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Abstract—The potential of deploying large-scale antenna ar-
rays in future wireless systems has stimulated extensive research
on hybrid transceiver designs aiming to approximate the opti-
mal fully-digital schemes with much reduced hardware cost, and
signal processing complexity. Generally, this hybrid transceiver
structure requires a joint design of analog, and digital process-
ing to enable both beamsteering, and spatial multiplexing gains.
In this paper, we develop various weighted mean-square-error
minimization (WMMSE) based hybrid transceiver designs for K-
user multiple-input multiple-output (MIMO) interference systems,
which are applicable to both millimeter wave (mmWave) channels,
and Rayleigh fading channels. Firstly, a heuristic joint design of
hybrid precoder, and combiner using alternating optimization is
proposed, in which the majorization-minimization (MM) method
is utilized to design the analog precoder, and combiner under unit-
modulus constraints. It is demonstrated that this scheme achieves
comparable performance to the fully-digital WMMSE solution. To
further reduce the computational complexity, a phase projection
based two-stage scheme is proposed to decouple the designs of
the analog, and digital precoder/combiner. Secondly, inspired by
the fully-digital solutions based on the block-diagonalization zero-
forcing (BD-ZF), and signal-to-leakage-plus-noise ratio (SLNR)
criteria, the low-complexity MM-based BD-ZF, and SLNR hybrid
designs are proposed, respectively, for approximating the corre-
sponding fully-digital solutions. Thirdly, the partially-connected
hybrid structure conceived for reducing system hardware cost,
and power consumption is considered, for which the MM-based
alternating optimization algorithm still works. Our numerical
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results characterize the sum rate performance of all proposed
hybrid designs in comparison to the existing benchmarks.

Index Terms—Hybrid transceiver designs, WMMSE,
majorization-minimization, MIMO interference channels.

I. INTRODUCTION

THE large-scale antenna array offers a promising technol-
ogy in future wireless systems to provide ultra high data

rate for bandwidth-hungry applications and the large degrees of
freedom (DoFs) for eliminating the random effect of wireless
fading channels [1]–[3]. However, the hardware cost and imple-
mentation complexity of deploying a large number of antenna
elements by the traditional digital signal processing are huge,
because each antenna requires a dedicated radio frequency (RF)
chain [4], [5]. As an alternative cost-effective solution, the hybrid
transceiver structure with much fewer RF chains than the number
of antennas has attracted extensive attention recently, of which
the signal processing chain consists of the high-dimensional
analog RF precoding/combining for providing the beamsteering
gain, followed by the low-dimensional digital baseband pre-
coding/combing mainly for reaping spatial multiplexing gain
[6], [7].

For the hybrid transceiver structure, the analog RF processing
can be implemented using phase shifters [8], switches [9] and/or
lens [10], among which the phase shifter based analog precod-
ing/combining has been widely investigated [11]–[18]. Phase
shifters can be used to steer transmit and receive beams towards
the desired direction by adjusting the phase of RF signals, and
thus typically impose constant-modulus constraints on analog
precoder and combiner, which makes hybrid transceiver designs
more complicated and challenging. It has been revealed that once
the number of RF chains reaches twice that of data streams,
implying that the number of phase shifters is doubled, the
hybrid structure can perfectly realize the optimal fully-digital
structure [12]. However, the application with abundant phase
shifters is also impractical due to high hardware cost and power
consumption. To alleviate this issue, the partially-connected
hybrid structure has been proposed for enabling energy-efficient
communications at the expense of some performance loss com-
pared to the fully-digital structure [13]–[15].

Hybrid transceivers are applicable not only to mmWave com-
munications but also in other lower frequency range [11], [16].
Moreover, the criteria of hybrid designs are diverse, e.g., mean
squared error (MSE), capacity and bit error rate (BER). Various
hybrid transceiver designs have been conceived for point-to-
point MIMO systems [7], [18]–[23] and multiuser MIMO sys-
tems [16], [24]–[28]. The motivation of these designs is to lever-
age the underlying hybrid structure to achieve the comparable
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performance to the optimal (near-optimal) fully-digital solution.
To this end, existing hybrid designs are mainly classified into two
categories.

One category jointly designs hybrid precoder and combiner to
approach the fully-digital performance. For example, by exploit-
ing the sparsity of mmWave channels, the orthogonal matching
pursuit (OMP) algorithm was used to jointly design hybrid
precoder and combiner to approximate the optimal fully-digital
solution [7]. Using matrix-monotonic optimization [18], the op-
timal unconstrained structures of analog precoder and combiner
under various design criteria can be proved to be unitary match-
ing with channel. Some heuristic joint hybrid transceiver designs
via alternating optimization were also investigated [19]–[23].
Specifically, to approximate the optimal fully-digital solution,
an alternating minimization method was proposed for hybrid
designs based on manifold optimization [19] and local approx-
imation of phase increment [20], [23], respectively. In addition,
joint hybrid designs were studied in multiuser scenarios using
the minimum MSE (MMSE), weighted MMSE (WMMSE)
and block-diagonalization zero-forcing (BD-ZF) fully-digital
solutions [24]–[26] For example, in [25] and [26], the OMP
algorithm was utilized to jointly construct the hybrid WMMSE
precoder and combiner for achieving the performance close to
the WMMSE and BD-ZF fully-digital solutions, respectively.
However, such approaches generally require the fully-digital
precoder to have a closed-form solution, and its applicability
in more general scenarios may be limited.

The other category is the two-stage hybrid transceiver design
widely used in multiuser MIMO scenarios. In this scheme, the
analog precoder and combiner are firstly designed by directly
optimizing some performance criterion, such as the effective
array gain. Then the digital precoder and combiner are optimized
to further improve system performance by eliminating inter-user
inference [16], [27]–[29]. For example, in [16], the equal gain
transmission (EGT) based analog precoder and the discrete
Fourier transform (DFT) codebook based analog combiner for
each user were proposed to achieve large array gain. To achieve
low channel training and feedback overhead, the two-stage
hybrid design [27] chooses each user’s analog precoder and
combiner from the quantized codebooks to maximize effective
channel gain. All the above analog processing schemes can
be combined with the low-complexity BD-ZF digital process-
ing [30] to cancel inter-user interference. Although this BD-ZF
scheme is easy to implement, it does not consider the influence
of noise in the digital precoder design and thus performs poorly
at low signal-to-noise ratio (SNR) regime. This fact motivates us
to consider an effective digital processing based on the SLNR
criterion of [31]. The SLNR-maximization digital processing
is more desirable than the BD-ZF criterion in some scenarios
with fewer DoFs, i.e., MIMO interference channels [32]. This
two-stage scheme can also be extended to the mixed timescale
hybrid precoder optimization [33], [34] in which the analog and
digital precoders are adaptive to channel statistics and real-time
channel state information (CSI), respectively.

In this paper, we consider challenging MIMO interference
channels with very few DoFs and develop various hybrid
transceiver designs based on the MM method. Since the MM
method guarantees stationary convergence and has the desired
closed-form solution of each subproblem, it offers an effective
tool to address the nonconvex constant-modulus constraints
on analog precoder and combiner [35], [38]. Specifically, we
propose the MM-based alternating optimization, decoupled two-
stage scheme and various low-complexity schemes for hybrid

transceiver designs in both mmWave and lower-frequency
Rayleigh MIMO interference channels. Additionally, perfect
CSI and analog processing with infinite resolution are utilized
to provide a theoretical performance upper-bound for practical
implementation of all the proposed schemes. Our contributions
are contrasted to the associated technical challenges as follows:

1) Joint Hybrid Transceiver Design Bypassing the Opti-
mal Fully-Digital Solution. For the K-user MIMO in-
terference channel, the joint hybrid WMMSE transceiver
design bypassing the near-optimal fully-digital WMMSE
solution is studied. This joint design is challenging since
the coupled variables and the unit-modulus constraint
imposed on the analog precoder and combiner lead to
nonconvex and NP-hard optimization. To tackle this chal-
lenge, MM-based alternating optimization considering
a practical property of large-scale MIMO is proposed,
which guarantees to converge. To further reduce the com-
putational complexity, we also study another phase projec-
tion (PP) based two-stage scheme relying on the decoupled
design of the analog and digital precoder and combiner.

2) Low-Complexity Separate Hybrid Transceiver De-
signs. Since the suboptimal closed-form fully-digital pre-
coders designed for each transmit-receive pair can be
obtained based on the BD-ZF and SLNR maximization
(SLNR-Max) criteria, the proposed low-complexity hy-
brid transceiver designs focus on approximating the BD-
ZF and SLNR-Max based fully-digital precoders, which
also lead to nonconvex optimization. In fact, both these
low-complexity designs rely on multiple separate hybrid
transceiver designs for all transmit-receive pairs, each of
which consists of two separate stages. To address this
non-convexity, first an iterative PP (iterative-PP) based hy-
brid precoder is designed. Then the corresponding hybrid
MMSE combiner is optimized using MM-based alternat-
ing optimization.

3) Low-Cost Joint Hybrid Transceiver Design. In order to
further reduce both the hardware cost and power consump-
tion, we consider the partially-connected hybrid structure,
in which each RF chain at the transmitter/receiver is con-
nected to a single non-overlapped subarray. In this context,
the MM-based alternating optimization still works and can
converge to the stationary solutions for our joint hybrid
WMMSE transceiver design.

The rest of this paper is organized as follows. Section II intro-
duces the system model and the problem formulation. Section III
proposes the MM-based alternating optimization algorithm and
the low-complexity two-stage hybrid design for maximizing
the sum rate of the considered system, respectively. Section IV
mainly introduces the hybrid transceiver designs from the per-
spective of low complexity and low cost. Section V illustrates
the convergence and complexity of the proposed MM-based
alternating optimization algorithm. Our numerical results are
presented in Section VI to demonstrate the excellent perfor-
mance of the proposed hybrid designs. Finally, Section VII
concludes this paper.

Notations: The bold-faced lower-case and upper-case letters
stand for vectors and matrices, respectively. The transpose, con-
jugate, Hermitian and inverse operators are denoted by (·)T, (·)∗,
(·)H and (·)−1, respectively, while Tr(A) and det(A) denote
the trace and determinant of A, respectively. In, 0n×m and
1n are the n×n identity matrix, the n×m zero matrix and the
n-dimensional vector with all elements being one, respectively.
The block-diagonal matrix with diagonal elementsA1, . . . ,AN
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Fig. 1. A K-user MIMO interference channel with different hybrid transceiver structures.

is denoted by BLKdiag[A1, . . . ,AN ]. Particularly, it is reduced
to diag[a1, . . . , aN ] when scalar diagonal elements are consid-
ered. [A]n,m denotes the (n,m)th (thenth row andmth column)
element of A, and A(q1 : q2, l1 : l2) denotes the sub-matrix
consisting of the q1 to q2 rows and l1 to l2 columns of A, while
A(:, l1 : l2) is the sub-matrix consisting of the l1 to l2 columns of
A. The nth element of a is denoted by [a]n, and a(n : m) is the
sub-vector consists of thenth tomth elements ofa.A � 0 (� 0)
means thatA is positive definite (semi-definite), andλmax(A) is
the maximum eigenvalue of A, while ejarg(·) denotes the phase
extraction operation in an element-wise manner. The rank of A
is denoted by rank(A). The modulus operator denoted by | · |,
‖ · ‖ is the Euclidean distance, and ‖ · ‖F is the matrix Frobenius
norm, while E[·] is the expectation operator and vec(·) denotes
the vectorization of a matrix. �{·} is the real part operator and
⊗ is the Kronecker product operator, while [a]+=max{a, 0}.
The words ‘independent and identically distributed’ and ‘with
respect to’ are abbreviated as ‘i.i.d.’ and ‘w.r.t.,’ respectively.

II. SYSTEM MODEL

A. K-User MIMO Interference Channel

As shown in Fig. 1, we consider aK-user MIMO interference
channel, where all K transmitters and receivers are equipped
with hybrid MIMO processor for dealing with multiple data
streams. Specifically, the kth transmitter equipped with Ntk
antennas and NRF

tk
RF chains sends Nsk data streams to the

corresponding receiver equipped with Nrk antennas and NRF
rk

RF chains, where Nsk ≤NRF
tk

≤Ntk and Nsk ≤NRF
rk

≤Nrk ,
∀k. The hybrid MIMO processor at the kth transmitter enables
the digital baseband precoder FDk

∈C
NRF

tk
×Nsk , followed by

the analog RF precoderFAk
∈C

Ntk
×NRF

tk . Similarly, the hybrid
MIMO processor at the kth receiver consists of an analog RF
combiner GAk

∈C
Nrk

×NRF
rk , followed by a digital combiner

GDk
∈C

NRF
rk

×Nsk . Both FAk
and GAk

are realized using ana-
log phase shifters with constant modulus, i.e. |[FAk

]n,m|=1
and |[GAk

]n,m|=1, ∀n,m. The transmitted signal by the kth
transmitter is given by xk=FAk

FDk
sk, where sk∈C

Nsk

denotes the Gaussian encoded information symbols satisfying
E[sks

H
k ]=INsk

and ‖FAk
FDk

‖2F ≤Pk withPk being the max-
imum transmission power. Under the assumption of quasi-static
block-fading MIMO channel, the received signal at the kth
receiver is written as

yk=Hk,kFAk
FDk

sk+
∑

i �=kHk,iFAi
FDi

si + nk, (1)

where Hk,i∈C
Nrk

×Nti denotes the wireless channel between
the ith transmitter and kth receiver, and nk∼CN (0, σ2

nk
INrk

)

is the additive Gaussian noise at the kth receiver, which has zero
mean vector and covariance matrix σ2

nk
INrk

. Then the hybrid
analog-digital combiner at the kth receiver, i.e.GH

k =GH
Dk

GH
Ak

,
is applied to yk to obtain the desired output as

ŝk = GH
Dk

GH
Ak

Hk,kFAk
FDk

sk

+GH
Dk

GH
Ak

∑
i�=kHk,iFAi

FDi
si +GH

Dk
GH
Ak

nk. (2)

The achievable sum rate of this K-user MIMO system under
Gaussian signaling is given by

Rsum =
∑K

k=1
log det(INsk

+GH
Dk

GH
Ak

Hk,kFAk
FDk

· (GH
Dk

GH
Ak

Hk,kFAk
FDk

)HR−1
k ), (3)

where Rk=GH
Dk

GH
Ak

(
∑
i �=kHk,iFAi

FDi
FH
Di

FH
Ai
HH

k,i+

σ2
nk
INrk

)GAk
GDk

is the covariance matrix of the inter-user
interference plus noise at the kth receiver, ∀k. We aim to jointly
design hybrid precoders and combiners A={Ak, ∀k} with
Ak = {FAk

,FDk
,GDk

,GAk
} to maximize the achievable

sum rate Rsum in (3), which is formulated as

max
Ak,∀k

Rsum,

s.t. Tr(FAk
FDk

FH
Dk

FH
Ak

) ≤ Pk,
|[FAk

]n,m|2 = 1, |[GAk
]n,m|2 = 1, ∀k, n,m.

(4)

Clearly, the sum rate maximization problem (4) is nonconvex
and NP-hard w.r.t. A due to the coupled optimization vari-
ables and unit-modulus constraints. Moreover, even the optimal
fully-digital solution F k = FAk

FDk
to problem (4) without

unit-modulus constraints has not been globally addressed yet,
and only stationary solution generated from iterative process
is available [40]. Therefore, for K-user MIMO interference
systems, the traditional method of minimizing the Euclidean
distance between the hybrid analog-digital precoder and the op-
timal fully-digital one cannot theoretically guarantee its sum rate
performance. In the sequel, based on a reasonable assumption on
the analog precoder in large-scale MIMO systems, we propose
an effective joint design of hybrid precoder and combiner by ap-
plying the MM-based alternating optimization with guaranteed
sum rate performance to problem (4).

Although the proposed alternating optimization algorithm
achieves the semi closed-form solution to each subproblem, it
imposes heavy coordination among all transmit-receive pairs. To
further reduce complexity, a two-stage hybrid design is firstly
proposed with the decoupled optimization of analog and digital
precoder/combiner for each transmit-receive pair. In addition,
two kinds of hybrid designs using the BD-ZF and SLNR-Max
fully-digital precoders are also studied, both of which support
the independent hybrid precoder and combiner designs. All the
above schemes require global CSI at transmitter, which imposes
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huge training and feedback overhead. To alleviate this issue, we
also consider the partially connected hybrid transceiver structure
with significantly reduced feedback overhead and hardware cost,
to which the proposed MM-based alternating optimization is
directly applicable and a stationary solution of problem (4) can
be achieved.

B. Channel Model

In our work, two kinds of block-fading channels are adopted,
mmWave channels and Rayleigh fading channels. The first type
considers the propagation environment at the mmWave band,
which has limited scattering and suffers from several blockage
and reduced diffraction, while the other considers the propaga-
tion environment with rich scatterers. Moreover, to make the
system capacity independent of the scaling of the channel ma-
trix, the normalized channel matrix is considered. For Rayleigh
fading channels, the elements of the channel matrix Hk,i are
assumed to be i.i.d. complex Gaussian variables with zero mean
and unit variance, i.e., vec(Hk,i)∼CN (0, INrk

Nti
), ∀k, i,

while for mmWave channels the extended Salen-Valenzuela
geometric model [41] is adopted:

Hk,i =

√
NrkNti
Lk,i

∑Lk,i

l=1
αlkar(θ

l
k)a

H
t (ψ

l
i), ∀k, i, (5)

where Lk,i denotes the number of dominated propagation paths
in the channel Hk,i and αlk is the complex gain of the lth
path, while θlk and ψli are the angle of arrival (AOA) and angle
of departure (AOD) of the lth path, respectively. Assume that
the uniform linear array (ULA) with half-wavelength element
spacing is deployed at each transmit-receive pair. The transmit
and receive array steering vectors can then be expressed as
at(ψ

l
i)=

1√
Nti

[1 e−jπ sinψl
i · · · e−j(Nti

−1)π sinψl
i ]T and ar(θ

l
k)=

1√
Nrk

[1 e−jπ sin θlk · · · e−j(Nrk
−1)π sin θlk ]T, respectively.

C. Joint Hybrid Transceiver Design

To tackle the sum rate maximization problem (4) ef-
fectively, we introduce F̃Dk

=(FH
Ak

FAk
)

1
2FDk

and F̃Ak
=

FAk
(FH

Ak
FAk

)−
1
2 , ∀k, and refer to [40] to equivalently refor-

mulate it as the following WMMSE problem

min
Ak,W k�0

∑K

k=1
(Tr (W kEk(Ak))− log det(W k)−Nsk) ,

s.t. Tr
(
F̃

H

Dk
F̃Dk

)
≤ Pk, F̃Ak

= FAk

(
FH
Ak

FAk

)− 1
2 ,∣∣[FAk

]n,m
∣∣ = 1,

∣∣[GAk
]n,m

∣∣ = 1, ∀k, n,m, (6)

where the notation Ak = {GAk
,GDk

, F̃Ak
, F̃Dk

} is redefined
and the MSE matrix Ek(Ak) is given by

Ek(Ak) = E

[
(ŝk − sk) (ŝk − sk)

H
]

=
(
GH
Dk

GH
Ak

Hk,kF̃Ak
F̃Dk

−INsk

)
×
(
GH
Dk

GH
Ak

Hk,kF̃Ak
F̃Dk

−INsk

)H
+
∑
i�=k

(
GH
Dk

GH
Ak

Hk,iF̃Ai
F̃Di

)(
GH
Dk

GH
Ak

Hk,iF̃Ai
F̃Di

)H
+ σ2

nk
GH
Dk

GH
Ak

GAk
GDk

. (7)

The proof of equivalence between problem (6) and problem
(4) is relegated to Appendix A. Suffice to say that the newly
defined variables F̃Ak

and F̃Dk
can be applied to tackle coupled

nature of the analog precoder FAk
and digital precoder FDk

in
the transmit power constraint of problem (4). Based on this,
all constraints in the equivalent WMMSE problem (6) become
separable. Nevertheless, since the unit-modulus constraints can-
not be explicitly reformulated w.r.t F̃Ak

, problem (6) is still
challenging to address. To make problem (6) more tractable, a
reasonable approximation of F̃Ak

is considered. Specifically, it
is known from [7], [12], [28] that when Ntk →∞, the analog
precoder design conceived for approximating the near-optimal
system performance typically satisfies FH

Ak
FAk

≈NtkINRF
tk

with high probability, based on which F̃Ak
can be relaxed to

F̃Ak
≈ 1√

Ntk

FAk
, and problem (6) is then simplified as

min
Ãk,W k�0

∑K

k=1

(
Tr
(
W kEk(Ãk)

)
− log det(W k)−Nsk

)
,

s.t. Tr
(
F̃

H

Dk
F̃Dk

)
≤ Pk,

∣∣[FAk
]n,m

∣∣=1,∣∣[GAk
]n,m

∣∣=1, ∀k, n,m, (8)

where Ãk={GAk
,GDk

,FAk
, F̃Dk

} and Ek(Ãk) is obtained
by considering F̃Ak

≈ 1√
Ntk

FAk
in (7). We aim for jointly op-

timizing the hybrid precoder and combiner via solving problem
(8). Firstly, it is easily observed that problem (8) is convex w.r.t.
W k with given Ãk, ∀k [40]. By setting the first-order derivative
of the objective function in problem (8) w.r.t W k to zero, we
have

W k = E−1
k

(
Ãk

)
, ∀k. (9)

Furthermore, as pointed out in Appendix A, the optimal digital
combiner GDk

for simultaneously minimizing the MSEs of all
data streams of the kth transmit-receive pair is the Wiener filter:

GDk
=

1√
Ntk

Q̃kG
H
Ak

Hk,kFAk
F̃Dk

, ∀k, (10)

where Q̃k = (
∑K
i=1

1
Nti

(GH
Ak

Hk,iFAi
F̃Di

)(GH
Ak

Hk,iFAi

F̃Di
)H + σ2

nk
GH
Ak

GAk
)−1. Using the closed-form solutions

in (9) and (10), our next task is to find the optimal solution
{FAk

,FDk
,GAk

, ∀k} to the nonconvex problem (8) via the
proposed MM-based alternating optimization algorithm in Sec-
tion III.

III. PROPOSED MM-BASED ALTERNATING OPTIMIZATION

A. Brief Review of MM Method

The MM method is an effective optimization tool for solving
nonconvex problems. The basic idea is to transform the original
nonconvex problem into a sequence of majorized subproblems
that can be solved with semi closed-from solutions and guaran-
teed convergence. The MM method generally consists of two
stages, the majorization stage and the minimization stage. In the
majorization stage, for a general optimization problem

min
X

f(X), s.t. X ∈ X , (11)

whereX is a closed nonempty set. In terms of our work, it can be
nonconvex. Our aim is to find a continuous surrogate function
g(X;X(l)), also defined as a majorizer of f(X) at X(l), for
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updatingX at the lth iteration. Mathematically, this is expressed
as

X(l+1) = arg min
X∈X

g(X;X(l)). (12)

The majorizer g(X;X(l)) must satisfy the following condi-
tions to ensure that the MM method converges to a stationary
point of problem (11) [35]:⎧⎨⎩ g(X;X(l)) ≥ f(X), ∀X ∈ X ,

g(X(l);X(l)) = f(X(l)), ∀X(l) ∈ X ,
g

′
(X(l);X(l)|d) = f

′
(X(l)|d), ∀d ∈ TX (X(l)),

(13)

where TX (X(l)) is the Boulingand tangent cone [39] of X at
X(l). It is known that the limit point obtained by minimizing
g(X;X(l)) subject to X∈X satisfies the stationary condi-
tion f

′
(X(∞)|d)≥0, ∀d∈TX (X(∞)). Also, based on (13), the

monotonicity of the MM method is manifested by

f(X(l+1))≤g(X(l+1);X(l))≤g(X(l);X(l))=f(X(l)), ∀l.
(14)

The interested readers can refer to [35], [38] for more details on
the general MM method.

B. Proposed MM-Based Alternating Optimization

In our proposed MM-based alternating optimization for prob-
lem (8), we first partition the remaining variables into three
blocks, namely {F̃Dk

, ∀k}, {FAk
, ∀k} and {GAk

, ∀k}. The
MM method is then utilized to update the blocks {FAk

, ∀k} and
{GAk

, ∀k}, respectively, while keeping the other blocks fixed.
Compared to directly applying the MM method to problem (8)
with a single block of all variables, this approach provides more
flexibility in designing surrogate functions for better approxi-
mating the objective function of problem (8), and thus leads to
faster convergence rate [35].

1) Semi Closed-Form Digital Precoder {F̃Dk
, ∀k}: Given

the fixed {FAk
,GAk

,GDk
,W k, ∀k}, by omitting the constant

term, the objective function of problem (8) can be rewritten in
terms of F̃Dk

as

Fobj(Ã) =
∑K

k=1
Tr(W kEk(Ãk))

=
∑K

k=1

∑K

i=1
Tr
(
F̃

H

Dk
LH
i,kW iLi,kF̃Dk

)
−
∑K

k=1
Tr
(
W kLk,kF̃Dk

+W kF̃
H

Dk
LH
k,k

)
+ C1,

(15)

where Li,k = 1√
Ntk

GH
Di

GH
Ai
Hi,kFAk

, ∀i, k, and C1=∑K
k=1 Tr(W k + σ2

nk
GAk

GDk
W kG

H
Dk

GH
Ak

). Further, by tak-

ing the first-order derivative of Fobj(Ã) w.r.t. F̃Dk
, we have

F̃Dk
=

(∑K

i=1
LH
i,kW iLi,k+βkINRF

tk

)−1

LH
k,kW k, ∀k,

(16)

where βk is the dual variable associated with the kth trans-
mit power constraint and its optimal value satisfies com-

plementary slackness condition βk(Tr(F̃Dk
F̃

H

Dk
)− Pk) = 0.

To be specific, if Tr(F̃Dk
F̃
H

Dk
) ≤ Pk holds, we have the

optimal βopt
k = 0; otherwise, βopt

k can be derived from∑NRF
tk

m=1
[QkQ

H
k ]m,m

([ΛLk
]m,m+βopt

k )2
= Pk, where Qk = UH

Lk
LH
k,kW k

and ΛLk
follows from the eigenvalue decomposition (EVD)∑K

i=1 L
H
i,kW iLi,k = ULk

ΛLk
UH
Lk

.
2) Semi Closed-Form Analog Precoder {FAk

, ∀k}: When
{F̃Dk

,GAk
,GDk

,W k, ∀k} are fixed, problem (8) is also non-
convex on FAk

, ∀k due to the intractable unit-modulus con-
straints. To tackle this nonconvexity, we aim to find an ef-
fective majorizer of the objective function in problem (8) at
FAk

, ∀k using the MM method, based on which at least a
stationary solution of {FAk

, ∀k} can be obtained. According to
the identity Tr(ABCD) = vec(AT)T(DT ⊗B)vec(C), the
objective function in problem (8) can be re-expressed as

Gobj(Ã)=
∑K

k=1
fH
Ak

ÃkfAk
− 2�{aH

k fAk

}
+ C1, (17)

where fAk
=vec(FAk

), Ãk=
1
Ntk

∑K
i=1((F̃

∗
Dk

F̃
T

Dk
)⊗

(M i,kW iM
H
i,k)), M i,k=HH

i,kGAi
GDi

, and aH
k =

1√
Ntk

vec(WT
k )

T(F̃
T

Dk
⊗MH

k,k), ∀i, k. It is clearly observed

from (17) that there is no coupling among fAk
, ∀k in Gobj(Ã),

implying that the designs of fAk
, ∀k, are independent of each

other and can be realized in parallel.
Lemma 1: [38] For any two Hermitian matrices Q,Y ∈

C
N×N satisfying Q�Y , a majorizer of the quadratic function

xHY x at any point x0∈C
N is xHQx+2�(xH(Y −Q)x0)+

xH
0 (Q−Y )x0.

According to Lemma 1, a majorizer gobj(fAk
;f

(l)
Ak

) of

Gobj(Ã) at f (l)
Ak

can be constructed as

gobj(fAk
;f

(l)
Ak

) = λmax(Ãk)f
H
Ak

fAk
+ 2�{fH

Ak
ãk}

+ (f
(l)
Ak

)H(λmax(Ãk)INtk
NRF

tk
− Ãk)f

(l)
Ak
, (18)

where ãk = (Ãk − λmax(Ãk)INtk
NRF

tk
)f

(l)
Ak
−ak. Hence, the

majorized problem for optimizing fAk
can be formulated as

min
fAk

�{fH
Ak

ãk
}
, s.t. |[fAk

]q|=1, ∀q=1 · · ·NtkNRF
tk

,

(19)

to which the semi closed-form solution is given by

fAk
= − ejarg(ãk), ∀k. (20)

3) Semi Closed-Form Analog Combiner {GAk
, ∀k}: By fix-

ing {GDk
,FAk

, F̃Dk
,W k, ∀k}, we can re-express the objec-

tive function of problem (8) w.r.t. GAk
, ∀k, as

Sobj

(
Ã
)
=
∑K

k=1
gH
Ak

ÑkgAk
− 2�{dH

k gAk
}, (21)

where gAk
=vec(GAk

), dH
k =vec(DT

kG
T
Dk

)T, Dk=
1√
Ntk

W kF̃
H

Dk
FH
Ak

HH
k,k and Ñk=(GDk

W kG
H
Dk

)T⊗ (
∑K
i=1

1
Ntk

Hk,iFAi
F̃Di

F̃
H

Di
FH
Ai
HH

k,i+σ
2
nk
INrk

). Obviously, the

function Sobj(Ã) is separable in terms of gAk
, ∀k. Similarly,

based on Lemma 1, a majorizer sobj(gAk
; g

(l)
Ak

) of Sobj(Ã) at

g
(l)
Ak

is given by

sobj(gAk
; g

(l)
Ak

) = λmax(Ñk)g
H
Ak

gAk
+2�{gH

Ak
d̃k}+ C3,

(22)

where d̃k=(Ñk−λmax(Ñk)INrk
NRF

rk
)g

(l)
Ak

−dk and C3=

Tr(W k)+(g
(l)
Ak

)H(λmax(Nk)INrk
NRF

rk
−Ñk)g

(l)
Ak

. Hence, the
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Algorithm 1: MM-Alt-Opt: Joint Hybrid Transceiver
Design for the Problem (8).

Input: Initial hybrid precoders and combiners Ã(0); outer
iteration index IW = 0; convergence threshold εobj .

1: repeat
2: Calculate G

(IW+1)
Dk

, ∀k, according to (10).

3: Fix G
(IW+1)
Dk

, ∀k, calculate W
(IW+1)
k , ∀k, according

to (9).

4: Fix {W (IW+1)
k ,G

(IW+1)
Dk

, ∀k}, calculate F̃
(IW+1)

Dk
, ∀k,

according to (16).

5: Update Ã(IW ) with {F̃ (IW+1)

Dk
,W

(IW+1)
k ,G

(IW+1)
Dk

, ∀k}.

6: Calculate F
(IW+1)
Ak

, ∀k, using MM method⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Input inner iteration index IM =0 and set
Ã(IM )=Ã(IW ).

while |Fobj(Ã(IM ))− Fobj(Ã(IM−1))| ≤ εobj do

Calculate F
(IM+1)
Ak

, ∀k, according to (20).
Set IM = IM + 1 and update Ã(IM ) with

F
(IM )
Ak

, ∀k.
end while

OutputF
(IW+1)
Ak

= F
(IM )
Ak

, ∀k.
7: Update Ã(IW) with{W (IW+1)

k ,G
(IW+1)
Dk

, F̃
(IW+1)

Dk
,

F
(IW+1)
Ak

, ∀k}.
8: Calculate G

(IW+1)
Ak

, ∀k, using MM method⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Input inner iteration index IM = 0 and set
Ã(IM ) = Ã(IW ).

while |Fobj(Ã(IM ))− Fobj(Ã(IM−1))| ≤ εobj do

Calculate G
(IM+1)
Ak

according to (24).
Set IM = IM + 1 and update Ã(IM ) with

G
(IM )
Ak

, ∀k.
end while

Output G
(IW+1)
Ak

= G
(IM )
Ak

, ∀k.
9: Set Ã(IW+1)={W (IW+1)

k ,G
(IW+1)
Dk

, F̃
(IW+1)

Dk
,

F
(IW+1)
Ak

,G
(IW+1)
Ak

, ∀k} and IW = IW + 1.

10: until |Fobj(Ã(IM ))− Fobj(Ã(IM−1))| ≤ εobj .

Output: {G(IW )
Dk

,G
(IW )
Ak

,F
(IW )
Dk

,F
(IW )
Ak

, ∀k} based on

F̃Dk
= (FH

Ak
FAk

)
1
2FDk

.

majorized problem for optimizing gAk
can be simplified as

min
gAk

�{gH
Ak

d̃k}, s.t. |[gAk
]q′ | = 1, ∀q′

= 1 · · ·NrkNRF
rk

,

(23)

with the semi closed-form solution

gAk
= − ejarg(d̃k). (24)

Overall, integrating the solutions in (9), (10), (16), (20) and
(24) can lead to the proposed MM-based alternating optimiza-
tion for the hybrid transceiver design in MIMO interference
systems, which is summarized in Algorithm 1.

C. Two-Stage Hybrid Transceiver Design

In this subsection, we propose a two-stage hybrid transceiver
design with the decoupled analog and digital precoder/combiner
optimization. First, we present a useful property in large-scale
MIMO interference systems.

Proposition 1: For large-scale MIMO interference systems
operating over rich scattering Rayleigh fading or mmWave
channels, the correlation matrices between different channels
Hk,k and Hi,k, ∀i �= k, satisfy limNtk

→+∞ 1
Ntk

Hi,kH
H
k,k=

0Nri
×Nrk

, ∀i, k, i �= k [28]. Based on this, by defining the singu-
lar value decomposition (SVD): Hi,k = U i,kΛi,kV

H
i,k, ∀i, k,

we further infer that the first rank(Hk,k) columns of V k,k and
the first rank(Hi,k) columns ofV i,k, ∀i �= k, are asymptotically
orthogonal, i.e.,

lim
Ntk

→+∞
V H
i,k(1 : rank(Hi,k), :)V k,k(:, 1 : rank(Hk,k))

= 0rank(Hi,k)×rank(Hk,k), ∀i �= k. (25)

Proof: See Appendix B. �
According to Proposition 1, the right singular subspace of

each desired transmit-receive channel is asymptotically orthog-
onal to those of the corresponding interference channels, which
implies that the inter-user interference can be eliminated by large
arrays without any loss of MIMO transceiver design freedom for
maximizing the data rate of each transmit-receive pair. Inspired
by the above fact, in the first stage, we consider independently
designing the analog precoder and combiner {FAk

,GAk
} of

each transmit-receive pair to maximize the effective channel
gain. Mathematically, it is formulated as

min
GAk

‖GH
Ak

Hk,kFAk
‖2F ,

s.t.
∣∣[FAk

]n,m
∣∣ = 1,

∣∣[GAk
]n,m

∣∣ = 1, ∀n,m. (26)

Notice that the unconstrained optimal solution to problem (26)
is easily derived as [28], [31]

FUnc
Ak

= V k,k(:, 1 : NRF
tk

),GUnc
Ak

= Uk,k(:, 1 : NRF
rk

). (27)

Next, our goal is to design the unit-modulus analog precoder
and combiner for sufficiently closely approximating the closed-
form solutions in (27) with the capability of achieving the zero
inter-user interference when Ntk → +∞. Mathematically, the
unit-modulus analog precoder FAk

is designed such that

min
FAk

‖FAk
− FUnc

Ak
‖2F , s.t. |[FAk

]n,m| = 1, ∀n,m. (28)

Likewise, the unit-modulus analog combiner GAk
can also be

obtained by solving

min
GAk

‖GAk
−GUnc

Ak
‖2F , s.t. |[GAk

]n,m| = 1, ∀n,m. (29)

Both the two problems can be globally solved by PP [23], which
yields the following closed-form solutions

F PP
Ak

= e
jarg

(
FUnc

Ak

)
,GPP

Ak
= e

jarg
(
GUnc

Ak

)
. (30)

In the second digital stage, to further suppress the inter-user
interference at all transmit-receive pairs, the WMMSE-based
joint optimization of the digital precoder and combiner is stud-
ied. Specifically, based on the obtained analog precoderFAk

and
combiner GAk

in the first stage, a low-dimensional alternating
optimization between the digital precoder F̃Dk

in (16) and the
digital combiner GDk

in (10) is performed, which clearly has
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lower computational complexity than the proposed MM-based
alternating optimization in Section III-B.

This two-stage hybrid design can be regarded as a special case
of the MM-based alternating optimization by predetermining
the analog precoder and combiner of each transmit-receiver pair
as that in (30), and thus only an iterative procedure between
the digital precoder FDk

and the digital combiner GDk
is

performed. Moreover, considering that the performance of the
proposed MM-based alternating optimization generally depends
on the initial point [40], we heuristically choose the analog
precoder and combiner design of (30) as a initial point due to its
potential in harvesting large array gain. The superior sum rate
performance of this two-stage hybrid design will be illustrated
by the numerical simulations in Section VI.

IV. LOW-COMPLEXITY AND LOW-COST HYBRID

TRANSCEIVER DESIGNS

Although the semi closed-form solutions to the hybrid
transceiver design can be obtained using the above two alter-
nating optimization algorithms, they generally require extensive
coordination among all transmit-receive pairs. In this section, we
investigate low-complexity hybrid transceiver designs from the
perspectives of decoupling hybrid precoder and combiner de-
signs for each transmit-receive pair and reducing hardware cost,
respectively. Notice that in this section the above approximation
FH
Ak

FAk
≈ NtkINRF

tk
is not applied.

A. BD-ZF Hybrid Transceiver Design

It is well-known that the BD-ZF precoding is a near-optimal
scheme in multiuser massive MIMO systems via completely
eliminating the inter-user interference. By assuming Ntk>∑K
i=1 rank(Hi,k), we can extend it into our studied MIMO

interference channels under hybrid implementation. Specifi-
cally, by defining the leakage channel for the kth transmit-
receive pair as H̃k=[HH

1,k · · ·HH
k−1,kH

H
k+1,k · · ·HH

K,k], ∀k,

an orthonormal basis for the orthogonal complement of H̃k

is given by H̃
⊥
k ∈C

Ntk
×Lk with Lk=(Ntk−rank(H̃k))≥Nsk

and (H̃
⊥
k )

HH̃
⊥
k =ILk

. Then the fully-digital BD-ZF precoder
F ZF
k at the kth transmitter for eliminating both inter-user and

intra-data interference can be expressed as

F ZF
k = H̃

⊥
k Ṽ k(:, 1 : Nsk)

√
Λk, ∀k, (31)

where Ṽ k∈C
Lk×Lk originates from the SVD Hk,kH̃

⊥
k =

ŨkΛ̃kṼ
H

k with Λ̃k=diag[λ̃
2

k,1, . . . , λ̃
2

k,Lk
], and Λk=

diag[fk,1, . . . , fk,Nsk
] denotes the optimal solution to the

following sum rate maximization problem

max
{fk,s,∀k,s}

∑K
k=1

∑Nsk
s=1 log

(
1+σ−2

nk
λ̃
2

k,sfk,s

)
,

s.t.
∑Nsk
s=1 fk,s ≤ Pk, ∀k.

(32)

It is clear that the optimal solution to problem (32) has a water-

filling structure, i.e., fk,s=[ 1
μ ln 2 − σ2

nk

λ̃
2

k,s

]+, ∀k, l, where μ is

chosen to satisfy
∑Nsk

l=1 fk,l=Pk, ∀k.
1) Iterative-PP Hybrid Precoder Design: In this subsection,

we aim to minimize the Euclidean distance between the hybrid
precoder of each transmitter and the corresponding fully-digital

BD-ZF precoder in (31), which is formulated as

min
FAk

,FDk

‖F ZF
k − FAk

FDk
‖2F , (33)

s.t. |[FAk
]n,m| = 1, ‖FAk

FDk
‖2F = Pk, ∀n,m, k,

where the maximum transmission power is considered. Using
the defined variables F̃Dk

and F̃Ak
, ∀k in Section II-C, problem

(33) can be rewritten as

max
F̃Ak

,F̃Dk

�{Tr(F̃Ak
F̃Dk

(F ZF
k )H)},

s.t. |[FAk
]n,m| = 1, ‖F̃Dk

‖2F = Pk, ∀n,m, k. (34)

Although problem (34) is much simplified compared to prob-
lem (33), it is still challenging to directly design the analog
precoder FAk

in the unit-modulus space. We resort to an
iterative-PP based method with two key ingredients: uncon-
strained optimal analog precoder and alternating minimization.
The unconstrained optimal analog precoder FUnc

Ak
to problem

(34) using majorization theory [31] is summarized in the fol-
lowing proposition.

Proposition 2: The unconstrained optimal analog precoder
FUnc
Ak

to problem (34) is

FUnc
Ak

= UZF
k ΛFAk

V FAk
, (35)

where the unitary matrix UZF
k comes from the SVD F ZF

k =
UZF
k ΛZF

k V ZF
k . Moreover, both the diagonal matrix ΛFAk

and
the unitary matrix V FAk

can be arbitrarily chosen.

Proof: Define the SVDs FAk
=UFAk

ΛFAk
V FAk

and F̃Dk

= U F̃Dk
ΛF̃Dk

V F̃Dk
, where {UFAk

,U F̃Dk
} and {V FAk

,

V F̃Dk
} are the sets of unitary matrices, while {ΛFAk

,ΛF̃Dk
}

are the corresponding diagonal matrices with diagonal elements
arranged in a decreasing order. It is observed from (34) that
F̃Dk

subject to the power constraint ‖F̃Dk
‖2F =Pk is unitarily

invariant. In other words, both the unitary matrices U F̃Dk
and

V F̃Dk
are unconstrained. In addition, observing from F̃Ak

=

FAk
(FH

Ak
FAk

)−
1
2 =UFAk

V FAk
, we find that the diagonal

matrix ΛFAk
actually has no effect on the maximum value of

the objective function in problem (34). Further based on [42,
B.2. Theorem (Fan,1951)], the unconstrained optimal analog
precoder FUnc

Ak
to problem (34) is readily derived as that in (35),

where ΛFAk
and V FAk

can be arbitrarily chosen. �
Based on Proposition 2, we then aim to find an unit-modulus

analog precoder FAk
with the minimum Euclidean distance to

the unconstrained optimal FUnc
Ak

, which is formulated as

min
ΛFAk

,V FAk
,FAk

‖FUnc
Ak

− FAk
‖2F

= ‖UZF
k ΛFAk

V FAk
− FAk

‖2F ,

s.t. |[FAk
]n,m| = 1, ∀n,m, k. (36)

Since the diagonal matrix ΛFAk
has no effect on problem

(33), hereafter, we consider the unconstrained diagonal ma-
trix ΛFAk

. Although problem (36) is not jointly convex w.r.t
{ΛFAk

,V FAk
,FAk

}, it is a ‘semi-convex’ problem, in which
the closed-form solution of each variable is easily obtained
when fixing all the others. Specifically, given ΛFAk

and V FAk
,

the optimal analog precoder FAk
to problem (36) is readily
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derived as

FAk
= e

jarg
(
UZF

k ΛFAk
V FAk

)
, ∀k. (37)

By fixingFAk
andV FAk

, the optimal diagonal matrixΛFAk
to

problem (36) can be obtained by solving the following problem

max
ΛFAk

�{Tr(V FAk
FH
Ak

UZF
k ΛFAk

)},

s.t. |[FAk
]n,m| = 1, ∀n,m, k, (38)

whose closed-form solution is given by

[ΛFAk
]i,i=�

{
[V FAk

FH
Ak

UZF
k ]i,i

}
, i=1, . . . , NRF

tk
. (39)

Finally, for the givenΛFAk
andFAk

, the optimal unitary matrix
V FAk

is easily

V FAk
= V H

Ak
UH
Ak
, ∀k, (40)

where the unitary matrices V Ak
and UAk

come from the SVD
FH
Ak

UZF
k ΛFAk

=UAk
ΛAk

V Ak
.

Through an alternating optimization among (37), (39) and
(40), the iterative PP-based unit-modulus analog precoder FAk

can be finally obtained. Then by applying Lagrangian multiplier
method to problem (33), the optimal digital precoder FDk

given
FAk

is expressed as

FDk
=

√
PkF

H
Ak

F ZF
k

‖(FH
Ak

FAk
)

1
2FH

Ak
F ZF
k ‖F

, ∀k. (41)

Even when the distance between the hybrid precoder and
the fully-digital BD-ZF precoder is minimized, we still cannot
guarantee the hybrid precoder’s capability of realizing zero
inter-user interference, since it may not be exactly located in the
null-space of the corresponding leakage channels. However, the
effectiveness of the above iterative-PP hybrid precoder design
on suppressing the inter-user interference is demonstrated in the
following proposition.

Proposition 3: For mmWave channels, once the hybrid pre-
coder FAk

FDk
is obtained from (37) and (41), the resultant

inter-user interference to the ith receiver, where i �= k, satisfies

lim
Ntk

→+∞
Hi,kFAk

FDk
= 0, ∀k = 1, . . . ,K, i �= k. (42)

Proof: See Appendix C. �
Proposition 3 reveals that in large-scale mmWave scenarios,

the above iterative-PP hybrid precoder also achieves the near-
zero inter-user interference, like the fully-digital BD-ZF pre-
coder. However, it may not work well in Rayleigh channels due
to the following two reasons. The fully-digital BD-ZF precoder
with a strict restriction on the numbers of transmit and receive an-
tennas may be infeasible in rich scattering scenarios, especially
for a large number of transmit-receive pairs. Also Proposition 3
is not applicable to the channels without sparsity. These facts
motivate us to propose another more general low-complexity
hybrid precoder design in Section IV-B.

2) MM-Based Hybrid Combiner Design: Given the hybrid
precoder (37) and (41), the MMSE hybrid combiner design is
then formulated as

min
GAk

,GDk

E
[‖sk−GH

Dk
GH
Ak

yk‖2
]

(a)
= ‖R 1

2
yk(Ĝk−GAk

GDk
)‖2F ,

s.t. |[GAk
]n,m| = 1, (43)

where Ryk
=E[yky

H
k ]=

∑K
i=1 Hk,iFAi

FDi
FH
Di

FH
Ai
HH

k,i+

σ2
nk
INrk

, and Ĝk=R−1
yk
Hk,kFAk

FDk
. The equality (a) holds

Algorithm 2: Low-Complexity BD-ZF/SLNR-Max Hybrid
Transceiver Designs.
Input: BD-ZF/SLNR-Max fully-digital precoder
F ZF
k

/
F SL
k , ∀k, derived from (31)/(50); initial analog

precoder F (0)
Ak

and combiner G(0)
Ak

, ∀k, derived from
(30); outer iteration indexed It = 0 and Ir = 0.

1: Fix F
(It)
Ak

, ∀k, calculate F (It+1)
Dk

, ∀k, according to (41).

2: Fix F
(It+1)
Dk

, ∀k, calculate F
(It)
Ak

, ∀k, via iteratively
solving problem (36).

3: Set It = It + 1.
4: Fix F

(It)
Ak

and F
(It)
Dk

, ∀k, calculate fully-digital

combiner Ĝk, ∀k.
5: repeat
6: Fix G

(Ir)
Ak

, ∀k, calculate G
(Ir+1)
Dk

, ∀k, according to
(44).

7: Fix G
(Ir+1)
Dk

, ∀k, calculate G
(Ir)
Ak

, ∀k, using MM
method as in Algorithm 1.

8: Set Ir = Ir + 1.
9: until Objective function value of problem (43)

converges.

Output: {G(Ir)
Dk

,G
(Ir)
Ak

, F̂
(It)

Dk
,F

(It)
Ak

, ∀k}.

by following the similar derivations in [7]. Similarly, the pro-
posed MM-based alternating optimization is still applicable to
problem (43), which is more complicated than problem (33)
due to the extra Ryk

. Firstly, when the analog combiner GAk

is fixed, the optimal digital combiner GDk
has the following

closed-form expression

GDk
=
(
GH
Ak

Ryk
GAk

)−1
GH
Ak

Ryk
Ĝk. (44)

Based on the obtained GDk
in (44), the MM method is then

applied to tackle the nonconvex problem (43) w.r.t GAk
by

finding an appropriate majorized problem, which is

min
gAk

�{gH
Ak

r̃k}, s.t. |[gAk
]n|=1, ∀n=1, . . . , NtkNRF

tk
, (45)

where r̃k=(R̃k−λmax(R̃k)INrk
NRF

rk
)g

(l)
Ak

−rk, rHk =vec

((GDk
Ĝ

H

kRyk
)T)T and R̃k=(GDk

GH
Dk

)T⊗Ryk
. The semi

closed-form solution to problem (45) is given by

gAk
= vec(GAk

) = −ejarg(r̃k). (46)

Due to the iterative nature between (44) and (46), the obtained
hybrid combiner better matches with the iterative-PP hybrid
precoder in (37) and (41). Further, by integrating the sparse
recovery problems (33) and (43), the proposed BD-ZF hybrid
transceiver design is summarized in Algorithm 2.

B. SLNR-Max Hybrid Transceiver Design

It is known that the drawbacks of the BD-ZF technique
are the restriction on the number of antennas and the noise
enhancement. We consider an alternative design based on SLNR
maximization. The SLNR of the kth transmitter is defined as the
ratio of the received signal power at the desiredkth receiver to the
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interference (leakage) at other receivers plus noise power [31]

SLNRk=
Tr
(
(F SL

k )HHH
k,kHk,kF

SL
k

)
Tr
(
σ2
nk
INRF

tk
+
∑
i �=k(F

SL
k )HHH

k,iHk,iF SL
k

) .
(47)

Then the SLNR-Max fully-digital precoder for each transmit-
receiver pair is designed such that

F SL
k =argmax SLNRk, s.t. Tr

(
(F SL

k )HF SL
k

)≤Pk, ∀k.
(48)

By defining the generalized EVD for the matrix pencil

(HH
k,kHk,k,

Nrk
σ2
nk

Pk
INRF

tk
+
∑
i�=kH

H
k,iHk,i) as⎧⎨⎩TH

kH
H
k,kHk,kT k=Σk=diag[σk,1, . . . , σk,NRF

tk
],

TH
k

(
Nrk

σ2
nk

Pk
INRF

tk
+
∑
i �=kH

H
k,iHk,i

)
T k=INRF

tk
, ∀k,

(49)

where the columns of T k∈C
NRF

tk
×NRF

tk and the diagonal ele-
ments of Σk are the generalized eigenvectors and eigenvalues,
respectively, the optimal SLNR-Max fully-digital precoder is
given by

F SL
k =

√
Pk

Tr
(
TH
k (:, 1:Nsk)T k(:, 1:Nsk)

)T k(:, 1:Nsk).

(50)

Similarly to the BD-ZF hybrid design, we formulate the SLNR-
Max hybrid design by minimizing the Euclidean distance be-
tween F SL

k in (50) and the hybrid precoder as

min
FAk

,F̃Dk

‖F SL
k − FAk

FDk
‖2F ,

s.t. |[FAk
]n,m| = 1, ‖FAk

FDk
‖2F = Pk, ∀n,m, k.

(51)

Notice that problem (51) can be effectively addressed fol-
lowing the same approach of solving problem (33) by replacing
F ZF
k with F SL

k , implying that the MM-based alternating opti-
mization is still applicable. Additionally, once the SLNR-Max
hybrid precoder for each transmit-receive pair is obtained, the
corresponding MMSE hybrid combiner design can be indepen-
dently carried out as (43). This SLNR-Max hybrid design is also
summarized in Algorithm 2.

C. Partially-Connected Hybrid Transceiver Structure

In the partially-connected structure, each RF chain at both
ends is only connected with a part of the antenna array. Specif-
ically, at the kth transmitter (receiver), each RF chain is only
connected with Ntk/N

RF
tk

(Nrk/N
RF
rk

) antennas, and thus the
analog precoder FAk

and combiner GAk
, ∀k, can be expressed

by the following block matrices

FAk
= BLkdiag[pk1 ,pk2 · · ·pkNRF

tk

],

GAk
= BLkdiag[qk1 , qk2 · · · qkNRF

rk

], (52)

where the unit-modulus entries |[pik ]mk
|=1, ∀ik=

1, . . . , NRF
tk

, ∀mk=1, . . . , Ntk/N
RF
tk

, and |[qjk ]nk
|=1,

∀jk=1, . . . , NRF
rk

, ∀nk=1, . . . , Nrk/N
RF
rk

, are imposed.
Benefited from the block diagonal structures of the analog
precoder and combiner, the MM-based alternating optimization
can be directly applied to the WMMSE problem (6) to obtain the

locally optimal solution without requiring the approximation
on analog precoder as in Section III. More importantly, due to
the sparsity of the partially-connected structure, the MM-based
analog precoder and combiner designs exhibit much lower
complexity than that of Section III.

1) Semi Closed-Form Digital Precoder FPar
Dk

: Based on
the partially-connected structure (52), we can re-express

F̃Ak
and F̃Dk

as F̃Ak
=
√
NRF
tk

/NtkFAk
and F̃Dk

=√
Ntk/N

RF
tk

FDk
, respectively, which are then substituted into

(16) to obtain the semi closed-form digital precoder FPar
Dk

F Par
Dk

= 1√
Ntk

(
K∑
i=1

LH
i,kW iLi,k+β

′
kINRF

tk

)−1

LH
k,kW k.

(53)

where the determination of scalar β
′
k is similar to βk.

2) Semi Closed-Form Analog PrecoderFPar
Ak

: Given {F Par
Dk
,

∀k}, we firstly define the following auxiliary parameters for
optimizing the partially-connected analog precoderF Par

Ak
, which

are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Âk=
NRF

tk

Ntk

⎡⎢⎢⎣
Â

1,1

k · · · Â
1,NRF

tk

k
...

. . .
...

Â
NRF

tk
,1

k · · · ÂNRF
tk

,NRF
tk

k

⎤⎥⎥⎦∈C
Ntk

×Ntk ,

Â
l,q

k =Ãk

(
l̃ : l̃+

Ntk

NRF
tk

−1, q̃ : q̃+
Ntk

NRF
tk

−1
)
,

f̄Ak
=

[
pT
1 · · ·pT

NRF
tk

]T
∈C

Ntk , âk=

[
â1
k · · · â

NRF
tk

k

]
∈C

Ntk ,

âlk=

√
NRF

tk

Ntk
ak

(̃
l : l̃+

Ntk

NRF
tk

−1

)
, l̃=(l−1)

(
Ntk

NRF
tk

+Ntk

)
+1,

q̃=(q−1)

(
Ntk

NRF
tk

+Ntk

)
+1, ∀l, q = 1, . . . , NRF

tk
.

(54)

Following the similar derivations of (19), the partially-connected
analog precoder FPar

Ak
for each transmit-receive pair is indepen-

dently designed as

min
f̄Ak

f̄
H
Ak

Âkf̄Ak
− 2�{âH

k f̄Ak
},

s.t. |[f̄Ak
]n| = 1, n = 1, . . . , Ntk . (55)

Recalling Lemma 1, the majorized counterpart of the problem

(55) at f̄
(l)
Ak

is formulated as

min
f̄Ak

�
{
	aH
k f̄Ak

}
, s.t |[f̄Ak

]n|=1, ∀n=1, . . . , Ntk , (56)

where 	ak=(Âk−λmax(Âk)INtk
)f̃

(l)

Ak
−âk, and the semi

closed-form solution is obtained as

f̄Ak
= vec(F Par

Ak
) = −ejarg(�ak). (57)
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3) Semi Closed-Form Analog Combiner GPar
Ak

: Similarly to
solving (23), by defining⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N̂k=

⎡⎢⎢⎣
N̂

1,1

k · · · N̂
1,NRF

rk

k
...

. . .
...

N̂
NRF

rk
,1

k · · · N̂NRF
rk

,NRF
rk

k

⎤⎥⎥⎦∈C
Nrk

×Nrk

N̂
l,q

k =Ñk

(
l̃ : l̃+

Nrk

NRF
rk

−1, q̃ : q̃+ Nrk

NRF
rk

−1
)
,

ḡAk
=
[
qT
1 · · · qT

NRF
rk

]T
∈C

Nrk , d̂k=

[
d̂
1

k · · · d̂
NRF

rk

k

]
∈C

Nrk ,

d̂
l

k=dk

(
l̃ : l̃ +

Nrk

NRF
rk

− 1
)
, l̃=(l−1)

(
Nrk

NRF
rk

+Nrk

)
+1,

q̃=(q−1)
(
Nrk

NRF
rk

+Nrk

)
+1, ∀l, q=1, . . . , NRF

rk
,

(58)

the independent design of partially-connected analog combiner
GPar
Ak

for each transmit-receive pair can be formulated as

min
ḡAk

ḡH
Ak

N̂kḡAk
− 2�{d̂kHḡAk

},

s.t.|[ḡAk
]n| = 1, ∀n = 1, . . . , Nrk . (59)

Also, the majorized counterpart of the problem (59) at ḡ(l)
Ak

can
be expressed as

min
ḡAk

�{	dH

k ḡAk
}, s.t |[ḡAk

]n| = 1, ∀n = 1, . . . , Nrk . (60)

where 	dk=(N̂k−λmax(N̂k)INrk
)ḡ

(l)
Ak

−d̂k, and the semi
closed-form solution is derived as

ḡAk
= vec

(
GPar
Ak

)
= −ejarg(�dk), ∀k. (61)

4) Semi Closed-Form Digital Combiner GPar
Dk

and weight-
ing matrix WPar

k : The optimal digital combiner GDk
for the

WMMSE problem (6) under this partially-connected structure
is also Wiener filter, which has the same form as (10). Moreover,
the optimal weighing matrix WPar

k can be similarly derived as
(9). Observing from (56) and (60) that this partially-connected
structure simplifies the analog precoder and combiner design
due to the reduced number of optimization variables, and also
makes the proposed MM-based alternating optimization directly
applicable without the assumption in large-scale MIMO regime.
In a nutshell, the proposed MM-based hybrid design is well
suited for this partially-connected structure.

V. CONVERGENCE AND COMPLEXITY ANALYSIS OF

PROPOSED ALGORITHMS

In this section, we firstly study the convergence of the pro-
posed MM-based alternating optimization for solving problem
(8), as elaborated below.

Proposition 4: Every limit point (W∞
k ,G

∞
Ak
,G∞

Dk
,F∞

Ak
,

F̃
∞
Dk
, ∀k) of the iterates generated by the proposed MM-Alt-Opt

is a (Boulingand) stationary point of the approximated WMMSE
problem (8) and also a high-quality suboptimal solution of the
original WMMSE problem (6). In particular, when considering
the mmWave K-user MIMO interference system, the obtained
(W∞

k ,G
∞
Dk
,G∞

Ak
,F∞

Ak
, F̃

∞
Dk
, ∀k) is an asymptotically station-

ary point to problem (6) as Nt → ∞.
Proof: See Appendix D. �
Next, we analyze the computational complexity of the pro-

posed MM-Alt-Opt, PP-based two-stage hybrid design (Hybrid
PP-Two-Stage), BD-ZF and SLNR-Max based hybrid designs

(Hybrid BD-ZF/SLNR-Max), in comparison with the classical
OMP scheme [7]. To simplify the analysis, we consider that
Nt=Ntk , Nr=Nrk and NRF =NRF

tk
=NRF

rk
=Nsk , ∀k. In

the OMP scheme, the length of codebooks for analog precoder
(combiner) design is set to Lc, and Nt>Nr�Lc>NRF is as-
sumed. We focus on the complexity of major computational steps
with the low-order terms omitted, and then the total complexity
is derived.

Let IW and IM be the numbers of outer and inner iterations,
respectively, for the MM-based methods, including the MM-Alt-
Opt and Hybrid BD-ZF/SLNR-Max. Observe from Algorithm 1
that in one outer iteration of the MM-Alt-Opt, the compu-
tational cost is mainly from the MM-based analog precoder
design with the complexity on the order of O(IMN

2
t N

2
RF ) per

transmit-receive pair. The total complexity of the MM-Alt-Opt
is obviously linear w.r.t. the number of outer iterations IW and
the number of communication pairs K. The similar analysis
is applicable to the partially-connected hybrid transceiver case
(Hybrid ParTxRx). While for the Hybrid PP-Two-Stage, the
complexity primarily comes from the selection of analog pre-
coder and combiner based on the SVD ofNr×Nt channel matrix
for each transmit-receive pair. The complexity of designingFDk

and GDk
, which involves an iterative loop with IO iterations, is

much smaller by comparison. This yields the total complexity
of O(KN2

t Nr). For the Hybrid BD-ZF/SLNR-Max, by defining
IP as the number of iterations for the iterative-PP method, the
hybrid precoder design has the complexity O(KIPN

2
t NRF ),

while the MM-based analog combiner design has the complexity
O(KIW IMN

2
rN

2
RF ). Hence the total complexity of this scheme

is O(KIPN
2
t NRF ) for the largeNt. The OMP scheme involves

an exhaustive search for both analog precoder and combiner
from the predefined codebooks and large-scale matrix multi-
plication, yielding the total complexity O(KIBN

3
t ), where IB

is the number of iterations for finding the WMMSE digital
precoder and combiner.

VI. SIMULATION RESULTS

Unless otherwise stated, K=2 transceiver pairs are used.
Each transmitter deploys Nt=64 antennas with NRF

t =4 RF
chains to send Ns=4 data streams to its receiver, which has
Nr=16 antennas andNRF

t =4RF chains. The RF phase shifters
with infinite resolution are assumed. Both the Rayleigh and
mmWave channels are considered. For the normalized Rayleigh
channel, the elements of all channel matrices are distributed
according to CN (0, 1). For the normalized mmWave channel,
the propagation environment with Lk=L=10 scatters, ∀k, is
considered, in which the AOA and AOD of each path are uni-
formly distributed in [0, 2π], while the pathloss factors αk=α,
∀k, with α obeying CN (0, 1). By assuming the same transmit
power Pk=P and the same noise power σ2

nk
=σ2

n at all trans-
mitters and receivers, respectively, the received SNR becomes
SNR= P

σ2
n

. All the results are obtained by averaging over 100
channel realizations.

In this work, we propose various hybrid transceiver designs,
including the MM-Alt-Opt, the Hybrid PP-Two-Stage, the
Hybrid BD-ZF/SLNR-Max, and the partially-connected hy-
brid structure of Hybrid-ParTxRx. In fact, there is another
scheme which only considers the partially-connected hybrid
structure at transmitter, and we call this scheme Hybrid-ParTx.
The sum rate performance of these proposed designs are com-
pared with that of the following baselines:
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Fig. 2. Sum rate performance versus SNR in the mmWave channel achieved
by the proposed MM-Alt-Opt and Hybrid PP-Two-Stage as well as the bench-
marks Hybrid OMP-WMMSE, Hybrid EGT-DFT Two-Stage and Analog-only
beamsteering, using the Fully-Digital-WMMSE as the upper bound. The sum
rates of the MM-Alt-Opt and Fully-Digital-WMMSE for the L=12 scatters are
also shown.

Hybrid OMP [7]: The sparse reconstruction of the hybrid
precoder and combiner of each transmit-receive pair is realized
from the fully-digital precoder and MMSE combiner as well
as predetermined codebook. The analog beamforming code-
book used consists of the array steering vectors (the left/right
singular vectors with phase mapping) of the desired mmWave
(Rayleigh) channel. In particular, three baselines, called Hybrid
OMP-WMMSE, Hybrid OMP-ZF and Hybrid OMP-SLNR,
are adopted according to three different fully-digital precoders
based on the WMMSE, BD-ZF and SLNR-Max criteria, re-
spectively. Hybrid EGT-DFT Two-Stage [16]: The EGT based
analog precoder and DFT based analog combiner harvest the
large array gain in the first analog stage, and the inter-user in-
terference elimination is left to the second digital stage. Hybrid
ParTx-SDR/Hybrid ParTxRx-SDR [19]: First the Euclidean
distance between the partially-connected hybrid precoder and
the fully-digital WMMSE precoder is minimized in which the
iterative procedure between the semidefinite relaxation (SDR)
based digital precoder and the PP-based analog precoder is per-
formed. Then the MM-based hybrid combiner designs under the
fully connected and partially-connected receiver structures are
performed, corresponding to Hybrid ParTx-SDR and Hybrid
ParTxRx-SDR, respectively. Analog-only beamsteering [27]:
Only analog beamforming strategies at both ends are considered
to align transmit and receive beams of each transceiver pair
for maximizing array gain. The inter-user interference elimina-
tion is not involved. Furthermore, the near-optimal fully-digital
schemes based on the criteria of WMMSE, BD-ZF and SLNR-
Max (Fully-Digital-WMMSE, Fully-Digital-ZF and Fully-
Digital-SLNR) are adopted as the corresponding upper-bound
benchmarks.

Fig. 2 compares the sum rate performance versus SNR in
the mmWave channel achieved by the MM-Alt-Opt and Hybrid
PP-Two-Stage with those of the three benchmarks, using the
Fully-Digital-WMMSE as the upper bound. It can be seen from
Fig. 2 that the sum rate of our MM-Alt-Opt is very close to
the optimal Fully-Digital-WMMSE, confirming that it is near-
optimal. Benefited from its iterative nature, the MM-Alt-Opt
clearly outperforms the Hybrid PP-Two-Stage with one-shot
approximation for analog precoder and combiner design. Also
the Hybrid PP-Two-Stage achieves a similar performance to

Fig. 3. Sum rate performance versus SNR in the Rayleigh channel achieved
by the proposed MM-Alt-Opt and Hybrid PP-Two-Stage as well as the bench-
marks Hybrid OMP-WMMSE, Hybrid EGT-DFT Two-Stage and Analog-only
beamsteering, using the Fully-Digital-WMMSE as the upper bound.

Fig. 4. Sum rate performance versus SNR in (a) the mmWave channel and
(b) the Rayleigh channel, achieved by the proposed MM-Alt-Opt, Hybrid-ParTx
and Hybrid-ParTxRx as well as the benchmarks Hybrid ParTx-SDR and Hybrid
ParTxRx-SDR.

the Hybrid OMP-WMMSE at low SNR region, but slightly
better performance at high SNR region. More importantly, the
Hybrid PP-Two-Stage does not require the WMMSE fully-
digital solution and has much lower-complexity than the Hybrid
OMP-WMMSE. Since the inter-user interference elimination
is not considered in the Analog-only beamsteering, its perfor-
mance is the worst. In addition, when a larger number of scatters
is considered, i.e.,L=12, the MM-Alt-Opt still performs almost
as good as the Fully-Digital-WMMSE, both having slightly
higher sum rate compared to the case of L=10.

Next, we carry out the same comparison in the Rayleigh
scenario and the results are shown in Fig. 3, where the per-
formance gap between the optimal Fully-Digital-WMMSE and
the MM-Alt-Opt is larger than that in the mmWave channel. The
reason is that the approximation FH

Ak
FAk

≈ NtINRF
t

adopted
in the MM-Alt-Opt is less accurate for the Rayleigh fading
channel. From Fig. 4, it can be seen that the MM-Alt-Opt consid-
erably outperforms the Hybrid-ParTx in both the mmWave and
Rayleigh fading cases, since the inter-user interference cannot be
effectively suppressed by the Hybrid-ParTx with much reduced
design freedom in analog precoder. Similarly, the Hybrid-ParTx
has better sum rate performance than the Hybrid-ParTxRx,
since the latter has the further much reduced design freedom
in analog combiner. Also, observe from Fig. 4 that the proposed
Hybrid-ParTx outperforms its corresponding benchmark Hybrid
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Fig. 5. Sum rate performance versus SNR in the mmWave channel achieved
by the proposed Hybrid BD-ZF and the benchmark Hybrid OMP-ZF, using the
Fully-Digital-ZF as the upper bound. The sum rate of the Hybrid BD-ZF with
NRF

t =NRF
r =NRF =5 is also shown.

Fig. 6. Sum rate performance versus SNR in the mmWave channel achieved
by the proposed Hybrid SLNR-Max and the benchmark Hybrid OMP-SLNR,
using the Fully-Digital-SLNR as the upper bound. The sum rate of the Hybrid
SLNR-Max with NRF

t =NRF
r =NRF =5 is also shown.

ParTx-SDR, while the Hybrid-ParTxRx outperforms its related
baseline Hybrid ParTxRx-SDR.

Fig. 5 compares the sum rate performance of the proposed
Hybrid BD-ZF and the baseline Hybrid OMP-ZF, using the
Fully-Digital-ZF solution as the upper bound. Observe that the
sum rate of the Hybrid BD-ZF is close to that of the full-digital
BD-ZF solution, especially when one extra RF, i.e., NRF = 5,
is considered. Moreover, the proposed hybrid BD-ZF clearly
achieves higher sum rate than the hybrid OMP-ZF baseline,
because its iterative nature enables the hybrid precoder to better
approximate the fully-digital solution at the expense of higher
computational complexity. Furthermore, Fig. 6 shows the sum
rates achieved by the proposed Hybrid SLNR-Max and the base-
line Hybrid-OMP-SLNR versus SNR in the mmWave channel,
using the Fully-Digital-SLNR as the upper bound. Clearly, Fig. 6
presents similar comparison results among the three schemes to
Fig. 5.

Fig. 7 compares the sum rate performance versus the number
of RF chains NRF in the mmWave channel achieved by
the proposed MM-Alt-Opt and hybrid-ParTx as well as the
optimal Fully-Digital-WMMSE. For the hybrid-ParTx, each
of the first NRF

t −1 RF chains is connected with
⌊
Nt

NRF
t

⌋
transmit antennas, while the last RF chain is connected with
Nt−(NRF

t −1)
⌊
Nt

NRF
t

⌋
antennas. It has been shown in [12]

that when NRF ≥2Ns, there exists a globally optimal hybrid

Fig. 7. Sum rate performance versus number of transmit/receive RF chains
NRF

t =NRF
r =NRF in the mmWave channel achieved by the proposed MM-

Alt-Opt and Hybrid-ParTx, in comparison with the Fully-Digital-WMMSE,
given SNR=0 dB.

Fig. 8. Sum rate performance versus the number of transmit antennas Nt in
the mmWave channel achieved by the proposed MM-Alt-Opt, Hybrid BD-ZF
and Hybrid SLNR-Max, in comparison with the corresponding optimal Fully-
Digital-WMMSE, Fully-Digital-ZF and Fully-Digital-SLNR: (a) K=3 users,
and (b) K=4 users.

precoder and combiner design, which perfectly reconstructs
the fully-digital precoder and combiner, yielding the same sum
rate performance. Observe from Fig. 7 that almost identical
performance are attained by both the Fully-Digital-WMMSE
and the MM-Alt-Opt when NRF ≥2Ns=8. Obviously, the
Hybrid-ParTx cannot perfectly reconstruct the fully-digital
design due to the reduced design freedom of analog precoder,
and the achievable sum rate of the Hybrid-ParTx increases with
NRF mainly owing to the increased design freedom of digital
precoder.

Finally, Fig. 8 depicts the sum rates as functions of the number
of transmit antennasNt in the mmWave channel achieved by the
proposed MM-Alt-Opt, Hybrid BD-ZF and Hybrid SLNR-Max,
in comparison to their corresponding optimal Fully-Digital-
WMMSE, Fully-Digital-ZF and Fully-Digital-SLNR counter-
parts, respectively. Specifically, the numbers of transmit-receive
pairsK = 3 andK = 4 are considered in Fig. 8(a) and Fig. 8(b),
respectively. Both the results of Fig. 8(a) and Fig. 8(b) con-
firm that the proposed MM-Alt-Opt, Hybrid BD-ZF and Hy-
brid SLNR-Max perform close to their respective fully-digital
counterparts. Naturally, the achievable sum rates of all stud-
ied schemes increase with Nt owing to the increased spatial
DoFs. Moreover, the MM-Alt-Opt performs best in terms of the
achievable sum rate, while the Hybrid BD-ZF scheme performs
worst. When considering K = 4 in Fig. 8(b), the performance
advantage of the MM-Alt-Opt over the other two proposed
hybrid designs becomes more pronounced due to its higher
design freedom.
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VII. CONCLUSION

This paper has investigated various hybrid transceiver de-
signs for sum rate maximization in both the mmWave and
Rayleigh K-user MIMO interference channels. First, bypass-
ing the near-optimal WMMSE fully-digital solution, we have
jointly designed hybrid precoder and combiner in an alternating
manner, in which the MM method is used to design the analog
precoder and combiner. Moreover, a PP-based two-stage scheme
has been proposed to decouple the design of analog and digital
precoder (combiner), leading to lower complexity. Second, with
the aid of the easy-to-implement fully-digital precoder, the low-
complexity BD-ZF and SLNR-Max hybrid schemes have been
studied, which focus on approximating the hybrid precoders
to the fully-digital solutions derived according to the BD-ZF
and SLNR criteria, respectively. Third, the partially-connected
transceiver structure has been considered to reduce the system
hardware cost and complexity, to which the MM-based alternat-
ing optimization is applicable. Numerical results have demon-
strated the effectiveness of all our proposed hybrid transceiver
designs, and they have shown that the sum rate performance of
all our proposed hybrid designs are close or superior to those
of the existing benchmarks. Our future research will study all
the proposed hybrid designs implemented with finite resolution
phase shifters and/or with limited channel feedback.

APPENDIX A

In fact, by regarding the analog precoders FAk
’s and

combiners GAk
’s as a part of the effective channels be-

tween the ith transmitter and the kth receiver, i.e. Heff
k,i =

GAk
Hk,iFAi

, ∀i, k, the equivalence between the sum-rate
maximization problem (4) and the WMMSE problem (6) can
still be established by substituting both the optimal weighting
matrix and the optimal digital MMSE combiner of the WMMSE
problem (6) into its objective function, where the constant NS
actually denotes an offset between the WMMSE w.r.t. W k, i.e.
min

∑K
k=1 Tr(W kEk(Ak))−log det(W k), and the achievable

sum rate.
To be specific, for any given {GDk

,GAk
, F̃Dk

, F̃Dk
}, it is

observed that the WMMSE problem (6) is convex w.r.t W k.
Therefore, by setting the first-order derivative of its objec-
tive function w.r.t W k to zero, we have the optimal W k=
Ek(Ak)

−1. Substituting this optimal W k into problem (6)
yields the following equivalent counterpart

max
Ak

∑K

k=1
log det

(
(Ek(Ak))

−1
)
,

s.t. Tr
(
F̃

H

Dk
F̃Dk

)
≤ Pk, F̃Ak

=FAk

(
FH
Ak

FAk

)− 1
2 ,∣∣[FAk

]n,m
∣∣ = 1,

∣∣[GAk
]n,m

∣∣ = 1, ∀k, n,m, (62)

Furthermore, to derive the unconstrained optimal GDk
of prob-

lem (62), we recall the definition of the MSE matrix Ek(Ak) in
(7) and define the following auxiliary parameters.

T k = GH
Ak

Hk,kF̃Ak
F̃Dk

,Qk=

(
σ2
nk
GH
Ak

GAk

+

K∑
i=1

(
GH
Ak

Hk,iF̃Ai
F̃Di

)(
GH
Ak

Hk,iF̃Ai
F̃Di

)H)−1

, (63)

Based on (63), the MSE matrix Ek(Ak) can be further
expressed as

Ek(Ak) = GH
Dk

Q−1
k GDk

−GH
Dk

T k − TH
k GDk

+ INsk

= (GDk
−QkT k)

H Q−1
k (GDk

−QkT k)+INsk
−TH

k QkT k

� INsk
−TH

k QkT k. (64)

Using (64), we have log det((Ek(Ak))
−1)≤ log det((INsk

−TH
k QkT k)

−1) and thus the optimal GDk
=QkT k of problem

(62) can be obtained, based on which the objective function of
the WMMSE problem (6) can be rewritten as∑K

k=1
log det

(
(Ek(Ak))

−1
)

=
∑K

k=1
log det

((
INsk

−TH
k QkT k

)−1
)
, (65a)

Furthermore, by defining G̃Dk
=Q

− 1
2

k GDk
, we also reex-

press the achievable sum rate Rsum in problem (4) as

Rsum=

K∑
k=1

logdet(GH
Dk

Q−1
k GDk

(GH
Dk

(Q−1
k−T kT

H
k )GDk

)−1)

(66a)

=

K∑
k=1

log det(G̃
H

Dk
G̃Dk

)

log det(G̃
H

Dk
(I−1
k −Q

1
2

k T kTH
k Q

1
2

k )G̃Dk
)
, (66b)

(a)

≤
K∑
k=1

log det

((
INsk

− TH
k QkT k

)−1
)

(66c)

where the inequality (a) becomes equality when con-

sidering G̃Dk
=Q

1
2

k T k and thus the optimal GDk
=

QkT k can be derived again, according to [43, Theo-
rem 3]. Specifically, by applying [43, Theorem 3] to

the function det(G̃
H

Dk
(I−1
Nsk

−Q
1
2

k T kT
H
k Q

1
2

k )G̃Dk
) =∏Nsk

i=1 σi(G̃
H

Dk
(I−1
Nsk

−Q
1
2

k T kT
H
k Q

1
2

k )G̃Dk
), we readily

infer that its minimization is achieved when the eigenspace

of the optimal G̃Dk
G̃
H

Dk
matches with that of Q

1
2

k T kT
H
k Q

1
2

k .
Using this fact, it is further observed from (66b) that the
singular values of G̃Dk

actually have no influence on Rsum

with a fractional structure, and thus we can simply set the

optimal G̃Dk
to G̃Dk

=Q
1
2

k T k. It follows from (65a) and
(66c) that the equivalence between the sum-rate maximization
problem (4) and the WMMSE problem (6) can be established.
This completes the proof.

APPENDIX B

Firstly, recalling Hi,k=U i,kΛi,kV
H
i,k, ∀i, k, we have

lim
Ntk

→+∞
U i,kΛ̃i,kV

H
i,kV k,kΛ̃k,kU

H
k,k=0Nri

×Nrk
, ∀i �=k,

(67)

where Λ̃i,k=
1√
Ntk

Λi,k. Since U i,k, ∀i, k, are unitary, we have

lim
Ntk

→+∞
Λ̃i,kV

H
i,kV k,kΛ̃k,k = 0Nri

×Nrk
, ∀i �= k. (68)

Let ap,q be the (p, q)th element of the matrix V H
i,k(1 :

rank(Hi,k), :)V k,k(:, 1 : rank(Hk,k)) with p = 1 · · · rank
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(Hi,k) and q=1 · · · rank(Hk,k). Then, the (p, q)th element
of the matrix Λ̃i,kV

H
i,kV k,kΛ̃k,k can be expressed as

ap,q[Λ̃i,k]p,p[Λ̃k,k]q,q. Since the singular values [Λ̃i,k]l,l,
∀i, k=1, . . . ,K, are nonzero when l≤ rank(Hi,k), we readily
conclude that the equality (68) holds if and only if ap,q=0,
∀p, q, which leads to (25). This completes the proof.

APPENDIX C

Recalling the mmWave channel model (5), we have

Hk,i =

√
NrkNti
Lk,i

Ak
rΛk,i

(
Ai
t

)H
, ∀k, i = 1, . . . ,K, (69)

where Ak
r=[ar(θ

1
k), . . . ,ar(θ

Lk,i

k )]∈C
Nrk

×Lk,i , Ai
t=[at

(ψ1
i ), . . . ,at(ψ

Lk,i

i )]∈C
Nti

×Lk,i and Λk,i=diag[α1
k, . . . ,

α
Lk,i

k ]. Note that Nsk ≤NRF
tk

≤Lk,k and Lk,i =
rank(Hk,i), ∀i, k, are implied. Referring to [7], when
Ntk → +∞, the array steering vectors aH

t (ψ
l
i), ∀l, are

linearly independent and asymptotically orthogonal with
probability one, i.e., limNtk

→+∞ aH
t (ψ

l1
i )at(ψ

l2
i )=0, ∀l1 �= l2,

and limNtk
→+∞(Ak

t )
HAk

t =INtk
, ∀k, which implies that in

large-scale mmWave MIMO regime, the array response matrix
Ak
t can be approximated to the right singular matrix of Hi,k.

Furthermore, by recalling (31) and exploiting the equality (25),
the fully-digital BD-ZF precoder F ZF

k can be re-expressed as

lim
Ntk

→+∞
F ZF
k =V k,k(:, 1 : Lk,k)

√
Λk=Ak

t

√
Λk, (70)

where Λk=BLKdiag[Λk,0Lk,k−Nsk
,Lk,k−Nsk

] and Λk is de-
termined by solving the problem (32). Obviously, the matrix Ak

t

with unit-modulus elements can be realized by RF phase shifters,
so that the proposed iterative-PP analog precoder FAk

in (37)
is easily obtained as F∞

Ak
=Ak

t (:, 1 : NRF
tk

) when Ntk →+∞.
Correspondingly, the optimal digital precoder is readily derived
as F∞

Dk
=[

√
Λk0Nsk

×(NRF
tk

−Nsk
)]
H. Using the above hybrid

precoder design of the kth transmitter, the resultant interference
at the ith receiver, where i �=k, satisfies

lim
Ntk

→+∞
Hi,kFAk

FDk
= lim
Ntk

→+∞
Hi,kF

∞
Ak

F∞
Dk

= lim
Ntk

→+∞
U i,kΛi,kV

H
i,k(1 : Li,k, :)A

k
t (:, 1 : Nsk)

√
Λk,

= lim
Ntk

→+∞
U i,kΛi,kV

H
i,k(1 : Li,k, :)V k,k(:, 1 : Nsk)

√
Λk=0.

(71)

where the last equality holds by recalling (25). This completes
the proof.

APPENDIX D

Firstly, let’s define the objective function of the approximated
WMMSE problem (8) as fobj(·), which can be rewritten as a
quadratic function and a logarithmic function w.r.t each variable
of Ãk={GAk

,GDk
,FAk

, F̃Dk
} and W k, respectively, so we

readily infer that all continuous partial derivatives of fobj(·) exist
and thus fobj(·) is differentiable (continuous). Moreover, it is
observed that the feasible region of problem (8) is the Cartesian
product of five non-overlapped compact sets, i.e. X =X1×X2×
X3×X4 ×X5, which are respectively defined as

X1 = {X | X∈C
NRF

rk
×Nsk , ∀k},X2 ={X | X ∈ S

Nsk
++ , ∀k},

X3 = {X | Tr(XHX) ≤ Pk, ∀k},
X4 = {X | |[X]n,m| = 1,X ∈ C

Ntk
×NRF

tk , ∀k},
X5 = {X | |[X]n,m| = 1,X ∈ C

Nrk
×NRF

rk , ∀k} (72)

As a result, in our proposed MM-Alt-Opt, the optimiza-
tion variables of problem (8) can be decomposed into five
independent blocks, namely, GD ∈ X1, W ∈ X2, F̃D ∈ X3,
FA ∈ X4 and GA ∈ X5, ∀k. Notice that for simplicity, the

notations {GDk
, ∀k}, {W k, ∀k}, {F̃ (I+1)

Dk
, ∀k}, {F (I+1)

Ak
, ∀k}

and {G(I+1)
Ak

, ∀k} are all shorted as GD, W , F̃D, FA and
GA, respectively. Then it follows from the general alternat-
ing optimization theory [36] that the proposed MM-Alt-Opt in
essence belongs to the block successive upper-bound minimiza-
tion method, of which the specific updates are summarized as
(73) at the bottom of this page.

According to the MM framework in Section IV-A, we find that
the surrogate functions gobj(·) and sobj(·) (which are defined in
(18) and (22), respectively, with their respective constant terms
included) both are locally tight upper-bounds of the objective
function fobj(·) in terms of different variables, and satisfy all
conditions in Assumption 2 of [36].1 Moreover, the common
objective function fobj(·) in subproblems (73a)∼(73c) can also
be regarded as a globally tight upper-bound of itself. Following

1Notice that the overlapping essentially cyclic rule is actually adopted in our
proposed MM-Alt-Opt, since both subproblems (73d) and (73e) are iteratively
solved by the MM algorithm with the other variable blocks fixed. In this context,
the convergence result remains the same as that based on the simple cyclic rule
by referring to Corollary 2 in [36].

G
(I+1)
D =arg min

GD∈X1

fobj({W (I),G
(I)
A ,GD,F

(I)
A , F̃

(I)

D }) (73a)

W (I+1)=arg min
W∈X2

fobj({W ,G
(I)
A ,G

(I+1)
D ,F

(I)
A , F̃

(I)

D }) (73b)

F̃
(I+1)

D =arg min
F̃D∈X3

fobj({W (I+1),G
(I)
A ,G

(I+1)
D ,F

(I)
A , F̃D}) (73c)

F
(I+1)
A =arg min

FA∈X4

gobj(fA;f
(I)
A

∣∣{W (I+1),G
(I)
A ,G

(I+1)
D , F̃

(I+1)

D }) (73d)

G
(I+1)
A =arg min

GA∈X5

sobj(gA; g
(I)
A

∣∣{W (I+1),G
(I+1)
D ,F

(I+1)
A , F̃

(I+1)

D }) (73e)
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the MM theory and the philosiphy of alternating minimization,
we now have

fobj({W (I),G
(I)
A ,G

(I)
D ,F

(I)
A , F̃

(I)

D })
≥fobj({W (I+1),G

(I)
A ,G

(I+1)
D ,F

(I)
A , F̃

(I+1)

D })
= gobj(f

(I)
A ;f

(I)
A

∣∣{W (I+1),G
(I)
A ,G

(I+1)
D , F̃

(I+1)

D })
≥ gobj(f

(I+1)
A ;f

(I)
A

∣∣{W (I+1),G
(I)
A ,G

(I+1)
D , F̃

(I+1)

D })
= sobj(g

(I)
A ; g

(I)
A

∣∣{W (I+1),G
(I+1)
D ,F

(I+1)
A , F̃

(I+1)

D })
≥ sobj(g

(I+1)
A ; g

(I)
A

∣∣{W (I+1),G
(I+1)
D ,F

(I+1)
A , F̃

(I+1)

D })
≥ fobj({W (I+1),G

(I+1)
A ,G

(I+1)
D ,F

(I+1)
A , F̃

(I+1)

D }) (74)

Since the function fobj(·) in quadratic form is bounded
below by zero, it is easily inferred that the sequence

{fobj({W (I),G
(I)
A ,G

(I)
D ,F

(I)
A , F̃

(I)

D })} obtained from (74)
converges. Also, the continuity of fobj(·) implies

lim
I→∞

fobj({W (I),G
(I)
A ,G

(I)
D ,F

(I)
A , F̃

(I)

D })

= fobj({W (∞),G
(∞)
A ,G

(∞)
D ,F

(∞)
A , F̃

(∞)

D }). (75)

To further validate that the proposed MM-Alt-Opt can con-
verge to a (Boulingand) stationary point of problem (8), the
required conditions by Theorem 2 in [36] are explored as
follows. Firstly, it is clear that the functions fobj(·), gobj(·)
and sobj(·) all are convex quadratic functions. Secondly,
the subproblems (73a)∼(73c) are all strictly convex prob-
lems with a unique optimal solution, while both subprob-
lems (73d) and (73e) have unique solutions via phase pro-
jection. Based on the above two properties, we conclude that

the whole sequence {W (I),G
(I)
A ,G

(I)
D ,F

(I)
A , F̃

(I)

D } generated
by the proposed MM-Alt-Opt converges to the limit point

{W (∞),G
(∞)
A ,G

(∞)
D ,F

(∞)
A , F̃

(∞)

D }, which is also a coordinate-
wise minimum point of problem (8). Furthermore, as a benefit of
the differentiability of the objective function fobj(·), this coor-

dinatewise minimum point {W (∞),G
(∞)
A ,G

(∞)
D ,F

(∞)
A , F̃

(∞)

D }
is also a stationary point of problem (8). The interested readers
may refer to [36] for the detailed proof.

Next, for the large-scale mmWave MIMO interference sys-
tem, the tightness of the adopted approximation FH

Ak
FAk

≈
NtkINRF

tK
is studied for demonstrating that the obtained

{W (∞),G
(∞)
A ,G

(∞)
D ,F

(∞)
A , F̃

(∞)

D } is also an asymptotically
stationary point to the WMMSE problem (6). Specifically, based
on Proposition 1, the orthogonality of the right singular sub-
spaces of different transmit-receive channels further implies that
the inter-user interference can be naturally eliminated with the
aid of large-scale arrays. In this context, the K-user MIMO
interference system can be decomposed into K independent
parallel MIMO subsystems. Then according to the proposal
of [7] for point-to-point MIMO systems, the optimal analog
precoders of all K transmit-receiver pairs achieving the near-
optimal sum rate performance can be obtained from a basis set
of linearly independent array response vectors by exploiting the
sparsity of mmWave channel. As a result,FH

Ak
FAk

≈NtkINRF
tK

is asymptotically satisfied when Ntk →∞, since an inner prod-
uct of two linearly independent array response vectors, i.e.∑N−1
n=0 e

jan= 1−ejaN

1−eja where a is the nonzero real number, and
bounded compared to the infinite Ntk .
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