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ABSTRACT In this paper, we consider the decode-and-forward (DF) relay system in millimeter-wave
(mmWave) massive multiple-input multiple-output (MIMO) systems, and propose a hybrid beamforming
design method for the mixed structure, which contains the fully-connected and sub-connected struc-
tures. To satisfy constant-modulus and block-diagonalization (BD) constraints, the analog beamforming is
designed by the idea of sorted successive interference cancellation (SSIC). More specifically, the proposed
method first sorts the capacities of different analog sub-channels in descending order, and then designs the
analog beamforming serially according to the order of the capacities. To efficiently mitigate the inner-user
and inter-user interference, we propose a modified baseband BD technology to reduce the information loss
in digital beamforming design, thereby improving the system capacity. In addition, the proposed hybrid
beamforming algorithm is designed by considering both uniform linear arrays (ULAs) and uniform planar
arrays (UPAs). Simulation results demonstrate that the proposed hybrid beamforming design scheme can
obtain good performance in terms of the achievable sum-rate and power efficiency in ULAs and UPAs.

INDEX TERMS DF relay, mmWave, massive MIMO, hybrid beamforming, mixed structure.

I. INTRODUCTION
5G seeks to meet communication needs in the scenarios
with large connection, high bandwidth and low latency [1].
Compared with 5G, 6G will further improve information
transmission rate, signal coverage, delay and intelligence [2].
Millimeter wave (mmWave) covers the spectrum from
30 GHz to 300 GHz, and meets the bandwidth requirements
for 5G/6G services [3]. However, mmWave signals are easily
blocked, absorbed and scattered by obstacles during transmis-
sion, which leads to severe propagation path losses in high
frequency communications. Due to the shorter wavelength
of mmWave, a large number of antennas are allowed to be
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equipped at transmitting and receiving ends, i.e., massive
multiple-input multiple-output (MIMO) techniques.

In the face of complex environments or long-distance com-
munications, relays can be used in mmWave massive MIMO
systems to assist the communication between source and des-
tination nodes. With the help of relays, the number of trans-
mission signals in the coverage area will be expanded [4].
It can also be ensured that channels between any two commu-
nication nodes are in line of sight (LoS). MmWave massive
MIMO relay systems can reduce propagation path losses and
severe intermittent blocking effects. There are two commonly
used relays, i.e., amplify-and-forward (AF) and decode-
and-forward (DF) relays. AF relays amplify the power of the
received signal and forward it. DF relays decode the received
signal and then re-encode and forward it, which exhibit the
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digital nature. In contrast to AF relays, the signal processing
method of DF relays is complicated. However, DF relays
can overcome the noise accumulation by regenerating data
at relays and increase the possibility of adaptive modulation
and coding [5]–[7].

The precoding technique can increase the power gain
required for transmission, which helps to compensate for
propagation path losses of mmWave signals in wireless chan-
nels. It is also conducive to reduce severe signal attenuation
caused by atmospheric absorption and rainfall. In general,
the full-digital (FD) precoding scheme is optimal in the mat-
ter of flexibility and performance [8]–[10]. However, the FD
precoding architecture asks a dedicated radio frequency (RF)
chain to be assigned for each antenna, and thus is more com-
plex in hardware implementation. It is impractical formassive
MIMO antenna arrays from the perspective of cost and power
consumption. In order to leverage the hardware complexity
and system performance, the hybrid precoding scheme falls
into place. It has fewer RF chains, but its performance is close
to that of the FD precoding scheme. The hybrid precoding
technique has become a popular RF architecture in future
mmWavemassiveMIMO communication systems [11]–[15].

In [11], an asymptotically optimal hybrid precoding
scheme with closed-form solution was proposed for the
downlink massive multi-user (MU) MIMO system. The
scheme has superior performance and low complexity. Its
sum-rate is close to channel capacity with massive antennas
at the base station. In [12], a two-stage hybrid precoding
design based on the signal-to-leakage-plus-noise ratio met-
ric was proposed for frequency-division duplexing massive
MU-MIMO systems, and then was extended to multi-cell
systems. This hybrid precoding method can significantly
reduce the downlink training and uplink feedback overhead.
The work in [13] proposed a joint hybrid precoding scheme
for large-scale MIMO systems by exploiting the concept of
equivalent channel. Its system spectral efficiency is enhanced.
In [14], a hybrid beamforming scheme with partial interfer-
ing beam feedback was proposed for the codebook based
MU-MIMO system, and it outperforms an existing hybrid
precoding scheme based on channel reconstruction. The
research conducted in [15] proposed a two-stage hybrid
beamforming design for the mmWave massive MU-MIMO
system with sub-connected structure. The hybrid precoding
scheme more accurately approximates to that of the FD
system.

The hybrid precoding design can be realized by two classic
structures: the sub-connected and fully-connected structure.
The sub-connected structure means that each RF chain is
only connected to an independent subset of antennas, while
the fully-connected structure means that each RF chain is
connected to all antennas. For the AF mmWave massive
MIMO relay system with fully-connected structure, [16] and
[17] studied the joint optimal hybrid precoding design for
downlink single-user (SU) and MU scenarios. The works
[18] and [19] focused on the AF mmWave massive MIMO
relay systemwith sub-connected structure in the SU scenario.

The research in [20] investigated the hybrid beamforming
for multi-hop AF relay systems and channel errors were also
taken into account.

In [21], a mixed connected structure, which contains the
fully-connected and sub-connected structures, was proposed
and a matrix factorization based near-optimal hybrid pre-
coding design was designed for mmWave massive MIMO
systems. This mixed connected structure shows a lower hard-
ware complexity in comparison with the fully-connected
structure, and its spectral efficiency is better than that of the
sub-connected structure. The work [22] proposed a general-
ized sub-array-connected (GSAC) architecture and a beam-
steering codebook for the hybrid precoding aided GSAC
architecture in mmWave massive MIMO systems, which
improves the energy efficiency.

To the best of the authors’ knowledge, there are few
research works on the hybrid precoding design of mmWave
massive MU-MIMO DF relay system with mixed struc-
ture, which motivates our work. For communication systems
with large-scale antennas, compared with the fully-connected
structure, the mixed structure exhibits advantages of low
computational complexity, low power consumption, and sim-
ple wiring. At the same time, communication systems with
the mixed structure can achieve great performance close
to that with the fully-connected structure. In this paper,
we study the hybrid beamforming design in a mmWave mas-
sive MU-MIMO DF relay system with the mixed structure,
where the source node sends signals to users with the aiding
of a DF relay. The main contributions of this work can be
summarized as follows:

1) Considering the uniform linear arrays (ULAs) and
uniform planar arrays (UPAs), the hybrid beamform-
ing design of mmWave massive MU-MIMO DF relay
system with mixed fully-connected and sub-connected
structure is investigated in this paper. By exploiting
the idea of joint hierarchical optimization, we recur-
sively combine the channel with optimized precoders/
combiners to decompose the total sum-rate optimiza-
tion problem with non-convex constraints into a series
of simple optimization problems.

2) To satisfy constant-modulus and block-diagonalization
(BD) constraints, the sorted successive interference
cancellation (SSIC) method is proposed to design
the analog beamforming with sub-connected structure.
Then the piecewise success approximation is utilized
to obtain the analog beamforming with fully-connected
structure. The modified BD technology is utilized to
design the digital beamforming.

3) In the case of large-scale antenna arrays, simulation
results show the proposed hybrid beamforming algo-
rithm for themixed structure can achieve great sum-rate
performance in both ULAs and UPAs, and has the
advantages of low computational complexity and low
power consumption compared with the fully-connected
structure. In addition, the proposed hybrid beamform-
ing design method can support more users than other
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design methods when the system sum-rate is steadily
increasing.

The remainder of this paper is organized as fol-
lows. In Section II, we introduce the considered massive
MU-MIMO DF relay system with mixed structure and
mmWave channel model. The proposed hybrid beamforming
design scheme is shown in Section III. Simulation results are
demonstrated in Section IV, and conclusions are drawn in
Section V.
Notations: Bold lower-case letters and boldface capitals

stand for vectors and matrices, respectively. E[·] represents
the expectation. (·)T, (·)−1, (·)H, tr {·} and ‖·‖F denote the
transpose, inversion, conjugate transpose, trace and Frobe-
nius norm of a matrix, respectively. IN is an N × N identity
matrix and 0M×N is aM×N all-zero matrix.Cm×n and Zm×n
represent a m× n-dimensional complex space and an integer
space, respectively.Dm×m describes am×m diagonal matrix.
blk [·] indicates the block-diagonal operator. 6 X denotes a
matrix forming by ejϕi,j , where ϕi,j is the phase of the (i, j)-th
element of X.

II. SYSTEM DESCRIPTION
A. SYSTEM MODEL
The block diagram of the considered mmWave mas-
sive MU-MIMO DF relay system with mixed structure
is shown in Fig. 1. The relay with mixed structure is
depicted in Fig. 1(a), where its receiving end adopts the
fully-connected structure and transmitting end adopts the
sub-connected structure. In Fig. 1(b), we show the transmitter
and receiver structures of the source node and k-th user end.
The source node adopts the sub-connected structure. It is
equipped withMS RF chains and each RF chain is connected
to a disjoint subset of NmS

S antennas, where the total number

of antennas is NS =
MS∑
mS=1

NmS
S . The relay receiving end is

FIGURE 1. The structure of the mmWave massive MU-MIMO DF relay
system: (a) Relay hybrid beamforming with mixed structure;
(b) Transmitter and receiver structures of the source node and k-th user,
respectively.

equipped withMR RF chains and NR receiving antennas. The
relay transmitting end is equipped with MR RF chains. Each
RF chain is connected to a disjoint subset of NmR

R antennas

and the total number of antennas is NR =
MR∑
mR=1

NmR
R . The

relay is assumed to serve K users with the fully-connected
structure. For the k-th user, NDk antennas andMDk RF chains
are installed to support LS data streams. The total num-

ber of antennas is ND =
K∑
k=1

NDk . In order to reduce the

hardware implementation complexity andmake sure effective
multi-stream communication, the number of RF chains for all
nodes are constrained by KLS 6 MS 6 NS, KLS 6 MR 6
NR and LS 6 MDk 6 NDk .

The overall symbol vector transmitted to all K users is s =[
sT1 , . . . , s

T
K

]
and E

[
ssH
]
=

1
KLS

IKLS , in which sk ∈ CLS×1

and k = 1, 2, . . . ,K . At the source node, the diagonal power
allocation matrix PS =

[
P1
S, . . . ,P

K
S

]
∈ DKLS×KLS first acts

on s with power constraint ‖PS‖
2
F = PS. Then, signals after

power allocation are processed by a hybrid precoder which
is composed of a digital precoder WS ∈ CMS×KLS and an
analog precoder FS ∈ CNS×MS , i.e.,

xS = FSWSPSs. (1)

The analog precoder FS is implemented by analog
phase shifters. Therefore, its non-zero elements follow
constant-modulus constraints. The total transmitted power
constraints at the source can be enforced by normalizing the
digital precoder WS such that ‖FSWS‖

2
F = KLS. Further-

more, since each RF chain is connected only to a subset of
antennas in the sub-connected structure, the analog precoder
FS at the source end is constrained as the following BD form

FS = blk
(
f1S, . . . , f

MS
S

)
, (2)

where fmS
S ∈ CN

mS
S ×1 and mS = 1, . . . ,MS. Its non-zero

elements are subject to∣∣fmS
S (i)

∣∣ = 1√
NmS
S

, i = 1, 2, . . . ,NmS
S . (3)

xS is then transmitted via the channel H ∈ CNR×NS from the
source to relay. Hence the received signal can be expressed as

yR = HxS + nR, (4)

where nR ∈ CNR×1 is the complex additive white Gaussian
noise vector whose elements follow the independent and
identically distributed (i.i.d.) complex Gaussian distribution
with zero mean and variance σ 2

R. At the relay receiving end,
yR is decoded by an analog combiner FR1 ∈ CNR×MR and a
digital combinerWR1 ∈ CMR×KLS . Hence the decoded signal
in the DF relay can be given by

sR = WH
R1F

H
R1yR

= WH
R1F

H
R1HxS +WH

R1F
H
R1nR. (5)
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Similar to the above treatments, sR first passes through a
diagonal power allocation matrix PR ∈ DKLS×KLS which
satisfies ‖PR‖

2
F = PR, and then is processed by a digital

precoder WR2 ∈ CMR×KLS and an analog precoder FR2 ∈

CNR×MR , i.e.,

xR = FR2WR2PRsR. (6)

The total transmitted power constraints at the relay are
enforced by normalizing the digital precodersWR2 such that
‖FR2WR2‖

2
F = KLS. Since the relay transmitting end adopts

the sub-connected structure, the analog precoders FR2 is also
in the BD form

FR2 = blk
(
f1R2, . . . , f

MR
R2

)
, (7)∣∣fmR

R2 (j)
∣∣ = 1√

NmR
R

, j = 1, 2, . . . ,NmR
R , (8)

where fmR
R2 ∈ CN

mR
R ×1 and mR = 1, . . . ,MR. After transmit-

ting via the channel Gk ∈ CNR×NDk from relay to the k-th
user, the received signal can be expressed as

yDk = GkxR + nDk , (9)

where nDk ∼ CN (0, σ 2
D). At the k-th user end, yDk is

processed by an analog combiner FDk ∈ CNDk×MDk and a
digital combiner WDk ∈ CMDk×LS . The resulting signal can
be shown as

sDk = WH
DkF

H
DkyDk

= WH
DkF

H
DkGkxR +WH

DkF
H
DknDk . (10)

By defining Ḡk = FH
DkGkFR2, the received i-th data stream

sDki for the k-th user can be expressed as

sDki = WH
Dk (i, :) ḠkWR2 (:, ki)

√
PRkisRki︸ ︷︷ ︸

desired signal

+

LS∑
j=1,j6=i

WH
Dk (i, :) ḠkWR2

(
:, kj

)√
PRkjsRkj︸ ︷︷ ︸

inner - user interference

+

K∑
m=1,m6=k

LS∑
l=1

WH
Dk (i, :) ḠkWR2 (:,ml)

√
PRml sRml︸ ︷︷ ︸

inter - user interference

+ WH
Dk (i, :)F

H
DknDk︸ ︷︷ ︸

noise

, (11)

where ki = (k − 1)LS + i, i = 1, . . . ,LS, and
√
PRki is the

power allocated to the i-th data stream for the k-th user. When
Gaussian symbols are transmitted in the considered system,
the achievable sum-rate from the relay to the k-th user can be
given by

R =
K∑
k=1

LS∑
i=1

log2
(
1+ SINRki

)
, (12)

where SINRki is the signal-to-interference and noise
ratio (SINR) of sDki . This can be computed by the ratio of the

desired signal energy to the interference plus noise energy,
and is formulated as

SINRki =
SDki

IDki + NDki
,

SDki =
∣∣∣WH

Dk (i, :) ḠkWR2 (:, ki)
√
PRki

∣∣∣2,
IDki =

LS∑
j=1,j6=i

∣∣∣WH
Dk (i, :) ḠkWR2

(
:, kj

)√
PRkj

∣∣∣2
+

K∑
m=1,m6=k

LS∑
l=1

∣∣∣WH
Dk (i, :) ḠkWR2 (:,ml)

√
PRml

∣∣∣2,
NDki = σ

2
D

∥∥∥WH
Dk (i, :)F

H
Dk

∥∥∥2
F
, (13)

where k = 1, . . . ,K and i = 1, . . . ,LS.
In order to achieve precoding, perfect channel state infor-

mation (CSI) is assumed to be known for all nodes. In prac-
tical systems, CSI received at the relay and user ends can be
obtained via training. Then through the limited feedback, CSI
can be shared from the relay to source and the user ends to
relay.

B. CHANNEL MODEL
MmWave channels exhibit the characteristics of high
free-space path losses and limited scattering or spatial selec-
tivity [23], [24]. In addition, large tightly-packed antenna
arrays are often implemented in mmWave systems, which
results in high levels of antenna correlation. The traditional
statistical fading distribution, such as Rayleigh fading dis-
tribution [25], is no longer suitable for modeling mmWave
channels. In this paper, the narrowband clustered channel
based on geometric Saleh-Valenzuela model [23], [26] is
adopted to accurately reflect the mathematical structure of
mmWave communications.

It is assumed that channel matricesH andGk are respective
a sum of NcR and Nck scattering clusters, each of which
respectively contributeNpR andNpk propagation paths, where
k = 1, . . . ,K . Hence the normalized narrowband channels
from source to relay and from relay to the k-th user can be
expressed as [23]

H=

√
NSNR

NcRNpR

NcR∑
i=1

NpR∑
l=1

αi,la
(
θR1i,l , ϕ

R1
i,l

)
a
(
θSi,l, ϕ

S
i,l

)H
, (14)

Gk =

√
NRNDk

NckNpk

Nck∑
i=1

Npk∑
l=1

γ ki,la
(
θDki,l , ϕ

Dk
i,l

)
a
(
θR2i,l , ϕ

R2
i,l

)H
, (15)

where αi,l and γ ki,l denote complex gains of the i-th path in
the l-th cluster, and they follow the independent Gaussian
distribution CN (0, 1). θi,l and ϕi,l with different superscripts
are the azimuth and elevation angles of arrival/departure
(AoAs/AoDs) of the i-th path in the l-th cluster, respectively.
They obey the truncated Laplacian distribution [27], [28],
which has been found to be a good fit for a variety of propa-
gation scenarios. a

(
θi,l, ϕi,l

)
stands for the normalized array
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response vector with the azimuth and elevation angles θi,l
and ϕi,l . They are independent of antenna element properties
and only subject to the antenna array structure. The hybrid
precoding scheme derived in this paper can be applied to
arbitrary antenna geometries. For the sake of simplicity but
without loss of generality, ULAs and UPAs are examined in
our study. For an ULA with U elements, the array response
vector can be written as

aULA (θ) =

√
1
U

[
1, ejς sin θ , . . . , ej(U−1)ς sin θ

]T
, (16)

where ς = 2πd
/
λ, d indicates the spacing between two

neighboring antenna elements and λ is the signal wavelength.
Note that the elevation dimension is ignored, since the ULA
response vector is invariant in the elevation domain. For an
UPA with W1 and W2 elements on two arbitrary axes and
W1W2 = U , the array response vector can be given by

aUPA (θ, ϕ) =

√
1
U
[1, . . . , ejς(w1 sin θ sinϕ+w2 cosϕ), . . . ,

ejς((W1−1) sin θ sinϕ+(W2−1) cosϕ)]T, (17)

where 0 6 w1 6 (W1 − 1), 0 6 w2 6 (W2 − 1) and
w1,w2 ∈ Z.

III. HYBRID PRECODING DESIGN
This section discusses the hybrid beamforming design of the
considered mmWave massive MU-MIMO DF relay system
withmixed structure. The achievable sum-rate is an important
performance evaluation standard for communication systems.
The design goal is to maximize the sum-rate shown in (12)
by properly designing structures of precoders and combiners.
The optimization problem can be mathematically formulated
as

(P)
(
WS,FS,FR1,WR1,FR2,WR2, (FDk ,WDk)k=1,...,K ,

PS,PR
)

= argmax
(WS,FS,FR1,WR1,FR2,WR2,(FDk ,WDk )k=1,...,K ,PS,PR)

R

s.t. |FR1(i, j)| =
1
√
NR
,

|FDk (i, j)| =
1
√
NDk

,∣∣fmS
S (i)

∣∣ = 1√
NmS
S

,

i = 1, 2, . . . ,NmS
S ,∣∣fmR

R2 (j)
∣∣ = 1√

NmR
R

,

j = 1, 2, . . . ,NmR
R ,

FS = blk
(
f1S, . . . , f

MS
S

)
,

FR2 = blk
(
f1R2, . . . , f

MR
R2

)
,

‖FSWS‖
2
F=‖FR2WR2‖

2
F=KLS,

‖PS‖
2
F = PS, ‖PR‖

2
F = PR.

(18)

Both the objective function and constraints in (18), as well as
the original optimization problem, are non-convex. It is dif-
ficult to jointly optimize variables (WS,FS,FR1,WR1,FR2,

WR2, (FDk ,WDk )k=1,...,K ,PS,PR) and search the global
optimal solution in problem (18). On the basis of the com-
munication mode of DF relay systems, the entire signal trans-
mission scheme can be decomposed into two independent
cascade subsystems. The first subsystem is from source to
relay, and the second one is from relay to user ends. The
corresponding transmission rates are R1 and R2, respectively.
Therefore, the original sum-rate maximization problem can
be reconstructed to maximize the minimum value of R1 and
R2 [29]. Due to the fact that the relay communication is
completed in two time slots, the transmission rate is half of
the overall sum-rate compared with a relay-free scenario [30].
The sum-rate of the entire system is expressed as

R = 0.5min (R1,R2) . (19)

Similar to (11)-(13), R1 and R2 can be given by

R1 = log2 (1+ SINRSR) , (20)

R2 =
K∑
k=1

LS∑
i=1

log2
(
1+ SINRkiRD

)
, (21)

where SINRSR and SINRkiRD respectively represent SINR
from source to relay decoding and relay forwarding to users.
The original sum-rate maximization problem (18) is then
reformulated as the following two separate sub-problems

(P1) (WS,FS,FR1,WR1,PS)

= argmax
(WS,FS,FR1,WR1,PS)

R1

s.t. |FR1(i, j)| =
1
√
NR
,∣∣fmS

S (i)
∣∣ = 1√

NmS
S

, i = 1, 2, . . . ,NmS
S ,

FS = blk
(
f1S, . . . , f

MS
S

)
,

‖FSWS‖
2
F = KLS,

‖PS‖
2
F = PS. (22)

(P2)
(
FR2,WR2, (FDk ,WDk)k=1,...,K ,PR

)
= argmax
(FR2,WR2,(FDk ,WDk )k=1,...,K ,PR)

R2

s.t. |FDk (i, j)| =
1
√
NDk

,∣∣fmR
R2 (j)

∣∣ = 1√
NmR
R

, j = 1, 2, . . . ,NmR
R ,

FR2 = blk
(
f1R2, . . . , f

MR
R2

)
,

‖FR2WR2‖
2
F = KLS,

‖PR‖
2
F = PR. (23)
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The two reformulated sub-problems P1 and P2 are still non-
convex, and corresponding specific design algorithms will be
presented to solve these two sub-problems.

A. HYBRID PRECODING DESIGN FROM THE
SOURCE TO RELAY DECODING
In this subsection, we commence with the optimization of
the first sub-problem P1. The communication link from
the source to relay can be regarded as a point-to-point
massive MIMO system. Since the source node adopts the
sub-connected structure, the analog precoder FS is in the BD
form with a constant amplitude. Due to these non-convex
constraints, it is difficult to maximize the sum-rate in (22).

With the special BD structure of the hybrid precoding
matrix FS, it is observed that the precoder for different subset
of antennas is independent. Inspired by the design idea based
on the successive interference cancellation (SIC) joint hierar-
chical optimization algorithm [20], [22], [31], the complex
optimization problem P1 can be decomposed into a series
of sub-optimal sum-rate optimization problems. Considering
that each RF chain is connected to a subset of disjoint anten-
nas, we can first only optimize the sum-rate corresponding
to the selected antenna subset while without considering
others. After that, the second antenna subset is selected and
its sum-rate is optimized. Repeat the above processes until the
sum-rate corresponding to all antenna subsets is optimized.

The traditional SIC method is optimized in the recursive
order. However, the CSI for different antenna subsets is sig-
nificantly different. For our hybrid precoding design scheme,
all MS antenna subsets are first sorted according to the dif-
ference in their channel capacity. Then we perform the above
mentioned SSIC optimization processes in the arrangement
order till the sum-rate corresponding to the last antenna subset
is optimized.

After the analog precoder FS is obtained, the analog com-
biner FR1, digital combinerWR1 and digital precoderWS are
sequentially optimized based on the idea of joint hierarchical
optimization.
CmS is defined as the achievable sum-rate corresponding to

the mS-th antenna subset, in which mS = 1, . . . ,MS. During
the optimization processes, the digital precoding matrix is
assumed to be fixed. Hence the objective in (22) can be
expressed as

FS = argmax
FS

CSR =

MS∑
mS=1

CmS

s.t.
∣∣fmS
S (i)

∣∣ = 1√
NmS
S

, i = 1, 2, . . . ,NmS
S ,

FS = blk
(
f1S, . . . , f

MS
S

)
. (24)

Define the hybrid precoding matrix FS =

[
F̄MS−1
S , F̃MS

S

]
,

where F̃MS
S and F̄MS−1

S denote the MS-th column and an
NS× (MS − 1)matrix containing the firstMS−1 columns of
FS, respectively. Hence the sum-rate in (24) can be rewritten

as

CSR = log2(|IKLS +
PS

σ 2
RKLS

HFSFH
SH

H
|) = log2

× (|IKLS+
PS

σ 2
RKLS

H
[
F̄MS−1
S ,F̃MS

S

] [̄
FMS−1
S , F̃MS

S

]H
HH
|)

= log2(|IKLS +
PS

σ 2
RKLS

HF̄
MS−1
S

(
F̄MS−1
S

)H
HH

+
PS

σ 2
RKLS

HF̃
MS
S

(
F̃MS
S

)H
HH
|). (25)

Define an auxiliary matrix

SMS−1 = IKLS +
PS

σ 2
RKLS

HF̄
MS−1
S

(
F̄MS−1
S

)H
HH. (26)

Due to |I+ XY| = |I+ YX|, (25) can be simplified as

CSR = log2
(∣∣SMS−1

∣∣)
+ log2

(
IKLS +

PS
σ 2
RKLS

S−1MS−1
H̃F

MS
S

(
F̃MS
S

)H
HH

)
(a)
= log2

(∣∣SMS−1
∣∣)

+ log2

(
1+

PS
σ 2
RKLS

(
F̃MS
S

)H
HHS−1MS−1

HF̃
MS
S

)
.

(27)

The first term on the right side of (a) in (27) is in the
same form as that in (25), and the second term 1 + PS

σ 2RKLS(
F̃MS
S

)H
HHS−1MS−1

HF̃
MS
S denotes the achievable sum-rate

of the MS-th antenna subset. Further, we decompose
log2

(∣∣SMS−1
∣∣) using the similar way in (27) as

log2
(∣∣SMS−1

∣∣) = log2
(∣∣SMS−2

∣∣)
+ log2

(
1+

PS
σ 2
RKLS

(
F̃MS−1
S

)H
HHS−1MS−2

HF̃
MS−1
S

)
. (28)

Such the similar procedure will be executed until all MS
antenna subsets are considered. Then CSR can be rewritten
as

CSR =

MS∑
mS=1

log2

(
1+

PS
σ 2
RKLS

(
F̃mS
S

)H
HHS−1mS−1

HF̃
mS
S

)
,

(29)

where SmS = IKLS +
PS

σ 2RKLS
HF̄

mS
S
(
F̄mS
S

)H
HH and S1 = IMS .

According to the above analysis, the sum-rate of the first
selected antenna subset to be optimized can be expressed as

Cmax
mS
= log2

(
1+

PS
σ 2
RKLS

(
F̃mS
S

)H
HHS−1mS−1

HF̃
mS
S

)
, (30)

where Cmax
mS

= max
{
C1, . . . ,CMS

}
and TmS−1 =

HHS−1mS−1
H. Let GmS−1 ∈ CN

mS
S ×N

mS
S keep the rows and

columns of TmS−1 from

(
mS−1∑
i=1

N i
S + 1

)
to

mS∑
i=1

N i
S and define
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R = [0mS−1∑
i=1

N i
S×N

mS
S

, INmS
S
, 0 MS∑

i=mS

N i
S×N

mS
S

]T as the correspond-

ing selection matrix. Then GmS−1 can be expressed as

GmS−1 = RHTmS−1R = RHHHS−1mS−1
HR. (31)

Therefore, (30) can be rewritten as

Cmax
mS
= log2

(
1+

PS
σ 2
RKLS

(
F̃mS
S

)H
GmS−1F̃

mS
S

)
. (32)

Applying the singular value decomposition (SVD) to
GmS−1, we can obtain GmS−1 = V6VH, in which 6 ∈

CN
mS
S ×N

mS
S is a diagonal matrix containing the singular values

of GmS−1 arranged in descending order, and V ∈ CN
mS
S ×N

mS
S

denotes the right singular matrix. Hence the optimal solution
of (24) can be obtained by(

F̃mS
S

)
opt
=

 0
v1
0

 , (33)

where v1 represents the first column ofV. The elements of v1
do not follow the constant-modulus constraint, which is not
appropriate for the design of F̃mS

S . However, we can explore
a suitable substitute of v1 to make F̃mS

S close enough to its

optimal solution
(
F̃mS
S

)
opt

.

Matrices 6 and V can be further divided into 6 =

blk (61, 62) and V = [v1, v2], respectively. Then (32) can
be rewritten as

Cmax
mS
= log2

(
1+

PS
σ 2
RKLS

(
F̃mS
S

)H
V6VHF̃mS

S

)

= log2

(
1+

2∑
i=1

PS
σ 2
RKLS

(
F̃mS
S

)H
vi6ivHi F̃

mS
S

)
. (34)

In order to find the optimal solution of F̃mS
S , it is reasonable

to assume that F̃mS
S is orthogonal to v2, i.e., F̃

mS
S v2 ≈ 0.

According to the effective theory of high signal-to-noise
ratio (SNR) approximation, i.e.,(

1+
PS

σ 2
RKLS

61

)−1
PS

σ 2
RKLS

61 ≈ 1, (35)

(34) can be expressed as

Cmax
mS
≈ log2

(
1+

PS
σ 2
RKLS

61

(
F̃mS
S

)H
v1vH1 F̃

mS
S

)

≈ log2

(
1+

PS
σ 2
RKLS

61

)
+log2

((
F̃mS
S

)H
v1vH1 F̃

mS
S

)
.

(36)
It can be observed from (36) that maximizing Cmax

mS
is equivalent to minimizing the mean-square-error (MSE)
between F̃mS

S and
(
F̃mS
S

)
opt

on the constraint of constant-

modulus. Define Fopt
S as the optimal solution of FS.

As a result, the optimization problem (24) can be further
formulated as

argmin
FS

E
{∥∥∥Fopt

S − FS

∥∥∥2
F

}
. (37)

The MSE function can be expressed as

E
{∥∥∥Fopt

S − FS

∥∥∥2
F

}
= tr

{(
Fopt
S − FS

)H (
Fopt
S − FS

)}
= 2MS − tr

{
2Re

(
FH
SF

opt
S

)}
= 2MS − 2

NS∑
nS=1

MS∑
mS=1

× Re
(
|FS (nS,mS)|

∣∣∣Fopt
S (nS,mS)

∣∣∣
× ejϕ(nS,mS)

)
, (38)

where ϕ(nS,mS) = 6 FS (nS,mS)− 6 F
opt
S (nS,mS). It is clear

that when ϕ(nS,mS) = 0, i.e., each column of FS shares the
same phase with that of Fopt

S , the objective function in (37) is
minimized. Therefore, the analog precoding vector F̃mS

S can
be chosen as

F̃mS
S =

1
√
NS

e
j6
(
F̃
mS
S

)
opt , (39)

where 6
(
F̃mS
S

)
opt

represents the phase vector of
(
F̃mS
S

)
opt

and

mS = 1, . . . ,MS.
According to the above analysis, the optimization prob-

lem (24) can be transformed into a series of sub-problems
which can be optimized one by one. The optimization pro-
cedure of the proposed analog precoder FS design scheme
is summarized and shown in Fig. 2. All MS antenna subsets
are first sorted on the basis of their corresponding channel
capacity. Then we update SmS and optimize F̃mS

S in the order
of arrangement. Repeat above processes until the sum-rate
corresponding to all antenna subsets is optimized.

FIGURE 2. Diagram of the proposed analog precoder FS design scheme.

According to the idea of joint hierarchical optimization,
we sequentially optimize FR1, WR1 and WS. Applying SVD
to HFS , we have HFS = Ũ6̃ṼH, in which 6̃ is a diagonal
matrix, Ũ and Ṽ are respective the left and right singular
matrices. The analog combiner FR1 is also confined to the
constant-modulus constraint. Therefore, FR1 is obtained by

FR1 =
1
√
NR

ej
6 Ũ(:,1:MR), (40)

which is similar to the optimization of FS. Then we perform
SVD to FH

R1HFS , and take the first KLS column of its left
singular matrix Ū to optimizeWR1, i.e.,

WR1 = Ū (:, 1 : KLS) . (41)

VOLUME 9, 2021 66147



M. Han et al.: Efficient Hybrid Beamforming Design in mmWave Massive MU-MIMO DF Relay Systems

Via calculating the SVD ofWH
R1F

H
R1HFS, the optimization of

WS can be obtained by

WS = V
−
(:, 1 : KLS) , (42)

where V
−
is the right singular matrix.

By exploiting the idea of joint hierarchical optimization,
we recursively combine the channel with optimized pre-
coders/combiners, and perform SVD to them. Thereby, all
optimized precoders/combiners can be obtained. Since the
optimization order depends on the channel capacity of differ-
ent antenna subsets, the proposed precoders and combiners
design scheme reduces the capacity loss. Finally, the classic
water filling power allocationmethod is used to get the design
of power allocation matrix. The proposed hybrid precoding
design from the source to relay decoding scheme is summa-
rized and shown in Table 1.

TABLE 1. The proposed hybrid precoding design from the source to relay
decoding.

B. HYBRID PRECODING DESIGN FROM THE RELAY
FORWARDING TO USERS
We now focus on solving the sub-problem P2. It can
be regarded as a massive MU-MIMO system with a
sub-connected structure. The improved SSIC algorithm is
considered to optimize the analog precoder FR2. If other vari-
ables are fixed in (23), the problem can be transformed into:

FR2 = argmax
FR2

Cmax

s.t.
∣∣fmR
R2 (j)

∣∣ = 1√
NmR
R

, j = 1, 2, . . . ,NmR
R

FR2 = blk
(
f1R2, . . . , f

MR
R2

)
, (43)

where

Cmax =

MR∑
mR=1

CmR

=

MR∑
mR=1

log2

(
1+

PR
σ 2
DKLS

(
F̃mR
R2

)H
GHGF̃

mR
R2

)
. (44)

The whole process is the same as that of solving the problem
P1, and hence is omitted here for the sake of brevity. Accord-
ing to the flowchart in Fig. 2, FR2 is obtained based on the
improved SSIC.
After that, the analog precoding matrix FR2 is combined

with the channel matrix Gk as GkFR2 = U∼6∼V∼
H. The analog

combiner FDk has the constant-modulus constraint. It can be
obtained by

FDk =
1
√
NDk

e
j6 U∼(:,1:MDk )

. (45)

Then we perform SVD to FH
DkGkFR2, and take the first LS

column of its left singular matrix Uk to optimizeWDk , i.e.,

WDk = Uk (:, 1 : LS) . (46)

The analog compound matrix FD = blk (FD1, . . . ,FDK ) and
digital compound matrix WD = blk (WD1, . . . ,WDK ) are
obtained by optimizing FDk andWDk for k = 1, . . . ,K .

In order to obtain the optimal digital precoder WR2,
the modified BD technique is adopted. TheMU-MIMO chan-
nel can be divided into multiple SU-MIMO channels, which
is the main idea of applying BD technique. If the signal
received by the k-th user can be guaranteed to be in the
null space of other user channels, the inter-user interfer-
ence can be eliminated [32]. First of all, define Gint,k =

WH
DF

H
DGkFR2, k ∈ {1, . . . ,K }. The constraint can be

expressed as Gint,jWk
R2 = 0, ∀j 6= k , where Wk

R2 =

WR2 (:, ((k − 1)LS + 1) : kLS) and j, k ∈ {1, . . . ,K }. Define

Ḡk =

[
GT

int,1, · · · ,G
T
int,k−1,G

T
int,k , · · · ,G

T
int,K

]T
should fall

in the null space of Ḡk . Applying SVD to Ḡk , we can get

Ḡk = Ūk6̄k

[
V̄(1)k , V̄(0)k

]H
(47)

and

Ḡk V̄
(0)
k = Ūk6̄k

[
V̄(1)k , V̄(0)k

]H
V̄(0)k

= Ūk6̄k

(
V̄(1)k

)H
V̄(0)k

= 0, (48)

where V̄(1)k = V̄k (:, 1 : (K − 1)LS) and V̄
(0)
k = V̄k (:, (K−1)

LS+1 : end) represent the subspace orthogonal bases and the
null space orthogonal bases of Ḡk , respectively. Decompos-
ing Gint,k V̄

(0)
k by SVD yields

Gint,k V̄
(0)
k = Ũk6̃k

[
Ṽ(1)k , Ṽ(0)k

]H
. (49)

To eliminate inter-user interference, Ṽ(1)k corresponding to the
non-zero singular values is taken as the precodingmatrix. The
final digital precoder is given by

Wk
R2 = V̄(0)k Ṽ(1)k . (50)

The water filling power allocation method is then per-
formed to obtain the power allocation matrix. The proposed
hybrid precoding design from the relay forwarding to users
scheme is summarized and shown in Table 2.
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TABLE 2. The proposed hybrid precoding design from the relay
forwarding to users.

IV. SIMULATION RESULT
In this section, we evaluate the performance of the pro-
posed hybrid beamforming scheme in a DF relay system
connected with the mixed structure. The corresponding sim-
ulation results are described below. All simulation results
are based on the MATLAB platform for the average value
experiment of 1000 channels. For simplicity, the propagation
environment is modeled as Nc = 8 clusters with Np = 10 rays
per cluster, and the inter-element spacing d is assumed to
be half wavelength. AoAs and AoDs of each element are
uniformly distributed in [0, 2π ], respectively. The specific
setting parameters are as follows: NS = 128, NR = 64,
NDk = 16,MS = 8,MR = 8,MDk = 2,NmS

S = 16,NmR
R = 8.

During each simulation, it is assumed that K = 4 users
simultaneously send LS = 1 data stream. The transmission
power at the source and relay are equal, i.e., PS = PR, and
the noise variable is σ 2

R = σ
2
D.

In order to clearly verify the effectiveness of the proposed
algorithm, we compare the performance of the proposed
method with other algorithms. The optimal curve can be
known as the use of FD precoding in the source and relay
communication, and the dirty paper coding (DPC) algorithm
in the relay and destination communication. This curve is
defined as FD in simulations as the performance upper limit
of the DF relay system with mixed structure. In addition,
the hybrid beamforming design schemes of DF relay system
with fully-connected and mixed structures proposed in [33]
will be compared as a benchmark.

A. SUM-RATE COMPARISON FOR DIFFERENT SNR
The objective function studied in Section II is the sum-rate
between source and destination. Therefore, we compare the
overall rate performance of different hybrid precoding algo-
rithms. Fig. 3 shows the performance comparison of various
algorithms versus SNR, where the antenna array is arranged
with ULA. Through the comparison of simulation curves,

FIGURE 3. Sum-rate comparison for different hybrid precoding schemes
with ULA at each node.

it can be clearly seen that the sum-rate performance of
the proposed hybrid precoding algorithm is better than the
mixed scheme, and very close to the fully-connected scheme.
Therefore, the proposed hybrid precoding algorithm in the
DF mmWave relay system with mixed structure is a good
solution. The obvious gapwith the optimal FD can be summa-
rized as the structural difference adopted under the mmWave
DF relay system. The difference between sub-connected
and fully-connected structures has led to a decline in per-
formance. On the other hand, it can be known that the
mixed structure is a compromise between fully-connected
and sub-connected structures. Due to the increasing imple-
mentation cost of the fully-connected structure, the proposed
mixed structure has more practical application prospects.

Fig. 4 shows the sum-rate performance comparison for
different hybrid precoding schemes versus SNR, where
the antenna arrays is arranged with UPA. It can be seen
from Fig. 4 that when the antenna layout is changed from
a linear array to a planar array, the performance of the pro-
posed hybrid precoding algorithm and the mixed scheme
drop slightly, but that of fully-connected scheme improves
correspondingly. In addition, Fig. 4 also verifies that although
the performance of the proposed mixed structure in mmWave
DF relay system is slightly lower than that in Fig. 3, its trend
still shows that the proposed algorithm is objectively effec-
tive. The change of antenna deployment mode also greatly
improves the space utilization of equipment.

Note that since the optimal FD precoding scheme asks a
dedicated RF chain to be assigned for each antenna, it is more
complex in hardware implementation. The mixed structure
sacrifices a little degree of freedom, which results in a rel-
atively poor sum-rate performance. However, the proposed
mixed structure can reduce hardware complexity and power
consumption (see Fig. 9 and Fig. 10) without an obvious
performance loss, it is more practically attractive.
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FIGURE 4. Sum-rate comparison for different hybrid precoding schemes
with UPA at each node.

B. SUM-RATE COMPARISON FOR DIFFERENT
NUMBER OF SOURCE NODE ANTENNAS
Fig. 5 compares the sum-rate performance of different beam-
forming schemes versus the number of source node antennas
with ULA and UPA. In order to better compare simulation
results under the two arrays, SNR is set as 5dB in ULA and
−5dB in UPA. As can be observed from Fig. 5 that when
the number of source node antennas increases, the sum-rate
performance of different design schemes keep saturate due
to the sum-rate from the source node to relay is higher than
that from relay to users. However, in UPA, the performance
of FD and fully-connected schemes improve obviously when
the number of source node antennas is small, and will saturate

FIGURE 5. Sum-rate comparison for different beamforming schemes
versus the number of source node antennas with ULA and UPA.

with increasing number. In addition, the performance of the
proposed method always outperforms the mixed scheme both
in ULA and UPA.

C. SUM-RATE COMPARISON FOR DIFFERENT
NUMBER OF RELAY ANTENNAS
Fig. 6 plots the sum-rate performance of the comparative
algorithms, when the number of relay antennas ranges from
32 to 256, where SNR = 5dB in ULA and SNR = −5dB in
UPA. It can be seen from Fig. 6, when the number of relay
antennas increases, the sum-rate performance of all compar-
ative algorithms improves as antenna gain increases, which is
expected. Since the DF relay system can be considered as a
series of two single-hop MIMO systems, the performance of
different beamforming schemes is improved slowly with the
increasing the number of relay antennas.

FIGURE 6. Sum-rate comparison for different beamforming schemes
versus the number of relay antennas with ULA and UPA.

D. SUM-RATE COMPARISON FOR DIFFERENT
NUMBER OF RELAY RF CHAINS
Fig. 7 presents the sum-rates achieved by different beam-
forming schemes when the number of relay RF chains ranges
from 8 to 32, where NR = 4MR. Since our proposed method
is designed to maximize the sum-rate between source and
user node after RF beamforming/combining, the gap between
our method and the FD scheme is more-or-less fixed, which
is caused by the analog processing. However, the proposed
scheme with ULA is closer to the fully-connected scheme
compared with UPA.

E. SUM-RATE COMPARISON FOR DIFFERENT
NUMBER OF USERS
Fig. 8 compares the sum-rate performance of different beam-
forming schemes versus the number of users with SNR= 5dB
in ULA and SNR = −5dB in UPA, where the number of
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FIGURE 7. Sum-rate comparison for different beamforming schemes
versus the number of relay RF chains with ULA and UPA, where NR = 4MR.

FIGURE 8. Sum-rate comparison for different beamforming schemes
versus the number of users with ULA and UPA, where MS = MR = 32.

users changes from 2 to 16, and that of RF chains at source
and relay are MS = MR = 32. Since the row subspace
of channel matrices overlap significantly if the number of
users becomes large, the baseband BD technology can result
in a poor performance. However, since the proposed scheme
adopts the criterion which tries to avoid the information
loss, the performance of the proposed scheme is superior to
fully-connected and mixed schemes with increasing number
of users as shown in Fig. 8. In addition, the performance of the
proposed scheme with UPA is slightly lower than that with
ULA, but it outperforms the fully-connected method after
K = 11.

F. POWER EFFICIENT COMPARISON FOR DIFFERENT
NUMBER OF RELAY RF CHAINS
The power consumption is a key issue which should be
considered for both sub-connected and fully-connected struc-
tures. Fig. 9 presents power efficient comparison for differ-
ent beamforming schemes versus the number of RF chains
at relay with ULA, where NR = 4MR and SNR = 5dB.
As shown in Fig. 9, the power efficiency performance of
different beamforming schemes increase tremendously with
increasing number of RF chains. However, since the pro-
posed mixed structure has less power consumption than other

FIGURE 9. Power efficient comparison for different beamforming
schemes versus the number of RF chains at relay with ULA, where
NR = 4MR and SNR = 5dB.

FIGURE 10. Power efficient comparison for different beamforming
schemes versus the number of RF chains at relay with UPA, where
NR = 4MR, SNR = 10dB and −5dB.
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schemes, the power efficiency performance of the proposed
beamforming scheme is the highest. In addition, with increas-
ing number of relay RF chains, the power consumption gen-
erated by phase shifters of the fully-connected structure is
dominant, thus its power efficiency performance is gradually
lower than that of FD scheme.

Fig. 10 presents power efficient comparison for different
beamforming schemes versus the number of RF chains at
relay with UPA, where NR = 4MR and SNR = 10dB and
−5dB. Although the proposed mixed structure with UPA
has less power consumption, its sum-rate performance is
low compared with ULA. Therefore, the performance of the
proposed algorithm is poor when SNR = −5dB as shown
in Fig. 10. However, as SNR increases, e.g., SNR = 10dB,
the sum-rate performance of the proposed scheme increases,
thus its power efficiency performance improves and
outperforms other schemes.

V. CONCLUSION
In this paper, we considered the mixed-structure DF relay
systems in the domain of mmWave massive MU-MIMO.
The hybrid beamforming design is to maximize the sum-rate
between the source node and users. To solve this challeng-
ing hybrid beamforming design problem, an efficient sorted
serial design method is proposed to design the analog beam-
forming of each node. Further, to mitigate the inner and
inter-user interference and increase the number of users car-
ried by the system, a modified baseband BD technology is
proposed to design the digital beamforming at each node.
In addition, the proposed hybrid beamforming algorithm is
designed by considering both ULAs and UPAs. Simulation
results demonstrate that the proposed hybrid beamforming
scheme can achieve superior performance in terms of achiev-
able sum-rate and power efficiency in both ULAs and UPAs.
In the future, a hybrid beamforming design of non-orthogonal
multiple access (NOMA) based relay systems [34], [35] will
be studied based on this paper. NOMA can be realized in
code, power, or other domains. By using NOMA in power
distribution, the number of users can be increased. Imperfect
CSI and imperfect SIC are also considered in that work.
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