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Abstract. This paper considers a multi-user multiple-input-single-
output (MU-MISO) mmWave downlink communication system. The
hybrid beamforming (HBF) is applied at the base station (BS). A joint
analog beamforming (ABF) and digital beamforming (DBF) optimiza-
tion problem is formulated to maximize the sum rate (SR) of the users,
the problem is generally non-convex due to the log-determinant as well
as unit modulus constraints (UMC) for ABF. Two efficient alternating
descent iteration algorithms are developed to solve the intractable prob-
lem. Finally, simulation results are included to verify the efficiency of the
proposed approaches, results also show that the proposed algorithms can
accommodate discrete phase shifts for ABF.

Keywords: Millimeter wave downlink system · Sum rate
maximization · Non-convex optimization algorithm

1 Introduction

The wavelength of millimeter-wave (mmWave) is between 1 − 10 mm, and its
frequency band ranges from 30 GHz to 300 GHz [1]. The mmWave commu-
nication has emerged as a key technology to meet the explosive growth in
data rate and quality of service (QoS) requirements in beyond fifth-generation
(B5G) networks [2]. Short wavelength and a large path loss are key character-
istics of mmWave communication systems. Fortunately, the small wavelength of
mmWave systems allows the use of a large number of antennas, and yet achieves
high array gain for directional communications by exploiting precoding tech-
niques [3,4].

However, in the case of mmWave communication, the use of conventional
fully digital beamforming is impractical. Although the optimal performance can
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be achieved theoretically, it is faced with the problem of high implementation
complexity, large power consumption of mmWave radio frequency (RF) chains,
and hardware limitations [5,6]. To address this issue, hybrid beamforming (HBF)
has been proposed as an efficient approach with near-optimal performance [7–
10]. The key idea of HBF is to decompose the fully digital beamforming into
a high-dimensional analog beamforming (ABF) to increase the antenna gain
and a low-dimensional digital beamforming (DBF) to cancel interference [11].
However, the design of HBF is extremely challenging for the reason that HBF
is a product of ABF and DBF, which are coupled together. Additionally, the
entries of ABF matrix are subject to the unit modulus constraint (UMC). In
the studies of mmWave HBF communication systems, HBF was formulated for
single-user (SU) mmWave multiple-input multiple-output (MIMO) communica-
tion [12–14]. In [12], the authors studied the beamforming design of HBF in a
mmWave system. The system adopted a fully adaptive beamforming structure,
wherein a switch control connection was deployed between each antenna and
the RF link. In order to maximize the energy efficiency, the joint optimization
problem of switching control connection and hybrid precoders was formulated
as a large-scale mixed-integer non-convex problem with high dimensional power
constraints. In this paper, an alternating HBF algorithm was proposed to solve
continuous HBF subproblem, and then a fully adaptive HBF algorithm with
matching assistance was developed to solve discrete connection-state non-convex
problems. The work [13] studied a mmWave large-scale MIMO communication
system and proposed a HBF scheme based on model-driven deep learning and
alternating minimization. The main idea of this scheme was to maximize spectral
efficiency by solving ABF and DBF alternately. In this paper, ABF network was
used to solve phase shifts, and Lagrange multiplier method was used to solve
DBF. The work [14] studied a mmWave MIMO communication system in order
to maximize user rate. The problem was formulated and then decoupled into a
series of subproblems. A method of singular value decomposition was proposed
to solve the problem. However, all the aforementioned research works [12–14],
only consider the simple SU communication scenario, and fail to extend the
multi-user complex communication scenario.

Researchers have also remained interest in HBF design for multi-user (MU)
downlink communication. The authors of [15] studied the beamforming problem
in the transmission scenarios of mmWave SU MIMO communication and MU
communication systems. A heuristic hybrid beamforming algorithm was pro-
posed to maximize the sum rate (SR), and the proposed algorithm was still
applicable for the case of discrete resolution. The authors in [16] studied the
multi-BS and MU downlink communication system, with the aim of maximizing
energy efficiency. The authors used fractional programming theory, penalty dual
decomposition method, and the relationship between user rate and mean square
error to transform the initial problem into a tractable problem. This optimiza-
tion problem was solved by alternating direction multiplier method and block
successive upper-bound minimization method. The work [17] studied mmWave
MU MIMO system in a single base station (BS), and proposed a penalized dual
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decomposition method to directly solve the non-convex HBF problem of the
system in order to maximize spectral efficiency. The proposed algorithms can
ensure convergence to Karush-Kuhn-Tucker (KKT) solution of HBF problem,
which were also suitable for discrete resolution cases. However, these works [15–
17] fail to provide an effective solution for UMC, which makes the calculation
complexity very high.

This paper is organized as follows: In Sect. 2 and Sect. 3 respectively develop
penalty optimization (PO) and alternating descent round (ADR) algorithms for
the HBF design to maximize the SR. Section 4 evaluates the performance of all
the algorithms. Section 5 concludes the paper.

The following inequality for all x, x̄, and positive definite y and ȳ of appro-
priate dimension is frequently used in the paper:

|x|2
y

≥ −|x̄|4
ȳ2

+ 2
ȳ + |x̄|2

ȳ2
�{x̄Hx} − |x̄|2

ȳ2
(|x|2 + y). (1)

2 Penalty Optimization Approach

Fig. 1. MmWave MU-MISO downlink communication systems.

We consider a RIS-aided mmWave MU- MISO DL system as illustrated by Fig. 1,
where the BS equips with N antennas and NRF RF chains communicates with K
single-antenna users, the BS is in the form of a uniform planar array (ULA) [18].

For N � {1, . . . , N} and NRF � {1, . . . , NRF }, let θθθ � [θθθn,j ](n,j)∈N×NRF
∈

[0, 2π)N×NRF be the phase shift matrix. Define the following one-to-one map-
ping from [0, 2π)N×NRF to U

N×NRF � {U = [u(n, j)](n,j)∈N×NRF
: |un,j | =

1, (n, j) ∈ N × NRF }:

A(θθθ) �
[
A1(θθθ) . . . ANRF (θθθ)

]

= [ejθθθn,j ](n,j)∈N×NRF
∈ U

N×NRF , (2)
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to represent the phase shift based ABF matrix. Due to hardware limitations, the
phase shift can not take an arbitrary value, b-bit resolution is optimized, and we
thus have

θθθn,j ∈ A � {0,
2π

2b
, . . . ,

2π(2b − 1)
2b

}, (3)

and the special case of b = ∞ corresponds to the continuous phase shifts.
For k ∈ K � {1, . . . , K}, s � (s1, s2, . . . , sK), let sk ∈ C with E(sksH

k ) = I
be the transmitted signal for user k, which is beamformed by Dk ∈ C

NRF , and
DBF matrix is:

D �
[
D1 . . .DK

] ∈ C
NRF ×K , (4)

the baseband signal x is x = Ds =
∑K

k=1 Dksk. The mmWave channel between
the BS and user k ∈ K by Hk ∈ C

1×N , the signal received at user k is formulated
as:

yk = HkA(θθθ)
K∑

k=1

Dksk + nk (5)

= Hk(θθθ)
K∑

k=1

Dksk + nk. (6)

The HBF is given by producting of ABF A(θθθ) and DBF Dk, k ∈ K:

wk � A(θθθ)Dk ∈ C
N , (7)

and accordingly,
w �

[
w1 . . .wK

] ∈ C
N×K . (8)

According to the equations (6), the signal-to-interference-plus-noise ratio
(SINR) at user k is:

ρk(θθθ,D) � |Hk(θθθ)Dk|2
∑K

l �=k |Hk(θθθ)Dl|2 + σ
, (9)

thus, the rate at user k is:

Rk(θθθ,D) � ln(1 + ρk(θθθ,D)). (10)

Given the power budget P , the transmit power constraint at the BS can be
expressed as:

K∑

k=1

||A(θθθ)Dk||2 ≤ P. (11)

The HBF design problem of maximizing the SR of users is formulated as:

max
θθθ,D

K∑

k=1

Rk(θθθ,D) � max
θθθ,D

ln(
K∏

k=1

(1 + ρk(θθθ,D))) (12a)

s.t. (3), (11). (12b)
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Defining the following equation:

Λ(1 + ρ1(θθθ,D), . . . , 1 + ρK(θθθ,D)) �
K∏

k=1

(1 + ρk(θθθ,D)). (13)

Let (θ(κ),D(κ)) be a feasible point for (13), we linearize Λ(1+ρ1(θθθ,D), . . . , 1+
ρK(θθθ,D)) at (1 + ρ1(θ(κ),D(κ)), . . . , 1 + ρK(θ(κ),D(κ))) is

(1 − K)Λ(1 + ρ1(θ(κ),D(κ)), . . . , 1 + ρK(θ(κ),D(κ)))

+
K∑

k=1

Λ(1 + ρ1(θ(κ),D(κ)), . . . , 1 + ρK(θ(κ),D(κ)))
1 + ρk(θ(κ),D(κ))

(1 + ρk(θθθ,D)). (14)

It is plausible that this problem is equivalent to the following problem:

max
θθθ,D

f(θθθ,D) �
K∑

k=1

γk(1 + ρk(θθθ,D)) (15a)

s.t. (3), (11), (15b)

for

γ
(κ)
k � Λ(1 + ρ1(θ(κ),D(κ)), . . . , 1 + ρK(θ(κ),D(κ)))

1 + ρk(θ(κ),D(κ))
, k = 1, . . . ,K, (16)

for computational stability, γ
(κ)
k is scaled as

γ
(κ)
k −→ γ

(κ)
k

minj=1,...,K γ
(κ)
j

, k = 1, . . . ,K. (17)

Recalling the definition (7) of HBF, the SINR of user k defined by (9) can
be expressed as:

ρk(w) � |Hkwk|2
∑K

l �=k |Hkwl|2 + σ
, (18)

and rate is:
Rk(w) � ln(1 + ρk(w)). (19)

Thus, the optimization problem can be expressed as:

max
w

K∑

k=1

Rk(w) � max
w

ln(
K∏

k=1

(1 + ρk(w))) (20a)

s.t.
K∑

k=1

||wk||2 ≤ P, (3), (7), (20b)



mmWave Sum Rate Maximization 109

equivalence problem:

max
w

f(w) �
K∑

k=1

γk(1 + ρk(w)) s.t. (3), (21a)

K∑

k=1

|wk||2 ≤ P. (21b)

We will address (21) PO optimization problem:

max
θθθ,D,w

F (θθθ,D,w) � f(w) − c||wk − A(θθθ)Dk||2 (22a)

s.t. (3), (21b). (22b)

with the penalty parameter c > 0 to be updated.

2.1 Hybrid Beamforming Design

We seek HBF w(κ+1) ensuring that

F (θ(κ),D(κ), w(κ+1)) > F (θ(κ),D(κ), w(κ)), (23)

by considering the following problem:

max
w

F (θ(κ),D(κ),w) (24a)

s.t. (21b). (24b)

The following tight concave quadratic minorant is obtained by (1):

1 + ρk(w) ≥ 1 + ρ
(κ)
k (w)

� a
(κ)
k + 2b

(κ)
k �{〈c(κ)k wk〉} − d

(κ)
k (

K∑

l=1

|Hkwl|2), (25)

with a
(κ)
k � − |Hkw

(κ)
k |4

(
∑K

l �=k |Hkw
(κ)
l |2+σ)2

− σ
|Hkw

(κ)
k |2

(
∑K

l �=k |Hkw
(κ)
l |2+σ)2

+ 1, b
(κ)
k �

∑K
l=1 |Hkw

(κ)
l |2+σ

(
∑K

l �=k |Hkw
(κ)
l |2+σ)2

, c
(κ)
k � (Hkw

(κ)
k )HHk, d

(κ)
k � |Hkw

(κ)
k |2

(
∑K

l �=k |Hkw
(κ)
l |2+σ)2

. Then we

get:

f̃(w) �
K∑

k=1

γ
(κ)
k (1 + ρ

(κ)
k (w)) − c||w − A(θ(κ))D(κ)||2

� ã(κ) + 2
K∑

k=1

�{〈b̃(κ)k wk〉} −
K∑

l=1

〈Q(κ), [wl]2〉, (26)



110 C. Wang et al.

with ã(κ) �
∑K

k=1 γ
(κ)
k a

(κ)
k − c||A(θ(κ))D(κ)||2, b̃

(κ)
k � γ

(κ)
k b

(κ)
k c

(κ)
k +

c(D(κ)
k )HAH(θ(κ)), Q(κ) �

∑K
k=1 γ

(κ)
k d

(κ)
k HH

k Hk + cIN . We get following opti-
mization problem:

max
w

f̃(w) (27a)

s.t. (21b), (27b)

we use Lagrangian gradient method:

w
(κ+1)
k =

⎧
⎪⎨

⎪⎩

(Q(κ))−1(b̃(κ)k )H if
K∑

k=1

||(Q(κ))−1(b̃(κ)k )H ||2 ≤ P

(
Q(κ) + μIN

)−1
(b̃(κ)k )H otherwise,

(28)

where μ > 0 is chosen such that

K∑

k=1

||
(
Q(κ) + μIN

)−1

(b̃(κ)k )H ||2 = P. (29)

According to [19], we have closed-form solution.

2.2 Analog Beamforming Design

We seek HBF w(κ+1) ensuring that

F (θ(κ+1),D(κ), w(κ+1)) > F (θ(κ),D(κ), w(κ+1)), (30)

which is equivalent to

− ||w(κ+1) − A(θ(κ+1))D(κ)||2> − ||w(κ+1) − A(θ(κ))D(κ)||2, (31)

by considering the following problem:

max
θθθ

ϕ(κ)(θθθ) � −||w(κ+1)
k − A(θθθ)D(κ)

k ||2 (32)

s.t. (3). (33)

We have

ϕ(κ)(θθθ) = −||w(κ+1)||2 + 2�{〈D(κ)(w(κ+1))HA(θθθ)〉}
−〈[D(κ)]2AH(θθθ)A(θθθ)〉

= −||w(κ+1)||2 + 2�{〈D(κ)(w(κ+1))HA(θθθ)〉}
−λ(κ)NNRF +

[
λ(κ)||A(θθθ)||2 − 〈[D(κ)]2AH(θθθ)A(θθθ)〉

]

≥ −||w(κ+1)||2 − λ(κ)NNRF + 2�{〈D(κ)(w(κ+1))HA(θθθ)〉}
+

[
2�{λ(κ)〈AH(θ(κ))A(θθθ)〉} − 2�{〈[D(κ)]2AH(θ(κ))A(θθθ)〉}

−λ(κ)NNRF + 〈[D(κ)]2AH(θ(κ))A(θ(κ))〉
]

(34)

= â(κ) + 2�{〈A(κ)A(θθθ)〉}, (35)
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with λ(κ) � λmax([D(κ)]2), â(κ) � −||w(κ+1)||2 − 2λ(κ)NNRF +
〈[D(κ)]2AH(θ(κ))A(θ(κ))〉, A(κ) � D(κ)(w(κ+1))H + λ(κ)AH(θ(κ)) − [D(κ)]2

AH(θ(κ)), then we get:

max
θθθ

ϕ(κ)(θθθ) (36a)

s.t. (3), (36b)

and
θ(κ+1) =

[
2π − 
∠A(κ)(j, n)�b

]
(n,j)∈N×NRF

. (37)

According to [19], we have closed-form solution.

2.3 Digital Beamforming Design

DBF can be found by

D(κ+1) = arg max
D

F (θ(κ+1),D, w(κ+1))

= arg min
D

||w(κ+1) − A(θ(κ+1))D||2

= (AH(θ(κ+1))A(θ(κ+1)))−1AH(θ(κ+1))w(κ+1). (38)

Algorithm 1. PO Algorithm
1: Initialization: Initialize θ(0), D(0), and w(0). Set κ = 0 and c = c0.
2: Repeat until ||w(κ)−A(θ(κ))D(κ)||2 ≤ K10−3: Generate w(κ+1) by (28). Generate

θ(κ+1) by (37) , and D(κ+1) by (38). If ||w(κ+1) − A(θ(κ+1))D(κ+1)||2 > 0.9||w(κ) −
A(θ(κ))D(κ)||2, reset c := 1.2c. Reset κ := κ + 1.

3: Output w(κ), θ(κ) and D(κ). Reset

D(κ) → t0D
(κ), t0 =

√
P/||A(θ(κ))D(κ)||2.

3 Alternating Descent Round Approach

Based on (9) defined by:

ρk(θθθ,D) � |HkA(θθθ)Dk|2
∑K

l �=k |HkA(θθθ)Dl|2 + σ
, (39)

the rate at user k is:
Rk(θθθ,D) � ln(1 + ρk(θθθ,D)). (40)
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Thus, the optimization problem can be expressed as:

max
θθθ,D

K∑

k=1

Rk(θθθ,D) � max
θθθ,D

ln(
K∏

k=1

(1 + ρk(θθθ,D)))s.t. (3), (11), (41a)

|θm,n|2 ≤ 1, n = 1, . . . , N ;m = 1, . . . , NRF , (41b)

accordingly, the rquivalence problem:

max
θθθ,D

f̃(θθθ,D) �
K∑

k=1

γ
(κ)
k (1 + ρk(θθθ,D)) (42a)

s.t. (3), (11), (41b). (42b)

According to [20], we have the following penalized optimization problem:

max
θθθ,D

f̂(θθθ,D) � f̃(θθθ,D) + μ(
1

NNRF
− 1

∑N
m=1

∑NRF

n=1 |θm,n|2
) (43a)

s.t. (3), (11), (41b). (43b)

3.1 Digital Beamforming Design

We seek D(κ+1) such that

f̃(θ(κ),D(κ+1)) > f̃(θ(κ),D(κ)), (44)

using the inequality (1), then we get:

1 + ρk(θ(κ),D) ≥ 1 + ρ
(κ)
k (D)

� a
(κ)
k + 2b

(κ)
k �{〈c(κ)k Dk〉} − d

(κ)
k (

K∑

l=1

|HkA(θ(κ))Dl|2), (45)

with a
(κ)
k � − |HkA(θ(κ))D

(κ)
k |4

(
∑K

l �=k |HkA(θ(κ))D
(κ)
l |2+σ)2

− σ
|HkA(θ(κ))D

(κ)
k |2

(
∑K

l �=k |HkA(θ(κ))D
(κ)
l |2+σ)2

+ 1, b
(κ)
k �

∑K
l=1 |HkA(θ(κ))D

(κ)
l |2+σ

(
∑K

l �=k |HkA(θ(κ))D
(κ)
l |2+σ)2

, c
(κ)
k � (HkA(θ(κ))D(κ)

k )HHkA(θ(κ)), d
(κ)
k �

|HkA(θ(κ))D
(κ)
k |2

(
∑K

l �=k |HkA(θ(κ))D
(κ)
l |2+σ)2

. Then we get:

f̂(D) �
K∑

k=1

γ
(κ)
k (1 + ρ

(κ)
k (D))

�
K∑

k=1

γ
(κ)
k a

(κ)
k + 2

K∑

k=1

γ
(κ)
k b

(κ)
k �{〈c(κ)k Dk〉} −

K∑

l=1

〈Q(κ), [Dl]2〉, (46)

with Q(κ) �
∑K

k=1 γ
(κ)
k AH(θ(κ))HH

k HkA(θ(κ)), We solve th following convex
problem at κ-th iteration to generate D

(κ+1)
k :

max
D

f̂(D) (47a)

s.t. (11). (47b)
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3.2 Analog Beamforming Design

Similarly, we seek θ(κ+1) such that

f̃(θ(κ+1),D(κ+1)) > f̃(θ(κ+1),D(κ+1)), (48)

using the inequality (1), then we get:

1 + ρk(θθθ,D(κ+1)) ≥ 1 + ρ̃
(κ)
k (θθθ)

� ã
(κ)
k + 2b̃

(κ)
k �{〈c̃(κ)k A(θθθ)〉} − d̃

(κ)
k (

K∑

l=1

|HkA(θθθ)D(κ+1)
l |2),(49)

with ã
(κ)
k � − |Hk(θ

(κ))D
(κ+1)
k |4

(
∑K

l �=k |Hk(θ(κ))D
(κ+1)
l |2+σ)2

− σ
|Hk(θ

(κ))D
(κ+1)
k |2

(
∑K

l �=k |Hk(θ(κ))D
(κ+1)
l |2+σ)2

+ 1, b̃
(κ)
k �

∑K
l=1 |Hk(θ

(κ))D
(κ+1)
l |2+σ

(
∑K

l �=k |Hk(θ(κ))D
(κ+1)
l |2+σ)2

, c̃
(κ)
k � D

(κ+1)
k (Hk(θ(κ))D(κ+1)

k )HHk, d̃
(κ)
k �

|Hk(θ
(κ))D

(κ+1)
k |2

(
∑K

l �=k |Hk(θ(κ))D
(κ+1)
l |2+σ)2

. We thus have

f̂(θθθ) �
K∑

k=1

γk(1 + ρ̃
(κ)
k (θθθ))

= ã + 2�{Ã(κ)A(θθθ)} − 〈B̃(κ), A(θθθ)C̃(κ)AH(θθθ)〉, (50)

with ã(κ) �
∑K

k=1 γ
(κ)
k ã

(κ)
k , Ã(κ) �

∑K
k=1 γ

(κ)
k b̃

(κ)
k c̃

(κ)
k , B̃(κ) �

∑K
k=1 γ

(κ)
k d̃

(κ)
k HH

k Hk, C̃(κ) �
∑K

l=1[D
(κ+1)
l ]2.

and
1

∑N
m=1

∑NRF

n=1 |θm,n|2
≤ φ(θθθ) � 1

∑N
m=1

∑NRF

n=1 (2�{(θ(κ)m,n)∗θm,n} − |θ(κ)m,n|2)
,(51)

over the trust region
N∑

m=1

NRF∑

n=1

(2�{(θ(κ)m,n)∗θm,n} − |θ(κ)m,n|2) > 0, (52)

we solve the following optimization problem at the κ-th iteration to generate
θ(κ+1):

max
θθθ

g(κ)(θθθ) � [f̂(θθθ) + μ(
1

NNRF
− φ(θθθ))] (53a)

s.t. (3), (41b),
N∑

m=1

NRF∑

n=1

(2�{(θ(κ)m,n)∗θm,n} − |θ(κ)m,n|2) > 0, (53b)

and determine μ by

μ =
γ(0)

1
∑N

m=1
∑NRF

n=1 |θ(0)
m,n|2 − 1

NNRF

, (54)

to make the values of the objective function and penalty term in (43) of similar
magnitudes [21].
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Algorithm 2. ADR Algorithm
1: Initialization: Initialize (θ(0), D(0)).
2: Repeat until convergence of the objective function in (42): Generate

θ(κ+1), D(κ+1), and μ by (47), (53) and (54). Reset κ := κ + 1.
3: Output (θ(opt), D(opt)) = (θ(κ), D(κ)).

4 Numerical Results

With the users randomly located within the cell radius of 200 meters. The path-
loss of user k experienced at a distance dk from the BS is set to ρk = 36.72 +
35.3 log 10(dk)dB taking into account a 16.5 dB gain due to multiple-antenna
mmWave transmission [22,23]. The mmWave channel Hk ∈ C

1×N between the
BS and UE k in (5) is modelled by [18]

Hk =
√

10−ρk/10

√
N

NcNsc

Nc∑

c=1

Nsc∑

�=1

αk,c,�ar

(
φr

k,c,�

)
aH

t

(
φt

k,c,�

)
, (55)

where Nc is the number of scattering clusters, Nsc is the number of scatter-
ers within each cluster, and αk,c,� ∼ CN (0, 1) is the complex gain of the 
th
path in the cth cluster between the BS and user k. Under the classic uniform
linear array antenna configuration having half-wavelength antenna spacing, the
steering vectors at

(
φt

k,c,�

)
and ar

(
φr

k,c,�

)
are defined by

at

(
φt

k,c,�

)
=

1√
N

[
1, ejπ sinφt

k,c,� ,. . .,ejπ(N−1) sinφt
k,c,�

]
T , (56)

and
ar

(
φr

k,c,�

)
=

1√
NR

[
1, ejπ sinφr

k,c,� ,. . .,ejπ(NR−1) sinφr
k,c,�

]
T , (57)

where φt
k,c,� (φr

k,c,�, resp.) is the azimuth angle of departure (arrival, resp.) for
the 
th path in the cth cluster from the BS to UE k, which is generated according
to the Laplacian distribution in conjunction with random mean cluster angles in
the interval [0, 2π) and spreads of 10 degrees within each cluster. As in [23], we
set Nc = 5 and Nsc = 10. The carrier frequency is set to 28 GHz, the noise power
density is set to −174 dBm/Hz, while the bandwidth is set to B = 100 MHz.
Unless otherwise stated, b = 3, P = 15 dBm, NRF = 8, K = 8 and N = 64
are used. The results are multiplied by log2 e to convert the unit nats/sec into
the unit bps/Hz. The convergence tolerance of the proposed algorithms is set to
10−3.

– PO: This result simulates the performance of algorithm 1 with continuous
phase at the θ.

– 3-bit PO: This result simulates the performance of algorithm 1 with 3-bit
discrete phase at the θ.
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– ADR: This result simulates the performance of algorithm 2 with continuous
phase at the θ.

– 3-bit ADR: This result simulates the performance of algorithm 2 with 3-bit
discrete phase at the θ.

Fig. 2. SR vs the number of RF chains.

Figure 2 plots the SR under different number of RF chains for the proposed
algorithms. From the point of view of the continuous phase shifts, ADR has
the best SR, which outperforms PO all the time. From the point of view of the
discrete phase shifts, their 3-bit resolution algorithms follow the same trend.

Figure 3, which plots the SR under different numbers of BS antennas N . PO
better than ADR for N = 16, while ADR has the best performance for N ≥ 32,
and among 3-bit resolution algorithms 3-bit ADR has the best performance.

We also examine the SR under different BS transmit power P in Fig. 4.
As expected, all the algorithms benefit from increasing the number of transmit
power. And they have the same trend follow Fig. 2.
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Fig. 3. SR vs the number of BS antennas.

Fig. 4. SR vs the BS transmit power.

5 Conclusions

In this paper, we considered a mmWave MU-MISO downlink communication
network, the objective is to maximize the SR by jointly optimizing ABF and
DBF. The formulated non-convex optimization problem was solved by using
the proposed alternating descent iteration algorithms. Simulation results were
provided to demonstrate the superiority of our proposed algorithm.
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