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1  Introduction
The high-speed and low-latency characteristics of the fifth generation (5G) are the 
biggest differences from previous communication systems. Many emerging technol-
ogies, such as physical layer technology, network densification technology, etc. [1–
4], have only reached current progress. However, the key problem in the technical 
development of communication systems today is the shortage of spectrum. Millim-
eter-wave (mmWave) provides new spectrum resources for wireless communication 
systems and satisfies the bandwidth requirements for 5G services [5, 6]. MmWave 
large-scale multiple-input multiple-output (MIMO) technology with shorter 
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wavelengths can package large-scale antennas into small sizes. Hybrid beamforming 
technology improves link reliability by compensating for severe mmWave path losses.

Traditional analog beamforming has also been considered in mmWave systems. The 
idea is to use a low-cost phase shifter (PS) to control the phase of the signal trans-
mitted by each antenna [7–9]. The disadvantage is that it cannot transmit parallel 
data streams to provide multiplexing gain. However, the traditional full-digital beam-
forming, although the best multiplexing gain can be obtained [10, 11], each antenna 
requires a radio frequency (RF) chain, which is expensive and consumes a lot of 
power. Therefore, a hybrid precoding structure [12–15] that saves RF consumption 
and ensures good performance is extremely important.

For hybrid precoding schemes in single-user MIMO (SU-MIMO) systems, existing 
literatures [16] and [17] give different solutions from different perspectives. Based on 
the compressed sensing, [16] solves the problem in [18] with an alternative iteration 
between a locally optimal analog precoder and a baseband digital precoder. In addi-
tion, [17] resolves the matrix optimization problem into multiple optimization sub-
problems by using the iterative algorithm in [19]. In addition, if the number of RF 
chains is greater than or equal to twice the number of data streams, hybrid beam-
forming can achieve the same performance as full-digital beamforming in the paper 
[20].

Inspired by [16], the work [21] proposes the orthogonal match pursuit algorithm 
(OMP) for multi-user MIMO (MU-MIMO) systems. A hybrid block diagonalization 
(Hy-BD) algorithm that analog precoding is designed by exhaustive searching and the 
equal gain transmission (EGT) is proposed in [22]. In a similar way, two hybrid BD algo-
rithms that maximize the analog beamforming gain by iteratively updating the analog 
precoder and combiner are proposed in [9, 10]. Moreover, a series of hybrid zero-forcing 
(Hy-ZF) and hybrid minimum-mean-squared-error (Hy-MMSE) schemes are proposed 
in [24, 24–26]. However, those works [21–28] focus on the design of hybrid beamform-
ing techniques based on the full-connected structure, which requires a lot of power con-
sumption and is not efficient for implementation.

The full-connected structure means that each antenna element is connected to all 
RF chains. Because each RF chain is connected to only a subset of transmitting anten-
nas, the sub-connected structure can maximize the system’s energy efficiency. For sub-
connected structure, different solutions are given in [20, 23, 24, 27, 29–34]. However, 
the hybrid beamforming schemes [23, 29–31] are designed for MU-MISO systems with 
single antenna receivers, and only the scheme [9] is designed for MU-MIMO systems. 
Decomposing the total achievable rate optimization problem with non-convex con-
straints into a series of simple sub-rate optimization problems with the sub-connected 
structure is proposed in [33, 34], but they cannot be directly applicable to mmWave mas-
sive MU-MIMO systems. Although many scholars have conducted extensive research 
on hybrid beamforming, there is still much room for improvement in sub-connected 
hybrid precoding design, especially for MU-MIMO systems.

In this paper, we focus on the sub-connected structure design of hybrid precoding in 
mmWave massive MU-MIMO systems, where the single base station (BS) with multiple 
sub-arrays serves several multi-antenna users simultaneously. Assuming that the per-
fect channel state information (CSI) is available at both the BS and users, we propose a 
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near-optimal hybrid precoding scheme by jointly designing the analog and digital beam-
former/combiner. The contributions of this work are summarized as follows: 

(1)	 The proposed hybrid precoding design scheme is for the sub-connected structure 
in the mmWave massive MIMO system. Compared with the full-connected struc-
ture, it has lower hardware complexity. To reduce the computational complexity, 
we reformulate the original optimization problem as two mmWave sum-rate maxi-
mization subproblems according to the idea of hierarchical optimization.

(2)	 To solve the sum-rate maximization problem, we propose the improved successive 
interference cancelation (SIC) method which designs the analog precoding scheme 
by trying to avoid the loss of information at each stage. Then the baseband BD 
scheme and water-filling power allocation method are utilized to solve the digital 
precoding and power allocation matrix, respectively. The proposed algorithm is a 
closed-form solution, and the result of this solution is stable.

(3)	 The theoretical analysis and simulation results of the proposed hybrid precod-
ing scheme are given in detail. We study the influence of various parameters on 
design performance for our algorithm. Simulation results show that the proposed 
algorithm has a higher sum rate than the existing hybrid precoding approaches 
under the sub-connected structure, and closes to the state-of-the-art optimization 
approach under the full-connected structure. Furthermore, the proposed algorithm 
has higher power efficiency compared with the optimization design algorithm 
under the full-connected structure.

Notation: In this paper, bold upper-case and lower-case letters denote matrices and vec-
tors, respectively. E[·] represents the expectation. (·)T , (·)−1 , (·)H and �·�F denote the 
transpose, inversion, conjugate transpose, and Frobenius norm of a matrix, respectively. 
IN is the N × N  identity matrix and 0M×N is the M × N  all-zero matrix. Cm×n repre-
sents an m× n dimensional complex space. Finally, ∠X denotes a matrix having ele-
ments of the form ejϕi,j , where ϕi,j is the phase of the (i, j) th element of X.

2 � Methodology
In this paper, we first introduce the existing hybrid precoding methods for mmWave 
massive MIMO systems. They are almost all based on a full-connected structure and 
only consider the case of the uniform linear array (ULA). The research background and 
related methods are presented in Sect. 1. There are many factors that affect communica-
tion and rate performance. This paper considers improving system performance from 
the perspective of algorithm improvement and structure selection.

On the one hand, the application of hybrid precoding can effectively improve the 
system and sum rate performance. On the other hand, with the rapid development of 
mmWave communication, it also solves the problem of high energy consumption of tra-
ditional precoding. The hybrid precoding can be divided into a full-connected structure 
and a sub-connected structure. Compared with the full-connected structure, the sub-
connected structure uses each RF chain to link an antenna subset, which greatly saves 
the number of RF layouts, has more application significance, and makes the hybrid pre-
coding design more green and energy-saving. Compared with ULA, the uniform planar 
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array (UPA) can use fewer array elements to achieve higher space utilization, which can 
reduce system cost.

The goal of this paper is to maximize the sum rate of the system by designing a hybrid 
precoding scheme for multiple users. Under the power limitation of BS, it is solved by 
two steps: analog precoding and digital precoding. Since the CSI of all users is com-
pletely available at the BS, inspired by SIC and based on the sub-connected structure 
we considered, a new analog precoding design scheme is proposed. The optimization 
sequence is selected according to the difference of each sub-channel, and then by con-
sidering the continuous optimization of each sub-matrix, an approximately optimal 
analog precoding is obtained. In terms of optimizing digital precoding, BD technology 
is used under equivalent channels to eliminate the inter-user interference. Finally, the 
water-filling method is used to achieve better power allocation.

In order to verify the effectiveness of the algorithm, we have conducted a variety of 
experiments to obtain comparison results. Firstly, we introduce several advanced hybrid 
precoding schemes. Then, the complexity is calculated, and the superiority of the pro-
posed algorithm is proved in simulation. Finally, compare the proposed algorithm with 
other algorithms in the same environment. The specific analysis can be found in Sect. 5.

3 � System model and problem formulation
In this paper, we consider a sub-connected structure for hybrid precoding in mmWave 
massive MU-MIMO systems, as shown in Fig. 1. The BS is equipped with Nt antennas 
and N independent RF chains. Each RF chain is connected to one sub-array, and each 
sub-array includes M antennas, then NM = Nt . The BS communicates with K users. 
Each user is equipped with Nr antennas to support Ns(Ns ≥ 1 ) data streams, which 
means total KNs data streams are processed by the BS.

At the BS, the signals are processed by a power allocation matrix P ∈ C
KNs×KNs and 

then, it is processed by an analogue RF precoder FRF ∈ C
Nt×N  after the baseband digi-

tal precoder FBB ∈ C
N×KNs . Finally, the pre-encoded signal is sent to the wireless 

channel. It should be pointed out that the baseband precoder FBB enables both ampli-
tude and phase modifications, but only phase changes (phase-only control) can be 

Fig. 1  Sub-connected structure in mmWave massive MU-MIMO systems. The figure illustrates the application 
of a mmWave communication system equipped with hybrid analog/digital precoding in this paper
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realized by FRF since it is implemented by using analog phase shifters. Each entry of 
FRF is normalized to satisfy 

∣

∣
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i,j
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∣

∣

∣
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= 1

Nt
 . Moreover, to satisfy the total transmit power 

constraint, FBB is normalized to satisfy �FRFFBB� 2
F = KNs . The structure of 

FRF ∈ C
Nt×N  is given as

where ān ∈ C
M×1, n ∈ {1, 2, . . . ,N }.

Therefore, the received signal vector ŷk ∈ C
Ns×1 at the kth user can be written as

where sk ∈ C
Ns×1, k ∈ {1, 2, . . . ,K } means the signal vector of the Ns data streams. 

FkBB is the ((k − 1)Ns + 1)-th to the kNs-th columns of FBB , corresponding to the pre-
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K users. Hk ∈ C
Nr×Nt denotes the channel matrix based on the Saleh–Valenzuela model 

between the BS and the kth user. nk ∈ C
Nr×1 is an additive Gaussian white noise vector 

with independent and identically distribution (i.i.d.).
When the Gaussian symbols are used by the BS, the sum rate achieved will be 

shown as

where PN is the transmit power, and the noise variance at each user is σ 2 = 1 . SINRk 
is expressed as the signal-to-interference noise ratio ( SINR ) of the signal sk . It can be 
calculated by the ratio of the energy of the useful signal in (3) to the interference of the 
remaining terms plus noise energy.

In this paper, we use the geometric Saleh–Valenzuela channel model which is more 
appropriate for mmWave communication [35, 36]. The normalized mmWave down-
link channel for the kth user Hk is assumed to be contributed by NcNp propagation 
paths, where Nc is the number of scattering clusters and Np is the number of paths of 
each cluster. Therefore, the channel of kth user can be expressed as [37]

where αk
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where d is the spacing distance between two neighboring antenna elements, and � is the 
wavelength of the transmission. But, we do not include ϕ since the ULA response vector 
is independent of the elevation angle.

Furthermore, when we consider the UPA with W1 and W2 elements ( W1W2 = U ) on 
horizon and vertical, respectively, the array response vector can be given [34]

where 0 ≤ x ≤ (W1 − 1) and 0 ≤ y ≤ (W2 − 1).

4 � Proposed near‑optimal hybrid precoding design
We aim to design the analog precoder FRF and digital precoder FBB , so as to maximize 
the total sum rate R, which can be written as

Since the nonzero elements in the analog precoding matrices are usually realized by 
phase shifters [34], the nonzero elements in FRF satisfy the constant-modulus con-
straints. Unfortunately, the non-convex constraints on the constant-modulus constraints 
lead the optimization to be non-convex. In other words, it is difficult to find the globally 
optimal solution of problem (7).

4.1 � Analog precoding design

In the case of multiple users, the inter-user interference can be effectively eliminated by 
using the baseband BD technology. After removing the interference between users, R in 
(7) can be rewritten as
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the limitations of the analog precoding matrix design are constant amplitude and BD. 
However, these non-convex constraints make it difficult to maximize the capacity of (8). 
Based on the special block diagonal structure of the hybrid precoding matrix FRF , we 
observe that the precoding on different sub-antenna arrays is independent. Inspired by 
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[33, 34], we can resolve the complicated optimization problem (8) into a series of sub-
rate optimization problems, which is much easier solved.

In other words, considering each antenna array connected to each RF chain one by 
one, we can optimize the sum rate of the first antenna array selected by turning off all 
their antenna sub-arrays. After that, we can select the sum rate of the second antenna 
array that needs to be optimized.

The traditional SIC method is optimized in a recursive order, but the channel state 
of each antenna sub-array is different. We can sort the N antenna sub-arrays according 
to the capacity of the channel before optimization. The optimized order of capacity is 
determined by the pros and cons of the capacity, that is, our optimization order is in the 
order of screening.
Cn is defined as the capacity of the nth antenna sub-array in the millimeter wave 

massive MIMO systems, where n = 1, 2, . . . ,N  . After the optimization sequence is 
determined, we will perform the above-mentioned SIC process until the last antenna 
sub-array is optimized. During the calculation, we assume that the digital precoding 
matrix is fixed. Then the objective in (8) can be expressed as follows

where Cmax =
∑N

n=1 log2(1+ PN
σ 2KNs

HFRFF
H
RFH

H ) = C1 + C2 + · · ·CN . After the analog 
precoding is obtained, the optimal digital precoding matrix is solved by the baseband BD 
technology.
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columns of FRF . Then the sum rate in (9) can be rewritten as
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Obviously, the second term 1+ PN
σ 2KNs

FN
H

RF HHS−1
N−1HFNRF on the right side of (b) in (12) 

is the achievable sub-rate of the Nth antenna sub-array and the first term has the same 
form as (8). Further, we can decompose log2(|SN−1|) using the similar method in (12) as

Then, after N such decompositions, the total sum rate in (9) can be shown as
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Further, the Cn,max given by (16) can also be rewritten as

In order to find the FnRF closest to FnoptRF  , we reasonably assume that FnRF is orthogonal to 
v2 which is Fn

H

RF v2 ≈ 0 . Due to |I+ XY| = |I+ YX| and effective theory of high signal-to-
noise-ratio ( SNR ) approximation, i.e.,
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problem (15) is equivalent to the following
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∥

∥
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∥

∥
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{
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∣

∣

∣ejϕ(m,n)
}

,

(25)ān = 1√
M

ej∠ān,opt ,
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Therefore, the sum rate optimization problem can be transformed into a series of sub-
rate optimization problems which can be optimized one by one. After that, according to 
the idea of SIC after sorting, we only need to continuously update SN ,and the process is 
shown in Fig. 2.

According to the capacity Cn,max ∈ max
{

C1 C2 · · · CN

}

 , F1,max
RF  indicates the 

analog precoding corresponding to the first optimized antenna array. F2,max
RF  is the sec-

ond analog precoding that needs to be optimized. This process is repeated until the last 
antenna sub-array is optimized.

4.2 � Digital precoding design

Based on the above solution process, the analog precoding matrix FRF can be obtained. 
In order to obtain the best digital precoding, BD technology is adopted. The MU-MIMO 
channel is divided into multiple SU-MIMO channels, which is the main idea of applying 
BD technology. If it can be guaranteed that the signal received by the kth user is in the 
null space of channels of other users, then the inter-user interference will be eliminated. 
First of all, the transit matrix Hint,k can be expressed as

In order to eliminate interference, the constraint can be expressed as

To get the digital precoder, H̃k can be defined as

Then, the digital precoding FkBB should fall in the null space of H̃k . Therefore, SVD of H̃k 
can get

where Ũk and �̃k represent the left singular value vector of H̃k and the diagonal matrix of 
H̃k , respectively. Ṽ(1)

k = Ṽk(:, 1 : (K − 1)Ns) and Ṽ(0)
k = Ṽk(:, (K − 1)Ns + 1 : end) rep-

resent the subspace orthogonal basis of H̃k and the null space orthogonal basis of H̃k , 
respectively. Then we can know

(26)Hint,k = HkFRF, k ∈ {1, 2, . . . ,K }.

(27)Hint,jF
k
BB = 0, ∀j �= k .

(28)H̃k =
[

HT
int,1, · · · , HT

int,k−1, H
T
int,k+1, · · · , HT

int,K

]T
.

(29)H̃k = Ũk�̃k

[

Ṽ
(1)
k , Ṽ

(0)
k

]H
,

Fig. 2  The structure diagram of analog precoding solution process. It shows the analog precoding solution 
process. After determining the optimization order firstly, and then optimizing the sub-matrices one by one. 
The whole process only needs to update SN
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The channel becomes Hint,k Ṽ
(0)
k  called an equivalent channel. SVD of the equivalent 

channel shows

where Sk represents the diagonal matrix of equivalent channel ( Hint,k Ṽ
(0)
k  ). To elimi-

nate inter-user interference, taking the V(1)
k  corresponding to the nonzero singular value 

matrix as the precoding matrix, and the final digital precoding matrix is given by

There are two types of BD algorithms: average power allocation and water-filling power 
allocation. Since the transmission capacity of each channel is usually different, the appli-
cation of average power distribution results in the waste of communication resources 
and even the loss of communication capacity. The principle of the water-filling method 
is that after each user’s channel is divided into N independent sub-channels, the channel 
of each user of the multi-channel system may be equal to the channel of each bandwidth 
B. According to the Shannon formula, the subchannel capacity of the kth user is:

where pk , 
∣

∣fk
∣

∣ , and n0 are the transmission power, frequency response, and noise com-
ponent of the kth subchannel, respectively. Because when N is large enough, the SNR of 
each channel can be regarded as a constant. In the case of known channel SNR, we can 
assign different power signals to each different channel to achieve the maximum sum 
rate. Therefore, the maximum sum capacity can be expressed as:

where PN is the total power. According to the Lagrangian multiplier algorithm, the 
power pk is:

where � is the Lagrangian multiplier factor, B
�
 is called the water-filling line of the water-

filling principle.

(30)
H̃k Ṽ

(0)
k = Ũk�̃k

[

Ṽ
(1)
k , Ṽ

(0)
k

]H
Ṽ
(0)
k

= Ũk�̃k(Ṽ
(1)
k )H Ṽ

(0)
k

= 0.

(31)Hint,k Ṽ
(0)
k = UkSk

[

V
(1)
k ,V

(0)
k

]H
.

(32)FkBB = Ṽ
(0)
k V

(1)
k .

(33)C(k) = Blb

(

1+
∣

∣fk
∣

∣

2 pk

n0

)

.

(34)

maxC =
N
�

k=1

Blb

�

1+
�

�fk
�

�

2 pk

n0

�

s.t.







N
�

k=1

pk = PN

pk ≥ 0(n = 1, 2, . . . ,N )

,

(35)pk = B

�
− n0

fk
,
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The principle of water-filling can reach the theoretical maximum of sum rate, and get 
better communication quality, thus it is widely used. The whole process of the algorithm 
in this paper is shown in Table 1.

5 � Results and discussion
In this section, we evaluate the performance of the proposed hybrid beamforming 
schemes with the sub-connected structure in MU-MIMO systems, the corresponding 
simulation results are described below [38]. All simulation results are averaged over 
1000 channel realizations based on MATLAB platform, the Win10 system, the proces-
sor: Inter (R) Core (TM) i5-8250 U CPU @ 1.60 GHz, the RAM:8.00 GB, and the system 
type: 64-bit operating systems. For simplicity, the propagation environment is mod-
eled as a Nc = 8 cluster with Np = 10 rays per cluster, and the inter-element spacing 
d is assumed to be half wavelength. The AoA and AoD of each element are uniformly 
distributed in [0, 2π ] , respectively. Typical mmWave massive MIMO configurations 
with Nt = 128 , N = 16 and Nr = 16 are considered. The number of users is provided as 
K= 4 . The noise variance at each user is σ 2 = 1 . The SNR = PN

σ 2  . (Note: Unless otherwise 
specified, the above parameters are default parameters.) It is worth noting that we focus 
on the hybrid beamforming design of massive MIMO systems with sub-connected archi-
tecture in the paper. But we contrast the performance of the proposed method and the 
state-of-the-art hybrid beamforming design methods with full-connected architecture, 
which includes the least number of RF chains (the least number of RF chains is equal to 
the number of the transmitted streams) based HyEB scheme [28], the full-digital dirty 
paper coding (DPC) method [39]. Since the DPC realized with the iterative water-filling 
algorithm has been certified to be capacity-reaching in the broadcast channel, it is used 
as the performance upper bound of the hybrid ones. For the comparison of sub-con-
nected structure methods, we will find the analog precoder by the SIC method [33]. The 

Table 1  Algorithm 1

Input: Nt , Nr , K, N, M, H.

Analog stage:

According Cn,max ∈ max
{

C1 C2 · · · CN
}

 , determine the optimization order.

for 1 ≤ n ≤ N do
1) Update matrix Tn−1 , obtain the submatrix Gn−1.

2) Obtain the value of ān,opt .

3) Compute ān = 1√
M
ej∠ān,opt and get FRF from (9).

End for
End stage
Digital stage:
4) Define the transit matrix Hint,k = HkFRF, k ∈ {1, 2, . . . , K}.

5) Define the matrix H̃k =
[

H
T
int,1, · · · , HT

int,k−1
, HT

int,k+1
, · · · , HT

int,K

]T
.

6) Compute digital precoding matrix FBB=
[

F
1
BB

F
2
BB

· · · F
K
BB

]

.

End stage
Obtain the total equivalent baseband channel Htotal = HFRFFBB.

Compute P by using water-filling power allocation of the total equivalent channel Htotal .

End stage
Output: FRF, FBB, P.
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digital precoding is obtained by the BD technology. The above method is named SIC-BD 
algorithm in the system. In addition, we choose the Full-Analog precoding algorithm to 
compare with other algorithms. In this scheme, we consider the same parameter condi-
tions as other algorithms, but do not consider inter-user interference. That is, the Full-
Analog scheme in this case is the upper limit of the multi-user. For more convenient 
comparison and analysis, we define the full-connected as FC and sub-connected as SC in 
the following.

5.1 � A. Performance for the sum rate

We first evaluate the sum rate performance for different methods versus SNR in ULA, 
and the corresponding simulation results are shown in Fig. 3. Here, Fig. 3 illustrates that 
the proposed precoding algorithm is proved valid when SNR increases from −  20 to 
20 dB. The result under a massive MIMO system with Nt = 128 is represented by (a), 
and the result under a MIMO system with Nt = 32 is represented by (b). The simula-
tion results also demonstrate that with an increasing SNR, the proposed hybrid precod-
ing based on SC structure has a more near performance to those of the HyEB [28] on 
FC structure. And it is much higher than Full-Analog. To further investigate the perfor-
mance of the proposed design scheme with small antenna arrays, Fig. 3b demonstrates 
the sum rate comparison for different beamforming schemes versus SNR when the num-
ber of BS antennas is small ( Nt = 32 ). In addition, the proposed algorithm has the objec-
tive capacity, it is still slightly higher than SIC-BD and Full-Analog.

The performance of the sum rate versus SNR for different precoding algorithms in 
UPA is displayed in Fig. 4, where (a) represents Nt = 128 and (b) represents Nt = 32 . 
It can be seen from Fig. 4 that the sum rate of each algorithm under UPA decreases 
slightly compared with that under ULA. The performance of the proposed algorithm 
in Fig.  4a is significantly better than that of SIC-BD. In Fig.  4b, the proposed algo-
rithm is closer to the HyEB [28]. The Full-Analog algorithm is much lower than other 
algorithms. Although the use of UPA in the MU-MIMO channel will cause the over-
all performance of the proposed algorithm to slightly decrease, the trend of change 
is still consistent with the use of ULA. Furthermore, when the antenna deployment 
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Fig. 3  Sum rate comparison for different beamforming schemes versus SNR in ULA. It illustrates that the 
different precoding algorithms simulation results when SNR increases from − 20 to 20 dB. The result under a 
massive MIMO system with Nt = 128 is represented by (a), and the result under a MIMO system with Nt = 32 
is represented by (b)
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mode is changed from a linear array to an area array, the area of the antenna array 
deployed by the base station is greatly saved, and the space utilization rate of the base 
station and users on the device is effectively improved.

5.2 � B. Performance for the number of BS antennas

The performance of the sum rate versus the BS antennas for different precoding algo-
rithms is displayed in Fig.  5, where SNR = 0 dB. We note that the performance of 
all algorithms can be improved by increasing the number of BS antennas. When the 
number of BS antennas is large, the performance gap between the SC beamforming 
scheme and FC hybrid beamforming scheme becomes larger. But the proposed design 
scheme is better than the SIC-BD. Moreover, compared with the small number of BS 
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Fig. 4  Sum rate comparison for different beamforming schemes versus SNR in UPA. a Nt = 128 and b 
Nt = 32

50 100 150 200 250 300
0

10

20

30

40

50

60

70

80

90

Number of Antennas(Nt)

S
um

−r
at

e 
(b

its
/s

/H
z)

DPC [39] FC 
HyEB [28] FC 
SIC−BD SC
Full−Analog
Proposed SC

Fig. 5  Sum rate comparison for different hybrid precoding schemes versus the number of BS antennas. The 
graph shows the result of the number of antennas from 64 to 256 when SNR = 0 dB



Page 15 of 21Du et al. J Wireless Com Network        (2021) 2021:157 	

antennas, the performance gap between the proposed beamforming scheme and the 
HyEB [28] scheme is small. The Full-Analog method is far lower than the proposed 
algorithm.

5.3 � C. Performance for the number of users

Figure 6 compares the sum rate performance of different precoding schemes versus the 
number of users with SNR = 5 dB, where the number of users changes from 2 to 12. We 
can see that the proposed method is very close to the SIC-BD, but the overall perfor-
mance is still better than the SIC-BD. As the number of users increases, the sum rate 
performance of different design methods becomes large. Furthermore, it can also be 
explained that with the increase in the scale of the system, the proposed design scheme 
effectively eliminates inter-user interference, so as to improve the performance of the 
system. The sum rate of the Full-Analog algorithm does not change significantly with the 
number of users, and its growth rate is the smallest compared to other algorithms.

In order to compare the computational complexity of proposed schemes, we list the 
running time of five schemes in Table 2 with the average time over 100 random channel 
realizations. Regardless of the computer hardware, we can find that the running time 
of full-connected structure schemes is tremendously large. Although the full-connected 
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Fig. 6  The sum rate comparison for different hybrid precoding schemes versus the numbers of users. It 
compares the sum rate performance of different precoding schemes versus the number of users with SNR = 
5 dB, where the number of users changes from 2 to 12

Table 2  The running time of five schemes (unit, second)

K 2 4 6 8 10 12

DPC FC 0.0444 0.0723 0.0933 0.1165 0.1289 0.1457

HyEB FC 0.0791 0.1224 0.1331 0.1451 0.1534 0.1623

SIC-BD SC 0.0342 0.0435 0.0594 0.0814 0.0926 0.1124

Full-Analog 0.0119 0.0173 0.0182 0.0196 0.0213 0.0278

Proposed SC 0.0387 0.0460 0.0632 0.0896 0.0949 0.1235
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structure has better performance, it has the disadvantages of complicated layout, high 
cost, and excessive power consumption. For the sub-connected structure, the hardware 
complexity and energy consumption are reduced, and the performance is not signifi-
cantly different from the full-connected structure. The proposed algorithm is slightly 
slower than SIC-BD in running time, but its performance is ahead of SIC-BD due to its 
screening optimization. The full-analog algorithm takes faster time but the performance 
difference is obvious.

5.4 � D. Performance for data streams per user

Figure 7 shows the sum rates achieved by different hybrid precoding schemes when the 
number of data streams per user is different, where Ns = 2 , 4. Considering the costs 
and power consumption, we find that the performance of different hybrid precod-
ing schemes with SC is similar but the proposed method is more closer to that of the 
HyEB [28] scheme as the number of data streams per user is small, i.e., Ns = 2 . When 
the number of data streams provided by the system increases, the gaps between the sum 
rates of different schemes become larger correspondingly. However, the proposed hybrid 
precoding scheme still performs better than SIC-BD when the number of data streams is 
different.

5.5 � E. Performance for the power efficient

As mentioned in Sect. 1, the power consumption is an important issue which should be 
considered for both the SC and FC hybrid precoding. In this subsection, we aim to com-
pare the power efficiency performance of different hybrid precoding design schemes.

To better compare the performance of the two hybrid precoding structures, the power 
efficiency η is defined as the ratio between the achievable rate R and the total power con-
sumption Ptotal , which is expressed as follows:
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Fig. 7  Sum rate comparison for hybrid precoding schemes versus Ns . The dotted line indicates sum rate 
when the number of data streams per user is Ns = 2 . The solid line expresses sum rate when the number of 
data streams per user is Ns = 4
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where the unit of η is bps/Hz/J and Ptotal is the total power consumption of the system.
Considering the hybrid precoding architecture, we can note that in the hybrid precod-

ing architecture, the power is depleted by five blocks [40]: (a) the phase shifter (PS) on the 
transmitter side; (b) the RF chains on the transmitter side; (c) digital-to-analog converters 
(DAC) on the transmitter side; (d) the base-band (BB) processor; (e) the power amplifiers 
(PA) on the transmitter side.

Considering the full-digital precoding for MIMO, the amounts of power consumed by BS 
and users in full-digital MIMO architecture are written as

where PBB , PRF , PPA , PPS , and PDAC are the power of BB, the power of each RF chain, the 
power of each PA, the power of each PS, and the power of each DAC, respectively.

Different from the full-digital precoding for MIMO, the total power consumption Ptotal in 
the hybrid precoding architecture can be written as

The simulation parameters according to [41–43] are set as follows: PBB = 243mW , 
PRF = 40mW , PPA = 16mW , PDAC = 110mW and PPS = 10mW.

Here we note that for the FC and the SC structures, the number of phase shifters NPS can 
be written as

Figure 8 compares the power efficiency for different hybrid precoding schemes versus 
SNR. It is observed from Fig. 8 that we discover that the performance of different hybrid 
precoding methods with SC is similar, but it is higher than hybrid precoding schemes 
with FC structures. It is obvious that the proposed algorithm has always been superior to 
the SIC-BD in the whole range. It can be noticed that the proposed method can issue the 
signal more efficiently than SIC-BD with the same SNR and power consumption, which 
means it has higher power efficiency. What is more, the full-digital MIMO architecture 
requires more hardware and produces higher power consumption, its power efficiency 
performance is relatively low compared with the hybrid architecture. Therefore, the full-
digital MIMO architecture is rarely used for signal propagation in practical applications.

5.6 � F. Performance for sensitivity of channel estimation errors

Finally, we evaluate the impact of imperfect CSI on the proposed hybrid precoding. Let H̃ 
represents the estimated channel, then it can be modeled as [44]

where ξ ∈ [0, 1] expresses the accuracy of estimated CSI, and E is the error matrix with 
entries following the distribution i.i.d. CN (0, 1).

(36)η = R

Ptotal
(bps/Hz/J ),

(37)Ptotal,(DPC) = Nt(PRF + PDAC + PPA)+ PBB,

(38)Ptotal,(Hybrid) = N (PRF + PDAC + NPSPPS)+ NtPPA + PBB.

(39)NPS =
{

NM, FC
M, SC

(40)H̃ = ξH+
√

1− ξ2E,
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It can be noticed from Fig. 9 that the proposed hybrid precoding method seems to be 
insensitive to the CSI accuracy in SNR conditions. Even when the channel estimation accu-
racy is not high, the proposed method can obtain a considerable sum rate. It is particu-
larly noticeable at low SNR. When SNR = 15 and ξ = 0.9 , the performance of the proposed 
method is quite close to that in the perfect CSI condition. It can still achieve about 96.9% of 
the perfect CSI condition’s sum rate. Even when ξ = 0.6 , the performance of the proposed 
method can still achieve about 84.1% of the rate in the perfect CSI condition. In this case, 
only 19.16 bps/Hz is lost compared to the case where the CSI is completely known in the 
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transmission end. Therefore, the proposed method has strong robustness and certain prac-
tical value.

6 � Conclusions
This paper has proposed a hybrid precoding scheme for MU-MIMO systems. According to 
the structure of the optimal hybrid precoding matrix, we decompose the maximum achiev-
able rate optimization problem into a series of sub-rate optimization problems. Firstly, we 
focus on the design of the analog hybrid precoder and optimize it to maximize the overall 
analog beamforming gain, then perform BD technology on the equivalent baseband chan-
nel. Finally, the sum rate performance is improved again by water-filling power alloca-
tion. The simulation results agree with the theoretical analysis. It proves that the proposed 
multi-user scheme can achieve an appropriate compromise between hardware complex-
ity and system performance. Both the sum rate and energy efficiency are improved, and 
the algorithm has strong robustness. The perspective of this work contains an extension to 
mmWave MIMO systems relying on lens antenna arrays [45], which have a small number of 
radio-frequency chains. In that work, the impact of pilot-data transmission [46, 47] for the 
overall system performance is also considered for practical applications. In future work, it 
is possible to add consideration to the performance change of the receiver as an imperfect 
receiver, which will be more practical in future applications.

Abbreviations
5G: the fifth generation; mmWave: millimeter-wave; MIMO: multiple-input multiple-output; PS: phase shifter; RF: radio 
frequency; SU-MIMO: single-user MIMO; MU-MIMO: multi-user MIMO; OMP: orthogonal match pursuit; Hy-BD: hybrid 
block diagonalization; EGT: equal gain transmission; Hy-ZF: hybrid zero-forcing; Hy-MMSE: hybrid minimum-mean-
squared-error; BS: base station; CSI: channel state information; SIC: successive interference cancelation; i.i.d.: independent 
and identically distribution; SINR: signal-to-interference noise ratio; ULA: uniform linear array; UPA: uniform planar array; 
SVD: singular value decomposition; DPC: dirty paper coding.

Acknowledgements
The authors acknowledged the anonymous reviewers and editors for their efforts in constructive and generous 
feedback.

Author contributions
Z.W and L.J performed software. Z.W and Y.Z performed validation. J.D and Z.W were responsible for writing—original 
draft preparation. Y.Z., Y.G and L.J were involved in writing—review, proofreading and editing. J.D and Y.G were responsi-
ble for supervision. Conceptualization and methodology were performed by J.D. All authors have read and agreed to the 
published version of the manuscript.

Funding
This research was supported by the grant from the National Natural Science Foundation of China (Nos. 61601414, 
61702466), the National Key Research and Development Program of China (No. 2016YFB0502001), and the Fundamental 
Research Funds for the Central Universities (No. 2018CUCTJ082).

Data Availability
Data sharing is not applicable to this article as no datasets were generated or analyzed during the current study.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 5 May 2020   Accepted: 7 July 2021

References
	1.	 J. Hoydis, S. Ten Brink, M. Debbah, Massive MIMO in the UL/DL of cellular networks: how many antennas do we 

need? IEEE J. Sel. Areas Commun. 31(2), 160–171 (2013)



Page 20 of 21Du et al. J Wireless Com Network        (2021) 2021:157 

	2.	 E.G. Larsson, O. Edfors, F. Tufvesson, T.L. Marzetta, Massive MIMO for next generation wireless systems. IEEE Commun. 
Mag. 52(2), 186–195 (2014)

	3.	 E. Björnson, L. Sanguinetti, M. Kountouris, Deploying dense networks for maximal energy efficiency: small cells meet 
massive MIMO. IEEE J. Sel. Areas Commun. 34(4), 832–847 (2016)

	4.	 C. Li, J. Zhang, K.B. Letaief, Throughput and energy efficiency analysis of small cell networks with multi-antenna base 
stations. IEEE Trans. Wirel. Commun. 13(5), 2505–2517 (2014)

	5.	 A.L. Swindlehurst, E. Ayanoglu, P. Heydari, F. Capolino, Millimeter-wave massive MIMO: the next wireless revolution? 
IEEE Commun. Mag. 52(9), 56–62 (2014)

	6.	 W. Roh, J.-Y. Seol, J. Park, B. Lee, J. Lee, Y. Kim, J. Cho, K. Cheun, F. Aryanfar, Millimeter-wave beamforming as an ena-
bling technology for 5G cellular communications: theoretical feasibility and prototype results. IEEE Commun. Mag. 
52(2), 106–113 (2014)

	7.	 V. Venkateswaran, A.-J. van der Veen, Analog beamforming in MIMO communications with phase shift networks and 
online channel estimation. IEEE Trans. Signal Process. 58(8), 4131–4143 (2010)

	8.	 S. Kutty, D. Sen, Beamforming for millimeter wave communications: an inclusive survey. IEEE Commun. Surv. Tutor. 
18(2), 949–973 (2015)

	9.	 S. Hur, T. Kim, D.J. Love, J.V. Krogmeier, T.A. Thomas, A. Ghosh, Millimeter wave beamforming for wireless backhaul 
and access in small cell networks. IEEE Trans. Commun. 61(10), 4391–4403 (2013)

	10.	 J. Joung, A.H. Sayed, Multiuser two-way amplify-and-forward relay processing and power control methods for 
beamforming systems. IEEE Trans. Signal Process. 58(3), 1833–1846 (2009)

	11.	 A. Azizzadeh, R. Mohammadkhani, S.V.A.-D. Makki, E. Björnson, BER performance analysis of coarsely quantized 
uplink massive MIMO. Signal Process. 161, 259–267 (2019)

	12.	 J. Zhang, Y. Huang, T. Yu, J. Wang, M. Xiao, Hybrid precoding for multi-subarray millimeter-wave communication 
systems. IEEE Wirel. Commun. Lett. 7(3), 440–443 (2017)

	13.	 L. Dai, B. Wang, M. Peng, S. Chen, Hybrid precoding-based millimeter-wave massive MIMO-NOMA with simultane-
ous wireless information and power transfer. IEEE J. Sel. Areas Commun. 37(1), 131–141 (2018)

	14.	 K. Song, B. Ji, Y. Huang, M. Xiao, L. Yang, Performance analysis of heterogeneous networks with interference cancella-
tion. IEEE Trans. Veh. Technol. 66(8), 6969–6981 (2017)

	15.	 C. Zhang, Y. Huang, Y. Jing, S. Jin, L. Yang, Sum-rate analysis for massive MIMO downlink with joint statistical beam-
forming and user scheduling. IEEE Trans. Wirel. Commun. 16(4), 2181–2194 (2017)

	16.	 O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, R.W. Heath, Spatially sparse precoding in millimeter wave MIMO sys-
tems. IEEE Trans. Wirel. Commun. 13(3), 1499–1513 (2014)

	17.	 M. Majidzadeh, A. Moilanen, N. Tervo, H. Pennanen, A. Tölli, M., Latva-aho, Hybrid beamforming for single-user MIMO 
with partially connected RF architecture, in 2017 European Conference on Networks and Communications (EuCNC) 
(IEEE, 2017), pp. 1–6

	18.	 F. Sohrabi, W. Yu, Hybrid digital and analog beamforming design for large-scale antenna arrays. IEEE J. Sel. Top. Signal 
Process. 10(3), 501–513 (2016)

	19.	 Z. Pi, Optimal transmitter beamforming with per-antenna power constraints, in 2012 IEEE International Conference on 
Communications (ICC) (IEEE, 2012), pp. 3779–3784

	20.	 F. Sohrabi, W. Yu, Hybrid beamforming with finite-resolution phase shifters for large-scale MIMO systems, in 2015 
IEEE 16th International Workshop on Signal Processing Advances in Wireless Communications (SPAWC) (IEEE, 2015), pp. 
136–140

	21.	 T.E. Bogale, L.B. Le, Beamforming for multiuser massive MIMO systems: digital versus hybrid analog–digital, in 2014 
IEEE Global Communications Conference (IEEE, 2014), pp. 4066–4071

	22.	 W. Ni, X. Dong, Hybrid block diagonalization for massive multiuser MIMO systems. IEEE Trans. Commun. 64(1), 
201–211 (2015)

	23.	 A. Li, C. Masouros, Hybrid analog–digital millimeter-wave MU-MIMO transmission with virtual path selection. IEEE 
Commun. Lett. 21(2), 438–441 (2016)

	24.	 A. Li, C. Masouros, Hybrid precoding and combining design for millimeter-wave multi-user MIMO based on SVD, in 
2017 IEEE International Conference on Communications (ICC) (IEEE, 2017), pp. 1–6

	25.	 J. Jiang, Y. Yuan, L. Zhen, Multi-user hybrid precoding for dynamic subarrays in mmWave massive MIMO systems. 
IEEE Access 7, 101718–101728 (2019)

	26.	 Z. Wang, M. Li, Q. Liu, A.L. Swindlehurst, Hybrid precoder and combiner design with low-resolution phase shifters in 
mmWave MIMO systems. IEEE J. Sel. Top. Signal Process. 12(2), 256–269 (2018)

	27.	 N. Song, T. Yang, H. Sun, Overlapped subarray based hybrid beamforming for millimeter wave multiuser massive 
MIMO. IEEE Signal Process. Lett. 24(5), 550–554 (2017)

	28.	 C. Hu, J. Liu, X. Liao, Y. Liu, J. Wang, A novel equivalent baseband channel of hybrid beamforming in massive multi-
user MIMO systems. IEEE Commun. Lett. 22(4), 764–767 (2017)

	29.	 S. Payami, M. Ghoraishi, M. Dianati, M. Sellathurai, Hybrid beamforming with a reduced number of phase shifters for 
massive MIMO systems. IEEE Trans. Veh. Technol. 67(6), 4843–4851 (2018)

	30.	 A. Li, C. Masouros, Energy-efficient SWIPT: from fully digital to hybrid analog–digital beamforming. IEEE Trans. Veh. 
Technol. 67(4), 3390–3405 (2017)

	31.	 F. Sohrabi, W. Yu, Hybrid analog and digital beamforming for mmWave OFDM large-scale antenna arrays. IEEE J. Sel. 
Areas Commun. 35(7), 1432–1443 (2017)

	32.	 J.-C. Chen, Hybrid beamforming with discrete phase shifters for millimeter-wave massive MIMO systems. IEEE Trans. 
Veh. Technol. 66(8), 7604–7608 (2017)

	33.	 L. Dai, X. Gao, J. Quan, S. Han, I. Chih-Lin, Near-optimal hybrid analog and digital precoding for downlink mmWave 
massive MIMO systems, in 2015 IEEE International Conference on Communications (ICC) (IEEE, 2015), pp. 1334–1339

	34.	 X. Gao, L. Dai, S. Han, I. Chih-Lin, R.W. Heath, Energy-efficient hybrid analog and digital precoding for mmWave 
MIMO systems with large antenna arrays. IEEE J. Sel. Areas Commun. 34(4), 998–1009 (2016)

	35.	 Z. Pi, F. Khan, An introduction to millimeter-wave mobile broadband systems. IEEE Commun. Mag. 49(6), 101–107 
(2011)



Page 21 of 21Du et al. J Wireless Com Network        (2021) 2021:157 	

	36.	 R.W. Heath, N. Gonzalez-Prelcic, S. Rangan, W. Roh, A.M. Sayeed, An overview of signal processing techniques for 
millimeter wave MIMO systems. IEEE J. Sel. Top. Signal Process. 10(3), 436–453 (2016)

	37.	 M.R. Akdeniz, Y. Liu, M.K. Samimi, S. Sun, S. Rangan, T.S. Rappaport, E. Erkip, Millimeter wave channel modeling and 
cellular capacity evaluation. IEEE J. Sel. Areas Commun. 32(6), 1164–1179 (2014)

	38.	 Y. Zhang, J. Du, Y. Chen, M. Han, X. Li, Optimal hybrid beamforming design for millimeter-wave massive multi-user 
MIMO relay systems. IEEE Access 7, 157212–157225 (2019)

	39.	 N. Jindal, W. Rhee, S. Vishwanath, S.A. Jafar, A. Goldsmith, Sum power iterative water-filling for multi-antenna gauss-
ian broadcast channels. IEEE Trans. Inf. Theory 51(4), 1570–1580 (2005)

	40.	 R. Méndez-Rial, C. Rusu, N. González-Prelcic, A. Alkhateeb, R.W. Heath, Hybrid MIMO architectures for millimeter 
wave communications: phase shifters or switches? IEEE Access 4, 247–267 (2016)

	41.	 C.-E. Chen, An iterative hybrid transceiver design algorithm for millimeter wave MIMO systems. IEEE Wirel. Commun. 
Lett. 4(3), 285–288 (2015)

	42.	 T.S. Rappaport, J.N. Murdock, F. Gutierrez, State of the art in 60-GHz integrated circuits and systems for wireless com-
munications. Proc. IEEE 99(8), 1390–1436 (2011)

	43.	 C.A. Balanis, Antenna Theory: Analysis and Design (Wiley, Hoboken, 2016)
	44.	 R.A. Horn, C.R. Johnson, Topics in Matrix Analysis (Cambridge University Press, Cambridge, 1991)
	45.	 X. Gao, L. Dai, S. Zhou, A.M. Sayeed, L. Hanzo, Wideband beamspace channel estimation for millimeter-wave MIMO 

systems relying on lens antenna arrays. IEEE Trans. Signal Process. 67(18), 4809–4824 (2019)
	46.	 J. Du, M. Han, L. Jin, Y. Hua, X. Li, Semi-blind receivers for multi-user massive MIMO relay systems based on block 

Tucker2-PARAFAC tensor model. IEEE Access 8, 32170–32186 (2020)
	47.	 Z. Zhou, L. Liu, J. Zhang, FD-MIMO via pilot-data superposition: tensor-based DOA estimation and system perfor-

mance. IEEE J. Sel. Top. Signal Process. 13(5), 931–946 (2019)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Multi-user hybrid precoding for mmWave massive MIMO systems with sub-connected structure
	Abstract 
	1 Introduction
	2 Methodology
	3 System model and problem formulation
	4 Proposed near-optimal hybrid precoding design
	4.1 Analog precoding design
	4.2 Digital precoding design

	5 Results and discussion
	5.1 A. Performance for the sum rate
	5.2 B. Performance for the number of BS antennas
	5.3 C. Performance for the number of users
	5.4 D. Performance for data streams per user
	5.5 E. Performance for the power efficient
	5.6 F. Performance for sensitivity of channel estimation errors

	6 Conclusions
	Acknowledgements
	References


