1808

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 73, 2025

Joint User Selection and Hybrid Precoder Design
for Massive MIMO Systems

Hossein Vaezy

Abstract—Massive multiple-input multiple-output (MIMO)
systems are a cornerstone of modern wireless communication,
enabling significant improvements in capacity and reliability.
However, the joint optimization of user selection and hybrid pre-
coder/decoder design remains challenging due to the complexity
introduced by spatial correlation, noisy channel information, and
the non-convex nature of the problem. This paper addresses
these challenges by considering the downlink of multi-user
massive MIMO systems. A noisy version of channel information
with spatial correlation between antennas is assumed to be
available at the transmitter, and an optimization problem is
formulated for joint user selection and hybrid analog/digital
precoder design. The total sum rate of the network is considered
as a design metric that leads to non-convex and NP-hard mixed-
integer optimization. To address the non-convexity, an iterative
method is proposed which results in multiple simpler bounding
and relaxed convex sub-problems with closed-form solutions for
analog precoders/decoders, digital decoders, and user selection.
As a by-product, the proposed algorithm also optimizes the
number of selected users with perfect or imperfect channel state
information (CSI). A generalized user selection metric is also
derived for massive MIMO systems with multiple-antenna users
under both perfect and imperfect CSI, and is further analyzed for
specific scenarios such as ZF, MRT, block diagonalized precoders,
and large-scale MIMO settings. Finally, the method is extended to
finite-resolution phase shifters and assessed for Rayleigh fading
channels. The simulation results show that the proposed method
performs favorably compared to other recent joint user selection
and precoder designs.

Index Terms—Multiple antennas, hybrid precoding, user se-
lection, imperfect channel state information.

I. INTRODUCTION

ITH growing demand for high data rates in next-
Wgeneration networks, there is increasing interest in
transmit and receive beamforming strategies for the cellular
downlink that aim to increase the sum rate of wireless sys-
tems. In particular, spatial multiplexing at the transmitter can
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achieve high throughput. Emerging applications such as the
internet of things (IoT) and massive machine-type communi-
cation (MMTC) need to support highly dense networks and
limited resources of time, frequency spectrum, and antennas.
Massive multiple-input multiple-output (MIMO) technology
has emerged as a key mechanism to address this challenge, but
conventional massive MIMO systems require a dedicated radio
frequency (RF) chain for each antenna element, making fully
digital precoding techniques costly and energy-consuming. To
limit the number of RF chains, hybrid analog/digital beamform-
ing has been proposed as a cost-effective alternative to support
spatial multiplexing, whose potential has been demonstrated
in many studies [1]. However, in overloaded networks, user
selection is necessary, as limiting RF chains at the base station
(BS) reduces the ability to simultaneously serve large numbers
of user equipment (UE).

Multiple approaches to BS precoder design have been pro-
posed for multiple-antenna systems to serve a given set of active
users. The use of uplink-downlink duality has been proposed
for joint precoder design and power allocation in multi-user
MIMO (MU-MIMO) systems under perfect CSI [2]. Sum rate
maximization with perfect CSI is an alternative approach to
designing precoding vectors and user power allocation [3]. In
[4], a reduced-WMMSE method is proposed, which achieves a
fully digital precoder design with linear complexity. Sum rate
maximization using a rate splitting multiple access (RSMA)
technique has been exploited in [5] in satellite and aerial in-
tegrated networks. Beamforming design in reconfigurable in-
telligent surface (RIS) aided relay networks with a power min-
imization objective was investigated in [6].

Existing hybrid precoder methods can be categorized into
joint or tandem designs where the first category jointly designs
digital and analog precoders to approach fully digital perfor-
mance, e.g., deep learning-aided rate maximization in single-
user point-to-point networks was considered in [7]. Minimum
mean squared error (MMSE), zero-forcing and matching pur-
suit are other criteria that have been extensively employed in
the literature [8].

The second hybrid precoder design category in multi-user
MIMO systems utilizes a tandem, i.e., two-stage approach.
First, analog precoders are designed based on a performance
metric, e.g., maximum array gain. The digital precoders are
then designed to further improve sum rate or decrease interfer-
ence among users. For instance, in [9], a large array gain was
realized through DFT-based RF precoding/combining and the
digital precoder was optimized by block diagonalization (BD)
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on the equivalent baseband channel. In [10], analog precoders
are designed to match the channel matrix and digital precoders
utilize BD. In [11], analog precoders are designed using a
proposed stream selection method. Optimization based on zero
forcing (ZF) was then used to design digital precoders. Fully
digital precoders are obtained first by solving a semi-definite
programming (SDP) problem in [12], and hybrid precoders
are decomposed using a manifold optimization algorithm. In
other tandem-type designs, a hybrid precoder/decoder for IoT
systems via uplink-downlink duality was considered in [13],
hybrid beamforming (BF) for MU-MIMO OFDM systems was
recently proposed in [14], and energy-efficient hybrid BF in
satellite-terrestrial integrated networks was addressed in [15].

Recently, hybrid precoder design was investigated using data-
driven deep learning (DL) techniques in certain application-
specific scenarios. An important advantage is the ability to
avoid a costly CSI estimation process. In [16], channel pre-
diction and power optimization was used to propagate CSI
information over time. In [17], an unsupervised DL training
method based on received signal strength information (RSSI)
was proposed that avoids CSI. Data-driven DL was proposed in
[18] based on implicit CSI, i.e., pilot design, channel feedback,
and digital beamforming of air-to-ground channels modelled
as an end-to-end neural network for massive MU-MIMO sys-
tems with orthogonal frequency division multiplexing (OFDM).
In these techniques, non-linear optimization problems are re-
formulated as classification problems based on performance
objectives. However, discretizing the general hybrid precoder
design problem in a brute-force manner may be combinatorially
infeasible.

The complementary problem of MU-MIMO user selection
for a given precoder matrix has also been extensively inves-
tigated. For the single-antenna case, user selection assuming
ZF precoding was considered in [19]. In [20], a method selects
users with semi-orthogonal channels to mitigate inter-user inter-
ference. Other methods involve utilizing a sum-of-orthogonality
metric as discussed in [21], as well as employing greedy user
selection through the genetic algorithm and successive ZF [22].
Joint user selection with a fully digital precoder design for
single-antenna users using generalized power iteration (GPI)
was investigated in [23]. Sum rate maximization aimed at joint
user scheduling and fully digital precoder design for single-
antenna users was proposed in [24]. Heuristic user selection
was combined with uplink-downlink duality in [25]. In [26],
a method for joint user selection based on ZF-based precoder
design was shown to lower complexity over that of dirty paper
coding (DPC). Random user selection, CDF-based user selec-
tion combined with maximum channel gain selection metrics
were also proposed in [27] to take into account fairness and
multi-user diversity in the network.

User selection has been extended to multi-antenna users by
employing the geometric angle between subspaces in [28]. Ap-
plying a similar subspace concept, the product of eigenvalues of
effective channels was used in a greedy user selection method
in [29] and chordal distance was applied for user selection
in [30]. For multi-antenna receivers, a greedy user selection
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method based on BD was addressed in [31], [32] and a spa-
tial modulation method based on singular value decomposition
(SVD) was presented in [33]. Joint user selection and hybrid
precoder design in MIMO-OFDM systems with perfect CSI
was investigated in [34], [35].

A common precoding strategy in MU-MIMO systems is to
nullify multi-user interference, which requires accurate CSI
at the BS. However, in practice, this is infeasible due to pi-
lot contamination, quantization error, and feedback limitations.
This motivates the proposed investigation into the impact of
imperfect channel information on performance, and the effects
of a limited number of RF chains on user selection. The number
of users in multi-antenna systems to fully nullify interference
between users is upper bounded by %—:ﬁ, where M7 and
NPEF represent numbers of RF chains at the transmitter and
receiver, respectively. However, this bound assumes that perfect
channel information is available and that there is no correla-
tion between transmit and receive antennas. This motivates the
proposed approach to joint user selection and hybrid precoding
that incorporates channel estimation error while explicitly max-
imizing the total sum rate. The channel matrices model spatial
correlation between antennas.

In MU-massive MIMO downlink systems, the problem of
joint user selection and hybrid beamformer design that max-
imizes the sum rate is challenging even in the case of perfect
CSI. Recent results that incorporate machine learning (ML) in
antenna selection problems without considering hybrid beam-
former design can be found in [36]. To the best of the authors’
knowledge, ML and DL-based techniques have yet to be applied
to joint user selection and hybrid precoder/decoder design for
multi-antenna receivers.

The main difficulty arises from the coupling between beam-
forming matrices and user selection parameters, as well as
constant-modulus constraints on the analog beamformers. The
problem of sum-rate maximization in fully digital MU-MIMO
downlink systems is also known to be NP-hard [5], [37]. The
case of imperfect CSI poses further complications because an
exact expression for the sum rate is not available. RIS-assisted
high altitude networks with angular channel uncertainty for
mmWave networks was investigated in [38]. Joint user selec-
tion and beamforming design for the case of single-antenna
users was considered in [23] with imperfect CSI. While several
studies have addressed aspects of joint user selection and hy-
brid precoding, they are often constrained by assumptions such
as perfect CSI, single-antenna users, or uniform linear array
beamforming strategies. To the best of the authors’ knowledge,
no prior work provides a comprehensive framework that dy-
namically optimizes user selection and hybrid precoder/decoder
design for multi-antenna receivers, accounting for practical
constraints such as imperfect CSI and finite-resolution phase
shifters. Key features of previous approaches are summarized
in Table .

In this paper, a new optimization problem is formulated that
integrates joint user selection and hybrid digital/analog precod-
ing, aiming to explicitly maximize the sum-rate under a total
transmit power constraint. The proposed approach incorporates
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TABLE I
COMPARISON AMONG PREVIOUS APPROACHES
Antenna Precoder Structure CSI UE Selection Design

[2] MIMO Given-Fully digital Perfect X sum rate

[19] MISO Given-Fully digital Perfect v ZF
[20], [21] MIMO Given-Fully digital Perfect N ZF

[22] MIMO Given-Fully digital Perfect v successive ZF

[39] MISO Fully digital Perfect v ZF

[40] MISO Fully digital Perfect v -

[25] MISO Fully digital Perfect v minimum weighted rate

[23] MISO Fully digital Imperfect v sum rate

[28] MIMO Fully digital Perfect v Greedy-subspace angles

[29] MIMO Fully digital Perfect v Greedy-product of eigenvalues
[41], [42] MIMO Fully digital Perfect v Greedy-BD

[1] MISO Hybrid Perfect X sum rate

[43] MISO Hybrid Perfect X ZF-MRT
[91,[10] Massive MIMO Hybrid Perfect X BD

[11] Massive MIMO Hybrid Perfect X ZF

[12] Massive MIMO Hybrid Perfect X SRM

[44] Massive MIMO Hybrid Perfect X SRM-MMSE

[33] Massive MIMO Hybrid Perfect v Greedy-SVD-GMD
[34], [35] | Massive MIMO Hybrid Perfect Ve Greedy-BD

imperfect CSI by leveraging the first- and second-order statis-
tics of the error matrices at the BS. The method features a
closed-form solution for analog precoders/decoders and user
selection, combined with a convex optimization framework for
digital precoder design. The main contributions of this work are
as follows:

e Novel Joint Iterative Algorithm: An iterative algorithm is
proposed that jointly optimizes user selection and hybrid
beamformer design, addressing the challenges of channel
estimation error at the BS. This ensures an efficient and
tractable solution for sum-rate maximization. A systematic
evaluation is conducted to investigate the impact of key
design parameters, including the number of RF chains,
channel estimation accuracy, phase resolution, and BS
transmit power, under diverse scenarios.

e Closed-Form Solutions: The proposed method includes
closed-form solutions for analog precoders/decoders and
user selection in each iteration, significantly reducing com-
putational complexity, enabling scalable precoder design,
and introducing a generalized user selection metric for the
cases of ideal perfect CSI and practical imperfect CSI.

e Adaptation to Hardware Constraints: The algorithm is
adapted to account for practical limitations of finite phase
resolution of analog phase shifters, with its effect on per-
formance extensively evaluated through simulations with
insights provided, highlighting its implications for the
practicality and deployment of massive MIMO systems.

e Dynamic User Group Optimization: Unlike most existing
methods, the proposed approach dynamically optimizes
the user group size, determining the number of selected
UEs to maximize system performance.

e Complexity and Convergence Analysis: The time com-
plexity is determined by analysis of the number of oper-
ations involved in each step of the algorithm, including
digital beamforming, analog beamforming, user selection,
and the solution of convex sub-problems. The overall

complexity takes into account the number of iterations re-
quired to achieve convergence. The convergence analysis
of the iterative method reveals an incrementally increasing
behavior of the objective function.

In the sequel, the system model and problem formulation
for imperfect channel estimation are described in Sections II
and III, respectively. Computational complexity, convergence,
and extension to limited phase resolution are also included in
Section III. Simulation results that evaluate system performance
are presented in Section IV.

Notation: Bold lowercase letters are used for vectors and
bold uppercase letters for matrices. (-)7 and (-) denote trans-
pose and complex conjugate operations, respectively. A (m :
n, :) refers to the submatrix consisting of the m-th to n-th rows
of matrix A. A(7,J) denotes the (4, j) entries of matrix A. C
denotes the set of complex numbers. Iy represents the identity
matrix in CV*N. 0x s denotes the all-zero matrix of size
N x M. tr(-) and |-| are the trace and the determinant of
a square matrix, respectively. The vec(-) operator represents
column-wise vectorization, ® denotes the Kronecker product,
R(-) is the real part, and (-)* represents complex conjugate.

II. SYSTEM MODEL

The downlink of a MU-Massive MIMO network is illustrated
in Fig. 1, where a BS is equipped with M antennas and M #F" RF
chains that transmit to K UE receivers. Each UE has N antennas
and N*F RF chains to support d data symbols, resulting in a
total of Kd data symbols transmitted by the BS. Due to the lim-
ited number of RF chains, the number of transmitted symbols is
restricted by Kd < MTF < M and d < NBF < N for BS and
UEs, respectively. Due to the limited number of transmit RF
chains, it is not possible to implement fully digital precoding,
which requires one dedicated RF chain per antenna. Conse-
quently, both the BS and UE employ a hybrid digital/analog
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Fig. 1. Shown is the downlink channel hybrid precoder/decoder structure at

the BS and at the UEs.

precoding structure. We denote K = {1, ,2,..., K} as the set
of all UEs.

For the fully digital deployment, the channel matrix be-
tween the BS and UE k is denoted by Hy € CV*M | while
the precoding matrix and decoding matrix at UE k are de-
noted by V;, € CM*4 and W, € CV*9, respectively. To rep-
resent spatial correlation between antennas at the BS and UEs,
the well—kn?wn Krolnecker model is used. Specifically, Hj, is
given by RzkflkRE [45], where Hj, € CV*M ig an uncorre-
lated complex channel matrix whose entries are independent
and identically distributed (i.i.d.) circularly symmetric com-
plex Gaussian random variables with zero mean and unit vari-
ance, i.e., Hy ~ CN(Onxar, Iy @ In). Ry € CM*M = 0 and
R, ; € CNXN = 0 denote spatial correlation matrices between
the BS transmit antennas and between receive antennas at the
kth UE, respectively.

In the hybrid precoding structure, the BS first processes the
data symbols intended for UEs, e.g., user k at baseband as a
digital precoder, Vp , € CM"™ %4 and then up converts the
processed symbols to the carrier frequency via the M*¥" RF
chains. The modified symbols are then processed by analog
RF precoders, V g € CM*M """ which are implemented using
analog phase shifters with |V g (i, j)|2 = +;. The baseband
digital precoder V p j, on the other hand, enables both ampli-
tude and phase modification.

Denoting s;, € C? as the symbol vector transmitted to UE &,
which receives the signal,

Yy = Z 2o H, Vese + ny,
ek

Vk e, (1)

where nj, € CV represents noise at UE k and is assumed to be
circularly symmetric complex Gaussian with covariance matrix
E{nin;} =0?Iy. In (1), 2 is a user selection indicator
function with value ‘1’ if user k& € K is selected for transmission
and ‘0’ otherwise.

Receiver UE £k first uses analog decoder, Wgrr ) €
CNXN RF, implemented by phase shifters such that
W gpk(i,j)|> =+, and then down converts the signals
to baseband using N%F RF chains. Using digital combiner
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Wpi € (CNRFXd, the estimated symbols

5 o "
8k =2k Wp y Wep i Hi VRFV D k8K

H H H H
+ Z WD WeeiHikVese + Wp  Wep ng,
ZEKUC

2

where Ky, is the set of UEs except UE k. The first term in (2)
corresponds to the desired signal while the second and last terms
represent the interfering signals and noise, respectively.

By assuming Gaussian transmitted symbols, the rate for user
k, Ry, is given as follows [46]:

Ry =logy det (I + 27 VI HYW,.C,"WIH, V), (3)

where
K
Cr=0WIW,+ Y 2}WIH,V,V/HW,, vkeK.
ZE’C“C

By substituting Vi, = VrrVp rand Wi, = Wgrr ;Wp i, the
rate expression for the hybrid structure are expressed in terms
of digital and analog precoders/decoders defined earlier.

III. IMPERFECT CHANNEL ESTIMATION

Precoding in the downlink and signal detection in the uplink
require CSI at the BS. Although it is commonly assumed that
the channel is perfectly known at both the BS and UEs, this is
not realistic. In TDD massive MIMO systems, CSI acquisition
relies on the assumption of channel reciprocity between the
uplink and the downlink, which typically contains calibration
errors. Additionally, limited channel coherence time may result
in pilot contamination from neighboring cells. Similarly, in
FDD systems, CSI is inherently noisy due to the feedback error,
finite-resolution ADC, and quantization error [45].

Linear minimum mean squared error (LMMSE) channel es-
timation is commonly employed, which can provide high per-
formance at low complexity. Following the channel estimation
model for MU-MIMO systems in [47], the noisy channel matrix
is modelled as follows:

1 .\ 1
Hy = Rﬁ,k( V' 1—p?Hy + PAk)th ) 4

where ﬂk and Ay, represent the estimated channel and channel
estimation error for the kth UE, respectively, where the esti-
mation accuracy parameter 0 < p <1, corresponds to partial
channel knowledge at the BS. Here, p = 0 represents perfect
CSI. The channel estimation error matrices are assumed to be
uncorrelated with ﬂk and elements of both fIk and A, are as-
sumed to be independent and identically distributed (i.i.d.) zero
mean with circularly symmetric complex Gaussian distribution
with unit variance. In general, p may be system dependent,
e.g., pilot sequence power, and for an analog feedback link,
p is a function of the number of channel uses per channel
coefficient and power of feedback links [45]. For simplicity,
p is assumed here to be a constant parameter. However, spe-
cific scenarios can be modelled by expressing p as a known
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function of system parameters For notational s1mphclty, de-
fine Hy £ /1 — R HkR and A, £ pR Aka , then
rewrite (4) as

H, = I:Ik + Ak7 (5)
and the received signal at the kth UE can be expressed as
Y = Z zo(Hy + Ap)VrrVpese + n. (6)
e

Consequently, the estimated symbols at the kth UE for the
imperfect channel become

Sk = Z nggyngp,k (I:I;C + Ak)VZSZ + Wg,ngF,knk-
teK

A. Problem Formulation

The objective is to select a subset of UEs for simultaneous
transmission and design hybrid precoders and decoders to max-
imize the total sum rate in the presence of channel estimation
error with known error statistics. The objective function is
therefore the sum rate averaged over the channel estimation
errors, Ea{ Ry}, which depends only on the first and second-
order statistics of the channel estimation errors.

The technique used to incorporate error statistics uses the
well-known approximation [48]:

Ea{R:} = R), ~logdet lld
+ EA{szE(I:Ik + Ak)VkaH(I:Ik + Ak)HWk}
EA {W? (0’21
2 A H (i A \H -
+ Z xy(Hy + Ap)V, V) (Hy + Ag) )Wk} .
LER
)
To calculate the expectations in (7) the following is employed:
Lemma 1: The average rate for the kth UE under the channel

error model (5) is given by:

Ry ~ log det [Id
+ {fiWkH(ﬁkaVfﬂkH + p2||Vk%IN)Wk}
{W,’j (0—21N

“1
+ Z x%(HkVerHkH—i—p?V€||§,IN)>W;€} ]
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Proof: See Appendix A. [ |

The aim is to design digital/analog precoders, decoders, and
select a subset of users to maximize the total sum rate subject
to a total BS power constraint while accounting for imperfect
CSI. This is expressed as the following optimization problem:

>k, ©)

max
{x,Vrr,VDp,WrrWp}

ek
subject to > tr(VerVp Vi Vig) < P, (92)
e
xp €{0,1}, VY, (9b)
. 1 .
Ve ) = 575 Visg (%)
. 1 .
(Wrrk(i )" = 5 Vinji b (9d)
where P, is the total BS power constraint, and rate weight

ay, € [0, 1] reflects user k’s priority. Also, the set of all user
selection parameters, precoders, and decoders are denoted by
X, Vp,Wp, Wgrr, respectively.

The optimization problem (9) is non-convex due to the pres-
ence of integer and constant modulus variables, making the
optimal solution hard to find and computationally challenging.
Even if the set of users is fixed, their mutual interference results
in a non-convex problem [47]. To address these challenges,
the majorization-minimization (MM) technique, with its nu-
merous associated advantages over other techniques due to its
use of convexity arguments [48], is applied to the non-convex
problem (9). In the MM technique, a surrogate function is
constructed, known as a minorizer. An iterative method that
reduces complexity is found that converges to a locally optimum
point.

To apply the MM technique to Problem (9), a minorizer is
required for the objective function. To proceed, first define Ey
in (10), and define
RWV+2d)x (N+d)_

T
U2 [I(yia) O(N+ayxd] € (11)

Using the matrix inversion lemma [49], one can recast the
average rate, i.e., Rj in (8) as

Ry =logdet [U'E;'U], Vk=1,..., K. (12)
Lemma 2: Let U denote a full column-rank matrix. Then, the
function log |U#X~!U] is convex for any X >~ 0.
Proof: See [50]. u
Therefore, using Lemma 2 and the first-order condition for
convex functions [50], a minorizer at a given E;, for Ry, can be
derived using its supporting hyperplane as follows:

EEK:UC B B
(8)  log|UE;'U| > log |[UTE; 'U| — t[F(Ex — Ep)], (13)
In+a o [Hi Ve pllVileIn] Wy
E, = R m( 2 2T HeH | 2 2 e CV+2d)x(N+2d)
AW HVE pIValrTy] W (0%Ty+ 3 af BV VIRL 0 V) Wi
e

10)
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where Ej, is the value of Ej, in the previous iteration and,

Fk A E;1U<UTEI;1U)—1UTE;H c C(N+2d)X(N+2d) )
(14)
Using the minorizer in (13) and applying the MM technique,
after removing the constant terms, the optimization problem (9)

is converted into the following minimization problem at each
iteration (See Appendix B for more details):

Z ka%[tr(Fm,k(l 2 d, :)WfI:Ika)
kek

+ p||VkHFtr(F12,k(d +1:N+d, :)W’“H)]

+ tr(WiFa(0? + Y 2 [Vel3) W)
e

min
{21, VD, VrRF . Wp,Wgrpr}

(S atrn oW RV W) |
el

(9a), (9b), (9¢c), (9d), (15)

where Wk = WRF,kWD,ks Vk = VRFVD,k and F127k and
F2s 1, are sub-matrices given by

F, 2 l:Fll,k

subject to

(16)

Fas

Fio
T Ve e K.
For }

Due to the highly coupled precoder and decoder matrices,
constant modulus constraints as well as integer variables, xy,
the transformed optimization problem (15) is still jointly non-
convex for variables {xy, Vp i, Vrr, Wpr, Wrpi}r and
cannot be efficiently solved by conventional convex optimiza-
tion methods. However, the optimization problem (15) is con-
vex in the variables x;, and W p j, individually. To handle this
intractable non-convex problem, iterative alternating optimiza-
tion is employed by decomposing the optimization problem into
multiple sub-problems. In the sequel, the optimization problems
are solved in terms of each parameter individually while con-
sidering the other variables as fixed.

B. Solving the Optimization Problem

1) Optimizing Digital Precoder: Given a set of fixed vari-
ables {zx, Vrr, Wp i, Wrr i, the optimization problem
with respect to the variables {V p 1} is described as:

min

1L > {QW[GEka,k + azk|(Ia ® Vrr)vp k2]
D

kek
+ afvf (1 © ®,)vp,)

subject to Z (T4 ® Vrr)vp i3 < P,
keK

a7

where
®, 23 VI (HI W, Fo WIH,
e
+ p*te(Fag (WHW,))V RF}
zp.vee (VR pH W Fia (10 d, )",
pritr(Frap(d+1: N +d, )W[).

ai

> 1>

azk (18)
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The problem described in (17) is convex if as , > 0. For nega-
tive ag i, the objective function is the difference of two convex
functions. To handle the non-convexity, a first-order condition

for convex functions is used to bound ||(I ® Vrr)vp k|2 in
f’g,k(ld(gngvRF)

i)D,k(Id@VgFVRF)'BD,k

the vector v p j, in the previous iteration and is treated as a fixed

parameter in subsequent iterations. Problem (17) can be solved
efficiently numerically, e.g., via the MATLAB CVX toolbox.

2) Optimizing Digital Decoder: Given the fixed variables
{z,Vp,Vgr, Wrr}, the optimization problem for the digital
decoders, {Wp 1 }. is formulated as

each iteration by

vp,. Here, vp y is

19)

min

H H
o Y 2R[all ywp k] + w B rwp i,
D,k SkeKK

ke

where wp j, £ vec(Wp ) and

k= xk{vec(WngHkaFlg,k(l :d,:))
+ pHVkHFVCC(WgF,kFM?k(d +1:N+d, )) },

By LFD,® {wH ( S 2,V VIR
el

+p* Vel F1n) +021N>WRF,k}- (20)
This problem is an unconstrained quadratic program with a
positive definite matrix ®,, , which is convex. Hence, it is
easily shown that the closed-form solution is given by [50]

wp=—®, @k, VkeK. (21)

3) Optimizing Analog Decoders: Given a fixed set of
variables {x, Vp k, Vrr, Wp  } 1. the optimization problem
corresponds to the problem for designing analog decoders can
be written as

min 2R[r(Whp, Th)] + e(WHp . Ry W g Sk)
{Wgrrktk P ’ ’
ex
(22)
1
subject to |WRF7k(i,j)\2:N, Y i, 5, k. (22a)
where

Ty, £ ap (He ViFioe(1: d, )
+ ol Vil pFi2(d+ 1: N +d,:))WH .,

S £ WD,kFQQ,ng,k; Ry £ waN—FI:Ik Z x%VgiI:IkH
e

by £0” + p2 Z xt%HV@”%
e

(23)

To find the solution to the analog decoder design problem, an
iterative algorithm is proposed that starts with an initial feasible
W rr i, Vk € K and then sequentially updates each element by
solving the optimization problem described next.

By fixing all entries of Wgp except Wrp(i,j) the
contribution of Wgrp i (i,7) in (22) is extracted (details in
Appendix C). To iteratively solve the analog decoder design
problem, an algorithm is proposed where each element of
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W rr i is updated sequentially. To extract the contribution of
Wrri(i,j) in (22), all entries of W g, are fixed except for
W rri(i,j), and the resulting expression is denoted by

F1iWgrek(i, ) = R{W rewk (@, )m,5.8 (24)
where
Mgk = Tr(i, )
NEE N
+ >0 Re(m,i)Sk(Gn)Whpi(m,n). (25)
" 2 )
Further, assuming that Wgrp (4, j) = LNej&:,j,k? Vi, j, k

and substituting into (24), the optimization problem in terms
of 0; ;1 is formulated as follows:

min  fi(Wgrrk(i,7)). (26)
ij.k
It is easily shown that there are two solutions,
o) = —Znij
{ o Ik 7 L Yi, g, k. @7
9 Gk = =TT — 4/)71,.] k

By computing the objective function (22) for both phases,

&) o)
0r ., = argmin ej917k> (eﬂwk)) .
1,5,k g 0 (fl (\/N fl \/N
(28)

4) Optimizing Analog Precoder: Given a set of fixed vari-
ables {zx, Vp x, Wp r, Wrr i, the optimization problem
(15) for analog precoder design can be formulated as

‘I}lin 2R[r(LV gp)] + tr(VEp AV gpD)
RF
+> by,

ke
subject to (9a),

\Vrr(i,j))* =

22| VrrVoilz (29)

ke

o Visd (29a)

where
L2 Z 2, Vp pFi2(1:d, )W Hy,

ke
ALY HIWFp W H,, D> aiVp,Vp,
ke kex
bok £ prptt(Wi Fiop(d+ 1:d+ N,2)),

2 p2 Z tr(FQQ,kwkHWk).
ke

(30)

A limit on total power at the BS results in a constant mod-
ulus constrained optimization problem that cannot be solved
using conventional methods. However, it has been shown that
for large M, the RF precoder usually satisfies VgFVRF ~1
[1]. Therefore, neglecting the power constraint for the analog
precoder design is possible. Furthermore, the third and fourth
terms in equation (29) which contain Vg r V rr can be treated
as constant terms and disregarded in the objective function. As
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a result, the optimization problem associated with the analog
precoder can be formulated as follows:

min 2R[tr(LV )] + tr(VE AV gpD) (31)
RF

1
subject to \VRF(i,j)|2:M, Vi, j. (31a)

To find the solution to the analog precoder design problem
(31), an iterative algorithm is proposed that starts with an initial
feasible V pr then sequentially updates each element by solv-
ing the optimization problem described next. By fixing all en-
tries of Vgp except Vgr (i, ), the contribution of V gr (4, j)
appears in the objective function as follows:

fo(Vrp(i,5) = R{Vrr(i,j)v;} (32)
where
MEF M
Yig = L(] Z) Z Z A(ma Z)D(jv n)V;%F (m7 n)
n=1 m=1
(n,m)#(5,1)
(33)
Finally, by assuming V gp(i,7) = iMemivf, Vi, j the opti-
mal problem w.r.t., ¢; ; is formulated as follows:
min  fo(Vrre(4,7)) (34)

i
which can be easily shown to have the following two
solutions:

{¢(1) — %5
¢E,2]) =T — A’Yi,j,k

By computing the objective function in (32) for both phases,

1 .o 1 ..@
o; ;= argming <f2 (memi.j) fo ( Mejd)i’j)) :
(36)

5) Optimizing User Selection Parameters: Given fixed vari-
ables {Vp x, Vrr, Wp ik, Wrp i i, based on (15), in every
iteration of the algorithm, the following optimization problem
needs to be solved in order to choose a subset of users:

, Vi, g, k. (35)

min LN e 37
i I;C @ kT (37)
subject to  x, € {0,1}, Vk € K, (37a)

where
I k= §R[tr(F12 k(l d )W;?I:Ikvk)
+ p|| Vil ptr(Fiae(d+ 1:d + N, )Wy )]
+ tr( Z Foo Wi (VL VI HY + 02| V][ FIn) W),

e
(33)
and the optimal solution for this problem is given by
1 9,5 <0,
zj = h (39)
0 P, >0.
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Algorithm 1: Proposed Joint UE Selection and Hybrid
Precoder/Decoder Design.

1 Initialize {xx, Vp.x, Vrr, Wp.k, WRrF.k }1 to satisfy
the power and group size constraints.

2 {1

3 Compute E; and Fy, Vk using (10) and (14)
respectively.

s while | 3RS — 2 RV | > €540, do

s | while [|[Vi5r - V|12 > €, do

6 Compute v; ;, Vi, j using (33), then calculate
¢Zj\7’i,j using (36).

7 end

8 | while T, [WEY, - WL 1% > €xop do

9 Compute n; ; «, Vi, j, k using (25), then
calculate sz’k\ﬁ,j, k using (28).

10 end

11 Compute a,, i, ®,, xVk using (20), then calculate
wp.k using (21).

12 Compute aj i, az x Vk, ®rr, ®, using (18), then
solve (17) to obtain digital precoders.

13 Compute @, ., Vk using (38), then obtain optimal
{x}r using (39).

14 Update E; and Fy, Vk using (10) and (14)
respectively.

15 C—C+1.

16 end

The proposed joint user selection and hybrid precoder/
decoder design is summarized in Algorithm 1. The algorithm
starts with feasible initial solution {xy,Vpx, Vrr, Wp
W gr i ke In the next step, Ei and Fy, Vk € K are com-
puted using (10) and (14), respectively. In step 6, the (i, j)th
element of analog precoder matrix, Vgp(i,j) is found as-
suming all other elements are fixed. Similarly, in step 9, the
(i, 7)th element of analog decoder, W g (4, j) is computed
using (28) for every user assuming all other elements are
given. After computing a., ., ®.,,xVk € K using (20), digital
decoders can be obtained in closed form via (21). By comput-
ing ayy,as,, vk, ®rp, Py, digital precoders, vp j are cal-
culated for every user using (17). User selection parameters
{2k }rex are then computed in closed form using (39) based
on &, 1, Vk € K in (38). By updating E;, and F, for all UEs
based on the optimized precoder/decoder and selected users,
the next iteration proceeds by returning to step 5. The proposed
algorithm sequentially updates precoder/decoder matrices and
user selection parameters until the stopping criterion is satisfied.

Remark 1: The proposed method is in a general form
which includes perfectly known CSI as well as imperfect CSI
cases. In addition, by setting MEF = pf, NEF = N, Weri =
In,VEk € K, and Vg = 1)y, the proposed method for hybrid
precoding/decoding reduces to that of fully digital precod-
ing/decoding. Further, by specifying x as O or 1 for all k € IC,
the proposed joint user selection and hybrid precoder/decoder
reduces to precoder/decoder design, with user selection omitted
in the proposed algorithm.
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IV. SpPECIAL CASES OF USER SELECTION

Assuming that all UEs are scheduled and precoder/decoder
matrices have been previously designed and remain fixed,
V., W, #0,Vn, one can select a subset of users based on (39).
Deriving Fa9 ;. and Fy ;, from (14) and substituting into (38),
result in the closed-form

Dy p = tr( - VW, C'W/H,V,
+ Z Fa2 (W/' (HerV,{,{Hf)Wg>
4

+ 07| Vi | tr (—Wk Co'Wil + ) Fap (WY W4> ,
4
(40)

where Fs; ;. is easily computed by algebraic operations not
included due to space limitations. It is obvious that the first
and third terms in (40) are <0 while the last term is > 0.
In order to select one of the UEs, say UE k, ®,; has to
be negative which implies that positive terms should be zero.
Due to the positive definiteness of Faz,,, Vn, the second term
could be made zero by selecting H,,V;, =0, Vn # k. The term
P?||Vi|?te(>, FrreW{ W) can be considered as a penalty
term for imperfect CSI cases and is proportional to channel
estimation quality as well as power allocated to UE k.
Let us investigate ®,, ;. for the following special cases:

A. N >1 and Perfect CSI, p=0

For multi-antenna UEs, the UE selection is determined by
S tr(Fao (W (H (Vi VIH W),

B. Perfect CSI, p=0and N =1

Qo= — —[H Vil
Toot 43, [HeV[?
-y VLY |
1 0+ e | HVa ) (07 + 12, [HeV )
(41)

1) M — oo With ZF Beamformer: In this case, |H, V| =

2
0,/ # k and results in @, j, = % < 0. This implies
that for large numbers of antennas with ZF precoder UE selec-

tion is not required since ®, 5, <0, VEk.

2) M — oo With Maximum Ratio Transmission (MRT): In
this case, Vj, = HkH that leads to

—|HH|?

Do = 2 H\2

o®+ 3, HH|

n Z HH;! |[HH]|?

= (0243, [HH2)(0? + 3, HH[|?)
(42)

From the weak law of large numbers as M — oo, the second
terms converge to 0 and again ®, ;, <0.
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TABLE II
COMPUTATIONAL COMPLEXITY OF ALGORITHM 1
I [ Complexity 1]
Stens 57 O (@M2MRF? L KMMRF N + KMPF?d + K MNd
eps 5-
+ KM Nd+ KNN®'d+ KNFFd? + KNd?))
Siens 810 O(J,2KMMPYN + KMMPFd + K*M°N + KMN® + KMFFNEEg
teps 8-
+ kMd® + KNNRFd+ KNPF2q 4 KNP G2 4 2k N2NFF?))
Sen 11 O(K?MNd+ KMMTNEF + KMd*> + KMNTTN + K?Nd*> + KMPTNTT g
tep
+ KMRF@? 4 KNRFNd+ KNNRF? 4 ok NRF2 2 4 K NFF®g3)
Step 12 | O(KMMPBFd + KMNd + KMRF @3 + 3KNNBFd + KN2d + KNd* + 2KNFF @2 1+ Kd®)
Step 13 O(K*Md*> + K?MNd + 3K*d°N + KN*d + 2K°d®> + KMM"™"d+ KNNTFd)

C. Limited Resolution Phase Shifters

In the previous subsection, infinite-resolution phase shifters
were assumed in the hybrid structure. However, accurate phase
control may be physically impractical, especially in large-scale
antenna arrays where the number of phase shifters is propor-
tional to the number of antennas. Let b represent the number of

bits of phase shifter resolution, and let C represent the set of 2°
cj2m . jaw cj2m(2b—1)
2b }

4
realizable phases, ie., C={1,e’ 20 &2 ... ¢

For the finite-resolution scenario, the problem of maximizing
the sum rate can be formulated as follows:

max R 43
{zt,VrRF,VD &, Wrrt WD ik }i ZZEI:C e 43)
subject to > tr(VerVp Vi Viip) < P, (43a)

e
xp €{0,1}, Ve, (43b)
v M‘VRF(ZvJ)| ch VZ,] (43C)
VN|Wgri(i,5)| €C, Vi, j, k. (43d)

Since the set of feasible RF precoder/decoders are finite, an ex-
haustive search over all feasible choices obtains an optimal so-
Iution. However, since the search space is exponential in phase
shifter resolution, full search is impractical for systems with
large numbers of antennas. An alternative approach is to mod-
ify Algorithm 1 to determine finite-resolution phase shifters
sequentially by obtaining Vg (4, j) and Wrp (i, 7) in each
iteration by minimizing (34) and (26), respectively, over set
C using one-dimensional searches. Specifically, Vrp(n,m) =
2mi*

e’ 2, Vn,m, and * = argming<p<ov_1 |[Z(Vrr(m,n)) —

o |-

’ Table III compares the complexity of hybrid precoder designs
of existing precoding methods under perfect CSI and does not
include user selection. Therefore, in the comparison, it is worth
noting that the proposed algorithm has added complexity due
to both its imperfect CSI assumption and user selection stage.
Despite this extra complexity, the proposed method for joint
precoder design and user selection has a lower complexity
compared to previous methods proposed for precoder design
only.

TABLE III
COMPUTATIONAL COMPLEXITY COMPARISON FOR GIVEN
SET OF USERS

([ Method [ Complexity i
WMMSE [44] O(L1Lo M2 MEF?)
BD-UCD [10] [ o(MM™F? 4 KNNEF?)

BD-SS [11] O(LsM?)
ITA [12] O(LaMP)
DUD [13] O(LeK (Ls M> + M?))
HBF-MISO [1] O(LyK2M2MEF ?
GPI-MISO [23] O(LsKM?)

D. Computational Complexity

The time complexity is determined by thorough analysis of
the number of operations involved in each algorithm step: user
selection, digital precoder design, analog precoder design and
solution of convex sub-problems. The overall complexity is
calculated by taking into account the iterative nature of the
algorithm and the number of iterations required to achieve
convergence. Table II summarizes the computational complex-
ity of the proposed method for each sub-problem, where J;
denotes the number of inner iterations to compute V pr, while
Jo denotes the number of inner loop iterations to compute
{Wgpri}k. Steps 12 and 13 represent the complexity of the
digital precoder optimization which involves quadratically con-
strained quadratic program (QCQP) optimization and user se-
lection, respectively. In massive MIMO scenarios where the
M BS antennas greatly exceed the N UE antennas, it suffices
to consider terms containing M and M ¥ to evaluate system
complexity. Looking at Table II, the computation of the analog
precoder matrix Vi (Steps 5-7), which has dimension M x
MPTF is the most computationally intensive task, requiring
O(M?(MPEF)2) operations per iteration, and dominates overall
algorithm complexity.

E. Convergence

To investigate the
method, define the

convergence of the proposed
objective function in (9) as

K K K K P k)7L
f<V§z},VE¥(,yV$%}(,) ;(’7;% >>(é)ziexlog|UTE§> Ul
791(V1§F7VDH aW;FvWS 73;(11)) éZieKIOgl
UTE" U| - u[F;(E; — E')] as a lower bound for

and
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f () where, superscript () denotes xth iteration. The objective
function is shown to be non-decreasing over each iteration.
Lemma 3: The proposed Algorithm 1 is non-decreasing in
the objective function.
Proof: From iteration k to x + 1,

FVEL VY Wi WY, 2) =, (44)
gV, V) Wi Wi 2) <, (44a)
g(Vih VY WL W) a(h) < (44b)
gV, V) Wi Wi 2ty <, (440)
g(VEL VI WDyt ety < (44d)
g(Vih VT WD Wi i) < (dde)
g(VIEED vt gyl gt g ety — - (44p)
FVh (~+1 ’ (”H),Wgﬁl),wgﬂ),w(““)). (44)

Equality (a) follows since the objective function, f(-), at the
previous optimal point is equal to its lower bound, ¢(-), at that
point; inequality (b) is implied from the update of variable x,
i.e., z(**1_ Similar arguments are employed for inequalities
(¢), (d), (e), and (f). Therefore, Algorithm 1 is non-decreasing
in the objective function from iteration « to x + 1 and converges
to a local optimum point. |

V. SIMULATION RESULTS

Numerical simulations illustrate the performance of the pro-
posed method for various MU-MIMO scenarios. The proposed
method for joint user selection and hybrid precoder/decoder
design is referred to as hybrid beamforming (HBF). Joint user
selection with the fully digital precoder/decoder is termed fully
digital beamforming (FDBF). The numbers of transmit anten-
nas, RF chains at the BS, receive antennas, and RF chains at UEs
are represented by M, M N, and N©¥, respectively. The
number of UEs is denoted by K, and each user receives d data
streams of symbols. The number of symbol streams transmitted
to every UE is assumed to be equal to the number of user RF
chains. In the proposed method €4:0p = 1073 is used as the
stopping criterion for convergence.

First, the convergence of the proposed method for perfect
CSI, i.e., p=0 and imperfect CSI are illustrated in Fig. 2.
As shown, the proposed FDBF and HBF have monotonically
increasing sum rates. The proposed HBF has a digital/analog
decoder, digital/analog decoder, and user selection variables,
requiring a larger number of parameters than FDBF. As a result,
convergence of the proposed HBF is usually slower than that
of the proposed FDBF. Unlike the hybrid case, the existence
of a dedicated RF chain for each antenna in the fully digital
implementation results in an appreciable gap between their sum
rate curves at the converged points. The cases of perfect CSI,
i.e., p = 0 and imperfect CSI with p = 0.2 and p = 0.4 are also
shown for both proposed HBF and FDBF, where there is notice-
able performance degradation for decreased channel estimation
quality, i.e., for p > 0. Due to the problem’s (i) non-convexity,
(ii) coupling between optimization parameters in the objective
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Fig. 2. Convergence of the proposed algorithm is investigated for M = 32,

N =4, MRF =16, NRF =2 K =40, P,,, = 0dB.
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Fig.3. Histogram for various random initialization points for M = 64, N =
4, MEF =16, NFF =2, K =32, Kinae =8, Pm = 0dB.

function and constraints, and (iii) multi-variable nature, there
is no guarantee for a global solution.

Fig. 3 shows that the solution obtained by the proposed algo-
rithm is independent of the order of optimization of the param-
eters. The sum rate frequency of occurrence is histogrammed
for different initialization points for 100 random and feasible
initial variables. To investigate the effect of channel estima-
tion error, simulations are performed for p=0,0.3,0.5. As
expected, decreasing channel estimation quality results in sum
rate loss. The dominant peak for each value of p indicates low
sensitivity to initialization. To investigate the effects of user
selection variables on performance, the number of selected UEs
is shown on the right-hand side of Fig. 3. As shown, in most
scenarios, the number of selected UEs is equal to the maximum
allowed, K40 = %RF , in the system model to within a small
degree of rounding error.

Fig. 4 compares the proposed method to the well-known
hybrid beamforming [52] (HyBF), hybrid block diagonalization
[9] (HBD2), limited phase hybrid block diagonalization method
(HBD1) [51] with perfect channel estimation, that is, p = 0.
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Fig. 4. Comparison of proposed method, HBD1 [51], HBD2 [9], and HBF
[52] for M =64, N =4, MEF =16 NFF =2, K = 20.

To ensure fair comparisons of precoder performance, simula-
tions are performed for the same set of UEs selected by the
proposed method (labelled “Given”). The above methods are
also evaluated using a greedy user selection method (labelled
“Greedy”) that incrementally adds UEs to a group by choosing
the user with the largest sum-rate increase. Fig. 4 shows that
as the maximum BS transmit power increases from —15 dB
to 15 dB, after a slow initial increase, a nearly linear increase
in sum rate occurs at higher transmit powers. The figure also
illustrates that the proposed method substantially outperforms
HyBF and HBD2 with greedy user selection. In addition, using
HyBF, HBD1, and HBD2 in combination with the proposed set
of selected UEs outperforms greedy user selection. Finally, even
with limited phase resolution, the proposed method outperforms
HBDI1 with 2-bit phase resolution for both the set of predeter-
mined UEs and greedily selected UEs. It is important to note
that sum rates of the methods may not increase monotonically
with BS transmit power for the case of limited-resolution phase
shifters since phase-shifter quantization is not incorporated into
the CSI uncertainty model parameterized by p.

The results in Fig. 4 indicate that the proposed precoding
method in isolation outperforms the precoding used for the
other methods. It must be pointed out that the proposed joint
user selection/precoding performance would exceed that shown
in the comparison in Fig. 4. However, the intention of Fig. 4 is
to systematically compare precoding performance in isolation.
Reiterating, the other methods did not formulate joint precoding
and user selection optimization and instead employed greedy
user selection based on channel metrics not connected to per-
formance.

To investigate the impact of limited RF chains on the number
of served UEs, the number of selected UEs is plotted as a
function of M in Fig. 5 for various transmit power and
channel quality scenarios. The results show an almost linear
increase in the number of selected UEs with M ¥, Moreover,
we observe that increasing the transmit power at the BS leads
to an average increase in the number of selected UEs.

To compare the proposed optimization with the optimal ex-
haustive search method, the following scenario is used with
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Fig. 5. Effect of number of RF chains at the BS on number of scheduled

users for M =64, N =4, NEF =2, K =20.
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Fig. 6. Comparison between hybrid and fully digital precoders for M =
32, N =4, MRF =16, NFF =2 K =4, p? = 0 for each of the 70 possi-
ble 4-user groups chosen out of the 8-user pool.

K=8M=32N=4 M =16, N?" =2 with SNR=
10dB. First, assuming all users are scheduled, a set of hybrid
analog-digital precoders is designed. Then, by selecting 4 users
out of an 8-user pool, sum rates of fully digital and hybrid
analog-digital systems are compared to those of each of the
(2) = 70 exhaustively searched user selections. The sum rate
performance gap, as illustrated in Fig. 6 is observed to be small:
the horizontal lines indicating joint user selection/precoding
either exceed or are close to that of the fixed user selec-
tions. For hybrid precoding, (blue horizontal line) the proposed
joint user selection/precoding outperforms 68 out 70 possible
4-user group selections. For fully digital precoding (red hori-
zontal line), the proposed joint user selection/precoding outper-
forms 63 out 70 possible user selections, and for the remaining
7 exhaustively searched user selections, the joint user selection
sum rates are within 2-3% of the global optimum. Overall, the
proposed approach has the advantages of (i) avoiding expensive
exponential UE group selection search, (ii) avoiding perfect
CSI requirement, and (iii) jointly optimizing user selection and
hybrid precoder/decoders.
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Fig. 7. Sum rate as a function of transmit power is shown for M = 64,
MEF =16, N=4, NEF =2, K =16.
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Fig. 8.  Average number of selected UEs is shown for M = 64, M RE — 16,
N =4, NEF =2 K =16.

Fig. 7 investigates the impact of channel estimation error on
the proposed method under different transmit power budgets
and phase shifter resolutions. It is evident that if the phase
shifter has unlimited resolution (b = o©), the sum rate is a linear
function of transmit power for high values of P,,. However,
under limited phase shifter resolution, the sum rate degrades and
saturates at 2-bit resolution. Thus, sum rate is more sensitive to
phase resolution at higher transmit power. The effect of channel
estimation error on sum rate also becomes more pronounced
at higher transmit powers, leading to a wider gap between the
perfect and imperfect CSI scenarios. As described by Eq. (8),
increasing UE transmit power, represented by |V|%, amplifies
the impact of channel estimation error, which adds to the re-
ceiver’s noise power term | Zgﬁk z,Vi|%p%

Fig. 8 illustrates the impact of channel estimation error on
the number of scheduled UEs, which is bounded by %,’;ﬁ . The
number of selected UEs decreases with larger values p, i.e.,
lower channel estimation quality. It is also observed that with
increasing transmit power, the nun}%ber of selected UEs initially

. F
increases and then saturates at %

1819
40
) 4 P,=0dB
35 |——b=0o
o —6—b=4
"o 30+ |—=—b=3
'g‘ ——b=2
~— C O
o 251
e
& a
20
g
o a
15
P _=5dB 4
10 : ‘ : :
0 0.1 0.2 03 04 0.5
P

Fig. 9. Sum rate as a function of p is shown for M = 64, MEF =16,
N =4, NEF =2 K =16.
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Fig. 10.  Average number of selected UEs as a function of p is shown for

M =64, MEF =16, N =4, NEF =2 K =16.

In Fig. 9, sum rate versus channel estimation quality is in-
vestigated for various phase shifter resolutions, as expressed in
bits, b. By decreasing channel estimation quality, i.e., increas-
ing p, performance loss becomes more significant. In addition,
increasing phase resolution, b, leads to an increase in sum rate.
For the case of b = 4 bits, the sum rate is nearly that of unlimited
phase resolution.

Fig. 10 demonstrates how channel estimation affects the
number of selected UEs for different transmit power levels. At
lower transmit power, the number of UEs is more dependent on
channel estimation quality. For the case of p = 0.5, by reducing
the transmit power to —10dB, the number of selected UEs
decreases to 7.2. Clearly, a countermeasure against the effect
of channel estimation error is to boost transmit power.

Fig. 11 presents the sum rate for single-antenna UEs and
compares it with the hybrid beamforming method in [1] (HBF-
SA) in a perfect channel estimation scenario. The performance
gap between the proposed method with p =0 and HBF-SA
arises due to antenna spatial correlation in zero-forcing (ZF)
digital precoders used in HBF-SA. The sum rate also saturates
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Fig. 12.  Comparison of proposed with GPI method [23] in a single-antenna
user and fully digital precoding scenario for M =4, 8,16, and K = 6, 10, 20.

for low-resolution phase shifters, while 5-bit resolution has only
small degradation for single-antenna users.

Fig. 12 depicts the total sum rate as a function of SNR
for a fully digital precoding scenario with single antenna
users in comparison to the GPI method [23]. In the GPI
method, user selection relies on the precoder and the power
allocated to each user. It can be observed from Fig. 12,
the differences in performance become more pronounced in
high SNR scenarios, with a saturation effect in the achievable
sum-rate.

VI. CONCLUSION AND FUTURE WORK

A framework for jointly optimizing user group selection,
group size, hybrid structure precoders and decoders in the pres-
ence of channel estimation error is proposed based on bounding
by convex functions. Subsets of parameters are determined
in an alternating fashion. Numerical results reveal that local
extrema are reached after a few iterations. As expected, the fully
digital precoders/decoders outperform their hybrid versions but
at the cost of more RF chains. Performance is also observed to
degrade gracefully as channel estimation accuracy decreases.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 73, 2025

Owing to the high complexity and overhead required for
channel estimation combined with recent advances in machine
learning techniques, possible future work would be to investi-
gate the application of ML data-driven approaches with off-line
training to reduce both run-time optimization complexity and
CSI overhead.

APPENDIX A

Let Z denote a matrix in CM*¥ of zero mean circularly
symmetric complex Gaussian random variables with variance
p? and let A € CM*M be an arbitrary deterministic matrix.

Let A=la; a ay| € CM*M, and
E=[&; & 5 ... ; &y] eCVM
Using the independence of elements of =, we obtain
S EfGugl Ya 0
E{EAE") = FE .
0 Evignta
M
PP i 0
= = p*u(A)ly,
0 p? Zf\il Qi
(45)

where ;; is the ith entry of the vector §; and a;; is the ith
diagonal element of matrix A. Hence,

Ea {3 W (B + A VVE (Fy + Ay W, )
= 2WH (fIkaVkH HY + 1, V,VIE{A]}
+E{A} VL VIH] + E{AkaVfAkHD Wy,
— W (B VI VIR + 02 ViV 31y ) Wi (46)

The second term in (7) can be obtained in a similar way.

APPENDIX B

Using (10) and partitioning matrix Fy,
tr(FkEk) =tr <|:F11’k F12,k:| Ek)
Foo i

Foik
= tu(Fi1,5) + Iktr(F12,k[WkHI:Ika plIVillr])
+ w((WIHLVE | Vil r] 7 Fai k)

(47)

K
+ tr(Fas s WH (021N + Zwﬁ(ﬂkvevfﬂf

=1

+ PVl FLn) ) Wi)
= tI‘(Fll,k) + ka%[tr(Fu,k(l : d, )W}?ﬁkvk)

+ ol Viletr(Fran(d +1:N +d )W) |

K
+ tr(Wka,k(UQIN + P2 Z‘T%HVZ”%)W?)

=1

K
+ tr(zm%Fm,kwfﬁkvevfﬂ,’jWk). 48)

=1
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APPENDIX C

To compute the contribution of an element in (22), we note:

2§R[tr(wl}2IF,ka)] + tr(WgF,kRkWRF,k Sk)
=28 Z Z Wkrei(m,n)Tr(m,n)
+ Z Z Z Z Wiex(m,n)Re(m, r)Wgrk(r, 0)Sk(¢,n)
n T m £

= 2%[WRF,k(i,j)Tz (Zvj)]
+ Z W}%F,k(m,n)Rk(m,Z)WRF,k(Zuj)Sk(]v TL)

+ Y Whek(i, ))Ri(i, ) Wrek(r, £)Sk(4, §) + C,

(n,m)
#0:1)
(49)

(r:2,)
#(1,4)

where C comprises terms that are not a function of W gp 1, (7, ).
Due to Hermitian symmetry of Ry and Sy, (49) becomes

2R [W rp (i, )Tk (i, 5)]

+2R | Y Whpi(m,n)Ry(m, i)W rrk(i,5)Sk(4,n) | +C

(n,m)

#(4,4)

=2R | Wrrk(i,5) (Tk(, )

+ > Whek(m,n)Ri(m,i)Sk(j,n)) | + C.

(1]

[2]

[3]

[4]

[3]

(6]

(7]

(8]

(9]

[10]

(50)

(n,m)

#(34,%)
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