial
rate of the chosen MIMO transmission method is given by the ratio P/T.

Note that, in the most general case, the considered transmit (or receive) antennas may be
attached to a single transmitting (or receiving) device (base station or UE), or distributed over
different devices. The symbols in (xy, x2, . . ., Xxp) may also correspond to the data of one or
possibly multiple users, giving rise to the single-user MIMO or multi-user MIMO models.

11.1.3 Single-User MIMO Techniques

Several classes of SU-MIMO transmission methods are discussed below, both optimal and
suboptimal.

11.1.3.1 Optimal Transmission over MIMO Systems

The optimal way of communicating over the MIMO channel involves a channel-dependent
precoder, which fulfils the roles of both transmit beamforming and power allocation
across the transmitted streams, and a matching receive beamforming structure. Full channel
knowledge is therefore required at the transmit side for this method to be applicable. Consider
a set of P=NT symbols to be sent over the channel. The symbols are separated into N
streams (or layers) of T symbols each. Stream i consists of symbols [x; |, x;2, . . ., x;7]. Note
that in an ideal setting, each stream may adopt a distinct code rate and modulation. This is
discussed in more detail below. The transmitted signal can now be written as

Y(X) = VPX (11.2)
where
X1,1 X1,2 e X7
X=|: : : (11.3)
AN, XN2 ... XNT

Vis an N X N transmit beamforming matrix and P is a N X N diagonal power-allocation
matrix with 4/p; as its i" diagonal element, where p; is the power allocated to the i stream.
Of course, the power levels must be chosen so as not to exceed the available transmit power,
which can often be conveniently expressed as a constraint on the total normalized transmit
power P,.* Under this model, the information-theoretic capacity of the MIMO channel in
bps/Hz can be obtained as [3]

Cyivo = log, det(I + pHVP?VIHM) (11.4)

where {-}/ denotes the Hermitian operator for a matrix or vector and p is the so-called transmit
SNR, given by the ratio of the transmit power over the noise power.

3Quadrature Amplitude Modulation.
“4In practice, there may be a limit on the maximum transmission power from each antenna.
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The optimal (capacity-maximizing) precoder (VP) in Equation (11.4) is obtained by
the concatenation of singular vector beamforming and the so-called waterfilling power
allocation.

Singular vector beamforming means that V should be a unitary matrix (i.e. VAV is the
identity matrix of size N) chosen such that H = ULV is the Singular-Value Decomposition’
(SVD) of the channel matrix H. Thus the i" right singular vector of H, given by the i column
of V, is used as a transmit beamforming vector for the i stream. At the receiver side, the
optimal beamformer for the i stream is the i left singular vector of H, obtained as the i
row of UH:

ul'R = 4, Vpilxit, Xias . . ., Xir] + ulN (11.5)

where 4; is the i singular value of H.
Waterfilling power allocation is the optimal power allocation and is given by

pi=Iu—1/(pA))]s (11.6)

where [x]; is equal to x if x is positive and zero otherwise. u is the so-called ‘water level’, a
positive real variable which is set such that the total transmit power constraint is satisfied.

Thus the optimal SU-MIMO multiplexing scheme uses SVD-based transmit and receive
beamforming to decompose the MIMO channel into a number of parallel non-interfering
subchannels, dubbed ‘eigen-channels’, each one with an SNR being a function of the
corresponding singular value A; and chosen power level p;.

Contrary to what would perhaps be expected, the philosophy of optimal power allocation
across the eigen-channels is not to equalize the SNRs, but rather to render them more unequal,
by ‘pouring’ more power into the better eigen-channels, while allocating little power (or even
none at all) to the weaker ones because they are seen as not contributing enough to the total
capacity. This waterfilling principle is illustrated in Figure 11.3.

The underlying information-theoretic assumption here is that the information rate on each
stream can be adjusted finely to match the eigen-channel’s SNR. In practice, this is done by
selecting a suitable Modulation and Coding Scheme (MCS) for each stream.

11.1.3.2 Beamforming with Single Antenna Transmitter or Receiver

In the case where either the receiver or the transmitter is equipped with only a single antenna,
the MIMO channel exhibits only one active eigen-channel, and hence multiplexing of more
than one data stream is not possible.

In receive beamforming, N =1 and M > 1 (assuming a single stream). In this case, one
symbol is transmitted at a time, such that the symbol-to-transmit-signal mapping function is
characterized by P =T =1, and Y(X) = X = x, where x is the one QAM symbol to be sent.
The received signal vector is given by

R=Hx+N 11.7)

The receiver combines the signals from its M antennas through the use of weights w =
[wi, ..., wy]. Thus the received signal after antenna combining can be expressed as

z=wR =wHs + wN (11.8)

SThe reader is referred to [5] for an explanation of generic matrix operations and terminology.
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‘Water-level' set by
total power constraint
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Figure 11.3: The waterfilling principle for optimal power allocation.

After the receiver has acquired a channel estimate (as discussed in Chapter 8), it can set the
beamforming vector w to its optimal value to maximize the received SNR. This is done
by aligning the beamforming vector with the UE’s channel, via the so-called Maximum
Ratio Combining (MRC) w = H", which can be viewed as a spatial version of the well-
known matched filter. Note that cancellation of an interfering signal can also be achieved,
by selecting the beamforming vector to be orthogonal to the channel from the interference
source. These simple concepts are illustrated in Figure 11.4.

The maximum ratio combiner provides a factor of M improvement in the received
SNR compared to the M =N =1 case — i.e. an array gain of 10log,,(M) dB in the link
budget.

In transmit beamforming, M =1 and N > 1. The symbol-to-transmit-signal mapping
function is characterized by P =7 =1, and Y(X) = wx, where x is the one QAM symbol
to be sent and w is the transmit beamforming vector of size N X 1, computed based on
channel knowledge, which is itself often obtained via a receiver-to-transmitter feedback link.°
Assuming perfect channel knowledge at the transmitter side, the SNR-maximizing solution
is given by the transmit MRC, which can be seen as a matched prefilter,

HH
wW=— (11.9)
(IH|
where the normalization by |[H|| enforces a total power constraint across the transmit
antennas. The transmit MRC pre-filter provides a similar gain as its receive counterpart,
namely 10 log,,(N) dB in average SNR improvement.

“In some situations, other techniques such as receive/transmit channel reciprocity may be used, as discussed in
Section 23.5.2.
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sour@
propagating field Vector space analogy (for two sensors)

measured signal

hi M M sensors W | Wz H

Choosing W enhances the source (beamforming)
Choosing W’ nulls the source out (interference nulling)

T
y=W H

Figure 11.4: The beamforming and interference cancelling concepts.

11.1.3.3 Spatial Multiplexing without Channel Knowledge at the Transmitter

When N > 1 and M > 1, multiplexing of up to min(M, N) streams is theoretically possible
even without channel knowledge at the transmitter. Assume for instance that M > N. In this
case, one considers N streams, each transmitted using a different transmit antenna. As the
transmitter does not have knowledge of the matrix H, the precoder is simply the identity
matrix. In this case, the symbol-to-transmit-signal mapping function is characterized by P =
NT and by

Y(X)=X (11.10)

At the receiver, a variety of linear and non-linear detection techniques may be implemented
to recover the symbol matrix X. A low-complexity solution is offered by the linear case,

whereby the receiver superposes N beamformers wj, wo, ..., Wy so that the it stream
[Xi1, Xi2, ..., x;r] is detected as follows,
W,’sziHX+W,'N (1111)

The design criterion for the beamformer w; can be interpreted as a compromise between
single-stream beamforming and cancelling of interference (created by the other N — 1
streams). Inter-stream interference is fully cancelled by selecting the Zero-Forcing (ZF)
receiver given by

Wi

W2
w=| . |H'H)'H. (11.12)

Wy
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However, for optimal performance, w; should strike a balance between alignment with
respect to h; and orthogonality with respect to all other signatures hy, k # i. Such a balance is
achieved by, for example, a Minimum Mean-Squared Error (MMSE) receiver.

Beyond classical linear detection structures such as the ZF or MMSE receivers, more
advanced but non-linear detectors can be exploited which provide a better error rate
performance at the chosen SNR operating point, at the cost of extra complexity. Examples
of such detectors include the Successive Interference Cancellation (SIC) detector and the
Maximum Likelihood Detector (MLD) [3]. The principle of the SIC detector is to treat
individual streams, which are channel-encoded, as layers which are ‘peeled oft” one by one
by a processing sequence consisting of linear detection, decoding, remodulating, re-encoding
and subtraction from the total received signal R. On the other hand, the MLD attempts to
select the most likely set of all streams, simultaneously, from R, by an exhaustive search
procedure or a lower-complexity equivalent such as the sphere-decoding technique [3].

Multiplexing gain

The multiplexing gain corresponds to the multiplicative factor by which the spectral
efficiency is increased by a given scheme. Perhaps the single most important requirement
for MIMO multiplexing gain to be achieved is for the various transmit and receive antennas
to experience a sufficiently different channel response. This translates into the condition
that the spatial signatures of the various transmitters (the h;’s) (or receivers) be sufficiently
decorrelated and linearly independent to make the channel matrix H invertible (or, more
generally, well-conditioned). An immediate consequence of this condition is the limitation
to min(M, N) of the number of independent streams which may be multiplexed into the
MIMO channel, or, more generally, to rank(H) streams. As an example, single-user MIMO
communication between a four-antenna base station and a dual antenna UE can, at best,
support multiplexing of two data streams, and thus a doubling of the UE’s data rate compared
with a single stream.

11.1.3.4 Diversity Techniques

Unlike the basic multiplexing scenario in Equation (11.10), where the design of the
transmitted signal matrix Y exhibits no redundancy between its entries, a diversity-oriented
design will feature some level of repetition between the entries of Y. For ‘full diversity’,
each transmitted symbol xi, x5, . . . , xp must be assigned to each of the transmit antennas at
least once in the course of the 7' symbol durations. The resulting symbol-to-transmit-signal
mapping function is called a Space-Time Block Code (STBC). Although many designs of
STBC exist, additional properties such as the orthogonality of matrix Y allow improved
performance and easy decoding at the receiver. Such properties are realized by the Alamouti
space-time code [6], explained in Section 11.2.2.1. The total diversity order which can be
realized in the N to M MIMO channel is MN when entries of the MIMO channel matrix
are statistically uncorrelated. The intuition behind this is that MN — 1 represents the number
of SISO links simultaneously in a state of severe fading which the system can sustain while
still being able to convey the information to the receiver. The diversity order is equal to this
number plus one. As in the previous simple multiplexing scheme, an advantage of diversity-
oriented transmission is that the transmitter does not need knowledge of the channel H, and
therefore no feedback of this parameter is necessary.
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Diversity versus multiplexing trade-off

A fundamental aspect of the benefits of MIMO lies in the fact that any given multiple antenna
configuration has a limited number of degrees of freedom. Thus there exists a compromise
between reaching full beamforming gain in the detection of a desired stream of data and the
perfect cancelling of undesired, interfering streams. Similarly, there exists a trade-off between
the number of streams that may be multiplexed across the MIMO channel and the amount
of diversity that each one of them will enjoy. Such a trade-off can be formulated from an
information-theoretic point of view [7]. In the particular case of spatial multiplexing of N
streams over an N to M antenna channel, with M > N, and using a linear detector, it can be
shown that each stream can enjoy a maximum diversity order of M — N + 1.

To some extent, increasing the spatial load of MIMO systems (i.e. the number of
spatially multiplexed streams) is akin to increasing the user load in CDMA systems. This
correspondence extends to the fact that an optimal load level exists for a given target error
rate in both systems.

11.1.4 Multi-User MIMO Techniques
11.1.4.1 Comparing Single-User and Multi-User MIMO

The set of MIMO techniques featuring data streams being communicated to (or from)
antennas located on distinct UEs is referred to as Multi-User MIMO (MU-MIMO), which
is one of the more recent developments of MIMO technology.

Although the MU-MIMO situation is just as well described by our model in Equation (11.1),
the MU-MIMO scenario differs in a number of crucial ways from its single-user counterpart.
We first explain these differences qualitatively, and then present a brief survey of the most
important MU-MIMO transmission techniques.

In MU-MIMO, K UEs are selected for simultaneous communication over the same time-
frequency resource, from a set of U active UEs in the cell. Typically, K is much smaller than
U. Each UE is assumed to be equipped with J antennas, so the selected UEs together form
a set of M = KJ UE-side antennas. Since the number of streams that may be communicated
over an N to M MIMO channel is limited to min(M, N) (if complete interference suppression
is intended using linear combining of the antennas), the upper bound on the number of
streams in MU-MIMO is typically dictated by the number of base station antennas N. The
number of streams which may be allocated to each UE is limited by the number of antennas J
at that UE. For instance, with single-antenna UEs, up to N streams can be multiplexed, thus
achieving the maximum multiplexing gain, with a distinct stream being allocated to each
UE. This is in contrast to SU-MIMO, where the transmission of N streams necessitates that
the UE be equipped with at least N antennas. Therefore a great advantage of MU-MIMO
over SU-MIMO is that the MIMO multiplexing benefits are preserved even in the case of
low-cost UEs with a small number of antennas. As a result, it is generally assumed that, in
MU-MIMO, it is the base station which bears the burden of spatially separating the UEs, be
it on the uplink or the downlink. Thus the base station performs receive beamforming from
several UEs on the uplink and transmit beamforming towards several UEs on the downlink.

Another fundamental contrast between SU-MIMO and MU-MIMO comes from the
difference in the underlying channel model. While in SU-MIMO the decorrelation between
the spatial signatures of the antennas requires rich multipath propagation or the use of
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orthogonal polarizations, in MU-MIMO the decorrelation between the signatures of the
different UEs occurs naturally due to fact that the separation between such UEs is typically
large relative to the wavelength.

However, all these benefits of MU-MIMO depend on the level of Channel State Informa-
tion at the Transmitter (CSIT) that the eNodeB receives from each UE. In the case of SU-
MIMO, it has been shown that even a small number of feedback bits per antenna can be very
beneficial in steering the transmitted energy accurately towards the UE’s antenna(s) [8—11].
More precisely, in SU-MIMO channels, the accuracy of CSIT only causes an SNR offset, but
does not affect the slope of the cell throughput-versus-SNR curve (i.e. the multiplexing gain).
Yet for the MU-MIMO downlink, the level of Channel State Information (CSI) available
at the transmitter does affect the multiplexing gain, because a MU-MIMO system with
finite-rate feedback is essentially interference-limited after the crucial interference rejection
processing has been carried out by the transmitter. Hence, providing accurate channel
feedback is considerably more important for MU-MIMO than for SU-MIMO. On the other
hand, in a system with a large number of UEs, the uplink resources required for accurate CSI
feedback can become large and must be carefully controlled in the system design.

11.1.4.2 Techniques for Single-Antenna UEs

In considering the case of MU-MIMO for single-antenna UEs, it is worth noting that the
number of antennas available to a UE for transmission is typically less than the number
available for reception. We therefore examine first the uplink scenario, followed by the
downlink.

With a single antenna at each UE, the MU-MIMO uplink scenario is very similar to the one
described by Equation (11.10): because the UEs in mobile communication systems such as
LTE typically cannot cooperate and do not have knowledge of the uplink channel coefficients,
no precoding can be applied and each UE simply transmits an independent message. Thus,
if K UEs are selected for transmission in the same time-frequency resource, with each UE
k transmitting symbol sy, the received signal at the base station, over a single 7 = 1 symbol
period, is written as

R=HX+N (11.13)

where X = (x;, ..., xx)7. In this case, the columns of H correspond to the receive spatial
signatures of the different UEs. The base station can recover the transmitted symbol
information by applying beamforming filters, for example using MMSE or ZF solutions.
Note that no more than N UEs can be served (i.e. K < N) if inter-user interference is to be
suppressed fully.

MU-MIMO in the uplink is sometimes referred to as ‘Virtual MIMO’ as, from the point
of view of a given UE, there is no knowledge of the simultaneous transmissions of the other
UE:s. This transmission mode and its implications for LTE are discussed in Section 16.6.2.

On the downlink, which is illustrated in Figure 11.5, the base station must resort to
transmit beamforming in order to separate the data streams intended for the various UEs.
Over a single 7 =1 symbol period, the signal received by UEs 1 to K can be written
compactly as

R=(r,...,rg) ! =HVPX + N (11.14)

This time, the rows of H correspond to the transmit spatial signatures of the various UEs. V
is the transmit beamforming matrix and P is the (diagonal) power allocation matrix selected
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260 LTE - THE UMTS LONG TERM EVOLUTION

such that it fulfils the total normalized transmit power constraint P;. To cancel out fully the
inter-user interference when K < N, a transmit ZF beamforming solution may be employed
(although this is not optimal due to the fact that it may require a high transmit power if the
channel is ill-conditioned). Such a solution would be given by V = HY(HH)~!.

Note that regardless of the channel realization, the power allocation must be chosen to
satisfy any power constraints at the base station, for example such that trace(VPPHVH) =
P;. Tt is important to note that ZF precoding requires accurate channel knowledge at the
transmitter, which in most cases necessitates terminal feedback in the uplink.

base station (N antennas) -

K users (UEs have 1 antenna each)

Figure 11.5: An MU-MIMO scenario in the downlink with single-antenna UEs: the base
station transmits to K selected UEs simultaneously. Their signals are separated by
multiple-antenna precoding at the base station side, based on channel knowledge.

11.1.4.3 Techniques for Multiple-Antenna UEs

The principles presented above for single-antenna UEs can be generalized to the case of
multiple-antenna UEs. There could, in theory, be essentially two ways of exploiting the
additional antennas at the UE side. In the first approach, the multiple antennas are simply
treated as multiple virfual UEs, allowing high-capability terminals to receive or transmit
more than one stream, while at the same time spatially sharing the channel with other UEs.
For instance, a four-antenna base station could theoretically communicate in a MU-MIMO
fashion with two UEs equipped with two antennas each, allowing two streams per UE,
resulting in a total multiplexing gain of four. Another example would be that of two single-
antenna UEs, receiving one stream each, and sharing access with another two-antenna UE,
the latter receiving two streams. Again, the overall multiplexing factor remains limited to the
number of base-station antennas.

The second approach for making use of additional UE antennas is to treat them as extra
degrees of freedom for the purpose of strengthening the link between the UE and the base
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MULTIPLE ANTENNA TECHNIQUES 261

station. Multiple antennas at the UE may then be combined in MRC fashion in the case
of the downlink, or, in the case of the uplink, space-time coding could be used. Antenna
selection is another way of extracting more diversity out of the uplink channel, as discussed
in Section 16.6.

11.1.4.4 Comparing Single-User and Multi-User Capacity

To illustrate the gains of multi-user multiplexing over single-user transmission, we compare
the sum-rate achieved by both types of system from an information-theoretic standpoint,
for single antenna UEs. We compare the Shannon capacity in single-user and multi-user
scenarios both for an idealized synthetic channel and for a channel obtained from real
measurement data.

The idealized channel model assumes that the entries of the channel matrix H in
Equation (11.13) are independently and identically distributed (i.i.d.) Rayleigh fading. For
the measured channel case, a channel sounder’ was used to perform real-time wideband
channel measurements synchronously for two UEs moving at vehicular speed in an outdoor
semi-urban hilly environment with Line-Of-Sight (LOS) propagation predominantly present.
The most important parameters of the platform are summarized in Table 11.1.

Table 11.1: Parameters of the measured channel for SU-MIMO/MU-MIMO comparison.
More details can be found in [12,13].

Parameter Value
Centre frequency 1917.6 MHz
Bandwidth 4.8 MHz

Base station transmit power 30 dBm
Number of antennas at base station 4 (2 cross polarized)
Number of UEs 2

Number of antennas at UE 1

Number of subcarriers 160

The sum-rate capacity of a two-UE MU-MIMO system (calculated assuming a ZF
precoder as described in Section 11.1.4) is compared with the capacity of an equivalent
MISO system serving a single UE at a time (i.e. in TDMA), employing beamforming (see
Section 11.1.3.2). The base station has four antennas and the UE has a single antenna. Full
CSIT is assumed in both cases.

Figure 11.6 shows the ergodic (i.e. average) sum-rate of both schemes in both channels.
The mean is taken over all frames and all subcarriers and subsequently normalized to bps/Hz.
It can be seen that in both the ideal and the measured channels, MU-MIMO yields a higher
sum-rate than SU-MISO in general. In fact, at high SNR, the multiplexing gain of the MU-
MIMO system is two while it is limited to one for the SU-MISO case.

However, for low SNR, the SU-MISO TDMA and MU-MIMO schemes perform very
similarly. This is because a sufficiently high SNR is required to excite more than one MIMO

"The Eurecom MIMO OpenAir Sounder (EMOS) [12].
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I I
- — —MU-MIMO ZF iid
—— SU-MISO TDMA iid

16H = = = MU-MIMO ZF measured ya
S J-MISO TDMA measured 7

Sum rate [bits/sec/Hz]

5 10 15 20 25 30
SNR [dB]

Figure 11.6: Ergodic sum-rate capacity of SU-MISO TDMA and MU-MIMO with two UEs,
for an i.i.d. Rayleigh fading channel and for a measured channel.

transmission mode. Interestingly, the performance of both SU-MISO TDMA and MU-MIMO
is slightly worse in the measured channels than in the idealized i.i.d. channels. This can
be attributed to the correlation of the measured channel in time (due to the relatively slow
movement of the users), in frequency (due to the LOS propagation), and in space (due to
the transmit antenna correlation). In the MU-MIMO case, the difference between the i.i.d.
and the measured channel is much higher than in the single-user TDMA case, since these
correlation effects result in a rank-deficient channel matrix.

11.2 MIMO Schemes in LTE

Building on the theoretical background of the previous section, the MIMO schemes adopted
for LTE Releases 8 and 9 are now reviewed and explained. These schemes relate to the
downlink unless otherwise stated. The MIMO enhancements introduced for LTE-Advanced
in Release 10 are explained in Chapter 29.
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11.2.1 Practical Considerations

First, a few important practical constraints are briefly reviewed which affect the real-
life performance of the theoretical MIMO systems considered above. Such constraints
include practical deployment and antenna configurations, propagation conditions, channel
knowledge, and implementation complexity. These aspects are often decisive for assessing
the performance of a particular transmission strategy in a given propagation and system
setting and were fundamental to the selection of MIMO schemes for LTE.

It was argued above that the full MIMO benefits (array gain, diversity gain and
multiplexing gain) assume ideally decorrelated antennas and full-rank MIMO channel
matrices. In this regard, the propagation environment and the antenna design (e.g. the spacing
and polarization) play a significant role. If the antenna separation at the base station and the
UE is small relative to the wavelength, strong correlation will be observed between the spatial
signatures (especially in a LOS situation), limiting the usefulness of spatial multiplexing.
However, this can to some extent be circumvented by means of dual-polarized antennas,
whose design itself provides orthogonality even in LOS situations.® Beyond such antennas,
the condition of spatial signature independence with SU-MIMO can only be satisfied with the
help of rich random multipath propagation. In diversity-oriented schemes, the invertibility of
the channel matrix is not required, yet the entries of the channel matrix should be statistically
decorrelated. Although a greater LOS to non-LOS energy ratio will tend to correlate the
fading coefficients on the various antennas, this effect will be counteracted by the reduction
in fading delivered by the LOS component.

Another source of discrepancy between theoretical MIMO gains and practically achieved
performance lies in the (in-)ability of the receiver and, whenever needed, the transmitter, to
acquire reliable knowledge of the propagation channel. At the receiver, channel estimation
is typically performed over a finite sample of Reference Signals (RSs), as discussed in
Chapter 8. In the case of transmit beamforming and MIMO precoding, the transmitter then
has to acquire this channel knowledge from the receiver usually through a limited feedback
link, which causes further degradation to the available CSIT.

The potential advantages of MU-MIMO over SU-MIMO include robustness with respect
to the propagation environment and the preservation of spatial multiplexing gain even in the
case of UEs with small numbers of antennas. However, these advantages rely on the ability of
the base station to compute the required transmit beamformer, which requires accurate CSIT;
if no CSIT is available and the fading statistics are identical for all the UEs, the MU-MIMO
gains disappear and the SU-MIMO strategy becomes optimal [14]. As a consequence, one
of the most difficult challenges in making MU-MIMO practical for cellular applications, and
particularly for an FDD system, is devising feedback mechanisms that allow for accurate CSI
to be delivered efficiently by the UEs to the base station. This requires the use of appropriate
codebooks for quantization (see Section 11.2.2.3). A recent account of the literature on this
subject may be found in [15].

Another issue which arises for practical implementations of MIMO schemes is the inter-
action between the physical layer and the scheduling protocol. As noted in Section 11.1.4.1,
in both uplink and downlink cases the number of UEs which can be served in a MU-
MIMO fashion is typically limited to K = N, assuming linear combining structures. Often

8Horizontal and vertical polarizations, or, better, +45° and —45° polarizations, give a twofold multiplexing
capability even in LOS.
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one may even decide to limit K to a value strictly less than N to preserve some degrees of
freedom for per-user diversity. As the number of active users U will typically exceed K, a
selection algorithm must be implemented to identify which set of users will be scheduled
for simultaneous transmission over a particular time-frequency Resource Block (RB). This
algorithm is not specified in LTE and various approaches are possible; as discussed in
Chapter 12, a combination of rate maximization and QoS constraints will typically be
considered. It is important to note that the choice of UEs that will maximize the sum-rate
(the sum over the K individual rates for a given subframe) is one that favours UEs exhibiting
not only good instantaneous SNR but also spatial separability among their signatures.

11.2.2 Single-User Schemes

In this section, we examine the downlink multi-antenna schemes adopted in LTE for individ-
ual UEs. We consider first the diversity schemes used on the transmit side, then the single-
user spatial multiplexing transmission modes, and finally beamforming using precoded
UE-specific RSs (including the combination of beamforming and spatial multiplexing as
introduced in Release 9).

11.2.2.1 Transmit Diversity Schemes

The theoretical aspects of transmit diversity were discussed in Section 11.1. Here we discuss
the two main transmit diversity techniques defined in LTE. In LTE, transmit diversity is only
defined for 2 and 4 transmit antennas and one data stream, referred to in LTE as one codeword
since one transport block CRC? is used per data stream. To maximize diversity gain, the
antennas typically need to be uncorrelated, so they need to be well separated relative to
the wavelength or have different polarization. Transmit diversity is valuable in a number
of scenarios, including low SNR, or for applications with low delay tolerance. Diversity
schemes are also desirable for channels for which no uplink feedback signalling is available
(e.g. Multimedia Broadcast/Multicast Services (MBMS) described in Chapter 13, Physical
Broadcast CHannel (PBCH) in Chapter 9 and Synchronization Signals in Chapter 7), or when
the feedback is not sufficiently accurate (e.g. at high speeds); transmit diversity is therefore
also used as a fallback scheme in LTE when transmission with other schemes fails.

In LTE the multiple-antenna scheme is independently configured for the control channels
and the data channels, and in the case of the data channels (Physical Downlink Shared
CHannel — PDSCH) it is assigned independently per UE.

In this section we discuss in detail the transmit diversity techniques of Space-Frequency
Block Codes (SFBCs) and Frequency-Switched Transmit Diversity (FSTD), as well as the
combination of these schemes as used in LTE. These transmit diversity schemes may be used
in LTE for the PBCH and Physical Downlink Control CHannel (PDCCH), and also for the
PDSCH if it is configured in transmit diversity mode!'® for a UE.

Another transmit diversity technique which is commonly associated with OFDM is Cyclic
Delay Diversity (CDD). CDD is not used in LTE as a diversity scheme in its own right but

9Cyclic Redundancy Check.
19PDSCH transmission mode 2 — see Section 9.2.2.1. As noted above, transmit diversity may also be used as a
fallback in other transmission modes.
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rather as a precoding scheme for spatial multiplexing on the PDSCH; we therefore introduce
itin Section 11.2.2.2 in the context of spatial multiplexing.

Space-Frequency Block Codes (SFBCs)

If a physical channel in LTE is configured for transmit diversity operation using two eNodeB
antennas, pure SFBC is used. SFBC is a frequency-domain version of the well-known Space-
Time Block Codes (STBCs), also known as Alamouti codes [6]. This family of codes is
designed so that the transmitted diversity streams are orthogonal and achieve the optimal
SNR with a linear receiver. Such orthogonal codes only exist for the case of two transmit
antennas.

STBC is used in UMTS, but in LTE the number of available OFDM symbols in a subframe
is often odd while STBC operates on pairs of adjacent symbols in the time domain. The
application of STBC is therefore not straightforward for LTE, while the multiple subcarriers
of OFDM lend themselves well to the application of SFBC.

For SFBC transmission in LTE, the symbols transmitted from the two eNodeB antenna
ports on each pair of adjacent subcarriers are defined as follows:

YO YO _[x om
|:y(1)(1) y(l)(z) - —X; XT (1115)

where y”)(k) denotes the symbols transmitted from antenna port p on the k' subcarrier.

Since no orthogonal codes exist for antenna configurations beyond 2 x 2, SFBC has to be
modified in order to apply it to the case of 4 transmit antennas. In LTE, this is achieved by
combining SFBC with FSTD.

Frequency Switched Transmit Diversity (FSTD) and its Combination with SFBC

General FSTD schemes transmit symbols from each antenna on a different set of subcarriers.
In LTE, FSTD is only used in combination with SFBC for the case of 4 transmit antennas,
in order to provide a suitable transmit diversity scheme where no orthogonal rate-1 block
code exists. The LTE scheme is in fact a combination of two 2 X 2 SFBC schemes mapped
to independent subcarriers as follows:

YO Y02 yOB) yOW] [x1 ok 00
YO D2y Y3 Y@ [0 0 x x
YW Y22 y2E) @] =x; xp 00
WO Y@ I3 YW@l Lo 0 -x x

(11.16)

where, as previously, y”)(k) denotes the symbols transmitted from antenna port p on the k™
subcarrier. Note that the mapping of symbols to antenna ports is different in the 4 transmit-
antenna case compared to the 2 transmit-antenna SFBC scheme. This is because the density
of cell-specific RSs on the third and fourth antenna ports is half that of the first and second
antenna ports (see Section 8.2.1), and hence the channel estimation accuracy may be lower on
the third and fourth antenna ports. Thus, this design of the transmit diversity scheme avoids
concentrating the channel estimation losses in just one of the SFBC codes, resulting in a
slight coding gain.
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11.2.2.2 Spatial Multiplexing Schemes

We begin by introducing some terminology used to describe spatial multiplexing in LTE:

o A spatial layer is the term used in LTE for one of the different streams generated
by spatial multiplexing as described in Section 11.1. A layer can be described as a
mapping of symbols onto the transmit antenna ports.!! Each layer is identified by a
precoding vector of size equal to the number of transmit antenna ports and can be
associated with a radiation pattern.

e The rank of the transmission is the number of layers transmitted.'?

e A codeword is an independently encoded data block, corresponding to a single
Transport Block (TB) delivered from the Medium Access Control (MAC) layer in the
transmitter to the physical layer, and protected with a CRC.

For ranks greater than 1, two codewords can be transmitted. Note that the number of
codewords is always less than or equal to the number of layers, which in turn is always less
than or equal to the number of antenna ports.

In principle, a SU-MIMO spatial multiplexing scheme can either use a single codeword
mapped to all the available layers, or multiple codewords each mapped to one or more
different layers. The main benefit of using only one codeword is a reduction in the amount
of control signalling required, both for Channel Quality Indicator (CQI) reporting, where
only a single value would be needed for all layers, and for HARQ ACK/NACK'? feedback,
where only one ACK/NACK would have to be signalled per subframe per UE. In such a
case, the MLD receiver is optimal in terms of minimizing the BER. At the opposite extreme,
a separate codeword could be mapped to each of the layers. The advantage of such a mapping
is that significant gains are possible by using SIC, albeit at the expense of more signalling
being required. An MMSE-SIC receiver can be shown to approach the Shannon capacity [7].
Note that an MMSE receiver is viable for both transmitter structures. For LTE, a middle-way
was adopted whereby at most two codewords are used, even if four layers are transmitted.
The codeword-to-layer mapping is static, since only minimal gains were shown for a dynamic
mapping method. The mappings are shown in Table 11.2. Note that in LTE all RBs belonging
to the same codeword use the same MCS, even if a codeword is mapped to multiple layers.

Precoding

The PDSCH transmission modes for open-loop spatial multiplexing'# and closed-loop spatial
multiplexing'® use precoding from a defined ‘codebook’ to form the transmitted layers. Each
codebook consists of a set of predefined precoding matrices, with the size of the set being a
trade-off between the number of signalling bits required to indicate a particular matrix in the
codebook and the suitability of the resulting transmitted beam direction.

!1See Section 8.2 for an explanation of the concept of an antenna port.

12Note that the rank of a matrix is the number of linearly independent rows or columns, or equivalently the
dimension of the subspace generated by the rows or columns of the matrix. Hence the rank of the channel matrix
may be higher than the number of transmitted layers.

3Hybrid Automatic Repeat reQuest ACKnowledgement/Negative ACKnowledgement.

4PDSCH transmission mode 3 — see Section 9.2.2.1.

ISPDSCH transmission modes 4 and 6 — see Section 9.2.2.1.
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Table 11.2: Codeword-to-layer mapping in LTE.

Transmission ~ Codeword 1 Codeword 2

rank

Rank 1 Layer 1

Rank 2 Layer 1 Layer 2

Rank 3 Layer 1 Layer 2 and Layer 3
Rank 4 Layer 1 and Layer 2 Layer 3 and Layer 4

In the case of closed-loop spatial multiplexing, a UE feeds back to the eNodeB the index
of the most desirable entry from a predefined codebook. The preferred precoder is the matrix
which would maximize the capacity based on the receiver capabilities. In a single-cell,
interference-free environment the UE will typically indicate the precoder that would result in
a transmission with an effective SNR following most closely the largest singular values of its
estimated channel matrix.

Some important properties of the LTE codebooks are as follows:

e Constant modulus property. LTE uses precoders which mostly comprise pure phase
corrections — that is, with no amplitude changes. This is to ensure that the Power
Amplifier (PA) connected to each antenna is loaded equally. The one exception (which
still maintains the constant modulus property) is using an identity matrix as the
precoder. However, although the identity precoder may completely switch off one
antenna on one layer, since each layer is still connected to one antenna at constant
power the net effect across the layers is still constant modulus to the PA.

e Nested property. The nested property is a method of arranging the codebooks of
different ranks so that the lower rank codebook is comprised of a subset of the higher
rank codebook vectors. This property simplifies the CQI calculation across different
ranks. It ensures that the precoded transmission for a lower rank is a subset of the
precoded transmission for a higher rank, thereby reducing the number of calculations
required for the UE to generate the feedback. For example, if a specific index in the
codebook corresponds to columns 1, 2 and 3 from the precoder W in the case of a rank
3 transmission, then the same index in the case of rank 2 transmission must consist of
either columns 1 and 2 or columns 1 and 3 from W.

e Minimal ‘complex’ multiplications. The 2-antenna codebook consists entirely of a
QPSK!'® alphabet, which eliminates the need for any complex multiplications since all
codebook multiplications use only +1 and +j. The 4-antenna codebook does contain
some QPSK entries which require a V2 magnitude scaling as well; it was considered
that the performance gain of including these precoders justified the added complexity.

The 2-antenna codebook in LTE comprises one 2 x 2 identity matrix and two DFT
(Discrete Fourier Transform) matrices:

1 0 1 1
o 1{° |1 -1

16Quadrature Phase Shift Keying.

11
and [j _j] (11.17)
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Here the columns of the matrices correspond to the layers.
The 4 transmit antenna codebook in LTE uses a Householder generating function:

Wy =1 - 2uut/ully, (11.18)

which generates unitary matrices from input vectors u, which are defined in [16, Table
6.3.4.2.3-2]. The advantage of using precoders generated with this equation is that it
simplifies the CQI calculation (which has to be carried out for each individual precoder in
order to determine the preferred precoder) by reducing the number of matrix inversions. This
structure also reduces the amount of control signalling required, since the optimum rank-1
version of Wy is always the first column of Wy; therefore the UE only needs to indicate
the preferred precoding matrix, and not also the individual vector within it which would be
optimal for the case of rank-1 transmission.
Note that both DFT and Householder matrices are unitary.

Cyclic Delay Diversity (CDD)

In the case of open-loop spatial multiplexing,'” the feedback from the UE indicates only
the rank of the channel, and not a preferred precoding matrix. In this mode, if the rank
used for PDSCH transmission is greater than 1 (i.e. more than one layer is transmitted),
LTE uses Cyclic Delay Diversity (CDD) [17]. CDD involves transmitting the same set of
OFDM symbols on the same set of OFDM subcarriers from multiple transmit antennas, with
a different delay on each antenna. The delay is applied before the Cyclic Prefix (CP) is added,
thereby guaranteeing that the delay is cyclic over the Fast Fourier Transform (FFT) size. This
gives CDD its name.

Adding a time delay is identical to applying a phase shift in the frequency domain.
As the same time delay is applied to all subcarriers, the phase shift will increase linearly
across the subcarriers with increasing subcarrier frequency. Each subcarrier will therefore
experience a different beamforming pattern as the non-delayed subcarrier from one antenna
interferes constructively or destructively with the delayed version from another antenna. The
diversity effect of CDD therefore arises from the fact that different subcarriers will pick out
different spatial paths in the propagation channel, thus increasing the frequency-selectivity
of the channel. The channel coding, which is applied to a whole transport block across the
subcarriers, ensures that the whole transport block benefits from the diversity of spatial paths.

Although this approach does not optimally exploit the channel in the way that ideal
precoding would (by matching the precoding to the eigenvectors of the channel), it does
help to ensure that any destructive fading is constrained to individual subcarriers rather
than affecting a whole transport block. This can be particularly beneficial if the channel
information at the transmitter is unreliable, for example due to the feedback being limited
or the UE velocity being high.

The general principle of the CDD technique is illustrated in Figure 11.7. The fact that the
delay is added before the CP means that any delay value can be used without increasing the
overall delay spread of the channel. By contrast, if the delay had been added after the addition
of the CP, then the usable delays would have had to be kept small in order to ensure that the
delay spread of the delayed symbol is no more than the maximum channel delay spread, in
order to obviate any need to increase the CP length.

17PDSCH transmission mode 3 — see Section 9.2.2.1.
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Figure 11.7: Principle of Cyclic Delay Diversity.

The time-delay/phase-shift equivalence means that the CDD operation can be imple-
mented as a frequency-domain precoder for the affected antenna(s), where the precoder
phase changes on a per-subcarrier basis according to a fixed linear function. In general, the
implementation designer can choose whether to implement CDD in the time domain or the
frequency domain. However, one advantage of a frequency-domain implementation is that it
is not limited to delays corresponding to an integer number of samples.

As an example of CDD for a case with 2 transmit antenna ports, we can express
mathematically the received symbol r; on the k™ subcarrier as

1 = huxe + hoge?™ x; (11.19)

where h,; is the channel from the p transmit antenna and e/*% is the phase shift on the
k™ subcarrier due to the delay operation. We can see clearly that on some subcarriers the
symbols from the second transmit antenna will add constructively, while on other subcarriers
they will add destructively. Here, ¢ = 2rd.qq/N, where N is the FFT size and d.qq is the delay
in samples.

The number of peaks and troughs created by CDD in the received signal spectrum across
the subcarriers therefore depends on the length of the delay d.qq: as dqqq is increased, the
number of peaks and troughs in the spectrum also increases.

In LTE, the frequency-domain phase shift values ¢ are m, 27/3 and x/2 for 2-, 3- and
4-layer transmission respectively. For a size-2048 FFT, for example, these values correspond
to deag = 1024, 682.7, 512 sample delays respectively.

For the application of CDD in LTE, the eNodeB transmitter combines CDD delay-based
phase shifts with additional precoding using fixed unitary DFT-based precoding matrices.

The application of precoding in this way is useful when the channel coefficients of the
antenna ports are correlated, since then virfual antennas (formed by fixed, non-channel-
dependent precoding) will typically be uncorrelated. On its own, the benefit of CDD
is reduced by antenna correlation. The use of uncorrelated virtual antennas created by
fixed precoding can avoid this problem in correlated channels, while not degrading the
performance if the individual antenna ports are uncorrelated.
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For ease of explanation, the above discussion of CDD has been in terms of a rank-1
transmission — i.e. with a single layer. However, in practice, CDD is only applied in LTE
when the rank used for PDSCH transmission is greater than 1. In such a case, each layer
benefits independently from CDD in the same way as for a single layer. For example, for a
rank-2 transmission, the transmission on the second antenna port is delayed relative to the
first antenna port for each layer. This means that symbols transmitted on both layers will
experience the delay and hence the increased frequency selectivity.

For multilayer CDD operation, the mapping of the layers to antenna ports is carried
out using precoding matrices selected from the spatial multiplexing codebooks described
earlier. As the UE does not indicate a preferred precoding matrix in the open loop spatial
multiplexing transmission mode in which CDD is used, the particular spatial multiplexing
matrices selected from the spatial multiplexing codebooks in this case are predetermined.

In the case of 2 transmit antenna ports, the predetermined spatial multiplexing precoding
matrix W is always the same (the first entry in the 2 transmit antenna port codebook, which
is the identity matrix). Thus, the transmitted signal can be expressed as follows:

(0) 0)(;

YK _ o oo [t 1 X0
[y(l)(k)} = WD.Upx = Va0 1]\ |0 ekt —1]]xDa) (11.20)
In the case of 4 transmit antenna ports, v different precoding matrices are used from
the 4 transmit antenna port codebook where v is the transmission rank. These v precoding

matrices are applied in turn across groups of v subcarriers in order to provide additional
decorrelation between the spatial streams.

11.2.2.3 Beamforming Schemes

The theoretical aspects of beamforming were described in Section 11.1. This section explains
how it is implemented in LTE Release 8 and Release 9.
In LTE, two beamforming techniques are supported for the PDSCH:

¢ Closed-loop rank-1 precoding.'® This mode amounts to beamforming since only a
single layer is transmitted, exploiting the gain of the antenna array. However, it can
also be seen as a special case of the SU-MIMO spatial multiplexing using codebook
based precoding discussed in Section 11.2.2.2. In this mode, the UE feeds channel
state information back to the eNodeB to indicate suitable precoding to apply for the
beamforming operation. This feedback information is known as Precoding Matrix
Indicators (PMIs) and is described in detail in Section 11.2.2.4.

e Beamforming with UE-specific RSs.!" In this case, the MIMO precoding is not
restricted to a predefined codebook, so the UE cannot use the cell-specific RS for
PDSCH demodulation and precoded UE-specific RS are therefore needed.

In this section we focus on the latter case which supports a single transmitted layer in LTE
Release 8 and was extended to support dual-layer beamforming in Release 9. These modes
are primarily mechanisms to extend cell coverage by concentrating the eNodeB power in the
directions in which the radio channel offers the strongest path(s) to reach the UE. They are

I8PDSCH transmission mode 6 — see Section 9.2.2.1.
19pDSCH transmission mode 7 (from Release 8) and 8 (introduced in Release 9) — see Section 9.2.2.1.
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typically implemented with an array of closely spaced antenna elements (or pairs of cross-
polarized elements) for creating directional transmissions. Due to the fact that no precoding
codebook is used, an arbitrary number of transmit antennas is theoretically supported; in
practical deployments up to 8 antennas are typically used (e.g. an array of 4 cross-polarized
pairs). The signals from the correlated antenna elements are phased appropriately so that they
add up constructively at the location where the UE is situated. The UE is not really aware that
it is receiving a precoded directional transmission rather than a cell-wide transmission (other
than by the fact that the UE is directed to use the UE-specific RS as the phase reference for
demodulation). To the UE, the phased array of antennas ‘appears’ as just one antenna port.

In LTE Release 8, only a single UE-specific antenna port and associated RSs is defined
(see Section 8.2.2). As a consequence the beamformed PDSCH can only be transmitted with a
single spatial layer. The support of two UE-specific antenna ports was introduced in Release 9
(see Section 8.2.3), thus enabling beamforming with two spatial layers with a direct one-to-
one mapping between the layers and antenna ports. The UE-specific RS patterns for the two
Release 9 antenna ports were designed to be orthogonal in order to facilitate separation of
the spatial layers at the receiver. The two associated PDSCH layers can then be transmitted
to a single user in good propagation conditions to increase its data rate, or to multiple users
(MU-MIMO) to increase the system capacity. LTE Release 10 further extends the support
for beamforming with UE-specific RSs to higher numbers of spatial layers, as described in
Chapter 29.

When two layers are transmitted over superposed beams they share the available transmit
power of the eNodeB, so the increase in data rate comes at the expense of a reduction of
coverage. This makes fast rank adaptation (which is also used in the codebook-based spatial
multiplexing transmission mode) an important mechanism for the dual-layer beamforming
mode. To support this, it is possible to configure the UE to feed back a Rank Indicator (RI)
together with the PMI (see Section 11.2.2.4).

It should also be noted that beamforming in LTE can only be applied to the PDSCH and
not to the downlink control channels, so although the range of a given data rate on the PDSCH
can be extended by beamforming, the overall cell coverage may still be limited by the range
of the control channels unless other measures are taken. The trade-off between throughput
and coverage with beamforming in LTE is illustrated in Figure 11.8.

Like any precoding technique, these beamforming modes require reliable CSIT which can,
in principle, be obtained either from feedback from the UE or from estimation of the uplink
channel.

In the single-layer beamforming mode of Release 8, the UE does not feed back any
precoding-related information, and the eNodeB deduces this information from the uplink,
for example using Direction Of Arrival (DOA) estimations. It is worth noting that in this case
calibration of the eNodeB RF paths may be necessary, as discussed in Section 23.5.2.

The dual-layer beamforming mode of Release 9 provides the possibility for the UE to help
the eNodeB to derive the beamforming precoding weights by sending PMI feedback in the
same way as for codebook-based closed-loop spatial multiplexing. For beamforming, this is
particularly suitable for FDD deployments where channel reciprocity cannot be exploited
as effectively as in the case of TDD. Nevertheless, this PMI feedback can only provide
partial CSIT, since it is based on measurements of the common RSs which, in beamforming
deployments, are usually transmitted from multiple antenna elements with broad beam
patterns; furthermore, the PMI feedback uses the same codebook as for closed-loop spatial
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Figure 11.8: Trade-off between throughput and coverage with beamforming.
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multiplexing and is therefore constrained by quantization while the beamforming precoding
is not. As a consequence, additional uplink channel estimates are still required if the full
benefits of beamforming are to be realized.

For the Channel Quality Indicator (CQI) feedback for link adaptation, the eNodeB must
take into account the fact that in the beamforming modes the channel quality experienced by
the UE on the beamformed PDSCH resources will typically be different (hopefully better)
than on the cell-specific RSs from which the CQI is derived. The UE-specifc RSs cannot be
used for CQI estimation because they are only present in the RBs in which beamforming
transmission is used; UE-specific RSs that are precoded for a different UE are obviously
not useful for channel estimation. The eNodeB has to adjust the MCS used for transmission
relative to the CQI reports by estimating the expected beamforming gain depending on the
number of transmitted layers; the HARQ acknowledgement rate can be useful in deriving
such an adjustment.

It is worth mentioning that beamforming also affects the interference caused to neigh-
bouring cells. If the beamforming is intermittent, it can result in a problem often known
as the ‘flash-light effect’, where strong intermittent interference may disturb the accuracy
of the UEs’ CQI reporting in adjacent cells. This effect was shown to have the potential to
cause throughput reductions in HSDPA [18]. In LTE the possibility for frequency-domain
scheduling (as discussed in Section 12.5) provides an additional degree of freedom to avoid
such issues. In addition, beamforming may even be coordinated to take advantage of the
spatial interference structure created by beamforming in multiple cells, especially among the
cells controlled by one eNodeB.

11.2.2.4 Feedback Computation and Signalling

In order to support MIMO operation. the UE can be configured to report Precoding Matrix
Indicators (PMIs) and Rank Indicators(RIs), in addition to CQI reporting as discussed in
Section 10.2.1.
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In the case of codebook-based spatial multiplexing transmissions, the precoding at the
eNodeB transmitter is applied relative to the transmitted phase of the cell-specific RSs for
each antenna port. Thus if the UE knows the precoding matrices that could be applicable
(as defined in the configured codebook) and it knows the transfer function of the channels
from the different antenna ports (by making measurements on the RSs), it can determine
which W is most suitable under the current radio conditions and signal this to the eNodeB.
The preferred W, whose index constitutes the PMI report, is the precoder that maximizes
the aggregate number of data bits which could be received across all layers. The number of
RBs to which each PMI corresponds in the frequency domain depends on the feedback mode
configured by the eNodeB:

e Wideband PMI. The UE reports a single PMI corresponding to the preferred precoder
assuming transmission over the whole system bandwidth. This is applicable for PMI
feedback that is configured to be sent periodically (on the PUCCH?® unless the
PUSCH?' is transmitted), and also for PMI feedback that is sent aperiodically in con-
junction with UE-selected sub-band CQI reports on the PUSCH (see Section 10.2.1).

e Sub-band PMI. The UE reports one PMI for each sub-band across the whole system
bandwidth, where the sub-band size is between 4 and 6 RBs depending on the system
bandwidth (as shown in Table 10.3). This is applicable for PMI feedback that is
sent aperiodically on the PUSCH in conjunction with a wideband CQI report. It is
well suited to a scenario where the eNodeB wishes to schedule a wideband data
transmission to a UE while the channel direction varies across the bandwidth; the
precoder used by the eNodeB can change from sub-band to sub-band within one
transport block.

e UE-selected sub-band PMI. The UE selects a set of M preferred sub-bands, each of
size k RBs (where M and k are the same as for UE-selected sub-band CQI feedback as
given in Table 10.4) and reports a single PMI corresponding to the preferred precoder
assuming transmission over all of the M selected sub-bands. This is applicable in
conjunction with UE-selected sub-band CQI reports on the PUSCH.

The eNodeB is not bound to use the precoder requested by the UE, but clearly if the
eNodeB chooses another precoder then the eNodeB will have to adjust the MCS accordingly
since the reported CQI could not be assumed to be applicable.

The eNodeB may also restrict the set of precoders which the UE may evaluate and
report. This is known as codebook subset restriction. It enables the eNodeB to prevent the
UE from reporting precoders which are not useful, for example in some eNodeB antenna
configurations or in correlated fading scenarios. In the case of open-loop spatial multiplexing,
codebook subset restriction amounts simply to a restriction on the rank which the UE may
report.

For each PDSCH transmission to a UE, the eNodeB indicates via a “Transmitted Precoding
Matrix Indicator’ (TPMI) in the downlink assignment message?? on the PDCCH whether it
is applying the UE’s preferred precoder, and if not, which precoder is used. This enables
the UE to derive the correct phase reference relative to the cell-specific RSs in order to

20physical Uplink Control CHannel.
2IPhysical Uplink Shared CHannel.
22The TPMI is sent in DCI Formats 2, 2A and 2B — see Section 9.3.5.1.
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demodulate the PDSCH data. The ability to indicate that the eNodeB is applying the UE’s
preferred precoder is particularly useful in the case of sub-band PMI reporting, as it enables
multiple precoders to be used across the bandwidth of a wideband transmission to a UE
without incurring a high signalling overhead to notify the UE of the set of precoders used.

The UE can also be configured to report the channel rank via a RI, which is calculated to
maximize the capacity over the entire bandwidth, jointly selecting the preferred precoder(s)
to maximize the capacity on the assumption of the selected transmission rank. The CQI
values reported by the UE correspond to the preferred transmission rank and precoders, to
enable the eNodeB to perform link adaptation and multi-user scheduling as discussed in
Sections 10.2 and 12.1. The number of CQI values reported normally corresponds to the
number of codewords supported by the preferred transmission rank. Further, the CQI values
themselves will depend on the assumed transmission rank: for example, the precoding matrix
for layer 1 will usually be different depending on whether or not the UE is assuming the
presence of a second layer.

Although the UE indicates the transmission rank that would maximize the downlink data
rate, the eNodeB can also indicate to the UE that a different transmission rank is being used
for a PDSCH transmission. This gives flexibility to the eNodeB, since the UE does not know
the amount of data in the downlink buffer; if the amount of data in the buffer is small, the
eNodeB may prefer to use a lower rank with higher reliability.

11.2.3 Multi-User MIMO

The main focus of MIMO in the first release of LTE was on achieving transmit antenna
diversity or single-user multiplexing gain, neither of which requires such a sophisticated CSI
feedback mechanism as MU-MIMO. As pointed out in Section 11.2.1, the availability of
accurate CSIT is the main challenge in making MU-MIMO schemes attractive for cellular
applications.

Nevertheless, basic support for MU-MIMO was provided in Release 8, and enhanced
schemes were added in Releases 9 and 10.

The MU-MIMO scheme supported in LTE Release 8%} is based on the same codebook-
based scheme as is defined for SU-MIMO (see Section 11.2.2.2). In particular the same
‘implicit’ feedback calculation mechanism is used, whereby the UE makes hypotheses
on the precoder the eNodeB would use for transmission on the PDSCH and reports a
recommended precoding matrix (PMI) corresponding to the best hypothesis —i.e. an implicit
representation of the CSI. The recommended precoder typically depends on the type of
receiver implemented by the UE, e.g. MRC, linear MMSE or MMSE Decision Feedback
Equalizer (DFE). However, in the same way as for SU-MIMO, the eNodeB is not bound to
the UE’s recommendation and can override the PMI report by choosing a different precoder
from the codebook and signalling it back to the scheduled UEs using a TPMI on the PDCCH.

In the light of the similarities between implicit channel feedback by precoder recommen-
dation and explicit channel vector quantization, it is instructive to consider the implications of
the fact that the LTE 2-antenna codebook and the first eight entries in the 4-antenna codebook
are derived from a DFT matrix (as noted in Section 11.2.2.2). The main reasons for this
choice are as follows:

BPDSCH transmission mode 5 — see Section 9.2.2.1.
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e Simplicity in the PMI/CQI calculation, which can be done in some cases without
complex multiplications;

e A DFT matrix nicely captures the characteristics of a highly correlated MISO
channel.?*

In LTE Release 8, a UE configured in MU-MIMO mode assumes that an eNodeB
transmission on the PDSCH would be performed on one layer using one of the rank-
1 codebook entries defined for two or four antenna ports. Therefore, the MU-MIMO
transmission is limited to a single layer and single codeword per scheduled UE, and the
RI and PMI feedback are the same as for SU-MIMO rank 1.

The eNodeB can then co-schedule multiple UEs on the same RB, typically by pairing UEs
that report orthogonal PMIs. The eNodeB can therefore signal to those UEs (using one bit in
the DCI format 1D message on the PDCCH — see Section 9.3.5.1) that the PDSCH power is
reduced by 3 dB relative to the cell-specific RSs. This assumes that the transmission power
of the eNodeB is equally divided between the two codewords and implies that in practice a
maximum of two UEs may be co-scheduled in Release 8 MU-MIMO mode.

Apart from this power offset signalling, MU-MIMO in Release 8 is fully transparent to the
scheduled UEs, in that they are not explicitly aware of how many other UEs are co-scheduled
or of which precoding vectors are used for any co-scheduled UEs.

CQI reporting for MU-MIMO in Release 8 does not take into account any interference
from transmissions to co-scheduled users. The CQI values reported are therefore equivalent
to those that would be reported for rank-1 SU-MIMO. It is left to the eNodeB to estimate a
suitable adjustment to apply to the MCS if multiple UEs are co-scheduled.

In Release 9, the support for MU-MIMO is enhanced by the introduction of dual-layer
beamforming in conjunction with precoded UE-specific RSs, as discussed in Sections 8.2.3
and 11.2.2.3. This removes the constraint on the eNodeB to use the feedback codebook for
precoding, and gives flexibility to utilize other approaches to MU-MIMO user separation,
for example according to a zero-forcing beamforming criterion. Note that in the limit of a
large UE population, a zero-forcing beamforming solution converges to a unitary precoder
because, with high probability, there will be N UEs with good channel conditions reporting
orthogonal channel signatures.

The use of precoded UE-specific RSs removes the need to signal explicitly the details
of the chosen precoder to the UEs. Instead, the UEs estimate the effective channel (i.e. the
combination of the precoding matrix and physical channel), from which they can derive the
optimal antenna combiner for their receivers.

The UE-specific RS structure described in Section 8.2.3 allows up to 4 UEs to be
scheduled for MU-MIMO transmissions from Release 9.

Furthermore, the precoded UE-specific RSs mean that for Release 9 MU-MIMO it is not
necessary to signal explicitly a power offset depending on the number of co-scheduled UEs.
As the UE-specific RSs for two UEs are code-division multiplexed, the eNodeB transmission
power is shared between the two antenna ports in the same way as the transmitted data, so
the UE can use the UE-specific RSs as both the phase reference and the amplitude reference
for demodulation. Thus the MU-MIMO scheduling is fully transparent in Release 9.

241t is not difficult to see that if the first N rows are taken from a DFT matrix of size Ny, each of the N, column
vectors comprises the spatial signature of the i™ element of a uniform linear antenna array with spacing /, such that
gsiné =5 [7].
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11.2.4 MIMO Performance

The multiple antenna schemes supported by LTE contribute much to its spectral efficiency
improvements compared to UMTS.

Figure 11.9 shows a typical link throughput performance comparison between the open-
loop SU-MIMO spatial multiplexing mode of LTE Release 8 with rank feedback but no PMI
feedback, and closed-loop SU-MIMO spatial multiplexing with PMI feedback. Four transmit
and two receive antennas are used. Both modes make use of spatial multiplexing gain to
enhance the peak data rate. Closed-loop MIMO provides gain from the channel-dependent
precoding, while open-loop MIMO offers additional robustness by SFBC for single-layer
transmissions and CDD for more than one layer.

The gain of closed-loop precoding can be observed in low mobility scenarios, while the
benefit of open-loop diversity can clearly be seen in the case of high mobility.
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Figure 11.9: Example of closed-loop and open-loop MIMO performance.

11.3 Summary

In this chapter we have reviewed the predominant families of MIMO techniques (both single-
user and multi-user) of relevance to LTE. LTE breaks new ground in drawing on such
approaches to harness the power of MIMO systems not just for boosting the peak per-user
data rate but also for improving overall system capacity and spectral efficiency. Single-User
MIMO techniques are well-developed in Release 8, providing the possibility to benefit from
precoding while avoiding a high control signalling overhead. Support for beamforming and
Multi-User MIMO is significantly enhanced in Release 9. LTE-Advanced further develops
and enhances these techniques, as outlined in Chapter 29.
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