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Iterative Hybrid Precoder and Combiner Design for
mmWave Multiuser MIMO Systems

Zihuan Wang, Ming Li, Senior Member, IEEE, Xiaowen Tian, and Qian Liu, Member, IEEE

Abstract—This letter investigates analog/digital hybrid pre-
coder and combiner design for millimeter wave (mmWave)
multiuser multiple-input multiple-output (MU-MIMO) systems.
We propose a novel iterative algorithm for the joint hybrid pre-
coder and combiner design by exploiting the duality of the uplink
and downlink MU-MIMO channels. For the initialization stage,
the proposed algorithm selects the analog precoder-combiner pair
based on the orthogonal matching pursuit (OMP) algorithm to
enhance the channel gain, while mitigating the multiple access
interference, and obtains the digital combiner via minimum mean
square error criterion. Then, the proposed algorithm enhances
the performance gradually at each iteration via joint design
of the uplink and downlink precoders/combiners. Simulation
results demonstrate the significant performance advantages of the
proposed precoder and combiner design compared with existing
hybrid beamforming algorithms.

Index Terms—mmWave,
precoding, multiuser.

MIMO communications, hybrid

I. INTRODUCTION

ILLIMETER wave (mmWave) communications with

high frequencies enable a large antenna array in mas-
sive multiple-input multiple-output (MIMO) systems to be
packed in a small physical dimension [1]. The large antenna
array can provide sufficient gain by precoding and combining
to overcome the free-space pathloss of mmWave channel.
On the other hand, massive MIMO with a very large antenna
array enables the base station (BS) to simultaneously serve a
set of users through the use of precoding [2].

Conventional full-digital precoder and combiner are realized
with a large number of expensive radio frequency (RF) chains
and energy-intensive analog-to-digital converters (ADCs),
which make it impractical in mmWave communication sys-
tems due to much higher carrier frequency and wider band-
width. Recently, economic and energy-efficient analog/digital
hybrid precoder and combiner have been advocated to tackle
this issue. This hybrid precoding approach applies a large num-
ber of analog phase shifters to implement high-dimensional RF
precoder and a small number of RF chains for low-dimensional
digital precoder to provide the necessary flexibility to perform
multiplexing techniques [3].

The extensions of the hybrid beamforming to multiuser
mmWave systems have been investigated in [4] and [5].
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Fig. 1. The mmWave MU-MIMO system, in which K users with analog-
only precoder simultaneously transmit to a BS employing hybrid combiner.
Assume scatterer-sharing channels where users may have overlapped paths.

However, in these algorithms, the analog precoder and com-
biner are designed to maximize the desired channel gain
without considering the interference from other users, which
cannot be effectively mitigated with low-dimensional digital
precoders. In [6], a hybrid beamforming algorithm was devel-
oped to manage the inter-user interference at both analog
and digital beamforming stages. However, this work only
considered multiple-input single-output (MISO) systems with
an unfortunately notable performance gap away from the
full-digital case.

In this letter, we consider a mmWave uplink multiuser
multiple-input multiple-output (MU-MIMO) system and pro-
pose a novel iterative hybrid precoder and combiner design to
combat the multiple access interference in the scatterer-sharing
circumstance. For the initialization stage, the analog precoder
and combiner are first jointly selected to maximize the channel
gain as well as mitigate the interference based on orthogonal
matching pursuit (OMP) method. Then, with given baseband
effective channel, the digital MMSE combiner at the BS is
computed to further suppress the interference. In an effort to
improve the performance, we propose to iteratively design the
precoders/combiners by exploiting the duality of the uplink
and downlink MU-MIMO channels. Simulation results show
that our proposed algorithm offers significant performance
improvement compared to existing hybrid schemes in various
simulation settings.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a mmWave MU-MIMO uplink system as illus-
trated in Fig. 1. A BS, equipped with N, antennas and Ngr RF
chains, is communicating with K (K < NgFr) users. Each user
is equipped with N; antennas and only one RF chain due to the
limitation of hardware cost and power consumption [4]-[6].
We further assume that the BS uses K out of Ngp available
RF chains to simultaneously serve K users.

Let fy € # be the analog precoder of the k-th user. ¥ is
the set of feasible RF precoders which are implemented by
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analog components like phase shifters, i.e. a set of Ny x 1
vectors with quantized phases and constant magnitude entries,
further normalized to satisfy | f;(i) |*= NL, where f; (i) is the
i-th element of f;. The transmitted signall of the k-th user is
Xk = /Difisk, (1

where s; is the transmitted symbol of the k-th user,
E{|sx|*} = 1, and Pk is the k-th user transmit power.

Denote Hy € CN*Ni | k=1,..., K, as the uplink MIMO
channel for each user. The received signal at the BS can be
written as

K
r=> J/pHifisi +n, )
k=1

where n ~ cA\((0, ale,) is the complex Gaussian noise vector
corrupting the received signal.

BS applies an N, x K analog combining matrix Wgr =
[WRF, WRF, . Wgr,] followed by a K x K baseband
digital combiner Wpp £ [WeB, WBB, . WBBy| and the
estimated signals at the BS are § = WgBW%’Fr. It is noted
that each analog combiner wgr, is chosen from a predefined
codebook 7/, whose entries are of quantized phases and
constant amplitude #N Let wy = Wrrwp B, be the hybrid
combiner of the k-th user. After the combining process at the
BS, the estimated symbol of the k-th user can be expressed as

Sk = /PewH Hifesi + wi Z%}{ JPiHifisi + win. (3)
1

The mmWave MIMO channel can be described with the
widely used multi-path channel model [3], in which the limited
number of propagation paths are related to a few scatterers.
Specifically, we construct the uplink channel Hy from the k-th
user to the BS as

L
_ Ni Ny - m my,H  m
Ho= > aga-OMaf (o), )
m=1

where we assume that there exists L paths/scatterers in the
k-th user uplink channel. The channel gain of each path
is a;', which is complex and independently and identically
Gaussian distributed with zero mean and variance of 1/Ly.
0" and @' € [—%,7%] are the angle of arrival (AoA)
and angle of departure (AoD), respectively. a,(0) and a;(p)
represent the normalized receive and transmit array response
vectors associated with AoA 6 and AoD ¢, respectively.
It is noted that the array response vectors a,(f) and a;(p)
are only determined by the transmit and receive antenna array
structures. We assume that uniform linear arrays (ULAs) are
applied at BS and each user for simplicity and a, (@) is then
given by

a,(0) = [l’ejz%dsin(ﬁ)’ . ”’ej(N,—l)%dsin(a)]T 5)

1
VN:
where / is the signal wavelength, and d is the distance between
antenna elements. The steering vectors at users, a;(¢), can be
written in a similar fashion.

It has been verified that rough surface and tiny building
cracks can cause diffuse scattering in mmWave channel and
the diffuse range increases as the wavelength shrinks [7].
Therefore, it is highly possible that different users share some
common scatterers as shown in Fig. 1. If the signals from
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different users are transmitted via propagation paths with a
common scatterer, then these signals have similar AoAs at the
BS and cannot be correctly separated by combiners. Therefore,
this scatterer-sharing multi-path channel we considered in this
paper can cause more severe inter-user interference.

We assume the BS has the accurate knowledge of Hy,
k = 1,..., K, via uplink channel estimation. Given the
received signal at the BS in (3), the signal-to-interference-
plus-noise ratio (SINR) of the k-th user is formulated by

|/Prwi Hifie |2

"= — ©)
> IPwWIH g P o 2wl
i=1,i#k
and the achievable sum-rate of the uplink system is
K
R =""log(l + ). @
k=1

In this work, we aim to jointly design the analog precoder fy,
as well as the analog combiner wgr, and baseband combiner
Wwpp, to maximize the system sum-rate. The objective function
can be formulated as

P K
{{W;?Fk’ W%Bk’ f;:}kzl } = argmax z 10g (1 + )’k)
k=1
s.t. Wgp, €W, k=1,...,K,
frer, k=1,....,K. (8)

The optimization of (8) is obviously a non-convex NP-hard
problem. In the next section, we turn to seek a sub-optimal
hybrid precoder and combiner design to reduce the complexity
but still achieve the satisfactory performance.

III. PROPOSED HYBRID PRECODER AND
COMBINER DESIGN

In this section, we first introduce a joint hybrid precoder
and combiner design scheme to combat the paths overlapping
circumstance which can cause severe interference. In an effort
to improve the performance, we then propose to further
iteratively compute the precoder and combiner by exploiting
the duality of the uplink and downlink MU-MIMO channels.

A. Joint Hybrid Precoder and Combiner Design

This algorithm starts with jointly designing the analog
beamformers f; and wgr, for each user aiming at maximizing
the corresponding channel gain as well as mitigating the inter-
ference. Let G £ /PiHy and K be the set of user indices.
We first find the optimal analog precoder and combiner pair
from codebook for each user to obtain the largest beamforming
gain:

{WRFk,fk} = arg max |ngkafk|, ke X, 9)
WRFkEW
freF
and the resulting beamforming gain of each user is
& = |WhHp Giil, ke X (10)
Then, we choose the user k* who exhibits the maximum
analog beamforming gain

Y

k* = arg max &,
kex
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and assign the corresponding analog precoder . = i and
combiner wj Foe = WRrF,. to this user. For the other users
in the updated set X = K — k* whose analog precoders and
combiners need to be designed, we attempt to appropriately
select precoders and combiners to actively avoid the interfer-
ence from the users whose combiners have been determined.
To achieve this goal, the component of determined combiner
will be removed from other users’ channels in such a way
that the similar analog combiners would not be selected for
the other users. Particularly, let v; Wi Fes be the component
of the determined analog combiner for the i-th designed user.
If i > 1, we also remove the component of previous deter-
mined combiner from v; by a Gram-Schmidt based procedure:

i—1
H
Vi =V; — ZVJ Vivj, Vi = Vi/|[vill.

Jj=1

12)

Then, the rest users’ channels are updated by an OMP
fashion [3]:

Gi = (v, —viv/') Gr, ke x, (13)
where Iy, is an identity matrix of size N,. Then, the analog
precoder and combiner for all users can be successively
selected using above procedure.

After all analog beamformer pairs have been deter-
mined, we can obtain the baseband effective channel h; £
Dk (Wje F)H H,f} for each user. Then an MMSE baseband
digital combiner is employed to further suppress the interfer-
ence [5]:

b K’
(14)

~~ 71/\
Wi, =[BR7 + 0% (Wip) " Wip| B k=1,

where H 2 [ﬁl,...,ﬁK]. This joint hybrid precoder and
combiner design algorithm is summarized in Algorithm 1.

Algorithm 1 Joint Hybrid Precoder and Combiner Design
Input: 7, W, pi, Hk, k=1,..., K.
Output: {7, wj Foo Wy By

Initialization: Gy = /piHi, X ={1,...,K}.
fori =1 :~K
Wrr,, fk} = arg max |w. Gifil, Vk € K
{ RFy k} gWRerwl RF} «fx X
fkefv
k* = argmax|WH . Gifyl:
gkeKl RF} 31
K=K —k%
£ =i, Whp, = WRFu:

i—1
ifi>1, vi=vi—> VfViVj,Vi =vi/lvill;
j=1
Gk = (INr - Vivl-li) Gk, k (S K,
end for 4
Whp, = [ﬁﬁH +o? (WQF)H W;Fjl hy;
WZ’B/{

Normalize W, Y —
ormalize Wy, bY Wy, = T7 wip T
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B. Iterative Hybrid Precoder and Combiner Design

To further improve the performance, we then use the results
in Section III-A as a start point and iteratively design the
hybrid precoder and combiner by exploiting the duality of
uplink and downlink channels. With given W} and W,
we then consider the dual downlink transmission and have the
downlink effective channel Hy £ /prHA W%, W3 5. Then,
each fj is designed again given the acquired Hy. Specifically,
we first calculate the MMSE optimal analog combiner for the
k-th user as:

_ -1 _
pi = (B + 070y, )  H(0),

where Hy, (k) is the k-th column of Hy. The updated analog
combiner of the k-th user is selected that has the maximum
projection on py:

15)

f; = arg max ‘f,f’pk‘. (16)
freF

After that, we reconsider the uplink transmission and

define the uplink effective channel H2 [Hl, o ,HK], Hk £
\/pjk-lkf,f. The anglog combiner W} 7 18 reselected succes-
sively based on H using a similar method introduced in
Section III-A. Then, the digital combiner WE 5 1s also obtained
based on MMSE criterion.

We iteratively design wgr, and wgpg, by considering uplink
transmission and f; by considering downlink transmission.
The procedure stops until convergence is found. We
summarize the iterative algorithm in Algorithm 2. Finally,
we emphasize that the algorithms are implemented by BS
and the index of selected analog precoder will be sent to each
user via control channel.

Algorithm 2 TIterative Hybrid Precoder and Combiner
Design
Step 1. Obtain H based on Algorithm 1.
Step 2. Consider downlink transrlnission:
P = (HiHf +0%1y,) " Hy (k);
f; = arg max ‘kapk .
frer

Step 3. Consider uplink transmission:
K=A{1,...,K}, dy =hi, Vk € &;
fori=1:K

& H
w =—arg max |wp, dil;
RFy gWRFkE‘W| RF} k|
k = are max|W . di|;
g k€K| RFy kl
K=%K—k, W%F,; = WRF;
dy =d; — (W;Fé)Hth;F/:’ ke x;
end for
Obtain w7, By for each user by (14);
. * * _ w’l*%,k
Normalize Wgp, by Wgp, = W Wag T

Step 4. Repeat Step 2 and 3 until converge.

IV. SIMULATION RESULTS
In this section, we illustrate the simulation results of
the proposed iterative hybrid precoder and combiner design.
Consider an MU-MIMO uplink system where the BS and each
user are equipped with a 64-antenna and 16-antenna ULAs,
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respectively. The antenna spacing of all ULAs is d = % The
AoA/AoD is assumed to be uniformly distributed in [—7, F].
We assume there exists 20 scatterers from which each user
randomly select 3 ~ 6 scatterers as propagation paths with
a certain probability that users may share some common
scatterers. For simplicity, the noise variance o2 is set to 1.
We further assume the transmit power of each user is set
equal. The codebooks consist of array response vectors as (5)
with 128 angle resolutions which are uniformly quantized in
[—5, 5]. We compare our proposed design to three state-of-
the-art algorithms: i) two-stage multiuser hybrid precoding [4],
ii) hybrid MMSE beamforming [5], and iii) robust hybrid
beamforming [6]. We also include the full-digital beamforming
algorithm as the performance benchmark.
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Fig. 5.

Fig. 2 shows the average sum-rate versus signal-to-noise-
ratio (SNR) over 10° channel realizations. It can be observed
that our proposed algorithm outperforms the other state-
of-the-art approaches and achieve near-optimal performance
compared with the full-digital case. In Fig. 3, the sum-rate
versus the number of users K is presented. It is noted that
our proposed algorithm always outperforms its competitors
and has the performance closest to the benchmark. This result
indicates that our proposed hybrid beamforming design has a
better resistibility of inter-user interference. In Figs. 4 and 5,
we turn to consider BPSK transmission without any error
coding and illustrate the bit-error-rate (BER) performance with
K =4 and K = 8, respectively. The proposed hybrid precoder
and combiner design also has significant BER performance
advantages over existing schemes.

V. CONCLUSIONS

In this paper, we proposed an efficient hybrid precoder
and combiner design for mmWave MU-MIMO systems
which maximizes the channel gain as well as mitigates
the interference among different users. Simulation results
demonstrated that our proposed algorithm has significant
performance advantages over the state-of-the-art hybrid beam-
forming designs.
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