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ABSTRACT Considering wideband millimeter wave (mmWave) multiuser multiple-input multiple-output
(MIMO) systems, we propose a new hybrid precoding and combining method for rate balancing among
users. The orthogonal frequency division multiple access (OFDMA) scheme is employed for multiuser
transmission, and a greedy-based algorithm is developed for subband allocation under the max-min user rate
criterion. A new algorithm is derived that optimizes the radio frequency (RF) precoder and combiners under
the constant-modulus constraints as well as the baseband precoders and combiners under the rate balancing
power allocation criterion. The proposed algorithm iteratively updates the RF precoder and combiners
using the conjugate gradient method, and baseband precoders and combiners through the singular value
decomposition and numerical gradient-based power allocation among users and subcarriers. The complexity
of the proposed method is compared to existing wideband hybrid processing schemes through analysis
and numerical runtime measurement. The convergence of the proposed algorithm is verified via numerical
simulations in mmWave MIMO-OFDMA systems. It is also shown through numerical simulations that the
proposed wideband hybrid processing method outperforms the existing wideband hybrid techniques in terms
of the minimum user rate, regardless of the signal-to-noise ratio, the number of antennas, and the number
of users. Moreover, simulation results present that the proposed scheme is more advantageous than the
conventional hybrid processing methods under channel uncertainty.

INDEX TERMS Hybrid precoding, millimeter wave systems, wideband, rate balancing, multiuser MIMO,
conjugate gradient method.

I. INTRODUCTION transmitting multiple data streams while alleviating the inter-

The use of large bandwidths in millimeter wave (mmWave)
channels is very attractive as a means to accommodate
the rapid growth in the volume of wireless data, and thus
mmWave transmission techniques have been adopted in
the mobile network standards for fifth-generation (5G) and
beyond [1], [2], [3], [4], [5]. The severe path loss in
mmWave bands can be mitigated by large-scale transmit and
receive antennas exploiting the short wavelength. Addition-
ally, spatial multiplexing can be realized by concurrently
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ference among data streams and/or users through highly
directional beamforming [6], [7], [8].

The fully digital baseband precoding requires excessive
power consumption and cost due to the large-scale antennas
in a mmWave system. To overcome this difficulty, the analog-
digital hybrid architectures have been widely investigated
under the constraint on the number of radio frequency (RF)
chains. Initial studies related to hybrid processing have been
focused on the development of hybrid precoding and com-
bining techniques in narrowband frequency-flat mmWave
channels [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23]. The orthogonal matching
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pursuit algorithm was employed for sparse hybrid precoding
and combining along with an adaptive technique for channel
parameter estimation [9], [10], and the required number of
RF chains was theoretically analyzed for hybrid process-
ing [11]. Assuming the continuous phase shifts in analog
processing, hybrid precoders and combiners were designed
based on the alternating minimization algorithms [12], [13],
[14] and the matrix factorization techniques [15], [16]. More-
over, more practical hybrid precoding schemes were studied
considering low-resolution phase shifters [17], [18], [19],
[20] and codebook-based feedback of precoding information
[21], [22], [23].

The hybrid processing architecture has been designed
for mmWave multiuser MIMO (MU-MIMO) systems with
narrowband channels in terms of maximizing the sum
rate [22], [23], [24], [25], [26], [27], [28] and the energy
efficiency [22]. For reducing the feedback overhead, hybrid
precoding methods were developed in combination with
predetermined codebooks for multiuser transmission sys-
tems with a single receiver antenna [22] and multiple
receiver antennas [23], respectively. For mitigating inter-user
interferences in MU-MIMO systems, hybrid analog-digital
precoders and combiners were constructed based on the min-
imum mean square error (MMSE) criterion in [24] and [25],
and the RF precoding with phase shifts were combined with
baseband processing with channel diagonalization techniques
in [26], [27], and [28]. On the other hand, the rate balancing
precoding schemes were derived under the MMSE criterion
to ensure the rate fairness among users in the downlink of
MU-MIMO channels [29], [30]. By applying the rate bal-
ancing approach to mmWave downlink MU-MIMO systems,
hybrid precoders and combiners were developed in terms of
maximizing the minimum user rate obtained by the zero-
forcing (ZF) and MMSE criteria [31], [32].

Hybrid processing techniques have been further extended
for wideband mmWave MIMO systems by employ-
ing dynamic subarray assignment considering partially
connected architectures based on a single-user orthogonal
frequency division multiplexing (OFDM) system with mul-
tiple antennas [33], [34]. For mmWave MIMO-OFDM sys-
tems, the alternating optimization algorithm was adopted
to design the analog precoder for single-user and multiuser
transmission in [12] and [35], respectively, and a low-
complexity hybrid precoding scheme was devised using hier-
archical beam search and dynamic beam assignment [36].
Wideband precoding methods have been further studied in
order to improve the sum rate by using an iterative algo-
rithm for the analog precoder design [37]; to design the
codebook for hybrid processing with limited feedback [38];
to reduce the design complexity for hybrid processing
using machine learning approaches [39]; and to develop a
hardware-efficient hybrid beamforming architecture consid-
ering dynamic antenna subarrays and low-resolution phase
shifters [40]. Recently, hybrid precoding methods for MIMO-
OFDM systems in mmWave and/or sub-Terahertz bands
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have been derived in terms of maximizing the achievable
sum rate, by exploiting the long-term channel covariance
matrix and the angle of departure (AoD) information in [41]
and by considering the beam squint in point-to-point trans-
mission [42], [43] and multiuser transmission [44], respec-
tively. On the other hand, the optimality of semi-unitary
precoding and combining was investigated accounting for the
mmWave channel scattering condition and the beam squint
over frequency selective channels [45], [46], and the channel
state information (CSI) of frequency selective channels was
obtained through compressed sensing-based estimation tech-
niques in block fading channels [47], [48] as well as channel
tracking based on sparsity-constrained maximum likelihood
estimation in time-varying channels [49].

Prior work on mmWave hybrid processing for single-
user MIMO-OFDM systems have been conducted on the
design of practical hybrid precoders considering practical
implementation issues such as partially connected subar-
ray architectures [33], [34], [39], finite-resolution of analog
phase shifters [38], [40], and beam squint [42], [43]. These
hybrid techniques have been further extended to mmWave
multiuser MIMO-OFDM systems mainly focused on the sum
rate maximization [35], [36], [37], [41], [44]. When the sum
rate maximization criterion is used, the matrix factorization
scheme derived for narrowband hybrid precoding can be
exploited to design the hybrid precoders for mmWave mul-
tiuser MIMO-OFDM systems by minimizing the Euclidean
distance between the fully digital precoder and the hybrid
precoder. In contrast, when the rate balancing is considered
to ensure fairness among users, the RF precoder for wide-
band hybrid processing is adjusted to increase the user rate
with the worse channel gain, thereby the narrowband hybrid
precoding method cannot be applied to the design for mul-
tiuser MIMO-OFDM systems. Motivated by this fact, this
paper focuses on rate balancing among users, considering
the orthogonal frequency division multiple access (OFDMA)
scheme with multiple transmit and receive antennas that
exploits the hybrid precoding and combining for multiuser
downlink transmission. To this end, we propose a new wide-
band hybrid processing method that the RF precoder is com-
monly used for all users, the RF combiner is separately
designed for each user, and baseband precoders and com-
biners are designed for individual subcarriers in terms of
maximizing the minimum user rate. The contribution of this
paper is summarized as follows.

« For MIMO-OFDMA transmission, a greedy-based sub-
band allocation algorithm is developed for rate balanc-
ing among users. To increase the minimum user rate,
we select the user with the minimum channel gain and
assign the subband with highest achievable rate for the
selected user. This procedure is repeated until all sub-
bands are allocated.

« We formulate an optimization problem that maximizes
the minimum user rate when downlink data streams are
simultaneously transmitted to multiple users using the
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FIGURE 1. MIMO-OFDMA system supporting hybrid precoding and combining when the transmitter with K subcarriers, N;
antennas, and NF RF chains conveys multiple data streams to M users with N, antennas and NfF RF chains.

OFDMA scheme with hybrid precoding and combin-
ing. Based on the conjugate gradient method, we derive
a new iterative algorithm to update the RF precoder
for the transmitter and the RF combiners for the user
receivers, respectively. Moreover, we devise a new base-
band precoding and combining method in combination
with power allocation across users and subcarriers in
terms of maximizing the minimum user rate, given the
RF precoder and combiners.

o The complexity of the proposed method is analyzed
and compared with existing wideband hybrid process-
ing methods. Also, through numerical simulations in
mmWave MIMO-OFDMA systems, the convergence of
the proposed algorithm is verified by presenting the
growth of the minimum user rate with the increment of
the number of iterations, and the convergence speed and
runtime of the proposed method are compared with those
of existing wideband hybrid processing schemes.

« To validate the proposed method, various simulation
results are shown that compares the performance of
various wideband hybrid processing methods under the
perfect and imperfect CSI conditions. It is demonstrated
that the proposed method achieves substantial gain com-
pared to existing wideband hybrid processing meth-
ods in terms of the minimum user rate, irrespective of
the signal-to-noise ratio (SNR) value, the number of
transmit antennas, the number of users, and the CSI
conditions.

The remainder of this paper is organized as follows.
Section II introduces a downlink wideband mmWave
MIMO-OFDMA system using hybrid precoding and
combining. In Section III, we develop a subband alloca-
tion algorithm for MIMO-OFDMA transmission and pro-
pose a new design method for RF and baseband processing
including power allocation for rate balancing. Complexity
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analysis and numerical simulation results are provided in
Sections IV and V, respectively. Finally, the conclusions are
presented in Section VI.

Notations: Superscripts T, H, %, and —1 denote trans-
position, Hermitian transposition, complex conjugate, and
inversion, respectively, for any scalar, vector, or matrix. |x|
means the absolute value of x; the notations |X]|, || X||, and
|| X||F denote the determinant, £,-norm, and Frobenius-norm
of matrix X, respectively; I,, represents an m X m identity
matrix; 0,,%x, and 1,,x, denote the m x n zero matrix and
all-ones matrix, respectively; tr(A) is the trace operation of
matrix A; diag(x) returns a diagonal matrix whose main diag-
onal elements are equal to x; blkdiag(-) stands for a block-
diagonal matrix with matrices on its diagonal; [A], 4 denotes
the (p, g)th element of matrix A; o and ® are Hadamard and
Kronecker matrix products; x ~ CN(0, 62) means that a
random variable x conforms to a complex normal distribution
with zero mean and variance o2; and E[x] stands for the
expectation value of a random variable x.

Il. SYSTEM MODEL FOR MIMO-OFDMA

Fig. 1 presents a MIMO-OFDMA system with hybrid pre-
coding and combining for multiuser downlink transmission,
when the transmitter with K subcarriers, N; antennas, and
NRE RF chains transfers multiple data streams to M users
with N, antennas and NXF' RF chains, respectively. For
notational convenience, it is assumed that all users have
the same number of receive antennas, RF chains, and data
streams. Notice that the proposed wideband hybrid pro-
cessing method in Section III can be applied to a MIMO-
OFDMA system whose receivers have different number of
antennas and RF chains. The entire frequency band is divided
into multiple subbands consisting of contiguous subcarriers,
and the subbands are assigned to users for OFDMA-based
transmission. S, and K, denote the set composed of the
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subcarrier indices assigned to user m and the number of
subcarriers assigned to user m (i.e. Kj;, is the cardinality of
Sm), respectively.

Let us define {H,,(d) € CNNi: 1 < m < M,d =
0,1,---,D — 1} as the frequency-selective discrete-time
MIMO channel for the d-th tap of user m, where D is the
number of taps for discrete-time channels. {H,,(d)} are mod-
eled by using the transmit and receive antenna array response
vectors, complex path gains, time-domain path delays, and
discrete-time filter responses, as shown in [33], [34], [35],
[36], [37], [38], [39], [40], [43], [44], [45], [46]. Then, by tak-
ing the K -point discrete Fourier transform (DFT), the MIMO
channel corresponding to subcarrier k can be obtained as

bl 2rkd
Hyp=> Hyde 5, ¢))
d=0
where | < m < Mand 1 < k < K. Itis assumed
that the frequency-domain channels for all users, {H , }, are
available at the transmitter. A time division duplexing system
can estimate the CSI {H ,,, ; } from the uplink reference signals
using the channel reciprocity [47], [48], [49], and a frequency
division duplexing system can obtain the CSI through the
feedback from users [22], [38]. CSI errors can be caused by
imperfect channel estimation and/or the outdate of CSI, and
the effect of CSI uncertainty is evaluated through numerical
simulations in Section V-C.

Each subcarrier transmits N data streams using the base-
band precoding followed by the inverse DFT (IDFT) and the
RF precoding. Specifically, the transmit symbol vector for
subcarrier k is expressed as

X = FGksk, (2)

is the RF precoder whose elements have

. . : RF
a constant amplitude, i.e. [F], , = \#e’gﬁq, G € CNi xNs
t

is the baseband precoder for subcarrier k, and sy € CNs*!
is the modulated symbol vector for subcarrier k satisfying
E [sksf ] = Iy,. The RF precoder and baseband precoders
meet the transmit power constraint given by

tr(FRF") < P, (3)

RF
where F € CNixN;

where R = Zszl GGY and P is the maximum transmit
power.

For simplicity, we assume that each subband (or subcar-
rier) is allocated to only one user. At the receiver, each user
conducts the RF combining followed by the K -point DFT and
baseband combining. When subcarrier k has been assigned to
user m, the corresponding received signal is given by

Ymk = VfWZ(Hm,kxk + nm,k), “4)

RF . . .
where V; € CVr X’Z»; is the baseband combiner for subcarrier
k' W, € CVN*N:" is the RF combiner for user m, and

n Fig. 1, V), ¢ denotes the baseband combiner for the £th subcarrier
assigned to user m. Since each subcarrier is assigned to only one user, there
exists a unique mapping between V,, ¢ and V. and the baseband combiner
is expressed as V. throughout the paper.
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Ry € CNrx1 ig the noise vector for subcarrier k of user m
whose elements are independent and identically distributed
(i.i.d.) complex Gaussian variables with zero mean and vari-
ance o2 ko ie. nyr ~ CN(O, a «In,). As in the RF pre-
coder, the elements of {W,,} have a constant amplitude and
adjustable phases, i.e. [W;lpq = ﬁd¢P-q. By substituting
(2) into (4), we have

Yok = VEWEH , (FGysi + VEW R, Q)

where k € S;,,. Following the approach in [33] and [40], the
achievable rate for user m is given by

1
=— Z logy [In, + ——Am FRFPALL (|, (6)
Ko keSy 9k

where A, = (VEWAW, VO 2VEWHH,  and Ry =
GkaH . Considering the transmit power constraint in (3) and
the constant-modulus constraints of RF processing matrices,
the problem for maximizing the minimum user rate is formu-
lated as follows:

max min {r{, ra, - -+, ry} (7a)
F,{Gk},{wm},{Vk}

1
s.t. |[Flp,q| = — for

N/

1
|[Wm]p,q| = «/_N_r for

tr(FRF™) < P. (7d)

Yp.q (7b)

Ym, p, q (7¢)

Ill. PROPOSED HYBRID PROCESSING FOR MIMO-OFDMA
In this section, we introduce a subband allocation scheme for
maximizing the minimum user rate. Then, considering the
constant modulus phase shifting operation of analog circuits,
we derive a new algorithm to design the RF precoder and
combiners under the rate fairness criterion. Also, we develop
a new design method for rate balancing baseband precoding
and combining. Fig. 2 describes the overall procedure for the
proposed wideband hybrid processing method whose details
are provided in the following subsections.

A. SUBBAND ALLOCATION FOR RATE BALANCING

This subsection develops a simple greedy-based subband
allocation algorithm accounting for the max-min user rate cri-
terion. Suppose that the number of subbands, Np, is equal to
or greater than the number of users for OFDMA transmission,
ie. Np > M, in order to assign at least one subband
to each user. The subband allocation method is presented
in Algorithm 1, where B; is the set for subcarrier indices
included in the subband s. Initially, we define the set for user
indices without subbands as M, the set for non-allocated
subband indices as A, and the set for subcarrier indices
assigned to user m as S,,. We allocate one subband at a time
to the user with the minimum channel gain, and sequentially
repeat the procedure until all subbands are assigned. If there
exists any user with no assigned subbands (i.e. i < M),
we compute the per-user subband channel gains g(m, s) and
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]

[ Allocate subbands to M users using { H,, } and Algorithm 1. ]

¥

Initialize the RF precoder F', baseband precoders {G\},
RF combiners {W,,,}, and baseband combiners {V}}.

Given {G}},{W,,},and {V,}, update F to increase
the minimum user rate using the proposed Algorithm 2.

Il

Given F,{G}},and {V,},update {W,,} to increase
the minimum user rate using the proposed Algorithm 2.

1

Given F and {W,,},update {G}} and {V}} using
singular value decomposition and power allocation.

Termination condition satisfied?

Output: F, {G;1 < k< K}, {(W,;1 <m <M}, {Vis1 <k <K}

FIGURE 2. Entire procedure for the proposed wideband hybrid precoding
and combining scheme.

the sum channel gains g(m) for non-allocated users (m € M)
and non-allocated subbands (s € A). Then, we select the user
with the minimum channel gain from non-allocated users to
ensure rate fairness among users. When at least one subband
is assigned to all users (i.e. M < i < Np), the sum channel
gains of non-allocated subbands are evaluated for all users
(m=1,2,---,M), and the user with the minimum gain is
selected. Then, we assign the subband with the maximum
channel gain among all available subbands to the selected
user m,. Considering the allocation result at the ith iteration,
we update the sets S, , M, and \A. This procedure is repeated
until all subbands are allocated.

B. DESIGN OF HYBRID PRECODERS AND COMBINERS
Given the subband allocation to users, Si,Sa, - -, Sm,
we derive a new hybrid processing method for mmWave
MIMO-OFDMA systems. Due to the nonconvex constraints
in (7a) and (7b), it is difficult to directly solve (7) to find
an optimal solution for hybrid precoding and combining.
To make the optimization problem more tractable, we divide
(7) into several subproblems by employing the block coor-
dinate descent (BCD) method. Also, the maximum transmit
power is used at the optimal point for maximizing the min-
imum user rate, and thus the constraint (7d) is changed to
tr(FRF") = P.

Firstly, given {Gy}, {W,,}, and {V}}, the subproblem for
finding an optimal RF precoder is expressed as

max min {r,(F)} (8a)
F 1<m<M
1
s.t. |\[Flp.qg| = —= for Vp,q (8b)
| Pl]| \/ﬁt
tr(FRF") = P, (8¢)

where r,(F) means the achievable rate of user m expressed
as a function of F from (6). The elements of F satisfy the
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Algorithm 1 : Subband Allocation Scheme for Rate Balanc-
ing in MIMO-OFDMA Systems

1. Input:
By,
2. Initialize M ={1,2,--- M}, A={1,2,---,Ng}, and

S1=8=---=8Sy =0

{Hyi i}, {Hoi}, -, (Hy k) and By, By, -+,

3. fori=1:Ngdo
4. if i < M then
5. for m e M do
6. for s € Ado
7. Compute the per-user subband channel
. 2
gains: g(m, s) = Z ]Hm,k| .
keB;
8. end for
9. Get the sum gains: g(m) = Z g(m, s).
se A
10. end for
11. Find the user index with the minimum channel
gain: m, = arg n?el%l g(m).
12. else s
13. Get the sum gains: g(m) = Z |Hm,k , Vm.
keS,,
14. Find the user index with the minimum channel
gain: m, = arg . rr%m ’M g(m).
15. end if
16. Find the subband index with the maximum channel
gain for user m,: s, = arg max g(m,, ).
SE
17. Assign the selected subband s, to the user m, and

update S, S, = Sm, U B, .
18.  Update M and A: M = M\ {m,}, A=A\ {s,}.
19. end for
20. Output: S;, Sy, -+, Sy.

constant-modulus constraints in (8b), and the RF precoder
and baseband precoders jointly meet the transmit power con-
straint in (8c). Here, when F is adjusted to increase the
minimum user rate, the scale of Gy needs to be changed to
satisfy (8c) and this makes it difficult to optimize F without
regarding to {Gy}. To avoid this problem, we separate {Gy}
into two parts as follows:

Gy = pGy, )

where p is a scaling factor irrespective of the subcarrier index
k and Gy is a normalized baseband precoder for subcarrier k
satisfying tr(z,[f=1 ékékH) = KN;. When {(N;k} are fixed, the
optimization problem in (8) can be rewritten as

max min {r,(F)} (10a)
F 1<m<M
1
s.t. |[Flp.q| = —= for Vp,q (10b)
| 1’51| m
o t(FRF") = P, (10c)

where R = Zszl E}kék” It is noticeable that {ék} are fixed
and only p is a function of F in (10).
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To find the optimal solution of (10), we derive an iterative
algorithm. For any RF precoder F, we can find the minimum
user rate 7,,;; and the corresponding user index n as below:

[Fmin, n] = arg min_{r,(F)}, (11)
1<m<M

ie. ryin = min{ri(F),--- , ryF)} = r,(F). If we neglect
(10b), the problem (10) can be represented as a non-smooth
generalized quadratic matrix programming (GQMP) follow-
ing the definition in [50], and r,,(F) for any m can be
approximated as a concave function using the lower bound
and upper bound as shown in Section II-B of [50]. Further-
more, r,(F) also can be approximated as a concave function
because r,(F) is defined by selecting the minimum among
{ri(F), -+, ryy(F)} [51]. Using this property, we find the
Euclidean gradient of r,(F) and then derive an iterative
update procedure based on the conjugate gradient method for
accounting for the constraints (10b). By substituting (10c)
into (6), the minimum user rate is expressed as

1 P
mF) = — > log,

INA, + =~ T
s o, tr(FRF™)

x A FRFIAT|  (12)

where Rk = ékéf. An optimal F maximizing r,(F) can be
iteratively found by the conjugate gradient method in [51].
To do this, the Euclidean gradient of r,,(F) with respect to F
is obtained as

Vr(F) =

Z [C;,lchf(I N + Q0 ' ALFRy
keS,

N, 2 2 2
s A c, 10 ~
B (z k.t ) 0k n,kFRiI’
P

—142
i e
(13)

K, log?2

2
On.k

where ¢,k = tr(FRFH), 0, = c;}{AkFRkFHAkH, and
Ak ¢ is the £th singular value of A F' 6k . Taking into account
the constant-modulus constraints (10b), we compute the Rie-
mannian gradient through the orthogonal projection of the
Euclidean gradient Vr,(F) in (13) onto the tangent space as
follows [52]:

grad ry(F) = Viy(F) — Re(Viy(F) o F*) o F,  (14)

where Re(x) means the real part of a complex x. Now,
by employing the update procedure of the conjugate gradient
method, the gradient direction matrix for ith iteration, D(i),
is adjusted as

D (i) = D(i) — Re(D(i) o F*(i)) o F(i) (152)
D(i+1) = — grad r,(F(i)) + D™ (i), (15b)
where F(i) is the RF precoder at ith iteration and f is a step-

size parameter. Using (15), the RF precoder is projected to a
constant-modulus matrix conforming to (10b) as below:

L [F@)+aDG+ Dlpg (16)
VN [[FG) +aDGi + Dly.q|

[F(i+ Dlp,g =

12992

where 1 < p < Ny, 1 < g < NFF, and « is a step-size
parameter to update the RF precoder.

As a next step, given F and {Gy} for hybrid precoding and
{Vi} for baseband combining, the RF combiners {W,,} are
optimized. From (7), we have

max 7, (W) (17a)

m

1
s.t. = —— for Vp,q.
[[Wonlp.q VoA P4
Note that r,,,(W,,) is the achievable rate for user m expressed
as a function of W,,, which is separately computed for each
user using pre-determined {Gy; k € S;,} and {Vi; k € S,,).
Specifically, the achievable rate for user m is given by

1
Irm(Wp) = — Z 10g2

K
mn keS,,

(17b)

1
INS + TAm,kF
o

m,k

x ReFPALL

1
. ZS: |:10g2 ’Vfwﬁzm,kwmvk‘

—logs [o VEWIW.LVA ] (18)

where Zyx = ol Iy, + Hu FRFPH] . In a simi-
lar approach to the RF precoder, the RF combiner can be
adjusted by using the conjugate gradient method. As before,
the Euclidean gradient of r,,(W,,) is expressed as

1
Vin W) = g5 3 {Zni WV VW Z,
kESm
X WV = WaVVEWRW, Vi~ VI,
19)
and the Riemannian gradient corresponding to Vr,,(W,,) is
computed as
grad r,y(Wy,) = V(W) — Re(Vrg(Wy,) o W)
oW, (20)

Moreover, we update the RF combiner by projecting to a
constant-modulus matrix conforming to (17b) as follows:

) 1 [Wu()+ oDy + D]y,
(Wi + Dlpg = — -
~/Ny ‘[Wm(l) + oDy (i + 1)]17,(1
where ]l <p <N,,1 <g < N,RF, and D,,(i) is the gradient
direction matrix for W,, at ith iteration which is iteratively

computed as
D}}(i) = Dy (i) — Re(Dp(i) 0 W (i)
o W,,(i)

Dy(i+1) = — grad ry(Wyu(i) + D, ().

, 2D

(22a)
(22b)
Note the procedure in (19)—(22a) is separately conducted for
each user to update all RF combiners.

Now, given the RF precoder F and the RF combiners {W,,},
we design the baseband precoders and combiners. From (7),
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the subproblem for optimizing {Gy} and {V} is formulated
as

max min {r,({Gi}, {ViD} (23a)
{Gi} AV} 1=m=M
K
s.t. tr(FZGkaHFH) =P. (23b)
k=1

Considering the RF combining at the receiver, let us denote
the baseband precoder for subcarrier k of user m as

1 -
Vi=Wilw,)"2v,, 24)

where (Wﬁ Wm)_% is a whitening filter for the RF combined
signal and V; € CV*" *Ms is the baseband combining matrix
except the whitening filter. By substituting (24) into (5), the
received signal can be rewritten as

- H _1
Yok = Ve WHW,) "2 (W H ,, (FGisi + Wiiny i)
- H ~ = H .
= Vk Hm,kask + Vk Ry ks (25)

~ 1 . .
where H ,, = (WZ W, 2 WZHm,kF is the effective chan-
nel corresponding to subcarrier k of user m, and iy =
1 . . . .
(WZ W) 2 anl n,, i is the effective noise vector whose dis-
tribution is the same as n,, i . By singular value decomposition
(SVD), the effective channel H , x is factorized as

~ - - H
H,=VZ U, (26)

where V;, € N *Ns and Uy € CN" N5 are the matrices
composed of left and right singular vectors corresponding to
Nj largest singular values of H m.k» respectively, and X €
RNs*Ns is a diagonal matrix whose diagonal elements are the
N; largest singular values of flm,k. From (25) and (26), Gy
and V. are given by

~ 1
Gy = UkP,?
‘_/k = ‘7/(’

(27a)
(27b)
where Py, € RNVsxNs g g diagonal matrix for power allocation
of subcarrier k.

Using G and V. in (27), the achievable rate for user m can
be expressed as a function of {P} as below:

KL > log,

™ keSp

1

— 1 1 D, P

X, E 0g2|N5+ Pk
keSS,

rm({Pk})

1 2
Iy, + —— 3Py
(o2

m,k

; (28)

where D = (1/%21,/()2%- Again, by substituting (27a) into
(23b), we have

K K
tr (FZ U Py kaHFH) =tr (Z kaHFHFf]kPk)

k=1 k=1

K
= tr(z CkPk) =P, (29
k=1
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Algorithm 2 : Proposed Algorithm for Designing Hybrid
Precoders and Combiners Considering Rate Balancing in
MIMO-OFDMA Systems
1. Input: P, {Hyi;1 <m < M,1 < k < K}, and
S1,.8, -, Sy
2. Initialize i = —1; ryuin(—1) = 0; G¢(0) = INtkprS and
Vi(0) = Iyrr,y, for all k; and the RF precoder and

combiners as [F(0)]p, = \/L]vejgw and [W,,(0)],4 =
t

\/LNfre/‘f’P-q with random phases 0, ; and ¢, , over [0, 27)
for all m, p, q.

3. repeat

4. i=i+1.

5. Using (11), get the minimum user rate r,,;,(i) and find
the corresponding user index with the minimum rate,
n.

6. Compute the Riemannian gradient from (13) and
(14).

7. Update the RF precoder as F(i + 1) using (15) and
(16).

8. Compute the Riemannian gradient from (19) and
(20).

9. Update the RF combiners as {W,,(i + 1)} using (21)
and (22a).

10. Define (U} and {V} in (27) as well as find {Dy} in
(28) through SVD of ﬂm,k in (26) for all k.

11. Compute {C} from U kHF H FU and find the optimal
{pm} by solving the power allocation problem (32)
using the numerical gradient method.

12. Update the power allocation matrices {Py} from {pm}
by applying the water-filling algorithm to each user.
13. Update the baseband precoders and combiners as

{Gr(i + 1)} and {V (i + 1)} using (33).
14. until |7, (D) — rpini— 1| <eori>T
15. Output: F, {Gy}, {W,,}, and {V}.

where C; = diag(l[{ckyl, c;:,z, <o+, ckN,]) and ¢k ¢ is the
(¢, O)thelement of U, F HEO . Here, let us denote the trans-
mit power to user m as

Pm = 1tr chPk =tr Zi’k , (30)

keS,, keSn

where i’k = CPj. From (28), the achievable rate for user m
can be rewritten as

1 .
o) = o > loga [T, + DiCi ' Py
M keS,

. 3D

where Py is determined by the water-filling solution using
the diagonal elements of Dka_l and py,. Using (31), the
optimization problem in (23) for finding {G¢} and {V} is
converted to the power allocation problem for maximizing the
minimum user rate as follows:

}{Vm(pm)}

max min

{pm; 1<m=M (322)
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st.pr+p2+---+pu =P, pn>=0forVm. (32b)

Here, finding the optimal {p,,} includes to determine {f’k}
in (30) which means the power allocation across subcarri-
ers assigned to user m. The power allocation problem in
(32) can be solved by the numerical gradient-based method
described as Algorithm 2 in [31]. As mentioned before, i’k
corresponding to the optimal p,, is determined by the water-
filling algorithm. Finally, from (24) and (27), the baseband
precoders and combiners are updated as

Guli+ 1) = U(C; ' Py
Vili+ 1) = (WHW,) 27,

(33a)
(33b)

In the proposed algorithm, the hybrid precoders and com-
biners are designed by repeating the optimization of F
and {W,,} using the conjugate gradient methods in (16)
and (21), respectively, followed by the update of {G;} and
{Vi} using the SVD and the rate balancing power alloca-
tion in (26) and (33). The overall design procedure of the
proposed wideband hybrid precoders and combiners is sum-
marized as Algorithm 2, where € means the tolerance for
termination and 7 is the maximum number of iterations. It is
noticeable that the convergence of the proposed algorithm is
presented via numerical simulations in Section V-A.

IV. COMPLEXITY ANALYSIS

In this section, we compare the complexity order of the
proposed method with those of existing wideband hybrid
processing methods. Because Algorithm 2 has much higher
computational complexity than Algorithm 1, we only con-
sider the complexity order of Algorithm 2. For simplicity, it is
assumed that the same number of subcarriers is assigned to
all users, i.e. K, = 1%1 and also assumed that N; > N,RF,
N, > NERF and N, > N,. The complexity of the proposed
Algorithm 2 is summarized in Table 1, where J; denotes the
number of iterations until convergence. Since N; > NXF and
Ny > NrRF , the overall complexity order of the proposed
method is given by O(J1 KN;N,Ny).

Compared to the proposed hybrid method, Table 2 presents
the time complexity of existing hybrid processing methods
when the algorithms are extended to a MIMO-OFDM system
with K subcarriers. Here, J> denotes the number of itera-
tions for convergence and N, is the codebook size for RF
precoding. It was assumed that the codebook size for RF
precoding is greater than or equal to that for RF combining in
the codebook-based hybrid method. When J; ~ J; and N, ~
N,, the complexity order of the proposed hybrid method
is similar to those of the phase extraction alternating opti-
mization (PE AO) hybrid method and the codebook-based
hybrid method. Moreover, the complexity of the proposed
method is proportional to N;, whereas the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) hybrid method requires the number
of operations proportional to Ntz. When N; &~ N, andJ; > N,
the channel averaging-based method has lower complexity
order than the proposed scheme. In Section V-D, the time
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TABLE 1. Complexity of proposed Algorithm 2 for wideband hybrid
processing.

Step [ Complexity Order ‘

O(KN;N,Ny)

Finding n using (6) and (11)
Update of the RF precoder
with (13)—(16)
Update of the RF combiner

O(K M~ Ny(N{H)?)

RF
using (19)—(22) O(K NN Ns)
Computation of { H,, 1.} O(K Ny NEFNEF)
Update of baseband precoders RE /A RF\2
and combiners OK N (N:)%)
Overall | O(iKN:N;Ns) |

TABLE 2. Complexity of various wideband hybrid processing methods.

l Method [ Complexity Order ‘
Proposed hybrid method O(J1KN¢N,Ny)
BFGS hybrid method [16], [33] O(JoKNZ (NFF)2)
PE AO hybrid method [12] O(J2KN¢N?)
Codebook-based hybrid method [38] O(N, K N:NEF N,)
Channel averaging-based method [49] O(KN,?NT + JQNthRF)

complexity of the proposed method is compared to existing
wideband hybrid processing schemes in terms of the runtime.

V. SIMULATION RESULTS

This section presents numerical simulation results for the
convergence of the proposed method and compares the per-
formance of the proposed method with Algorithms 1 and 2
with those of existing wideband hybrid processing techniques
in terms of the minimum user rate and the runtime. Specifi-
cally, we consider the following hybrid processing methods
for MIMO-OFDMA systems.

o Fully digital processing: Algorithm 1 is used for sub-
band allocation to users. Each subcarrier uses the fully
digital optimal precoder and combiner obtained by SVD
of H,, ;. The numerical gradient-based method in [31]
is used for rate balancing power allocation among users
in combination with the water-filling algorithm. This
method presents the performance upper bound of the
MIMO-OFDMA system with Algorithm 1.

o Proposed hybrid method: Algorithm 1 is used for sub-
band allocation to users. The hybrid precoders and com-
biners are designed by Algorithm 2 for ensuring rate
fairness among users.

o BFGS hybrid method [16], [33]: time-division multiple
access (TDMA)? is used to support multiple users and all
subcarriers are allocated to one user in each time interval
for MIMO-OFDM transmission. The BFGS algorithm

2The existing hybrid processing methods cannot be directly applied to
the MIMO-OFDMA system, because the conventional schemes are based
on the matrix factorization approach in [9] to design the RF and baseband
precoders from the fully digital precoder under the least squares criterion.
Therefore, we use a MIMO-OFDM system along with TDMA for multiuser
transmission.
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in [16] is employed to design the RF precoder and
combiners, and the SVD-based scheme in [33] is used
to design the baseband precoders and combiners.

e PE AO hybrid method [12]: TDMA is used to support
multiple users and the MIMO-OFDM transmission is
used in each time interval. The common RF proces-
sors and the baseband processors for MIMO-OFDM
are designed by utilizing the SVD-based phase extrac-
tion (PE) scheme and the alternating optimization (AO)
method in [12].

o Codebook-based hybrid method [38]: TDMA is used to
support multiple users and the MIMO-OFDM transmis-
sion is used in each time interval. The codebook-based
selection method in [38] is used to determine the RF
precoder and combiner. Also, the baseband precoder is
designed by the Gram-Schmidt-based greedy algorithm
in [38] and the baseband combiner is designed by SVD
of the effective channel.

e Channel averaging-based method [49]: TDMA is used
to support multiple users and the MIMO-OFDM trans-
mission is used in each time interval. As in [49], the RF
precoder and combiners are designed in a similar manner
to a single-carrier system by averaging the frequency-
domain multiple channels. Given the RF precoder and
combiners, the baseband precoders and combiners are
designed by the SVD-based approach.

Numerical simulations have been conducted with N, = 32,
NRE = NRF — 4 and N; = 2. The number of subcarriers K
is set to 132 (each subcarrier represents a resource block (RB)
of 5G New Radio in [5], assuming that the channel is identical
within a RB). For Algorithm 1, the number of subbands is
equal to the number of users (i.e. Np = M), and the same
number of subcarriers are assigned to all users (i.e. K| =
K> = -+ = Kyr). In the proposed Algorithm 2, we seta = 2,
B = 0.5, =0.0001, and T = 300. The maximum number
of iterations is set to 300 for the BFGS hybrid method, the PE
AO hybrid method, and the channel averaging-based method.
For the codebook-based hybrid method, two codebooks were
designed with 512 quantized phase shifting vectors consider-
ing the angle-of-departure (AoD) and angle-of-arrival (AoA)
for the RF precoding and combining, respectively.

To generate the wideband mmWave MU-MIMO channels,
we used the Saleh-Valenzuela model for representing geo-
metric channel parameters as in [33], [34], [35], [36], [37],
[38], [39], [40], [41], [49] in combination with the tapped
delay line A (TDL-A) model in [53] for the channel delay
profile. The channel parameters are set as follows: the car-
rier frequency is 28 GHz; the bandwidth is 200 MHz with
132 RBs; the sampling rate is 245.76 Msps; the transmitter
has a 8 x n planar antenna (4 < n < 18); the users have
4 x 8 planar antennas; the number of clusters is 3; the number
of subpaths per cluster is 8; the AoD and AoA for each
cluster are uniformly distributed from — to 7 in the azimuth
direction and from —0.5 to 0.5 in the elevation direction,
respectively; the subpath angular spread is set to /64 and
/16 for the transmitter and receiver, respectively; and the
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FIGURE 3. Convergence behavior of the proposed wideband hybrid
processing method for rate balancing when M = 4, N; = 64, and SNR =
0 or 10 dB.
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FIGURE 4. Convergence behavior of various wideband hybrid processing
methods when M = 4, N; = 64, and SNR = 15 dB.

inter-element spacing is equal to half wavelength for both the
transmitter and receiver. The average channel gains are set
asymmetrically with 10 dB deviation to reflect the distance
variation from the transmitter to the receiver. Specifically,
the channel gains meet E[||Hk||%2] = 0.1 E[||H;|%] and
E[H 3] = GE[H}] for2 < k < K — 1, where
a random variable ¢ uniformly distributed in the range of
(0.1, 1.0). For simplicity, it is assumed that the noise vari-
ance is identical to all subcarriers and all users (i.e. 0,721’ =
o2 for Vm, k), and the nominal signal-to-noise ratio (SNR) is
defined as the total transmit power over the noise variance,
i.e. P/o?. Fig. 3 shows the transient user rate obtained from
an instantaneous channel realization, and Figs. 4 — 7 present
the average of the minimum user rate acquired by averaging
over more than 100 independent channel realizations.

A. CONVERGENCE OF PROPOSED ALGORITHM

Using the CSI available at the transmitter, the subband is
allocated to users by Algorithm 1. In Fig. 3, the convergence
of the proposed Algorithm 2 is verified through numerical
simulations, when M = 4, N; = 64, and SNR = 0 or 10 dB.
When the number of iterations is less than 10, the achievable
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rates for all users rapidly grow with the iterations, and the
minimum user rate converges to a steady-state value when
the number of iterations is greater than 150. The difference
of user rates for SNR = 10 dB is larger than that for SNR =
0 dB, because the hybrid processing gain is prominent in the
high SNR region. Also, the steady-state user rate is higher in
the high SNR regime. For these reasons, the minimum user
rate converges faster in the low SNR region compared to the
high SNR regime.

Fig. 4 compares the convergence characteristics of var-
ious wideband hybrid processing methods when M = 4,
N; = 64, and SNR = 15 dB. The fully digital processing
and the codebook-based hybrid method obtain the mini-
mum user rate in closed forms without iterations. The pro-
posed hybrid method requires more number of iterations
than the existing wideband hybrid methods. For example,
in Fig. 4, the proposed method and the BFGS method con-
verge to the peak values after about 80 and 50 iterations,
respectively. In the proposed hybrid method, the precoder
is updated to the conjugate gradient direction of the user
with the lowest achievable rate for rate balancing. This
approach reduces the computational complexity for each
iteration, yet requires additional iterations due to the user
switching with the minimum achievable rate. The PE AO
hybrid method and the channel averaging-based method con-
verge faster than the BFGS hybrid method and the proposed
method, because the PE AO method designs the baseband
precoders and combiners via SVD-based approximation and
the channel averaging-based method constructs the RF pre-
coder and combiners by simply averaging channel correlation
matrices. Although slow convergence speed, the proposed
hybrid method achieves much higher minimum user rate
than the existing wideband hybrid processing schemes in
the steady-state. In the following, the performance will be
compared in detail.

B. PERFORMANCE EVALUATION UNDER PERFECT CSI

Considering the rate balancing criterion, the minimum user
rate of the proposed method is compared to the existing
wideband hybrid processing methods, when the transmitter
has the perfect CSI for all users. The minimum user rate is
shown for various wideband hybrid processing techniques
according the SNR in Fig. 5 and the number of transmit
antennas in Fig. 6, respectively, when M = 4. The pro-
posed scheme designs the analog precoder considering the
power allocation among users for maximizing the minimum
user rate as well as the water-filling-based power assignment
within a subband, whereas the existing wideband hybrid
techniques determine the analog precoder via the matrix
factorization technique without power allocation among sub-
carriers. Therefore, the proposed hybrid method outperforms
the BFGS hybrid method, the PE AO hybrid method, the
codebook-based hybrid method, and the channel averaging-
based method, irrespective of the SNR region and the number
of transmit antennas. Compared to the fully digital process-
ing representing the performance upper bound, the proposed
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FIGURE 5. Minimum user rate of various wideband hybrid processing
schemes according to SNR when M = 4 and N; = 64.
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FIGURE 6. Minimum user rate of various wideband hybrid processing
schemes across the number of transmit antennas when M = 4 and SNR =
5 dB.

method exhibits about 2.3 dB loss of SNR in Fig. 5 and
0.22 ~ 0.54 bps/Hz loss of the minimum user rate in Fig. 6.
In the proposed method, considering that the RF precoder
is commonly used for all subcarriers and the RF combiner
is also commonly used for each user, the performance loss
seems to be reasonable.

Fig. 7 compares the minimum user rate of the proposed
method with those of the conventional wideband hybrid pro-
cessing schemes across the number of users, when N; =
64 and SNR = 5 dB. In this case, the entire 132 subcarriers
are divided into M subbands of the same size as possible.
For example, when M = 7, the subbands include 19, 19,
19, 19, 19, 19, and 18 subcarriers, respectively. For all hybrid
processing methods, the minimum user rate decreases as the
number of users increases, because the number of subcar-
riers assigned to one user is inversely proportional to M.
As in Figs. 5 and 6, the proposed hybrid method performs
better than the existing wideband hybrid processing methods
regardless of the number of users. The performance gap
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FIGURE 7. Minimum user rate of various wideband hybrid processing
methods according to the number of users when N; = 64 and SNR =
5 dB.

between the fully digital processing and the proposed scheme
is about 0.4 ~ 0.5 bps/Hz when 2 < M < 8. As the number
of users increases, the performance difference between the
proposed method and the conventional wideband hybrid pro-
cessing techniques gradually decreases due to the reduction
of overall user rates.

C. IMPACT OF CSI UNCERTAINTY

This subsection evaluates the impact of CSI erros on the
performance of various wideband hybrid precessing methods
including the proposed scheme. Imperfect channel estimation
and/or the outdate of CSI can lead to CSI errors. When the
channel estimation is carried out in the frequency domain,
the channel for subcarrier k of user m can be expressed as

Hyuy =Hpi +Enu, (34)

where E,, ; € CN-*M is a CSI error matrix whose elements
are i.i.d. Gaussian random variables with zero mean, 1 <
m < M,and 1 < k < K. By employting the normalized
mean square error (NMSE), the average power of CSI errors
relative to the corresponding channel gains is denoted as

2 ElEnil7]
Oem™= "o 13-
E[H pll7]

Considering a practical MIMO-OFDMA system with CSI
errors, we perform Algorithm 1 for subband allocation and
Algorithm 2 for hybrid processing using H m.k in (34) instead
of the perfect CSI H, ;. For comparison, the hybrid pre-
coders and combiners are also designed by H mk in the
fully digital processing and the existing hybrid processing
methods.

Fig. 8 presents the minimum user rate according to the
NMSE of CSI errors, when M = 4, N; = 64, and
SNR =20 dB. In order to simplify numerical simulations,
it is assumed that the NMSE is identical to all users, i.e.

02, = -+ = o2, = o2 . As the NMSE o2 increases,

(35)
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5 dB.

the minimum user rate decreases in all hybrid precoding
methods. Especially, when 052 > 0.3, the minimum user
rate rapidly decays in all hybrid processing schemes. As in
the simulation results under perfect CSI, the proposed hybrid
method outperforms the conventional wideband hybrid pro-
cessing techniques such as the BFGS hybrid method, PE AO
method, codebook-based method, and channel averaging-
based method, regardless of the NMSE. The performance
degradation due to the CSI error is similar in all wideband
hybrid processing schemes including the proposed method.
Moreover, compared to the fully digital processing, the per-
formance loss of the proposed scheme is the largest when
062 = 0.01 and gradually decreases with the increment
of the NMSE, because the minimum user rate of the fully
digital processing diminishes faster than that of the proposed
method.

D. RUNTIME COMPARISON
To compare the time complexity of various wideband hybrid
processing methods, the average runtime is measured through
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numerical simulations. In the simulation, we implemented
the hybrid processing algorithms using MATLAB R2022b
and executed in a server with 17-12700 4.9 GHz CPU,
16 GB RAM, and 64-bit operating system. Fig. 9 compares
the average runtime of the proposed hybrid method with
the existing wideband hybrid processing schemes according
to the number of antennas, when M = 4 and SNR =
5 dB. Every value was obtained by averaging the runtime
over at least 100 independent simulations. The execution
time of the proposed method includes the procedures for
Algorithms 1 and 2, and the runtime of conventional hybrid
processing schemes is the average value for TDMA-based
hybrid processing of M users. From the complexity analysis
in Table 2, the proposed method, the PE AO hybrid method,
and the codebook-based method have the complexity order
O(N;), whereas the BFGS hybrid method and the channel
averaging-based method have the complexity order O(Ntz).
As expected in the complexity analysis, the runtime of the
BFGS hybrid method rapidly grows as the number of transmit
antennas increases. The runtime of the channel-averaging
method grows more slowly than the BFGS scheme, because
we set J| = Jo» > K in the simulation and the channel
averaging process is suitable for parallel operations. Over-
all, the proposed hybrid method presents a similar runtime
with the PE AO hybrid method and the codebook-based
hybrid method, and requires less computation time than the
BFGS hybrid method. The proposed method necessitates
more runtime than the channel averaging-based method, yet it
acquires huge achievable rate gains compared to the channel
averaging-based method as shown in Figs. 5 — 8.

VI. CONCLUSION

For mmWave MIMO-OFDMA systems, a greedy-based sub-
band allocation algorithm was developed and a new design
method was proposed for hybrid precoding and combining
under the max-min rate criterion. In order to increase the
minimum user rate, the proposed method iteratively updates
the RF precoder and combiners using the conjugate gradi-
ent method as well as adjusts the baseband precoders and
combiners utilizing SVD and rate balancing power allocation.
The proposed method achieves better minimum user rate than
the existing wideband hybrid processing schemes, requiring
a complexity order comparable to the conventional hybrid
techniques. The proposed method can be exploited for hybrid
precoding and combining in future 5G-Advanced and 6G
mobile networks operating in mmWave and sub-Terahertz
bands. For future studies, it is important to take into account
practical imperfections such as CSI uncertainty associated
with implementation of mmWave wideband systems. More-
over, the proposed wideband hybrid processing technique can
be combined with an intelligent reflecting surface (IRS) to
enhance the link performance of future wireless systems, and
it is a good future research topic that jointly optimizes the
hybrid precoders, the hybrid combiners, and the phase shifts
of IRS elements.
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