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ABSTRACT Hybrid precoding and combining for millimeter-wave (mmWave) multiple-input multiple-
output (MIMO) systems with subarray (SA) architecture is a promising technology for 6G because of their
low complexity, cost, and power consumption compared to the full array (FA) architecture. This paper
proposes an iterative algorithm for designing hybrid precoding and combining for the SA architecture. It is
called direct conversion of iterative hybrid precoding and combining from FA to SA (DCIFS). The proposed
algorithm involves an iterative process that begins by designing a hybrid precoding and combining matrix
for the FA structure and then converts it into an SA matrix by setting certain entries to zero while achieving
better performance. It does not depend on the antenna array geometry, unlike other techniques such as the
orthogonal matching pursuit (OMP) hybrid precoding and combining approach. We investigate the proposed
algorithm with two scenarios. In the first scenario, we use the proposed DCIFS scheme only at the base
station (BS) and the iterative FA hybrid scheme at the mobile station (MS), whereas in the second, we use the
proposed DCIFS scheme at both the BS and theMS. Simulation results demonstrate that the proposed design
approach achieves a spectral efficiency comparable to that of the FA hybrid design counterpart, especially
for a large system, while maintaining low complexity. For example, when SNR = 0 dB and the number
of transmitted streams (Ns) = 2, the proposed algorithm provides about 1.5 bps/Hz spectral efficiency gain
compared to the OMP hybrid design for the first scenario. Moreover, when the number of iterations is low
and the number of BS antenna andNs is high, the proposed approach outperforms the conventional SA hybrid
design in terms of spectral efficiency with the same hardware complexity.

INDEX TERMS Full array architecture, subarray architecture, hybrid precoding and combining, mmWave
MIMO systems.

I. INTRODUCTION
Hybrid precoding is a key technology for massive multiple-
input multiple-output (MIMO) systems for millimetre wave
(mmWave) communications [1], [2], [3]. The hybrid pre-
coding and combining architectures currently in use can be
classified as fully array (FA) [4], [5], [6] or subarray (SA)
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[7], [8]. Numerous papers have been written about the design
of hybrid precoding and combining schemes for both narrow-
band FA [5], [6], [9], [10] and wideband FA [11], [12], [13],
[14], [15]. The FA hybrid precoding and combining architec-
ture can provide high spectral efficiency in massive MIMO
systems because each RF chain is connected to every antenna
via phase shifters [5], [6]. However, this architecture requires
a large number of phase shifters, leading to high complexity
and power consumption [7], [8]. In [4], it was suggested that
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an orthogonal matching pursuit (OMP)-based scheme can
be used in light of the mmWave channel’s sparse structure.
The spectral efficiency optimization problem is modelled in
this scheme as a sparse reconstruction issue. In [6], an itera-
tive solution to find a low-complexity hybrid precoding and
combining scheme for narrowband mmWave was proposed
and studied. In [6], it was shown that the suggested scheme
yields a performance that is close the optimal one. Although
the FA architecture provides high spectral efficiency, it is
complex in massive MIMO systems because each RF chain
is connected to all antennas. As a result, the SA architecture
is a low complexity alternative for massive MIMO since each
RF chain is only connected to a subset of antennas [7], [8].

Recently, SA architectures have received a lot of attention
because of their reduced complexity. SA architectures can
be categorized into fixed SA [8], [15], [16], [17], [18], [19],
[20], [21], [22] and dynamic SA (DSA) [7], [23], and [27].
A closed-form solution for fully connected hybrid precoding
based on OFDM is derived in [7] for mmWave systems.
This solution is then expanded into DSA. In [8], two low-
complexity hybrid precoding algorithms were proposed for
the fixed SA architecture mmWave MIMO systems. They
divide the hybrid precodingmatrix into vectors and determine
the analog precoding vector of each subarray from the first
vector of the subarray submatrix. Then, to further enhance
the system performance, the resulting hybrid precoding is
found though an iterative algorithm. A hybrid precoding
method based on successive interference cancellation (SIC)
was presented and investigated for SA architecture in [16].
Assuming a diagonal digital precoder with real elements, [16]
showed that the SA architecture is more energy-efficient than
the FA architecture. Two analog precoder methods were pro-
posed by the authors of [18] for situations with high and low
signal-to-noise ratios. After selecting the analog precoder, the
optimal digital precoder is subsequently produced using a
water-filling process. A new hybrid precoding architecture
for SA mmWave communication systems was presented in
[20]. This architecture uses a two-layer PS network instead
of the traditional FC structure to fully utilize the array’s
beamforming gain with a significantly lower hardware com-
plexity. In [21], a low-complexity hybrid architecture for
mmWave multiuser MIMO systems utilizing fixed subarrays
and quantized RF phase-shifting networks was developed.
Under the assumption that linear zero-forcing was utilized at
the digital baseband, the complicated hybrid precoder opti-
mization problemwas reduced to an eigenvaluemaximization
problem. To increase the spectral efficiency of the SA design,
the authors of [22] proposed an overlapping SA architecture
with iterative hybrid precoding. The results showed that the
overlapped SA architecture, while slightly more complex in
terms of hardware than the fixed SA architecture, can improve
spectral efficiency while still being less complex than the
DSA and FA structures.

The hybrid precoding and combining techniques for DSA
architecture have been studied in the literature for two

scenarios: narrowband [23], [24] and wideband [25], [26],
[27], [28]. Although a DSA architecture outperforms a fixed
SA architecture in terms of performance, it uses more power
than a fixed SA design and has greater hardware and compu-
tational complexity. This is because the number of switches
necessary increases linearly with the number of transmit
antennas. Using a partially dynamic SA structure can reduce
the complexity compared to a DSA approach [29], [30].
Researchers in [31] and [32] proposed and studied hybrid
precoding designs for adaptive SA structures in mmWave
MIMO systems. Different from the aforementioned works
that design hybrid precoders and combiners independently,
[33] proposed an efficient scheme to jointly design precoding
and combining for hybrid beamforming systems with SA
architecture.

Deep learning methods have recently been proposed to
create hybrid precoding and combining for massive MIMO
[34], [35], [36], [37]. In order to improve performance and
provide quicker calculation times compared to conventional
approaches, a deep learning frameworkwas presented in [34].
In [34], a convolutional neural network for MIMO uses an
imperfect channel matrix as an input to produce an analog
precoder and combiner as its output. In [36], the authors
proposed the unsupervised learning approach to design the
hybrid beamforming for SA and showed through simulation
that the proposed unsupervised deep learning techniques out-
perform the conventional hybrid beamforming techniques.
In the presence of beam squint, a deep learning-based wide-
band hybrid precoding network was developed in [37] for
Terahertz massive MIMO system.

Previous research in hybrid precoding and combining pri-
marily focused on designing hybrid precoding and combining
for either FA or SA structures. However, to the best of our
knowledge, no previous work has explored the use of hybrid
precoding and combining for FA as a starting point to design
that for SA. This paper aims to fill this gap by designing
hybrid precoding and combining for fixed SA architectures,
based on the hybrid precoder and combiner design of the FA
architecture. This new approach can achieve the spectral effi-
ciency of FA architecture while maintaining the same hard-
ware complexity as that of the conventional SA architecture.
The main difference between the design method proposed in
this paper and that in other papers is the approach taken to
design the hybrid precoding and combining matrices of the
SA architecture. In other papers, the hybrid precoding and
combining matrices are designed separately for each sub-
array [8]. This approach is known as subarray-wise design,
and it involves designing a hybrid precoding and combining
matrix for each subarray independently. In contrast, this paper
proposes an iterative design approach that uses a FA hybrid
precoding and combiningmatrix to obtain a SAmatrix at each
iteration. The proposed approach involves first finding the FA
hybrid precoding and combining matrix at each iteration and
then obtaining a SA matrix by setting certain entries to zero
while retaining the same level of performance. The process is
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repeated iteratively until the desired performance is achieved.
The conventional SA solves all subarray suboptimization
problems independently to determine the hybrid precoding
and combining of the whole SA architecture, whereas the
approach proposed in this paper only solves the optimization
problem of the hybrid precoding and combining in the FA
architecture and then transforms the resulting FA hybrid pre-
coder and combiner directly to obtain that of the whole SA
architecture.

It should be noted that the proposed scheme has the same
hardware complexity as the traditional SA and is built for
a fixed SA architecture. The design approach and computa-
tional complexity are different, as section IV demonstrates.
Due to its design for a fixed SA architecture and lack of switch
requirements, the suggested method is less expensive, con-
sumes less power, and has lower hardware and computational
complexity than the DSA.

The main contributions of this work are summarized as
follows:

• This paper proposes an iterative hybrid precoding and
combining for SA architecture. It is called direct conver-
sion of iterative hybrid precoding and combining from
FA to SA (DCIFS). It finds the hybrid precoding and
combiningmatrix of FA architecture iteratively, and then
using it to find SA matrix at each iteration as illustrated
in section III.

• The proposed DCIFS algorithm was evaluated by sim-
ulations for two scenarios. Simulation results show that
the proposed algorithm achieves significant gain com-
pared to the existing SA and FA, especially for a large
system, with lower complexity.

The remainder of the paper is organized as follows. The
mmWave system model and the problem formulation are dis-
cussed in Section II. The proposed DCIFS hybrid precoding
is derived and discussed in Section III. In Section IV, the
complexity is analyzed. The simulation results are presented
in Section V, and conclusions are drawn in Section VI.
We use the following notation throughout this paper:C rep-

resents the set of complex numbers; A is a matrix; a is a
vector; a is a scalar; The conjugate transpose of A are rep-
resented by AH; Ai is the ith column of A; Ai,j is the entry on
the ith row and jth column of A; ∥A∥F is the Frobenius norm
ofA; tr(A) is the trace ofA; diag(A) is a vector formed by the
diagonal elements of A; ⊘ stands for element-wise division;.
⊙ is the element-wise multiplication; IN is theN ×N identity
matrix.

II. SYSTEM MODELS AND PROBLEM FORMULATION
Consider a single user mmWave hybrid precoding system,
in which a base station equipped with Nt antennas and NtRF
RF chains serve a single mobile station with Nr antennas and
NrRF RF chains. The base station transmits Ns independent
data streams. In this section we develop the mathematical
framework of the FA, the conventional SA, and the proposed
SA system models. Figure 1 shows the block diagram of the
hybrid precoding in the SA architecture.

FIGURE 1. Hybrid precoding at the BS for the SA architecture.

A. FA SYSTEM MODEL
In this subsection, a system model of the FA architecture is
discussed. The baseband digital precoder PD is applied at
the transmitter first, and the resulting signal is then precoded
by the FA analog precoder PAFA. At the receiver side, the
FA analog combinerWAFA and the digital combinerWD are
applied. In the FA architecture, the received signal can be
written as [6]

y =
√

ρWD
HWAFA

HHPAFAPDs + n

=
√

ρWFA
HHPFAs + n (1)

where ρ is the average power of the received signal, H ∈

CNr×N t is the channel matrix, PAFA and PD are the Nt ×NtRF
and the NtRF × Ns matrices that represent the FA analog and
digital precoding matrices, respectively. WAFA and WD are
theNr×NrRF and theNrRF×Nsmatrices that represent the FA
analog and digital combiner matrices, respectively. The vec-
tor s is the Ns×1 vector that represents the transmitted signal
such that E

[
ss∗

]
=

1
Ns
INs and n is the Ns × 1 vector of inde-

pendent and identical distribution CN
(
0, σ 2

n
)
additive white

Gaussian noise. PFA = PAFAPD and WFA = WAFAWD. All
elements in PAFA andWAFA have the same amplitude, which
is equal to 1/

√
N t and 1/

√
N r , respectively [6]. Additionally,

the digital precoder and combiner are also normalized to
satisfy the total power constraint, i.e., ∥PAFAPD∥

2
F = Ns and

∥WAFAWD∥
2
F = Ns.

In this paper, a mmWave channel model is assumed and the
commonly used Saleh-Velenzuela model is used to simulate
the channel parameter in outdoor scenarios [6]. Therefore,
this paper uses the narrowband clustered channel described
in [4], [6], and [8] and H can be written as

H =
√
NtNr/NclNray ×

∑Ncl

i

∑Nray

l
[αil0r

(
φril, θ

r
il
)

×0t
(
φtil, θ

t
il
)
ar

(
φril, θ

r
il
)
at

(
φtil, θ

t
il
)∗] (2)
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where Ncl is the number of clusters and Nray is the number
of paths. αil ∈ C is the gain of the lth path in the ith
cluster. φtil(φ

r
il) and θ til(θ

r
il) are the azimuth (elevation) angles

of departure and arrival (AODs/AOAs) of the lth path in the
ith cluster. 0t

(
φtil, θ

t
il

)
and 0r (φril, θ

r
il) represent the trans-

mit and receive antenna element gain at their departure and
arrival angles. at

(
φtil, θ

t
il

)
is the antenna array response at the

transmitter and ar
(
φril, θ

r
il

)
is the antenna array response at

the receiver. The array response vector in a uniform planer
array (UPA) is defined as [6]

aUPA(φ,θ) =
1

√
N t

[1, . . . , ejkd(xsin(φ)sin(θ)+ycos(θ)),

. . . , ejkd((w−1)sin(φ)sin(θ)+(h−1)cos(θ)]T (3)

where 1 ≤ x ≤ (w−1) and 1 ≤ y ≤ (h−1). d = λ/2,w and h
are the inter-antenna spacing, the width and the height of the
antenna array, respectively. The array size of the transmitter
is Nt = wh. In this paper, we assume perfect channel state
information at the BS and the MS. The spectral efficiency of
the FA architecture can be written as [6]

R = log2

(∣∣∣∣INr +
ρ

Ns
Q−1

k Wk
B
H
Wk

AFA
H
HFAFA

×FBPH
BP

H
AFAH

H
kW

k
AFAW

k
B

∣∣∣∣) (4)

whereQk = σ 2
nW

k
B
H
Wk

A
H
Wk

AW
k
B. To maximize the spectral

efficiency in (4), the total transmitted power constraint as well
as the constraint on FAFA and WAFA, should be taken into
consideration in the hybrid precoder/combiner design.

max
PAFA,PD,WAFA,WD

R

st. PAFA E FAFA and WAFA E IAFA

∥PAFAPD∥
2
F = Ns (5)

where FAFA and IAFA include all possible precoding and
combining matrices, respectively, that satisfy the amplitude
constraint. Maximizing the objective function in (5) can be
expressed more simply as [6](

Popt
AFA,Popt

D

)
= argmin

PAFA,PD

∥∥∥Popt
FA − PAFAPD

∥∥∥2
F

st. PAFA E FAFA,

∥PAFAPD∥
2
F = Ns (6)

and (
Wopt

AFA,Wopt
D

)
= argmin

WAFA,WD

∥∥∥Wopt
FA − WAFAWD

∥∥∥2
F

st. WAFA E IAFA,

∥WAFAWD∥
2
F = Ns (7)

The problems (6) and (7) are clearly non-convex optimiza-
tion problems with a difficult optimal solution. The solution
of the optimal unconstrained digital precoding is given by
Popt
FA = V1, where V1 is the first Ns column of V that is

obtained from the singular value decomposition (SVD) ofH,

i.e., H = U6VH. Wopt
FA = U1, where U1 represents the first

Ns column of U, is the optimal unconstrained solution of the
digital combiner.

B. CONVENTIONAL SA SYSTEM MODEL
In this subsection, a system model of the SA architecture is
described and the received signal of the SA can be written as

y =
√

ρWD
HWACSA

HHPACSAPDs + n (8)

where PACSA is the analog precoding matrix and WACSA is
the analog combining matrix of the conventional SA archi-
tecture. Also, PD is the digital precoding matrix and WD is
the digital combining matrix of the SA architecture For SA
architecture, PACSA andWACSA can be expressed as

PACSA =


pA1 0NtSA×1 . . . 0NtSA×1

0NtSA×1 pA2 . . .
...

...

0NtSA×1

...

. . .

. . .

0NtSA×1

0NtSA×1
pANtRF

 (9)

and

WACSA =


wA1 0NrSA×1 . . . 0NrSA×1

0NrSA×1 wA2 . . .
...

...

0NrSA×1

...

. . .

. . .

0NrSA×1

0NrSA×1
wANrRF

 (10)

where pAl is the NtSA × 1 analog precoding vector of the
lth subarray (l = 1, 2, . . . ,NtRF ) whose elements have the
same amplitude 1/

√
N tSA but different phases. wAl represents

the NrSA × 1 analog combining vector of the of the lth
subarray (l = 1, 2, . . . ,NrRF ) whose elements have the same
amplitude 1/

√
N rSA but different phases. NtSA = Nt/NtRF

and NrSA = Nr/NrRF are the number of elements in each SA
at the transmitter and at the receiver, respectively.

The optimization problem of the lth subarray can bewritten
as [8] (

poptAl , p
opt
Dl

)
= arg min

pAl,pDl

∥∥∥Popt
l − pAlpDl

∥∥∥2
F

st. pAl E FA,

∥PACSAPD∥
2
F = Ns (11)

where Popt
l = V1((l − 1)NtSA + 1 : lNtSA, :) is the optimum

unconstrained digital precoding solution of the lth subarray.
pDl is the lth row of the PD.FA includes all possible NtSA×1
vectors satisfying the amplitude constraint. The solution of
this problem was discussed in detail in [8].

C. PROPOSED SA SYSTEM MODEL
In this subsection, the proposed SA system model for the SA
architecture is studied. It aims to convert the FA systemmodel
into SA system model. At the receiver side, the received
signal can be given as

y =
√

ρWD
HWAPSA

HHPAPSAPDs + n (12)
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where PAPSA andWAPSA are the analog precoding and com-
bining matrices of the proposed SA system model. In the
proposed SA model, PAPSA andWAPSA can be expressed as

PAPSA = PAFA ⊙ TP, and WAPSA = WAFA ⊙ TW

(13)

where TP and TW are the transformation matrices that are
used to transform the analog precoding and combining matri-
ces of FA into SA matrices and their dimensions are the
same as those of the PAFA andWAFA. ⊙ is the element-wise
multiplication. TP and TW can be given as

TP =


1NtSA×1 0NtSA×1 . . . 0NtSA×1

0NtSA×1 1NtSA×1 . . .
...

...

0NtSA×1

...

. . .

. . .

0NtSA×1

0NtSA×1
1NtSA×1

 (14)

and

TW =


1NrSA×1 0NrSA×1 . . . 0NrSA×1

0NrSA×1 1NrSA×1 . . .
...

...

0NrSA×1

...

. . .

. . .

0NrSA×11

0NrSA×1
1NrSA×1

 (15)

where 1NrSA×1 and 0NrSA×1 are NrSA × 1 vectors of ones and
zeros, respectively. The problem formulation of the hybrid
precoding and combining in the proposed SA system model
will be discussed and solved in the next section.

III. PROPOSED DCIFS HYBRID PRECODING AND
COMBINING ALGORITHM
In this section, we propose the low complexity DCIFS hybrid
precoding and combining algorithm and derive the equa-
tions that relate to the precoder only since the derivation
of the combiner is similar. We note that the optimal uncon-
strained semi-unitary precoder for H is simply given by
Popt
FA = V1, where VH

1 V1 = INs . Also, we need the
hybrid precoder PAPSAPD to be sufficiently ‘‘close’’ to the
optimal precoder V1 by using its digital precoder to con-
struct linear combinations of the RF precoder vectors. Since
PAPSA is a semi-diagonal matrix, this matrix is totally non-
square semi-unitary after its element-wise normalization,
i.e., PH

APSAPAPSA = INtRF . In addition, the digital precoding
PD can be totally unitary PH

DPD = PDPH
D = INS or a

non-square matrix that is totally semi-unitary PH
DPD = INs .

This structure will be reflected when solving the optimization
problem to make the hybrid precoder PAPSAPD sufficiently
‘‘close’’ to the optimal precoder V1 since the optimal uncon-
strained precoder V1 is semi-unitary matrix. Thus, by know-
ing this information about hybrid precoder PAPSAPD, we

need to solve the following optimization problem(
Popt
APSA,Popt

D

)
= argmin

PAPSA,PD

∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

st. PAPSA E FAFA,

PH
APSAPAPSA = INtRF and PH

DPD = INs

∥PAPSAPD∥
2
F = Ns (16)

The problem (16) is non-convex optimization problem with
a difficult optimal solution. However, by knowing that the
structure of PAPSA is totally non-square semi-unitary and
assuming PD is totally unitary or semi-unitary matrix, the
iterative solution to (16) can be obtained by solving the
following optimization problem(

Popt
APSA,Popt

D

)
= argmin

PAPSA,PD

∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

(17)

We first need to find the baseband precoder PD that mini-
mizes the Euclidean distance by using the initialization of
the proposed RF precoder PAPSA, which is calculated by
taking the first NtRF columns from Popt

FA and then normal-
izing them such that each entry has constant magnitude,
i.e., PAPSA = (Popt

FA ⊘

(∣∣∣Popt
FA

∣∣∣ √N tSA

)
)
⊙

TP. One should
note that the element-wise normalization of PAPSA satisfies
the normalization constraint

∣∣[PAPSA]i,j
∣∣2 = 1/

NtSA. We then
find the RF precoder PAPSA such that the hybrid precoder
PAPSAPD is sufficiently ‘‘close’’ to the optimal unconstrained
digital precoder V1. Specifically, we would like to solve the
following alternating optimization problem first, which is
related to (17):(

Popt
D

)
= argmin

FD

∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

(18)

The objective function can be expanded as∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

= tr
(
Popt
FA

H
Popt
FA

)
− 2tr

(
Popt
FA

H
PAPSAPD

)
+ ∥PAPSAPD∥

2
F

= 2N S − 2tr
(
Popt
FA

H
PAPSAPD

)
(19)

The solution of this problem, which is to find the maxi-

mization of Popt
FA

H
PAPSAPD is solved by what is called the

orthonormal Procrustes problem [38] as

PD = VUH (20)

where Popt
FA

H
PAPSA = U6VH. Then, we keep PD fixed and

solve the same optimization problem but now minimizing
over PAPSA as follows [39]:(

Popt
APSA

)
= arg min

PAFS

∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

(21)

Similar to (19), expanding the objective function yields∥∥∥Popt
FA − PAPSAPD

∥∥∥2
F

= 2N S − 2tr
(
Popt
FA

H
PAPSAPD

)
(22)

VOLUME 11, 2023 35461



M. Alouzi et al.: Direct Conversion of Hybrid Precoding and Combining

Given that, the optimal unconstrained matrix V1 is totally
semi-unitary and the digital precoding PD is totally unitary or
semi-unitary non-square matrix, the solution that maximize

Popt
FA

H
PAPSAPD in (22) is given as follows

PAPSA = Popt
FAPD

H (23)

The main difference between the hybrid design in this
paper and that in [39] is that our design is more general
and can work in all scenarios whether the number of data
streams equals the number of RF chains or the number of data
streams is less than the number of RF chains. However, HD-
AM can only work when the number of data streams equals
the number of RF chains. Furthermore, our derivation is based
on the SA architecture and thanks to the structure of PAPSA,
which is totally non-square semi-unitary matrix. HD-AM,
on the other hand, is derived only for the FA architecture.

The pseudo-code for the proposed DCIFS hybrid pre-
coder PAPSA solution is given in Algorithm 1. The
inputs of the algorithm are Popt

FA ∈ CNt×NS , initial-
ized analog procoder PAPSA ∈ CNt×NtRF i.e., PAPSA =(
Popt
FA ⊘

(∣∣∣Popt
FA

∣∣∣ √N tSA

)) ⊙
TP, and the maximum number

of iterations K , where K ≥ 1 for NS < NtRF or NtRF = NS .
In the general case of NS ≥ 1 where NS ≤ NtRF , the
algorithm starts by computing PD using the orthonormal Pro-
crustes solution in step 2. After that, the algorithm proceeds
to update the proposed RF precoder PAPSA in steps 3. Step
4 ensures that the proposed RF precoder PAPSA is satisfied
exactly with constant-magnitude entries which can be applied
at RF using analog phase shifters. In step 5, we make sure
that PAPSA still has the subarray structure. After the last
iteration of the algorithm, PD is updated via the maximal
ratio combining (MRC) instead of the least squares solution
which has an impact on Frobenius norm objective function
[4]. Based on our results, step 7 reduces the Frobenius norm
objective function

∥∥∥Popt
FA − PAPSAPD

∥∥∥
F

because the least
squares solution becomes MRC after implementing the semi-
unitary proposed analog precoder, i.e., PH

APSAPAPSA = INtRF .
After K iterations the process is completed and the algorithm
finds the Nt × NtRF proposed RF precoding matrix PAPSA
and the proposed NtRF × NS baseband precoder PD such
that

∥∥∥Popt
FA − PAPSAPD

∥∥∥
F

is minimized. In steps 8 and 9,
we ensure that the transmit power constraint is satisfied and
return the proposed hybrid precoder PPSA = PAPSAPD. The
proposed DCIFS hybrid combinerWPSA can be calculated in
the same way.

IV. COMPLEXITY ANALYSIS OF THE PROPOSED
ALGORITHM
In this section, we analyze the complexity in implementing
the proposed DCIFS hybrid precoding and combining design
using Algorithm 1. To simplify the complexity analysis, let
us denote N = max {Nt ,Nr }, NRF = max {NtRF ,NrRF },
NSA = max {NtSA,NrSA} and K is the maximum number of
iterations of the proposed hybrid design, HD-AM design, and

Algorithm 1 Proposed DCIFS Hybrid Precoding

Input: The optimum unconstrained solution Popt
FA ∈ CNt×NS ,

initialized analog procoder PAPSA ∈ CNt×NtRF with the
element-wise normalization, and the maximum number of
iterations K .
Output: Analog PAPSA ∈ CNt×NtRF with the element-wise
normalization and baseband PD ∈ CNtRF×NS such that
∥Popt

FA − PPSA∥F is reduced and ∥PPSA∥
2
F = NS , where

PPSA = PAPSAPD.

1: for i = 1 : K do
2: Update: PD = VUH, where Popt

FA
H
PAPSA = U6VH

3: Update: PAFA = Popt
FAPD

H

4: Element-Wise Normalization: PAPSA = PAFA ⊘

(|PAFA|
√
N tSA)

5: PAPSA = PAFA
⊙

TP
6: end for
7: PD = PAPSA

HPopt
FA

8: PD =
√
N S

PD
∥PAPSAPD∥F

9: Return PPSA = PAPSAPD.

TABLE 1. Complexity of the proposed algorithm compared to previous
methods from the literature.

SA hybrid design. In this section, we present the complex-
ity analysis by evaluating the total number of floating-point
operations per second (flops) for each hybrid precoding and
combining approach.

The primary factor in the sparse hybrid precoder and
combiner design algorithm’s complexity depends on the
squared maximum number of antennas. The complexity
increases nonlinearly when the maximum number of anten-
nas increases. Thus, as we can see in Table 1, the complexities
of the proposed DCIFS hybrid design, SA hybrid design [8],
IFA hybrid design [6], and HD-AM hybrid design [29] are
very low compared to that of the sparse hybrid precoding [4],
which requires O(N 2NRFNS ). Also, the computational com-
plexities of the proposed DCIFS hybrid design, SA hybrid
design [8], IFA Hybrid Design, and HD-AM are almost the
same, especially when N ≫ NS . In terms of hardware com-
plexity, the proposedDCIFS hybrid design, and the SA hybrid
design require lower hardware cost compared to the sparse
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hybrid design, IFA hybrid design, andHD-AMhybrid design;
the number of required phase shifters with the proposed
DCIFS hybrid design, and SA hybrid design is N , whereas
the other methods require NNRF. Thus, we conclude that the
proposed DCIFS hybrid design has lower computational and
hardware complexities than the FA hybrid design.

V. SIMULATION RESULTS
This section presents the numerical results to show the per-
formance advantages of the proposed hybrid precoding and
combining implemented as described in Algorithm 1. Specif-
ically, we show numerical simulations of the proposed meth-
ods’ performance when maximizing the spectral efficiency as
defined in (4).

In these simulations, we use the system architecture pre-
sented in Fig. 1. We consider the case where there is only
one BS and one MS at a distance of 100 meters. The spacing
between antenna elements is equal to λ/2. The system is
assumed to operate at a 28 GHz carrier frequency in an
outdoor scenario, and with a path loss exponent n = 3.4.
The channel model is described in (2), with Pα,ı = 1 for
all clusters. The azimuth and elevation angles AoAs/AoDs
of the rays within a cluster are assumed to be randomly
Laplacian distributed. The AoAs/AoDs azimuths and ele-
vations of the cluster means are assumed to be uniformly
distributed. We use the AoD/AoA beamforming codebooks
(exact array response of mmWave channel) at the BSs and
MSs, respectively for the sparse hybrid design. The SNR in
all the plots is defined as SNR = ρ/σ 2. We assume perfect
CSI at the BS and MS. For fairness, the same total power
constraint is enforced on all precoding/combining solutions.

We divide our results into two scenarios. The first scenario
presents the results of implementing the DCIFS hybrid pre-
coding design using Algorithm 1 at the BS, and IFA hybrid
combining design [6] at the MS. Then, the second scenario
shows the results by using the DCIFS hybrid precoding and
combining design at both the BS and the MS. For a fair com-
parison, we do the same thing for the subarray iterative hybrid
design [8]. For both scenarios, we compare the proposed
DCIFS hybrid design with the FA sparse hybrid design [4],
IFA hybrid design [6], optimal unconstrained digital method,
and the SA hybrid design [8].

A. DCIFS HYBRID PRECODING DESIGN AT THE BS, AND
ITERATIVE FA HYBRID COMBINING DESIGN AT THE MS
Fig. 2 shows the spectral efficiency achieved by the proposed
hybrid DCIFS design, the FA sparse hybrid design [4], the
optimal unconstrained digital design, IFA hybrid design [6],
and the SA hybrid design [8] in a 144 × 64 UPAs mmWave
system for different SNR values with NS ∈ {1, 2, 3}, and
NtRF = NrRF = 4. The maximum number of iterations K for
the proposed DCIFS hybrid design and the SA hybrid design
is equal to 1, and 10 for all data streams NS . In addition, the
maximum number of iterations K for IFA hybrid precoding
and combining design is 10 for all data streams and for all
cases. The proposed DCIFS hybrid design and the SA hybrid

FIGURE 2. Average spectral efficiency achieved by the proposed DCIFS
hybrid precoder design with K = 1, and 10 and IFA hybrid combiner with
K = 10 compared to the FA sparse hybrid precoders/combiners design [4],
the optimal unconstrained digital precoders/combiners, IFA hybrid
precoders/combiners design [6], and the SA hybrid precoder design with
K = 1, and 10 [8] and IFA hybrid combiner with K = 10 for a 144 × 64
UPAs mmWave systems for different SNR values with NS ∈

{
1, 2, 3

}
, and

NtRF = NrRF = 4.

FIGURE 3. Average spectral efficiency achieved by the proposed DCIFS
hybrid precoder design with different K and IFA Hybrid Combiner with
K = 10 compared to the full array sparse hybrid precoders/combiners [4],
the optimal unconstrained digital precoders/combiners, IFA hybrid
precoders/combiners [6] with K = 10, and the SA hybrid precoder design
with different K and IFA hybrid combiner with K = 10 in 144 × 64 UPAs
mmWave systems for SNR = 0 dB with NS = NtRF = NtRF .

design outperform the FA sparse hybrid design, regardless of
the number of data streams NS . The proposed DCIFS hybrid
design overlaps the SA hybrid design for any number of data
streams with any number of iterations K and both achieve the
optimal performance of the unconstrained digital design for
NS = 1, and 2. However, whenNS = 3, the IFA hybrid design
outperforms the proposed DCIFS, and the SA hybrid design.

When the number of RF chains equals the number of data
streams, Fig. 3 shows the spectral efficiency achieved by the
proposed DCIFS hybrid design with K = 1, and 10, the
FA sparse hybrid precoders/combiners, the optimal uncon-
strained digital precoders/combiners, IFA hybrid design with
K = 10, and the SA hybrid design with K = 1 and 10 for
different numbers of RF chains and data streams varying
from 1 to 4 in a 144 × 64 UPAs mmWave systems where
NS = NtRF = NrRF . The SNR is fixed to 0 dB for any
number of RF chains. We can see that the proposed DCIFS
hybrid design and the SA hybrid design are overlapped when
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NS = NtRF = NrRF = 1 and 2; also, they yield an
improvement over the FA sparse hybrid design, and both
achieve a performance close to that of the IFA hybrid design
for any number of iterations. However, when NS = NtRF =

NrRF = 4, the overall performance of the proposed DCIFS
and SA hybrid design is degraded because of the data streams
interference; the proposed DCIFS design with K = 10 out-
performs the FA sparse hybrid design whereas the SA hybrid
design with K = 10 overlaps with the FA sparse hybrid
design. The proposed DCIFS hybrid design outperforms the
SA hybrid design when the number of RF chains equals to
4 for any number of iterations K .
Fig. 4 evaluates the performance when the number of RF

chains is greater than the number of data streams, where
NS ∈ {1, 2, 4} and the SNR is fixed to 0 dB over the whole
range of RF chains. The proposed DCIFS hybrid design and
the SA hybrid design perform better than the FA sparse hybrid
method when NS = 1, and 2 for any number of K with
small difference between K = 1, and K = 10. The proposed
DCIFS hybrid design withK = 1 can accurately approximate
the optimal unconstrained one when the number of RF chains
is twice the number of data streams when NS = 1, and 2.
When NS = 4, the performance of the proposed DCIFS is
better than the SA hybrid design for any number of K and the
FA sparse hybrid design for K = 10; however, both designs
have a degradation compared to the FA sparse hybrid design
and the optimal unconstrained design when the number RF
chains increases because of the high interference between
data streams.

Fig. 5 shows the spectral efficiency achieved by the pro-
posed DCIFS hybrid design, the FA sparse hybrid precoding
and combining design [4], the optimal unconstrained digi-
tal precoding/combining design, IFA hybrid precoding and
combining design [6], and the SA hybrid [8] in a UPAs
mmWave system for different BS antenna values with Nr =

64, SNR = 0, NS = 2, and NtRF = NrRF = 4. The maximum
number of iterationsK for the proposed DCIFS hybrid design
and the SA hybrid design is equal to 1, and 10 for all number
of BS antenna. In addition, themaximumnumber of iterations
K for IFA hybrid precoding and combining design is 10. The
performance of the proposed DCIFS and SA hybrid design is
better than the FA sparse hybrid design for all cases. However,
the IFA hybrid precoding and combining design outperforms
the proposed DCIFS and the SA hybrid design for all cases.
The performance of the proposed DCIFS hybrid design is
better than that of the SA hybrid design for a smaller number
of BS antennas and becomes much better for a larger number
of BS antennas. The gap between K = 1 and K = 10 for the
proposed DCIFS hybrid design is small for any number of BS
antennas. However, the gap between K = 1 and K = 10 for
the SA hybrid design is bigger especially as the number of BS
antennas increases. Thus, using a small number of iterations
such as K = 1 for the proposed DCIFS hybrid design is
enough for any number of BS antennas. The performance
of the proposed DCIFS hybrid design with K = 1 is the
same as that of the SA hybrid design with K = 10, which

means that our design with a very small number of iterations
K performs better than the SA design resulting in a reduced
computational complexity.

FIGURE 4. Average spectral efficiency achieved by the proposed DCIFS
hybrid precoder design with different K and IFA hybrid combiner with
K = 10 compared to the FA sparse hybrid precoders/combiners [4], the
optimal unconstrained digital precoders/combiners, IFA hybrid
precoders/combiners [6] with K = 10, and the SA hybrid precoder design
with different K and IFA hybrid combiner with K = 10 in 144 × 64 UPAs
mmWave systems for SNR = 0 dB with NS ∈

{
1, 2, 4

}
and different RF

chains.

FIGURE 5. Average spectral efficiency vs the number of BS antenna
achieved by the proposed DCIFS hybrid precoder design with different K
and IFA hybrid combiner with K = 10 compared to the full array sparse
hybrid precoders/combiners [4], the optimal unconstrained digital
precoders/combiners, IFA hybrid precoders/combiners [6] with K = 10,
and the SA hybrid precoder design [8] with different K and IFA hybrid
combiner with K = 10 in UPAs mmWave systems for Nr = 64 with SNR =

0 dB, NS = 2 and NtRF = NrRF = 4.

In Fig 6, we utilize the same parameters used in Fig 5, but
we increase the number of data streams to 4. As we see in
Fig 6, the IFA still outperforms the other designs. The pro-
posedDCIFS hybrid design outperforms the FA sparse hybrid
design for K = 10 and the gain is small when K = 1. The SA
hybrid design performs similarly to the FA sparse design for
a small number of BS antennas when K = 10. However, for
larger number of BS antennas, the SA hybrid design yields a
lower performance for any number of iterations K. The gap
between K = 1 and K = 10 for the proposed DCIFS hybrid
design is smaller for any number of BS antennas compared
to the gap between K = 1 and K = 10 for the SA hybrid
design, especially for a higher number of BS antennas.

In conclusion, due to the structure of the analog and
baseband precoding/combing matrices, the proposed DCIFS
hybrid design provides a higher gain compared to the FA
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FIGURE 6. Average spectral efficiency vs the number of BS antenna
achieved by the proposed DCIFS hybrid precoder design with different K
and IFA Hybrid Combiner with K = 10 compared to the full array sparse
hybrid precoders/combiners [4], the optimal unconstrained digital
precoders/combiners, IFA hybrid precoders/combiners [6] with K = 10,
and the SA hybrid precoder design [8] with different K and IFA Hybrid
Combiner with K = 10 in UPAs mmWave systems for Nr = 64 with SNR =

0 dB, NS = 4 and NtRF = NrRF = 4.

sparse hybrid design and the SA hybrid design for any number
of data streams, especially for a large number of BS antennas
with a small number of iterations. The number of iterations
should be 10 or less because the gain after that will be very
small which is confirmed by results that we did not include
here in this paper. For a large number of RF chains, more
than 4, the proposed DCIFS hybrid design performs poorly
when compared to all FA methods, which have a smaller data
streams interference. However, in practice, the number of RF
chainswill be limited because of the high-power consumption
and cost per RF chain. The IFA hybrid design outperforms the
proposed DCIFS hybrid design for all cases, but its hardware
complexity is much higher, and the number of phase shifters
is higher in the BS side.

B. DCIFS HYBRID PRECODING DESIGN AT THE BS, AND
DCIFS HYBRID COMBINING DESIGN AT THE MS
Fig. 7 shows the spectral efficiency achieved by the pro-
posed DCIFS hybrid precoding and combining design, the
FA sparse hybrid precoding and combining design [4], the
optimal unconstrained digital precoding/combining design,
the IFA hybrid precoding and combining design [6], and the
SA hybrid precoding and combining design [8] in a 144 × 64
UPAs mmWave system for different SNR values with NS ∈

{1, 2}, and NtRF = NrRF = 4. The maximum number of
iterations K for the proposed DCIFS hybrid precoding and
combining design and the SA hybrid precoding and combin-
ing design is equal to 1, and 10 for all data streamsNS . In addi-
tion, the maximum number of iterations K for IFA hybrid
precoding and combining design is 10. The performance of
the proposed DCIFS hybrid precoding and combining design
and the SA hybrid precoding and combining is close to that
of the optimal unconstrained one and overlapped with the FA
sparse hybrid design for NS = 1. However, when NS = 2,
the proposed DCIFS hybrid precoding and combining design
outperforms the SA hybrid precoding and combining and its
performance is close to that of the FA sparse hybrid deign
when K = 10. The overall performance of the proposed

DCIFS hybrid precoding and combining design and the SA
hybrid precoding and combining design is degraded com-
pared to the results in subsection V-A because the subarray
design is used in both the transmitter and the receiver.

Similarly to what was done in the previous subsection,
we evaluate the performance when the number of RF chains
equals the number of data streams. Fig. 8 shows the spectral
efficiency achieved by the proposed DCIFS hybrid precoding
and combining design with K = 1 and 10, the FA sparse
hybrid precoders/combiners, the optimal unconstrained digi-
tal precoders/combiners, the IFA hybrid precoding and com-
bining design with K = 10, and the SA hybrid precoding and
combining design with K = 1 and 10 for different numbers
of RF chains and data streams varying from 1 to 4 in a 144 ×

64 UPAs mmWave systems where NS = NtRF = NrRF .

FIGURE 7. Average spectral efficiency achieved by the proposed DCIFS
precoders/combiners with K = 1, and 10 compared to the FA sparse
hybrid precoding/combining design [4], the optimal unconstrained digital
precoders/combiners, the IFA hybrid precoders/combiners [6], and the SA
hybrid precoders/combiners [8] for a 144 × 64 UPAs mmWave systems
for different SNR values with NS ∈

{
1, 2

}
, and NtRF = NrRF = 4.

FIGURE 8. Average spectral efficiency achieved by the proposed DCIFS
hybrid precoders/combiners with different K compared to the FA sparse
hybrid precoders/combiners [4], the optimal unconstrained digital
precoders/combiners, IFA hybrid precoders/combiners [6] with K = 10,
and the SA hybrid precoders/combiners with different K in 144 × 64
UPAs mmWave systems for SNR = 0 dB with NS = NtRF = NrRF .

The SNR is fixed to 0 dB for any number of RF chains.
As we can see in Fig 8, the overall performance of the pro-
posedDCIFS and SA hybrid precoding and combining design
is worse compared to the results in the previous subsection
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in Fig 3; this is because we use the SA architecture in both
the transmitter and receiver. The data streams interference
increases with the data streams, resulting in an increased gap
between the proposed DCIFS and SA hybrid precoding and
combining design and the other FA designs. The performance
of the proposed DCIFS hybrid precoding and combining
design overlaps with the performance of the SA hybrid design
when NS = 1. However, for a higher number of data streams,
the performance of the DCIFS design is much better than that
of the SA design for any number of iterations K .

Fig. 9 evaluates the performance when the number of RF
chains is greater than the number of data streams, whereNS ∈

{1, 2, 4} and the SNR is fixed to 0 dB over the whole range of
RF chains. Using the SA design in both the transmitter and
receiver leads to a degradation in the overall performance of
the proposed DCIFS hybrid precoding/combing design and
of the SA hybrid precoding/combing design compared to the
results in Fig 4; the overall performance becomes worse when
the interference between data streams increases for NS =

2 and 4. Similar to Fig. 6, the performance of the proposed
DCIFS hybrid precoding and combining design overlaps with
the performance of the SA hybrid design for NS = 1 and
outperforms the SA design for any number of iterations K
for NS = 2 and 4.

Fig. 10 shows the spectral efficiency achieved by the pro-
posed DCIFS hybrid design, the FA sparse hybrid precoding
and combining design [4], the optimal unconstrained dig-
ital precoding and combining design, the IFA hybrid pre-
coding/combining design [6], and the SA hybrid [8] in a
mmWave system for different BS antenna values with Nr =

64, SNR = 0, NS = 2 and NtRF = NrRF = 4. The
maximum number of iterations K for the proposed DCIFS
hybrid precoding and combining design and the SA hybrid
precoding and combining design is equal to 1, and 10 for all
BS antennas. In addition, the maximum number of iterations
K for IFA hybrid precoding and combining design is 10. The
performance of the proposed DCIFS and SA hybrid design
is degraded compared to the results in Fig. 5 because we
use the SA architecture in BS and MS. The performance
of the proposed DCIFS hybrid design is much better than
that of the SA hybrid design for any number of BS anten-
nas and iterations. The proposed DCIFS hybrid design with
K = 1 outperforms the SA hybrid design with K = 10 which
means that our design with a very low number of iterations
K performs better than the SA design, resulting in a reduced
computational complexity.

In Fig 11, we use the same parameters as in Fig. 5, but we
increase the number of data streams to 4. As we see in Fig 11,
similar to the previous figure, becausewe use the SA architec-
ture in BS and MS, the performance of the proposed DCIFS
and SA hybrid design is degraded compared to the results in
Fig. 6. The gain of the proposedDCIFS hybrid design over the
SA hybrid design is very high for any number of BS antennas
and iterations. Also, the proposed DCIFS hybrid design with
K = 1 outperforms the SA hybrid designwithK = 10, which
shows the advantage of our design compared to the SA hybrid

FIGURE 9. Average spectral efficiency achieved by the proposed DCIFS
hybrid precoders/combiners with different K compared to the FA sparse
hybrid precoders/combiners [4], the optimal unconstrained digital
precoders/combiners, IFA hybrid precoders/combiners [6] with K = 10,
and the SA hybrid precoders/combiners with different K in 144 × 64
UPAs mmWave systems for SNR = 0 dB with NS ∈

{
1, 2, 4

}
and different

RF chains.

FIGURE 10. Average spectral efficiency vs the number of BS antenna
achieved by the proposed DCIFS hybrid precoders/combiners with
different K compared to the FA sparse hybrid precoders/combiners [4],
the optimal unconstrained digital precoders/combiners, IFA hybrid
precoders/combiners [6] with K = 10, and the SA hybrid
precoders/combiners [8] with different K in UPAs mmWave systems for
SNR = 0 dB with Nr = 64, NS = 2 and NtRF = NrRF = 4.

FIGURE 11. Average spectral efficiency vs the number of BS antenna
achieved by the proposed DCIFS hybrid precoders/combiners with
different K compared to the full array sparse hybrid precoders/combiners
[4], the optimal unconstrained digital precoders/combiners, IFA hybrid
precoders/combiners [6] with K = 10, and the SA hybrid
precoders/combiners [8] with different K in UPAs mmWave systems for
SNR = 0 dB with Nr = 64, NS = 4 and NtRF = NrRF = 4.

design becausewe take into consideration thematrix structure
of the analog and baseband precoding and combining in the
DCIFS hybrid design derivation.
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In conclusion, although we use the proposed DCIFS hybrid
design in both transmitter and receiver, its performance is
acceptable compared to the higher hardware complexity FA
designs such as the sparse hybrid design and the IFA hybrid
design. All full array hybrid designs require higher hardware
complexity in the BS andMS, higher number of phase shifters
in the BS and MS. The performance of the proposed DCIFS
hybrid design with a small number of iterations is consid-
erably better compared to the SA hybrid design, especially
for a large number of BS antennas. Taking advantage of
the structure of the analog and baseband precoding/combing
matrices in the proposedDCIFS hybrid design is the key point
to achieve high performance and outperform the SA hybrid
design. The number of iterations should be 10 or less because
after that the gain will be very small which is confirmed by
results that we did not include in this paper.

VI. CONCLUSION
In this paper, we have proposed a new approach called DCIFS
to design hybrid precoding and combining for mmWave
MIMO systems with SA architecture. The proposed design
algorithm involves an iterative process that begins by design-
ing a hybrid precoding and combining matrix for the FA
structure and then converts it into an SA matrix by setting
certain entries to zero while maintaining FA performance.
We have studied two scenarios with the suggested algo-
rithm and compared them with other existing FA and SA
hybrid precoding and combining designs. In the first scenario,
we employed the proposed DCIFS hybrid precoding at the BS
and the iterative FA hybrid combining at the MS, while in the
second scenario, we employed the proposed DCIFS hybrid
design at both the BS and the MS. The simulation results
demonstrated that the proposed DCIFS algorithm achieves
spectral efficiency that is comparable to that of the FA design
and outperforms the conventional SA hybrid design with a
small number of iterations, especially for large systems. The
results also showed that the number of iterations suitable for
the proposed hybrid design should be 10 or less. The hard-
ware complexity of the proposed DCIFS hybrid design is the
same as that of the conventional SA hybrid design and lower
than that of the FA hybrid design, indicating that the proposed
DCIFS design is a suitable solution for future communication
systems. For future work, it would be interesting to extend
this work to a multi-user scenario. This would allow for a
more comprehensive evaluation of the proposed approach and
enable its potential application in practical scenarios where
multiple users are present.
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