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[PAPER

User Scheduling for Distributed-Antenna Zero-Forcing
Beamforming Downlink Multiuser MIMO-OFDM Systems

SUMMARY  We describe a user scheduling scheme suitable for zero-
forcing beamforming (ZFBF) downlink multiuser multiple-input multiple-
output (MU-MIMO) orthogonal frequency-division multiplexing (OFDM)
transmissions in time-division-duplex distributed antenna systems. This
user scheduling scheme consists of inter-cell-interference mitigation
scheduling by using fractional frequency reuse, proportional fair schedul-
ing in the OFDM frequency domain, and high-capacity ZFBF-MU-MIMO
scheduling by using zero-forcing with selection (ZFS). Simulation results
demonstrate in a severe user-distribution condition that includes cell-edge
users that the proposed user scheduling scheme achieves high average cell
throughputs close to that provided by only ZFS and that it also achieves
almost the same degree of user fairness as round-robin user scheduling.
key words: distributed antenna systems, fractional frequency reuse, mul-
tiuser MIMO, OFDM, user scheduling, zero-forcing beamforming

1. Introduction

Future wireless networks are expected to have high aver-
age cell throughputs so they can provide high-rate data ser-
vices to a large number of users. To this end, distributed an-
tenna systems (DAS) have recently attracted a considerable
amount of attention for use as multiple-antenna deployment
techniques that are based on macroscopic antenna diversity
[1]. In DAS, the base station (BS) antennas of multiple-
input multiple-output (MIMO) systems are geographically
distributed within a cell to reduce the access distance be-
tween user equipment (UE) and a distributed antenna subset.
This distributed antenna deployment secures a wireless link
budget even for UE located at cell edges. In addition, trans-
mit beamforming, e.g., maximum-ratio transmission used
for DAS, enhances the desired signal strength, resulting in a
high signal-to-interference ratio (SIR) in inter-cell interfer-
ence (ICI) environments [2]. Therefore, DAS possesses a
larger link budget and higher ICI tolerance than co-located
(or centralized) antenna systems (CAS).

Zero-forcing beamforming (ZFBF) downlink multiuser
(MU) MIMO orthogonal frequency-division multiplexing
(OFDM,) applied for DAS is thus expected to achieve higher
average cell throughputs than that for CAS. However, ICI
will severely degrade the average cell throughput, compared
with that obtained in a non-ICI case. Using zero forcing with
selection (ZFS) [3] as the user scheduling technique signif-
icantly can improve the average cell throughputs because of
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the multiuser diversity. ZFS, however, sacrifices the fair-
ness between users. In addition, the average cell through-
puts for cell-edge users are expected to be much higher than
that obtained with CAS. They, however, will be worse than
that obtained in a non-ICI case. Therefore, more practical
user scheduling schemes are needed for distributed-antenna
ZFBF downlink MU-MIMO-OFDM system:s.

Fractional frequency reuse (FFR) has been investigated
as a type of geographical user scheduling to avoid adjacent-
cell interference for users located within cell boundaries [4].
In FFR, the entire bandwidth is divided into a subchannel
with a frequency reuse factor (FRF) equal to one and a sub-
channel with a higher FRE. Resource blocks (RBs) in a sub-
channel with FRF equal to one are allocated to users located
in inner-cell zones, whereas RBs in a subchannel with a
higher FRF are allocated to users located in cell-boundary
zones. In a subchannel with a higher FRF, ICI is reduced
at the expense of the available number of RBs in each cell.
After the classification of all users into inner-cell and cell-
boundary users, further user scheduling is needed for ZFBF
downlink MU-MIMO-OFDM systems.

Frequency-domain user scheduling is required for MU-
OFDM systems so that the channel conditions can be used
as much as possible while satisfying some degree of fair-
ness between the users. Maximum rate scheduling (MRS)
can achieve a maximum sum rate by selecting only the UE
with the best channel gain. UE with bad channel] condition
will, however, never be scheduled. Round-robin scheduling
(RRS) gives equal opportunities to all UE. This, however,
leads to a lower overall system performance. The well-
known proportional fair scheduling (PFS) is an approach
that compromises between MRS and RRS [5]. PFS sched-
ules a user when its channel gain is higher than its average
channel gain. By doing so, PFS operates somewhere in-
between MRS and RRS.

Spatial-domain user scheduling has been proposed for
ZFBF MU multiple input single output (MISO) or MIMO
systems when the number of users exceeds that of the trans-
mit antennas [3], [6]-[10]. Semi-orthogonal user selection
(SUS) sequentially searches for a semi-orthogonal user set
based on the channels’ norm and orthogonality [6]. In addi-
tion, after a user set is determined by SUS, a selected user
is replaced based on the orthogonality verification with an-
other user who is more orthogonal to a scheduled user set
[7]. ZFS and its simplified version [8] sequentially searches
for a user set based on the ZFBF effective channel gain and
provides higher throughputs than SUS. ZFS itself, however,

Copyright © 2010 The Institute of Electronics, Information and Communication Engineers
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FUJII: USER SCHEDULING FOR DISTRIBUTED-ANTENNA ZFBF DOWNLINK MULTIUSER MIMO-OFDM SYSTEMS

does not possess a user-fairness element. A somewhat dif-
ferent approach is to use both user scheduling and receive
antenna selection [9]. This scheme aims to increase sum
rate while serving multiple streams to each UE. Unlike such
antenna selection, however, beamforming at UE can cre-
ate an equivalent single-stream channel for all receive an-
tennas equipped with each user. Serving single stream to
more scheduled users through such equivalent channels can
provide higher user fairness and higher average through-
puts. For more advanced techniques, a generic algorithm
is used for the space and frequency domains to maximize
the achievable throughputs [10].

In light of this background, we propose a user schedul-
ing scheme that is suitable for distributed-antenna ZFBF
downlink MU-MIMO-OFDM systems to balance the com-
peting goals for high throughputs and user fairness. We in-
tegrated ICI-mitigation scheduling for low-SIR users by us-
ing FFR, PFS in the OFDM frequency domain, and high-
capacity ZFBF-MU-MIMO scheduling for the remaining
spatial streams by using ZFS into the overall user schedul-
ing. The novelty of the scheme that we propose is as fol-
lows. We introduce FFR into DAS to further increase aver-
age user throughputs for users located in cell boundaries. In
each of the higher-SIR user group and the lower-SIR user
group, which are classified by FFR, PFS is applied for all
users to secure user fairness. Unlike the original ZFS, the

2371

by PFES as the first user and then selects other users to be
allocated to the remaining streams. By applying the inte-
grated user scheduling for DAS, we achieve high average
cell throughputs while improving the average cell through-
puts for potentially low-throughput users and also satisfying
some degree of user fairness.

2. Reference Signal (RS) Structures

The configurations of a BS equipped with Np antennas and
UE equipped with ng antennas are shown in Figs. 1 and 2.
We assume that there are K users in each cell. The signal-
flow procedures of the RS and data transmissions are as fol-
lows.

1) BSs transmit cell-specific downlink RSs.

2) UEs receive the cell-specific downlink RSs, estimate
channels, calculate average SIR and transmit beam-
forming vectors, feedback the average SIR, and then
transmit sounding RS.

3) BSs receive the sounding RSs, estimate multiuser
channel vectors, schedule Ny users per resource block
(RB), calculate ZFBF weight matrices, and then trans-
mit UE-specific RSs.

4) Scheduled UEs receive the UE-specific RSs, calcu-
late receive beamforming vectors and post-detection
SINRs, select MCSs, and then feed back the MCS in-

ZFS in our proposed user scheduling treats the user selected dexes.
Selected user indexes
I -
RBadL 1
User data . SRS
#1 = #130 AMC #1 UE-specific RS #1 | HEES  OFDM #1 —ql
multiplexing Antenna-common _
2 | Hitpl OFDM #2 <q#2
o hl:dmhn C] 12,] amc#o be| UE-specificRS #2 cellsgecinc
scheduling s multiplexing ZFBF downliil
.| foreach RB e
i RS
L] #Ny UE-specific RS #N, multiplexin;
L4 b AMC #Ny [ mp:ltiplexing . ﬂ i i - g!‘- OFDM #Np <#Np
T || Multi-user channel
Average SIR from users vector estimation

Fig.1  BS configuration.

m-th subcarrier
—::1 E 1 T Receive Turbo Ee:overed data
3 4 A
o= I T T beamforming decoding
L? ll"‘ From other subcarriers
Channel vector Average SIR| | Beamformed channel MMSE weight Post-MMSE MCS
i by L estimation estimation matrix estimation vector derivation| | SINR estimation| ~ | selection
" v % J1 4
: D—1Ew Average SIR feedback Interference signal power MCS index feedback
#ng Transmit-yveight
vector derivation Phase index for distributed FDMA
- ; +
an S? i Transmit Sounding RS | ¢ 1Zadoff-Chu seq. lf_ Sequence index
E N beamforming generation generation
Fig.2  UE configuration.
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4P Cell-specific downlink RS

& UE-specific RS

& Data symbol
Fig.4  Allocation of cell-specific downlink RS to cells.

Unused resource element

5) BSs receive the MCS indexes and transmit spatially-
multiplexed and rate-controlled data through adaptive
modulation and coding (AMC).

6) Scheduled UEs detect the data and decode them.

Note that the cell-specific downlink RS, the UE-specific RS,
and the spatially-multiplexed data are loaded in the same
RBs as shown in Fig. 4.

2.1 Cell-Specific Downlink RS Structure

Figure 3 shows cell clusters consisting of N cells in a multi-
cell layout consisting of N¢ cells. Based on this cell clus-
tering, we classify N¢ cells into Nr groups as A;., (ir =
1, --+, Nr). The cell group to which the ic-th cell belongs
is defined as ir = C(ic). Figure 4 shows an allocation of
cell-specific downlink RS and UE-specific RS to two con-
secutive time-direction RBs to each cell (cell #1—#4) within
the cell cluster. The bold line is a boundary line between two
RBs and each RB consists of (Ngpsc subcarriers X Ngpsuy
symbols) resource elements illustrated as blocks. The same
allocation is repeated for the other cell clusters. We use Ng
sets of cell specific downlink RSs with different time and
frequency shifts for the N cells within each cell cluster.

Page 6
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Fig.5 Distributed antenna geometry.

In the resource elements carrying RS for a given cell, no
symbols, which are denoted as unused resource elements in
Fig. 4, are transmitted from other cells within the same cell
cluster to avoid adjacent cell interference. Identical cell-
specific downlink RSs are allocated for all the distributed
antennas shown in Fig.5 as antenna-common cell-specific
downlink RS.

An Np-dimensional antenna-common cell-specific
downlink RS vector is given for the resource element at the
m-th subcarrier and the n-th symbol by

8ic(m, n) = WcsrsACsRSSCSRS: (e))

where scsrs is an arbitrary complex-valued signal with a
unit power and it is boosted by a@csgs = VNr. The fixed
transmit weight vector weggs is simply set as

1 1 1 i
WCSRs = > A .
VNo  VNp VNp

All the resource elements over the Ng¢ subcarriers are trans-
formed by using the inverse fast Fourier transform (IFFT)
into OFDM signals. The symbol block length, the IFFT
size, and the guard interval length are respectively denoted
as Nsp, Nrrr, and Ng;. The symbol block length is thus
given by Nsp = Nppr + NgJ.

2

2.2 Average SIR Approximation for User Ranking

The received signals at each receive antenna are trans-
formed by using FFT into Ngc subcarrier signals. The ng-
dimensional frequency-domain received cell-specific down-
link RS vector is given at user k in the ic-th cell by

Nc
Xic,k(m,n) = Z Fic i, jc(m,n)s j.(m, n) + njc i(m,n)
je=l1

Z Fi. i, jc(m,n)s.(m,n)
jc €Ajp
Jr=1, Np
+n;c, k(m, n), 3)
where Fj_ i j.(m,n) is an (ngX Np)-dimensional channel
matrix at a resource element (m, n) for user k in the ic-th
cell from the distributed antenna set in the jc-th cell, and
n;..x(m,n) is a noise vector. For notation simplicity, inter-
ference signals caused by large propagation delays are not
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included in (3). An ng-dimensional composite channel vec-
tor is estimated for each cell group jr as

Jick jo(mn) = X k(m, n)Sggps/ @csrs

<. JF

Z Fic i, jc (m, n)wcsgs
Jc€Ajp

+ﬁic, k(m’ n)v (4)

where the superscript * denotes the complex conjugate and
fij, k(m,n) = ni, 1 (m,n)sgqc/@csrs. Note that the resource
element positions (m, n) for cell-specific downlink RSs are
different for each cell group jr as shown in Fig.4. The es-
timated composite channel vector is then averaged over the
two consecutive time-direction RBs as

1 A
Sick, js (M) = Nowrs Z Fic i, jr(m,m), )

(m,n)

where M is a frequency-direction index for the RBs and
Ncsrs (= 4) is the number of cell-specific downlink RSs al-
lotted in the two consecutive time-direction RBs. The aver-
age signal-to-interference power ratio (SIR) is approximated
as

N -
3 | Fri 0|
SIR; = ——

Nr Nrp ! - M 2 >

jFZ=: i MZ=1 R ||fiC,kij( )”
JF #ir

where Ngp is the number of RBs. This SIR value is fed back

to BS.

2.3 Uplink Sounding RS Structure

A sounding RS is transmitted from each UE to the BS so
that the BS can know what channel has been established be-
tween each UE and the BS distributed antennas. In order to
avoid adjacent cell interference, a sounding RS is generated
in the form of distributed FDMA signals and the different
comb phases in distributed FDMA signals are allocated for
users located in different cells within the same cell cluster.
To enable multiple users (= N,4) located in the same cell to
simultaneously access the BS, the comb phase allocated to
a cell is further divided into multiple different comb phases
as shown in Fig.6. A cyclically-extended Zadoff-Chu se-
quence czc(p) is boosted by asgs and then mapped onto
subcarriers as

, _ | asrsczc(p) m = NpNap + 6ic k
Clc,k(m) _{ 0 m iNFNAP'*'(SiC,k ’ (7)

where 6. is a phase allocated to user k in the ic-th cell
and it is convenient to set NeFNy < Ngpsc such that at least
one sounding RS can be contained in each RB. The boosting
factor is set to asgrs = VNrpN4. When K exceeds Ny, the
sounding RS for user k(> N,) is transmitted to the next time
slot.

We use a transmit beamforming that is based

2373
User 1 User 2 User 3
Cell#1: B B [t ® & [l «-=--
#1, #5, #9, #13, #17, #21, Frequency
Cell#: W B Wl ® B [ ===-*
#2, #6, #10, #14, #18, #22, Frequency
Cell#3: @ & (it ® = WM ..-.-
#3, #1, #11, #15, #19, #23, Frequency
Cell #4: snsue
#4, #8, #12, #16, #20, #24, Frequency

Fig.6  Allocation of sounding RS to multiple users in multi-cells (NF =
4 and NA = 3).

on the maximum ratio combining (MRC) for uplink
sounding RS. Using the weight vector v} (M) =
f;c, kir(M)/ || f ik, ip (M) || the Zadoff-Chu sequence mapped
onto subcarriers is beamformed as

Cic.k(m) = v;_  (M)ci; ik (m). ®

The sounding RS vector is transformed by IFFT into dis-
tributed FDMA signals. Note that the constant amplitude
property of the Zadoff-Chu sequence is lost by multiply-
ing RB by a transmit beamforming weight vector although
such a property is maintained when ng = 1. The symbol
block length, the IFFT size, and the guard interval length
are respectively denoted as Nsp, Nrrr, and Ng;. The sym-
bol block length is given by Ngp = Nppr + Ng;.

2.4 Uplink Channel Estimation

At BS, the Np-dimensional received signal vector at the ic-
cell is transformed by FFT into subcarrier signal vectors.
The received subcarrier signal vector contains the received
subcarrier signals of different users not only from the cell of
interest but also other cells. The received signals at the sub-
carrier of interest are demapped and the received subcarrier
signal vector at the M-th RB from user k in the ic-th cell is
expressed as

Yie k(M) = F,-Tc,k,iC(M)vE’C_k(M)cic,k('n)
+ Z Z FL . o my' (M)

Jc€Aig 8jc,k =0bic.k

Cjc,k(m) + nic(m), ©)
where the second term is the interference signals from users
with the same phase of distributed FDMA signals. An Np-

dimensional single-stream effective channel vector is esti-
mated by

Gic, (M) =y, (M)czc(p)/asks .- (10)

Based on SIR;_ x and g,.c,,c(M), Ny active users are selected
out of K users for the M-th RB.
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Time

Fig.7  Allocation of UE-specific RS to six users in cell #1.

2.5 UE-Specific RS

Figure 7 shows the allocation of UE-specific RS in cell
#1 when Ny = 6. UE-specific RSs allocated to each user
are deployed in equally-spaced subcarrier intervals so that
the channel can be interpolated for the subcarriers where
UE-specific RS is not deployed. Data symbols or UE-
specific RS to be transmitted to Ny users are arranged
as a;.(m,n) = [ai1(m,n), aico(m,n), -+, @iy, (mm)]",
where a;.., 1 (m, n) has an average power of E |a,~C' 1(m, n)|2] =
1/Ny for data symbols. For UE-specific RS to be trans-

mitted, a;.(m,n) is set as a;.(m,n) = [0,---,0,s;.;,
(m,n),0,---,0]", where s, ;,(m,n) is given by
Sic,iy(m, N) = QUERS SUERS » (11)

where syggrs is an arbitrary complex-valued signal with a
transmit power of 1/Ny and ayggs is a boosting factor. It is
convenient to allot @ygrs = VN because there are (Ny—1)
unused resource elements for a single user. In the end, we

: 2
set the transmit power as |s,-c,,-u (m, n)| = 1. The beam-
formed transmit signal is obtained by

Sic(m,n) = W;.(M)a;.(m, n). (12)

All of the beamformed resource elements are then trans-
formed by IFFT into an Np-dimensional OFDM signals as
8ic (D).

3. User Scheduling

Figure 8 shows the user scheduling algorithm that we
propose, which consists of ICI-mitigation scheduling us-
ing FFR, PFS in the frequency domain, and high-capacity
scheduling by ZFS. Figure 9 shows a multi-cell structure
where FRF is equal to one and three, respectively, in the
inner-cell and cell-boundary zones. The number of RBs
allocated for the inner-cell and cell-boundary users is re-
spectively Nyr and Ngp as illustrated in Fig. 10. The user
scheduling procedures that select Ny users out of K users at
each RB are as follows.

1) Using the average SIR values fed back from K UEs, K
users are ranked and then classified into Ky inner-cell
users and K cell-boundary users.

2) Ky inner-cell users and K cell-boundary users are re-
spectively allocated to Nyr RBs and Ngr RBs.

3) In each user group, in descending order of rank, all
users selects an RB with its own highest channel gain
without duplication of RBs. This is repeated until the
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whole RB is allocated to an arbitrary single user.
4) In each RB, the remaining (Ny — 1) users are selected
based on ZFS so that the sum rate can be maximized.
The following Sects. 3.1-3.3 present the detail of the user
scheduling procedures.

3.1 ICI-Mitigation Scheduling by FFR

Ateach cell, K user indexes are sorted in descending S IR;.. «
order asI' = {vyy, .-+, ykx}. The sorted user-index set I' is
partitioned into a high-SIR group I'y; and a low-SIR group
I';. Each user set is respectively denoted as

FH={7{’,'-',7‘ZH} andr[,:{‘ylf,"’,)’]L(,_},

where Ky and K| are the number of users in each user set
and K = Ky + K;. Note that the users are not classified here
based on their distance from the center of a cell because the
received signal power is not always attenuated proportional
to the distance due to shadowing and instantaneous fading.
The SIR measured with cell-specific downlink RS does not
correspond to the SIR in a ZFBF data transmission. The
users in the low-SIR group are, however, more likely to suf-
fer from ICI in a ZFBF downlink MU-MIMO data trans-
mission. The users in the high- and low-SIR groups are thus
respectively regarded as inner-cell and cell-boundary users.
The inner-cell users are allocated to RBs with FRF equal to
one, whereas the cell-boundary users are allocated to cell-
specific RBs with FRF equal to three.

3.2 PFS in OFDM Frequency Domain

Based on the determined order in each user group, each user
selects one RB with the largest channel gain from among the
available RBs to pursue a higher capacity. When another
user has already selected an RB, the RB with the second
largest channel gain is selected. When the number of avail-
able RBs is larger than that of users, the above procedure
is repeated until each of all available RBs is occupied by a
single arbitrary user. We do not use any user exclusion crite-
rion, for instance, based on channel gain so that all users can
be allocated to at least one RB. The search for users to be al-
located as the first user in RB is carried out in the following
way.

1) Initialization:

Setn = 0.
Set IT¥ = { null ).

2) While n < Nyp:

n=n+1l.
k=mod(n—-1,Ky) + 1.
Find an RB, M, such that

2
Gicn |-

mH = arg max
4 M=1,-,Nyr and Mgl |

I = TG, U {myn).
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Fig.8  User scheduling algorithm.

Fig.9  Cell partitioning into inner-cell and cell-boundary zones for FFR
(FRF =3). )

At the end of the procedure, the selected RB set is ob-

tained as I1Z , o . Like-
UF Y mod Wy p-1, Kpp)+1

wise, the same procedure is applied for the cell-boundary
user set I'; to obtain H,’;,RF. The selected RB sets I'IZUF
and I'Ik," contain RB indexes in ascending order of I'y
and I';, respectively. Finally, each selected RB set is per-
muted in ascending order of RB index. The resultant user
sets are respectively denoted as Ayr = {4y, -+, Ay, } and

= {”7{,’ 7[7;,’ e

Arr = {’lNurﬂiicNmrH’ i /lNur+ﬂicNRF+NRr}’ where Ay is a
user index for the M-th RB and B;. (=0, 1, or 2) is a cell-
specific RB allocation shift in subchannels with FRF equal
to three. Note that users’ channel gains vary less in DAS
than in CAS. This thus leads to higher user fairness through
PFS.

3.3 High-Capacity ZFBF-MU-MIMO Scheduling by ZFS
When ZFBF is supposed to be used for transmit beamform-

ing, the throughput of the ZFBF transmission is given for an
Ny-tuple user set Qy,, by [11]

Ny
Rep (Qn,) = ) [log; (e @n,)),. (13)
i=1

where [x], = max {0, x} and c;(Qy,)is an effective channel
gain and it is obtained as

=]
ci(Qny) = {[(G(QNU>G”<Q~U>)"]“} , (14)

where G(Qy, ) is a channel matrix for Qy, and the subscript
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Fig.10  Allocation of users to RBs with FRF = 1 and cell-specific RBs
with FRF = 3.

i, i refers to the (i, i)entry of the matrix. And u in (9) is
obtained by solving the water-filling equation

1
Z[ -c.-(Q,.)L:P’

i€Qn

15)

where the total transmit power is constrained to P. Search-
ing for an Ny-tuple user set from among K users that
yields maximum R, ;(Qy, ) has prohibitive complexity. The
reduced-complexity suboptimal algorithm, ZFS, is outlined
as follows.

The original ZFS starts by searching for a user with the
largest channel gain. We, however, have already selected
one user for each RB. The first user for each RB thus should
be the one selected by using PFS. The search for users to be
allocated to the remaining (Ny — 1) streams is carried out by
ZFS for the M-th RB as follows.

1) Initialization:

Setn = 1.

Set Q1(M) = {Am}.
2) While n < Ny:

n=n+1.

Find a user, k, such that

qn = arg kerur%.)_(.w) sz (Qn-1(M) U {k}) .
Set 0u(M) = On-1(M) U {g,)}.

At the end of the procedure, the scheduled user set Qy,, (M)
is obtained for M = 1, ---, Nyr. The same procedure is
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applied for the cell-boundary user set I'y in cell #1. The
scheduled user set Qu,(M) is obtained for M = Nyr +
1, .-+, Nyr + Ngp. We also need to mention that by ap-
plying ZFS for two separated user groups, I'y and I';, the
computational complexity is smaller than that when ZFS is
applied for I'.

4. ZFBF Downlink MU-MIMO-OFDM for Selected
Users

4.1 ZFBF Matrix Derivation

Based on the scheduled user set Qy,(M), we set up an
(Ny X Np)-dimensional MU-MIMO channel matrix G;.(M).
The ZFBF consists of inverting the channel matrix at the
transmitter in order to create orthogonal channels between
the transmitter and the receivers. It is, however, already
known that the sum rate for a channel inversion in its plain
form is poor and a regulated form of inversion improves the
transmission performance. A ZFBF weight matrix is there-
fore calculated using regularized zero-forcing beamforming
as

Wi (M) = GEM) (G (MGE (D) +ely,) . (16)

where ¢ is a small value used to regulate an inverse and I,
is an (Ny X Ny)-dimensional identity matrix. The regulat-
ing value is set to € = NUO'%/E [12], where 0'ij is a noise
variance at UE. The diagonal loading parameter £ (> 0)
causes inter-user interference, but the optimum value of &
maximizes the SINR at the receivers. The weight vector
Wi.,iy(M) in the transmit beamforming matrix W;.(M) is
used in the normalized form of w{: e Mw;;, (M) = 1.

4.2 Transmit ZFBF for UE-Specific RS and Data Symbols

Data symbols or UE-specific RS to be transmitted to Ny
users are arranged as a;.(m, n) = [a;.,1(m, n), aj. 2(m,n), ---,
aic, Ny (m, n)]7, where aj.,1(m, n) has an average signal power
of E [ laic,1(m, n)|2] = 1/Ny for data symbols in the sub-

channel where FRF = 1 and it is adjusted to FRF/Ny in the
subchannel where FRF = 3 to maintain the same average to-
tal transmit signal power. The beamformed transmit signal
is obtained by

Sic(m,n) = W;.(M)a;.(m, n). 17)

All the beamformed resource elements are then transformed
by IFFT into an Np-dimensional OFDM signals.

4.3 Receive MMSE Beamforming

The ng-dimensional received signal vector at user iy at the
first cell (ic = 1) is transformed by FFT into subcarrier sig-
nals. The received subcarrier signal vector is given by

xi,(m,n) = Fy i, 1(m,n)W(M)a(m,n)
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Nc

+ 3 Fy iy, jem, W jc(M)ajc(m, n)
Je=2

=+ niy(m’ n)s (18)

where the cell index of one is omitted for some variables for
notation simplicity. An ng-dimensional beamformed chan-
nel vector from each spatially multiplexed user is estimated
as

biy, j, (m) = xi, (M, n)s}, grs /@uERS, (19)

where jy(l < jy < Ny) is a multiplexed user index and
the resource element position (m, n) is the one assigned to
UE-specific RS for the jy-th user. For the subcarrier with-
out UE-specific RS, the channel is obtained by interpolat-
ing adjacent channel estimates. By doing this, an (ng x
Ny )-dimensional beamformed channel matrix l?,-u(m) =
[IAJ,-Uyl(m), s, l;,-U,NU(m)] is obtained for each subcarrier.

The second term in (18) is the interference signals from
other cells. The interference signals are unknown to user
iy because the Np-dimensional vector W;.(M)a.(m,n) is
unknown to users in other cells. The amount of inter-cell
interference in a non-ZFBF case is estimated in the course
of calculating (6) as

1 Gy s
a0 = - > || Fo s 00 20)

Jr=2

The interference signal power 0'2, iy (M) is used by scaling
5'; M) = 770'2‘ iy(M) to roughly approximate the variance
of the interference signals in the M-th RB, where 7 is a scal-
ing factor.

The MMSE receive beamforming vector is derived by
using a Moore-Penrose pseudo-inverse for Ny > ng in case
more than (ng — 1) inter-user interference streams remain
due to imperfect transmit beamforming. It is given by

|
2i,(m) = by 1, () Biy (m) B om) + (DL, ) 1)

where X (M) = Nyo?, + oA'f,, i, (M) and 0% is a noise vari-
ance at the receiver. The resulting post-MMSE SINR is es-
timated for each subcarrier as

T g 2
z;, (m)biy, i, (m)
SINR;,(m) = AL

T 7 >
2k (m)bi, j,(m)|

(22)

Ny
oM+ X
Ju=l, ju#iy

The SINR for the M-th RB is determined as the minimum
value among SINR;, (m) for the corresponding subcarriers,
that is, SINR;,(M) = min SINR;,(m). A modulation and
coding set (MCS) is selected based on SINR;,(M) so that
the transmission rate can be maximized while satisfying
the target average packet error rate (PER). The selected
MCS index is fed back to BS. Based on the selected MCS,
Ny(Nyr + Ngp) rate-controlled data streams are generated
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and then transmitted via ZFBF MU-MIMO-OFDM to active
users. The transmit symbol is detected at user iy by

81y (m,m) = 21 (m)xi, (m, ). 23)

Based on the detected symbols, the bit-by-bit LLRs are cal-
culated and fed into the Turbo decoders to recover each
packet data.

5. Computer Simulation

The average cell throughput performances and the average
user throughput performances of distributed-antenna ZFBF
downlink MU-MIMO-OFDM systems were evaluated for
the scheduled users in cell #1. The simulation parameters
are listed in Table 1. We chose the parameters of Np = 19
and ng = 4, which provided high average cell through-
puts in another simulation. Table 2 shows the MCS selec-
tion thresholds, which were obtained for a symbol length of

Table 1

Simulation parameters.
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Number of cells

Cell cluster size for cell-specific
RS and sounding RS

Inter-site distance
Number of BS antennas
Number of UE antennas
Number of users

Number  of  simultaneously
accessing users to BS through
sounding RS

Number of downlink spatially
multiplexed users

Number of subcarriers
IFFT/FFT size

Guard interval length
OFDM symbol duration

Resource block size in frequency
domain

Resource block size in time
domain

Number of RBs in frequency
domain

Number of RBs with FRF =1
Number of RBs with FRF =3

Cell-specific ~ downlink RS
boosting

Sounding RS boosting
UE-specific RS boosting
1 packet size

Data symbol
accommodated in 1 packet

Target average PER

length

Scaling factor for estimating
variance of ICI in ZFBF

Path loss exponent

Standard deviation of shadowing
Path model

Path attenuation/path interval

RMS delay spread
Maximum Doppler frequency

Nc=19

Ne=4

500 m

ND= 19

nR=4

K =12 or 18/cell

N4 =3/cell

NU =6

IVSC =1200

Nreer=2048

Ngi =144

Ts=71.4 ps (Gl is included.)

Ngasc = 12 subcarriers
Nzasu =7 OFDM symbols

Nrs = Nsc/Nrssc = 100

Nur=176
NRF = 8/cell

acsgs = 2.0

Qsps = 3.46
QUUERS = 245
2 time-direction RBs

NsupL =116

1.0x 107

7=9.0 for RBs with FRF =1
n=0.3 for RBs with FRF =3
B=35

o0;=7.0 (dB)

Six  exponentially-decayed
paths

1.5 dB/5 samples
0.25 ps/Tx antenna
0 Hz (quasi-static condition)
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Ns mp1 by another simulation. We defined the noise variance
o-%, £ as one that gives a certain average received SNR at the
cell edges when a unit-power signal is transmitted from an-
tenna #1, which is located at the center of a cell. The noise
variance at UE is thus given by 0%, = 1/105VRue(@B)/10,
The average SNR at BS antenna #1 was set as SNRzs(dB)
= SNRyg(dB) —10dB assuming that the transmit power at
UE is smaller than that at BS by 13dB and the noise fig-
ure at BS is smaller than that at UE by 3 dB. The maximum
achievable average cell throughput is 6 bits (64QAM) x 4/5
(highest coding rate) x 6 users = 28.8 bits/s/Hz.

5.1 Average User Throughputs in Descending Order of
Average SIR.

Figure 11 shows the average user throughputs in descend-
ing order of average SIR when RRS was used. The number
of users was set to K = 18. We simulated two cases for
the user distribution in cell #1. One where all users were
uniformly distributed within the cell (hereafter Case I). The
other where 12 users were uniformly distributed within the
cell and six users were respectively located at hexagonal cell
edges (hereafter Case II). In the other cells, all the users
were uniformly distributed within each cell.

In both cases, the average user throughputs decreased
as the average SIR decreased. The average SIR approx-
imation used in (6) can thus indicate that the lower it is
the lower the average user throughput will be. The aver-
age SIR approximation is therefore helpful for classifying
users into inner-cell and cell-boundary users. Specifically,
in Case II, the average user throughputs for low-SIR users
were more prone to decrease due to a smaller channel gain
and a larger ICI. As a result, the average user throughput dis-
parity between the highest-throughput user and the lowest-
throughput user enlarged. The user ranking based on the
average SIR approximation can therefore predict the user
ranking of the expected average user throughputs.

Table 2 MCS selection thresholds.
Index Modulation Coding rates | SNR thresholds (dB)
1 1/3 0.4
2 1/2 2.6
3 QPSK 2/3 4.6
4 3/4 5.6
5 4/5 6.2
6 173 4.8
7 1/2 7.6
8 16QAM 2/3 10.2
9 3/4 114
10 4/5 12.2
11 1/3 8.8
12 12 11.8
13 64QAM 2/3 14.8
14 3/4 16.6
15 4/5 17.4
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Fig.11  Average user throughputs in descending order of average SIR
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Fig.12  Average cell throughputs of low-SIR users when proposed user
scheduling with and without FFR is applied for K = 18.

5.2 Effect of FFR for Low-SIR Users

Figure 12 shows the average cell throughputs in the sub-
channel allocated to low-SIR users in the proposed user
scheduling for both Case I and Case II. To evaluate the FFR
effect on the average cell throughput performance, we set
FRF =1 and 3 in such a subchannel. Here FRF = 1 means
there was no ICI-mitigation scheduling, that is, no FFR. For
K =18, Ky was set to ten and K; was set to eight. Note that
K; low-SIR users were the cell-edge users in most cases, but
not always so due to shadowing and instantaneous fading.
In Case I, the average cell throughputs when FRF =
1 were higher than those when FRF = 3 because the dis-
parity ‘between high-SIR users’ average throughputs and
low-SIR users’ average throughputs was small, as shown in
Fig. 10. On the other hand, in Case II, low-SIR users suf-
fered from severe ICI, as shown in Fig. 10, and thus those
users’ average throughputs degraded when FRF = 1. Us-
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Fig.13  Average cell throughputs for various user scheduling schemes
when K = 12.
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Fig.14  Average cell throughputs for various user scheduling schemes
when K = 18.

ing FFR improved the average cell throughput by approxi-
mately 2.0 bps/Hz at an average cell-edge SNR of 15.0dB.
The proposed user scheduling with FRF = 3 can cope with
these severe conditions imposed on the user distribution.

5.3 Average Cell Throughput Comparison

Figures 13 and 14 show the average cell throughput compar-
isons of RRS, ZFS, and the proposed user scheduling when
all the users (K = 12 and 18) were uniformly distributed
within each cell. In the proposed user scheduling, when K
= 12, the number of users in the high-SIR user set was set to
Ky = 6 and that in the low-SIR user set was also set to K,
= 6. Because of Ky = K; = Ny, ZFS used in the proposed
user scheduling outputs the Ky users and the K, users, re-
spectively. When K = 18, Ky was set to 10 and K, was set
to 8.

For both K = 12 and 18, ZFS exhibited the highest
average cell throughputs because it selected a user set that
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Fig.15  Average user throughputs for various user scheduling schemes
when K = 12.

provided the largest effective channel gain for each selec-
tion step. On the other hand, RRS exhibited the lowest av-
erage cell throughputs because it does not take the instan-
taneous channel conditions into account in the scheduling
process. RRS is thus impractical for achieving high average
cell throughputs. In contrast, the proposed user scheduling
provided average cell throughputs that were at an intermedi-
ate between ZFS and RRS. In particular, when there is still
room to select a user subset among the classified users, that
is, when Ky > Ny, K; > Ny, the proposed user scheduling
achieved high average cell throughputs, e.g., 22.6 bps/Hz at
an average cell-edge SNR of 10dB, which was closer to the
26.5 bps/Hz obtained using ZFS.

5.4 Average User Throughput Comparison

Figures 15 and 16 show the average user throughput com-
parisons of RRS, ZFS, and the proposed user scheduling
in the same simulation given in Figs. 13 and 14. For both
K = 12 and 18, RRS exhibited the smallest disparity be-
tween the highest average user throughput and the lowest
average user throughput, which is approximately 10 times.
On the other hand, ZFS exhibited the largest average-user-
throughput disparity, which is more than 1000 times, when
K =12. When K = 18, three users were not even scheduled.
ZFS is thus impractical when trying to achieve some degree
of user fairness. In contrast, the proposed user scheduling
provided average user throughputs that were close to those
obtained when using ZFS for high-throughput users and also
provided average user throughputs that were close to those
obtained when using RRS for low-throughput users. The av-
erage user throughput disparity was 15 times and 78 times,
respectively, when K = 12 and 18. It can be seen from
Figs. 12-15 that the proposed user scheduling can yield both
high average cell throughputs and some degree of user fair-
ness. When a larger Ky and a smaller K, are used, the aver-
age cell throughput is expected to increase and the disparity
of the average user throughputs is expected to enlarge.
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Fig.16  Average user throughputs for various user scheduling schemes
when K = 18.

5.5 Average Cell Throughputs and Average User Through-
puts in the Presence of Cell-Edge Users

We evaluated the average cell throughputs for all users and
cell-edge users, respectively, and average user throughputs
as well in Case II. Note that the cell-edge users were not
always classified as low-SIR users in the proposed user
scheduling due to shadowing and instantaneous fading.

Figure 17 shows the average cell throughputs of RRS,
ZFS, and the proposed user scheduling. The average cell
throughputs of all the users were lower than those shown in
Fig. 14 in all schemes, because Case II includes six users
that were located at cell edges. Figure 17 also shows the
average cell throughputs of the cell-edge users in RRS and
the proposed user scheduling. ZFS was counted out for the
cell-edge users’ throughputs evaluation because those users
were rarely scheduled in ZFS. The cell-edge users’ average
throughputs in RRS were kept low due to ICI. In contrast,
the average cell throughputs of the cell-edge users were sig-
nificantly improved by the proposed user scheduling and
they were higher than those of all users in RRS.

Figure 18 shows the average user throughputs of RRS,
ZFS, and the proposed user scheduling in the same case.
In ZFS, four users were not even scheduled and the dispar-
ity between the average user throughputs was quite large.
In RRS, the disparity between the average user through-
puts was enlarged when compared with that shown in
Fig. 16 because six users were located at the cell edges.
In contrast, the proposed user scheduling provided high-
throughput users with average cell throughputs that were
close to those obtained with ZFS and also provided low-
throughput users with higher average throughputs than RRS.

6. Conclusions

We described a user scheduling scheme that is suitable
for ZFBF downlink MU-MIMO-OFDM transmission in
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Fig.17  Average cell throughputs for various user scheduling schemes
when K = 18 including six users at cell edges.
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Fig.18  Average user throughputs for various user scheduling schemes
when K = 18 including six users at cell edges.

TDD-DAS. The user scheduling scheme consists of ICI-
mitigation scheduling by FFR, PES in the OFDM frequency
domain, and high-capacity ZFBF-MU-MIMO scheduling
by ZFS. SIR approximation values were used classify users
into inner-cell and cell-boundary users and they were as-
signed to subchannels where FRF = 1 and 3, respectively.
PFS scheduled each user to an RB where its channel gain
was higher than the other RBs. By putting the user se-
lected by PFS into an Ny-tuple user set as the first user,
ZFS could then schedule the remaining (Ny — 1) users.
Our simulation results demonstrated that the proposed user
scheduling scheme achieved high average cell throughputs
that were close to that provided using ZFS only, and that
it also achieved almost the same degree of user fairness as
RRS.
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