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Abstract: Efficient and Symmetry based precoding plays a key role in wireless communications.
In order to improve the transmission performance of multi-user millimeter wave Multiple-Input
Multiple-Output (MIMO) (MU-mmWave MIMO) systems, this paper proposes an analog precoding
scheme for the receiver of mmWave MIMO with split sub-array hybrid analog and digital architecture.
Then, we propose a hybrid analog and digital precoding algorithm based on channel reciprocity
(APoCR) to maximize the spectral efficiency by utilizing the triple joint optimization problem, which
can be divided into the analog and digital part. The analog combination vectors (ACVs) are obtained
by the signal-to-interference-and-noise ratio (SINR) reception maximization of each downlink user
and the analog precoding vectors (APVs) are obtained by the SINR reception maximization of each
uplink antenna array. The digital precoder of the transmitter is designed after the analog part
optimization to alleviate the interference between multiple data streams of the users. The simulation
results show that the proposed precoding algorithm has a better sum rate, fast convergence, and
improved SINR than the other state-of-the-art algorithms.

Keywords: mmWave; 5G; RF link; MIMO beamforming; interference alignment

1. Introduction

Multiple-Input Multiple-Output (MIMO) technology has widely been used in low-band Wireless
Local Area Networks (WLAN) and cellular communication because it can break through the
single-antenna system Shannon capacity. However, due to the limitation of spectrum resources,
the existing low-band wireless communication has been unable to meet the increasing demand for
wireless terminal connections and the urgent need for multi-gigabit data services. In order to solve
the problem of low-band spectrum scarcity and further improve system capacity and improve user
data experience, the spectrum-rich millimeter wave band has been paid increasing attention as the
key spectrum of next-generation mobile communication technology [1,2]. The fifth-generation mobile
communication (5G) plans to use the millimeter wave frequency band in the frequency range of 6
to 100 GHz to provide higher system capacity for users in hotspots [3–8], channel measurement and
measurement in several important frequency bands such as 28 GHz, 38 GHz, and 73 GHz. Modeling
is underway, and the IMT-2020 (5G) promotion group also released the 5G wireless technology
architecture white paper in May 2015 [9]. For the 60 GHz band, the Institute of Electrical and Electronics
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Engineers (IEEE) released the wireless Local Area Network (LAN) standards IEEE802.15.3c [10] and
IEEE 802.11ad [11] in 2009 and 2012, respectively, and IEEE 802.11ay as an enhancement to IEEE
802.11ad [12]. The version is also being determined. For the wireless LAN in China’s 45 GHz band, the
IEEE802.11aj (45 GHz) standard development task force was formally established in 2012 [12], and the
standard initial version will be released in early 2016. In the same propagation environment, the rain
attenuation and oxygen absorption in the millimeter wave band are more serious than in the frequency
band below 6 GHz [13], and the propagation path loss is higher. On the other hand, due to the small
wavelength of the millimeter wave, the integration of large array antennas can be realized. Combining
the array gain advantage of the array antenna with the precoding technology can effectively compensate
for the loss of the millimeter wave propagation path and meet the transmission distance requirement.
Considering the traditional digital precoding technology, each transmitting antenna corresponds to one
radio frequency (RF) link. For a millimeter wave system using a large array antenna, hardware using
digital precoding is costly and energy intensive. Affected by digital precoding power consumption
and implementation of large complexity, the literature [14] proposed analog beamforming, through
the constant mode phase shifter to adjust the phase of the transmitted signal. However, since the
analog precoding vector elements are limited by the constant mode, the system performance is worse
than the unrestricted digital precoding and is suitable for the single-stream transmission case, and the
multi-stream or multi-user transmission is complicated. In order to solve the problem of hardware
limitation and power consumption, and support multi-stream transmission, hybrid modulus precoding
technology using only a limited number of RF links is proposed to achieve a compromise between
hardware cost and system performance [15,16]. The hybrid modulus precoding maps the data to the
respective RF links through the baseband digital precoding process at the transmitting end and then
adjusts the phase of the signals on each RF link through the constant mode phase shifter to complete the
analog precoding. According to the connection mode of the RF link and the transmitting antenna, the
millimeter wave MIMO hybrid precoding system has two architectures of separate MIMO precoding
and shared MIMO precoding [17]. For the specific architecture, see Section 2.1.

This paper considers the hybrid-modular precoding design of a millimeter wave MIMO system in
a multi-user scenario. Many kinds of literature have studied the multi-user hybrid modulus precoding
algorithm under the shared array MIMO architecture: [18] proposed a two-step precoding algorithm for
designing an RF precoder and combiner based on maximizing the power of each user signal and solving
digital precoding after determining RF precoding, but only considering a single path channel and based
on quantization code. The algorithm requires a large amount of codeword training overhead. In [19],
a hybrid precoding method is proposed to maximize the minimum signal-to-interference-and-noise
ratio on each subcarrier. It does not consider the analog precoding vector elements to satisfy the
constant modulus constraints. In [20], based on the MIMO interference channel of multi-base station
and multi-user, based on the literature [15] and [16], the orthogonal matching method was used to
solve the hybrid module precoding of base station and user based on the minimum mean square error
method. At present, there are few kinds of literature on hybrid analog precoding algorithms in the
sub-array MIMO architecture. The literature [21] briefly introduces the two sub-array and shared
array architectures of the millimeter wave MIMO hybrid modulus precoding system. Optimization
objectives for maximizing spectral efficiency: The literature [22] proposes a low complexity hybrid
modulus precoding method based on rate maximization continuous interference cancellation. The
digital precoding part of this method is only used for power allocation, and only single-user scenarios
are considered. [23] mentions the IEEE802.11ay technical standard single-user scenario, without
considering the digital part. A codebook training method for randomly matching pairs of transceiver
sub-arrays with spectral efficiency or signal-to-noise ratio maximization is proposed, and the training
cost is large.

For the first time, a multi-user millimeter wave system with pre-sequence array MIMO hybrid
modulus precoding is proposed. The architecture of hybrid analog precoding and analog combined
reception is proposed. The ternary joint optimization problem of designing hybrid modulus precoding
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with the aim of maximizing system and rate is split into two parts: Analog and digital. By pairing the
base station sub-array with the user sub-array, based on channel reciprocity is further proposed. Hybrid
modulus precoding algorithm: The algorithm solves the analog combining vector by maximizing
the received signal-to-noise ratio of each user in the downlink, and then uses the obtained analog
combining vector as the uplink analog precoding vector to maximize the receiving signal of each
sub-array of the base station. The SNR is solved by the uplink analog combining vector; that is, the
downlink precoding vectors. After the analog portion is fixed, the digital precoder of the base station
is designed using RF equivalent channel information to eliminate interference between individual user
data streams. The numerical simulation shows that the proposed hybrid modulus precoding algorithm
based on channel reciprocity has a fast convergence speed, and its system and rate are better than the
existing literature methods, and it is closer to the pure digital precoding of the number of traditional
RF links equal to the number of transmitting antenna performance.

2. System Model

2.1. Transceiver Architecture

In a multi-user millimeter wave system using split sub-array-type MIMO hybrid modulus
precoding architecture, considering the small wavelength of millimeter waves, the integration of a
large antenna array with a small form factor can be achieved; on the other hand, for simple users, in
terms of equipment, the processing complexity of combining and receiving with hybrid modulus is
high. Thus, the user equipment can only use analog combined reception to take advantage of the
increased gain of large antenna arrays and reduce the processing complexity of simple user equipment.
Figure 1 shows the architecture of a millimeter wave system for multi-user split sub-array-type MIMO
hybrid modulus precoding for analog combined reception.

yk = wH
k HkFRFFBBx + wH

k nk (1)

where wk denotes the NR × 1 dimensional reception combining vector of the kth user, Hk denotes the
NR ×NT dimensional channel matrix of the user k, FRF denotes an analog precoding matrix of NT ×NRF

dimension, and FBB denotes digital precoding of NRF ×U dimension, and FBB =
[
fBB,1, fBB,2, . . . , fBB,U

]
,

where fBB,k represent the NRF × 1 digital precoding vector corresponding to the data stream of user

k, x = [x1, x2, . . . , xU]
T represents the data vector sent to users and E

[
xxH

]
= IU; nk represents the

noise vector received by the user k obeying the complex Gaussian distribution CN
(
0, σ2

nINR

)
. (·)H, (·)T

indicates the conjugate transposition and transposition, E[·] means taking the expectation.
Digital precoding can change the amplitude and phase of the signal, while analog precoding,

which is limited by the constant modulus, only adjusts the phase of the signal. The analog precoding
on the NRF sub-array of the base station is implemented by a constant mode phase shifter, and the FRF

can be expressed as

FRF =


f1
0
0
0

0
f2
0
0

· · ·

· · ·

. . .
· · ·

0
0
...

fNRF

 (2)

where fi (i = 1, 2, . . . , NRF) denotes the Narr × 1 analog precoding vector corresponding to the ith
sub-array, and the amplitude of each element of fi is always 1

√
Narr

. In Equation (1), the amplitude

of each element of the analog combining vector wk on the user is always 1
√

NR
. In this paper, the

total transmission power of the transmitting end is normalized by limiting ‖FRFFBB‖
2
F = 1, where ‖·‖F

indicates the Frobenius norm.
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Figure 1. Proposed hybrid analog–digital precoding multi-user millimeter wave (MU-mmWave) 
Multiple-Input Multiple-Output (MIMO) with split sub-array and analog combining at receiver. 
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Figure 1. Proposed hybrid analog–digital precoding multi-user millimeter wave (MU-mmWave)
Multiple-Input Multiple-Output (MIMO) with split sub-array and analog combining at receiver.

2.2. Channel Model

Compared with the low-band channel with the rich scattered environment, the channel propagation
loss in the millimeter wave band is severe, the scattering environment is poor, and the number of
effective scatterers is limited [24–27]. In order to show the sparse scattering characteristics of millimeter
wave channels, a parametric channel model with finite scatterers is used in this paper. Assuming that
the number of scatterers of user k is Sk, its channel matrix Hk can be expressed as [28,29].

Hk =

√
NTNR

Sk
ARx,k(θ)GkAH

Tx,k
(φ) (3)

where ARx,k(θ) represents the receive array response matrix, AH
Tx,k

(φ) denotes the transmit
array response matrix, and Gk represents the path gain, which is given by [27] Gk =

g1
g2

. . .
gSk

, gi = (i = 1, . . . , Sk) . It may be assumed that there is only one effective

propagation path in the cluster formed by each scatterer, and the gain of the broadcast path is
an independent and identically distributed complex Gaussian random variable obeying the zero mean
unit variance.

The receive array response ARx,k(θ) =
[
arx(θ1), . . . , arx

(
θSk

) ]
, the transmit array response matrix

AH
Tx,k

(φ) =
[
atx(φ1), . . . , atx

(
φSk

) ]
, where θi, φi represents the angle of arrival (AoA) and the angle of

departure (AoD) of the ith path, respectively. The array response vectors arx(θi) and atx(φi) differ
according to the antenna type [30]. Commonly, there are uniform planar arrays (UPAs) and uniform
linear arrays (ULA). In the simulation of this paper, ULA is used, and the receiving array response
vector arx(θi) can be expressed as:

arx(θi) =
1
√

NR

[
1, e j 2π

λ d sin (θi), e j 2π
λ 2d sin (θi) . . . , e j 2π

λ (NR−1)d sin (θi)
]T

(4)

where λ represents the wavelength and d represents the spacing of the sub-array antenna elements. In
the split-distributed array MIMO architecture, the sub-arrays of the base station (BS) are separated
from each other; the sub-array spacing should be chosen such that adjacent sub-arrays have a lower
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correlation or are irrelevant. Thereby, the interference between adjacent sub-array beams is reduced
when the base station respectively aligns each sub-array beam with different users [30].

Therefore, the transmit array response vector atx(φi) can be expressed as [6–9]:

atx(φi) =
1
√

NT

[
1, e j 2π

λ (Narr−1)d sin (φi), e j 2π
λ (DTx+(Narr−1)d) sin (φi) . . . , e j 2π

λ ((NRF−1)DTx+NRF(Narr−1)d) sin (φi)
]T

(5)

where DTx represents the minimum distance between adjacent sub-array antenna elements of the
base station, and the selection of DTx should be such that adjacent sub-arrays of the base station are
separated from each other.

3. Proposed Algorithm

For the multi-user millimeter wave MIMO system transceiver framework shown in Figure 1, it is
known from Equation (1) that the rate Rk of the user k can be expressed as

Rk = log2


∣∣∣∣∣∣∣∣1 +

wH
k HkFRFfBB,kfH

BB,kFH
RFHH

k wk

wH
k

(∑NRF
i=1,i,k HkFRFfBB,if

H
BB,iF

H
RFHH

k + σ2
nINR

)
wk

∣∣∣∣∣∣∣∣
 (6)

where |·| represents an absolute value, and log2(·) represents a logarithm of base 2. The problem of
designing hybrid modulus precoding with the aim of system and rate maximization is expressed as

argmax
FRF,FBB,wk

U∑
k=1

log2


∣∣∣∣∣∣∣1 + wH

k HkFRFfBB,kfH
BB,kFH

RFHH
k wk

wH
k

(∑NRF
i=1,i,k HkFRFfBB,if

H
BB,iF

H
RFHH

k +σ2
nINR

)
wk

∣∣∣∣∣∣∣


s.t. ‖FRFFBB‖
2
F = 1∣∣∣fk(m)

∣∣∣ = 1
√

Narr
, m = 1, 2, . . . , Narr∣∣∣wk(n)

∣∣∣ = 1
√

NR
, n = 1, 2, . . . , NR

(7)

Equation (7) is a ternary joint optimization problem for FBB, FRF, and wk. The constant model
property of the sub-array precoding vector makes the direct optimal solution of the problem more
difficult to obtain. In this paper, Equation (7) is divided into two parts, analog and digital, to determine
the design part of the analog part.

In a split MIMO hybrid analog precoding architecture, the analog portion can be designed to
adjust the transmit beam of each sub-array to produce a directional beam that is aligned with the user,
and the digital portion can be designed to eliminate interference between multiple user data streams.
In order to solve the analog part, the base station sub-array is first paired with the user, in turn; that
is, the base station kth sub-array transmits data to the kth user, and fk and wk are designed such that
the propagation path of the base station sub-array to the corresponding paired user is approximated
as line-of-sight (LoS) propagation in the beam domain. Further, this can be achieved by maximizing
the received signal-to-interference-and-noise ratio (SINR) of user k. When digital precoding is not
considered, the received SINR of user k is expressed as

SINRk =
wH

k HkkfkfH
k HH

kkwk

wH
k

(∑NRF
i=1,i,k Hkifif

H
i HH

ki + σ2
nINR

)
wk

(8)

where Hki represents the channel matrix between user k and the ith BS sub-array. The problem of
solving the analog part of the hybrid modulus precoding is expressed as

arg max
wk,fk

 wH
k HkkfkfH

k HH
kkwk

wH
k

(∑NRF
i=1,i,k Hkifif

H
i HH

ki + σ2
nINR

)
wk

 (9)
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When the analog precoding matrix FRF is known, the straight solution of wk in Equation (9) is

wk =

(∑NRF
i=1,i,k Hkifif

H
i HH

ki + σ2
nINR

)−1
Hkkfk

‖

(∑NRF
i=1,i,k Hkifif

H
i HH

ki + σ2
nINR

)−1
Hkkfk‖2

(10)

where (·)−1 represents the inverse of the matrix. The wk given by Equation (10) is not constant modulus
and does not satisfy the constant modulus limitation of wk in problem (7). The analog combining
vector satisfying the constant modulus limit is represented by w̃k and it is solved with the goal of
minimizing ‖w̃k −wk‖

2
2. It is obtained by w̃H

k w̃k = 1 and wH
k wk = 1 as

‖w̃k −wk‖
2
2 = (w̃k −wk)

H(w̃k −wk)= 2
(
1−Re

(
wH

k w̃k
))

(11)

where Re(·) represents the real part. When w̃k =
1
√

NR
e j (wk) and Re

(
wH

k w̃k
)

takes the maximum value,

‖w̃k −wk‖
2
2 is the smallest. Therefore, Equation (10) satisfies the constant module limits as

wk =
1
√

NR
e

j ((
NRF∑

i=1,i,k
Hkifif

H
i HH

ki+σ
2
nINR )

−1

Hkkfk)

(12)

Considering that the channel of the time division synchronization system has reciprocity,
←

Hki is
used to indicate the channel matrix in the uplink; that is, the uplink channel matrix between the kth

sub-array of the base station and the user i, and then
←

Hki = HH
ik . In the uplink,

←

f k is used to represent

the analog precoding vector of the kth user,
←

f k = wk, and the analog combining vector
←
wk is obtained

by maximizing the received SINR of each sub-array of the base station as

←
wk =

1
√

Narr
e

j ((
U∑

i=1,i,k

←

Hki
←

f i

←

f
H

i
←

H
H

ki+σ
2
nINarr )

−1
←

Hkk
←

f k)

(13)

The downlink analog precoding vector fk =
←
wk. In summary, the analog constant modulus

precoding algorithm based on channel reciprocity (APoCR) is summarized in Algorithm 1. After
determining the analog precoding vector and the user combining vector of the base station sub-array,
the base station digital precoding matrix is designed to eliminate interference between multiple
user data streams. When designing digital precoding, the base station is usually required to know
the channel state information (CSI), and the base station can obtain the RF equivalent channel
information by channel feedback through user feedback or channel reciprocity based on the time

division multiplexing (TDM) system [26]. Using H̃RF =
[
H̃

T
1 , H̃

T
2 , . . . , H̃

T
U

]
represents the RF equivalent

channel matrix of the U ×NRF dimension, where H̃k represents the RF equivalent channel of user k,
H̃k = wH

k HkFRF(k = 1, 2, . . . , U). After the base station obtains the RF equivalent channel matrix, the
baseband digital precoding matrix FBB is designed by using a block diagonalization (BD) algorithm to
eliminate interference between multiple user data streams.
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Algorithm 1 APoCR Algorithm
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precoding algorithm based on channel reciprocity (APoCR) is summarized in Algorithm 1. After 
determining the analog precoding vector and the user combining vector of the base station sub-array, 
the base station digital precoding matrix is designed to eliminate interference between multiple user 
data streams. When designing digital precoding, the base station is usually required to know the 
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Algorithm 1 APoCR Algorithm  
 
 
1: Randomly generate vector 𝑓௞ሺ𝑘 = 1,2, … , 𝑁ோிሻ. 
2: The iteration begins: 𝑖𝑡𝑒𝑟 = 1 
a) 𝒇𝒐𝒓 𝑘 = 1 𝑡𝑜 𝑈 
 
 
 
 
 

 
Calculate the analog combining vector 𝒘௞ in the downlink from Equation (12) 
Let 𝒇⃖ሬ௞ = 𝒘௞  
 
end 

b) 𝒇𝒐𝒓 𝑘 = 1 𝑡𝑜 𝑁ோி 
 
 
 
 
 

 
Calculate the analog combining vector 𝒘⃖ሬሬሬ௞ in the uplink from Equation (13) 
Let 𝒇௞ = 𝒘⃖ሬሬሬ௞  
 
end 

3: 𝑆𝐼𝑁𝑅௞ሺ𝑖𝑡𝑒𝑟ሻ, 𝑘 = 1,2, … , 𝑈 is calculated using Equation (8). 
4: For 𝑖𝑡𝑒𝑟 ≥ 2, determine whether |𝑆𝐼𝑁𝑅௞ሺ𝑖𝑡𝑒𝑟ሻ − 𝑆𝐼𝑁𝑅௞ሺ𝑖𝑡𝑒𝑟 − 1ሻ| is less than a given smaler 

positive number, and, if so, the iterations ends; otherwise, 𝑖𝑡𝑒𝑟 = 𝑖𝑡𝑒𝑟 + 1 and return to 
Step 1 and continue the iteration to convergence. 

 
 

4. Numerical Simulation Analysis

In this section, under the split MIMO hybrid modulus precoding framework shown in Figure 1,
the proposed APoCS algorithm is simulated and compared with existing algorithms. The simulation
parameters are shown in Table 1. Assume that the AoA and AoD of the propagation path obey [0, 2π]

evenly distributed. The signal-to-noise ratio (SNR) is defined as SNR = 10 log
(

PT
σ2

n

)
dB, where PT

represents the total transmit power. All simulation results were obtained by averaging 5000 channels.

Table 1. Simulation parameters.

Parameter Value

Frequency band 45 GHz
Wavelength λ 6.7 mm

Channel model Parametric with finite scatterers
Number of scatterers Sk 12

Sub-array antenna cell spacing d 0.5 λ

Adjacent sub-array spacing DTx λ

4.1. Comparison Plan

In order to verify the effectiveness of the proposed algorithm, this section uses the hybrid modulus
precoding algorithm in the split sub-array architecture and compared it with the the existing literature
Schemes (1)–(4).

The comparison schemes adopted are:

(1) The traditional pure digital precoding BD algorithm; the number of RF links of the base station is
equal to its number of transmitting antennas;

(2) The hybrid precoding algorithm based on continuous interference cancellation proposed in [19];
(3) In the single-user scenario described in [20], the codebook-based transceiver terminal array

random matching algorithm;
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(4) Analog precoding and combining, regardless of eliminating inter-user interference (IUI) in the
digital domain.

Since Scheme 2 [19] is mainly for a single-user scenario, and the transmission data stream to
the transmission sub-array is an independent path, the adjacent paths are independent, which is
slightly different from the architecture mentioned in this paper. When simulating, it is extended to
the multi-user scenario shown in Figure 1, and the digital part is solved using the BD algorithm. At
the same time, Scheme 3 [20] is also extended to the multi-user scenario, and the digital part uses the
BD algorithm. In Scheme 3, the codewords of the base station sub-array and the user sub-array are
selected with the aim of maximizing the system and rate without considering the digital part. The
number of training required to select the codewords of the first pair of matching base stations and
the user sub-array is NRFUBTBR; BT and BR respectively represent the number of codewords selected
by the base station and the user sub-array. After determining the first matching pair, the number
of training required for the second pair of matching base stations and user sub-array codewords is
(NRF − 1)(U − 1)BTBR; and so on to all matches. When NRF = U, the total number of training required

is NRF (NRF+1) (2NRF+1)
6 BTBR. In this simulation, both the base station and the user sub-array use the

Discrete Fourier Transform (DFT) code with the number of codewords as NB, which can be expressed as

c(m, n) =
1
√

Narr
e− j ( 2π(m−1)(n−1)

NB
), m = 1, 2, . . . , Narr, n = 1, 2, . . . , NB (14)

In addition, the base station and the sub-array of the user randomly select the codewords each
time. In the two implementations under the same conditions, the users corresponding to the same base
station sub-array may be different. Scheme 4 (analog precoding and combining) is the performance
achieved by the algorithm in the case where the base station does not perform digital precoding to
eliminate inter-user interference.

4.2. Algorithm Simulation Analysis

Figure 2 shows the system and rate curves for two different users, the base station antenna number
NT = 32, the number of sub-array antennas Narr = 16, and the number of user antennas NR = 16. It
can be seen that the traditional pure digital precoding BD algorithm has the largest system and rate,
but this is in exchange for the high hardware cost of the number of RF links equal to the base station
transmit antenna. For the same system and rate values, the algorithm proposed in [20] reduces the
required signal-to-noise ratio by approximately 2.5 dB when the number of codewords NB = 16 is
lower than NB = 8, but the number of training required to select the codeword is four times when
NB = 8. Under the same signal-to-noise ratio, the proposed algorithm has a system and rate difference
of less than 1bps/Hz when compared with the traditional pure digital precoding BD algorithm at
NRF = 2. This difference is caused by the analog precoding and analog combining vectors. Inherent
loss is due to constant mode limitation, system and rate ratio NB. The algorithm proposed in [20] is
higher than 2 bps/Hz, which is 4 bps/Hz higher than NB = 8, which is also superior to the hybrid
modulus precoding algorithm based on continuous interference cancellation proposed in [19]. In
addition, analog precoding and the combination achieved by the proposed algorithm are combined
at a low SNR, and the rate is close to the performance of the hybrid modulus precoding, but as the
signal-to-noise ratio increases, the inter-user interference increases, and the rate is lower than the
hybrid modulus precoding algorithm proposed in this paper.

Figure 3 shows the variation of the system rate of the different algorithms with the number of
antennas for two users with a signal-to-noise ratio of 0 dB and the number of codewords used in [20]
is equal to the number of sub-array antennas. It can be seen that with the increase in the number of
antennas, the proposed algorithm is still very close to the sum rate curve of the traditional digital
precoding BD algorithm, and is superior to the algorithms proposed in [19,20].
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algorithms under different a number of antennas with U = 2.

Figure 4 shows the variation of the system and rate with the number of users with a signal-to-noise
ratio of 0 dB and a sub-array antenna number of Narr = 16. The simulation shows that with the increase
in the number of users, the proposed algorithm can still obtain the performance of the nearly optimal
pure digital precoding algorithm. However, when the number of users is greater than 9, the difference
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between the proposed algorithm and the optimal pure digital precoding algorithm increases, which is
caused by the increase in interference sources between users. The curve changes corresponding to
the analog precoding and combining also illustrate the effect of interference and rate between users.
Therefore, the proposed algorithm is more suitable for cases where the number of users is not too high,
such as a wireless LAN transmission environment. The wireless LAN standard IEEE802.11ac supports
up to four users to communicate at the same time, and the proposed algorithm can support eight users
at the same time.
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Figure 5 shows the SINR of each user at a signal-to-noise ratio of 0 dB and the sub-array antenna
number Narr = 16. The user signal-to-noise ratio of Equation (8) varies with the number of iterations.
Figure 5a shows the SINR for two users and Figure 5b shows the SINR for four users. It can be seen
that after five iterations, the SINRs of the two users all converge. When the number of iterations is
20, the SINRs of all four users converge. Because the number of interferences per user increases with
the increase in users, the number of iterations required for the proposed algorithm to converge will
increase, but the proposed algorithm converges faster than the number of trainings in [20].
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under various numbers of iterations with Narr = 16, SNR = 0 dB. (a) U = 2; (b) U = 4.

5. Conclusions

In this paper, a hybrid analog–digital precoding architecture of multi-user millimeter wave MIMO
systems was studied. The analog-receiving scheme under the MIMO architecture of split sub-array
was proposed for the first time. Considering that solving the hybrid modulus precoding with the goal
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of maximizing system and rate is a ternary joint optimization problem, and the constant modulus
limitation of the simulation part makes the optimal solution difficult to obtain, it was divided into two
parts: analog and digital. Furthermore, by pairing the base station sub-array with the users, one by one,
a hybrid modulus precoding algorithm based on channel reciprocity was proposed. The algorithm
respectively solves the analog combining vector and the analog precoding vector by maximizing
the received SNR of each downlink user and each sub-array of the uplink. After fixing the analog
part of the system, the multi-user block diagonalization (BD) algorithm was used to design the base
station digital precoding matrix to eliminate interference between multiple user data streams. Finally,
the proposed algorithm and the traditional pure digital precoding BD algorithm and the existing
algorithms were numerically simulated and compared. The simulation results show that the proposed
algorithm has fast convergence speed and can obtain near-optimal pure digital pre-preparation. The
performance of the encoding, as well as the system rate, is superior to existing literature algorithms.
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