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ABSTRACT As a promising technology in the next generation mobile network, millimeter-wave (mmWave)
communication can mitigate the spectrum crunch of improving the network capacity by exploiting the
large underutilized spectrum bands of the mmWave frequencies. The hybrid (analog/digital) beamforming
of multi-data streams are widely used to further the spectrum efficiency of mmWave relay system when
faced with the complex environment or long distance communication. This paper investigates the hybrid
beamforming scheme for the decode-and-forward (DF) mmWave massive multiple-input multiple-output
(MIMO) relay system with mixed structure and full-connected structure. We optimize hybrid beamforming
of relay system by maximizing the sum rate of the overall system as an objective function. To reduce
the computational complexity, we reformulate the original problem as two single-hop mmWave MIMO
sum-rate maximization subproblems. Then, the piecewise successive approximation method is proposed
based on the criterion which jointly designs the analog and digital beamforming stages by trying to avoid
the loss of information at each stage. The hybrid beamforming of the two subproblems can be solved by
the proposed scheme united with the idea of successive interference cancelation (SIC), the baseband block
diagonalization (BD) scheme, and waterfilling power allocation method. Finally, simulation results confirm
that the proposed optimal method can achieve good performance in hybrid beamforming design of relay
system with both mixed and full-connected structures.

INDEX TERMS Millimeter wave, massive MIMO, relay, hybrid beamforming, sum rate.

I. INTRODUCTION
In order to meet the great requirements of wireless com-
munication, mmWave communication has recently gained
considerable interest in both academia and industry as a
promising candidate in the future cellular network [1], [2].
Due to mmWave has the large band of spectrum resource
with 30GHz to 300GHz, it can provide higher data rate
in wireless communication and be widely applied in the
communication fields such as radar, backhaul, satellite com-
munications, wireless local area network (WLAN), and
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wireless personal area network (WPAN) [3], [4]. However,
the inherent shortcoming of the short wavelength of mmWave
makes the signal easily blocked, absorbed, and scattered
by obstacles in the transmission, and faces severe propa-
gation path loss in high frequency communication [5], [6].
So, for obtaining the high antenna gain to compensate the
propagation path loss using massive multiple-input multiple-
output (MIMO), the characteristics of short wavelength of
mm-wave can be utilized by mmWave communications,
which are applied in line-of-sight (LoS) scenarios [7]–[9].

Faced with the complex environment or long distance
communication, the relay assisted communications can be
exploited between sources and destinations in mmWave
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massiveMIMO systems to alleviate the high propagation path
loss and the serious intermittent blockage effect [10].With the
help of relay, the coverage region of transmission signals in
mmWave system will be expanded, and the channel between
each two communication nodes can be guaranteed to be LoS
at the same time. Contrast to the amplify-and-forward (AF)
relaying, the decode-and-forward (DF) relaying can over-
come the noise accumulation by regenerating the data at
relay [11]. Therefore, the DF mmWave massive MIMO relay
system is more suitable for future wireless communication
systems, and will be considered in this paper. Similar to the
traditional mmWave massive MIMO system design, beam-
forming technology can also be applied in the mmWave
massive MIMO relay system, so as to further improve the
performance of the system [12]. However, due to the complex
signal processing, the optimal beamforming design of the
DF mmWave massive MIMO relay systems is an intractable
problem.

It is known to all that the full-digital beamforming can
obtain the optimal antenna gain, but it requires the same
number of radio frequency (RF) chains as that of the antennas.
Due to the high power consumption and production cost of
mmWave technology, it is difficult to realize the full-digital
beamforming for the mmWave massive MIMO architecture
under the existing technical level [13]. To this end, the hybrid
(analog/digital) beamforming which demands much fewer
RF chains with the same performance to the full-digital
beamforming can be adopted in the mmWavemassiveMIMO
system [14]. The hybrid beamforming is a combination of
antenna and digital signal processing technologies with the
jointly design in the analog and digital domains, where the
digital beamforming is achieved in the digital domain by
baseband signal microprocessor, while the analog beamform-
ing is realized in the analog domain by phase shifter con-
nected between the RF chains and antennas [15].

The hybrid beamforming design can be implemented by
two classical structures: sub-connected structure [16], [17],
and full-connected structure [18], [19]. Where the sub-
connected structure means that each RF chain is only
connected to an independent subset of antennas, and the
full-connected structure means that each RF chain is con-
nected to all antennas. The differences between the two struc-
tures are that the sub-connected structures use less phase
shifters than the full-connected structures with the same
number of antennas and RF chains, but in performance,
the sub-connected structures are slightly lower than the
full-connected ones. The hybrid beamforming of relay system
with full-connected structure have been designed in [20]
and [21], but they are not based on mmWave large-scale
antenna arrays. For the AF mmWave massive MIMO relay
system with the full-connected structure, the joint optimal
hybrid beamforming designs of downlink single-destination
and multi-destination using matching pursuit (MP) algo-
rithms have been studied in [22] and [23], respectively,
and a separate design scheme of analog and digital beam-
forming of downlink multi-destination has been studied

in [24]. For the AF mmWave massive MIMO relay system
with the sub-connected structure, the hybrid beamforming
design of downlink single-destination using iterative succes-
sive approximation (ISA) algorithm and alternating direction
method of multipliers (ADMM) have been studied in [25]
and [26], respectively. However, to the best of our knowledge,
there is no existing work on the topic of hybrid beamform-
ing design for DF mmWave massive multi-user (destination)
MIMO (MU-MIMO) relay systems with the mixed structure.
The mixed structure of the relay system is a compromise
between the full-connected and the sub-connected relay sys-
tem that the source and relay decoding are full-connected,
while the relay forwarding and multi-destination are sub-
connected. In the case of large antenna array, the mixed struc-
ture has the advantages of low computational complexity,
low power consumption and simple wiring compared with
the full-connected structure. Meanwhile, in terms of perfor-
mance, the relay system with mixed structure is very close
to the full-connected one. However, since the constraints
imposed by the structure, designing the optimal hybrid beam-
forming with the mixed structure relay system is still a chal-
lenging problem.

In this paper, we propose an effective hybrid beamform-
ing design scheme to fill the theoretical gap for the mixed
structure in mmWave massive MU-MIMO relay system. The
proposed optimal design scheme can also be expanded to the
full-connected structure. In terms of scheme design, we aim
to maximize the sum rate of overall system. Specifically,
the main contributions are made by this paper as follows:
• For the mixed structure, the major problems in maximiz-
ing the sum rate of the overall system includes ten opti-
mal elements involving power allocation to be solved,
and the block-diagonal (BD) and constant-modulus con-
straints in the analog beamforming design caused by
the characteristics of phase shifter and sub-connected
structure. To reduce the computational complexity,
we reformulate the original optimization problem as
two single-hop mmWave sum-rate maximization sub-
problems according to the communication theory and
structure characteristics of DF relay.

• To solve the sum-rate maximization subproblem from
the source to the relay decoding, we propose the
piecewise successive approximation method based on
the criterion which jointly designs the analog and digital
beamforming stages by trying to avoid the loss of infor-
mation at each stage. For the sum-rate maximization
subproblem from the relay forwarding to the destina-
tions, the analog beamforming is designed by combining
the idea of successive interference cancelation (SIC)
with the piecewise successive approximation method,
and the baseband BD scheme and waterfilling power
allocation method are utilized to solve the digital beam-
forming and power allocation matrix, respectively.

• For the full-connected structure, the sum-rate maximiza-
tion original problem of the full-connected structure
can also be reformulated as two independent sum-rate
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maximization subproblems, and the proposed piecewise
successive approximation method is still applied to the
hybrid beamforming design of the full-connected struc-
ture. Since the proposed method is based on the singular
value decomposition, its performance is better than that
of the MP method theoretically.

• The performance of the proposed hybrid beamform-
ing design of the full-connected structure is very close
to that of the full-digital beamforming. As for the
mixed structure, slightly worse in performance but much
lower in power consumption than the full-connected
structure.

The remainder of this paper is organized as follows.
Section II briefly introduces the channel model and system
model of mmWave massive MU-MIMO relay system. The
original problem of the system design is formulated and
discussed in Section III. Section IV presents the proposed
hybrid beamforming schemes for the mixed structure and
the full-connected structure. The simulation results of the
proposed two structures are shown in Section V. Finally,
conclusions are drawn in Section VI.
Notations: Bold upper-case and lower-case letters repre-

sent matrices and column vectors, respectively; (·)−1, (·)T

and (·)H denote inversion, transpose and conjugate trans-
pose, respectively; The Frobenius norm of the matrix A is
expressed as ‖A‖F, A (i, j), A (:, j) and A (i, :) denote the
(i, j)th complex element, jth column vector and ith row vector
of the matrix A, and |A (i, j)| is the amplitude; A (i : j, :) and
A (:, i : j) represent the matrix of rows i through j in and
the matrix of columns i through j in matrix A, respectively;
E [·] indicates the expectation operator; The determinant and
block diagonalization operation of a matrix are respectively
expressed as |·| and blk (·); IN is the identity matrix of
size N × N ; CN (0, σ 2) represents the complex Gaussian
distribution with mean 0 and the variance σ 2. 6 A denotes
the operation of getting the angle of each entry in matrix A;
Dl×l and Cm×n describe a real diagonal matrix of dimension
l × l and a complex matrix of dimensionm× n, respectively.
tr {·} and Re (·) denote trace and real part of the matrix,
respectively.

II. SYSTEM DESCRIPTION
This section briefly introduces the model of DF mmWave
massive MU-MIMO relay system, which includes the relay
system model with full-connected structure from the source
to the destinations, and the relay system model with mixed
structure which is the combination of full-connected structure
from the source to the relay decoding and sub-connected
structure from the relay forwarding to destinations. The chan-
nel model used in the system will be introduced firstly.

A. CHANNEL MODEL
It is well known that, unlike microwave wireless commu-
nication channels, mmWave channels have limited scat-
tering features [27], and no longer obey the traditional

FIGURE 1. Block diagram of the multi-destination relay system with the
mixed structure.

FIGURE 2. Block diagram of the multi-destination relay system with the
full-connected structure.

Rayleigh fading distribution [28]. So, mmWave channels
often have sparse structures which can be characterized by
low-rank matrices [29]. In this paper, we adopt the geomet-
ric Saleh-Valenzuela channel model which is more suitable
for mmWave communication. As shown in Figs. 1 and 2,
we consider the DF mmWave massive MU-MIMO relay sys-
tem without direct communication link between the source
and the destinations, and all the nodes work in half-duplex
mode. As can be seen, the system includes the channels H
from the source to the relay and Gk from the relay to the
kth destination. The uniform linear antenna arrays (ULAs) is
assumed to be adopted in the narrowband mmWave channel
model, where the LoS channels H and Gk can be expressed
as [30]

H =

√
NSNR
Lh

Lh∑
l=1

αlaRl (θ
R
l )a

S
l (φ

S
l )
H
, (1)

Gk =

√
NRNDk
Lg

Lg∑
l=1

γl,kaDl (θ
D
l,k )a

R
l (φ

R
l,k )

H
, (2)

where Lh and Lg are the number of propagation paths corre-
sponding to finite scatters in the channelH andGk , αl and γl,k
are the complex gain of the lth path in H and Gk that follow
the CN (0, 1) distribution. θl and φl denote the AoA and AoD
of the lth path, respectively. The vectors al(θl) and al(φl) are
the array response vectors at the receiver and the transmitter,
repectively. Especially, when the ULAs is adopted, the array
response vectors can be expressed as [31]

aSl (θ ) =
1
√
NS

[
1,ej

2π
λ
d sin(θ ), . . . ,ej(NS−1)

2π
λ
d sin(θ )

]T
,

aRl (θ ) =
1
√
NR

[
1,ej

2π
λ
d sin(θ ), . . . ,ej(NR−1)

2π
λ
d sin(θ )

]T
,

aDl (θ ) =
1
√
ND

[
1,ej

2π
λ
d sin(θ ), . . . ,ej(ND−1)

2π
λ
d sin(θ )

]T
, (3)
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where j =
√
−1, d is the distance between adjacent

antenna elements, and λ is the transmission wave length.
To realize the hybrid beamforming, the channel state informa-
tion (CSI) is assumed to be known at the source, relay, and the
destinations.

B. SYSTEM MODEL
Figs. 1 and 2 show two different structures of DF mmWave
MU-MIMO relay system. The relay with mixed and
full-connected structures are shown in Figs. 1 and 2, respec-
tively. The differences between the two structures are as
follows. 1) For the relay forwarding part with sub-connected
structure as shown in Fig.1 is equipped with MR RF chains,
and each RF chain is connected to a subset of N n

R antennas,
while all RF chains are assumed to serve K destinations with
sub-connected structure simultaneously. The kth destination
is equipped with MDk RF chains to support Ls data streams,
and each RF chain is connected to a subset of Nm

Dk antennas.
So the total number of antennas at the relay and each destina-

tion is NR =
MR∑
n=1

N n
R and NDk =

MDk∑
m=1

Nm
Dk , respectively. 2) For

the relay forwarding part with full-connected structure as
shown in Fig. 2, we assume it to communicate K destinations
with full-connected structure simultaneously. At the source
and relay decoding part, the mixed structure is the same as
the full-connected structure, where the number of antennas
and RF chains at the source are denoted as NS and MS ,
respectively.

It is worth nothing that, to achieve high antenna gain
and reduce the hardware complexity of the massive MIMO
relay system, the number of RF chains at source, relay and
destinations are constrained by MS � NS , MR � NR, and
MDk ≤ NDk , respectively. The data streams of K destinations
are transmitted simultaneously at the source, where the trans-
mitted symbol vector for the kth destination is represented as
sk ∈ CLs×1. s =

[
sT1 , s

T
2 , . . . , s

T
K

]T
∈ CKLs×1 is the vector

for the total transmitted symbols of K destinations, satisfying
E
[
ssH

]
=

1
KLs

IKLs .
In the following, we will focus on the hybrid beamforming

of relay system with mixed structure as shown in Fig. 1,
the extension to the full-connected structure will be discussed
in Section IV-C.

At the source, the transmitted symbol s with the total
transmit power constraint Ps first passes through a diagonal
power allocation matrix Ps ∈ DKLs×KLs which distributes
power to the sk and satisfies ‖Ps‖2F = Ps. Then the symbol
s after power allocation is processed by digital beamforming
Ws ∈ CMS×KLs and followed by analog beamforming Fs ∈
CNS×MS , and finally sent into the channel H ∈ CNR×NS

between the source and the relay by the analog antennas.
Since the analog beamforming matrix Fs is constrained by
the constant amplitude, its entries have equal magnitudes,
i.e., |Fs(i, j)| = 1

√
NS

. In addition, the digital beamforming

matrixWs is normalized to satisfy ‖FsWs‖
2
F = KLs, because

the hybrid beamforming at the source should meet the total
transmitted power constraint.

At the relay decoding, the transmitted signal from source
received by analog antennas of relay can be expressed as

yr= HFsWsPss+ nr ∈ CNR×1. (4)

Subsequently, the symbol yr is processed by analog com-
bining Fr1 ∈ CNR×MR and followed by digital combining
Ws1 ∈ CMR×KLs . Similarly, due to the characteristics of the
phase shifters, the entries of analog combining matrix Fr1
satisfy |Fr1(i, j)| = 1

√
NR

. Finally, the decoded signal at the
relay is given by

s̃ =WH
s1F

H
r1yr=W

H
r1F

H
r1HFsWsPss+WH

r1F
H
r1nr , (5)

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 (i.e., nr ∼ CN (0, σ 2
R)).

At the relay forwarding, the decoded symbol s̃ also firstly
goes through the diagonal power allocation matrix Pr ∈
DKLs×KLs satisfying ‖Pr‖2F = Pr . Then the symbol s̃ after
power allocation is processed by digital beamformingWr2 ∈

CMR×KLs and analog beamforming Fr2 ∈ CNR×MR in turn,
and sent into the kth sub-channelGk ∈ CNR×NDk between the
relay and the kth destination. The entire channel is denoted
as G = [GH

1 ,G
H
2 , . . . ,G

H
K ]

H . The transmitted total power
constraint at the relay is enforced by normalizing Wr2 such
that ‖Fr2Wr2‖

2
F = KLs.

At the kth destination, the received signal from the relay
can be expressed as

ỹk = GkFr2Wr2Pr s̃+ ndk ∈ CNDk×1. (6)

Then, after combining by analog matrix Fdk ∈ CNDk×MDk

and digital matrix Wdk ∈ CMDk×Ls , the detected symbol of
the kth destination is given as

ŝk = WH
dkF

H
dk ỹk

= WH
dkF

H
dkGkFr2Wr2Pr s̃+WH

dkF
H
dkndk , (7)

where ndk ∈ CNDk×1 is the noise vector at the kth desti-
nation, with elements following the i.i.d complex Gaussian
distribution (i.e., ndk ∼ CN (0, σ 2

D)). Due to the particularity
of sub-connected structure, the analog beamforming Fr2 at
the relay forwarding and the analog combining Fd at the
destination are constrained to be block-diagonal as follows:

Fr2 = blk(f1r2, f
2
r2, . . . ,f

MR
r2 ), (8)

Fd = blk(Fd1,Fd2, . . . ,FdK ), (9)

where fnr2 ∈ CN n
R×1(n = 1, 2, . . . ,MR), Fdk ∈

CNDk×MDk (k = 1, 2, . . . ,K ), and Fdk = blk(f1dk , . . ., f
MDk
dk ).

The corresponding non-zero elements in the Fr2 and Fd
satisfy the constant-modulus constraints as follows:∣∣fnr2(i)∣∣ = 1√

N n
R

, i = 1, 2, . . . ,N n
R, (10)

∣∣fmdk (j)∣∣ = 1√
Nm
Dk

, j = 1, 2, . . . ,Nm
Dk , (11)

where m = 1, 2, . . . ,MDk .
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The baseband channel for the kth destination can be
defined as Ḡk = FHdkGkFr2. The SNR = Pr

σ 2D
indicates the

transmission signal-to-noise ratio (SNR) from the relay to the
kth destination.

From the above, the transmitted ith data stream of the kth
destination can be further expressed as

ŝki = WH
dk (i, :)ḠkWr2(:, ki)

√
Prki s̃ki

+

Ls∑
j=1,j 6=i

WH
dk (i, :)ḠkWr2(:, kj)

√
Prkj s̃kj

+

K∑
m=1,m 6=k

Ls∑
l=1

WH
dk (i, :)ḠkWr2(:,ml)

√
Prml s̃ml

+WH
dk (i, :)F

H
dkndk , (12)

where ki = (k − 1)Ls + i, s̃ki represents the kith entry of the
decoded signal s̃ at the relay in (5), and

√
Prki is the power

allocated to the ith data stream of the kth destination. The first
term on the right side of the equation in (12) indicates the
desired signal, and the other three terms, respectively, rep-
resent inner-destination interference, inter-destination inter-
ference, and noise. When the Gaussian symbols are assumed
to be transmitted, the sum-rate of the transmitted channel
between the relay and the destination can be formulated as

R =
K∑
k=1

Ls∑
i=1

log2(1+ SINRki ), (13)

where SINRki is the signal to interference to noise
ratio (SINR) of the signal ŝki , which can be calculated by the
ratio of the desired signal energy of the first term in (12) to
the interference plus noise energy of the remaining terms. The
SINRki is formulated as follows:

SINRki =
S̃ki

Ĩki + Ñki

S̃ki =
∣∣∣WH

dk (i, :)ḠkWr2(:, ki)
√
Prki

∣∣∣2
Ĩki =

Ls∑
j=1,j6=i

∣∣∣WH
dk (i, :)ḠkWr2(:, kj)

√
Prkj

∣∣∣2
+

K∑
m=1,m 6=k

Ls∑
l=1

∣∣∣WH
dk (i, :)ḠkWr2(:,ml)

√
Prml

∣∣∣2
Ñki = σ

2
D

∥∥∥WH
dk (i, :)F

H
dkndk

∥∥∥2
F
, (14)

where k ∈ {1, 2, . . . ,K }, i ∈ {1, 2, . . . ,Ls}.
For the hybrid beamforming design of relay system with

full-connected structure, the analog beamforming is also con-
strained by the constant-modulus and the transmitted total
power constraints, and the constraint expression is the same as
that of the above mixed structure. However, the analog beam-
forming in the full-connected structure is not constrained to
be block-diagonal constraints in (10) and (11), so the hybrid
beamforming design for the full-connected structure is easier
than that for the mixed structure.

III. PROBLEM FORMATION
This section discusses the hybrid beamforming design for
the DF mmWave massive MU-MIMO relay system with the
mixed structure from the source to the destinations. The
achievable sum rate and the mean squared error (MSE) are
two optimization objectives for the beamforming design DF
problems [25]. Since the former is an important performance
evaluation standard in mmWave system, the design goal aims
to maximize the sum rate for hybrid beamforming. As the
analysis in the previous section, the sum rate problem is
formulated as follows:.

(P) (Ws,Fs, (Fr1,Wr1,Wr2,Fr2),Fd ,Wd ,Ps,Pr )

= argmax
(Ws,Fs,(Fr1,Wr1,Wr2,Fr2),Fd ,Wd ,Ps,Pr )

R

s.t. |Fs(i, j)| =
1
√
NS
, |Fr1(i, j)| =

1
√
NR
, (10), (11), (∗)

(8), (9),Wr2 =

W1
r2 · · · 0
...

. . .
...

0 · · · WK
r2

 ,
Wd =

Wd1 · · · 0
...

. . .
...

0 · · · WdK

 ,
‖Ps‖2F = Ps, ‖Pr‖2F = Pr , (15)

where (∗) represents the constant-modulus constraints. Due
to the original problem (15) is non-convex, it is intractable to
find the global optimal solution directly [32].

According to the communication mode of the DF relay,
the entire system can be decomposed as two relatively inde-
pendent MIMO cascade sub-systems. Therefore, the overall
sum rate of the two sub-systems is maximizing the minimum
value between the transmission rate of the sub-system from
the source to the relay (R1) and the sub-system from the relay
to the destinations (R2) without considering the direct link
from the source to the destinations [33].

With the help of above analysis, the sum rate of whole
system can be expressed as:

R = 0.5min(R1,R2). (16)

Since the communication of the relay system is completed
in two time slots, the transmitted information rate is half of
the overall sum rate compared with a relay-free scenario [34].

According to (12)–(14) in the previous section, we can get
the expression of R1 and R2 as follows

R1 = log2(1+ SINRSR), (17)

R2 =
K∑
k=1

Ls∑
i=1

log2(1+ SINRkiRD), (18)

where SINRSR and SINRRD denote the SINR from source to
relay decoding and relay forwarding to destinations, respec-
tively.

To sum up, we reformulate the original optimal problem
as two sum-rate maximum subproblems. Then, the detailed
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expressions of these two subproblems can be given by

(P1) (Ws,Fs,Fr1,Wr1,Ps) = argmax
(Ws,Fs,Fr1,Wr1,Ps)

R1

s.t. |Fs(i, j)| =
1
√
NS
, |Fr1(i, j)| =

1
√
NR
, (∗)

‖Ps‖2F = Ps, (19)

(P2) (Wr2,Fr2,Fd ,Wd ,Pr ) = argmax
(Wr2,Fr2,Fd ,Wd ,Pr )

R2

s.t. (8), (9), (10), (11),

Wd =

Wd1 · · · 0
...

. . .
...

0 · · · WdK

 ,
Wr2 =

W1
r2 · · · 0
...

. . .
...

0 · · · WK
r2

 ,
‖Pr‖2F = Pr , (20)

It is observed from (19) and (20) that the two reformulated
subproblems (P1) and (P2) are still non-convex. For (P1),
there is no interference between the destinations due to the
mode from source to relay decoding can be considered as a
point-to-point single-destination MIMO system. So R1 can
be expressed by the mutual information between s and s̃ as
follows

I(s; s̃) = log2

(∣∣∣∣∣IKLs + 1

σ 2
R

R−1nr H̃H̃H

∣∣∣∣∣
)
, (21)

where Rnr = WH
r1F

H
r1Fr1Wr1, H̃ = WH

r1F
H
r1HFsWsPs.

To remove the constraint (∗) in (19), we assume the opti-
mal solution derived from the unconstrained case in analog
beamforming is Fopts . Then by calculating the minimummean
squared error (MMSE) between Fopts and the optimal solution
Fs in the constrained case, the conclusion that the optimal Fs
shares the phase of the corresponding element of Fopts can
be obtained [35]. Thus, the non-convexity of the constraint
(∗) in (19) is eliminated, and the optimal solution Fs in the
constrained case is obtained as

Fs =
1
√
NS

ej
6 Fopts . (22)

For the design of power allocation matrix, the classic
waterfilling power allocation method is used to get it. In this
way, solving the non-convex subproblem (P1) is transformed
into the convex one.

Similarly, the non-convex subproblem (P2) can be con-
verted to the convex in the same way. To eliminate the inter-
ference between multiple destinations, we use the baseband
BD scheme described in [36] to design the digital beam-
forming. Therefore, the sum rate R2 expressed by the mutual
information of s̃ and ŝ is given by

I(s̃; ŝ) =
K∑
k=1

log2

(∣∣∣∣∣ILs + 1

σ 2
D

R−1ndk G̃kG̃H
k

∣∣∣∣∣
)

= log2

(∣∣∣∣∣IKLs + 1

σ 2
D

R−1nd G̃G̃H

∣∣∣∣∣
)
, (23)

where Rnd = WH
d F

H
d FdWd , G̃k = WH

dkF
H
dkGkFr2Wr2Pr ,

G̃ =WH
d F

H
d GFr2Wr2Pr .

Up to now, one can understand that the original hybrid
beamforming problem (P) has been decomposed into two
subproblems (P1) and (P2), and each subproblem has been
transformed into a convex one. In the next section, we will
present the specific design algorithm to solve these two
subproblems.

IV. HYBRID BEAMFORMING DESIGN OF RELAY
SYSYTEM WITH PERFECT CSI
In this section, we will propose the algorithm for solving the
two subproblems to maximize the sum rate of the overall
system. As the theoretical solution, we assume that the perfect
CSI is known at source, relay, and destinations, and ignore
the constant-modulus constraints. Then the optimal hybrid
beamforming design of DF mmWave massive MU-MIMO
relay system with mixed structure is presented.

A. HYBRID BEAMFORMING DESIGN FROM SOURCE TO
RELAY DECODING
For the subproblem (P1), it can be considered as a mas-
sive single-destination MIMO system with full-connected
structure. Inspired by the joint hybrid beamforming design
criterion presented in [35], which try to avoid the loss of
information at the analog and digital stages, the piecewise
successive approximation method is proposed to solve (P1).
When the number of antennas at the source approaches infin-
ity, the sum rate R1 can also reach the upper bound of the
capacity of the channel H with equal power allocation.

First, we optimize the analog beamforming matrix Fs and
analog combining matrix Fr1 while assuming the digital
beamforming matrix Ws and the digital combining matrix
Wr1 are fixed. The singular value decomposition (SVD)
of H is defined as 1

√
NS

H = U6VH . According to (22),
the analog combining matrix Fr1 is obtained by Fr1 =
1
√
NR
ej 6 U(:,1:MR). When the NS approaches infinity, the power

allocation obtained by using waterfilling will be approx-
imately performed by equal power allocation, i.e., Ps ≈√

Ps
KLs

IKLs . Therefore, under the assumption that the analog
combining matrix Fr1 is known at the relay decoding, (21) is
further deduced as

I(s; s̃)≈ log2

(∣∣∣∣∣IKLs+ Ps
σ 2
R KLs

FHs H
H
compR

−1
nr HcompFs

∣∣∣∣∣
)
, (24)

where Hcomp = FHr1H. In addition, Ws and Wr1 are the
unitary matrices,1 we can obtain

Rnr =WH
r1F

H
r1Fr1Wr1 = IKLs , (25)

1Thematrices derived fromSVDare unitarymatrices, the solvingmethods
of Ws andWr1 will be introduced in the following subsection.
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then (24) is rewritten as

I(s; s̃) ≈ log2

(∣∣∣∣∣IKLs + Ps
σ 2
RKLs

FHs H
H
compHcompFs

∣∣∣∣∣
)
. (26)

Define the SVDofHcomp as 1
√
NS

Hcomp = Ucomp6compVH
comp.

Then, (26) can be further written as

I(s; s̃)

≈ log2

(∣∣∣∣∣IKLS + PSNS
σ 2
RKLs

FHs Vcomp6
H
comp6compVH

compFs

∣∣∣∣∣
)
.

(27)

It can be seen from the expression as (27) that the objective
function I(s; s̃) is maximised when Fs = Vcomp (:, 1 : MS),
but Vcomp (:, 1 : MS) is not satisfy constant-modulus con-
straints. As in prior work, we use the Frobenius norm to
compute the distance betweenFs andVcomp (:, 1 : MS). Then,
the objective function is converted as

min
Fs

∥∥Vcomp (:, 1 : MS)− Fs
∥∥2
F . (28)

Let V̂comp = Vcomp (:, 1 : MS), the objective function (28)
can be rewritten as∥∥∥V̂comp − Fs

∥∥∥2
F

= tr
{(

V̂comp − Fs
)H (

V̂comp − Fs
)}

= 2MS − tr
{
2Re

(
FHs V̂comp

)}
= 2MS

− 2
MS∑
n=1

NS∑
m=1

Re
{
|Fs (m, n)|

∣∣∣V̂comp (m, n)
∣∣∣ ejϕ(m,n)}.

(29)

where ϕ (m, n) = 6 Fs (m, n) − 6 V̂comp (m, n). It is clear
that when ϕ (m, n) = 0, i.e., 6 Fs (m, n) = 6 V̂comp (m, n),
the objective function is minimized. This is consistent with
the conclusion of (22), therefore, the optimal analog precod-
ing matrix can be obtained as Fs = 1

√
NS
ej 6 Vcomp(:,1:MS ).

Similarly, when the analog beamforming matrix Fs and
combining matrix Fr1 is known at the source and the relay
decoding, respectively, the SVD of the baseband channel
matrix H̄ = FHr1HFs is defined as 1

√
NS

H̄ = Ū6̄V̄H , and let

Wr1 = Ū(:, 1 : KLs). For NS is large, (21) is rewritten as

I(s; s̃) ≈ log2

(∣∣∣∣∣IKLs+ PsNS
σ 2
RKLs

WH
s H̄

H
compH̄compWs

∣∣∣∣∣
)
. (30)

It is clear that (30) and (26) are similar in nature, so the opti-
mal Ws of maximizing I(s; s̃) is equivalent to the first KLs
columns of the right singular vectors (sorted with the corre-
sponding singular value by descending order) of 1

√
NS

H̄comp,

i.e., Ws = V̄comp(:, 1 : KLs). Since the relay receiver can
be regarded as a single user, there is no interference between
users, and the loss of information is reduced compared with

Algorithm 1 Hybrid Beamforming Design From Source to
Relay Decoding
1: Initialize: H;
2: Analog stage:
3: Compute Fr1 = 1

√
NR
ej 6 U(:,1:MR), where U is derived by

1
√
NS

H = U6VH ;

4: Obtain the composite channel Hcomp = FHr1H;
5: Compute Fs = 1

√
NS
ej 6 Vcomp(:,1:MS ), where Vcomp is

derived by 1
√
NS

Hcomp = Ucomp6compVH
comp;

6: End stage
7: Obtain the baseband channel H̄ = FHr1HFs;
8: Digital stage:
9: Get Wr1 = Ū(:, 1 : KLs), where Ū is derived by

1
√
NS

H̄ = Ū6̄V̄H ;

10: Obtain the composite channel H̄comp =WH
r1H̄;

11: Get Ws = V̄comp(:, 1 : KLs), where V̄comp is derived by
1
√
NS

H̄comp = Ūcomp6̄compV̄H
comp;

12: End stage
13: Obtain the total equivalent channel Htotal =

WH
r1F

H
r1HFsWs;

14: Compute Ps by using waterfilling power allocation of the
total equivalent channel Htotal ;

15: Output:Wr1,Fr1,Fs,Ws,Ps.

the traditional SVD method. Therefore, this method can
achieve optimal digital beamforming design.

To sum up, all the obtained beamforming solutions are
substituted into (21), which is expressed as

I(s; s̃) ≈ log2

(∣∣∣∣∣IKLs + Ps66H

NSσ 2
RKLs

∣∣∣∣∣
)

=

MS∑
i=1

log2

(
1+

Psγ 2
i

NSσ 2
RKLs

)
, (31)

where γi denotes the ith singular value of H. The expression
of (31) is consistent with the upper bound of the capacity of
the single-user channel with equal power allocation proposed
in [35]. Therefore, the solutions of the subproblem (P1) is
valid, and the overall procedure can be summarized as the
following Algorithm 1.

B. HYBRID BEAMFORMING DESIGN FROM RELAY
FORWARDING TO DESTINATIONS
For the subproblem (P2), it can be considered as a mas-
sive MU-MIMO system with sub-connected structure, and
has been converted to a convex problem in the discussion
of Section III. To tackle the block-diagonal constraint (8)
and (9) in (P2), the method of SIC proposed in [37] will
be utilized for reference. Since the digital beamforming is
designed by using the baseband BD scheme, the digital beam-
forming matrix Wr2 and digital combining matrix Wd are
both unitary matrix, i.e., WH

r2Wr2 = IKLs ,W
H
d Wd = IKLs .
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Then E
{∥∥Wr2Pr s̃

∥∥2
F

}
=

Pr
KLs

, and (23) can be simplified as

I(s̃; ŝ) = log2

(∣∣∣∣∣IKLs+ Pr
σ 2
DKLs

FHd GFr2FHr2G
HFd

∣∣∣∣∣
)
. (32)

Obviously, maximizing the mutual information is only
related to Fd and Fr2 in (32). Assuming Fd is fixed, (32) is a
function of the variable Fr2 and expressed as

IR(s̃; ŝ) = log2

(∣∣∣∣∣IKLs + Pr
σ 2
DKLs

GdFr2FHr2G
H
d

∣∣∣∣∣
)
, (33)

where Gd = FHd G. Then for fixed Fr2, (32) becomes a
function of variable Fd and can be expressed as

ID(s̃; ŝ) = log2

(∣∣∣∣∣IKLs + Pr
σ 2
DKLs

FHd GrGH
r Fd

∣∣∣∣∣
)
, (34)

where Gr = GFr2. According to the properties of deter-
minant: det (I+ XY) = det (I+ YX), when the product of
the two matrices X and Y is a square matrix, (34) can be
converted to

ID(s̃; ŝ) = log2

(∣∣∣∣∣IKLs + Pr
σ 2
DKLs

ḠrFdFHd Ḡ
H
r

∣∣∣∣∣
)
, (35)

where Ḡr = GH
r . Compared (33) with (35), they have the

similar form. Therefore, the Fd and Fr2 can be solved by
adopting the same method. For simplicity, we only analyze
the solution of Fd .
Utilizing the method of SIC proposed in [37] and assuming

the same number of RF chains for each destination (i.e.,
MDk =

MD
K , k = 1, . . . ,K ), (35) can be rewritten as

ID(s̃; ŝ)

=

K∑
k=1

MDK∑
n=1

log2

(∣∣∣∣∣1+ Pr
σ 2
DKLs

fn
H

dk Ḡ
H
r T
−1
n−1Ḡr fndk

∣∣∣∣∣
)
, (36)

where fndk is the nth column of the analog combining Fdk
for the kth destination, i.e., Fdk = blk

[
f1dk , f

2
dk , . . . , f

MDK
dk

]
,

k = 1, . . . ,K , and Tn = IKLs +
Pr

σ 2DKLs
Ḡr fndk f

nH
dk Ḡ

H
r ,

T0 = IKLs . We define the similar term in the iteration as
Gn−1 = ḠH

r T
−1
n−1Ḡr , and assume that each destination has

the same number of RF chains and antennas, i.e., Nm
Dk =

ND
KMDK

= NDK ,m = 1, . . . ,MDK . Therefore, only the first
NDK elements in fndk are non-zero, and the sub-matrix S of
Gn−1 in each iteration is Gn−1(NDK × (n − 1) + 1 : NDK ×
n,NDK × (n− 1)+ 1 : NDK × n). It is known from (22) that
the solution fndk shares the phase of the corresponding element
of the maximum right singular vector v1 of S, so each analog
solution vector can be expressed as

fn =
1

√
NDK

ej
6 v1 . (37)

In summary, the complete procedure of hybrid beam-
forming design for the subproblem (P2) is provided as
Algorithm 2.

Algorithm 2 Hybrid Beamforming Design From Relay For-
warding to Destinations

1: Initialize: G, Pr , σ 2
D, NLOOP;

2: Analog stage:
3: Randomly generate the initial matrix Fr2 (satisfied

with the constant-modulus constraint and diagonalization
structure);

4: for m = 1 to NLOOP do
5: Compute Ḡr = FHr2G

H ;
6: for n = 1 to KMDK do
7: Compute Gn−1 =

ḠH
r (IKLs +

Pr
σ 2DKLs

ḠrPnPHn Ḡ
H
r )
−1Ḡr ;

8: Acquire the effective sub-matrix of Gn−1: S =
Gn−1(NDK×(n−1)+1 : NDK×n,NDK×(n−1)+1 :
NDK × n);

9: Obtain the maximum right singular vector v1 of S;
10: Compute fn = 1

√
NDK

ej 6 v1 ;

11: Compute pn = [01×NDK (n−1), f
H
n ,

01×NDK (KMDK−1)]
H ;

12: end for
13: Obtain Fr2 = Pn;
14: Compute Gd = FHd G;
15: Compute Fd by utilizing the steps from 6 to 12, and

substitute Gd for Ḡr , MR cycles;
16: end for
17: End stage
18: Digital stage:
19: Obtain the baseband channel Ḡ = FHd GFr2;
20: Compute Wr2 = blk

[
W1

r2, . . . ,W
K
r2

]
and Wd =

blk [Wd1, . . . ,WdK ] by using the baseband BD scheme;

21: End stage
22: Obtain the total equivalent channel Htotal =

WH
d F

H
d GFr2Wr2;

23: Compute Pr by using waterfilling power allocation of the
total equivalent channel Htotal ;

24: Output:Wd ,Fd ,Fr2,Wr2,Pr .

C. HYBRID BEAMFORMING DESIGN FOR RELAY SYSTEM
WITH THE FULL-CONNECTED STRUCTURE
As all mentioned in the Section II, for the full-connected
structure, the hybrid beamforming design is simpler than
the sub-connected structure due to the fact that the
block-diagonal constraints are not required. However,
the hybrid beamforming design problem of the full-connected
structure is still challenging due to the constant-modulus con-
straints and the interferences of inter-destination and inner-
destination. Luckily, the proposed optimal design scheme for
sub-connected structure can be extended to solve the hybrid
beamforming design problem of the full-connected structure,
and meets the design requirements.

When the multi-destination relay system with full-
connected structure is shown in Figs. 2, the hybrid beamform-
ing design problem of relay system based on the maximum
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sum rate can be expressed as follows:

(Q) (Ws,Fs, (Fr1,Wr1,Wr2,Fr2),Fd ,Wd ,Ps,Pr )

= argmax
(Ws,Fs,(Fr1,Wr1,Wr2,Fr2),Fd ,Wd ,Ps,Pr )

R

s.t. |Fs(i, j)| =
1
√
NS
, |Fr1(i, j)| =

1
√
NR
, (10), (11), (∗)

Wr2 = blk
(
W1

r2,W
2
r2, . . . ,W

K
r2

)
,

Wd = blk
(
W1

d ,W
2
d , . . . ,W

K
d

)
,

‖Ps‖2F = Ps, ‖Pr‖2F = Pr , (38)

Similar to reformulation of the original optimal problem
(P) given in Section III, the problemQ can also be reformu-
lated as two subproblems and expressed as

(Q1) (Ws,Fs, Fr1,Wr1,Ps) = argmax
(Ws,Fs,Fr1,Wr1,Ps)

R1

s.t. |Fs(i, j)| =
1
√
NS
, |Fr1(i, j)| =

1
√
NR
, (∗)

‖Ps‖2F = Ps, (39)

(Q2) (Wr2, Fr2,Fd ,Wd ,Pr ) = argmax
(Wr2,Fr2,Fd ,Wd ,Pr )

R2

s.t. (10), (11),

Wr2 = blk
(
W1

r2,W
2
r2, . . . ,W

K
r2

)
,

Wd = blk
(
W1

d ,W
2
d , . . . ,W

K
d

)
,

‖Pr‖2F = Pr . (40)

For the DF relay system, the full-connected and mixed
structures have the same structure from the source to the
relay decoding, and the same beamforming design method
proposed in section IV-A can be adopted for (Q1). As for the
subproblem (Q2), the method of SVD of each destination’s
channel Gk can be used in the analog beamforming design
and expressed as

1
√
NR

Gk = Uk6kVH
k , (41)

1
√
NR

Gcomp = Ucomp6compVH
comp, (42)

where

Gcomp = FHd G =

FHd1 · · · 0
...

. . .
...

0 · · · FHdK


 G1

...

GK

 . (43)

Similarly, the optimal solution of the analog beamforming
design can be obtained by defining Fdk = Uk (:, 1 : MDk)

and Fr2 = Vcomp (:, 1 : MR). The solutions Wdk and Wr2
designed in the digital beamforming can be obtained by
exploiting the baseband BD scheme, and the power allo-
cation matrix Pr can be designed by using the waterfill-
ing power allocation method. Thus, the two subproblems of
full-connected structure are effectively solved by the pro-
posed method.

V. NUMERICAL SIMULATION
To evaluate the effectiveness of the proposed scheme,
we present numerical results of the hybrid beamforming
design for DF mmWave massive MU-MIMO relay sys-
tem. All simulation results were obtained by averaging over
2,000 random channel realizations based on MATLAB plat-
form. For simplicity, the number of antennas connected to
each RF chain at the relay forwarding are assumed to be
the same, i.e., N n

R =
NR
MR

, n = 1, . . . ,MR, meanwhile each
destination has the same number of RF chains and antennas
connected to each RF chain, i.e., N n

Dk =
NDk
MDk
= NDK , n =

1, . . . ,MDk , MDk = MDK . The number of antennas at the
source, relay, and each destination are set as NS = 128, NR =
32, and NDk = 32, respectively. The corresponding number
of RF chains are MS = 16, MR = 16, and MDk = 2. During
each simulation, the 4-destination MU-MIMO relay system
is assumed to simultaneously transmit Ls = 1 stream per
destination. The transmission power at the source and relay
is Ps = Pr , and the noise variable is σ 2

R = σ 2
D. The ULAs

at the source, relay, and each destination have an antenna
spacing d = λ

2 . The number of first-hop channel scattering
paths between the source and relay is Lh = 16, and for the
second-hop channel between the relay and each destination,
there are Lgk = 4 scattering paths. All the AoAs/AoDs are
assumed to be uniformly distributed in [0, 2π ].
It is worth noting that we focus on the hybrid beamform-

ing design of DF relay system with mixed structure in the
paper. Since the optimal full-digital beamforming scheme
implemented with the full-digital BD technology and water-
filling power allocation algorithm can achieve the best per-
formance of the mmWave system, the optimal full-digital
beamforming scheme is considered as the upper bound of
the hybrid beamforming design. Meanwhile, compared with
the mixed structure, the full-connected structure mentioned
in the Section IV-C is only different in terms of the analog
beamforming and combining from the relay forwarding to
destinations. However, the performance of full-connected
structure outperforms that of the mixed one, so it can be used
as a performance comparison. In addition, for comparingwith
the AF relay system, the mmWave massive MU-MIMO relay
system with full-connected structure proposed in [23] is also
included in the simulation.

A. PERFORMANCE FOR SUM RATE
Since our objective function is the sum rate between the
source and the destinations, we compare the sum rate perfor-
mance of different beamforming schemes. Fig. 3 compares
the sum rate performance of different beamforming schemes
versus SNR forK = 4. It can be seen clearly that the sum rate
performance of the proposed full-connected hybrid beam-
forming design is close to that of the full-digital beamform-
ing. Therefore, the proposed scheme for the full-connected
structure is an ideal solution in the DF mmWave relay sys-
tem. However, due to the high hardware complexity, hybrid
beamforming systems with sub-connected structure are often
used in practice, which will further reduce the performance
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FIGURE 3. Sum rate comparison for different beamforming schemes
versus SNR, where K = 4.

FIGURE 4. Sum rate comparison for the proposed mixed and
full-connected hybrid beamforming schemes and the full-digital
beamforming versus SNR, where K = 2, 3, 5.

of the system. The mixed structure is a compromise between
the full-connected and sub-connected in structure, and the
performance gap between the mixed and the full-connected
is reduced within 3dB. In addition, the proposed scheme
for mixed structure outperforms the MP scheme in [23],
so the DF mmWave massive MU-MIMO relay system with
mixed structure can be considered in practical application
scenarios.

B. PERFORMANCE FOR NUMBER OF DESTINATIONS
Fig. 4 compares the sum rates achieved by the proposed
mixed and full-connected hybrid beamforming schemes with
the full-digital beamforming when the number of destinations
K is different. It can be seen that the sum rate performance
gap between the proposed mixed and full-connected beam-
forming schemes is narrow when K = 2 and K = 3, and
both of the proposed schemes obtain close performance to the
full-digital one. However, when K = 5, the gap between the
proposed schemes becomes large and exceeds 3dB. There-
fore, the hybrid beamforming design schemes proposed in
this paper meet the best performance when the number of
destinations is less than or equal to K = 4.

C. PERFORMANCE FOR NUMBER OF ANTENNAS AT
RELAY
Fig. 5 compares the sum rate performance of different beam-
forming schemes versus the antennas at the relay, where
SNR = 10dB, and the number of antennas is twice the
number of RF chains at the relay. It can be clearly found
that the performance of different design schemes increases

FIGURE 5. Sum rate comparison for different beamforming schemes
versus the antennas at the relay, where SNR = 10dB, NR = 2MR .

FIGURE 6. Sum rate comparison for different beamforming schemes
versus the antennas at source, where SNR = 10dB.

correspondingly as the increasing number of RF chains.
In addition, the proposed schemes for both the mixed and
full-connected structures outperform the MP scheme in [23].
As the number of antennas at relay increases, the antenna gain
increases correspondingly, which is the expected result.

D. PERFORMANCE FOR NUMBER OF ANTENNAS AT
SOURCE
Fig. 6 compares the sum rate performance of different beam-
forming schemes versus the antennas at the source, where
SNR = 10dB. As can be seen from this figure, when
the number of antennas at source is small, the sum rate of
different beamforming schemes increases radically with the
augment of the number of antennas at source. When the
number of antennas at source is large, the sum rate of different
schemes will be stabilized. Due to the DF relay system can be
decomposed as two (or more) different MIMO sub-systems
in series, increasing the number of antennas at source will
improve the sum rate performance from the source to the
relay decoding, and the sum rate of overall system can also be
improved within a certain range. However, the performance
from the relay forwarding to the destinations will not be
increased. Therefore, the sum rate of different schemes will
be saturated for the number of antennas at source is large
enough.

E. PERFORMANCE FOR POWER EFFICIENCY OF RELAY
As mentioned in Section I, for the hybrid beamforming of
relay system with different connection structures, the power
consumption is a key issue which should be considered.
In this subsection, we aim at comparing the proposed mixed
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and full-connected structures in terms of power efficiency of
relay [38].

Considering the relay in the hybrid beamforming design,
the power consumption mainly includes the following parts:
a)the low noise amplifier (LNA) and the power amplifier (PA)
connected to each antenna on the receiver node and the
transmitter node, respectively; b) the phase shifters (PS) and
the RF chains (RF) on both receiver and transmitter nodes;
c) the digital baseband (BB) processor; d) digital-to-analog
converters (DAC) on the receiver node and analog-to-digital
converters (ADC) on the transmitter node.

According to the power consumption of the above five
parts, the total power consumption Ptotal of the DF relay can
be written as

Ptotal = 2PBB + 2MRPRF + NR(PLNA + PPA)

+ 2MPSPPS +MR(PDAC + PADC ), (44)

where PBB, PRF , PLNA, PPA, PPS , PDAC , and PADC indi-
cate the power consumed by the digital baseband proces-
sor, the each RF chains, the each low noise amplifier,
the each power amplifier, the each phase shifters, the each
digital-to-analog converter, and the each analog-to-digital
converter, respectively. For the relay with the mixed and the
full-connected structures, the number of phase shifters MPS
can be expressed as:

MPS =

{
MRNS , full-connected structure,
NS , mixed structure.

(45)

Since the sub-connected structure is adopted by the relay
forwarding of mixed structure, it can be seen from (45)
that the relay with sub-connected structure needs less
phase shifters than the full-connected one, which indi-
cates that the power consumed by the relay with sub-
connected structure is lower than that of the full-connected
one.

To better compare the power consumption performance of
the above two structures, the power efficiency η is employed
as the measurement standard and expressed as [39]

η =
R

Ptotal
(bps/Hz/J). (46)

Fig. 7 compares the power efficiency performance of the
proposed relay hybrid beamforming with the mixed and
the full-connected structures. The simulation parameters of
power consumption are set by [40], as follows: PBB = 10W,
PRF = 100mW, PLNA = PPA = 100mW, PPS = 10mW,
PDAC = 110mW, PADC = 200mW. It can be see clearly
from the simulation results that for the proposed mixed and
full-connected structures, the power efficiency will decrease
tremendously as the increasing of the number of RF chains
MR. However, the relay power efficiency of the mixed struc-
ture decreases more slowly than that of the full-connected
structure, due to the fact that the number of phase shifters of
the sub-connected structure at the relay forwarding is equal
to the number of antennas, and relatively independent of

FIGURE 7. Energy efficiency comparison for the proposed relay hybrid
beamforming with the mixed and full-connected structures versus the
RF chains, where SNR = 10dB and NR = 2MR .

FIGURE 8. Sum rate comparison for the proposed hybrid beamforming
schemes of relay system with the mixed and full-connected structures
and the full-digital beamforming in the different channel distributions
versus SNR.

the number of RF chains. Therefore, it is proved that the
relay system with mixed structure is not only lower in power
consumption but also higher in power efficiency than the
relay system with full-connected structure.

F. PERFORMANCE FOR DIFFERENT CHANNEL
DISTRIBUTIONS
To emulate the high and low frequency communication sys-
tems in some practical application scenarios, Fig. 8 shows the
sum rate performance of relay system with different struc-
tures in the mmWave channel (high frequency) and Rayleigh
channel (low frequency). In Rayleigh channel, the sum rate
performance of relay system with the mixed structure is very
close to that of the proposed full-connected structure. There-
fore, the optimal hybrid beamforming scheme of relay with
the mixed structure can be deployed for the low frequency
communication. On the contrary, in the high frequency com-
munication scenario, the optimal hybrid beamforming design
of relay system with the full-connected structure can be
utilized.

G. PERFORMANCE FOR SUPPORTED DATA STREAMS
Fig. 9 compares the sum rate performance of relay system
with the mixed and the full-connected structures when the
number of data streams supported by each destination is
different, where SNR = 10dB and the number of destination
K = 1. It can be seen that the sum rate of the mixed
structure is approximately equal to that of the full-connected
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FIGURE 9. Sum rate comparison for the proposed mixed and
full-connected beamforming schemes and the full-digital beamforming
versus the supported data streams of each destination, where
SNR = 10dB and K = 1.

FIGURE 10. Sum rate comparison for the proposed mixed and
full-connected beamforming schemes and the full-digital beamforming
versus the number of each destinationa̧ŕs antennas, where SNR = 10dB,
MS = MR = 16, and MDk = 2.

structure, and close to that of the full-digital beamforming as
the number of data streams supported by each destination is
small, i.e., Ls = 1 and Ls = 2. Therefore, the relay system
with the mixed structure is more suitable for the transmission
with fewer data streams. It can also be seen from Fig. 9 that
when the number of data streams per destination is Ls = 4,
the sum rate of the two proposed designs will be saturated.
Therefore, the maximum number of data streams per user in
the proposed optimal hybrid beamforming scheme of relay
system is four.

H. PERFORMANCE FOR NUMBER OF ANTENNAS AT
DESTINATION
Fig. 10 compares the sum rate performance of relay hybrid
beamforming schemes with the mixed and the full-connected
structures when the number of each destinationa̧ŕs antennas is
different. As can be seen from the Fig. 10, when the number
of each destinationa̧ŕs antennas increases, the sum rate of the
relay system with mixed and full-connected structures also
grow correspondingly. The performance of full-connected
structure is very close to that of the full-digital beamforming.
Although the sum rate of relay system with mixed structure
is lower than that of the full-connected, it also shows very
good performance, and the gap between them is about 2dB.
At the same time, with the increase of the number of antennas,
the performance gap between the relay beamforming system
with the mixed structure and the full-digital beamforming is
gradually narrowed.

VI. CONCLUSION
In this paper, we have proposed the optimal hybrid beam-
forming design for the DF mmWave massive MU-MIMO
relay systems. The optimal hybrid beamforming design aims
to maximize the sum rate from the source to the destina-
tions. To solve the intractable optimal hybrid beamforming
design problem for the relay system with the mixed and
full-connected structures, the piecewise successive approxi-
mation method was proposed based on the criterion which
jointly designs the analog and digital beamforming stages
by trying to avoid the loss of information at each stage.
Meanwhile, the idea of successive interference cancelation,
the baseband BD scheme, and waterfilling power allocation
method were united for the optimal hybrid beamforming
design. The high-approximate optimal solution was obtained
by the proposed design scheme respectively in the two kinds
of relay systems. Simulation results validate that the pro-
posed optimal design scheme achieves superior performance
in terms of the sum rate in both mixed and full-connected
structures, so a more suitable relay structure can be chosen
according to the requirements of different scenarios in actual
application. In the future, the simpler optimal hybrid beam-
forming design for obtaining the stable higher performance
of the mmWave MIMO relay systems can be studied based
on the work in this paper.
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