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Codeword Selection and Hybrid Precoding for Multiuser
Millimeter-Wave Massive MIMO Systems

Xuyao Sun, Student Member, IEEE, and Chenhao Qi

Abstract— Aiming at maximizing the achievable sum rate of
wideband multiuser mmWave massive MIMO systems, hybrid
precoding is studied. Since each computation of the achievable
sum rate can be performed only after the analog precoder and the
digital precoder are both determined, the maximization of the
achievable sum rate has intractable computational complexity.
By introducing the interference free (IF) achievable sum rate,
the design of the analog and digital precoders can be decoupled.
To avoid the beam conflict and maximize the IF achievable
sum rate, a Hungarian-based codeword selection algorithm is
proposed for the analog precoding design. The simulation results
verify the effectiveness of the proposed scheme and show that a
better performance can be achieved compared with the existing
schemes.

Index Terms—Millimeter wave (mmWave) communications,
massive MIMO, hybrid precoding, beam conflict.

I. INTRODUCTION

ILLIMETER wave (mmWave) massive multi-input

multi-output (MIMO), which can achieve multi-gigabit
data rates benefiting from its abundant frequency resource,
has become an attractive candidate for future wireless com-
munication techniques [1]. However, recent work shows that
the wideband mmWave massive MIMO channel is frequency
selective [2]. To deal with the frequency selective chan-
nel, orthogonal frequency division multiplexing (OFDM) is
typically adopted [2]. With OFDM, the frequency selective
channel is transformed into several frequency flat subchannels,
where each subchannel corresponds to an OFDM subcarrier.
Consequently, the challenging problem is the design of hybrid
analog-digital precoders for the wideband channel, which is
substantially different with that for the narrowband channel,
since for the wideband channel the analog precoders should
be jointly designed for all OFDM subcarriers while the digital
precoders are designed individually.

Given the perfect channel state information (CSI) and fully
digital precoding matrix, some work studies the design of
hybrid precoding matrix to approach the fully digital precoding
matrix. In [3], the hybrid precoding design is treated as a
matrix factorization problem, where alternating minimization
algorithms are proposed for both the fully-connected and
partially-connected structures. In [4], the hybrid precoding
design is formulated as a sparse reconstruction problem, where
an orthogonal matching pursuit (OMP) based spatially sparse
precoding algorithm is proposed and can be further extended

Manuscript received November 18, 2018; accepted December 8, 2018. Date
of publication December 21, 2018; date of current version February 11,
2019. This work was supported in part by the National Natural Science
Foundation of China under Grant 61871119 and in part by the Natural Science
Foundation of Jiangsu Province under Grant BK20161428. The associate
editor coordinating the review of this paper and approving it for publication
was J. Choi. (Corresponding author: Chenhao Qi.)

The authors are with the School of Information Science and Engineering,
Southeast University, Nanjing 210096, China (e-mail: qch@seu.edu.cn).

Digital Object Identifier 10.1109/LCOMM.2018.2889077

, Senior Member, IEEE

to be the simultaneous OMP (SOMP) based algorithm [5].
Aiming at maximizing the achievable sum-rate, a two-stage
limited feedback multiuser hybrid precoding algorithm is
proposed in [6]. However, [6] does not consider multiuser
beam conflict, where different users may be communicated
by the base station (BS) with the same analog beam, leading
to the low rank of the analog precoder matrix and consequently
the reduction of the achievable sum-rate.

In this letter, aiming at maximizing the achievable sum-rate,
we propose a hybrid precoding scheme for wideband multiuser
mmWave massive MIMO system. Since each computation
of the achievable sum-rate can be performed only after the
analog precoder and digital precoder are both determined,
the maximization of the achievable sum-rate has intractable
computational complexity. By introducing the interference
free (IF) achievable sum-rate, we decouple the design of
the analog and digital precoders. To avoid the beam conflict
and maximize the IF achievable sum-rate, we propose a
Hungarian-based codeword selection algorithm for the analog
precoding design. Note that the codeword selection and hybrid
precoding for narrowband channel cannot be directly applied
for wideband channel. To our best knowledge, this work is
the first one to treat the beam conflict in wideband multiuser
mmWave massive MIMO system.

II. PROBLEM FORMULATION

Consider a wideband multiuser mmWave massive MIMO
system with a base station (BS) and U users. The BS is
equipped with N uniform linear array (ULA) antennas and
S RF chains (V> S > 1), while each user is equipped with
a single antenna. Based on orthogonal multiple access which
is commonly used in the existing multiuser wireless systems,
the maximum number of users simultaneously served by the
BS is restricted by the number of its RF chains, i.e., U < S.
We assume that the BS and users are fully synchronized and
time division duplex (TDD) is adopted in this work.

To deal with the frequency selective fading, the mmWave
massive MIMO system normally uses OFDM [2]. Suppose the
number of OFDM subcarriers is K. The BS adopts a hybrid
precoder including an analog precoder F'rr and K digital
precoders Fpplk],k = 0,..., K —1. Note that the analog pre-
coder is the same for different subcarriers, since the angle
of departure (AoD) and angle of arrival (AoA) for different
subcarriers are the same and therefore are independent of the
frequency. The system model for downlink transmission using
the kth OFDM subcarrier can be expressed as

y[k] :H[k]FRFFBB[kJ]S[kJ]—f—Z[k], (1)

where s[k] € CUY*! is the transmitted signal using

the kth OFDM subcarrier with total power p, ie.,
E{s[k]s[k]} = #5Iy. The received signal by the kth
OFDM subcarrier is denoted as y[k] € CU*!, where the
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uwlu € U = {1,2,...,U})th entry of y[k| is the signal
received by the wth user. The channel matrix is denoted
as H'[k] £ [h{[k],...,h{[k]], where h,[k] € C™*V
is the channel vector between the BS and the wth user.
z[k] ~ CN(0,0%I) denotes the additive white Gaussian
noise with zero mean and covariance being 0. Fgglk] =
[Fuplk], FEslkl ..., Foplk]] € C5*U denotes the digital
precoder, where fip[k] denotes the uth column of Fgplk].
Frp 2 [fip Fap .- fap] € CN*S denotes the analog
precoder achieved by a phase-shifter network, where each
entry of F'rr has a constant modulus and only changes its
phase. Moreover, regarding that the hybrid [Z)recoder does not
provide power gain, we set ||FrrFpg[k]| = S to satisfy
the power normalization. For simplicity, we assume S = U in
the rest of this letter.

The channel between the BS and each user is assumed to
be frequency-selective, having a maximum delay of N, taps in
the time domain. We adopt the geometric wideband mmWave
MIMO channel model [2], where the channel between the BS
and the wth user with a delay of d(d = 0,1,..., N, — 1) taps
can be expressed as

N
LB

where Gy, L, oqu. Tiu, p(7) and T, denotes the path loss,
the number of paths, the complex gain for the [th path,
the delay of the /th path, the pulse-shaping filter observed at
7 and the sampling period, respectively. 6, , € [—7/2,7/2)
denotes the AoD of the [th path. The channel steering vector
a(N,0) € CNV*1 is expressed as

L
h) = > aup(dTs = m)a™ (N,61.), ()
=1

a(N, 9) = L |:]_7 6]@ Sin(e)7 o 6]‘@(]\771) sin(6) T (3)

VN
where ) is the signal wavelength and m is the antenna spacing.
Based on (2), h,[k] can be written as

N.—1
halk] = > h{Pemi%d 4)
d=0

which is essentially the K-point discrete Fourier trans-
form (DFT).

Based on (1), the achievable rate for the uth user on the kth
subcarrier is expressed as

727 | hulk]Fre £ k] >
7% 2izv [hulk]Fre fpp(k]]* + 02
(5)

This work aims at maximizing the achievable sum-rate of all
the U users, which can be formulated as

U K-1

1
Fue (Fom i) K uz::l ,;) Halt (o
st fep e Fe, Yuecl, (6b)

fre # fhe, Yi, g €U, i#q, (6¢)
|FreFpplk)|»=U, k=0,...,K—1. (6d)

In this problem, (6b) indicates that each column vector of
Frr is selected from a predefined codebook F .. The widely
used DFT codebook is adopted, where F. = {f.(n),¥n €

N 2 {1,2,... N}}, with f.(n) £ a(N,sin"'[-1 4 (2n —
1)/N]) [7]. It is essentially to select U out of N codewords.
Since each codeword can form a beam with the width of 2/N,
(6¢) makes sure that different codewords from JF . are selected
to serve different users, which can avoid the beam conflict.
(6d) indicates the power normalization for the hybrid precoder.

The optimization problem (6) is challenging due to the
difficulty in multiuser codeword selection and the coupling
between F'rp and {Fpp[k] kl,{;()l. A straightforward method
to select U out of N codewords is to test all the (]L\,[)
possibilities, which is prohibitively complex even for moderate
N and U. Furthermore, each test to compute the achievable
sum-rate can be performed only after F'irr and { Fgg|k] £<=—01
are both determined. Therefore, the maximization of the
achievable sum-rate has intractable computational complexity.

III. HYBRID PRECODING

In this section, by introducing the interference free (IF)
achievable rate, we decouple the design of the analog pre-
coder and digital precoder, which is involved in the sum-
rate maximization problem expressed in (6). We propose a
hybrid precoding scheme, where a Hungarian-based codeword
selection and analog precoding algorithm is proposed.

It is seen that there is multiuser interference in the denom-
inator of (5). Since (6¢) guarantees there is no beam conflict,
the equivalent channel for the k&th OFDM subcarrier, denoted
by H[k]|Fgr is full rank. Then the multiuser interference
can be completely removed after using the digital precoder
Fppk]. Therefore, in the context of no multiuser interference,
the digital precoder can be temporarily neglected, leading the
achievable rate for the uth user on the kth subcarrier to be

p|hu[k1fﬁF|2>.

KUo? @

R[] = log, <1 +

where the superscript “IF” is short for interference free. In fact,
(7) represents the achievable rate for the single user scenario.
Maximizing (7) is consistent with the work maximizing the
equivalent channel gain [6]. However, [6] did not consider the
beam conflict. In this way, the analog precoder design that is
mainly determined by the codeword selection to avoid beam
conflict, is decoupled from the digital precoder design. Now
we resort to the following problem expressed as

| U K1
IF

max - ; kz=0 R [k] (8a)

st. fip € Fo, Yuel, (8b)

It is a typical codeword selection problem to maximize the
IF achievable sum-rate. To solve this problem, we propose
a Hungarian-based codeword selection algorithm, which is
summarized in Algorithm 1.

First we define a matrix T € , where the entry on
the uth row and nth column of T', denoted as T'(u,n), u € U,
n € N, is expressed as

(1= plha k] f.(n)]?
T(u,n)zI(E kzzo log, (1+—);’Yu> 9)

(CU><N

KUo?
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Algorithm 1 Hungarian-Based Codeword Selection and
Analog Precoding

1: Input: N, U, F., T.

2: Remove zero columns from T, obtaining T” € cUxN’,
3: Obtain ¢ via (12).

4: Update T” via (13) and (14).

5: Use the Hungarian algorithm to solve (15) to obtain P’.
6: Update P’ by removing the bottom Ay rows from P’.
7: Compute P corresponding to P’.

8: Select codeyyords from F. based on P.

9: Determine F'rr based on the selected codewords.

10: Output: Fry.

where the function Z(z,y) with two variables x and y is
defined as

I(z,y) 2 {"” z 24, (10)

0, else.

7 18 a threshold to control the number of candidate codewords
for the uth user. In fact, T'(u, n) is the IF achievable rate of
the uth user with the codeword f_(n) if it is larger than ~,.
Otherwise, T'(u, n) is zero indicating f.(n) is not a candidate
codeword for the wth user. During the beam training, we set
each of f_.(n),n € N as the analog precoding vector to serve
the uth user, obtaining N different achievable rate. Given the
number of candidate codewords for the uth user, denoted as
M, (M, > 2), we set 7, as the M,th largest value of all
the obtained N achievable sum-rate. The motivation of using
more than one candidate codeword for each user is to provide
at least one more option for each user when the beam conflict
happens, i.e., different users select the same codeword as their
analog precoding vectors. On the other side, larger M, will
lead to higher computational complexity.

We introduce a binary matrix P, which is of the same
dimension as T". The indices of the finally selected codewords
are stored in P. If f_(n) is finally selected to serve the uth
user, then P(u,n) = 1; otherwise, P(u,n) = 0.

Then (8) can be rewritten as

U N
max ZZT(u,n)P(u,n),

u=1n=1

U
s.t. ZP(u,n) <1,
u=1

(11a)

N
neN; ZP(u,n):L u€eU.

n=1

(11b)

To avoid the beam conflict, (11b) indicates that each codeword
can be selected at most once and each user can select only
one codeword.

Before applying the original Hungarian algorithm [8], we
make some preprocessing on I'. As shown in the second step
of Algorithm 1, we remove zero columns from 7', resulting
in T'. The purpose of this step is to reduce the storage
overhead as well as the computational complexity thereafter.
Suppose the number of columns of T” is N'(U < N’ < N).
Note that U < N’ should be satisfied so that the number of
all candidate codewords is greater than the number of users.
If U < N’ cannot be satisfied, we should remove less zero
columns from T'. We define N’ = {1,2,..., N'}. As shown
in the third step of Algorithm 1, we obtain the largest entry

IEEE COMMUNICATIONS LETTERS, VOL. 23, NO. 2, FEBRUARY 2019

from T as
t= max T'(u,n 12
weU,neN’ ( ) ( )
Then we update T” by
T (u,n) «—t —T'(u,n), YueclU, ynec N'. (13)

Note that the original Hungarian algorithm can only deal
with the summation minimization problem [8]. Therefore we
use (13) to convert the summation maximization problem
expressed in (1la) to a summation minimization problem.
Since the Hungarian algorithm can only tackle the square
matrix, we use (14) to convert T" into a square matrix as

T’ — [T; 02V <N (14)

which is essentially to add Ay(Ay = N’ — U) zero rows
at the bottom of T”. Once finishing the preprocessing from
step 2 to step 4, we can convert (11) into the following
problem.

N’ N
min ZZT'(u,n)P'(u,n), (15a)
P’
u=1n=1
N’ N’
s.t. ZP'(u,n):l, néN’;ZP’(u,n):l, ueN”.
u=1 n=1
(15b)

where P’ is a binary matrix in the same dimension as T".
Note that (15) is a typical assignment problem, the original
Hungarian algorithm can be used to obtain its optimal solution,
where T” and P’ are the input and output of the Hungarian
algorithm, respectively.

We briefly describe the main steps of the Hungarian algo-
rithm. 1) Given T”, we subtract the entries of each row by the
smallest entry of that row, to produce at least one zero entry on
each row. Similarly, we subtract the entries of each column by
the smallest entry of that column, to produce at least one zero
entry on each column. 2) We use rows and columns to cover
all the zero entries aiming at minimizing the summation of the
number of rows and columns until the summation equals N’.
If the summation is smaller than N’, we iteratively perform the
following procedures. 2.1) We find the smallest entry among
all the uncovered entries. 2.2) We subtract the entries in all
uncovered rows by this smallest entry. We add the entries in
all covered columns by this smallest entry. 2.3) We use the
smallest summation number of rows and columns to cover
all the zero entries. 3) We output a full-rank binary matrix
P’ including N’ nonzero entries in total, where each nonzero
entry of P’ corresponds to a zero entry of T”.

After running the Hungarian algorithm, we update P’ by
removing the bottom Ay rows from P’, since these Ay
rows correspond to the Ay zero rows in (14). In this way,
the number of nonzero entries in P is U. Then we compute
P corresponding to P’, which is essentially to find the
coordinates of nonzero entries of P’ and set them in the
corresponding coordinates of P. For each nonzero entry of P,
the column index and the row index are denoted as 7 and «,
respectively. Then the selected codeword from F . for the @th

user is };F = f.(n). Finally, the designed analog precoder

is Fre = [fre Frro- - Fre)-
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Fig. 1. Comparison of achievable sum-rate for different precoding schemes
in terms of different SNR.
TABLE I

COMPARISONS OF RUNNING TIME FOR DIFFERENT PRECODING
SCHEMES IN TERMS OF DIFFERENT U (IN 10~3 SECOND)

U=4 U=8 U=12 U=l6 U=20 U=24
Fully digital 2.25 2.43 3.45 426 5.27 5.98
Two-stage 3.16 591 8.80 11.75  14.81 17.98
SOMP 21.83  40.12 7293 109.10 167.10 213.54
Proposed 3.29 6.63 1262 22.16 35.18 53.10

Given F'rp, for the kth subcarrier, we define the
equivalent channel matrix H.[k] = HJ[k|Fgrr which
is essentially the multiplication of the channel matrix
and the analog precoder. To estimate H,[k], pilot-
assisted channel estimation is typically performed [9].
Suppose an estimate of H,[k] is denoted as H,[k].
Then the digital precoders based on the zero-forcing (ZF)
criterion or minimum mean square error (MMSE) criterion

: ZF o H e
can be determined by Fgplk] = H, [k](H[k|H, [k])

e
and FYNSP[K] = Hy (k] [(p/ KUY H[KH, [+ 0?1u] ",
respectively. Finally, we normalize each column of
FEL[K] or FYYSEk]k = 0,...,K — 1, to satisfy the
power normalization in (6d).

IV. SIMULATION RESULTS

The considered wideband multiuser mmWave massive
MIMO system includes a BS and U = 16 single-antenna
users. The BS is equipped with N = 128 ULA antennas
and S = U = 16 RF chains. The number of OFDM
subcarriers is K = 16. The wideband channels are generated
according to the N, delay model in [2] with N, =4, L =4,
Bu = 025, and Ty = rsps. We set aq, ~ CN(0,1)
and oy, ~ CN(0,0.1) for [ = 2,3,4. Suppose 77, obeys
the uniform distribution in [0, (N, — 1)T§] and 6, ,, obeys the
uniform distribution in [—7/2,7/2). For each user, we select
M, = 4 candidate codewords for the proposed codeword
selection algorithm. The MMSE criterion is adopted for the
digital precoder design. We run the Monte Carlo simulations
with 2000 random channel implementations.

As shown in Fig. (1), we compare the achievable sum-rate
for different precoding schemes in terms of different SNR.
The comparison includes the proposed scheme, the existing
SOMP scheme [4], [5] and two-stage scheme [6]. We set
SNR = p/(Uc?). The performance of fully digital precoding
is also provided as the upper bound. It is seen that the proposed
scheme outperforms the SOMP scheme and two-stage scheme,
since SOMP scheme does not completely remove the multiuser
interference and the two-stage scheme does not consider the
beam conflict. In particular, at SNR = 14 dB, the proposed
scheme has 13.38% and 56.92% improvement over the two-
stage scheme and the SOMP scheme, respectively.

—A—Fully digital
—&—Proposed |4
—o—Two-stage
——SOMP

=

<

n

£

Averaged achievable rate (bits/s/Hz)
2

w

IS
EN
®
=
ot

==
=
=

20 22 24

Fig. 2. Comparison of averaged achievable rate for different precoding
schemes in terms of different U.

As shown in Fig. (2), we compare the averaged achievable
rate for different precoding schemes in terms of different U.
The averaged achievable rate is defined as the ratio of
the achievable sum-rate over the number of users U.
We fix downlink SNR = 14 dB. It is seen that as K increases,
the proposed scheme drops more slowly than the SOMP
scheme and the two-stage scheme.

We also compare the running time for different precoding
schemes in Table I. The simulations are performed using
MATLAB R2014b running on a desktop with four Intel Core
15-3470 CPUs at 3.6 GHz and 8GB memory. The running time
for different precoding schemes get longer as U increases. It is
seen that the fully digital precoding is the fastest among the
four schemes, but it can not be implemented in practice. The
proposed scheme is faster than the SOMP scheme but is slower
than the two-stage scheme, since the codeword selection
occupying additional computational resource is included in the
proposed scheme but not included in the two-stage scheme.

V. CONCLUSIONS

We have proposed a hybrid precoding scheme aiming at
maximizing the sum-rate of wideband multiuser mmWave
massive MIMO systems. To avoid the beam conflict,
a Hungarian-based codeword selection and analog precoding
algorithm has been proposed. Future work will be continued
with the focus on the scenario with more users than the BS
RF chains.
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