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Abstract—Hybrid beamforming structure is widely used in
mmWave massive MIMO due to the low hardware complexity.
However, its performance is severely degraded by beam squint
effects in wideband multiuser mmWave massive MIMO result-
ing from the non-frequency-specific analog beamforming. To
overcome this issue, we develop an integrated user grouping,
subcarrier allocation, and hybrid beamforming (IUSH) scheme
to compensate for the beam squint effects and maximize the
multiuser sum-rate. First, we investigate the time-division and
frequency-division analog beamforming for the single radio
frequency (RF) chain cases to gain useful insights regarding
user grouping and subcarrier allocation. The frequency-division
approach achieves superior performance by leveraging the
correlations between analog beamforming and user channels,
and utilizing subcarrier allocation to dynamically align them. To
this end, for multiple RF chain cases, we propose a wideband
user grouping strategy that clusters users with close physical
channel angles to strengthen the correlations, thereby facilitating
efficient subcarrier allocation among users. Then, we develop
an alternating minimization-based joint subcarrier allocation
and hybrid beamforming (AM-JSH) algorithm to maximize the
sum-rate of grouped users. The AM-JSH algorithm alternates
between subcarrier allocation and hybrid beamforming, where
the subcarrier allocation is formulated as an assignment problem
to be solved using the classic Hungarian algorithm, and the hybrid
beamforming is implemented with the developed penalty-based
two-loop hybrid beamforming algorithm. Simulation results show
that the developed IUSH scheme significantly outperforms the
existing ones.

Index Terms—Beam squint, hybrid beamforming, mas-
sive multiple-input multiple-output (MIMO), millimeter wave
(mmWave), subcarrier allocation, user grouping.

I. INTRODUCTION

MmWave communications have been a prominent research
topic in both academia and industry over the past decade [2]–
[6]. Due to abundant spectrum and high data transmission
rates, mmWave technologies have been incorporated into
5G standards and deployed in commercial networks. With
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ongoing advances in beamforming, antenna arrays, and hybrid
architectures, they continue to demonstrate strong potential
for high-capacity and short-range scenarios, and are regarded
as key enablers for future-generation wireless systems [7].

During propagation, mmWave signals face severe path loss,
which significantly affects the quality of service (QoS) for
communications. To address this issue, massive MIMO [8]
is integrated into mmWave communications to mitigate the
path loss by providing substantial beamforming gains [9], [10].
While massive MIMO can effectively improve the QoS in
mmWave communications, it also presents challenges due to
high hardware costs. For traditional wireless communications,
a fully digital (FD) structure is widely used, which equips
each antenna with a dedicated radio frequency (RF) chain
to facilitate digital baseband processing. However, the large
number of antennas in mmWave massive MIMO makes it
impractical to equip each antenna with an RF chain because
the associated hardware costs are prohibitively high. To deal
with these challenges, a more efficient hybrid beamforming
structure has been proposed [11]. This structure connects the
large number of antennas to a limited number of RF chains
through a phase shifter network, where the RF chains handle
the conversion between baseband and RF for digital processing
and the phase shifter network performs analog processing for
high beamforming gains. Due to the low hardware complexity,
the hybrid beamforming structure has been widely adopted to
promote the development of mmWave massive MIMO.

Although the hybrid beamforming is effective in narrow-
band mmWave massive MIMO, challenges arise when extend-
ing it to wideband mmWave massive MIMO [12]–[15]. Due
to the different wavelengths, the beam steering angles vary
across frequencies, resulting in beam squint effects [16]. For
narrow-band mmWave massive MIMO, wavelength varies
little across frequencies and the beam squint effects can
be neglected. However, for wideband mmWave massive
MIMO, significant wavelength variations make beam squint
effects non-negligible [17]. Under this condition, frequency-
specific beamformers are required to mitigate these effects.
For the FD structures where each antenna is connected to a
dedicated RF chain, designing frequency-specific beamformers
is straightforward. However, for the hybrid beamforming
structure, the phase shifter-based analog beamformer is non-
frequency-specific and cannot be specifically designed for
different frequencies [18]. Although the digital beamformer is
frequency-specific and can be tailored for different frequencies,
its design freedom is constrained by the limited number
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of RF chains. The disparity between the requirement for
frequency-specific beamformers and the hardware limitations
of hybrid beamforming structures poses significant challenges
for wideband hybrid beamforming.

Two primary approaches, namely the hardware-centric ap-
proaches [19]–[22] and the algorithm-centric approaches [23]–
[26], have been proposed to address the above challenges.
The hardware-centric approaches focus on enhancing the
hybrid beamforming structure by introducing frequency-
specific analog devices, such as true-time delayers (TTDs). For
instance, non-frequency-specific phase shifters are replaced by
frequency-specific TTDs to mitigate the beam squint effects
in [19]. However, the high hardware complexity associated
with TTDs makes this approach impractical for large-scale
deployment. To address this issue, a delay-phase precoding
(DPP) structure is proposed [20], where a large number of
phase shifters are combined with a small number of TTDs to
reduce the hardware complexity. Since the maximum delay
achievable by TTDs is often limited in practice and insufficient
to address strong beam squint effects, a serial TTD-based
hybrid beamforming structure is introduced [21], so that the
TTD network is modified from a parallel arrangement in the
DPP structure to a serial configuration for achieving larger
delay. Furthermore, to address the high power consumption
of adjustable TTDs, fixed TTDs are used as alternatives [22].
Although the hardware-centric approaches effectively miti-
gate beam squint effects, they lead to increased hardware
complexity and power consumption due to the introduction
of extra devices. On the other hand, the algorithm-centric
approaches focus on designing analog and digital beamforming
to compensate for beam squint effects without increasing the
hardware complexity. In [23], the analog beamforming and
digital beamforming are alternately designed to approximate
the FD beamforming. Since the analog beamforming is
non-frequency-specific and cannot be tailored for individual
subcarriers, wide beams are generated to provide beamforming
gains across all subcarriers. For example, wide beams are
formed using a beam-broadening technique in [24] and using
the augmented Lagrangian method in [25]. However, these
wide beam design methods assume uniform channel conditions
for all subcarriers. To address uneven channel conditions across
different subcarriers, a hybrid beamforming scheme based
on the generalized extrinsic mean of subspaces is further
proposed [26].

In this paper, we focus on algorithm-centric approaches
and design the hybrid beamforming for wideband multiuser
mmWave massive MIMO. Note that the number of mmWave
users typically exceeds the capability of the hybrid beam-
forming structure due to the limited number of RF chains.
Under this condition, the space-division multiplexing alone
is insufficient to serve the users, and time- or frequency-
division multiplexing is needed. Most of the existing works,
such as [20]–[26], integrate the time-division multiplexing,
where users are grouped and hybrid beamforming for each
group is sequentially designed. However, in these works,
the design flexibility in the frequency domain is neglected,
which constrains the performance improvement of hybrid
beamforming. To this end, in this work, we jointly consider the

time-division, frequency-division, and space-division designs
by integrating the user grouping, subcarrier allocation, and
hybrid beamforming to compensate for the beam squint effects
and maximize the sum-rate in wideband multiuser mmWave
massive MIMO. Our contributions are mainly summarized as
follows.

• We investigate the hybrid beamforming in wideband
multiuser mmWave massive MIMO. To address the
limitations in existing works that neglect the design
flexibility in the frequency domain, we integrate user
grouping, subcarrier allocation, and hybrid beamforming
to compensate for the beam squint effects and maximize
the sum-rate of users within the communication region,
subject to the hardware constraint of the hybrid beam-
forming structure and the QoS constraint of each user.

• To gain insights into the user grouping and subcarrier
allocation, we analyze the analog beamforming for single
RF chain cases. We develop time-division and frequency-
division analog beamforming schemes to maximize the
multiuser sum-rate. By comparing the two schemes, we
find that the frequency-division approach demonstrates
superior performance by leveraging the correlations
between analog beamforming and user channels, and
utilizing subcarrier allocation to dynamically align them.

• Then, we investigate the multiple RF chain cases and
propose an integrated user grouping, subcarrier allocation,
and hybrid beamforming (IUSH) scheme. Based on the
analysis from the single RF chain cases, we propose
a wideband user grouping strategy that clusters users
with close physical channel angles to strengthen the
correlations between analog beamforming and user chan-
nels, thereby facilitating efficient subcarrier allocation
among clustered users. Then, we propose an alternating
minimization-based joint subcarrier allocation and hybrid
beamforming (AM-JSH) algorithm to maximize the sum-
rate of grouped users. The AM-JSH algorithm alternates
between subcarrier allocation and hybrid beamforming,
where the subcarrier allocation is formulated as an
assignment problem to be solved using the classic
Hungarian algorithm, and the hybrid beamforming is
implemented with a proposed penalty-based two-loop
hybrid beamforming (PT-HBF) algorithm. Unlike existing
works that only consider space- and time-division mul-
tiplexing, the proposed IUSH scheme further integrates
frequency-division multiplexing by performing subcarrier
allocation among clustered users. Note that the AM-JSH
algorithm has been presented in [1].

The rest of this paper is organized as follows. The system
model and problem formulation are presented in Section II.
The analog beamforming for single RF chain cases is discussed
in Section III. The IUSH scheme for multiple RF chain cases
is designed in Section IV. The proposed methods are evaluated
in Section V, and the paper is concluded in Section VI.

Notations: Lowercase and uppercase bold symbols denote
vectors and matrices, respectively. [A]m,:, [A]:,n, and [A]m,n

denote the mth row, the nth column, and the entry on the mth
row and the nth column of a matrix A. [a]m denotes the mth
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entry of a vector a. | · |, ∥ · ∥2, and ∥ · ∥F denote the absolute
value of a scalar, the ℓ2-norm of a vector, and the Frobenius
norm of a matrix, respectively. (·)T, (·)H, and (·)† denote
the transpose, Hermitian transpose, and the Moore-Penrose
inverse, respectively. C and CN (·) denote the set of complex
numbers and complex Gaussian distribution, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a wideband multiuser mmWave communication
system, where a base station (BS) serves K users within its
coverage area. The BS employs an N -element uniform linear
array with half-wavelength spacing to compensate for the
severe path loss during propagation. For simplicity, we focus
on the signal processing at the BS and assume that each user
is equipped with only a single antenna. However, the proposed
scheme can be extended to scenarios with multiple antennas
straightforwardly.

The BS employs the orthogonal frequency division multi-
plexing (OFDM) with M subcarriers to support wideband
communications. Let fc and B denote the center carrier
frequency and the bandwidth, respectively. Then, the carrier
frequency of the mth subcarrier is given by

fm = fc +
(2m− 1−M)B

2M
, m = 1, 2, · · · ,M. (1)

The wide bandwidth in mmWave communications causes
significant variations in carrier frequencies across subcarriers
and results in subcarrier-dependent channel steering vectors,
known as the beam squint effects. Let α(N,Ψ, fm) ∈ CN

denote the channel steering vector of the mth subcarrier for
the physical channel angle Ψ, where its nth entry is given by

[α(N,Ψ, fm)]n = exp {jπ(n− 1)fmΨ/fc} . (2)

In addition, we define Ψm ≜ fmΨ/fc to represent the
corresponding steering channel angle for the mth subcarrier.
According to the widely-adopted Saleh-Valenzuela model, the
channel between the BS and kth user for the mth subcarrier
can be modeled as [12], [18], [27], [28]

hk,m =

Lk∑
l=1

γk,l,mα(N,Θk,l, fm), (3)

where Lk denotes the number of channel paths between the
BS and the kth user, γk,l,m denotes the channel gain of the
lth path for the mth subcarrier, and Θk,l denotes the physical
channel angle of the lth path for the kth user.

In mmWave communications, the large number of antennas
renders the classic FD structure impractical due to the
prohibitive hardware costs. To address this issue, the efficient
fully-connected hybrid beamforming (FCHBF) structure is
adopted, where the N antennas are connected to NRF RF
chains through an analog beamformer. Then, the NRF RF
chains are further connected to S data streams through digital
beamformers for baseband processing. Note that the digital
beamformers operate in the baseband and can be customized
for each subcarrier. To support independent data stream
transmission, the number of data streams cannot exceed the
number of RF chains, i.e., S ≤ NRF.

Remark 1: In practice, OFDM in wideband mmWave
systems supports thousands of physical subcarriers. However,
optimizing beamforming over all subcarriers incurs high
computational complexity. To alleviate this, we follow the
partial subcarrier exploitation strategy in [29], where a small
number of representative subcarriers, e.g., subband centers,
are selected to approximate the behavior over the full band.
Accordingly, the subcarrier index m = 1, 2, · · · ,M defined
in this paper refers to such representative subcarriers, and
M denotes their total number. For performance complexity
tradeoff and validation for massive MIMO of the partial
subcarrier exploitation strategy, we refer the reader to [29] for
more details.

B. Problem Formulation

In the considered system, the mmWave BS serves K users
within its coverage. Limited by the number of RF chains,
the number of users simultaneously served with the hybrid
beamforming cannot exceed NRF. Typically, NRF is small,
e.g., 4 or 8, and is smaller than the total number of users to be
served, i.e., NRF < K 1. This indicates that the space-division
multiplexing is insufficient to serve the users. Under this
condition, the time- and frequency-division multiplexing are
needed. Suppose the mmWave BS completes data transmission
for all the K users within T time slots. Then, we aim at
maximizing the sum-rate of the K users by integrating the
user grouping, subcarrier allocation, and hybrid beamforming,
which can be formulated as

(P1) max
F

(t)
RF ,F

(t)
BB,m,u

(t)
k,m

T∑
t=1

M∑
m=1

R(m, t) (4a)

s.t. u
(t)
k,m ∈ {0, 1}, (4b)
M∑

m=1

T∑
t=1

u
(t)
k,m ≥ 1, (4c)

K∑
k=1

u
(t)
k,m = S, (4d)

∥F (t)
RFF

(t)
BB,m∥

2
F ≤ P, (4e)

|[F (t)
RF]n,i| = 1, (4f)

t = 1, · · · , T, n = 1, · · · , N,

i = 1, · · · , NRF, m = 1, · · · ,M,

where F
(t)
RF ∈ CN×NRF represents the analog beamformer and

F
(t)
BB,m ∈ CNRF×S represents the digital beamformer for the

mth subcarrier in the tth time slot. u(t)
k,m denotes whether the

kth user is served by the BS using the mth subcarrier in the tth
time slot, with u

(t)
k,m = 1 if served, and u

(t)
k,m = 0 otherwise.

To ensure the QoS for each user, we stipulate that each user
is allocated at least one subcarrier across T time slots, which

1In this paper, we focus on a representative mmWave communication
scenario where a BS serves a large number of users within its coverage area
while being limited by the number of available RF chains due to hardware
cost and power constraints. When sufficient RF resources are available or the
number of users is relatively small, i.e., NRF ≥ K, the BS can exploit space-
division multiplexing to serve all users directly, and the proposed method
naturally simplifies to the conventional hybrid beamforming design.
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R(m, t)=

K∑
k=1

log2

1+
∣∣∣hH

k,mF
(t)
RF

[
F

(t)
BB,m

]
:,k

∣∣∣2
σ2+

∑K
p=1,p ̸=k

∣∣∣hH
k,mF

(t)
RF

[
F

(t)
BB,m

]
:,p

∣∣∣2
 ,

{
F

(t)
BB,m = F

(t)
BB,mS

(t)
m

S
(t)
m ∈ {0, 1}S×K

, [S(t)
m ]r,k=

{
1, u

(t)
k,m=1, r≜

∑k
p=1u

(t)
p,m

0, otherwise
.

(5)

is specified by the constraint in (4c). To support independent
data transmission, one subcarrier is allocated to S (S ≤ NRF)
users in one time slot, which is specified by the constraint in
(4d). The transmit power at any time slot should not exceed the
maximum transmit power P , which is specified by the power
constraint in (4e). The analog beamforming for the FCHBF
structure is implemented with a phase shifter network, where
only the phases of signals can be adjusted. Therefore, each
entry in the analog beamformer should satisfy the constant
modulus constraint in (4f). R(m, t) in the objective denotes
the sum-rate of the K users for the mth subcarrier in the
tth time slot and can be expressed as that in (5), which is
presented at the top of this paper.

C. The Solution for (P1) in Existing Works
To provide data transmission for all the K users, existing

works typically divide the users into T groups with the tth
group containing Kt users, where we have Kt ≤ NRF for
independent data transmission and

∑T
t=1 Kt = K to ensure

that all users are served. Then, the mmWave BS sequentially
serves the T groups in a time-division manner. When serving
the tth group, the mmWave BS supports data transmission for
Kt users by designing the hybrid beamforming, and the Kt

users share all the subcarriers to improve spectral efficiency.
Then, (P1) can be decomposed into T subproblems with the
tth subproblem expressed as

(P1-t) max
F

(t)
RF ,F

(t)
BB,m

M∑
m=1

R(m, t) (6a)

s.t. (4e), and (4f), (6b)
n=1,· · ·, N, i=1,· · ·, NRF, m=1,· · ·,M,

where R(m, t) can be expressed as

R(m, t) =

Kt∑
k=1

log2

(
1 + I

(t)
k,m

)
. (7)

In (7), I
(t)
k,m denotes the signal-to-interference-plus-noise

ratio (SINR) of the kth user for the mth subcarrier in the tth
time slot, and is defined as

I
(t)
k,m ≜

∣∣hH
k,mF

(t)
RF

[
F

(t)
BB,m

]
:,k

∣∣2
σ2 +

∑Kt

p=1,p̸=k

∣∣hH
k,mF

(t)
RF

[
F

(t)
BB,m

]
:,p

∣∣2 . (8)

Note that (6) is a typical hybrid beamforming problem and
has been addressed by a variety of methods in existing works,
such as the alternating minimization method in [23], the beam
widening method in [24], and the penalty-based iterative
method in [30]. These methods first divide the users into
groups and then sequentially design the hybrid beamforming
for these groups in a time-division manner. Therefore, we
refer to them as the sequential hybrid beamforming (SHBF).
Usually, when the space-division multiplexing is insufficient to

serve all users, the time- and frequency-division multiplexing
can be exploited. However, the existing SHBF only exploits
the time- and space-division multiplexing and neglects the
degrees of freedom in the frequency domain, which constrains
the performance improvement of hybrid beamforming.

To explore the potential of the frequency-division multi-
plexing for alleviating the beam squint effects, we investigate
the analog beamforming for the single RF chain cases in
Section III. Then, we propose an IUSH scheme for the multiple
RF chain cases in Section IV.

III. ANALOG BEAMFORMING FOR SINGLE RF CHAIN
CASES

In the single RF chain cases, the space-division multiplexing
is infeasible. Consequently, the mmWave BS can only support
data transmission for K users through the time- or frequency-
division multiplexing. Subsequently, we develop time-division
and frequency-division analog beamforming schemes. Then we
compare the two schemes to gain insights into the benefits of
the frequency division for alleviating the beam squint effects.

A. Time-Division Analog Beamforming
If the time-division multiplexing is employed, (P1) can be

rewritten as

(P2) max
f

(k)
RF

K∑
k=1

M∑
m=1

log2

(
1 +

∣∣hH
k,mf

(k)
RF

∣∣2
σ2

)
, (9a)

s.t. |[f (k)
RF ]n| = 1, (9b)

k=1, · · · ,K, n=1, · · · , N, m=1, · · · ,M,

where f
(k)
RF denotes the analog beamformer for the kth

user. Note that the K users are sequentially served, and
their beamformers are independent. Therefore, (P2) can be
decoupled into K subproblems, with the kth subproblem
expressed as

(P2-k) max
f

(k)
RF

M∑
m=1

log2

(
1 +

∣∣hH
k,mf

(k)
RF

∣∣2
σ2

)
s.t. (9b), n=1, · · · , N, m=1, · · · ,M. (10)

Note that (P2-k) is a tricky nonconvex problem because of
the logarithmic objective in (9a). Addressing (9a) with Lemma
4.1 in [31], we can convert (P2-k) into an equivalent form as

min
f

(k)
RF ,wm,vm

M∑
m=1

wmem − logwm

s.t. (9b), n=1, · · · , N, m=1, · · · ,M, (11)

where em is defined as

em =
∣∣∣1− v∗mhH

k,mf
(k)
RF

∣∣∣2 + |vm|2σ2. (12)

The optimization in (11) is challenging due to the involvement
of multiple variables and the presence of constant modulus
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constraints. To address this, we employ the alternating min-
imization method to find a solution for (11) by iteratively
optimizing these variables.

First, we randomly initialize f
(k)
RF as f

(k)

RF.
When fixing the other variables and optimizing vm, (11)

can be converted to

min
vm

∣∣∣1− v∗mhH
k,mf

(k)

RF

∣∣∣2 + |vm|2σ2. (13)

Note that (13) is an unconstrained optimization and its solution
can be expressed as

vm =
hH
k,mf

(k)

RF

σ2 +
∣∣∣hH

k,mf
(k)

RF

∣∣∣2 . (14)

When fixing the other variables and optimizing wm, (11)
can be converted to

min
wm

wmem − logwm, (15)

where em can be obtained by substituting f
(k)

RF and vm into
(12). By employing the first-order optimal condition, the
solution of (15) can be expressed as

wm = 1/em. (16)

When fixing the other variables and optimizing f
(k)
RF , (11)

can be converted to

min
f

(k)
RF

∥∥∥w −GH
k f

(k)
RF

∥∥∥2
2

s.t. (9b), n=1, · · · , N, m=1, · · · ,M, (17)

where we define w ≜ [
√
w1,
√
w2, · · · ,

√
wM ]T and Gk ≜[√

w1v1hk,1,
√
w2v2hk,2, · · · ,

√
wMvMhk,M

]T
. Note that

(17) is a least-squares problem with constant modulus con-
straint, and can be solved via the classic Riemannian manifold
optimization method [23]. We omit the details and denote its
solution as f

(k)

RF.
We solve (11) by repeating the procedures from (13) to

(17) until the maximum number of iterations is achieved or
the alternating minimization algorithm converges. Then, the
time-division analog beamforming is designed.

Note that the optimization steps from (11) to (17) essentially
follow the weighted minimum mean square error (WMMSE)
framework originally established in [32]. Compared with the
general WMMSE framework [32], our formulation reduces
to a scalar form due to the single RF chain assumption, and
thus can be interpreted as a simplified WMMSE algorithm.

B. Frequency-Division Analog Beamforming

Fig. 1 illustrates the frequency-division analog beamforming
for scenarios with a single RF chain. Due to the beam squint
effects, the steering direction of the analog beamforming
varies across subcarriers. On the other hand, the physical
channel angles vary across different users, leading to varying
deviations between the users’ physical channel angles and
the beam steering directions of subcarriers. To maximize
the beamforming gain for communication, subcarriers can be
allocated to the users whose channels align most closely with
the beam steering direction. Furthermore, once the subcarrier

1

2

3

4

5

6

…

RF Chain

…
User 1

User 2

Fig. 1. Illustration of frequency-division analog beamforming for single RF
chain cases.

allocation is determined, the analog beamforming can be
optimized to align with the user channels across all subcarriers.
Consequently, the frequency-division analog beamforming can
be established as2

(P3) max
fRF,uk,m

K∑
k=1

M∑
m=1

uk,m log2

(
1 +

∣∣hH
k,mfRF

∣∣2
σ2

)
(18a)

s.t. uk,m ∈ {0, 1}, (18b)
M∑

m=1

uk,m ≥ 1, (18c)

K∑
k=1

uk,m = 1, (18d)

|[fRF]n| = 1, (18e)
k=1, · · · ,K, n=1, · · · , N, m=1, · · · ,M.

In (18), we omit the superscript “(t)” of u
(t)
k,m and “(k)” of

f
(k)
RF because the time-division multiplexing is not employed.

The optimization in (P3) is a mixed-integer programming
problem involving the continuous variable fRF and the discrete
variable uk,m. Solving such a problem can be challenging
due to the inherent difficulty of simultaneously optimizing
variables of different types. A widely adopted and effective
approach is to employ an alternating optimization method to
iteratively optimize the two types of variables.

First, we initialize fRF randomly as fRF.
When fixing the analog beamforming, (P3) can be con-

verted to

(P3-S) max
uk,m

K∑
k=1

M∑
m=1

uk,m log2

(
1 +

∣∣hH
k,mfRF

∣∣2/σ2
)

s.t. (18b), (18c), and (18d), (19)
k=1, · · · ,K, m=1, · · · ,M.

In fact, (P3-S) in (19) aims at allocating M subcarriers to
K users, and is an assignment problem. Using the classic
Hungarian algorithm [33], we can obtain the optimal solution.

Fixing the subcarrier allocation, we then optimize the analog
beamformer. Denote the index of the user allocated to the

2In this section, we assume K ≤ M so that the frequency-division analog
beamforming can support the data transmission of K users. Scenarios with
K ≥ M will be discussed in the next section.
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Fig. 2. Design example of the analog beamforming for single RF chain cases. (a) Physical channel angles of three users; (b) Channel gains for the five
subcarriers of the three users; (c) Subcarrier allocation results of the frequency-division analog beamforming by solving (P3-S); (d) Beam pattern of the
frequency-division analog beamforming; (e) Beam pattern of the time-division analog beamforming.

mth subcarrier as rm. Then (P3) can be converted to

(P3-A) max
fRF

M∑
m=1

log2

(
1 +

∣∣hH
rm,mfRF

∣∣2
σ2

)
s.t. (18e), n = 1, · · · , N, m = 1, · · · ,M. (20)

Note that (P3-A) is essentially the same as (P2-k), and can be
solved following the procedures from (11) to (17). We omit
the details and denote the solution of (P3-A) as fRF.

We design the frequency-division analog beamforming by
alternately solving (P3-S) and (P3-A) until the maximum
number of iterations is achieved or the alternating minimization
algorithm converges.

C. Design Example

Now, we provide a design example for the analog beam-
forming in single RF chain cases.

1) Descriptions: We consider an mmWave BS equipped
with 64 antennas communicating with three users using OFDM.
The system operates with a bandwidth of 3 GHz centered at a
carrier frequency of 30 GHz. The number of subcarriers is set
to M = 5, and the corresponding subcarrier frequencies are
f1 = 28.5 GHz, f2 = 29.25 GHz, f3 = 30 GHz, f4 = 30.75
GHz, and f5 = 31.5 GHz. The channels between the BS
and the users consist of a single propagation path, with the
physical channel angles given as Θ1,1 = 0.7230, Θ2,1 =
0.7500, and Θ3,1 = 0.7794, respectively, as illustrated in
Fig. 2(a). The steering channel angle of the kth user for the
mth subcarrier can be calculated as Θ̃

(m)
k,1 = fmΘk,1/fc. The

channel gains for the five subcarriers of the three users are
given in Fig. 2(b). By alternately solving (P3-S) for subcarrier
allocation and (P3-A) for analog beamforming, the subcarrier
allocation results and beam pattern of the frequency-division
analog beamforming are shown in Fig. 2(c) and Fig. 2(d),
respectively. Additionally, by solving (P2), the beam pattern
of time-division analog beamforming for the second user is
illustrated in Fig. 2(e).

2) Comparisons between the time- and frequency-division
analog beamforming: The BS serves the K users sequentially
across all subcarriers in the time-division analog beamforming
scheme, while serving the K users simultaneously across
all time slots in the frequency-division analog beamforming
scheme. In the time-division scheme, all subcarriers are
allocated to a single user during each time slot, enabling
temporal flexibility to adapt to diverse user scenarios. However,
due to beam squint effects, broader beams are required to
provide beamforming gains across all subcarriers, which
reduces the overall beamforming gains and negatively impacts
communication performance, as illustrated in Fig. 2(e). In
contrast, the frequency-division scheme utilizes subcarrier
allocation to match the analog beamforming with the channels
of multiple users across subcarriers. By considering both
the channel gains and the beamforming gains, this scheme
ensures each subcarrier is allocated to the most suitable user.
Then, the analog beamforming can provide high beamforming
gains across all subcarriers without broadening the beams
and thus can alleviate the beam squint effects, as illustrated
in Fig. 2(d). However, its effectiveness relies heavily on
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correlations between the analog beamforming and the channels
of multiple users across subcarriers. When the physical channel
angles of users are close, the analog beamforming can align
well with the channels of multiple users, resulting in strong
correlations between the analog beamforming and the channels.
However, as the angular separation increases, it is difficult
for the analog beamforming to align with multiple channels
simultaneously because of the limited beamwidth of channel
steering vectors, which limits the effectiveness of the subcarrier
allocation.

IV. INTEGRATED USER GROUPING, SUBCARRIER
ALLOCATION, AND HYBRID BEAMFORMING SCHEME FOR

MULTIPLE RF CHAIN CASES

In this section, we focus on the multiple RF chain cases.
Different from existing works that address problem (P1) using
separate time- and space-division multiplexing, we jointly
consider the time-, frequency-, and space-division multiplexing,
and propose an IUSH scheme. Based on the analysis from
single RF chain cases, we propose a wideband user grouping
strategy that clusters users with close physical channel angles
to strengthen the correlations between the analog beamforming
and the user channels, thereby facilitating efficient subcarrier
allocation among clustered users. Then, we propose an AM-
JSH algorithm to maximize the sum-rate of grouped users.

A. Wideband User Grouping Strategy

Note that problem (P1) involves a highly complex joint
optimization over user grouping, subcarrier allocation, and
hybrid beamforming, which includes both continuous and
discrete variables, non-convex constraints, and combinatorial
user-subcarrier assignments. Given these challenges, directly
solving (P1) is intractable. To address this, in this part, we first
propose a wideband user grouping strategy, which consists of
seven steps.

1) Angle Interval Division: According to Section III, the
frequency-division analog beamforming aligns the analog
beamforming with the channels of multiple users across
subcarriers to alleviate the beam squint effects by performing
the subcarrier allocation. Therefore, the key to improving
the performance of the frequency-division approach is to
strengthen the correlations between the analog beamforming
and the channels of users across subcarriers. For a fixed
analog beamformer α(N,Ωc, fc), the steering angle of the
mth subcarrier is Ωm = fmΩc/fc, for m = 1, 2, · · · ,M .
Note that these angles cover [ΩL,ΩR], where we define

ΩL ≜ min
m

Ωm, and ΩR ≜ max
m

Ωm. (21)

If the physical channel angle of one user is located in the beam
coverage [ΩL,ΩR], the channels for at least one subcarrier
can align with the analog beamformer. Therefore, we can
combine the users with physical channel angles falling within
the angle interval [ΩL,ΩR] as a cluster and serve them with
the frequency-division multiplexing. Based on the above
discussions, in the following, we divide the angle space into
multiple angle intervals by considering the angle coverage of
channel steering vectors.

Since the physical channel angle Ω ∈ [−1, 1], we initialize
the left of the first angle interval as Ω

(1)

L = −1 and the index
of the current angle interval as d = 1.

For the dth angle interval, according to (21), the right
boundary can be expressed as

Ω
(d)

R =

{
Ω

(d)

L f1/fM , Ω
(d)

L ≤ 0,

Ω
(d)

L fM/f1, Ω
(d)

L > 0.
(22)

When Ω
(d)

L approaches zero, (22) produces an angle interval
that is much smaller than the beam width of the channel
steering vector. Under this condition, we modify Ω

(d)

R as

Ω
(d)

R = Ω
(d)

L + 2/N, if
(
Ω

(d)

R − Ω
(d)

L

)
< 2/N. (23)

Then, we prepare for the determination of the next angle
interval via

Ω
(d+1)

L = Ω
(d)

R , d← d+ 1. (24)

We repeat the procedures from (22) to (24) until the whole
angle space is traversed, i.e., Ω

(d)

R ≥ 1, and denote the number
of angle intervals as D.

We would like to emphasize that the frequency-division
approach becomes particularly advantageous when the angles
of users lie within the same angle interval, where the analog
beamforming can simultaneously provide high beamforming
gains for all users via subcarrier allocation.

2) User Clustering: We divide the users into multiple
clusters according to the angle interval division. Suppose
the user channels have been obtained via existing channel
estimation methods [34]. Based on the estimated channels, we
can determine the physical channel angle of the dominant path
for the kth user, expressed as Θ̂k. We combine users whose
physical channel angles fall within the dth angle interval as a
cluster, and denote the set of user indices in this cluster as

Ud =
{
k
∣∣∣Θ̂k ≥ Ω

(d)

L , and Θ̂k ≤ Ω
(d)

R

}
. (25)

Specifically, we denote the set of the indices for clusters as C
and calculate the number of users in the dth cluster as |Ud|.

3) Space- and Frequency-Division Multiplexing Determina-
tion: Note that we have divided the K users into D clusters
with the dth cluster having |Ud| users. Since the clusters
are spatially separated, we can support data transmission for
multiple clusters with the space-division multiplexing, where
each RF chain conveys data streams for users in one cluster.
Since the physical channel angles of users in one cluster are
close, the analog beamforming can maintain strong correlations
with channels of multiple users. Therefore, we can support
data transmission for users in one cluster with the frequency-
division multiplexing, where each subcarrier corresponds to
one user in the cluster.

4) Cluster Selection: Limited by the number of RF chains,
the space-division multiplexing can support at most NRF

clusters, which is usually fewer than the number of total
clusters. Therefore, we need to select NRF clusters from
the candidate clusters for communication in one time slot.
Since multiple clusters are supported with the space-division
multiplexing, the angle spacings between the selected clusters
should be as large as possible to avoid interference. We select
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NRF clusters from the candidate clusters with the maximum
angle spacings through the following procedures3.

First, we determine the central angle of the dth cluster
as Ω

(d)

C = (Ω
(d)

R + Ω
(d)

L )/2. Define Ω̃L ≜ mind∈C Ω
(d)

C and
Ω̃R ≜ maxd∈C Ω

(d)

C . The angle spacing between Ω̃L and Ω̃R

can be calculated as

A = min
{∣∣Ω̃R − Ω̃L − 2

∣∣, Ω̃R − Ω̃L

}
, (26)

by considering the periodicity of the channel angles. With
geometry knowledge, the NRF angles with maximum spacings
within the angle interval

[
Ω̃L, Ω̃R

]
can be expressed as

Ω̂i =

Ω̃L + 2(i−1)
NRF

, A < (Ω̃R−Ω̃L)
(NRF−1) ,

Ω̃L + (i−1)(Ω̃R−Ω̃L)
NRF−1 , A >= (Ω̃R−Ω̃L)

(NRF−1) ,
(27)

for i = 1, · · · , NRF. Then, we determine the cluster served
by the ith RF chain via

d̃i = argmin
d∈C

∣∣∣Ω(d)

C − Ω̂i

∣∣∣ . (28)

5) User Selection: Limited by the number of subcarriers,
the frequency-division multiplexing can support at most M
users, which may be fewer than the candidate users in one
cluster. Under this condition, we need to select M users for
communication in one time slot. Denote the index of the
cluster to be dealt with as d. We set the analog beamforming

as fRF =
√
Nα(N,Ω

(d)

C , fc), and select the M users with
the maximum sum-rate via

max
uk,m

|Ud|∑
k=1

M∑
m=1

uk,m log2

(
1 +

∣∣hH
k,mfRF

∣∣2
σ2

)
(29a)

s.t. uk,m ∈ {0, 1}, (29b)
M∑

m=1

uk,m = 1, (29c)

k=1, · · · , |Ud|, m=1, · · · ,M.

Similar to (19), (29) is also an assignment problem and can
be solved by the Hungarian algorithm. We omit the details
and denote the solution as ũk,m. Then, we can select the M
users with ũk,m = 1.

6) Update: We combine the selected users in the selected
clusters as a group. The BS can serve these users by
designing the subcarrier allocation and hybrid beamforming,
as elaborated in Section IV-B. Then, we remove the clusters
and users that have been served by the BS, and update the set
of indices for the candidate clusters C and the users in these
candidate clusters Ud.

7) Stop Conditions: We repeat the procedures from Sec-
tion IV-A4 to Section IV-A6 until all the users are served,
completing the wideband user grouping.

3Usually, the number of users included in each cluster may vary depending
on the spatial distribution of users in Step 3. Therefore, although the proposed
cluster selection method can effectively avoid inter-cluster interference,
performance imbalance among different users may occur. To mitigate this
imbalance, one may further adjust the service time allocated to different
clusters accordingly.

B. Subcarrier Allocation and Hybrid Beamforming

In this section, we design the subcarrier allocation and
hybrid beamforming for the grouped users in the NRF selected
clusters. Denote the number of users in the ith selected cluster
as K̃i. Denote the channel of the kth user in the ith selected
cluster for the mth subcarrier as hk,i,m. Then, we maximize
the sum-rate of the users in the NRF selected clusters and
convert (P1) to

(P4) max
δk,i,m,FRF,FBB,m

M∑
m=1

NRF∑
i=1

K̃i∑
k=1

δk,i,mR̃(k, i,m) (30a)

s.t. δk,i,m ∈ {0, 1}, (30b)
K̃i∑
k=1

δk,i,m = 1, (30c)

M∑
m=1

δk,i,m ≥ 1, (30d)

∥FRFFBB,m∥2F ≤ P, (30e)
|[FRF]n,i| = 1. (30f)

Here, R̃(k, i,m) represents the achievable rate of the kth user
in the ith cluster using the mth subcarrier, defined as

R̃(k, i,m) ≜ log2

(
1 +

G(k, i,m, i)

σ2 +
∑NRF

p=1,p̸=i G(k, i,m, p)

)
,

G(k, i,m, p) ≜
∣∣∣hH

k,i,mFRF

[
FBB,m

]
:,p

∣∣∣2. (31)

In (30), FRF and FBB,m are the analog and digital beam-
formers in one time slot, respectively. δk,i,m denotes whether
the kth user in the ith selected cluster is served by the BS
using the mth subcarrier. If it is served, δk,i,m = 1; otherwise,
δk,i,m = 0.

We then propose an AM-JSH algorithm to solve (P4).
1) Initialization: We initialize FRF and FBB,m as

[FRF]:,i =
√
Nα(N,Θi, fc), and FBB,m = κI, (32)

where Θi denotes the center angle of the ith selected cluster
and κ is the scaling factor to guarantee the power constraint
in (30e) is satisfied.

2) Subcarrier Allocation: Given the analog and digital
beamformers, the subcarrier allocation problem is formu-
lated as

max
δk,i,m

M∑
m=1

NRF∑
i=1

K̃i∑
k=1

δk,i,mR̃(k, i,m)

s.t. (30b), (30c), and (30d). (33)

Note that δk,i,m for different RF chains are independent.
Therefore (33) can be divided into NRF subproblems, where
each subproblem is an assignment problem and can be solved
with the Hungarian algorithm.

3) Hybrid Beamforming: Given δk,i,m, each subcarrier is
assigned to a corresponding user for an RF chain. We denote
the assigned user channels for the mth subcarrier as Hm ∈
CN×NRF , where

[Hm]:,i = hk,i,m, when δk,i,m=1, for i=1, · · · , NRF.
(34)
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The optimization problem (P4) is then transformed into

max
FRF,FBB,m

M∑
m=1

NRF∑
i=1

W (m, i)

s.t. (30e) and (30f), (35)

where

W(m, i)≜ log2

(
1+

∣∣[Hm]H:,iFRF[FBB,m]:,i
∣∣2

σ2+
∑NRF

p=1,p̸=i

∣∣[Hm]H:,iFRF[FBB,m]:,p
∣∣2
)
.

(36)
To solve (35), we first introduce auxiliary variables Fm defined
as

Fm = FRFFBB,m. (37)

Accordingly, the sum-rate in (36) is rewritten as

W (m, i)≜ log2

(
1+

∣∣[Hm]H:,i[Fm]:,i
∣∣2

σ2+
∑NRF

p=1,p̸=i

∣∣[Hm]H:,i[Fm]:,p
∣∣2
)
.

(38)
The power constraint in (30e) can be rewritten as

∥Fm∥2F ≤ P. (39)

Thus, (35) is reformulated as

max
Fm,FRF,FBB,m

M∑
m=1

NRF∑
i=1

W (m, i) (40a)

s.t. (30f), (37), and (39). (40b)

According to Proposition 3 in [35], any nontrivial stationary
point of Fm maximizing W (m, i) satisfies the power con-
straint with equality. Based on this property, we can drop the
power constraint in (39) and convert (40) into an equivalent
form expressed as

max
Fm,FRF,FBB,m

M∑
m=1

NRF∑
i=1

W̃ (m, i) (41a)

s.t. (30f), and (37), (41b)

where W̃ (m, i) is defined as

W̃ (m, i)≜ log2

1+ ∣∣[Hm]H:,i[Fm]:,i
∣∣2

σ2∥Fm∥2
F

P +
∑NRF

p=1,p̸=i

∣∣[Hm]H:,i[Fm]:,p
∣∣2
.

(42)
Note that the solution of (40) can be obtained by multiplying
the corresponding solution of (41) by a scaling factor to
guarantee the power constraint is satisfied with equality. The
optimization in (41) is challenging because of the nonconvex
log-sum objective in (41a), nonconvex constant modulus
constraint in (30f), and nonconvex equality constraint in (37).
In the following, we address the challenging objective and
constraints to solve (41).

We first address the nonconvex log-sum objective. Accord-
ing to Lemma 4.1 in [31], (41a) can be converted to

min
vm,i,wm,i,Fm,FRF,FBB,m

M∑
m=1

NRF∑
i=1

wm,iem,i − logwm,i, (43)

where

em,i ≜
NRF∑

p=1,p̸=i

|vm,i[Hm]H:,i[Fm]:,p|2

+ |vm,i[Hm]H:,i[Fm]:,i − 1|2 + |vm,i|2σ2∥Fm∥2F
P

,

(44)
and vm,i is the receiving factor of the ith data stream for the
mth subcarrier.

The nonconvex equality constraint in (37) presents sig-
nificant challenges to the optimization of (40). To simplify
the problem, we employ the penalty method to remove the
constraint and integrate it into the objective as

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
≜

M∑
m=1

NRF∑
i=1

wm,iem,i − logwm,i +
1

ρ

∥∥Fm − FRFFBB,m

∥∥2
F
,

(45)
where ρ is the penalty factor. Thus, (40) can be reformulated as

min
vm,i,wm,i,Fm,FRF,FBB,m

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
s.t. (30f). (46)

Note that (46) is a multivariable programming problem, and
is challenging to solve. We then propose a penalty-based two-
loop hybrid beamforming (PT-HBF) algorithm to decompose
it into several tractable subproblems.

In the outer loop of the PT-HBF algorithm, we initialize ρ
as a large value to relax the hardware constraint of the hybrid
beamforming and ensure a good sum-rate value. Then, we
gradually decrease the value of ρ by multiplying it by a scaling
factor β less than one. As ρ decreases, the penalization term
is progressively strengthened, thereby promoting satisfaction
of the hardware constraint, i.e., Fm = FRFFBB,m, upon
convergence.

In the inner loop of the PT-HBF algorithm, we fix ρ and use
the alternating minimization method to optimize the variables
involved in (46). Then, we introduce how these variables are
optimized separately.

Optimization of vm,i: When fixing the other variables, the
optimization of (46) can be converted to

min
vm,i

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
. (47)

Note that (47) is an unconstrained optimization problem.
Letting ∂L

(
vm,i, wm,i,Fm,FRF,FBB,m

)
/∂vm,i = 0, we

can express the solution of (47) as

vm,i =
[Fm]H:,i[Hm]:,i∑NRF

p=1

∣∣[Hm]H:,i[Fm]:,p
∣∣2 + σ2∥Fm∥2

F

P

. (48)

Optimization of wm,i: When fixing the other variables, the
optimization of wm,i can be converted to

min
wm,i

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
. (49)

Note that (49) is also an unconstrained optimization problem.
Let ∂L

(
vm,i, wm,i,Fm,FRF,FBB,m

)
/∂wm,i = 0, then the
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Algorithm 1 Alternating Minimization-based Joint Subcarrier
Allocation and Hybrid Beamforming (AM-JSH) Algorithm

1: Input: N , M , NRF, hk,i,m, β, ρ, and P .
2: Initialization: Initialize FRF and FBB,m via (32).
3: while stop conditions in Sec. IV-B4 are not satisfied do
4: /*Perform Subcarrier Allocation*/
5: Obtain δk,i,m by solving (33)
6: /*Perform Hybrid Beamforming*/
7: while outer-loop stop conditions are not satisfied do
8: ρ← ρ · β.
9: while inner-loop stop conditions are not satisfied do

10: Obtain vm,i via (48).
11: Obtain wm,i via (50).
12: Obtain Fm via (54).
13: Obtain FRF via (59).
14: Obtain FBB,m via (61).
15: end while
16: end while
17: end while
18: Output: δk,i,m, FRF and FBB,m.

solution of (49) can be expressed as

wm,i = 1/em,i. (50)

Optimization of Fm: When fixing the other variables, the
optimization of Fm can be converted to

min
Fm

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
. (51)

Note that (51) is an unconstrained problem and can be solved
via gradient-based methods. Define fm,i ≜ [Fm]:,i. Then, we
have

L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
∝

NRF∑
p=1

wm,p|vm,p|2
(
|[Hm]H:,pfm,i|2 +

σ2∥fm,i∥22
P

)
− 2wm,iR{v∗m,i[Hm]H:,ifm,i}+

1

ρ
∥fm,i − FRF[FBB,m]:,i∥22,

(52)
where ∝ denotes the operation of proportionality by omitting
the irrelevant items. Then, we have

∂L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
∂f∗

m,i

=

NRF∑
p=1

wm,p|vm,p|2
(
[Hm]:,p[Hm]H:,pfm,i +

σ2fm,i

P

)
− vm,iwm,i[Hm]:,i +

1

ρ
(fm,i − FRF[FBB,m]:,i). (53)

Letting ∂L
(
vm,i, wm,i,Fm,FRF,FBB,m

)
/∂f∗

m,i = 0, we
can obtain the optimal solution of fm,i as

fm,i = (ΨHΨ)−1ΨHη, (54)

Algorithm 2 Integrated User Grouping, Subcarrier Allocation,
and Hybrid Beamforming (IUSH) Scheme

1: Input: N , M , K, hk,m, Θk, fc, and fm.
2: Initialization: q ← 0. /*The Number of Iterations*/
3: UT ← 0. /*Store the Total Sum-Rate*/
4: Obtain Θ

(d)
L and Θ

(d)
R via Sec. IV-A1.

5: Obtain Ud via (25). /*User Grouping*/
6: Obtain C via Sec. IV-A2. /*Candidate Groups*/
7: while stop conditions in Sec. IV-A7 are not satisfied do
8: Obtain d̃i via (28). /*Selected Groups*/
9: Obtain ũk,m via (29). /*Selected Users*/

10: Obtain δk,i,m, FRF and FBB,m via Algorithm 1.
11: Calculate W (m, i) via (36).
12: Update C and Ud via Sec. IV-A6.
13: q ← q + 1, UT = UT +

∑M
m=1

∑NRF

i=1 W (m, i).
14: end while
15: Output: UT and q.

where

Ψ ≜
NRF∑
p=1

wm,p|vm,p|2
(
[Hm]:,p[Hm]H:,p +

σ2

P
I

)
+

I

ρ
,

η ≜ vm,iwm,i[Hm]:,i +
1

ρ
FRF[FBB,m]:,i. (55)

Stacking fm,i in (54), we can obtain the optimal solution of
Fm in (51).

Optimization of FRF: When fixing the other variables, the
optimization of FRF can be converted to

min
FRF

M∑
m=1

∥Fm − FRFFBB,m∥2F

s.t. (30f). (56)

Note that (56) is a least-squares problem with constant
modulus constraints. Following [21], we convert (56) to a
tractable form expressed as

min
FRF

M∑
m=1

∥∥∥Fm

(
FBB,m

)† − FRF

∥∥∥2
F

s.t. (30f). (57)

Note that
M∑

m=1

∥∥∥Fm

(
FBB,m

)† − FRF

∥∥∥2
F

∝ −2R

{
Tr

{
M∑

m=1

(
Fm(FBB,m

)†)
FH
RF

}}
. (58)

Therefore, the optimal solution of (57) can be expressed as

FRF = exp

{
jA

{
M∑

m=1

(
Fm(FBB,m

)†)}}
. (59)

where A{·} denotes the angles of complex numbers.
Optimization of FBB,m: When fixing the other variables, the
optimization of FBB,m can be converted to

min
FBB,m

M∑
m=1

∥Fm − FRFFBB,m∥2F. (60)
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Note that (60) is an unconstrained least-squares problem, and
its optimal solution can be expressed as

FBB,m =
(
FH
RFFRF

)−1
FH
RFFm. (61)

Now, we discuss the stop conditions of the PT-HBF
algorithm. The outer loop aims at guaranteeing the solu-
tion of the hybrid beamformers approaches that of the FD
beamformers. Therefore, it stops when the discrepancy of
the two beamformers is less than a predefined discrepancy
threshold ϵ, i.e.,

∥∥Fm − FRFFBB,m

∥∥ ≤ ϵ. The inner loop
aims at maximizing the multiuser sum-rate. Therefore, it stops
when the discrepancy of the objectives between two adjacent
iterations is less than a predefined tolerance threshold ε.

4) Stop Conditions of the AM-JSH Algorithm: We itera-
tively perform the subcarrier allocation in Section IV-B2 and
the hybrid beamforming in Section IV-B3 until one of the
following two stop conditions is satisfied.

i) The predefined maximum number of iterations is reached.
ii) The disparity of the objective between two consecutive

iterations is less than a predefined tolerance threshold ε.
Finally, we summarize the proposed AM-JSH algorithm in

Algorithm 1 and summarize the proposed IUSH scheme in
Algorithm 2.

We discuss the settings of the parameters involved in the
AM-JSH algorithm, including the penalty factor ρ, scaling
factor β, discrepancy threshold ϵ, and tolerance threshold ε.
First, the penalty factor ρ controls the strength of the
penalization term in (45). It is initially set to a large value,
e.g., 104, to relax the constraint, and then gradually decreased
to enhance the penalization during the iterative process.
Second, the scaling factor β determines the rate at which ρ is
reduced. A smaller β accelerates convergence but may lead
to premature convergence, whereas a larger β can yield better
performance at the cost of slower convergence. Therefore, β
should be carefully adjusted to strike a balance between
solution quality and convergence speed. Third, the discrepancy
threshold ϵ controls the stopping criterion of the outer loop.
As ρ decreases and the penalization becomes stronger, the
discrepancy progressively approaches zero. Thus, ϵ can be
set to a small value, e.g., 10−4, to ensure that the hybrid
beamforming hardware constraints are sufficiently satisfied.
Finally, the tolerance threshold ε serves as the stopping
criterion of the inner loop and is typically set as a small
proportion, e.g., 10−3 of the previous objective value.

We analyze the computational complexity of the proposed
IUSH scheme. As discussed in Section IV-A1, the K users
are partitioned into at most D clusters, and the data streams
of all users in a cluster share one RF chain. Consequently,
the D clusters are served within It = ⌈D/NRF⌉ time slots.
For the NRF selected clusters within each time slot, the AM-
JSH algorithm alternates between subcarrier allocation and
hybrid beamforming. The subcarrier allocation is performed
NRF times, each with a complexity of O(M3). The hybrid
beamforming employs the PT-HBF algorithm, which consists
of an outer loop updating the penalty factor ρ and an
inner loop alternating the optimization of vm,i, wm,i, Fm,
FRF, and FBB,m. Since closed-form expressions for vm,i

and wm,i are given in (48) and (50), their computational

burdens are negligible. The optimization of Fm requires the
inversion of an N×N matrix with complexity O(N3). The
optimization of FRF mainly involves matrix multiplication,
incurring complexity O(NNRF). The optimization of FBB,m

requires the inversion of an NRF×NRF matrix with complexity
O(N3

RF). Denoting the number of AM-JSH alternations as Is,
and the outer and inner loop iterations of PT-HBF as Io and
Ii, respectively, the overall computational complexity of the
proposed IUSH scheme is O

(
ItIs

(
NRFM

3 + IoIiMN3
))

.
According to [30], the complexity of the SHBF scheme
is O(IrIoIiMN3), where Ir ≜ ⌈K/NRF⌉. Therefore, the
proposed IUSH scheme exhibits an approximately Is-fold
increase in computational complexity compared with the SHBF
scheme, primarily due to the alternation between subcarrier
allocation and hybrid beamforming.

We further analyze the convergence behavior of the proposed
AM-JSH algorithm, which alternates between the subcarrier
allocation in (33) and the hybrid beamforming design in (35).
In the subcarrier allocation step, given fixed beamformers
FRF and FBB,m, problem (33) reduces to a standard linear
assignment problem and can be optimally solved by the
Hungarian algorithm. Therefore, this step maximizes (30a)
and does not decrease the objective value. In the hybrid
beamforming step, fixing δk,i,m reduces (30) to (35). We
employ the WMMSE framework to transform (35) into the
equivalent form in (43). For a fixed penalty parameter ρ, each
variable admits a closed-form update, which guarantees that the
augmented objective in (45) decreases monotonically. However,
as ρ is gradually decreased to strengthen the penalization, the
augmented objective may vary, and monotonic improvement
of the sum-rate objective is not always ensured. In such cases,
a non-decreasing objective can be practically guaranteed by
terminating the iterations once the objective of (30) begins
to decrease. This termination rule is enforced by the second
stopping criterion described in Section IV-B4.

C. Discussions

We discuss several practical considerations and extensions
of the proposed IUSH scheme.

1) Hardware Considerations: In practice, the phase shifters
and digital-to-analog converters (DACs) typically possess finite
resolutions, and ignoring such hardware non-idealities may
degrade the system performance. To mitigate the performance
loss, finite-resolution phase shifters can be accommodated by
incorporating a projection operator into the design of FRF

while keeping other components unchanged [36]. In addition,
the distortion introduced by finite-resolution DACs can be
approximated using the additive quantization noise model [10].

2) Power Consumption and Energy Efficiency: This work
primarily focuses on algorithm-centric design within the
FCHBF structure. When applying the IUSH scheme to
alternative beamforming structures, both system performance
and hardware cost should be jointly considered. In such
scenarios, the total power budget, including transmit and
circuit power consumptions, should be evaluated, and energy
efficiency can serve as a benchmark to balance performance
against implementation cost.
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Fig. 3. Comparisons of different schemes in the clustered user scenarios under different parameters: (a) varying numbers of users, (b) varying SNRs, (c)
varying numbers of subcarriers, and (d) varying bandwidths.

3) Applications to THz communications: The proposed
IUSH scheme integrates wideband user grouping, subcarrier
allocation, and hybrid beamforming. Compared with mmWave
systems, THz channels are more sparse due to the larger
path loss, beam squint is more severe owing to the increased
bandwidth, and hybrid beamforming remains desirable due
to the reduced hardware cost. These characteristics align
well with the components of the IUSH scheme, enabling
its straightforward extension to THz communications.

4) Scalability to Larger-Scale Systems: We further discuss
the scalability of the IUSH scheme in the presence of more
users and antennas. As the number of users increases, the
number of users per cluster also grows, and more refined
subcarrier partitioning is required to limit the number of
time slots. In addition, the computational complexity of the
IUSH scheme scales on the order of N3, which may impose
a substantial computational burden in large-scale settings.
To alleviate this issue, the Woodbury identity [37] can be
employed to reduce the computational complexity in (54).

V. SIMULATION RESULTS

Now, we evaluate the performance of the proposed IUSH
scheme for wideband multiuser mmWave massive MIMO
with the FCHBF structure. The number of antennas is set to
N = 64 and the center carrier frequency is set to fc = 30 GHz.

The channel between the BS and the user for each subcarrier
consists of one dominant path and two non-dominant paths,
where their channel gains follow CN (0, 1) and CN (0, 0.01),
respectively. The noise power is normalized to σ2 = 1. The
number of RF chains in the hybrid beamforming structure is
set to NRF = 4.

To simplify the expression, we refer to the proposed scheme
as the “FCHBF (IUSH)” in simulation results. In addition, we
include the following five schemes to provide a comparative
analysis.

• FD (IUSD): This scheme performs integrated user
grouping, subcarrier allocation, and digital beamforming
(IUSD) scheme based on the FD structure, which can
be obtained by removing the hardware constraints of
the hybrid beamforming structure in (30f) and (37), and
performing the same procedures as the IUSH scheme.

• DPP (IUSH): This scheme performs the IUSH scheme
based on the DPP structure, where the number of TTDs
for each RF chain is four and the maximum time delay
of the TTD is 267 ps.

• FD (SDBF): This scheme performs the sequential digital
beamforming (SDBF) based on the FD structure, which
can be obtained by removing the hardware constraints
of the hybrid beamforming structure and performing the
same procedures as the SHBF scheme in [30].
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Fig. 4. Comparisons of different schemes in the scattered user scenarios under different parameters: (a) varying numbers of users, (b) varying SNRs, (c)
varying numbers of subcarriers, and (d) varying bandwidths.

• DPP (SHBF): This scheme performs the SHBF scheme
in [30] based on the DPP structure.

• FCHBF (SHBF): This scheme performs the SHBF
scheme in [30] based on the FCHBF structure.

In this work, we mainly compare our proposed scheme
with the state-of-the-art benchmark in [30]. For other baseline
techniques, such as delay-phase precoding and wide-beam
methods, interested readers are referred to [30] and [38], as
well as the simulation results therein.

Since the FD (IUSD), DPP (IUSH), and FCHBF (IUSH)
integrate the user grouping, subcarrier allocation, and wideband
beamforming, we refer to them as integrated schemes. On the
other hand, the FD (SDBF), DPP (SHBF), and FCHBF (SHBF)
sequentially design the wideband beamforming, we refer to
them as sequential schemes.

We evaluate the proposed scheme and algorithms from sev-
eral perspectives. In Section V-A, we assess their performance
in scenarios with clustered users, where the physical angles
of dominant channel paths are randomly distributed within
an arbitrary angular interval, as described in Section IV-A.
In Section V-B, we investigate scenarios with scattered users,
where the physical path angles are uniformly distributed within
[−1, 1]. In Section V-C, we examine the robustness of the
proposed scheme by varying the number of channel paths and
the angular error variance. Finally, in Section V-D, we analyze

the convergence behavior and runtime performance.

A. Scenarios with Clustered Users
In Fig. 3(a), we compare different schemes in terms of the

sum-rate for varying numbers of users in the clustered user
scenarios, where the x-axis denotes the number of users in
each cluster. The signal-to-noise ratio (SNR), the number of
subcarriers, and the bandwidth are set to be 10 dB, 11, and
3 GHz, respectively. From the figure, the integrated schemes
have similar performance as the sequential schemes when the
number of users is one. As the number of users increases, the
performance of the integrated schemes increases while the
performance of the sequential schemes remains unchanged,
leading to the increasing advantages of the integrated schemes.
This is because the integrated schemes can select the subcarri-
ers with better channel quality for communications while the
sequential schemes have to use all the subcarriers regardless of
their channel quality. In addition, the performance gap between
the FCHBF structure and the FD structure for the integrated
schemes is much smaller than that of the sequential schemes.
This is because the integrated schemes can dynamically
allocate subcarriers to users according to the matches between
the analog beamforming and channels of users across different
subcarriers, which cannot be achieved with the sequential
schemes. Moreover, the performance gap between the FCHBF
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structure and the FD structure for the integrated schemes
decreases with the increase in the number of users due to the
increased freedom in subcarrier allocation. Specifically, the
performance of the FCHBF (IUSH) can closely approach that
of the DPP (IUSH) when the number of users is larger than
six, which indicates that the FCHBF structure can achieve
good performance without the need to introduce TTDs in the
considered scenarios.

In Fig. 3(b), we compare different schemes in terms of the
sum-rate for varying SNRs in the clustered user scenarios,
where we set the number of users, the number of subcarriers,
and the bandwidth to 8, 11, and 3 GHz, respectively. From
the figure, the integrated schemes outperform the sequential
ones for all SNRs. In addition, with the IUSH scheme, the
performance gap between the FCHBF structure and the FD
structure as well as the DPP structure can be effectively
reduced for all SNRs.

In Fig. 3(c), we compare different schemes in terms of the
sum-rate for varying numbers of subcarriers in the clustered
user scenarios, where we set the number of users, the SNR,
and the bandwidth to 8, 10 dB, and 3 GHz, respectively. From
the figure, the performance of the integrated schemes increases
with the number of subcarriers due to increasing design
freedom in subcarrier allocation. In addition, the integrated
schemes outperform the sequential schemes for all numbers of
subcarriers. Moreover, with the IUSH scheme, the performance
gap between the FCHBF structure and the FD structure as
well as the DPP structure can be effectively reduced for all
numbers of subcarriers.

In Fig. 3(d), we compare different schemes in terms of
the sum-rate for varying bandwidths in the clustered user
scenarios, where we set the number of users, the SNR, and
the number of subcarriers to 8, 10 dB, and 11, respectively.
From the figure, as the bandwidth increases, the performance
of the FCHBF structure and the DPP structure decreases due
to the beam squint effects. However, the integrated schemes
decrease more slowly than the sequential schemes, verifying
the effectiveness of the proposed scheme in alleviating the
beam squint effects.

B. Scenarios with Scattered Users

We compare different schemes in terms of the sum-rate
for varying numbers of users, SNRs, numbers of subcarriers,
and bandwidths in Fig. 4(a), Fig. 4(b), Fig. 4(c), Fig. 4(d),
respectively. The parameters are set as follows. In Fig. 4(a),
SNR = 10 dB, M = 11, and B = 3 GHz. In Fig. 4(b), K =
208, M = 11, and B = 3 GHz. In Fig. 4(c), K = 208, SNR =
10 dB, and B = 3 GHz. In Fig. 4(d), K = 208, SNR = 10 dB,
and M = 11. In fact, the results in these simulations and the
reasons for these results are the same as their counterparts
in Fig. 3(a), Fig. 3(b), Fig. 3(c), and Fig. 3(d), respectively.
Therefore, we omit detailed descriptions and summarize the
main findings as follows: 1) The integrated schemes perform
significantly better than the sequential schemes, verifying the
effectiveness of the proposed scheme in sum-rate maximization.
2) The performance gap between the FCHBF structure and the
FD structure as well as the DPP structure can be effectively

1 3 5 7 9 11
21

22

23

24

25

26

27

28

29

30

31

S
u

m
-R

at
e 

(b
p

s/
H

z)

FD (IUSD)

DPP (IUSH)

FCHBF (IUSH)

FD (SDBF)

DPP (SHBF)

FCHBF (SHBF)

(a) Varying numbers of channel paths

10-6 10-5 10-4 10-3
8

10

12

14

16

18

20

22

24

26

S
u

m
-R

at
e 

(b
p

s/
H

z)

FD (IUSD)

DPP (IUSH)

FCHBF (IUSH)

FD (SDBF)

DPP (SHBF)

FCHBF (SHBF)

(b) Varying angle error variances

Fig. 5. Comparisons of different schemes under different parameters: (a)
varying numbers of channel paths and (b) varying angle error variances.

reduced with the IUSH scheme, verifying the effectiveness of
the proposed scheme in alleviating the beam squint effects.

C. Robustness Evaluation

We now evaluate the robustness of the proposed scheme. In
Fig. 5(a) and Fig. 5(b), we compare different schemes under
varying numbers of channel paths and different angle error
variances, respectively, where we set K = 208, SNR = 10 dB,
M = 11, and B = 3 GHz. In Fig. 5(a), the channel consists
of one dominant path and L − 1 non-dominant paths. The
channel gain of the dominant path follows CN (0, 1), while
those of the non-dominant paths follow CN (0, 0.01). As
shown in the figure, the performance of FCHBF (IUSH)
degrades only slightly as the number of channel paths increases,
demonstrating the robustness of the proposed scheme. In
Fig. 5(b), the angle errors follow a Gaussian distribution
N (0, χ2), where χ2 denotes the error variance. From the
figure, when χ2 < 10−4, the performance of FCHBF (IUSH)
decreases gradually as χ2 increases; however, when χ2 exceeds
10−4, the performance degradation becomes significant.

D. Convergence and Runtime

In Fig. 6(a) and Fig. 6(b), we illustrate the convergence
behavior of the AM-JSH algorithm and the PT-HBF algorithm,
respectively. As shown in Fig. 6(a), the AM-JSH algorithm
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Fig. 6. Convergence performance of the proposed algorithms: (a) AM-JSH
algorithm and (b) PT-HBF algorithm.

used in FCHBF (IUSH) increases monotonically and converges
within several iterations. In Fig. 6(b), for different values of
β, the PT-HBF algorithm also increases monotonically and
converges within tens of iterations. Moreover, as β increases,
the PT-HBF algorithm converges more slowly but achieves a
higher sum-rate.

In Table I, we compare the runtime of the proposed IUSH
scheme with that of the SHBF scheme under the FCHBF
structure, where the alternating execution between subcarrier
allocation and hybrid beamforming is performed ten times.
All simulations are conducted on a laptop equipped with
an AMD Ryzen 7 4800H CPU without parallel computing.
As shown in the table, the runtime of the IUSH scheme is
several times that of the SHBF scheme, e.g., approximately
8.8 times when K = 224, mainly due to the alternation
between subcarrier allocation and hybrid beamforming. To
reduce runtime, the number of alternations may be adjusted
based on the convergence observations in Fig. 6(a) according
to performance and latency requirements.

VI. CONCLUSION

In this paper, we have proposed the IUSH scheme to
compensate for the beam squint effects and maximize the
sum-rate in wideband multiuser mmWave massive MIMO. We
have developed time-division and frequency-division analog
beamforming schemes to maximize the multiuser sum-rate for

TABLE I
COMPARISON OF RUNTIME BETWEEN PROPOSED IUSH AND SHBF

SCHEMES UNDER THE FCHBF STRUCTURE (IN SECONDS)

Schemes K = 32 K = 80 K = 128 K = 176 K = 224

IUSH 7.5011 12.6819 14.7079 15.7671 17.7561
SHBF 0.3242 0.7478 1.1766 1.6058 2.0263

the single RF chain cases. By comparing the two schemes, we
have found that the frequency-division approach outperforms
the time-division one due to its ability to dynamically align
the analog beamforming with channels through subcarrier al-
location. We have proposed a wideband user grouping strategy
that clusters users with close physical channel angles, thereby
facilitating efficient subcarrier allocation among clustered
users. Then, we have proposed an AM-JSH algorithm to
maximize the sum-rate of grouped users. In the simulation, we
have found the following results: i) The integrated schemes
perform much better than the sequential schemes. ii) The
performance gap between the FCHBF structure and the FD
structure as well as the DPP structure can be effectively
reduced with the IUSH scheme. Future work will focus
on: i) developing fairness-aware user grouping and cluster
scheduling strategies to further improve user fairness; ii)
leveraging the ideas of the IUSH scheme and employing
artificial intelligence-based approaches to compensate for beam
squint and enhance the sum-rate performance; iii) improving
the IUSH scheme to reduce computational complexity; and
iv) designing robust beamforming strategies under imperfect
channel state information.
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