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ABSTRACT Hybrid precoding for millimeter wave (mmWave) multiple-input multiple-output (MIMO)
systems has attracted much attention in recent years for subarray architecture compared to array architecture
because of its low cost and low power consumption. This is due to the small number of required phase
shifters in the subarray architecture. In this paper, we investigate the issue of hybrid precoding for the
subarray architecture in narrowband mmWave MIMO systems. First, we derive the spectral efficiency of
the subarray architecture with hybrid precoding and discuss the problem formulation. Then, we propose
two low-complexity hybrid precoding algorithms for the subarray architecture for narrowband mmWave
MIMO systems. In the first algorithm, the hybrid precoding matrix is divided into subarrays submatrices
and each subarray submatrix is then divided into vectors. The analog precoding of each subarray is
determined from the first vector of the subarray submatrix, which is then used to determine the elements
of the digital precoder from all vectors in the subarray submatrix (vector by vector) using a simple
maximum ratio combining (MRC) method. The proposed algorithm is called vector-by-vector (VBV) hybrid
precoding. Finally, to further enhance the system performance, the proposed VBV precoding in the first
algorithm is also combined with an iterative solution, and the resulting algorithm is called iterative VBV
precoder. Simulation results verify that the proposed precoding algorithms outperform that of the successive
interference cancellation-based subarray precoding and has a performance that is close to that obtained by
the fully-connected spatially sparse precoding in various system settings, with lower complexity.

INDEX TERMS Hybrid precoding, narrowband millimeter wave MIMO system, subarrays architecture.

I. INTRODUCTION
Millimeter-wave (mmWave) multiple-input multiple-output
(MIMO) is considered to be a promising candidate technol-
ogy in the future wireless communications due to its wider
bandwidth and higher spectral efficiency [1]–[4]. Conven-
tional MIMO systems are not suitable for mmWave MIMO
systems because the complexity and power consumption of
the digital precoder are high, since each antenna must be con-
nected with a radio-frequency (RF) chain [5]–[15]. To allevi-
ate this, hybrid analog and digital precoding is suggested as
a suitable solution for mmWave systems [5]–[19]. An ana-
log precoder is implemented using phase shifters [6]–[10].
The main advantages of the hybrid precoding are its lower
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complexity, lower cost, lower power consumption, and higher
energy efficiency as compared to that of fully digital precod-
ing because the required number of the RF chains is low.

In mmWave systems, there are two architectures to connect
RF chains to antennas. The first is fully-connected (FC) and
is referred to as ‘‘array architecture’’ [5]–[19] and the second
is sub-connected or ‘‘subarray architecture’’ (SA) [20]–[33].
In the FC architecture, each RF chain is connected to anten-
nas, which requires phase shifters for each antenna and results
in high cost and power consumption for ultra-massive MIMO
systems. However, the spectral efficiency of this approach is
high. In the SA architecture, each RF chain is only connected
to a subarray of antennas and this technique results in much
lower hardware complexity and power consumption than that
of the FC architecture, albeit at a decrease in the spectral
efficiency of the system.
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Hybrid precoding for FC architecture has been exten-
sively studied in the literature for both narrowband and wide-
band mmWave systems [5]–[19], [34]. Many of these FC
designs achieve near optimum performance compared with
a fully digital system [5], [17]. In [5], FC hybrid precod-
ing and combining based on the sparse nature of mmWave
channels was studied. The works in [6], [8], [10], [14],
and [17] developed low-complexity hybrid precoders and
combiners for mmWave MIMO systems, while the works
in [13]–[16], and [19] proposed and investigated numerous
energy-efficient hybrid precoding and combining schemes.
In the ultra-massive MIMO systems, the FC architecture has
higher hardware complexity and power consumption than the
SA architecture [20]–[33]. As a results of its lower hardware
complexity, cost and power consumption, a SA architecture
is better suited for practical consideration [20]–[33]. Since
each RF chain only connects to a subarray of antennas, the
SA architecture changes the constrains of the optimization
problem of the hybrid precoding with the FC architecture and
the analog precoding must be modeled as a block diagonal
matrix [20], [29].

The SA architecture is discussed in the literature, and
several hybrid precoding algorithms for SA architecture are
presented [20]–[33]. A successive interference cancelation
(SIC)-based hybrid precoding for SA was introduced and
investigated in [20]. In [20], the authors assumed a diagonal
digital precoder with real elements, and they demonstrated
that the SA architecture is more energy efficient than the FA
architecture. In [23], a hybrid precoder for multi-subarray
millimeter-wave communication systems was proposed and
investigated. In [22], [27], and [30], many researchers inves-
tigated a dynamic subarray architecture that uses switches
to adjust the connections between RF chains and subarrays.
In the dynamic SA architecture, it is found that the perfor-
mance of the dynamic SA architecture is better than that
of the fixed SA architecture but with higher hardware and
computational complexity and power consumption. This is
because, the number of the required switches increases lin-
early with the number of the transmit antennas. To reduce
the complexity of the dynamic precoding, [31] proposed
a partially dynamic SA structure and assumed a dynamic
connection between the subarrays and the RF chains and
fixed number of antennas in each subarray. However, the
partially dynamic precoder in [31] still necessitates greater
computational and hardware complexities, as well as higher
power consumption, than fixed precoders. The work in [29]
considered the joint design of the precoder and combiner in
the subarray architecture. In [26], [28], and [33], an adaptive
connection between the antennas and the RF chains in the
hybrid precoder was proposed and studied. The adaptive SA
precoders provide better performance than that of the fixed
SA precoders but with higher hardware and computational
complexity. In addition, in the dynamic SA precoders, the
antenna location must be updated with the channel fluc-
tuations. So, proposing an efficient, low complexity and
power consumption hybrid precoder for the SA architecture

is still a very important issue, which is the objective of this
paper.

In this paper, we derive the hybrid precoding solution
for the SA architecture based on the consideration of the
following factors. (1) the division of large antenna arrays
into small antenna subarrays, (2) the subarray precoding with
RF hardware constraints; and (3) the block-based structure
of the precoding matrix. In this work, we only considered
narrowband mmWave channels like those in [5], [20], [24],
[26], and [29] while the consideration of wideband mmWave
channels is also of interest. The extension of this work to
wideband mmWave channels will be an important topic for
future work.

The main contributions of this paper are:

1. The hybrid precoding optimization problem for the
SA architecture mmWave MIMO system is formu-
lated, decomposed into a series ofNtRFNs subproblems,
where Ns is the number of data streams and NtRF is the
number of RF chains at the transmitter, and then solved.

2. Utilizing the structure of the precoding matrix, a low-
complexity algorithm to solve the hybrid precoding
problem in the SA architecture, namely, the vector-by-
vector (VBV) hybrid precoding, is developed. In the
first step, the analog precoding of each subarray is
obtained from the first vector of the subarray sub-
matrix. Then, the obtained analog precoding is used
to obtain the elements of the digital precoding that
are associated with this subarray, i.e., element from
each vector, using a simple maximum ratio combin-
ing (MRC) method. An efficient iterative solution for
each subarray is also combined with the proposed VBV
algorithm to enhance the performance of the mmWave
MIMO systems, and the resulting algorithm is called
iterative VBV hybrid precoding. The complexities of
the proposed algorithms are investigated and com-
pared.

3. We carry out extensive simulations for two different
scenarios to evaluate the proposed algorithms for the
SA architecture. Numerical results show that the pro-
posed algorithms achieve spectral efficiency close to
that obtained in [5] and outperforms that obtained in
[20] in various system settings.

The main advantages of the proposed VBV hybrid pre-
coding algorithms are that there is no need to make assump-
tion about the digital precoder like that in [20] or about the
channel geometry and channel architecture like that in [5],
while maintaining low complexity. Compared with the SA
dynamic precoders [22], [27], [30], [31], the proposed VBV
hybrid precoding algorithms are fixed and there is no need
to update the antenna location according to the channel fluc-
tuations and to use switches, which leads to lower compu-
tational and hardware complexities. Furthermore, unlike that
in [20], the proposed VBV hybrid precoding algorithms are
derived for a general case rather than a special case. In [20],
a SIC-based precoder is derived for a special case of a fixed
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SA architecture, and thus the authors assumed a diagonal
digital precoder matrix with real elements and NtRF = Ns.
Moreover, the matrix inversion is involved in [20] and not
involved in the proposed VBV hybrid precoding algorithms,
which makes the computational complexities of the proposed
VBV hybrid precoding algorithms low.

The remainder of this paper is organized as follows. The
system model of the subarray architecture is introduced in
Section II. The spectral efficiency and the problem formula-
tion are discussed in Sec. III. Section IV presents the pro-
posed VBV hybrid precoding algorithms for the subarray
architecture. The complexities of the proposed VBV hybrid
precoding algorithms are discussed in Sec. V. Simulation
results are investigated in Sec. VI. Finally, in Section VII we
present our conclusions.

In this paper, we use bold uppercase letters for matrices
and bold lowercase letters for vectors, and plaintext letters
for scalars. The exponents (.)−1, (.)∗, (.)T , and (.)H denote
the inversion, conjugate, transpose, and Hermitian transpose
and |.| denotes the determinant of amatrix. The functions ‖.‖1
and ‖.‖2 denote the l1-norm and l2-norm of a vector, and ‖.‖F
denotes the Frobenius norm of the matrix. IN is the N × N
identity matrix.

II. SYSTEM MODEL
Consider a downlink channel with one base station (BS) and
one mobile station (MS). The BS has Nt antennas and NtRF
RF chains and the MS has Nr antennas and NrRF RF chains.
The BS transmit Ns data streams. In this paper, a general
case when NtRF ≥ Ns is considered. Hybrid precoding in the
SA architecture at the BS is depicted in Fig. 1. The antenna
array at the BS is divided into Lt subarrays and each subarray
is connected with one RF chain. The number of antenna
elements in each subarray is equal to NtSA = Nt/Lt . The
received signal vector at the MS can be modeled as

y =WH√ρHPAPDs+WHn (1)

where ρ is the average power of the received signal,
H ∈CNr×N t is the channel matrix, PA is the Nt × Lt analog
precoding matrix, PD is the Lt ×Ns digital precoding matrix,
s is the Ns×1 vector of the transmitted signal such that
E
[
ss∗
]
=

1
Ns
INs and n is theNr×1 vector of independent and

identical distribution CN
(
0, σ 2

n
)
additive white noise. W =

WAWB is the Nr×Ns hybrid combining matrix, whereWA is
the analog combiner, andWB is the baseband combiner. In the
SA architecture, the analog precoding matrix can be denoted
as

PA =


pA1 0 . . . 0
0 pA2 . . . 0
...

...
...

...

0 0
... pALt

 (2)

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

√
NtSA but different phases.

FIGURE 1. Hybrid precoding in the subarray architecture at the BS.

The spectral efficiency that the hybrid precoder and com-
biner can achieve is given by [5], [17]

R = log2

(∣∣∣∣INs + ρ

Ns
R−1n WHHPAPDPHDP

H
AH

HW
∣∣∣∣) (3)

where Rn is the noise covariance. In this paper, we assume a
mmWave channel model [5].H can be expressed as [5], [17],
[20]

H =
√
NtNr

/
NclNray

×

Ncl∑
i

Nray∑
l

αil3r
(
φril, θ

r
il
)
3t
(
φtil, θ

t
il
)

× ar
(
φril, θ

r
il
)
at
(
φtil, θ

t
il
)∗ (4)

where Ncl and Nray are number of clusters and paths, respec-
tively. αil ∈ C is the lth path’s gain in the ith cluster.
φtil(φ

r
il) and θ

t
il(θ

r
il) represent the lth path’s azimuth (elevation)

angles of departure and arrival in the ith cluster, respectively.
3t
(
φtil, θ

t
il

)
and 3r (φril, θ

r
il) denote the transmit and receive

antenna element gain at their departure and arrival angles.
at
(
φtil, θ

t
il

)
and ar

(
φril, θ

r
il

)
are the antenna array response at

the transmitter and receiver, respectively. In a uniform planer
array, the array response vector can be defined as [5]

aUPA(φ,θ) =
1
√
Nt

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

× . . . ,ejkd((W−1)sin(φ)sin(θ)+(H−1)cos(θ)]
T
(5)
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where k = 2π
λ
, 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. The array size of the transmitter
is Nt = WH . In this paper, we assume perfect channel state
information at the BS and the MS.

III. SPECTRAL EFFCIENCY AND PROBLEM FORMULATION
In this section, the spectral efficiency and the problem formu-
lation are discussed. In this paper, we aim to maximize the
spectral efficiency of the hybrid precoder at the transmitter
side of the SA architecture. So, the combiner analysis at the
receiver side is not considered, and the spectral efficiency of
the SA architecture with the precoder can only be written
as [20]

R = log2

(∣∣∣∣INr + ρ

Nsσ 2
n
HPAPDPHDP

H
AH

H
∣∣∣∣) (6)

The singular value decomposition (SVD) ofH can be defined
as [5], [17]

H = U6VH
=
[
U1 U2

] [61 0
0 62

][VH
1

VH
2

]
(7)

where U is an Nr × rank(H) unitry matrix and V is an Nt ×
rank(H) unitary matrix. 6 is an rank(H)× rank(H) diagonal
matrix containing the singular values of H in decreasing
order. 61 is an Ns × Ns diagonal matrix, V1 is an Nt × Ns
matrix and U1 is an Nr ×Ns matrix. The solution of the opti-
mal unconstrained hybrid precoding and combining scheme
is given by Popt = V1 and Wopt

= UH
1 [5], [17]. Given

H = U6VH , (6) can be expressed as

R = log2

(∣∣∣∣INr + ρ

Nsσ 2
n
62VHPAPDPHDP

H
AV

∣∣∣∣) (8)

Then, by separating 6 and V as in (7), (8) can be approxi-
mated as [5]

R ≈ log2

(∣∣∣∣INs + ρ

Nsσ 2
n
62

1V
H
1 PAPDP

H
DP

H
AV1

∣∣∣∣) (9)

By using the formula (I − XY )(I − (I + X)−1 X (I − Y))
[5], [20], (9) can be rewritten as

R = log2

(∣∣∣∣INs + ρ

Nsσ 2
n
62

1

∣∣∣∣)
+ log2

(∣∣∣∣∣INs −
(
INs +

ρ

Nsσ 2
n
62

1

)−1 (
ρ

Nsσ 2
n
62

1

)
(
INs−V

H
1 PAPDP

H
DP

H
AV1

)∣∣∣) (10)

After employing the high SNR approximation, R can be
simplified as [5], [20]

R ≈ log2

(∣∣∣∣INs +
ρ

Nsσ 2
n
62

1

∣∣∣∣)+ log2
(∣∣∣VH

1 PAPDP
H
DP

H
AV1

∣∣∣)
(11)

From (11), we observe that maximizing R is equivalent to
maximizing VH

1 PAPDP
H
DP

H
AV1 =

∥∥VH
1 PAPD

∥∥2
F. Define the

digital precoding matrix PD =
[
pD1 pD2 . . . pDLt

]T ,
where pDl =

[
dln dl2 . . . dlNs

]
is the 1 × Ns vector

represents the lth row of PD and dln is the element of PD
that lies in lth row and nth column, we can reformulate∥∥VH

1 PAPD
∥∥2
F for all subarray submatrices as∣∣∣∣∣∣VH

1 PAPD

∣∣∣∣∣∣2
F
=

Lt∑
l=1

∣∣∣∣∣∣ṼH
l pAlpDl

∣∣∣∣∣∣2
F

(12)

where V1 =
[
Ṽ1Ṽ2 . . . ṼLt

]T
, Ṽl is the NtSA×Ns submatrix

of the lth subarray. We can also further decompose (12) for
all vectors as∥∥∥VH

1 PAPD
∥∥∥2
F
=

Lt∑
l=1

Ns∑
n=1

∥∥∥vHln(dlnpAl )∥∥∥22 (13)

where Ṽ l =
[
vl1 vl2 . . . vlNs

]
, vln is the NtSA×1 vec-

tor of the nth vector in the lth subarray submatrix.
From (12) and (13), we note that maximizing VH

1 PAPD is

equivalent to maximizing Ṽ
H
l pAlpDl in each subarray sub-

matrix or to maximizing vHln(d lnpAl ) in each vector.

IV. THE PROPOSED VBV HYBRID PRECODING SCHEME
In this section, we propose two new algorithms by exploiting
the structure of the SA precoding matrix to solve the hybrid
precoding problem for narrowbandmmWave communication
systems.

A. VBV HYBRID PRECODING
In this subsection, we aim tomaximize the achievable spectral
efficiency of each subarray as illustrated in section III. In the
SA architecture, the hybrid precoding matrix P can be written
as

P =


P1
P2
...

PLt

 = PAPD =


pA1pD1
pA2pD2
...

pALtpDLt

 (14)

wherePl = pAlpDl is anNtSA×NS hybrid precodingmatrix of
the lth subarray. We can decompose P into vectors as follows:

P =


p11 p12 . . . p1Ns
p21 p22 . . . p2Ns
...

...
...

...

pLt1 pLt2
... pLtNs



=


d11pA1 d12pA1 . . . d1NspA1
d21pA2 d22pA2 . . . d2NspA2
...

...
...

...

dLt1pALt dLt2pALt
... dLtNspALt

 (15)

where pln = dlnpAl is an NtSA × 1 vector represents the
nth vector in the lth subarray. Equation (15) shows that the
hybrid precoding matrix P in the SA architecture consists of
Lt subarray submatrices and each subarray submatrix consist
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of Ns vectors. The total number of vectors in P is LtN s
and the elements in each vector have the same amplitude
|dln| /

√
NtSA. According to the structure of P in (15), there

are two constrains for the design of P in the SA architecture:
Constrain 1: All elements in pln have the same amplitude
|dln| /

√
NtSA since the amplitude of all elements in pAl have

amplitude 1/
√
NtSA.

Constraint 2: The Frobenius norm of P should satisfy
‖PAPD‖2F = Ns to meet the total transmit power.

As illustrated in Sec. III, the optimization problem in the
SA architecture can be written as(

PoptA ,PoptD

)
= argmin

PA,PD

∥∥Popt − PAPD
∥∥F
2

st. pln ε FA,

‖PAPD‖2F = Ns (16)

whereFFFA includes all possibleNtSA×1 vector satisfying con-
straint 1. The objective function in (16) can be decomposed
into objective functions of each of the Lt subarrays as∥∥Popt − PAPD

∥∥2
F =

∑Lt

l=1

∥∥∥Poptl − pAlpDl
∥∥∥2
F

(17)

Moreover, we can further decompose the objective func-
tion in (17) into objective functions for the LtN s vectors as
follows:∥∥Popt − PAPD

∥∥2
F =

∑Lt

l=1

∑Ns

n=1

∥∥∥poptln − dlnpAl
∥∥∥2
2

(18)

Equation (18) shows that minimizing
∥∥Popt − PAPD

∥∥2
F is

equivalent to separately minimizing the LtNS subproblems∥∥∥poptln − dlnpAl
∥∥∥2
2
. So, the optimization problem in (16) is

equivalent to the following subproblem(
poptAl , d

opt
ln

)
= argmin

pAl ,dln
‖vln − dlnpAl‖22

st. pln ε FA,

‖PAPD‖2F = Ns (19)

where poptln = vln and vln can be obtained from V1 as

V1 =


v11 v12 . . . v1Ns
v21 v22 . . . v2Ns
...

...
...

...

vLt1 vLt2
... vLtNs

 (20)

where vln is the NtSA × 1 vector containing the optimum ele-
ments of the nth vector in the lth subarray. The unconstrained
optimal solution of the problem in (19) can be given as

poptAl =
1

√
N tSA

ejangle(vln) (21)

and

doptln =
‖vln‖1
√
N tSA

(22)

Due to constraints 1 and 2, the optimum solutions in (21)
and (22) are not suitable for all vectors. However, from the

structure of P, it is possible to apply this solution only for
one column of P to find poptAl and then PoptA . So, in this paper,
we will apply this solution to find poptAl from the first vector
of each subarray submatrix and the optimum solution in (21)
can be modified as

poptAl =
1

√
N tSA

ejangle(vl1) (23)

From this solution, we can find the analog precoding vectors
poptAl (l = 1, 2, . . . .,Lt ) of all subarrays. After that, by fixing
the analog precoder PA and temporarily ignoring the power
constraint ‖PAPD‖2F = Ns, we will find the elements of the
digital precoding doptln from all vectors using a simple MRC
(Vector-by-Vector). The proposed VBV hybrid precoding
algorithm can be performed by the following three steps.

1. From the first vector in each subarray submatrix, find
the analog precoding vectors as in (23).

2. Obtain the elements of PD from all vectors using a
simple MRC as follows:

doptln = (poptAl )
H
∗ vln (24)

3. Normalize PD as PD =
√
N s

‖PAPD‖F
PD.

Algorithm 1 illustrates the pseudo code of the proposed VBV
hybrid precoding scheme.

Since the elements of each vector in the hybrid precoding
matrix have the same amplitude, it is possible to enhance
the performance of Algorithm 1 by combining it with the
iterative solution in [17] and iteratively solving the problem
of the hybrid precoding for each subarray.

Algorithm 1 VBV Hybrid Precoding Scheme
1. Input V1
2. Decompose V1 as (20)
3. For 1 ≤ l ≤ Lt
4. For 1 ≤ n ≤ Ns
5. If n = 1
6. poptAl =

1
√
N tSA

ejangle(vln)

7. doptln = (poptAl )
H
∗ vln

8. else
9. doptln = (poptAl )

H
∗ vln

10. end if
11. end for
12. end for
13. construct PD and PA
14. normalize PD as PD =

√
N s

‖PAPD‖F
PD

15. Return PA and PD

The vectors pAl and pDl obtained from algorithm 1will be
used as initial values in the solution as illustrated in the next
subsection.

B. ITERATIVE VBV HYBRID PRECODER
In this subsection, the proposed scheme in algorithm 1 is com-
bined with the iterative solution in [17] to further improve the
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mmWave communication systems’ performance. The opti-
mization problem of the lth subarray can be written as(

poptAl ,p
opt
Dl

)
= argmin

pAl ,pDl

∥∥∥poptl − pAlpDl
∥∥∥F
2

st. pAl ε FA,

‖PAPD‖2F = Ns (25)

The iterative solution of this problem can be written as [17]

pAl = PrespHDl + pAl (26)

where Pres = Poptl − pAlpDl is the residual precoding matrix
for the lth subarray. Equation (26) indicates that the updated
pAl is equal to the pAl from the previous iteration plus the
PrespHDl . After getting pAl and pDl from algorithm 1, it is
possible to use these values as an initial value to iteratively
solve the optimization problem in (25).

After that, to satisfy the constraint in (25), the obtained pAl
of the lth subarray must be normalized as

pAl = pAl/(|pAl | ∗
√
NtSA) (27)

In summary, the pseudo-code of the proposed iterative
VBV hybrid precoding can be summarized in Algorithm
2, which can be explained as follows. First, algorithm 1 is
applied to obtain pAl and pDl of the lth subarray. Then, the
iterative solution for the lth subarray is applied to obtain the
optimal pAl and pDl and this operation will be repeated for all
subarrays. Finally, PD and PA are constructed.

Algorithm 2 Iterative VBV Hybrid Precoding scheme
1. Input V1, K

2. Decompose V1 as V1 =

[
Ṽ1Ṽ2 . . . ṼLt

]T
3. For 1 ≤ l ≤ Lt
4. Compute poptAl by Algorithm 1
5. Compute doptln (n = 1, 2, ...,N s) by Algorithm 1
6. Initial pAl = poptAl

7. Construct pDl =
[
doptl1 doptl2 . . . doptlNs

]
8. For 1 ≤ k ≤ K
9. Compute the residual Pres = Ṽl − pAlpDl
10. Update pAl = Pres pHDl + pAl
11. Normalize pAl = pAl/(|pAl | ∗

√
NtSA)

12. pDl = pHAl ∗ Ṽl
13. end for
14. end for
15. Construct PD and PA
16. Normalize PD as PD =

√
N s

‖PAPD‖F
PD

17. Return PA and PD

Equation (26) satisfies the property of the gradient descent
method [17]. Each iteration, from step 8 to 13 in algorithm 2,

minimizes the objective function
∥∥∥Poptl − pAlpDl

∥∥∥2
F
and, as a

result, the convergence of pAl to a local optimal point is
ensured.

The idea of the VBV hybrid precoding algorithms in this
paper can also be extended to the combining at the mobile

FIGURE 2. Achievable spectral efficiency comparison for Nt = 64,
Nr = 16, NtRF = 4 and NrRF = 4.

station. Discussion about VBV hybrid combining will be left
for future work.

V. COMPLEXITY EVALUATION
In this paper, the complexity of the proposed precoders in
algorithms 1 and 2 will be discussed in this section. The pro-
posed precoder in algorithms 1 finds PA from the first vector
of all subarrays submatrix and then uses it to find elements of
PD from all vectors of each subarray submatrix using a simple
MRC. The numbers of multiplications and additions required
to find each doptln areNtSA and (NtSA−1), respectively, which is
very low as compared to that of the sparse hybrid precoding
in [5] that uses the least square method to find the PD. The
complexity of the proposed precoder in algorithms 1 is in
the order of O(NtSALtNs) which is very low as compared to
that of the sparse hybrid precoding in [5], which requires
O(N 2

t NtRFNs) [17]. When the iterative solution is combined
to algorithm 1, the resulting proposed precoder in algorithms
2 requires an additional complexity by about O(KNtSANs)
and the total complexity is also still lower than that in [5].
The complexities of the proposed precoders are also lower
than that of the SIC-based precoder in [20], which requires
O(N 2

tSA(Lts+Nr )) [20]. Here, s is the number of iterations in
[20]. Moreover, the number of the required phase shifters in
the BSwith the proposed precoders isNt whereas the required
number of phase shifters with the sparse method in [5] is
LtNt . This indicates that the proposed precoders have lower
computational and hardware complexities, lower costs, and
lower power consumption than those of [5].

VI. SIMULATION RESULTS
In this section, simulation experiments are carried out to eval-
uate the performance of the proposed VBV hybrid precoding
algorithms 1 and 2 at two different scenarios. Note that K =
0 denotes Algorithm 1 and K 6= 0 denotes Algorithm 2. The
proposed VBV precoding algorithms are compared with the
optimal unconstrained hybrid precoding, the spatially sparse
hybrid precoding in [5] and the SIC-based SA precoding in
[20]. In these simulations, we consider one BS and one MS.
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FIGURE 3. Achievable spectral efficiency comparison for Nt = 64,
Nr = 16, NtRF = 4 and NrRF = 4.

We generate the channel matrix of mmWave MIMO system
described in Section II. Ncl = 8 clusters, Nray = 8 rays
per cluster and an angular spread of 7.5o are considered.
We assume equal power for all clusters [5]. The transmitter’s
sector angle is assumed to be 60o -wide in azimuth domain
and 20o -wide in elevation. Both the transmit and receive
antenna arrays are ULAs. λ/2 is the spacing between antenna
elements and the carrier frequency is 28 GHz. Perfect channel
state information at the BS and the MS is assumed. The
SNR is defined as SNR = ρ/σ 2

n . All simulation results are
averaged over 1000 channel realizations.

A. THE FIRST SCENARIO (PRECODING COMBINING)
In this scenario, the proposed VBV precoder algorithms are
studied with an optimal combiner at the receiver side, and
the spectral efficiency is studied and calculated using (3).
Fig. 2 evaluates the spectral efficiency achieved by the pro-
posed VBV hybrid precoding and combining algorithms with
different K compared to the optimal unconstrained precoding
and combining scheme for a 64 × 16 system. NtRF = 4 and
NrRF = 4 are assumed.
It is clearly seen that the performance of Algorithm 2

(K 6= 0) improves slowly when K is increased from 10 to
20 and thus K = 0 is chosen as a sufficient value for the
iterative solution in algorithm 2 and K = 10 will be used for
the iterative solution in the next figures.

Fig. 3 shows the achievable spectral efficiency perfor-
mances of the proposed VBV hybrid precoding and com-
bining algorithms 1 (K = 0) and 2 (K = 10), the sparse
precoding and combining, and the optimal unconstrained
precoding and combining for a 64 × 16 system. NtRF =
NrRF = 4 and Ns = 1 and 2 are assumed. We can see
from Fig. 3 that the proposed VBV hybrid precoding and
combining in algorithm1 provides performance close to that
obtained from the sparse hybrid precoding of [5]. Moreover,
algorithm 2 provides a little increase in the spectral efficiency
compared to that of the sparse hybrid precoding of [5] when
K= 10. The superiority of the proposed VBV scheme in
algorithm 2 as compared with that in [5] is because the

FIGURE 4. Achievable spectral efficiency comparison for Nt = 256,
Nr = 64, NtRF = 32 and NrRF = 8.

FIGURE 5. Achievable spectral efficiency versus the number of data
streams and the SNR in dB for the proposed VBV precoding and
combining scheme for Nt = 256, Nr = 64, NtRF = 16 and NrRF = 4.

proposed VBV precoding and combining algorithm in this
scenario uses an optimal combiner at the receiver side, which
leads to improved system performance. However, as we will
see in the scenario 2, the performances of the proposed hybrid
precoding and combining algorithms 1 and 2 approach that
in [5] whenwe compared the precoders only at the transmitter
side, but it does not surpass it.

The performances of the proposed VBV hybrid precod-
ing and combining algorithms 1 and 2 are also investigated
and tested for a large mmWave MIMO system, as shown
in Fig. 4 at different Ns. Fig. 4 illustrates the spectral effi-
ciency achieved by the proposed VBV hybrid precoding and
combining algorithms 1 and 2, the sparse hybrid precoding
and combining and the optimal unconstrained hybrid precod-
ing and combining for a 256× 64 system with NtRF= 32,
NrRF= 4 and Ns =2, 4, and 8. The results in Fig.4 show that
the proposed VBV hybrid precoding and combining algo-
rithms 1 (K= 0) and 2 (K= 10) still provide performances
approach that in [5] when Ns = 2, and 4 and algorithm
2 outperform that in [5] when Ns = 8 because of the optimal
combining at the receiver side.
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FIGURE 6. Achievable spectral efficiency versus the number of RF chains
and the SNR in dB for the proposed VBV precoding and combining
scheme for Nt = 256, Nr = 64, Ns = 4 and NrRF = 4.

FIGURE 7. Achievable spectral efficiency versus the number of RF chains
and the number of data streams for the proposed VBV precoding and
combining scheme for Nt = 256, Nr = 64, NrRF = 4, and SNR = −10(dB).

To validate the performance of the proposed VBV hybrid
precoding and combining scheme, Fig. 5 shows the spectral
efficiency versus the number of data streams and the SNR as
a three-dimensional plot for a 256 × 64 system with K = 0,
NtRF = 16 and NrRF = 4. It is clear that the spectral
efficiency starts to increase rapidly as we increase the number
of transmitted streams when SNR ≥ −30 dB.

Fig. 6 illustrates the spectral efficiency of the proposed
VBV scheme versus the number of RF chains and the SNR
as a three-dimensional plot for a 256 × 64 system with
K = 0, NrRF = 4 and Ns = 4. From Fig. 6, it can be
concluded that as the number of RF increases, the spectral
efficiency of the system increases rapidly, even if the number
of antennas at the transmitter and receiver, the number of
RF chains of the receiver, and data streams are constant,
especially when SNR ≥ −30 dB. This figure also shows that
with the assumed system parameters, the performance of the
proposed algorithm improves slowly when NtRF > 16 and
thus NtRF = 16 is sufficient for the proposed VBV precoding
and combining in this scenario to provide good performance
with lower complexity.

FIGURE 8. Achievable spectral efficiency comparison for Nt= 64, Nr= 16,
and NtRF= 4.

FIGURE 9. Achievable spectral efficiency versus the number of data
streams and the SNR in dB for the proposed VBV precoding scheme for
Nt = 64, Nr = 16 and NtRF = 8.

The impact of the number of the transmitted data streams
and the number of the RF chains on the spectral efficiency
performance of the proposed VBV precoding and combining
scheme with K = 0 is studied and shown in Fig. 7 for a
256 × 64 system when SNR = −10 dB and NrRF = 4.
It is clearly seen that the achievable spectral efficiency has
a significant increase with the increase in the numbers of RF
chains and data streams. This figure also shows that NtRF =
16 is suitable for the proposedVBVprecoding and combining
scheme when Ns is low and NtRF = 32 is suitable when Ns is
high.

B. THE SECOND SCENARIO (PRECODING ONLY)
For the sake of fairness, the precoding stage at the transmitter
side for the proposed algorithms 1 and 2, the optimal uncon-
strained precoding, the sparse precoding in [5] and the SIC-
based precoding in [20] is only considered in this scenario,
and the spectral efficiency is calculated using (6).

Fig. 8 illustrates the spectral efficiencies versus the SNR
values of the proposed VBV precoder algorithms 1 (K = 0)
and 2 (K = 10), the optimal unconstrained precoder, the spa-
tially sparse precoder [5], and the SIC-based precoder [20].
In the simulation, we assume a 64× 16 system with NtRF =
4, and Ns = 4. From Fig. 8, it can be concluded that as the
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FIGURE 10. Achievable spectral efficiency versus the number of data
streams and the SNR in dB for the proposed VBV precoding scheme for
Nt = 64, Nr = 16 and Ns = 2.

FIGURE 11. Achievable spectral efficiency versus the number of data
streams and the SNR in dB for the proposed VBV precoding scheme for
Nt = 64, Nr = 16 and SNR = −10dB.

SNR increases, the spectral efficiency of the proposed VBV
precoding in algorithms 2 increases rapidly and provides
performance near that of [5] with low complexity. Fig 8 also
shows that the proposed VBV algorithms 1 and 2 outperform
that in [20].

Fig. 9 illustrates the spectral efficiency versus the number
of data streams and the SNR. In the simulation, we assume a
64×16 systemwithNtRF = 8 andK = 10. From Fig. 9, it can
be concluded that as the number of data streams increases, the
spectral efficiency of the proposed VBV precoding scheme
starts to rapidly increase when SNR > −25 dB, even if
the numbers of transmitting antennas and RF chains do not
change. On the other hand, the performance of the proposed
scheme increases with the increases of the number of the data
streams at high SNR, even at a constant SNR.

Fig. 10 shows the spectral efficiency against the number of
RF chains and the SNR at the same time. In the simulation,
we assume a 64 × 16 system with Ns = 2 and K = 10.
We can easily observe that the performance of the proposed
VBV precoder when SNR > −25 dB starts to increase,
even if the number of transmitting antennas and data streams
does not change. Moreover, Fig. 10 shows that increasing RF
chains lead to an increase in the system performance. It is
also noted that the increase in system performance when the
number of RF chains is greater than 4 is small, and thus this

value is sufficient to use with the proposed algorithm in this
scenario and to provide performance outperforms that of the
SIC-based precoding in [20] as shown in Fig. 8, with lower
complexity.

The impact of the numbers of data streams and RF chains
on the spectral efficiency of the proposed VBV precoder is
studied at a fixed transmitter antennas and a SNR = −10 dB
using a three-dimensional plot and shown in Figure 11. In the
simulation, we assume a 64 × 16 system and K = 10.
It is clearly seen that the spectral efficiency of the proposed
VBV precoder increases slowly when NtRF > 4 and Ns >
4 and thus NtRF = 4 is sufficient to provide the required
performance and maintain low complexity.

VII. CONCLUSION
In this paper, the issue of single user hybrid precoding for
SA architecture in narrowband mmWave MIMO systems
has been studied. We first showed that the optimization
problem of the hybrid precoding for SA architecture can be
decomposed into a series of Lt subproblems, where each
of them represents one subarray, and then into a series of
LtNs subproblems, where each of them represents one vector.
We showed that the analog precoding vector of each subarray
can be determined from the first vector of each subarray
hybrid precoding submatrix, and then the obtained analog
precoding vector will be used to determine the elements of
the digital precoding matrix from each vector in the subarray
hybrid precoding submatrix using a simple MRC method.
Then, a low-complexity VBV hybrid precoding algorithm is
proposed for SA architecture narrowband mmWave MIMO
systems for a general case where there is no need to assume
equal numbers of data streams and RF chains. Finally, an iter-
ative VBV hybrid precoding algorithm for SA architecture is
proposed. Simulation experiments have been performed on
two scenarios, and results have shown that the proposed VBV
hybrid precoding algorithms achieve better performance than
that of the SIC-based subarray precoder in [20] and close
performance to that of the FC spatially sparse hybrid pre-
coding in [5]. It is also found that K = 10 in Algorithm
2 is sufficient to provide performance close to that in [5] and
outperforms that in [2], even at low NtRF . This indicates that
the proposed VBV hybrid precoding algorithms are suitable
for the SA architecture in narrowband mmWave systems.
For future work, it would be interesting to extend this work
to a wideband mmWave system and also to consider the
combining at the receiver side.
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