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Abstract 

 
This work investigates the hybrid precoder scheme in a millimeter wave (mmWave) 

multi-user MIMO system. We study a sum rate maximization scheme by jointly designing the 
digital precoder and the analog precoder. To handle the non-convex problem, a block 
coordinate descent (BCD) method is formulated, where the digital precoder is solved by a 
bisection search and the analog precoder is addressed by the penalty dual decomposition (PDD) 
alternately. Then, we extend the proposed algorithm to the sub-connected schemes. Besides, 
the proposed algorithm enjoys lower computational complexity when compared with other 
benchmarks. Simulation results verify the performance of the proposed scheme and provide 
some meaningful insight. 
 
 
Keywords: Hybrid precoder, mmWave communications, penalty dual decomposition. 

mailto:t.m.chen@swansea.ac.uk


KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 18, NO. 7, July 2024                                  2011 

1. Introduction 

In recent years, hybrid beamformer (BF)/precoder has been regarded as a prospective 
technology for millimeter wave (mmWave) communications [1], since the hardware overhead 
and power cost for radio frequency (RF) circuit and analog-digital (A/D) converters in fully 
digital system will be extremely large in mmWave system [2].  

Two structures have been proposed for hybrid BF/precoder, e.g., the fully-connected and 
the sub-connected structures [3], where a manifold optimization (MO) approach was proposed 
to design the precoder. In particular, hybrid BF/precoder design is generally non-convex and 
hard to handle, mainly caused by the constant modulus constraint (CMC) of the analog 
BF/precoder [4]. One effective method is to use the matrix factorization, then minimize the 
Euclidean distance [5]. For example, [6] exploited the spatial sparse structure of the mmWave 
channels and proposed an orthogonal matching pursuit (OMP) method. And in [7], a MO based 
hybrid BF was investigated in the presence of beam-misalignment. 

Another approach is to handle the original problem directly. To be specific, in [8] and [9], 
the precoder in multiple-input multiple-output (MIMO) systems was designed via the 
majorization-minimization (MM) method. Also, [10] proposed a joint design method based on 
the matrix monotonic optimization. Furthermore, [11] presented an alternating minimization 
algorithm. In [12], the authors developed a bisection search method to design the hybrid 
precoder for mmWave systems. In [13], a hybrid BF algorithm was proposed based on the 
penalty constraint convex concave procedure (CCCP) method. In addition, a neural network 
scheme was studied to design the hybrid BF [14].  

Moreover, [15] investigated a robust hybrid BF technique to resist directions of arrival 
(DOAs) estimation error. The key idea is to employ null space projection (NSP) in the analog 
BF. The simulation results showed that the proposed scheme performs more robustly than 
other baselines. [16] studied the secure hybrid BF scheme in a wiretap channel, where a 
leakage-based low-complexity algorithm was proposed to design the hybrid BF. Then, in [17], 
the authors investigated the secure hybrid BF for a mmWave extended reality communications 
system, where a gradient descent algorithm was proposed to obtain the digital BF and a MM-
based scheme is proposed to optimize the analog BF.  

These above works mainly focus on the multiple-input single-output (MISO) channel or 
single user MIMO channel, for more complex mmWave multi-user MIMO (MU-MIMO) 
channel, [18] proposed a hybrid precoder scheme with quality of service (QoS) constraint. 
Recently, [19] studied a hybrid precoder scheme for mmWave wiretap channel with the aid of 
an intelligent reflecting surface (IRS). While in [20], the authors proposed a hybrid BF scheme 
for sub-connected hybrid precoder structures by using the alternating optimization.  

Overall, the optimization methods in these works are computational complex, and some 
approaches can only suitable for fully-connected scheme or sub-connected scheme. To make 
the hybrid (BF)/precoder technique more practical, it is important to design a unified method 
for the two schemes with acceptable computational complexity. Motivated by this fact, we 
study the hybrid precoder scheme in mmWave multi-user MIMO system in the work, where a 
weighted sum rate (WSR) objective is solved. Specifically, to obtain the hybrid precoder in 
the fully-connected scheme, we transform the nonconvex objective function by the MM and 
block coordinate descent (BCD) methods. Then, the digital precoder is solved via the bisection 
search and the analog counterpart is solved via the penalty dual decomposition (PDD) 
technique. Besides, we extend the proposed algorithm to the sub-connected scheme by using 
the idea of block design. The main contributions are summarized as follows: 
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a) To tackle the non-convex WSR problem, we recast the objective function into a convex 
reformulation by applying the MM technique. Then, we decouple the reformulated problem 
into several subproblems and propose a BCD method to solve each subproblem iteratively. 

b) The digital precoder is obtained via the bisection search. While for the analog precoder, 
we first propose a PDD algorithm for the fully-connected case. Then, by utilizing the block-
diagonal feature, we extend the PDD algorithm to the sub-connected case, where several 
individual subproblems are solved by the PDD method. In fact, a unified optimization method 
for the hybrid precoder design is developed.  

c) We analyze and compare the computational complexity of the proposed algorithm with 
other benchmarks, and the result indicates that the proposed design is more computational 
efficiently. Simulation results demonstrate the performance of the proposed scheme and 
provide some meaningful insights: 1) the proposed method obtains close performance with 
other baselines; 2) hybrid precoder obtains closed performance of the fully-digital schemes; 3) 
fully-connected scheme is super than the sub-connected case. 

Notations: Throughout the paper,  means positive semi-definite. TA  , ∗A , HA , 1−A , 
vec( )A , ( )Tr A  and A denote the transpose, the conjugate, the conjugate transpose, the 
inverse, the vectorization, the trace, the determinant of A , respectively. The block-diagonal 
matrix is denoted as ( )1BLKDiag , , N…A A , with diagonal elements 1, , N…A A . [ ]

1 2 1 2: , :m m n nA

denotes the submatrix consisting of the 1m  to 2m  rows and 1n  to 2n  columns of A , and 
[ ] :m n
a  is the sub-vector contains the m -th to n -th elements of a .  

2. System Model and Problem Formulation 

2.1 System Model 
We study a MU-MIMO downlink network with one Tx and L users as Fig. 1. The set for 

these users is denoted by { }1, , LU U= … . We denote , TXU lN N
l C ×∈H  as the Tx-to- l -th user 

channel, where TXN  and ,U lN  denote the antenna numbers of the Tx and the l -th user, 
respectively.  

Transmitter

User 1

User L

1H

LH

  

 
Fig. 1. The system model. 

 
Tx uses RFN ( )RF TXN N≤  RF chains to achieve hybrid precoder with two commonly used 

structures, e.g., the fully-connected structure, where every RF chain is linked to all antennas 
by TXN  phase shifters, and the sub-connected one, where each RF chain is linked to a disjoint 
subset of antennas by some phase shifters [3].  
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To improve the system performance, linear precoder is utilized at Tx to transmit the 
information to all users concurrently. Let , 1d lN

l C ×∈s  denote the symbols for the l -th user. Here, 

ls and l′
s are independent for l l ′≠ . Then, the transmit signal is 

  ,
1

,
L

a d l l
l=

 =  
 
∑x F F s                                                          (1) 

where RF ,
,

d lN N
d l C ×∈F  represents the digital precoder for the l -th user, while TX RFN N

a C ×∈F  is the 
common analog precoder for all the users. Since aF  only alters the phase of the signal, aF  

should satisfy the CMC, which is given by [ ] , 1, ,a m n m n= ∀ ∀F . In addition, for the sub-
connected scheme, except the CMC, aF also need to satisfy the block-diagonal structure 

RF1BLkDiag , ,a N = … F f f , where [ ]TX RF
RF, 1, ,N N

r C r N∈ ∀ ∈ …f is a complex vector. 
Then, the signal received of the l -th user is 

,
1

, ,
L

l l a d l l l l
l=

 = + ∀ 
 
∑y H F F s n                                              (2) 

where ln means the noise with ( )2~ ,l lCN σn 0 I . 

The l -th user uses , ,d l U lN N
l C ×∈R  to recover ls . Thus, the rate for the l -th user is 

( ) 1

, ,ln ,H H H H H
l l l a d l d l a l l l l lR

−
= +I R H F F F F H R R W R                                  (3) 

where 2
, ,

L
H H H

l l a d j d j a l l
j l

σ
≠

= +∑W H F F F F H I  is the noise plus interference covariance. 

Here, we assume that the minimum mean-square error (MMSE) decoder is used by each 
user, e.g., lR is given by 

1

2
, , ,

1
.

L
H H H H H H

l d l a l l a d j d j a l l
j

σ
−

=

 
= + 

 
∑R F F H H F F F F H I                                 (4) 

Then, (3) is equivalent to 
1

, ,ln ,H H H
l l a d l l d l a lR −= +I H F F W F F H                                          (5) 

where the proof of (5) can be found in [16, Appendix A]. 

2.2 Channel Model 
According to the Saleh-Valenzuela model [6], [21], [24], 1H  is given by 

( ) ( )
path

r r t t
1 r t

1
, , ,

N
H

p p p p p
p

α ψ β ψ β
=

= ∑H a a                                         (6) 

where pathN  is the path number in 1H , ( )( )0.120, 10p
PL DCN κα −


 is the scale of the p -th path in 

1H , 1 TX pathM N Nκ = and ( )PL D denotes the loss [21]. Besides, ( )r r
r ,p pψ βa / ( )t t

t ,p pψ βa  denote 

the array responses of the p -th path, where ( )r r
p pψ β / ( )t t

p pψ β is the azimuth (elevation) angles 
of arrival/departure. 

For uniform planar arrays, ( )t t
t ,p pψ βa  is given by 
2 2( sin( )sin( ) cos( )) (( 1)sin( )sin( ) ( 1)cos( ))

t
TX

1( , ) 1, , , , ,p pp pp p

Td dj w h j W H

p p e e
N

π πψ β β ψ β β
λ λψ β

+ − + − 
= … … 

 
a             (7) 
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where λ  means the wave length, d denotes the entry space, and 0  0w W h H≤ < ≤ <， are the 
entry indices. Thus, the array size is TXN WH= . 

2.3 Problem Formulation 
Mathematically, the WSR design is given as  

{ }, 1
, 1

max
L

d l al

L

l l
l

Rϖ
= =

∑
F F

                                                                       (8a) 

( ), ,
1

s.t. Tr ,
L

H H
a d l d l a s

l
P

=

≤∑ F F F F                                             (8b) 

[ ] , 1, , ,a m n m n= ∀ ∀F                                            (8c) 

where 
1

0 1, 1
L

l l l
l

ϖ ϖ ϖ
=

 ≤ ≤ = 
 

∑  means the weight for lR , (8b) is the transmit power 

constraint with sP being the maximum transmit power, and (8c) is the unit modules 
constraint of the analog precoder.   

3. Joint Digital and Analog Precoder Design  
3.1 Problem Transformation 

Firstly, due to the Sylvester’s determinant property, i.e., + = +I MN I NM , we have 
1

, ,ln H H H
l l a d l d l a l lR −= +I H F F F F H W  . 

Then, we aim to find a lower bound of lR . According to [22], we denote 

 ,

, , ,

.
H H H

M d l a l
l H H H

l a d l l a d l d l a l l

=
 
 + 

I F F H
D

H F F H F F F F H W
                                     (9) 

Via the method in [22], we obtain the following lower bound of   
( )( )1ln Tr ,l l l l lR −≥ − −ED E C D D                                    (10) 

where [ ]T
M=E I 0 , lD  is the obtained lD  in the previous iteration, and lC is given by 

( ) 11 1 1H H
l l l l

−− − −=C D E E D E E D . 

Then, by denoting ( )1ln TrH
l l l lc −= +E D E C D , we attain ( )Trl l l lR c≥ − C D  and solve the 

following problem 

{ }
( )

, 1
,

min Tr
L

d l al

l l lϖ
=

F F
C D                                                                (11a)

 

( ) ( )s.t. 8b , 8c .                                                                      (11b) 

Moreover, we denote aF and ,d lF  as the obtained aF  and ,d lF  in the previous iteration, 

and 2
, ,   

L
H H H

l l a d j d j a l l
j l

σ
≠

= +∑W H F F F F H I . Then, according to [22], lC  can be decomposed as 
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11 12

21 22 1 .
H

l l l l
l H H

l l l l l l
−

   
= =   
   

C C P
C

C C
Q

Q Q QP
                                         (12) 

where lP  and lQ are, respectively, given by 

1
, , ,H H H

l d l a l l l a d l
−= +P I F F H W H F F                                           (13a) 

1
, .H H H

d l a ll l
−= −F F H WQ                                                           (13b) 

Thus, we have 

{ }11 12 22 2 22
, , ,

1
.2 H H H

l l l l l a d l l l l l a d l d l a l
l

L

σ
=

 
= + ℜ + +  

 
∑C D C A H F F C C H F F F F H                 (14) 

Via the above procedure, the WSR design is transformed to  

{ }
( ){ }

, 1

12 22
, , ,

, 1 1 1
min 2 Tr Tr

L
d l al

L L L
H H H

l l l a d l l l l a d l d l a l
l l l

ϖ ϖ
= = = =

  
ℜ +   

  
∑ ∑ ∑

F F
C H F F C H F F F F H         (15a)

 

( ) ( )s.t. 8b , 8c .                                                                                                                       (15b) 

When fixing other variables, (15a) is quadratic with respect to (w.r.t.) the specific variable. 
 
3.2 Digital Precoder Optimization 

By denoting ( ), ,vecd l d l=f F and utilizing the vectorization operation, i.e., 

( ) ( ) ( )Tr vec vec
HH=ST S T  and ( ) ( ) ( ) ( )Tr vec vecHH T= ⊗VWX U XU V W , (15a) is recast as  

{ }
{ }( )

, 1

, , ,
1

min 2
L

d l l

L
H H

d l d l l d l
l= =

+ ℜ∑
f

f Vf v f                                                    (16) 

where 22

1

L
H H

l a l l l a
l
ϖ

=

 = ⊗ 
 
∑V I F H A H F  and ( )( )12vec

H

l l l l aϖ=v A H F , respectively.  

Thus, we have 

{ }
{ }( )

, 1

, , ,
1

min 2
L

d l l

L
H H

d l d l l d l
l= =

+ ℜ∑
f

f Vf v f                                              (17a) 

( ), ,
1

s.t. .
L

H H
d l a a d l s

l
P

=

⊗ ≤∑f F F I f                                                  (17b) 

Then, the Lagrange function is 

{ }( ) { }( ) ( ), , , , , ,1
1 1

, 2 ,
L LL H H H H

d l d l d l l d l d l a a d l sl
l l

u u P
=

= =

 
= + ℜ + ⊗ − 

 
∑ ∑f f Vf v f f F F I f             (18) 

where 0u ≥  is the dual variable of (17b). 
Therefore, we obtain 

( )
{ }

{ }( )
, 1

, 1
min , ,

L
d l l

L
d l l

g u u
=

=
=

f
f                                               (19) 

and the dual problem is 
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( )max s.t. 0.
u

g u u ≥                                                             (20) 

Given u , we denote the optimal solution to (19) as ( ){ }, 1

L
d l l

u
=

f . Then, based on the first-
order optimization condition w.r.t. ,d lf , the optimal ,d lf  is given by 

( ) ( ) 1

, .H
d l a a lu u

−
= − ⊗ +f F F I V v                                                (21) 

The optimal u should satisfy the complementary slackness constraint 

( ) ( ) ( ), ,
1

0.
L

H H
d l a a d l s

l
u u u P

=

 ⊗ − = 
 
∑f F F I f                                 (22) 

From (22), the optimal u  can be determined by the following procedure: if 0u =  and the 
constraint 

( ) ( ) ( ), ,
1

0 ,0
L

H H
d l a a d l s

l
P

=

⊗ ≤∑f F F I f                                     (23) 

is satisfied, then the optimal u  is 0u = . Otherwise, we need to find the optimal u  by solving 

( ) ( ) ( ) ( ), ,
1

.
L

H H
d l a a d l s

l
P u u u P

=

= ⊗ =∑f F F I f                                  (24) 

In fact, [23] have proved that ( )P u  is decreasing w.r.t. u  monotonically, thus u  can be 
obtained by bisection search. The whole bisection search is summarized as Algorithm 1.  

Algorithm 1: Bisection search algorithm 
1: Set the accuracy threshold ε and the bounds lu , uu ; 

2: Calculate ( ){ }, 1
0

L
d l l=

f  by (21). If u satisfying (23), then 0u = . Otherwise, execute the following steps; 
3: Repeat 
4:    Calculate ( ) 2l uu u u= + ; 

5:    Obtain ( ){ }, 1

L
d l l

u
=

f by (21) 
6:    Calculate ( )P u by (24). If ( ) sP u P≥ , set lu u= . Otherwise, set uu u= ; 
7: Until l uu u ε− ≤  

8: Output { }( ), 1
,

L

d l l
u

=
F  . 

 
3.3 Analog Precoder Optimization 

Here, we optimize the analog precoder aF , where the method is mainly based on the PDD 
algorithm. 
 
3.3.1 The Fully-Connected Analog Precoder Design 

This problem is given by 

( ){ }12 22
, , ,

1 1 1
min 2 Tr Tr

a

L L L
H H H

l l l a d l l l l a d l d l a l
l l l

ϖ ϖ
= = =

  
ℜ +   

  
∑ ∑ ∑F

A H F F A H F F F F H         (25a)                                                        

[ ] ,s.t. (8b), 1, , .a m n m n= ∀ ∀F                                                                                            (25b) 

Via denoting ( )veca a=f F , (25) is equivalent to 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 18, NO. 7, July 2024                                  2017 

( ) { }min 2
a

H H
a a a af = + ℜ

f
f f Ωf ω f                                           (26a) 

, ,
1

,s.t.
L

H H
a d l d l a s

l
P

=

 ⊗ ≤ 
 
∑f F F I f                                              (26b) 

[ ] 1, ,a n n= ∀f                                                                       (26c) 

where 22
, ,

1 1

TL L
H H

d l d l l l l l
l l

ϖ
= =

 = ⊗ 
 

∑ ∑Ω F F H A H and ( )( )12
,

1
vec

L H

l d l l l
l
ϖ

=

=∑ω F A H , respectively.  

Next, we handle (26). At first, we introduce TX RF 1N NC ×∈z and recast (26) as 

{ }
,

min 2
a

H H
a a a+ ℜ

f z
f Ωf ω f                                                                    (27a) 

, ,
1

,s.t.
L

H H
a d l d l a s

l
P

=

 ⊗ ≤ 
 
∑f F F I f                                                     (27b) 

,a =f z                                                                                          (27c) 

[ ] 1, .n n= ∀z                                                                             (27d) 

Then, by penalizing (27c), we obtain 

{ } ( ){ }2

2, ,

1min 2
2a

H H H
a a a a aλ

+ ℜ + − +ℜ −
f z t

f Ωf ω f f z t f z                            (28a)
 

 ( ) ( )s.t. 27b , 27d ,                                                                                                (28b) 

where 0λ ≥  and TX RF 1N NC ×∈t  are the penalty factor and the dual variable of (27c). 
The PDD consists of a two-layer optimization. Specifically, for the inner layer iteration, 

when z  is fixed, (28) is recast as 

{ } ( ){ }2

2

1min 2
2a

H H H
a a a a aλ

+ ℜ + − +ℜ −
f

f Ωf ω f f z t f z                           (29a)
 

( )s.t. 27b ,                                                                                                             (29b) 

which is convex and can be solved by bisection search. 
Then, when af  is given, we have 

( ){ }2

2

1min
2

H
a aλ
− +ℜ −

z
f z t f z                                               (30a) 

[ ]s.t. 1, .n n= ∀z                                                                           (30b) 

Due to (30b), we have 2 TX RF
2

1
2 2

N N
λ λ

=z . Hence, (30) is simplified to 

[ ]
( ){ }

1
max ,

n

H
a λ

=
ℜ +

z
f t z                                                         (31) 

and the optimal solution is ( )aje λ∠ += f tz . 
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The inner layer updates af  and z  until convergence alternatively. As for the outer layer, 
t  and λ  are updated by ( )1

aλ−← + −t t f z  andλ ρλ← , where 1ρ ≤  is the scaling factor to 
control λ . 

Algorithm 2: PDD algorithm 

1: Initialize { }0 0 0 0, , ,a λf z t  and set 1i = ; 
2: Repeat 

3:    set 1, 1i l i
a a
− −=f f , 1, 1i l i

a a
− −=f f , 0l = ; 

4:    Repeat 

5:        Updating 1, 1i l
a
− +f by solving (29) ; 

6:        Updating 1, 1i l− +z by ( )aje λ∠ += f tz , 1l l← + ; 

7:    Until Convergence 

8:    Set 1,i i l
a a

−=f f , 1,i i l−=z z ; 

9:   If
2

i i i
a ν− ≤f z , then ( )1 1i i i i

aiλ
+ = + −t t f z , 1i iλ λ+ = ; 

10:   else 1i i+ =t t , 1i icλ λ+ = ; end 
11:  1i i← + ; 

12: Until
2a

l l ε− ≤f z ; 

 
Since the convergence of PDD have been proved in [18, Appendix A], we omit this for 

brevity. 
 
3.3.2 The Sub-Connected Analog Precoder Design 

Firstly, we define TX RFb N N= . Due to the block diagonal structures of aF , we have 

( ){ } ( )( ){ }{ }RF
12 12

, , ,::, 1 1:
1

2 Tr 2 Tr ,
N

l l l a d l l l l r d l rr b rb
r

ϖ ϖ
− +

=

   ℜ = ℜ   ∑A H F F A H f F                     (32) 

and  

 

( ) ( )

RF

22
, ,

1

22
, ,:, 1 1: 1 1: ,:

1 1 ,

Tr

Tr .

L
H H H

l l l a d l d l a l
l

N L
H H H

l l l r d l d l r lr b rb r b rb
r l r r

ϖ

ϖ

=

− + − +
= =

  
  

  
         =             

×

∑

∑ ∑

A H F F F F H

A H f F F f H

                               (33) 

Thus, the following equations hold 

( ){ } { }
RF

12
,

1 1
2 Tr 2 ,

NL
H

l l l a d l r r
l r

ϖ
= =

ℜ = ℜ∑ ∑A H F F w f
                                        

(34a) 

RF
22

, ,
1 1 1

Tr ,
NL L

H H H H
l l l a d l d l a l r r r

l l r
ϖ

= = =

   =  
  

∑ ∑ ∑A H F F F F H f W f                                    (34b) 

where 
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,
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H
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l
ϖ

− +
=

 =     ∑w F A H                                            (35a) 

( ) ( )
22

, , 1 1: ,: :, 1 1:
1 1 ,

.
L L

H H
r l d l d l l l lr s rs r s rs

l l r r

ϖ
− + − +

= =

       = ×           
∑ ∑W F F H A H         (35b) 

Thus, by neglecting (8b), we obtain 

{ }{ }
RF

1
min 2

r

N
H H
r r r r r

r=
+ ℜ∑f

f W f w f                                                    (36a) 

[ ] [ ]s.t. 1, 1, , .r n n s= ∀ ∈ …f                                                      (36b) 

Since for different r r ′≠ , rf  and r′
f  are independent, (36) can be treated as RFN  

minimization subproblems. Then, the previous proposed PDD algorithm can be applied to the 
sub-connected case, from 1r =  to RFr N=  until all the columns in aF  are optimized. 

 
3.4 Overall Algorithm and Complexity Analysis 

 
Algorithm 3: BCD algorithm 

1: Initialize ( )0 0
, ,d l aF F , choose 0ρ > and set 0k = ; 

2: Repeat 
3:   Obtain ,

k
d lF  via solving (17);  

4:   Obtain k
aF via solving (26) or (36); 

5:   Update lH , 11
lC , 12

lC 和 22
lC ; 

6:  1k k← +   
7:  Until terminate; 
8: Output ( ), ,d l aF F  . 

The BCD algorithm is summarized as Algorithm 3. Besides, the complexity to optimize 

{ }, 1

L
d l l=

F  is given by 2
2 , RF

1

2log
L

u l
d l

l

u u N N
ε =

 −  
  

  
∑ . As for the PDD algorithm to update af , the 

main complexity is given by ( )( )21TX RFT N N + , where T  is the iteration number. Thus, the 

overall complexity is  

( )2 22
2 , RF TX RF

1
max lo ,g 1

L
u l

d l
l

u uO N N T N N
ε =

  −  = +   
   

∑ ,                     (37)  

which is polynomial time. 
In addition, we have mentioned that one can use the bisection method to handle (29). For 

(29), if the bisection method is used to obtain af , the computational complexity is given by  

2
TX F
2

2 Rlog u lu uO N N
ε

 −  =   
  

,                                         (38) 

which is a quadratic function w.r.t. the dimension of af . Therefore, it is suitable for a practical 
scenario when the dimension of af  is large.  

Moreover, we noted that the complexity of the MMSE-based method in [11] is 
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( )( )2 2 3
out in TX RF TX RF RF4 13 4 ,O N N N N N N N= + +                             (39) 

where outN  and inN are the iteration numbers.   
While the complexity of the local-optimal method in [20] is  

( ) ( )( )3 2 2 2
P A TX TX TX RF

5 1 2 ,
3

O I I N L N L N N
   = + + + + +   

   
                     (40) 

where PI  and AI  are the iteration numbers. 
From the comparison, we can see that the proposed method is more computational 

efficiently than these benchmarks since ,d lN  and RFN  are commonly much smaller than these 
iteration numbers. Readers can refer [11] and [20] for more detail about { }out in P A, , ,N N I I .   

4. Simulation Results 

We set the coordinates of Tx as ( )10 m,0 m, 20 m , and set the 5  users in a circle with 

radius 5 m and centered at ( )10 m,  50 m, 1.5 m  randomly. Unless specified, we set

TX 4 4,N = × , 8,d lN =  , 2 2,U lN = × 1 , ,l L lϖ = ∀ and 30 dBm,sP = 2 80 dBm,l lσ = − ∀ . In addition, 
we assume path 8N = , and ( )PL D  is [24]:  

( ) ( )10[dB] 10 log ,PL D a b D ζ= + +                                      (41)  
where ( )20,Nζ   . 
 
4.1 Convergence 

 Specifically, the PDD method is referred as the inner layer iteration and the BCD method 
is referred as the outer layer iteration. 

Fig. 2 provides the convergence of the former, where the solid and dotted lines denote 
the fully-and-sub-connected cases, respectively. From this figure, we observe that the WSR 
increase with the iteration numbers for different TXN  and RFN , and converge within 40 
iterations, which demonstrates the convergence. 

 
Fig. 2. PDD algorithm convergence. 
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Then, we test the convergence of the latter in Fig. 3 and 4, for the fully-and sub-connected 
cases, respectively. From the two figures, we can see that the WSR increases and finally 
converges within 20 iterations for various TXN  and RFN . Besides, by comparing the two 
figures, we can see that in the same channel condition, the fully-connected scheme overwhelms 
the sub-connected case. 

 
Fig. 3. BCD algorithm convergence: Fully-connected case. 

 
Fig. 4. BCD algorithm convergence: Sub-connected case. 

 
4.2 Performance Evaluation 

 We evaluate the performance of these schemes, which are labeled as “Fully-connected 
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compare the proposed method with some other benchmarks: 1) the MMSE method in [11], 
which is used for the fully-connected case and is labeled as “MMSE method”; 2) the local-
optimal method in [20], which is used for the sub-connected case and is labeled as “Local-
optimal method”, respectively.   

At first, Fig. 5 plots the WSR and sP , where we can see that the fully digital precoder 
obtain a performance improvement than that of the hybrid precoder, at the cost of high 
implementation complexity. Since we assume RF 4N =  RF chains in this simulation, e.g., only 
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a quarter of TXN , thus the hybrid precoder inevitable suffer a certain performance loss, 
especially for the sub-connected hybrid precoder. Besides, we can see that the proposed 
method obtains close performance with the methods in [11] and [20], both for the fully-
connected case and sub-connected case. 

 
Fig. 5. WSR versus sP . 

 
Then, we plot the WSR versus TXN  in Fig. 6. As we can see, with larger TXN , a more 

spatial degrees of freedom (DoF) can be obtained by these methods, thus is beneficial to 
improve the WSR. Besides, the gap among the fully digital case and the hybrid scheme is 
slightly enlarged with TXN , since the performance of the latter is not only affected by TXN , but 
also constrained by RFN . 

 
Fig. 6. WSR versus TXN . 
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Fig. 7. The WSR versus RFN . 
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method outperforms others schemes due to its simplest structure, while the fully digital 
precoder method leads to the worst performance due to the fully digital structure, which lead 
to the highest circuit power consumption, thus reduces the energy efficiency. 

 
Fig. 8. The energy efficiency versus sP . 
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fact, the proposed design was more computational efficiently than other benchmarks. 
Simulation results verified the performance of the proposed scheme and provide some 
meaningful insights: 1) the proposed method obtains close performance with other baselines; 
2) hybrid precoder obtains closed performance of the fully-digital schemes; 3) fully-connected 
scheme is super than the sub-connected case. 
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