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ABSTRACT We consider hybrid transmit precoding and receive combining in a millimeter wave
(mmWave) multiple-input multiple-output (MIMO) multi-user cellular system, where a full-duplex (FD)
base station (BS) serves multiple half-duplex (HD) uplink and downlink users simultaneously. Jointly
deriving the four matrices of analog precoder, digital precoder, analog combiner, and digital combiner for
mmWave FD communications is intractable. Hence, we propose two approaches for either designing joint
analog and digital beamformers separately at the transmitters and receivers, or jointly deriving transmit
precoders and receive combiners with separate designs of analog and digital beamforming matrices that
maximize the sum-rate. In the first proposed method, at the first step, we derive an iterative solution for
the fully digital minimum-mean-square-error (MMSE) transmit/receive beamforming. Then, exploiting the
spatial structure of mmWave channels, sparse approximation problems are formulated to jointly design radio
frequency (RF) and baseband filters approximating the fully digital beamformers via orthogonal-matching-
pursuit (OMP) algorithm. To reduce the computational complexity of the first proposed method, which is
mainly caused by the iterations between the transmit and receive beamformings, in the second presented
scheme, transmit precoding and receive combining matrices are calculated jointly, while RF and digital
beamformings are derived separately. More specifically, digital beamforming matrices are derived using
the block diagonalization (BD) approach to mitigate the intra-user and inter-users interference, and analog
filters are calculated via solving sum-rate maximization problem. In the simulation results, it is shown
that our proposed OMP-based hybrid beamforming (HBF) scheme outperforms other HBF approaches for
mmWave FD communications in the literature. In addition, it is shown that when the number of RF chains
is at least double the number of data streams, the proposed BD-based HBF further improves over the OMP-
based HBF in terms of sum-rate. Thus, choosing between OMP-based and BD-based HBF depends on the
number of available RF chains.

INDEX TERMS Full-duplex (FD), millimeter wave communications, multi-user (MU)-MIMO, transceiver
design, hybrid beamforming (HBF), orthogonal-matching-pursuit (OMP), block diagonalization (BD).

I. INTRODUCTION

M ILLIMETER wave (mmWave) bands from 30 GHz to
300 GHz are prime candidates for new spectrum in

fifth-generation (5G) and beyond cellular systems, with the
available unlicensed bandwidth reaching 10 GHz [1], [2].
The main obstacle in the successful deployment of mmWave
cellular systems is the large path loss, as a result of the
ten-fold decrease in the wavelength [3]. On the other hand,
a large-scale antenna arrays which can be built in a small
volume due to the short wavelength can be employed to

provide significant beamforming gains to combat the path
loss and to synthesize highly directional beams.

For traditional multiple-input multiple-output (MIMO)
systems, precoding is fully accomplished at digital baseband
through digital precoders, which can adjust both the magni-
tude and phase of the signals. However, fully digital precod-
ing approach requires a radio frequency (RF) chain, including
signal mixers, amplifiers, and analog-to-digital converters
(ADCs), per antenna which is impractical and costly for
mmWave base stations (BSs) equipped with large antenna



arrays. While the small wavelengths of mmWave frequencies
facilitate the use of a large number of antenna elements, the
prohibitive cost and power consumption of RF chains make
digital precoding infeasible. Fully analog solutions, on the
other hand, require only a single RF chain for the entire
antenna array but have no capability of digital processing.
Given such unique constraints in mmWave MIMO systems,
a hybrid precoding architecture (an analog beamformer in RF
band and a digital filter in baseband) has received much con-
sideration, which only requires a small number of RF chains
interfacing between a low-dimensional digital precoder and
a high-dimensional analog precoder [4], and thus, reduces
the required number of RF chains by precoding/combining
of antenna signals. Therefore, hybrid beamforming (HBF)
strikes a balance between these two solutions, wherein the
number of RF chains can be designed to be between 1
(analog beamforming) and the number of antennas (digital
beamforming).

Hybrid MIMO beamforming in mmWave communica-
tions have been proposed for single-user MIMO systems
in [4] and [5]. The proposed algorithms are based on
the orthogonal matching pursuit (OMP) method, which is
popular for sparse approximation [6], where RF beam-
forming vectors are picked from certain candidate vectors,
such as array response vectors pointing towards the angle
of arrivals/departures (AoAs/AoDs), and/or discrete Fourier
transform (DFT) beamformers. The authors in [7] introduce
HBF design to cancel the self-interference (SI) in a point-
to-point full-duplex (FD) mmWave communication system.
However, with the realization that more profitable use of the
large antenna arrays could be possible in certain scenarios,
there have been some recent works on evaluating the system
performance with different MIMO configurations like multi-
user MIMO and spatial multiplexing in [8]–[11]. In [12], an
HBF design is proposed for K-user FD MIMO interference
channels, in which combiners and precoders are designed
such that both the residual SI power and the multi-user inter-
ference power are minimized. In [13], an OMP-based hybrid
precoding scheme is investigated for the multi-user MIMO
system with the limited feedback assumption. Authors in [14]
consider a downlink cellular network with multi-user MIMO
communications and propose a block diagonalization (BD)
method to design digital precoders and combiners for HBF to
mitigate the inter-user and inter-stream interference signals.
Furthermore, the equal gain transmission (EGT) method is
used to derive analog beamforming matrices to harvest a
large antenna array gain. In [15], a two-step HBF design is
presented for the downlink of a massive MIMO communi-
cation, in which, in the analog stage, authors maximize the
capacity of the baseband channel, and in the digital stage,
the BD approach is applied for managing the interference
signals. Authors in [16] propose a minimum mean square
error (MMSE)-based HBF design for massive MIMO point-
to-point communications in which a manifold optimization-
based scheme is introduced to deal with the fixed amplitude
constraint of RF beamforming directly. In [17], a two-step

algorithm is proposed for deriving RF beamforming in an
HBF structure. First, by formulating a convex problem, an
initial beam set is determined to maximize the lower bound
of the sum-rate. Then, based on this initial set, an iterative
update approach is introduced to calculate a better beam set.
Motivated by the low computational complexity of the OMP
and BD approaches, in this paper, we apply these methods to
design HBF matrices in a cellular network with multi-user
MIMO communications in the uplink (UL) and downlink
(DL) channel using the mmWave band.

FD transmission has attracted tremendous attention from
both the academic and industrial fields to nearly double
the spectral efficiency of the existing wireless communi-
cation systems by enabling transmission and reception of
signals simultaneously over the same time and frequency
resource [18]. The key challenge to realize the FD system
is suppressing SI to a sufficiently low level. The authors
in [19]- [23] studied fully digital transceiver design in FD
cellular systems, in which a BS operating in FD mode
communicates with UL and DL users operating in half-
duplex (HD) mode simultaneously. In addition to SI at the
BS, the optimization problems are exacerbated by the co-
channel interference (CCI) caused by the UL users to the
DL users. Since mmWave communications are inherently
directional, in FD cellular systems, directional transmission
and reception can be exploited [24]. The intuitive approach
is to exploit the beamforming of transmission and reception
antennas to reduce SI. More specifically, with the directions
of transmit and receive antennas not directed towards each
other, the SI can be reduced by beamforming [25]. In [26],
an HBF design is developed at the BS to manage SI signal
and minimize sum-MSE across all single antenna mobile
users in an FD massive MISO system. A novel angular-
based HBF method is introduced in [27] for a point-point FD
mmWave massive MIMO network to minimize sum-MSE.
In this paper, self-interference cancellation (SIC) is further
improved by using angle-of-departure (AoD) and angle-of-
arrival (AoA) information. Authors in [28] study HBF design
for an FD mmWave MIMO relay network, in which by
applying a zero-space beamforming scheme, SI signal is
attenuated at the FD relay. However, although some works
including [7], [12], [26], [27], and [28] have been done to
demonstrate the viability of FD systems for mmWave bands,
to the best of our knowledge, potential gains of HBF for FD
cellular networks with multi-user MIMO communications in
mmWave bands have not been reported yet. It is worth noting
that authors in [12] have not considered a cellular set up with
a BS, UL, and DL users, and have studied an interference
multi-user MIMO channel instead. In addition, in [12], the
SI and multi-user interference are minimized and authors
have not directly dealt with the spectral efficiency which is
an important key performance indicator in practice.

Motivated by the above, in this paper, we make an at-
tempt to understand the benefits and actual gains that can
be achieved by the use of HBF in the FD transceivers
of a cellular network working in mmWave bands. Due to



TABLE 1. Our Contribution

Concepts of Contribution This paper [4], [5] [7] [12]
mmWave FD communications ✓ × ✓ ✓
Multi-user MIMO communications ✓ × × ✓
OMP-based HBF ✓ ✓ × ×
Cellular communications ✓ × × ×
Applying the BD method for interference management ✓ × × ×

the computational complexity of jointly deriving the four
matrices of analog precoder, digital precoder, analog com-
biner, and digital combiner, we propose two policies for
either calculating joint RF and baseband filters separately
at the transmitters and receivers, or jointly deriving transmit
precoders and receive combiners with a separate design for
analog and digital beamforming matrices. Our contributions
are illustrated in the Table 1 in comparison with the literature,
and can be listed as follows:

• We develop an OMP-based algorithm to design hybrid
filters for the receiver, which successively selects RF
beamforming vectors from a set of candidate vectors
using the MMSE criterion and optimizes the corre-
sponding baseband processor in the least squares sense.
Similar to [31], we employ uplink-downlink duality to
compute the hybrid MIMO beamformers for the trans-
mitters by reversing the system, and applying the same
OMP-based algorithm.

• We propose a BD-based approach to jointly derive
transmit precoding and receive combining filters with
separate designs of analog and digital beamformings
aiming to maximize the sum-rate of UL and DL users.
In particular, RF and digital beamformings are designed
separately in two stages to minimize information loss at
each step.

• In the simulation results, we show that our two proposed
HBF designs have a close performance to the fully
digital transceiver design but with a low number of RF
chains. In addition, it is shown that the proposed OMP-
based HBF approach achieves higher spectral efficiency
compared with the multi-user FD (MUFD) beamform-
ing scheme proposed in [12]. Finally, we illustrate that
if the number of RF chains is at least double the number
of data streams, the proposed BD-based HBF scheme
further enhances the spectral efficiency performance.
Therefore, based on the number of available RF chains,
we choose between OMP-based and BD-based HBF
methods.

Notation: Matrices and vectors are denoted as bold capital
and lowercase letters, respectively. (·)T is the transpose, and
(·)H is the conjugate transpose. IN and 0N×M are the N×N
identity and N × M zero matrix, respectively; tr(·) is the
trace; |·| is the determinant; E [·] denotes the expectation. The
(i, j)-th element, i-th row, and i-th column of matrix A are
denoted by A(i, j), A(:, j), and A(i, :), respectively. ∥X∥F
and ∥x∥2 denote the Frobenius norm of matrix X and the
Euclidean norm of vector x, respectively, and ∥x∥0 denotes

the number of non-zeros in vector x.
The remainder of the paper is organized as follows. Sec-

tion II introduces the considered system and channel models.
In Section III, the considered problem formulation is given.
The proposed OMP-based HBF scheme for jointly design-
ing analog and digital filters is derived in Section IV. In
Section V, we introduce the BD-based HBF approach for
jointly deriving transmit precoders and receive combiners.
Simulation results for the proposed policies are presented in
Section VI, and Section VII concludes the paper.

II. SYSTEM MODEL
We consider a multi-user massive MIMO system, in which
an FD BS serves K UL and J DL users simultaneously. As
it is illustrated in Fig. 1, each node in the system is equipped
with a hybrid MIMO beamformer. The BS is equipped with
M0 and N0 transmit and receive antennas, respectively, and
MRF

0 and NRF
0 RF chains at the transmit and receive chains,

respectively. The number of transmit antennas and RF chains
at the UL users are M and MRF, respectively. The number
of receive antennas and RF chains at the DL users are N
and NRF, respectively. Each of the UL and DL users has
Ns data streams to transmit or receive. In order to reap the
benefits of the massive MIMO communication and to reduce
the implementation complexity, we assume that the number
of RF chains is constrained by JNs ≤ MRF

0 ≪ M0 and
KNs ≤ NRF

0 ≪ N0 for the BS, Ns ≤ MRF ≤ M for the
UL users, and Ns ≤ NRF ≤ N for the DL users. The source
symbols sUL

k ∈ CNs and sDL
j ∈ CNs for the k-th UL and

the j-th DL user, respectively are assumed to be independent
and identically distributed (i.i.d.), and are zero mean with
variance identity matrix. As it can be seen from Fig. 1, the
hybrid MIMO beamformer for the data streams of the k-th
UL user consists of baseband precoder VBB

k,UL ∈ CMRF×Ns

followed by the RF beamformer VRF
k,UL ∈ CM×MRF

. Then,
at the BS, the received signal is processed by RF combiner
URF

UL ∈ CN0×NRF
0 and UBB

k,UL ∈ CNRF
0 ×Ns , respectively. The

hybrid MIMO beamformers for the data streams of the j-th
DL user consists of baseband precoder VBB

j,DL ∈ CMRF
0 ×Ns

followed by the RF filter VRF
DL ∈ CM0×MRF

0 . Afterwards, at
the j-th downlink user, the received signal is processed by
RF combiner URF

j,DL ∈ CN×NRF
and UBB

k,UL ∈ CNRF×Ns ,
respectively.

A. CHANNEL MODEL
We assume a narrowband block-fading propagation channel,
and denote HUL

k ∈ CN0×M and HDL
j ∈ CN×M0 as the
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FIGURE 1. The considered mmWave FD MIMO cellular systems.

k-th UL and the j-th DL user channel, respectively. The
SI channel between the transmitter and receiver antennas of
the BS is denoted as H0 ∈ CN0×M0 , and the CCI channel
from the k-th UL user to the j-th DL user is denoted as
HDU

jk ∈ CN×M (see Fig. 1). We note that the channel state
information (CSI) and the interference-plus-noise covariance
matrix can be estimated at the receiver of each link and fed
back to the transmitters. Therefore, the transmitters are able
to obtain CSI of the links that are directly connected to them.

Due to high free-space path loss, the mmWave propagation
environment is well characterized by a clustered channel
model. We adopt the channel model introduced in [3], and a
channel matrix H ∈ CNr×Nt with Nr receive and Nt transmit
antennas is represented as

H=

√
NtNr

NclNray

Ncl∑
m=1

Nray∑
n=1

αmnar(θ
r
mn, ϕ

r
mn)at

(
θt
mn, ϕ

t
mn

)H
,

(1)

where Ncl is the number of scattering clusters, Nray is the
number of rays per cluster, αmn is the complex gain of the
nth ray in the mth cluster, and θr

mn (ϕ
r
mn) and θt

mn (ϕ
t
mn) are

the elevation (azimuth) AoAs/AoDs, respectively. The vec-
tors ar (θ

r
mn, ϕ

r
mn) ∈ CNr and at (θ

t
mn, ϕ

t
mn) ∈ CNt are the

array response vectors at the receiver and the transmitter to
the angular arrivals and departures, respectively. The small-
scale coefficients αmn ∼ CN

(
0, γm10−

PL
10

)
, where PL is

the path loss and γm is the fraction of power in mth cluster,

which is given by

γm =
γ′
m∑Ncl

n=1 γ
′
n

, (2)

where γ′
m is the power of the cluster m.

B. CSI ACQUISITION
As shown in Fig. 1, the system model contains three types
of CSI: (i) channels between BS and users, (ii) a SI channel
at the BS, and (iii) CCI channels between UL and DL users.
To acquire the first type of CSI, a similar approach to the
Long-Term Evolution (LTE) system can be adopted. The BS
broadcasts the cell-specific reference signal (CRS) to the
DL users, and each DL user can estimate the BS to user
channels using this reference signal. CSI is sent back to
the BS via the control channel [33]. Furthermore, UL users
exploit demodulation reference signals (DRS) for estimating
CSI of UL channels [34]. A similar approach to DL users
can be applied at the BS using CRS to estimate the SI
channel. However, the CRS-based SI channel estimation can
be degraded by the interference from DRS transmitted by
UL users. In order to tackle this issue, no DRS is allowed
to be transmitted by UL users during SI channel estimation
period. It is also known that the SI channel has a strong line-
of-sight (LoS) component, and therefore, it can be modelled
as Rician distribution with a large K-factor before analog
domain cancellation. It was experimentally shown that the
strong LoS component of the SI channel is attenuated by
applying an analog domain cancellation or antenna isola-
tion. With enough SI suppression via analog cancellation,



the residual SI channel follows a Rician distribution with
a small K-factor or a Rayleigh distribution [35]. Based on
this, we can assume that the residual SI channel follows the
Rayleigh distribution. The CCI between the UL and DL users
are problematic to acquire since there is no direct signaling
between users. However, a neighbor discovery mechanism
can be exploited at each user to estimate CCI via sounding
reference signals in the LTE system [36]. A same technique
is proposed in [37] for device-to-device communications to
acquire CCI information.

III. PROBLEM FORMULATION
In this paper, we aim to design the four matrices of ana-
log precoder, digital precoder, analog combiner, and digital
combiner to maximize the uplink and downlink sum-rate in
mmWave FD communications. To do this, the signal received
by the BS and the j-th DL user can be written, respectively,
as

y0 =

K∑
k=1

HUL
k VRF

k,ULV
BB
k,ULs

UL
k + n0

+H0

J∑
j=1

VRF
DLV

BB
j,DLs

DL
j , (3)

yj = HDL
j

J∑
j=1

VRF
DLV

BB
j,DLs

DL
j + nDL

j

+

K∑
k=1

HDU
jk V

RF
k,ULV

BB
k,ULs

UL
k , (4)

where n0 ∼ CN
(
0, σ2

n0
IN0

)
and nDL

j ∼ CN
(
0, σ2

nj
IN

)
denote the additive white Gaussian noise (AWGN) vectors
at the the BS and the j-th DL user, respectively. At the
BS, the received UL signal (3) is first processed by the RF
beamformer, URF

UL ∈ CN0×NRF
0 followed by baseband MIMO

filter UBB
k,UL ∈ CNRF

0 ×Ns . At the j-th DL user, the received DL
signal (4) is first processed by the RF beamformer, URF

j,DL ∈
CN×NRF

followed by baseband filter UBB
j,DL ∈ CNRF×Ns .

Using these receivers, the estimate of data streams of the k-th
UL and the j-th DL user are given by

ŝUL
k =

(
UBB

k,UL

)H (
URF

UL

)H
y0, (5)

ŝDL
j =

(
UBB

j,DL

)H (
URF

j,DL

)H
yDL
j . (6)

In addition, the estimated i-th data stream of the k-th UL and
the j-th DL users are denoted by ŝUL

ki
and ŝDL

ji
, respectively.

Based on (5) and (6), we can write

ŝUL
ki

=
(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

k,UL(:, i)s
UL
ki

(7)

+

Ns∑
l=1,l ̸=i

(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

k,UL(:, l)s
UL
kl

+

K∑
m=1,m ̸=k

Ns∑
l=1

(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

m,UL(:, l)s
UL
ml

+

J∑
j=1

Ns∑
l=1

(
UBB

k,UL(i, :)
)H

H̄0V
BB
j,DL(:, l)s

DL
jl

+
(
UBB

k,UL(i, :)
)H (

URF
k,UL

)H
n0,

ŝDL
ji =

(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

j,DL(:, i)s
DL
ji (8)

+

Ns∑
l=1,l ̸=i

(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

j,DL(:, l)s
DL
jl

+

J∑
m=1,m ̸=j

Ns∑
l=1

(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

m,DL(:, l)s
DL
ml

+

K∑
k=1

Ns∑
l=1

(
UBB

j,DL(i, :)
)H

H̄DU
jk V

BB
k,UL(:, l)s

UL
kl

+
(
UBB

j,DL(i, :)
)H (

URF
j,DL

)H
nDL
j ,

in which we define H̄DL
j = (URF

j,DL)
HHDL

j VRF
DL, H̄UL

k =
(URF

UL)
HHUL

k VRF
k,UL, and H̄DU

jk = (URF
j,DL)

HHDU
jk V

RF
k,UL as the

j-th DL baseband channel, the k-th UL baseband channel,
and the uplink to downlink baseband interference channel.
The first term in (7) and (8) is the desired signal, the sec-
ond term represents intra-user (inter-stream) interference, the
third and fourth terms denote inter-user interference, and the
last term is for the received noise.

Assuming Gaussian symbols are transmitted, the sum-rate
of the UL and DL users follows as

R=

J∑
j=1

K∑
k=1

Ns∑
i=1

log2(1+SINRDL
ji )+log2(1+SINRUL

ki
), (9)

where SINRDL
ji and SINRUL

ki
denote the signal-to-

interference-and noise-ratio (SINR) of the i-th data stream
for the j-th DL and the k-th UL user, respectively. SINRUL

ki

and SINRDL
ji are shown in (10) and (11) at the bottom of next

page. The optimization problem for maximizing the sum-
rate can then be formulated as

max
VRF,URF

VBB,UBB

R

s.t. tr
{
VRF

k,ULV
BB
k,UL

(
VRF

k,ULV
BB
k,UL

)H} ≤ Pk, k ∈ SUL,

(12a)∑
j∈SDL

tr
{
VRF

DLV
BB
j,DL

(
VRF

DLV
BB
j,DL

)H}≤P0, (12b)

VRF ∈ VRF , URF ∈ URF , (12c)

where Pk and P0 are the transmit power constraints at the k-
th UL user and BS, respectively. Furthermore, SUL and SDL
represent the set of K UL and J DL channels, respectively.
VRF and URF are the candidate sets of RF beamforming
and RF combining matrices with the constant amplitude,
respectively. Because of the non-convexity of the objective
function and the constraint in (12c), optimizing the sum-
rate by jointly deriving the four matrices of analog precoder,
digital precoder, analog combiner, and digital combiner is in-
tractable. Hence, we propose the following two approaches:



(i) jointly designing analog and digital filters separately at the
transmitters and receivers, and (ii) deriving joint transmitter
precoders and receiver combiners with separate designs for
the analog and digital beamforming matrices. These two HBF
procedures are presented in the following two sections.

IV. JOINT ANALOG AND DIGITAL BEAMFORMING
DESIGN USING OMP ALGORITHM
Because of the appearance of the interference signals in the
denominator of the objective function, the optimization prob-
lem in (12) is neither jointly convex over both the combiner
and precoder filters nor convex over each of them. To handle
the non-convexity, the optimization problem in (12) can be
transformed into a minimization of the sum-MSE of the
UL and DL channels as suggested by [38] and [39]. More
specifically, it can be shown that the MSE function is related
to the received SINR, and thus, the sum-rate maximization
and sum-MSE minimization problems are equivalent. The
derived sum-MSE minimization problem is convex over each
of the precoder and combiner beamformings. Therefore, in
this section, we minimize the sum-MSE as a proxy to the
spectral efficiency maximization problem.

Using the estimates in (5) and (6), the MSE of the k-th UL
and j-th DL user can be written in (13) and (14), respectively,
shown at the bottom of the following page. In (13) and (14),
ΣUL

k and ΣDL
j denote the covariance matrix of the aggregate

interference-plus-noise terms of the k-th UL and the j-th DL

users, respectively, and they are given at the bottom of the
following page. The considered optimization problem in this
section can be formulated as

min
VRF,URF

VBB,UBB

K∑
k=1

tr
{
MSEUL

k

}
+

J∑
j=1

tr
{
MSEDL

j

}
(17a)

s.t. tr
{
VRF

k,ULV
BB
k,UL

(
VRF

k,ULV
BB
k,UL

)H} ≤ Pk, k ∈ SUL,

(17b)∑
j∈SDL

tr
{
VRF

DLV
BB
j,DL

(
VRF

DLV
BB
j,DL

)H}≤P0, (17c)

VRF ∈ VRF , URF ∈ URF . (17d)

The optimization variables can be denoted as VRF(BB) ={
V

RF(BB)
k,UL , V

RF(BB)
j,DL : k ∈ SUL, j ∈ SDL

}
, and URF(BB) ={

U
RF(BB)
k,UL , U

RF(BB)
j,DL : k ∈ SUL, j ∈ SDL

}
, which indicate

the set of all precoding and combining matrices, respectively.
Directly minimizing the problem (17) requires a joint opti-
mization over the four matrix variables VRF, URF, VBB,
and UBB, which is found to be intractable. Furthermore,
this optimization problem is non-convex due to the constant
amplitude condition of RF beamforming and RF combining
matrices in (17d). In order to eliminate this constraint and
also to reduce the number of optimization variables, at the
first step, we derive the solution for the case of fully digital
beamforming. Then applying the OMP approach, we com-

SINRUL
ki

=
SUL
ki

IUL
ki

+NUL
ki

SUL
ki

= |
(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

k,UL(:, i)s
UL
ki
|2

IDL
ki

=

Ns∑
l=1,l ̸=i

|
(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

k,UL(:, l)s
UL
kl
|2 +

K∑
m=1,m ̸=k

Ns∑
l=1

|
(
UBB

k,UL(i, :)
)H

H̄UL
k VBB

m,UL(:, l)s
UL
ml

|2

+

J∑
j=1

Ns∑
l=1

|
(
UBB

k,UL(i, :)
)H

H̄0V
BB
j,DL(:, l)s

DL
jl
|2

NUL
ki

= σ2
n0
∥
(
UBB

k,UL(i, :)
)H (

URF
k,UL

)H ∥2F (10)

SINRDL
ji =

SDL
ji

IDL
ji

+NDL
ji

SDL
ji = |

(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

j,DL(:, i)s
DL
ji |

2

IDL
ji =

Ns∑
l=1,l ̸=i

|
(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

j,DL(:, l)s
DL
jl
|2 +

J∑
m=1,m ̸=j

Ns∑
l=1

|
(
UBB

j,DL(i, :)
)H

H̄DL
j VBB

m,DL(:, l)s
DL
ml

|2

+

K∑
k=1

Ns∑
l=1

|
(
UBB

j,DL(i, :)
)H

H̄DU
jk V

BB
k,UL(:, l)s

UL
kl
|2

NDL
ji = σ2

nj
∥
(
UBB

j,DL(i, :)
)H (

URF
j,DL

)H ∥2F (11)



pute the hybrid MIMO beamformers with the decomposition
of optimal conventional filters into the product of RF and
baseband filters.

A. FULLY DIGITAL BEAMFORMER
In order to derive the optimization problem for the fully dig-
ital beamforming, at the transmitter chains, the transmit pre-
coders VRF

k,ULV
BB
k,UL and VRF

DLV
BB
j,DL have to be replaced with

VUL
k and VDL

j , respectively. Moreover, at the receiver chains,
receive combiners URF

ULU
BB
k,UL and URF

j,DLU
BB
j,DL should be

replaced with UUL
k and UDL

j , respectively. Substituting these
transmit and receive beamforming matrices into the opti-
mization problem, (17) can be re-written as

min
V,U

K∑
k=1

tr
{
MSEUL

k

}
+

J∑
j=1

tr
{
MSEDL

j

}
(18a)

s.t. tr
{
VUL

k

(
VUL

k

)H} ≤ Pk, k ∈ SUL, (18b)∑
j∈SDL

tr
{
VDL

j

(
VDL

j

)H} ≤ P0. (18c)

Because of the multiplicative terms between the precoder
and combiner matrices in the sum-MSE terms, the opti-
mization problem of (18) is not jointly convex over both
the combiner and precoder filters. However, this problem is
convex over each of the precoder and combiner matrices.
Hence, we can apply the alternating convex optimization
technique to (18), alternating between the optimization for
the precoder and the combiner matrix while keeping the
other one fixed at each step. Using the Lagrangian multiplier
method, the Lagrangian dual function can be written as

L =

K∑
k=1

tr
{
MSEUL

k

}
+

J∑
j=1

tr
{
MSEDL

j

}
(19)

+

K∑
k=1

λUL
k

(
tr
(
VUL

k (VUL
k )H

)
− Pk

)

+ λ0

( J∑
j=1

tr
(
VDL

j (VDL
j )H

))
.

Taking the partial derivative of L with respect to the matrices
ŪUL

k , ŪDL
j , V̄UL

k , and V̄DL
j , we have

∂L
ŪUL

k

=R0U
UL
k −HUL

k VUL
k = 0, (20)

∂L
ŪDL

j

=RDL
j UDL

j −HDL
j VDL

j = 0, (21)

∂L
V̄UL

k

=

( K∑
j=1

(
HUL

k

)H
UUL

j

(
UUL

j

)H
HUL

k

+

J∑
j=1

(
HDU

jk

)H
UDL

j

(
UDL

j

)H
HDU

jk

)
VUL

k

−
(
HUL

k

)H
UUL

k + λUL
k VUL

k = 0, (22)

∂L
V̄DL

j

=

( J∑
k=1

(
HDL

k

)H
UDL

k

(
UDL

k

)H
HDL

k

+

K∑
k=1

HH
0 UUL

k

(
UUL

k

)H
H0

)
VDL

j

−
(
HDL

j

)H
UDL

j + λ0V
DL
j = 0. (23)

Therefore, the optimal MMSE receive beamforming matrices
for the problem (18) can be written as

ŪUL
k = (R0)

−1
HUL

k VUL
k , (24)

ŪDL
j =

(
RDL

j

)−1
HDL

j VDL
j , (25)

where the received covariance matrices R0 and RDL
j are

expressed as

R0 = HUL
k VUL

k

(
HUL

k VUL
k

)H
+ΣUL

k , (26)

RDL
j = HDL

j VDL
j

(
HDL

j VDL
j

)H
+ΣDL

j . (27)

MSEUL
k =

((
UBB

k,UL

)H (
URF

UL

)H
HUL

k VRF
k,ULV

BB
k,UL − IdUL

k

)((
UBB

k,UL

)H (
URF

UL

)H
HUL

k VRF
k,ULV

BB
k,UL − IdUL

k

)H
+
(
UBB

k,UL

)H (
URF

UL

)H
ΣUL

k URF
ULU

BB
k,UL, (13)

MSEDL
j =

((
UBB

j,DL

)H (
URF

j,DL

)H
HDL

j VRF
DLV

BB
j,DL − IdDL

j

)((
UBB

j,DL

)H (
URF

j,DL

)H
HDL

j VRF
DLV

BB
j,DL − IdDL

j

)H
+
(
UBB

j,DL

)H (
URF

j,DL

)H
ΣDL

j URF
j,DLU

BB
j,DL. (14)

ΣUL
k =

K∑
j ̸=k

HUL
j VRF

j,ULV
BB
j,UL

(
VRF

j,ULV
BB
j,UL

)H (
HUL

j

)H
+

J∑
j=1

H0V
RF
DLV

BB
j,DL

(
VRF

DLV
BB
j,DL

)H
HH

0 + σ2
n0
IN0

, (15)

ΣDL
j =

J∑
i̸=j

HDL
j VRF

DLV
BB
i,DL

(
VRF

DLV
BB
i,DL

)H (
HDL

j

)H
+

K∑
k=1

HDU
jk VRF

k,ULV
BB
k,UL

(
VRF

k,ULV
BB
k,UL

)H (
HDU

jk

)H
+ σ2

nj
INj

. (16)



Moreover, the optimal transmit beamforming matrices can be
computed as

V̄UL
k =

 K∑
j=1

(
HUL

k

)H
UUL

j

(
UUL

j

)H
HUL

k + λUL
k IMk

+

J∑
j=1

(
HDU

jk

)H
UDL

j

(
UDL

j

)H
HDU

jk

−1

×
(
HUL

k

)H
UUL

k , (28)

V̄DL
j =

(
J∑

k=1

(
HDL

k

)H
UDL

k

(
UDL

k

)H
HDL

k

+

K∑
k=1

HH
0 UUL

k

(
UUL

k

)H
H0 + λ0IM0

)−1

×
(
HDL

j

)H
UDL

j , (29)

where λUL
k and λ0 are the Lagrangian multipliers associated

with the power constraints in (18b) and (18c), respectively.
To simplify the presentation of deriving HBF, we will com-
bine UL and DL transmissions using the following notations
in the rest of the paper(

Rk, Ñ
RF
k , Ñk, M̃

RF
k , d̃Xk , M̃k

)
(30)

=

{(
R0, N

RF , N0, M
RF
k , dUL

k , Mk

)
, k ∈ SUL,(

RDL
k , NRF

k , Nk, M
RF, dDL

k , M0

)
, k ∈ SDL.

B. CONVERGENCE ANALYSIS
Before extending the digital beamforming to the HBF design,
we briefly consider the convergence of the former. For this,
we note that since each of the sub-problems of optimizing
precoder and combiner filters is convex, the alternating opti-
mization process in (24)-(29) converges. In particular, as it is
proved in [29], in each iteration of the fully digital step, the
total sum-MSE is decreased by updating the combining and
precoding matrices. Moreover, the MSE is lower bounded by
zero, and thus, the fully digital scheme is convergent.

In Fig. 2, the convergence rate of fully digital beamform-
ing step in the OMP-based HBF approach is assessed for
different numbers of users and antennas. The simulation
parameters used for this figure are the same as those adopted
in Section VI. As this figure illustrates, the objective sum-
MSE function in (12) decreases in each iteration and it
converges to a local optimum beamforming. As it can be seen
from this figure, the setup with a lower number of users con-
verges faster with fewer number of iterations and with better
performance. This is because the interference between users
is decreased for a lower number of users and the proposed
policy is more effective. Moreover, if the number of antennas
increases, the performance will be improved. However, we
need more iterations to converge due to the increased number
of variables. As this figure shows, the fully digital step in
the proposed OMP-based HBF converges, which leads to
convergence of the proposed OMP-based HBF.

10 15 20 25 30 35 40 45 50
10

-5

10
-4

6 UL users  and 6 DL users with 64 antennas at users

8 UL users and 8 DL users with 64 antennas at users

6 UL users  and 6 DL users with 100 antennas at users

FIGURE 2. Convergence rate of the fully digital design of OMP-based HBF
scheme.

C. HYBRID MIMO RECEIVER
We now turn to decomposing the optimal receiving matri-
ces ŪX

k in (24) and (25) into the products of ŪRF
k,X and

ŪBB
k,X , X ∈ {UL, DL}. Note that ŪX

k cannot, in general,
be expressed as ŪRF

k,XŪBB
k,X , and thus, cannot be realized in

the mmWave architecture of interest. Therefore, we aim to
make the hybrid precoder ŪRF

k,XŪBB
k,X sufficiently “close” to

the optimal receiver ŪX
k [4]. More specifically, the design

problem of hybrid combiners for the mmWave receivers can
be expressed as(

ŪRF
k,X , ŪBB

k,X

)
= argminURF

k,X ,UBB
k,X

E
[∥∥sXk − ŝXk

∥∥2
2

]
,

(31)

where ŝXk is defined in (5) and (6). As shown in [4, (23)], the
problem (31) can be equivalently re-written as:(

ŪRF
k,X , ŪBB

k,X

)
=

arg min
URF

k,X ,UBB
k,X

∥∥∥R1/2
k

(
ŪX

k −URF
k,XUBB

k,X

)∥∥∥2
F
, (32)

which amounts to finding the projection of the unconstrained
MMSE combiner ŪX

k onto the set of hybrid combiners of the
form URF

k,XUBB
k,X .

To solve (32), we will leverage the fact that the columns
of R1/2

k ŪX
k and R

1/2
k URF

k,X are both located in the column-
space of R1/2

k , and thus, we can approximate R
1/2
k ŪX

k by
the linear combinations of the R1/2

k URF
k,X , where the weights

for the linear combination are UBB
k,X . The problem consists of

selecting the “best” ÑRF
k array response vectors and finding

their optimal baseband combination. To this end, we first
design URF

k,X by choosing appropriate vectors from a set of
candidate beamformers, whose elements pre-multiplied with
R

1/2
k form the bases for the column space of R

1/2
k . The



authors in [4] provide some examples for beamformers as
follows:

1) Eigen-beamformer: The set consists of ÑRF
k dominant

eigenvectors of R1/2
k , and use them for RF beamform-

ing.
2) DFT beamformer: The set consists of the columns of

Ñk × Ñk DFT matrix.
3) Discrete cosine transform (DCT) beamformer: The set

consists of the columns of Ñk × Ñk DCT matrix.
The constraint that the receiver uses ÑRF

k of the vectors
from the matrices defined above can be embedded directly
into the optimization problem (31), and can be equivalently
written as

¯̃UBB
k,X = argminŨBB

k,X

∥∥∥R1/2
k ŪX

k −R
1/2
k BkŨ

BB
k,X

∥∥∥2
F

(33a)

s.t.
∥∥∥∥diag

(
ŨBB

k,X

(
ŨBB

k,X

)H)∥∥∥∥
0

= ÑRF
k ,

(33b)

where the columns of Bk ∈ CÑk×Nb consists of all the
elements in the candidate beamformers, and Nb is the num-
ber of elements in the candidate beamformers. The sparsity
constraint (33b) states that ŨBB

k,X cannot have more than
ÑRF

k non-zero rows. When only ÑRF
k rows of ŨBB

k,X are non-
zero, only ÑRF

k columns of the matrix Bk are effectively
“selected”. As a result, the baseband the optimal receive
beamforming matrix ŪBB

k,X will be given by the ÑRF
k non-

zero rows of ¯̃UBB
k,X and the RF receiver ŪRF

k,X will be given
by the corresponding ÑRF

k columns of Bk.
The problem in (33) is equivalent to the problem of sparse

signal recovery with multiple measurement vectors [30], and
therefore, we can apply the well-known concept of OMP [6].
The summary of the algorithm to compute the hybrid receive
beamformers is shown in Algorithm 1. Here, in Steps 4 and
5, the column of R1/2

k Bk that is most strongly correlated (the
maximum projection) with the residual R1/2

k UX
k,res is chosen,

and then the selected column vector Bk[l] is appended to the
RF receiver URF

k,X in Step 6. After the dominant vector is
found, and the least squares solution to UBB

k,X is calculated in
Step 7, the contribution of the selected vector is removed in
Step 8 and the algorithm proceeds to find the column along
which the residual precoding matrix UX

k,res has the largest
projection. The process continues until all ÑRF

k beamforming
vectors have been selected.

D. HYBRID MIMO TRANSMITTER
The hybrid filters at the transmitter are designed based on
the equivalent system, that models the reverse of the FD
channel using uplink-downlink duality [31]. In particular,
in the reverse system, the DL users transmit their signals
to the BS, and the UL users receive signal from the BS.
Moreover, the SI channel at the BS is from its receive to
transmit antennas, and the CCI channel is from DL to the

UL users. The estimated symbols of the jth DL and kth UL
users are given as

ŝDL
j = (Vj,DL)

H

(
J∑

k=1

(
HDL

k

)H
Uk,DLs

DL
k

+HH
0

K∑
k=1

Uk,ULs
UL
k + n̂0

)
, (34)

ŝUL
k = (Vk,UL)

H

 J∑
j=1

(
HDU

jk

)H
Uj,DLs

DL
j

+
(
HUL

k

)H K∑
j=1

Uj,ULs
UL
j + n̂UL

k

 . (35)

Note that the reverse system is defined so that the optimal
transmit filter of the forward system in (28) and (29) can
be obtained from the optimal receive filter of the reverse
system. It is easy to show that after some simple calculations
the optimal MMSE receive filters obtained from the symbol
estimates in (34) and (35) are same as the ones in (28) and
(29) if and only if the noise vectors n̂0 and n̂UL

k are distributed
as CN (0, λ0IM0

) and CN
(
0, λUL

k IMk

)
, respectively.

Now, the objective is to decompose the optimal transmit-
ting matrices V̄X

k in (28) and (29) into the products of V̄RF
k,X

and V̄BB
k,X , X ∈ {UL, DL} at the receiver side of the reverse

system. Similar to the analysis in Section IV-C, the design
problem of hybrid combiners for the mmWave receivers in
the reverse system can be expressed as(

V̄RF
k,X , V̄BB

k,X

)
= arg min

VRF
k,X ,VBB

k,X

∥∥∥R̂1/2
k

(
V̄X

k −VRF
k,XVBB

k,X

)∥∥∥2
F
, (36)

where the received covariance matrix R̂k in the reverse
system is given as

R̂k =



∑J
k=1

(
HDL

k

)H
Uk,DL (Uk,DL)

H
HDL

k

+HH
0

∑K
k=1 Uk,UL (Uk,UL)

H
H0, k ∈ SDL∑J

j=1

(
HDU

jk

)H
Uj,DL (Uj,DL)

H
HDU

jk

+
(
HUL

k

)H∑K
j=1 Uj,UL (Uj,UL)

H
HUL

k , k ∈ SUL.

(37)

Due to the similarity between the problems (36) and (32),
we can again design V̄RF

k,X by choosing appropriate vec-
tors from a set of candidate beamformers, and a sparse
approximation problem can be formulated as before,
i.e., the objective function in (36) can be written as∥∥∥R̂1/2

k

(
V̄X

k − B̂kṼ
BB
k,X

)∥∥∥2
F

, where the columns of B̂k ∈

CM̃k×Nb consists of all the elements in the candidate beam-
formers, and ṼBB

k,X ∈ CNb×d̃X
k having M̃RF

k nonzero rows
that constitute V̄BB

k,X . The positions of the nonzero rows
correspond to the selected columns of B̃k.

The steps of the proposed algorithm to compute the hybrid
transmit processors are given in Algorithm 2 below. Algo-
rithm 2 is similar to Algorithm 1 with the exception of Steps



10 and 11, which are used to realize the power constraints at
the UL users and the BS.

Algorithm 1 Receiver hybrid MIMO beamformer
1: URF

k,X = [ ]

2: UX
k,res = ŪX

k

3: for i ≤ ÑRF
k do

4: ΦX
k =

(
R

1/2
k Bk

)H (
R

1/2
k UX

k,res

)
5: l = argmaxm=1,...,Nb

(
ΦX

k

(
ΦX

k

)H)
m,m

6: URF
k,X =

[
URF

k,X | Bk[l]
]

7: UBB
k,X =

((
URF

k,X

)H
RkU

RF
k,X

)−1 (
URF

k,X

)H
RkŪ

X
k

8: UX
k,res =

(ŪX
k −URF

k,XUBB
k,X)

∥ŪX
k −URF

k,XUBB
k,X∥F

9: end for
10: return URF

k,X , UBB
k,X

Algorithm 2 Transmit hybrid MIMO beamformer

1: VRF
k,X = [ ]

2: VX
k,res = V̄X

k

3: for i ≤ M̃RF
k do

4: ΦX
k =

(
R̂

1/2
k B̂k

)H (
R̂

1/2
k VX

k,res

)
5: l = argmaxm=1,...,Nb

(
ΦX

k

(
ΦX

k

)H)
m,m

6: VRF
k,X =

[
VRF

k,X | B̂k[l]
]

7: VBB
k,X =

((
VRF

k,X

)H
R̂kV

RF
k,X

)−1 (
VRF

k,X

)H
R̂kV̄

X
k

8: VX
k,res =

(V̄X
k −VRF

k,XVBB
k,X)∥∥∥V̄X

k
−VRF

k,X
VBB

k,X

∥∥∥
F

9: end for
10: VBB

k,UL = VBB
k,UL

√
Pk∥∥∥VRF

k,ULV
BB
k,UL

∥∥∥
F

, k ∈ SUL

11: VBB
k,DL = VBB

k,DL

√
P0∑

k∈SDL∥VRF
k,DLVBB

k,DL∥F

12: return VRF
k,X , VBB

k,X

V. JOINT TRANSMIT AND RECEIVER BEAMFORMING
DESIGN USING BD APPROACH
In this section, we maximize the sum-rate of UL and DL
users via jointly deriving transmit precoding and receive
combining matrices with separate designs for analog and
digital beamformers. By removing the iteration between
the transmitter and receiver optimization, the computational
complexity of the BD-based HBF scheme can be reduced
compared to the OMP-based HBF approach. We solve the op-
timization problem in (12) indirectly by deriving analog and
digital beamformings in two steps such that an information
loss associated with each step is minimized. To maximize the
sum-rate, we first solve the optimization problem for the case
that number of RF chains is at least double the number of data
streams. Then, we extend the solution to the situation that the
number of RF chains is at least equal to the number of data
streams.

A. DL TRANSMISSION
The data transmission by the BS can be decomposed into
two consecutive stages of digital and analog beamformings.
First, in the digital beamforming step, the BS applies power
allocation and digital precoding to the data symbol s and
transmits it through the baseband channel. At each DL user,
using a digital combiner, the received symbol is transformed
to ŝ. Second, in the analog beamforming step, the BS applies
analog precoding to the digitally precoded symbol x and
transmits it through the channel, and the received symbol at
each DL user is transformed to x̂ using an analog combiner.
Considering the downlink channel, the two steps of analog
and digital beamformings are

ŝDL
j =(UBB

j,DL)
HH̄DL

j VBB
j,DLs

DL
j +

J∑
m=1
m ̸=j

(UBB
j,DL)

HH̄DL
j VBB

m,DLs
DL
m

+

K∑
k=1

(UBB
j,DL)

HH̄DU
jk V

BB
k,ULs

UL
k + (UBB

j,DL)
Hn′DL

j , (38)

x̂DL
j =(URF

j,DL)
HHDL

j VRF
j,DLx

DL
j +

J∑
m=1
m ̸=j

(URF
j,DL)

HHDL
j VRF

m,DLx
DL
m

+

K∑
k=1

(URF
j,DL)

HHDU
jk V

RF
k,ULx

UL
k + (URF

j,DL)
HnDL

j , (39)

in which xDL
j = VBB

j,DLs
DL
j and xUL

k = VBB
k,ULs

UL
k are

the digitally precoded symbols,
(
UBB

j,DL

)H
x̂DL
j = ŝDL

j ,
and n′DL

j =
(
URF

j,DL

)H
nDL
j . Also, we have HDL =

[(HDL
1 )T , (HDL

2 )T , . . . , (HDL
J )T ]T . The information flow for

the downlink channel can be described as [15]

sDL
j → xDL

j
H̄DL

−−→ x̂DL
j → ŝDL

j . (40)

Based on the above information flow, we can write [15]

R
a
≤ I(sDL; ŝDL)

b
≤ CBC(H̄

DL)
c
≤ CBC(H

DL), (41)

where I(·) denotes mutual information and CBC represents
the broadcast capacity of the respective channel. Therefore,
in order to maximize the sum-rate, we attempt to force the
above inequalities to equalities. Inequality (a) becomes an
equality by mitigating the intra-user and inter-user interfer-
ence via applying digital beamformings at the BS and the DL
users using an extended version of the BD method introduced
in [14]. More specifically, in our proposed BD method, in
addition to the interference between the DL users, the inter-
ference from the UL users to the DL users is also cancelled.
Furthermore, it is proved in [40] and [15] that exploiting
massive MIMO technology leads to the orthogonality of user
channels which makes inequality (b) equality. For inequality
(c), we calculate analog precoder and combiner filters under
the constant amplitude constraint to maximize I(sDL; ŝDL).
To do this, we exploit extra RF chains to handle the fixed
modulus condition and derive RF beamforming matrices for



the case when the number of RF chains is at least double
the number of data streams. Thus, in our proposed BD-based
HBF scheme, interference is assumed to be dealt with in
the digital domain in which the joint digital precoding and
combining matrices are derived to achieve equality in (a), and
the analog precoder and combiner filters are jointly designed
to achieve equality in (c).

The operation of baseband BD beamforming cancels the
intra-user and intra-user interference. Thus, the digital pre-
coder at the BS should lie in the null space of the user
channels and the digital combiner at the DL user should lie
in the null space of interference channels between the UL
and DL users. In order to find the null spaces, we apply
singular value decomposition (SVD) to the DL channels and
interference channels. The digital precoder can be derived as

H̃DL
j = [(H̄DL

1 )T , . . . , (H̄DL
j−1)

T , (H̄DL
j+1)

T , . . . , (H̄DL
J )T ]T ,

H̃DL
j = Ũj,DL

∑̃
j,DL

[Ṽ
(1)
j,DL, Ṽ

(0)
j,DL]

H ,

Ṽ
(1)
j,DL = Ṽj,DL(:, 1 : (J − 1)MRF

0 ),

Ṽ
(0)
j,DL = Ṽj,DL(:, (J − 1)MRF

0 + 1 : end),

H̄DL
j Ṽ

(0)
j,DL = Uj,DL

∑
j,DL

VH
j,DL,

VBB
j,DL = Ṽ

(0)
j,DLV

(Ns)
j,DL, (42)

in which V
(Ns)
j denotes the first Ns columns of Vj . Also, the

digital combiner can be calculated as

H̃DU
j = [(H̄DU

j1 ), . . . , (H̄
DU
jK)]T ,

H̃DU
j = Ũj,DU

∑̃
j,DU

[Ṽ
(1)
j,DU, Ṽ

(0)
j,DU]

H ,

Ṽ
(0)
j,DU = Ṽj,DU(:, N

RF −Ns + 1 : NRF),

UBB
j,DL = Ṽ

(0)
j,DU. (43)

In [41], it is shown that two RF chains with amplitude
constraint can be combined to create one RF chain without
constant modulus condition. Thus, if the number of RF
chains is at least double the number of data streams, we can
eliminate the constant modulus constraint in (12c). In this
case, in order to turn inequality (c) into an equality, the RF
beamformings can be derived similar to [15] as

HDL
j = Uj,DL

∑
j,DL

VH
j,DL,

URF
j,DL = Uj,DL(:, 1 : NRF),

HDL
comp = (URF

DL)
HHDL,

HDL
comp = Ucomp,DL

∑
comp,DL

VH
comp,DL,

VRF
j,DL = Vcomp,DL(:, 1 : NRF) (44)

Otherwise, if the number of RF chains at the BS is in-
sufficient to eliminate the constant amplitude constraint in
(12c), the optimal solution for analog beamforming would
be the nearest point to the solution for unconstrained sum-
rate optimization [15]. Hence, we can write

URF
j,DL =

1√
Nj

e∠Uj,DL(:,1:N
RF),

TABLE 2. Computational complexities of the proposed methods in terms of
big-O notation

Algorithm Computational Complexity
Deriving the fully digital O

(
UI(N3 +M3 + dM2 + dN2)

)
beamforming solution
Applying the OMP method O

(
NRFU(d2N + d2M+M3+N3)

)
for deriving HBF design
BD-based HBF scheme O

(
U(NRF3 + dNRF2 + dNRFM)

+min(MN2,M2N)
)

VRF
j,DL =

1√
M0

e∠Vcomp,DL(:,1:N
RF) (45)

B. UL TRANSMISSION

Based on the uplink-downlink duality, the HBF for the uplink
channel can be derived by reversing the system and using the
results for the downlink channel [31]. We omit the details of
the derivations for brevity.

C. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, the computational complexities of the pro-
posed OMP-based and BD-based HBF schemes are investi-
gated. For ease of notation, suppose that all the nodes have
the same number of transmit antennas, M , receive antennas,
N , data streams, d, and RF chains, NRF. Also, assume that
the number of UL and DL users and the number of itera-
tions in the digital beamforming step of OMP are U and I ,
respectively. The asymptotic behavior of the computational
complexities of our proposed policies are shown in Table 2,
where the expression for the OMP-based HBF scheme is
equal to the sum of the complexities of the fully digital
beamforming step and the OMP method. Since the BD-based
HBF does not include any iterations between the transmitters
and receivers, it has low complexity. In line with this, as it
can be seen in Table 2, the big-O computational complexity
of the BD-based HBF method has a polynomial with degree
4. In contrast, the computational complexity of the OMP-
based HBF approach includes a polynomial with degree 5.
Therefore, the BD-based HBF scheme has lower computa-
tional complexity than the OMP-based HBF approach.

VI. SIMULATION RESULTS
In this section, we investigate the performance of our pro-
posed OMP-based and BD-based HBF schemes in an FD
MIMO multi-user mmWave cellular system through simu-
lations. First, we compare the achievable spectral efficiency
of the proposed OMP-based HBF scheme with the fully
digital one, and also contrast beamformer designs for the
FD system with that of a traditional HD scheme having the
relevant hardware configurations. Moreover, the performance
of the OMP-based HBF is compared with the HBF approach
for MUFD communications introduced in [12]. Then, the
average spectral efficiency and the computational complexity
of the BD-based HBF approach are compared with those for
the OMP-based HBF method.



TABLE 3. Simulation Parameters

Parameter Settings
Cell Radius 80m
Carrier Frequency 28GHz
Bandwidth 1GHz
BS Transmission power 40dBm-50dBm
User Transmission power 20dBm-30dBm
Thermal Noise Density −174dBm/Hz
Noise Figure BS: 5dB, User: 7dB
Path Loss (dB) (d in m) PL(d) = α+ 10β log10(d) + ψ

ψ ∼ N
(
0, σ2

)
NLoS parameters α = 72.0, β = 2.92, σ = 8.7dB
LoS parameters α = 61.4, β = 2.0, σ = 5.8dB
Probability of LoS PLoS(d) = e(−aLoSd), 1/aLoS = 67.1m
BS antenna 64× 64 λ/2 uniform linear array
UE antenna 8× 8 λ/2 uniform linear array
Number of Clusters Ncl ∼ max {Poisson(χ), 1} , χ = 1.8

Cluster power fraction γ′m = Uτ−1
m 10−

Zm
10 , Zm ∼ N

(
0, ς2

)
Um ∼ Uniform[0, 1], τ = 2.8, ς = 4

Since the application with the most potential for FD tech-
nology in cellular and mmWave systems is in small cells.
We evaluate the performance of the proposed algorithms in
a mmWave small cell deployments. The channel parameters
and the path loss model are taken from [3] and listed in
Table 3. We assume a cell area of radius r = 80 m with
the mmWave BS at its center, and 8 uplink users and 8
downlink users randomly placed within this area. Each user
has Ns = 2 data streams to transmit or receive. We then
compute a random path loss between the BS and users based
on the model in [3]. An accurate model for the SI channel
plays an important role in evaluating the performance of FD
systems. For the SI channel, we assume a LoS channel where
the distance between transmit and receive antennas is d = 1
m. We assume a set of two dimensional antenna arrays at both
the BS and the users. On the BS and user sides, the arrays
consist of 64×64, and 8×8 elements, respectively. The spac-
ing of the elements is set at half the signal wavelength. These
antenna patterns were used in [3] showing excellent system
capacity for small cell urban deployments. We consider two
cases for the number of RF chains, including case-1 with 2
RF chains at each user and 16 RF chains at the BS, and case-2
with 3 RF chain at each user and 24 RF chains at the BS. It is
worth mentioning that the maximum number of iterations of
fully digital beamforming step in the OMP-based HBF policy
is set to 50, and the results are averaged over 105 independent
channel realizations.

A. COMPARISON OF THE PROPOSED OMP-BASED HBF
WITH FULLY DIGITAL BEAMFORMING
In this section, the results for the UL and DL channels are
given when the power expenditure of the users and BS are
20 dBm and 40 dBm, respectively. The average spectral
efficiency of each UL and DL users in our proposed OMP-
based policy and the optimal unconstrained precoding and
combining scheme are shown in Fig. 3. In the HBF design,
we consider two cases for the number of RF chains at the BS
and users. As it can be seen from this figure, by adopting HBF
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FIGURE 3. The average spectral efficiency of each user for fully digital
beamforming and two cases of OMP-based HBF scheme with 20 dBm and 40
dBm transmit powers at the users and the BS, respectively.

technique, there is a loss in the spectral efficiency. However,
by increasing the number of RF chains to the case-2, the
spectral efficiency loss is reduced. Although a spectral loss
is observed in HBF approach, fully digital is impractical for
large scale antenna arrays and has a much higher cost.

B. COMPARISON OF OUR PROPOSED OMP-BASED
HBF POLICY WITH OTHER APPROACHES
In Fig. 4 and Fig. 5, the average spectral efficiency of our
proposed OMP-based HBF is compared with that for the
scheme introduced in [12], considering case-1 for the number
of RF chains. Since authors in [12] have not considered a
cellular set up and have studied an interference multi-user
MIMO channel, in order to be able to do this comparison,
we extended the proposed policy in [12] to a cellular set
up with a BS, UL, and DL users. As this figure depicts,
our proposed OMP-based HBF approach outperforms the
proposed scheme in [12], since our method directly deals
with spectral efficiency and authors in [12] have tried to min-
imize the SI and multi-user interference. For a comparison of
computational complexities, we refer to Section VI-D below.

C. COMPARISON OF FD AND HD TRANSMISSIONS
USING OMP-BASED HBF
In Fig. 6, the achievable spectral efficiency of the FD and HD
transmission modes and also mode selection approach using
OMP-based HBF are depicted when the transmit power of
BS is 40 dBm and the transmit power of users varies in the
range of [20 dBm, 30 dBm]. In the mode selection scheme,
at each transmission time slot, the scheduler compares the
performance of HD-DL, HD-UL, and FD modes and chooses
best of them [32]. As this figure illustrates the achievable
spectral efficiency of the mode selection method is higher
than the sum-rate of FD and HD transmission modes. The
reason is that by using mode selection method, we can take
advantage of all the available degree of freedom. In Fig. 7, the
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achievable spectral efficiency of the FD and HD transmission
modes and also mode selection approach are depicted when
the transmit power of UEs is 20 dBm and the transmit power
of BS varies in the range of [40 dBm, 50 dBm]. As this figure
illustrates mode selection method outperforms FD and HD
transmission modes in terms of sum-rate.

D. COMPARISON OF OMP-BASED AND BD-BASED HBF
APPROACHES
In Fig. 8, the performances of the proposed OMP-based and
BD-based HBF methods are compared for the two cases of
MRF = NRF = 2Ns and MRF = NRF = Ns for the
DL transmission. As it can be seen from these figures, when
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FIGURE 6. The average spectral efficiency of each user for mode selection,
FD and HD transmissions with Ns = 2 data streams and 40 dBm transmit
power at the BS.
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FIGURE 7. The average spectral efficiency of each user for mode selection,
FD and HD transmissions with Ns = 2 data streams and 20 dBm transmit
power at the users.

there exist 2Ns RF chains, the achievable spectral efficiency
of BD-based scheme is higher than that for the OMP-based
beamforming approach. However, when the number of RF
chains is as low as Ns, the OMP-based method outperforms
the BD-based beamforming method. The reason is that in
the BD-based approach, for the large number of RF chains,
the fixed amplitude condition can be removed and the digital
and RF beamformings are designed to minimize informa-
tion loss. Therefore, choosing between OMP-based and BD-
based HBF depends on the amount of available RF chains.



40 41 42 43 44 45 46 47 48 49 50
0

0.5

1

1.5

2

2.5

Block Diagonalization Based HBF, M
RF

=N
RF

=2N
s

OMP-based HBF, M
RF

=N
RF

=2N
s

Block Diagonalization Based HBF, M
RF

=N
RF

=N
s

OMP-based HBF, M
RF

=N
RF

=N
s

FIGURE 8. Comparison of the proposed OMP-based and BD-based HBF
methods in the DL channel for FD transmission with 20 dBm transmit power at
the UL users.

Policy introduced in [12] Proposed BD-based Policy Proposed OMP-based Policy
0

0.5

1

1.5

2

2.5

3

3.5
106

Fully digital beamforming step

Converting fully digital to hybrid beamforming

Total complexity

FIGURE 9. Computational complexity in the proposed OMP-based and
BD-based HBF schemes.

Finally, in Fig. 9, the number of complex multiplications
required for the proposed OMP-based and BD-based HBF
policies and the scheme introduced in [12] are shown con-
sidering case-1 for the number of RF chains and maximum
50 iterations for the OMP-based method. As we expect
based on the computational complexity analysis presented
in Section V-C, this figure illustrates that our proposed BD-
based HBF scheme has about 11% and 40% lower compu-
tational complexity compared to the proposed OMP-based
HBF approach and the policy introduced in [12], respectively.

VII. CONCLUSION
In this paper, we have considered the design of HBF filters
for mmWave multi-user MIMO FD cellular systems and
have proposed the two approaches of OMP-based and BD-
based HBF designs that maximize the sum-rate. In the first
method, the RF and baseband beamformers are optimized
jointly at each transmitter and the receiver. For this, we first

design the fully digital beamforming to minimize the sum-
MSE and then, by exploiting the spatial structure of mmWave
channels and uplink-downlink duality, sparse approximation
problems are formulated to design hybrid MIMO filters ap-
proximating the MMSE transmit/receive processors. In the
second proposed method, we have jointly derived transmit
precoders and receive combiners with a separate designs for
analog and digital beamformers. In this method, the iterations
between the transmitters and receivers are eliminated, and
hence, the computational complexity is reduced compared to
OMP-based HBF scheme. In the simulation results, it has
been shown that the proposed OMP-based HBF schemes
outperform HD HBF technique and has better performance
compared with other HBF approaches in the literature. Fur-
thermore, the proposed BD-based HBF scheme has been
found to improve over the OMP-based HBF in terms of sum-
data rate if the number of RF chains is at least double the
number of data streams. Hence, according to the number of
RF chains, we select either OMP-based or BD-based HBF
policy.

REFERENCES
[1] S. A. Busari, K. M. S. Huq, S. Mumtaz, L. Dai and J. Rodriguez,

“Millimeter-wave massive MIMO communication for future wireless sys-
tems: a survey,” IEEE Commun. Surveys & Tutorials, vol. 20, no. 2, pp.
836-869, 2018.

[2] T. S. Rappaport et al., “Millimeter wave mobile communications for 5G
cellular: It will work!” IEEE Access, vol. 1, pp. 335-349, May 2013.

[3] M. R. Akdeniz, Y. Liu, M. K. Samimi, S. Sun, S. Rangan, T. S. Rappaport,
and E. Erkip, “Millimeter wave channel modeling and cellular capacity
evaluation,” IEEE J. Sel. Areas Commun., vol. 32, no. 6, pp. 1164-1179,
June 2014.

[4] O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath, Jr.,
“Spatially sparse precoding in millimeter wave MIMO systems,” IEEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Mar. 2014.

[5] X. Yu, J.-C. Shen, J. Zhang, and K. B. Letaief, “Alternating minimization
algorithms for hybrid precoding in millimeter wave MIMO systems,” IEEE
J. Sel. Topics Signal Process, vol. 10, no. 3, pp. 485-500, Apr. 2016.

[6] J. Tropp and A. Gilbert, “Signal recovery from random measurements via
orthogonal matching pursuit,” IEEE Trans. Inf. Theory, vol. 53, no. 12, pp.
4655-4666, Dec. 2007.

[7] K. Satyanarayana, M. El-Hajjar, P. Kuo, A. Mourad and L. Hanzo, “Hybrid
beamforming design for full-duplex millimeter wave communication,”
IEEE Trans. on Vehicular Technology, vol. 68, no. 2, pp. 1394-1404, Feb.
2019.

[8] L. Liang, W. Xu, and X. Dong, “Low-complexity hybrid precoding in
massive multi-user MIMO systems,” IEEE Wireless Commun. Lett., vol.
3, no. 6, pp. 653-656, Dec. 2014

[9] M. Kim and Y. Lee, “MSE-based hybrid RF/baseband processing for
millimeter wave communication systems in MIMO interference channels,”
IEEE Trans. Veh. Technol., vol. 64, no. 6, pp. 2714-2720, June 2015.

[10] A. Alkhateeb, J. Mo, N. Gonzalez-Prelcic and R. W. Heath, “MIMO
precoding and combining solutions for millimeter-Wave systems,” IEEE
Commun. Magazine, vol. 52, no. 12, pp. 122-131, December 2015.

[11] M. N. Kulkarni, A. Ghosh, and J. G. Andrews, “A comparison of MIMO
techniques in downlink millimeter wave cellular networks,” IEEE Trans.
Commun., vol. 64, no. 5, pp. 1952-1967, May 2016.

[12] K. Satyanarayana, M. El-Hajjar, A. A. M. Mourad and L. Hanzo, “Multi-
user full duplex transceiver design for mmWave systems using learning-
aided channel prediction,” IEEE Access, vol. 7, pp. 66068–66083, 2019.

[13] A. Alkhateeb, G. Leus, and R. W. Heath, “Limited feedback hybrid
precoding for multi-user millimeter wave systems,” IEEE Trans. Wireless
Commun., vol. 14, no. 11, pp. 6481–6494, Nov. 2015.

[14] W. Ni and X. Dong, “Hybrid block diagonalization for massive multi-user
MIMO systems,” IEEE Trans. Commun., vol. 64, no. 1, pp. 201–211, Jan.
2016.



[15] X. Wu, D. Liu and F. Yin, “Hybrid beamforming for multi-user massive
MIMO systems,” IEEE Trans. on Commun., vol. 66, no. 9, pp. 3879-3891,
Sept. 2018.

[16] T. Lin, J. Cong, Y. Zhu, J. Zhang and K. Ben Letaief, “Hybrid beamform-
ing for millimeter wave systems using the MMSE criterion," IEEE Trans.
Wireless Commun., vol. 67, no. 5, pp. 3693-3708, May 2019.

[17] H. Yu, W. Qu, Y. Fu, C. Jiang and Y. Zhao, "A novel two-stage beam
selection algorithm in mmWave hybrid beamforming system," IEEE Com-
munications Letters, vol. 23, no. 6, pp. 1089-1092, June 2019.

[18] X. Xia, K. Xu, Y. Wang and Y. Xu, “A 5G-enabling technology: benefits,
feasibility, and limitations of in-band full-duplex mMIMO,” IEEE Vehicu-
lar Technology Magazine, vol. 13, no. 3, pp. 81–90, Sept. 2018.

[19] A. C. Cirik, R. Wang, Y. Hua, and M. Latva-aho “Weighted sum-rate
maximization for full-duplex MIMO interference channels,” IEEE Trans.
Commun., vol. 63, no. 3, pp. 801-815, March. 2015.

[20] A. C. Cirik, R. Wang, Y. Rong, and Y. Hua, “MSE-based transceiver
designs for full-duplex MIMO cognitive radios,” IEEE Trans. Commun.,
vol. 63, no. 6, pp. 2056-2070, June 2015.

[21] S. Huberman, and T. Le-Ngoc, “MIMO full-duplex precoding: A joint
beamforming and self-interference cancellation structure,” IEEE Trans.
Wireless Commun., vol. 14, no. 4, pp. 2205-2217, Apr. 2015.

[22] A. C. Cirik, “Fairness considerations for full duplex multi-user MIMO
systems,” IEEE Wireless Commun. Letters, vol. 4, no. 4, pp. 361-364, Aug.
2015.

[23] A. C. Cirik, O. Taghizadeh, L. Lampe, R. Mathar and Y. Hua, “Linear
transceiver design for full-duplex multi-cell MIMO systems,” IEEE Ac-
cess, vol. 4, pp. 4678-4689, 2016.

[24] Y. Niu, Y. Li, D. Jin, L. Su, and A. V. Vasilakos, “A survey of millimeter
wave communications (mmWave) for 5G: Opportunities and challenges,”
Wireless Networks, vol. 21, no. 8, pp. 2657-2676, Nov. 2015.

[25] X. Xia, K. Xu, D. Zhang, Y. Xu and Y. Wang, “Beam-domain full-duplex
massive MIMO: realizing co-time co-frequency uplink and downlink
transmission in the cellular system,” IEEE Trans. on Vehicular Technology,
vol. 66, no. 10, pp. 8845–8862, Oct. 2017.

[26] R. Mai, D. H. N. Nguyen and T. Le-Ngoc, “Joint MSE-based hybrid
precoder and equalizer design for full-duplex massive MIMO systems,”
in Proc. IEEE ICC, pp. 1–6, 2016.

[27] A. Koc and T. Le-Ngoc, “Full-duplex mmWave massive MIMO systems:
a joint hybrid precoding/combining and self-interference cancellation de-
sign,” in IEEE Open Journal of the Commun. Society, vol. 2, pp. 754-774,
2021.

[28] Z. Luo, L. Zhao, L. Tonghui, H. Liu and R. Zhang, “Robust hybrid precod-
ing/combining designs for full-duplex millimeter wave relay systems,” in
IEEE Trans. on Vehicular Technology, vol. 70, no. 9, pp. 9577–9582, Sep.
2021.

[29] H. Shen, B. Li, M. Tao, and X. Wang, “MSE-based transceiver designs for
the MIMO interference channel,” IEEE Trans. Wireless Commun., vol. 11,
no. 9, pp. 3480–3489, Nov. 2010.

[30] S. F. Cotter, B. D. Rao, K. Engan, and K. Kreutz-Delgado, “Sparse
solutions to linear inverse problems with multiple measurement vectors,”
IEEE Trans. Signal Process., vol. 53, no. 7, pp. 2477-2488, 2005.

[31] P. Viswanath and D. N. C. Tse, “Sum capacity of the vector Gaussian
broadcast channel and uplink-downlink duality,” IEEE Trans. Inf. Theory,
vol. 49, no. 8, pp. 1912-1921, Aug. 2003.

[32] R. Sultan, L. Song, K. G. Seddik, Y. Li and Z. Han, “Mode selection, user
pairing, subcarrier allocation and power control in full-duplex OFDMA
HetNets,” in Proc. IEEE ICCW, 2015.

[33] A. Ghosh, J. Zhang, J. G. Andrews, and R. Muhamed, “Fundamentals of
LTE,” Englewood Cliffs, NJ, USA, Prentice-Hall, 2010.

[34] K. Xu, Z. Shen, Y. Wang, X. Xia and D. Zhang, “Hybrid time-switching
and power splitting SWIPT for full-duplex massive MIMO systems: a
beam-domain approach,” in IEEE Trans. on Vehicular Technology, vol. 67,
no. 8, pp. 7257–7274, Aug. 2018.

[35] M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characteriza-
tion of full-duplex wireless systems,” in IEEE Trans. Wireless Commun.,
vol. 11, no. 12, pp. 4296–4307, Dec. 2012.

[36] H. Tang, Z. Ding, and B. C. Levy, “Enabling D2D communications
through neighbor discovery in LTE cellular networks,” IEEE Signal Pro-
cess., vol. 62, no. 19, pp. 5157–5170, Oct. 2014.

[37] K. Lee, W. Kang, and H.-J. Choi, “A practical channel estimation and feed-
back method for device-to-device communication in 3GPP LTE system,”
in Proc. ACM ICUIMC, 2014.

[38] Q. Shi, M. Razaviyayn, Z. Luo and C. He, “An iteratively weighted MMSE
approach to distributed sum-utility maximization for a MIMO interfering

broadcast channel,” IEEE Trans. on Signal Processing, vol. 59, no. 9, pp.
4331-4340, Sept. 2011.

[39] S. Bayati, M. Darabi, A. Mostafa and L. Lampe, “Resource allocation in
C-RAN with hybrid RF/FSO and full-duplex self-backhauling radio units,”
in Proc. IEEE ICC, pp. 1-7, 2021.

[40] Z. Shen, R. Chen, J. G. Andrews, R. W. Heath, and B. L. Evans, “Sum
capacity of multi-user MIMO broadcast channels with block diagonaliza-
tion,” IEEE Trans. Wireless Commun., vol. 6, no. 6, pp. 2040–2045, Jun.
2007.

[41] S. Payami, M. Ghoraishi, and M. Dianati, “Hybrid beamforming for
large antenna arrays with phase shifter selection,” IEEE Trans. Wireless
Commun., vol. 15, no. 11, pp. 7258–7271, Nov. 2016.

MOSTAFA DARABI (S’09) received the B.S. de-
gree in electrical engineering from K. N. Toosi
University of Technology (KNTU), Tehran, Iran,
in 2011, and the M.S. degree in electrical engi-
neering from University of Tehran, Tehran, Iran,
in 2014. He is currently pursuing the Ph.D. degree
at the University of British Columbia, Vancouver,
Canada. His research interests include wireless
communications, 5G and beyond cellular network,
and machine learning.

ALI CAGATAY CIRIK (S’07-M’14) received his
B.S. and M.S. degrees in telecommunications and
electronics engineering from Sabanci University,
Istanbul, Turkey, in 2007 and 2009, respectively,
and a Ph.D. degree in electrical engineering from
the University of California, Riverside in 2014.
During his Ph.D. studies, he interned with Mit-
subishi Electric Research Labs, MA, and Broad-
com Corporation, CA. He worked as an industrial
postdoctoral researcher at the University of British

Columbia, Vancouver, Canada, and Sierra Wireless, Richmond, Canada,
between November 2015 and October 2017. He is an inventor in over 50
granted patent applications and over 200 pending patent applications; and
has authored more than 50 IEEE publications. He is currently working at
Ofinno Technologies, Reston, Virginia, as a Principal Research Scientist. His
primary research interest is 5G NR beam management.

LUTZ LAMPE (M’02-SM’08) received the Dipl.-
Ing. and Dr.-Ing. degrees in electrical engineering
from the University of Erlangen, Erlangen, Ger-
many, in 1998 and 2002, respectively. Since 2003,
he has been with the Department of Electrical and
Computer Engineering, The University of British
Columbia, Vancouver, BC, Canada, where he is a
Full Professor. His research interests are broadly
in theory and application of wireless, optical wire-
less, optical fiber, power line and underwater

acoustic communications. He has served as an Associate Editor and a Guest
Editor for several IEEE journals, and as a General and Technical Program
Committee Co-Chair for IEEE conferences. He has been a Distinguished
Lecturer of the IEEE Communications Society and a (co-)recipient of a
number of best paper awards. He is a co-editor of the book "Power Line
Communications: Principles, Standards and Applications from Multimedia
to Smart Grid” (2nd ed.) by John Wiley & Sons.


