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ABSTRACT Design of full-duplex (FD) wireless systems faces many challenges, including selfinterference cancellation (SIC), capability to provide high capacity, high flexibility for operation, best
usage of resources, etc. In this paper, we propose and investigate a multicarrier-division duplex (MDD)
based hybrid beamforming system operated in FD mode, which is endowed with the advantages of both
time-division duplex and frequency-division duplex. It also shares some merits of FD and allows to be free
of self-interference (SI) in digital domain, but faces the same challenge of SI as the FD in analog domain.
Hence in this paper, we first propose an adaptive beamforming assisted SI cancellation scheme with taking
into account the practical requirement of analog-to-digital conversion (ADC). It can be shown that the
proposed approach is capable of jointly coping with the desired signals’ transmission and SI suppression.
Then, channel estimation (CEst) in MDD/MU-MIMO system is proposed by exploiting the reciprocity
between the uplink and downlink subcarrier channels that is provided by MDD. Correspondingly, the
orthogonality-achieving pilot symbols are designed, and the least-square (LS) CEst as well as linear
minimum mean-square error (LMMSE) CEst are derived. Finally, the performance of MDD/MU-MIMO
systems employing the proposed SIC method is investigated, with respect to the SI cancellation capability,
sum-rate potential, CEst performance, and the effect of CEst on the achievable performance. Our studies
show that MDD/MU-MIMO provides an effective option for design of future wireless transceivers.
INDEX TERMS Full-duplex, multicarrier-division duplex, self-interference cancellation, hybrid beamforming, channel estimation, least square, linear minimum mean square error.

I. INTRODUCTION

CHIEVING the highest possible spectral efficiency
to meet the demand of ever increasing data rate
has always been a top priority in the design of wireless
communication systems, especially, of the fifth-generation
(5G) (and beyond) wireless systems [1, 2]. Currently, all
wireless networks are operated in half-duplex (HD) mode,
based on either time-division duplex (TDD) or frequencydivision duplex (FDD). Specifically in cellular wireless
systems, downlink (DL) and uplink (UL) transmissions
are supported by different time-slots or different frequency

A

bands. However, these HD modes have some weakness in
terms of system performance and complexity, hindering
them from employment in future wireless systems. For
instance, although FDD enables DL and UL transmissions
at the same time and avoids interference between DL and
UL, the complexity and overhead for channel estimation
(CEst) in large-scale antenna systems may be unaffordable,
due to the incoherence of UL/DL channels. On the other
hand, TDD can benefit from the reciprocity between DL
and UL channels, making it possible that only base station
(BS) needs to estimate the UL channels, while the DL
1
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channel state information (CSI) can be derived from the UL
CEst. However, in TDD-based systems, guard time between
DL/UL switching is required, which may be significant in
future broadband wireless systems, yielding serious delay
and inefficient usage of resources [3].
Due to the limitation of TDD and FDD, full duplex (FD),
more specifically in-band full duplex (IBFD), has received
increasing interest in recent years, owing to its potential
to nearly double the capacity of a wireless channel [4–6].
However, to make IBFD systems feasible, it is critical to
efficiently suppress the self-interference (SI) generated by a
node’s transmitted signal on its own received signal, which
is usually significant in real wireless systems. According
to [4], for a IBFD-based BS to achieve a link signal-tonoise ratio (SNR) equating to that of a HD counterpart,
it is typically required to suppress SI by about 110 dB. To
achieve this target, various SI cancellation (SIC) techniques,
operated in propagation-, analog- or/and digital-domain,
have been proposed and investigated in literature, as seen,
for example, in the papers [4–9].
On the other hand, the heterogeneous wireless systems
in 5G and beyond will in no doubt rely on multicarrier
signaling, in the principles of orthogonal frequency division
multiplexing (OFDM) and non-orthogonal multiple access
(NOMA). Owing to this consideration, an out-band FD
(OBFD) scheme, referred to as multicarrier division duplex
(MDD), has been proposed in [10] and further studied in
[11, 12]. The studies of [12] show that MDD is capable
of exploiting the advantages of both FDD and TDD, and
employs the potential to outperform both the HD and IBFD
schemes in some application scenarios. To be more specific,
MDD may be deemed to be a frequency-domain counterpart
of TDD and hence, employs all the advantages of TDD. For
example, instead of a flexible UL/DL time-slot allocation,
MDD can rely on the flexible UL/DL subcarrier allocation to
attain the reciprocity between UL and DL. Like TDD, MDD
is also flexible to support asymmetrical UL/DL traffics
by assigning the corresponding number of subcarriers to
UL/DL. However, MDD may outperform TDD by saving
the guard-time required by the TDD for UL/DL switching.
MDD can also inherit the merits of FDD. For example, under FDD, there is no switch-over between the transmission
and receiving of a node on a same frequency. Similarly in
MDD, there is also no switch-over of this kind, provided
that the subcarriers assigned to a node for receiving and
transmission are not changed. MDD also outperform FDD
in terms of CEst, as MDD is capable of exploiting the
reciprocity between UL and DL for CEst, while the UL/DL
channels in FDD are not reciprocal. In other words, relying
on MDD, the CSI required for DL transmitter preprocessing
can be obtained from the CSI estimated from the UL receiving, with the aid of the frequency-domain correlation of
wireless channels. Furthermore, since in MDD systems, UL
channel training and DL transmission happen concurrently,
MDD mode can substantially mitigate the channel aging
problem that TDD/FDD modes experience, when channel’s

time-varying becomes relatively fast [13].
In comparison with the IBFD schemes [4, 5], where
transmission and receiving happen at the same time and on
the same frequency (subcarrier), MDD allows transmission
and receiving to use the same time and frequency resources
but different subcarriers. This arrangement allows to relax
the SIC requirement of IBFD, and achieve the SI-free signal
processing in digital-domain. Nevertheless, MDD is a type
of FD, it succeeds the challenges of general FD systems,
such as the effect of SI on receiver’s ADC. However, MDD
has its advantage that SI may be near-perfectly removed
in the digital domain, provided that the SI is sufficiently
suppressed in the propagation/analog domains, so that the
received signals (SI plus desired signal) fall within the
dynamic range of receiver’s ADC. In other words, once
SI is sufficiently suppressed in propagation/analog domains
so that the total received signals can be operated within
the ADC’s dynamic range, the FFT operation in receiver is
able to help to remove all the residual SI without any extra
complexity. Therefore, in MDD-based systems, SIC is only
required in the propagation and analog domains.
Owing to the merits of MDD as above-mentioned, in
this paper, we investigate the efficient SIC methods for
the MDD-based multiuser multiple-input multiple-output
(MDD/MU-MIMO) system, as well as its channel estimation by leveraging the correlation existing between DL and
UL subcarriers.
A. RELATED WORKS

From literature [14–19] we know that in the context of
the conventional FD MIMO systems, various SIC methods in the propagation and analog domains have been
proposed. These SIC methods may also be introduced to
the MDD/MU-MIMO systems. However, when MDD/MUMIMO system is in the large-scale, explained by the number
of transmit/receive antennas, the traditional SIC approaches
for MIMO may not be suitable, due to the consequence of
huge overhead and complexity. Fortunately, in this case, the
big number of antennas can be leveraged for SI suppression.
To this end, beamforming based SIC has become one of
the most important methods for SI reduction. Specifically
in [20], a full-digital precoder has been designed to point
SI signals to the null space of desired received signals
and, thereby, cancel the SI signals in analog domain. By
properly designing the full-digital precoders, SI can also be
suppressed along with the maximization of sum-rate [21,
22]. Instead of full-digital precoding, as shown in [23],
hybrid precoding is capable of achieving the SI reduction
of upto 30 dB. However, to the best of our knowledge,
on the joint design of desired signal transmission and SIC,
all the beamforming based SIC methods presented so far
only provide a fixed amount of SI reduction. This may
not satisfy the different requirements of analog-domain
SI reduction in practice and, consequently, causes large
quantization noise after ADC, if SI reduction is insufficient. Furthermore, in these references, only the point-to-
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point single-carrier MIMO communication scenarios have
been considered. Additionally, in [12], the MDD-assisted
point-to-point multicarrier MIMO system employing fulldigital precoder/combiner has been proposed and studied,
demonstrating that MDD-mode is capable of outperforming
HD and IBFD modes in some communication scenarios.
However, when antenna arrays become large, the full-digital
SIC methods are no longer feasible in hybird beamforming systems. Hence, to satisfy the requirement of ADC
in various communication environments, the study on the
dynamic SI reduction in the hybrid beamforming assisted
IBFD or OBFD systems is highly important, but has not
been considered in open literature.
B. CONTRIBUTIONS

Against the background, in this paper, we study the
MDD/MU-MIMO hybrid beamforming systems associated
with the following issues. Firstly, the SIC requirement for
ADC to efficiently operate in its dynamic range is modeled.
Then, to make MDD-mode feasible in large-scale MUMIMO systems, we propose an adaptive beamforming based
SIC method via analog precoder/combiner design in order to
dynamically suppress SI, which has not been investigated in
the open literature. Various design options are addressed by
taking account of the trade-off between performance and
complexity. Furthermore, zero-forcing (ZF) and minimum
mean squared error (MMSE) algorithms are respectively
introduced to design the digital precoder and combiner. Our
studies show that the proposed beamforming SIC method are
capable of simultaneously suppressing the SI while maintaining the performance of desired DL/UL communications,
when appropriate initialization is applied in the proposed
algorithms. Furthermore, our proposed method is capable of
providing SIC over a big dynamic range upto 300 dB, which
is achieved via applying different system configurations and
an appropriate number of SIC iterations.
Secondly, we address the CEst in MDD/MU-MIMO
systems, and consider the estimation of both UL and DL
channels by exploiting the correlation existing among subcarriers and the reciprocity existing between the UL and
DL channels. To be more specific, we first design a set
of frequency-domain orthogonality-achieving pilot symbols
(PSs) for estimating the UL/DL channels of all mobile
stations (MSs). Based on these orthogonality-achieving PSs,
the least square (LS) CEst is implemented to obtain the timedomain UL channel impulse response (CIR), from which the
UL/DL CIRs of all subcarriers are derived with the aid of
the above-mentioned subcarrier correlation and reciprocity
of UL/DL channels. Furthermore, we consider the CEst in
the scenario where employing orthogonality-achieving PSs
is impossible due to a big number of MSs and/or randomly
distributed UL subcarriers. Correspondingly, the CEst is
accomplished in the principles of linear minimum mean
square error (LMMSE).
Finally, we investigate and compare the performance
of the MDD/MU-MIMO systems. First, we demonstrate

the performance of the proposed SIC schemes. Then, the
spectral-efficiency performance of MDD/MU-MIMO systems with various beamforming aided SIC options is investigated and compared. Furthermore, the performance of
the proposed CEst schemes is demonstrated, and the impact
of CEst on the achievable spectral-efficiency is studied
and compared. Our studies show that the LS CEst relying
on the orthogonality-achieving PSs enables the MDD/MUMIMO system to achieve nearly the same sum-rate as
the counterpart system with perfect CSI. In the case that
orthogonality-achieving PSs are impossible, the LMMSE
CEst is promising, allowing to achieve the sum-rate close
to that attained under the assumption of perfect CSI.
The novelty of our work is compared with the related
works in Table 1. Note that in addition to the differences
stated in the table, the channel estimation in MDD-based
systems was not considered in [12]. The contributions of
this paper can be summarized as follows:
•

•

•

As both IBFD and OBFD have to implement efficient
SIC to make the FD-relied operations feasible, an
adaptive beamforming based SIC scheme is proposed
to achieve the ADC’s requirement for SI reduction.
The proposed SIC scheme is capable of providing a
big range of SIC in analog domain while at only little
cost of system performance. We also demonstrate the
impact of the Rician factor of SI channel, the number of
antennas and the angle between TX/RX antenna arrays
on the performance of SIC, from which we can gain
insight for the system configuration of not only the
MDD-based systems but also other IBFD systems.
Hybrid precoding and combining schemes with SIC
capability are designed for MDD/MU-MIMO systems.
The studies and performance results, including the
robustness of proposed SIC scheme and the performance of MDD/MU-MIMO systems, convince us the
effectiveness of the designed schemes and also the
merits of MDD-relied systems.
By leveraging subcarrier correlation and reciprocity
between UL and DL channels, an efficient CEst method
is presented for obtaining the CSI of both UL and DL
channels. Specific subcarrier allocation for frequencydomain pilot transmission is proposed to benefit CEst.
Furthermore, to reduce system overhead in more general scenarios, a CEst method based on LMMSE is
presented and studied, which is also capable of allowing MDD/MU-MIMO systems to achieve promising
performance.

The rest of the paper is organized as follows. In Section
II, we address the modeling in MDD/MU-MIMO systems,
including transmitter, channel and receiver models, as well
as the modeling of ADC. In Section III, the hybrid beamforming is designed with the objective to maximize sum-rate
while simultaneously meet the SIC target. CEst is studied
in Section IV, while simulation results are demonstrated in
Section V. Finally, in Section VI, we summarize the findings
3
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TABLE 1. Comparison of beamforming based SIC methods.

System model

Operation mode

SIC method
Hybrid beamforming SIC;
Digital-domain SIC by FFT operation

This paper

Large-scale MU-MIMO

MDD (OBFD)

[9], [20]
[21]
[22]
[23]

MU-MIMO
Point-to-point MIMO
MU-MIMO
Point-to-point MIMO

IBFD
IBFD
IBFD
IBFD

[12]

Point-to-point MIMO

MDD (OBFD)

IFFT

Digital
Precoder

DAC
&
RF

.
.
.

Analog
Precoder

IFFT

FFT

Digital
Combiner

+CP

Full-digital beamforming SIC
Full-digital beamforming SIC
Full-digital beamforming SIC
Hybrid beamforming SIC
Full-digital beamforming SIC;
Digital-domain SIC by FFT operation

+CP

-CP

DAC
&
RF

RF
&
ADC

.
.
.
FFT

Analog
Combiner
-CP

RF
&
ADC

Digital Beamforming
Hybrid Beamforming

Feature
SIC requirement modeling of ADC;
Provide SI reduction upto 300 dB;
Joint design of desired transmission and SIC
Different antenna array deployments
Joint design of desired transmission and SIC
Joint design of desired transmission and SIC
Provide SI reduction upto 30 dB
Consideration of ADC requirement

space, and both of them are equipped with the uniformly
spaced linear antenna array (ULA). We assume OFDMassisted data transmission, that the channels between BS
and MSs experience frequency selective fading, and that
sufficient cyclic prefix (CP) is invoked to avoid inter-symbol
interference (ISI). Furthermore, following the principles
of MDD [12], subcarriers are divided into two mutually
exclusive subsets, namely a DL subcarrier subset M with
M subcarriers, and an UL subcarrier subset M̄ with M̄
subcarriers, i.e., |M| = M and |M̄| = M̄ . The total
number of subcarriers is expressed as Msum = M + M̄ .
We assume that UL/DL MSs are scheduled in such a way,
so that the interference generated by UL MSs on a DL MS
is sufficiently low, without distorting the operation of the
DL MSs’ receiver ADCs.

FIGURE 1. Schematic diagram of the MDD/MU-MIMO system.

A. COMMUNICATIONS CHANNEL MODEL

from research and consider their implications.
Throughout the paper, the following notations are used:
A , a and a are for matrix, vector, and scalar, respectively;
A represents set; a (i) denotes the i-th element of a , and
A|, A ∗ , A T , A −1
A (i, j) denotes the (i, j)-th element of A ; |A
H
and A represent, respectively, the determinant, complex
conjugate, transpose, inverse and Hermitian transpose of
A ; diag(a, b, ...) means a diagonal matrix with the diagoa) means a diagonal matrix
nal entries of (a, b, ...), diag(a
formed from a , and I N denotes a (N × N ) identity matrix; CN (00, A ) represents the zero-mean complex Gaussian
distribution with covariance matrix A ; Furthermore, Tr(·),
log(·) and E[·] denote the trace, logarithmic and expectation
operators, respectively.
II. SYSTEM MODEL

We consider a MDD/MU-MIMO system, where a N element transmit antenna array at BS uses NRF radiofrequency (RF) chains to serve D DL mobile stations (MSs)
and simultaneously, a N̄ -element receive antenna array also
at BS uses N̄RF RF chains to serve D̄ UL MSs. Hence,
the total number of MSs is Dsum = D + D̄. All MSs
are equipped with single antenna. In our proposed system,
the BS works in MDD mode, while MSs are operated
in HD mode. As shown in Fig. 1, we assume that the
transmitter and receiver at BS are reasonably separated in

The channel between the n-th transmit antenna at BS and
the d-th DL MS is modeled by a L-tap frequency-selective
fading channel, with the time-domain CIR (TDCIR) expressed as [24]
T
g DL
n,d = [gn,d [1], ..., gn,d [l], ..., gn,d [L]]

(1)

DL
DL
where gn,d
[l] = αn,d,l
follows a complex Gaussian distriDL
bution of αn,d,l ∼ CN (0, 1/L). Similarly, the UL channel
¯
between the d-th
UL MS and the n̄-th receive antenna
at BS is defined as the L-tap TDCIR expressed as g UL
.
n̄,d¯
Furthermore, when the same frequency band is considered,
UL
which is the case in MDD mode, we have g DL
n,d = g n,d ,
meaning that there is no distinction between UL and DL
channels, i.e., they are reciprocal. Hence, when there is no
confusion, the notations ‘DL’ and ‘UL’ are removed.
According to the principles of OFDM [10], the frequencydomain CIR (FDCIR) h n,d can be obtained as

h n,d = F Ψ g n,d

(2)

where F ∈ CMsum ×Msum is the FFT matrix, Ψ ∈ CMsum ×L is
constructed by the first L columns of I Msum . Furthermore,
UL
the DL subchannels h DL
n,d and UL subchannels h n,d between
the n-th antenna at BS and the d-th MS can be obtained from
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(2), which can be expressed as
h DL
n,d
hUL
n,d

=

Φ TDLh n,d

=

ΦTULhn,d

T

= [hn,d [1], ..., hn,d [m], ..., hn,d [M ]] (3)

T
= hn,d [1], ..., hn,d [m̄], ..., hn,d [M̄ ]
(4)

where Φ TDL ∈ CM ×Msum and Φ TUL ∈ CM̄ ×Msum are the
mapping matrices, constructed from I Msum by choosing the
columns corresponding to the particular subcarriers assigned
to DL and UL, respectively.

where PDL is the transmit power of DL, while 10 dB is
added to account for the PAPR, as an OFDM signal’s power
may rise upto 10 dB above the average power [28].
After the propagation- and analog-domain SIC, the SI
input to ADC of BS receiver is PSI = PDL − CSI , where
CSI is the total SI reduced in the propagation- and analogdomains. Hence with the aid of (8), we know that when
Demand
given PDL , the SIC should satisfy PSI ≤ PDL − CSI
,
yielding the SIC requirement of
Demand
CSI
PDL
≥ 10 10
PSI

B. SELF-INTERFERENCE CHANNEL MODEL

Since both UL and DL are operated in the same frequency
band based on MDD, the MDD/MU-MIMO system experiences self-interference (SI), as shown in Fig.1. We assume
that the SI channel experiences Rician fading, constituting
both line-of-sight (LOS) component and non-line-of-sight
(NLOS) component, which is expressed as [23]
r
r
κ
1
LOS
H SI +
H NLOS
(5)
H SI =
κ+1
κ + 1 SI
where κ is the Rician factor. As the transmit and receiver
antennas at BS are close to each other, H LOS
denotes the
SI
LOS near-field flat fading channel, with the (i, j)-th element
expressed as [25]

ρ
rij 
H LOS
(i,
j)
=
exp
−j2π
(6)
SI
rij
λ
where ρ is the power normalization constant making
2
H LOS
E[||H
SI ||F ] = N N̄ , rij is the distance between the i-th
element of transmit array and the j-th element of receive
array, and λ is the wavelength. By contrast, H NLOS
in (5)
SI
denotes the NLOS channel, which is assumed to follow
the flat Rayleigh fading, with its elements obeying the
distribution of H NLOS
(i, j) ∼ CN (0, 1).
SI
C. REQUIREMENT OF SELF-INTERFERENCE
CANCELLATION

Above we have provided the channel models in the
MDD/MU-MIMO systems, and analyzed the target for SI
cancellation. Below we start considering the transceiver
design for the MDD/MU-MIMO systems.
D. TRANSMITTER MODEL

For DL transmission, let the symbol vector transmitted by
BS on the DL subcarriers be expressed
as x DL [m] ∈ CD×1 ,

xDL [m]H = I D .
which is normalized to satisfy E x DL [m]x
In order to mitigate SI and attain beamforming gain, at
transmitter, x [m] is processed by a precoder F [m] ∈ CN ×D ,
F [m]k2F ≤ Pm , where Pm is the
with the constraint of kF
maximum transmit power of the m-th
DL subcarrier. The
PM
total transmit power of DL satisfies m=1 Pm ≤ PDL . As
shown in Fig. 1, the transmitter precoder constitutes a digital
precoder F BB [m] for each individual DL subcarrier and an
analog precoder F RF that is common to all DL subcarriers.
Hence, the overall precoding for a DL subcarrier can be
expressed as F [m] = F RFF BB [m], where F RF ∈ CN ×NRF ,
and F BB [m] ∈ CNRF ×D . The baseband signal transmitted
on the m-th subcarrier can be expressed as
xDL [m], m = 1, 2, . . . , M
s DL [m] = F [m]x

(10)

where s[m] ∈ CN ×1 .

In full-duplex systems, ADC is the most critical component determining the system operability and achievable
performance. A practical ADC has only limited dynamic
range and resolution. Hence, if the input signal to an ADC
is beyond a particular level, the signal will be distorted,
yielding large quantization noise and non-linear distortion,
which would further decrease the performance of the following digital-domain signal processing [26]. Specifically,
when assuming a Q-bit ADC, the signal to quantization
noise ratio (SQNR) is about 6.02Q [27]. When given the
bandwidth of B (Hz), the noise floor at receiver is given
by [5] −174+kN +10log(B) dBm, where kN is noise factor.
Hence, the maximum input signal power to the receiver is
smax (dBm) = −174 + kN + 10log(B) + 6.02Q

(9)

(7)

Therefore, for a SI contaminated signal to pass an ADC
without distortion, the propagation- and analog-domain SI
cancellation should provide the SIC of at least [26]
Demand
CSI
(dB) = PDL (dBm) − smax (dBm) + 10(dB) (8)

E. RECEIVER MODEL

When given the transmitted signal as shown in (10), the
received signals by the D MSs from the m-th subcarrier can
be expressed as
F [m]x
xDL [m] + z DL [m]
y DL [m] = H DL [m]F

(11)

where H DL [m] ∈ CD×N and z [m] ∼ CN (00, σ 2I D ) are the
DL channel matrix and additive Gaussian noise corresponding to the m-th DL subcarrier, respectively. It is noteworthy
that for simplicity we ignore the interference from UL MSs
to DL MSs in (11), so that we can focus on the SIC and
channel estimation in MDD/MU-MIMO systems1 .
On the other side, the signals transmitted at BS also
propagate to its receive antenna array for the UL. This SI
1 Note furthermore that the interference from UL MSs to DL MSs in FDbased systems can be effectively mitigated via the scheduling at medium
access control (MAC) layer [29–31]. However, the in-depth research in the
context of MDD-based systems is required, which will be addressed in our
future work.

5

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3020910, IEEE Access
B. Li et al.: Self-Interference Cancellation and Channel Estimation in Multicarrier-Division Duplex Systems with Hybrid Beamforming

signal at m-th subcarrier after the analog combining can be
expressed as
xDL [m]
y SI [m] = W H
RFH SIF [m]x

(12)

In (12), W RF ∈ CN̄ ×N̄RF is the analog combiner, which is
regarded as the pseudo-identity matrix in digital beamforming system, i.e. W RF = I N̄ ×N̄RF [32]. Based on (12), the
total SI power
in the BS receiver is given
PM entering the ADC
2
by PSI = m=1 E kyy SI [m]k2 .
Note that the distance between the transmitter and receiver arrays at BS is much smaller than the communication
links from MSs to BS, which leads to SI signals to be
50-100 dB stronger than the desired signals received from
UL. This means that although DL and UL are operated on
different subcarriers, prior to digitization, UL signals would
be overwhelmed by SI signals in ADC, if propagation- and
analog-domain SIC cannot provide sufficient SI reduction.
In this case, quantization noise may be significant and unable to be mitigated by any digital-domain signal processing
techniques. Therefore, a certain amount of SI reduction has
to be achieved to satisfy (9) prior to the ADC at receiver. On
the other side, provided that the constraint of (9) is satisfied,
as shown in Fig. 1, the received digital signals after RF
processing and ADC can be expressed as
xUL [m̄]
y UL [m̄] = W H
RFH UL [m̄]x
X
H
xDL [m] + W H
+
W RFH SIF [m]x
RFz UL [m̄]

(13)

m∈M

where
x UL [m̄] denotes
the UL data symbols satisfying


xDL [m]x̄
xDL [m]H = I D̄ , z UL [m̄] is the complex GausE x̄
sian noise obeying the distribution of CN (0, σ 2I N̄ ). Furthermore, after CP removing and digital-domain SIC by FFT
operation, the final signal for UL detection can be expressed
as
H

for m̄ = 1, 2, . . . , M̄ , where W [m̄] = W RFW BB [m̄],
W BB [m̄] ∈ CN̄RF ×D̄ .
III. ADAPTIVE BEAMFORMING-AIDED
SELF-INTERFERENCE CANCELLATION

In this section, we address the beamforming-aided SIC
implemented via the design of hybrid precoder/combiner.
The objective of SIC is to make the SIC requirement of (9)
be satisfied.
According to (12), the power of SI signals before ADC
can be evaluated as
M
X


PSI =
E Tr y SI [m]H y SI [m]
m=1

= Tr

M
X

A. PRECODING OPTIMIZATION AIDED SELFINTERFERENCE CANCELLATION

The first design option assumes that SI suppression
is solely depended on the design of F RF at transmitter.
Thereby, the design of combiner at receiver only focuses
on the UL transmissions without considering the impact
of SI. In this paper, we consider the MMSE method for
UL combining [33], and the full-digital combiner can be
expressed as [34]

2 −1
HH
W MMSE [m̄] = H UL [m̄]H
H UL [m̄],
UL [m̄] + σ I
m̄ = 1, 2, . . . , M̄ .
(16)
Then, the hybrid UL combiners can be designed to approximate W MMSE [m̄], formulated as
arg

M̄
X

min
W BB [1],...,W
W BB [M̄ ]
W RF ;W

W MMSE [m̄] − W RFW BB [m̄]k2F
kW

m̄=1

W RF (i, j)| = 1, ∀i, j
subject to |W

!
FH
F BB [m]F
BB [m]

m=1

(15)
From this equation we can know that PSI is proportional
0
H
H
FH
to PSI = Tr(F
RFH SI W RFW RFH SIF RF ). Hence, PSI can be

(17)

The optimization problem of (17) is a typical one in the
design of hybrid beamforming, which can be solved by
different algorithms, such as that in [35–39]. Specifically
in the performance study in Section V of this paper, we introduce the projected gradient descent (PGD) algorithm [38,
39]. Readers interesting in the details of the algorithm are
referred to these reference.
After W RF is obtained, the SI suppression can be executed
based on the optimization of
F RF )
arg min f (F
F RF

H

H UL [m̄]x
xUL [m̄] + W [m̄]zz UL [m̄] (14)
y UL [m̄] = W [m̄]H

H
H
FH
RFH SI W RFW RFH SIF RF

0

reduced via minimizing PSI . Therefore, according to the
0
structure of PSI , we consider two design options for SIC,
which are depended on the optimization of F RF and W RF ,
respectively, in analog domain.

(18a)

F RF (i, j)| = 1, ∀i, j
subject to |F
(18b)
Demand
C
PDL
SI
≥ 10 10
(18c)
PSI
H
H
F RF ) = Tr(H
H wF RFF H
where f (F
RFH w ) with H w = W RFH SI .
However, this optimization problem is non-convex and hard
to solve. To circumvent this dilemma and reduce the computational complexity, we propose an adaptive algorithm based
on the cyclic coordinate descent (CDC) algorithm [40–43],
so as to dynamically suppress SI. It is noteworthy that
the performance of the CDC algorithm is sensitive to the
initialization [44]. Hence, in order to suppress SI while
simultaneously maintain the required performance of DL,
the initialization of F RF is very important in our algorithm.
In Section V-A, we will investigate the effect of the initialization of F RF on the achievable performance. Furthermore,
to calculate PSI during the optimization process, the digital
precoder for the m-th subcarrier is assumed to be in ZF
principle, which yields
−1 1
H
HH
F ZF
P 2 [m], m ∈ M
BB [m] = H eq [m] H eq [m]H
eq [m]
(19)
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F RF is the resultant channel after
where H eq [m] = H DL [m]F
the analog precoding, P [m] = diag(p1 [m], p2 [m], ..., pD [m])
is obtained from the water-filling algorithm [45].
To solve the optimization problem (18) iteratively, the
element F RF (i, j) is firstly optimized by assuming that all
the other elements are fixed. In this case, (18a) can be
simplified to
H

(j)
H
F RF ) = Tr(A
Aj ) + f (j)
f (F
RF H w H wf RF

where

H̃
ζij

H̃
H̃
Aj ) + ζij
F ∗RF (i, j)ηij
= Tr(A
+ 2Re{F
}
(20)
X

H j (i, i) + 2Re
=
H̃
F ∗RF (m, j)
m6=i,n6=i

X

H̃
H j (m, n)F
F RF (n, j) , ηij
=
H̃

H j (i, m)F
F RF (m, j), assoH̃

m6=i
j

j

Hj = HH
F RF (F̄
F RF )H H H
ciated with H̃
w H w , and A j = H wF̄
w,
j
F RF denotes a matrix obtained from F RF with its
where F̄
(j)
j-th column f RF removed.
Since all the elements in F RF other than F RF (i, j) are
H̃
H̃
fixed, A j , ζij
and ηij
seen in (20) are complex constants.
Furthermore, under the modulus constraint of the analog
precoder, i.e., F RF (i, j) = e−jθij , (20) can be re-stated as
Aj ) +
g(θij ) =Tr(A

H̃
ζij

H̃ jθij
2Re{ηij
e }

+

Aj ) +
=Tr(A

H̃
ζij

H̃ jθij
H̃ ∗ −jθij
+ ηij
e
+ (ηij
) e

(21)

Now the optimization is converted to an extreme-value
problem, which can be readily solved. In detail, upon taking
the derivative of g(θij ) with respect to θij , we obtain
∂g(θij )
H̃ jθij
H̃ ∗ −jθij
−j(ηij
) e
= 0, which is equivalent
∂θij = jηij e
to
H̃
H̃
Re{ηij
} sin(θij ) + Im{ηij
} cos(θij ) = 0

(22)

(23)

where


H̃ 
Im{ηij
}
H̃

sin−1
,
if Re{ηij
} ≥ 0,
H̃
|ηij |
φij =


H̃

H̃
π − sin−1 Im{ηH̃ij } , if Re{ηij
}<0

= −φij ,
(25)

However, there is only one solution yielding a minimum
value of g(θij ), i.e., the optimum solution. Hence, the final
solution to θij is given by
(opt)
(1)
(2) 
θij = arg min g(θij ), g(θij )
(26)
(1)

10:
11:
12:
13:
14:

Solving (24) under the constraint of θij ∈ (0, 2π), we obtain

= π − φij .

8:
9:

(24)

|ηij |

(1)
θij
(2)
θij

Algorithm 1 Precoding optimization aided SIC (Option 1)
Demand
Require: Pm , PDL , CSI
1: Compute W BB [m̄] and W RF by the PGD method after
obtining W MMSE [m̄] in (16).
2: Initialize F RF .
3: for 1 ≤ j ≤ NRF , do
4:
for 1 ≤ i ≤ N , do
H̃
5:
Calculate ηij
and g(θij ) in (20) and (21), respectively;
(1)
(2)
6:
Derive θij and θij via minimizing g(θij );
(opt)
(1)
(2) 
7:
Find θij : = arg min g(θij ), g(θij ) ;
(opt)

Let us represent it in the form of
H̃
|ηij
| sin(θij + φij ) = 0

to a local minimum. Hence, before reaching the minimum,
SI can be gradually suppressed with the increase of the
number of iterations. A shortcoming of the CDC algorithm
is that convergence is usually slow and dependent on the cost
function of (18a), which in turn related to the SI channel
and antenna configurations [27]. Nevertheless, once the
condition of (18c) is satisfied, meaning that the SI reduction
provided by beamforming is sufficient to make ADC work
efficiently, more iterations for further SI reduction is no
longer necessary. Hence, once the constraint of (18c) is met,
the process of SI suppression can be terminated to save
time. In Section V-A, we will demonstrate the convergence
performance of the CDC algorithm.
In summary, the first design option is stated as Algorithm 1. For UL reception, when given W MMSE [m̄], the
hybrid combiner is obtained by the PGD algorithm. For
SI suppression, after the initialization of F RF , the analog
precoder is iteratively updated to reduce the SI power based
on the CDC algorithm, until the SIC meets the requirement.
During every iteration, the digital precoder F BB [m] is derived based on ZF method and water-filling algorithm.

(2)

θij ,θij

The above optimization process is repeated with respect
to each of the elements in F RF , and the elements of F RF
are iteratively optimized until the cost function converges

15:
16:
17:

F RF (i, j) = e−jθij ;
end for
end for
for 1 ≤ m ≤ M , do
Derive P [m] based on the water-filling algorithm;
H
−1
H eq [m]H
HH
Compute F ZF
eq [m])
BB [m] = H eq [m](H
1
P 2 [m], where H eq [m] = H DL [m]F
F RF ;
×P
end for
M
P
2
Calculate the power of SI: PSI =
E kyy SI [m]k2 .
PDL
PSI

Demand
CSI
10

m=1

, ∀m, store F RF and F ZF
If
≥ 10
BB [m].
Else, go to Step 3.

B. COMBINING OPTIMIZATION AIDED SELFINTERFERENCE CANCELLATION

In the context of the second design option, we assume
that N̄ > N . In this scenario, the analog precoder F RF is
derived via maximizing the DL spectral efficiency without
considering the effect of the SI on the UL receiving. Instead,
SI suppression is only attempted by the design of W RF .
Therefore, the design of the hybrid combiner in Option 2
7
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is similar to the design of the hybrid precoder in Option
1, except that there is no power allocation in combiner’s
design. Furthermore, the analog and digital precoders in
Option 2 can be designed by employing the PGD algorithm,
when an overall precoder in the form of (19) is prepared.
It can be argued that the design in Option 2 has lower
complexity than that in Option 1. The reason is that in
Option 1, the digital precoder and analog precoder need to
be iteratively updated, so that the SI on the UL receiving
is gradually reduced to an allowed value. By contrast, in
Option 2, once the hybrid DL precoder is obtained, the SI on
UL receiver becomes stable. Hence, no iteration is required
between the design of the digital combiner and that of the
analog combiner. In other words, the analog combiner can
be firstly designed to suppress SI to a sufficient level. Then,
digital combiner can be derived for a fixed analog combiner.
In summary, the design in Option 2 is stated as Algorithm
2.
It is worth noting that following Options 1 and 2, there is
a third option for the design, which optimizes W RF and F RF
jointly. However, it can be shown that the SIC performance
is mainly determined by the DL transmitter or UL receiver,
depending on which of them has more antenna elements. As
demonstrated in Section V, the side (either DL transmitter or
UL receiver) with less antenna elements can hardly provide
any gain for SIC. Owing to this, the third design option is
not further considered in this paper.
Algorithm 2 Combining Optimization Aided SIC (Option
2)
Demand
Require: Pm , PDL , CSI
1: Derive full-digital precoder F ZF [m] and divide it into
F RF and F BB [m] based on PGD
2: Initialize W RF .
3: Design W RF by following Step 3 to Step 10 in Algorithm 1.
M
P
2
4: Calculate the power of SI: PSI =
E kyy SI [m]k2 .

associated conditions. Then, the CEst in the scenario of
non-orthogonal transmission is considered. Note that, below
we only consider the CEst of communication channels. The
SI channel can be estimated by the various approaches
proposed in references, e.g., in [46–49].
By observing (2), (3) and (4), we can know that the
CEst can be initialized with the UL training in frequencydomain. Using the frequency-domain training, the timedomain channel g n,d can be estimated. Then, from g n,d both
the DL and UL channels of the subcarriers can be obtained
with the aid of (3) and (4).
Let us assume that all MSs synchronously transmit their
PSs. For CEst, we assume that each MS transmits PSs on all
the UL subcarriers. The fading of channels is assumed to be
slow enough for making use of the reciprocity for UL/DL
processing. Then, consider that
 the PSs transmitted by the
T
d-th MS are given by x d = xd [1], ..., xd [m̄], ..., xd [M̄ ] ,
where d is either a UL MS or a DL MS. The received
signal from the m̄-th subcarrier by the n-th antenna (either
the transmit or receive antenna at BS) can be expressed as
D

sum
√ X
hn,d [m̄]xd [m̄] + zn [m̄],
yn [m̄] = ρr

d=1

m̄ = 1, ..., M̄

(27)

where zn [m̄] ∼ CN (0, σ 2 ) is the additive complex Gaussian
noise, ρr represents the average transmit
T power per symbol
per MS. Let y n = yn [1], . . . , yn [M̄ ] . Then, we can have
an expression of
yn =
=

√

ρr

√
ρr

D
sum
X
d=1
D
sum
X

X dh UL
n,d + z n
X dΦ TULF Ψ g n,d + z n

(28)

d=1

If PPDL
≥ 10 10 , ∀m, store W RF ;
SI
Else, go to Step 3.
for 1 ≤ m ≤ M̄ , do

2 −1
HH
Compute W BB [m̄] = H eq [m̄]H
eq [m̄] + σ I
H eq [m̄], where H eq [m̄] = W H
×H
RFH UL [m̄];
end for

xd }, z n ∼ CN (00, σ 2I M̄ ), h UL
where X d = diag{x
n,d is given
T
by (4), and with the aid of (2), i.e., h UL
=
Φ
F
UL Ψ g n,d , y n
n,d
is directly expressed in terms of the TDCIR g n,d .
From (28), we can see that if the PSs can be designed to
satisfy
(
H

X iΦ TULF Ψ
X iΦ TULF Ψ = %II L ,
(29)
H

X j Φ TULF Ψ = 0 L , ∀ i 6= j
X iΦ TULF Ψ

IV. CHANNEL ESTIMATION IN MDD/MU-MIMO SYSTEMS

where % is a constant, then the TDCIR g n,i from MS i can
be readily estimated by the LS method, given by

5:
6:
7:
8:
9:

Demand
CSI

m=1

As argued in Section I of introduction, in MDD/MUMIMO systems, the DL channels can be estimated based
on the observations received from the UL channels by
exploiting the reciprocity existing between the DL and UL
subchannels, which is generated by the frequency-domain
correlated fading. In this section, we consider the CEst
in MDD/MU-MIMO systems. We first consider the CEst
based on orthogonal transmission and focus on the design
of frequency-domain pilot symbol (PS) vectors and the

H
1
ĝg n,i = √
X iΦ TULF Ψ y n
% ρr

(30)

Furthermore, if MS i is a UL user and Antenna n is
the receive antenna at BS, then BS uses (4) to obtain
the frequency-domain channel gains for UL detection. By
contrast, if MS i is a DL user and Antenna n is the transmit
antenna of BS, then BS uses (3) to obtain the frequencydomain channel gains for DL precoding.

8
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The set of PSs satisfying (30) are referred to as the
orthogonality-achieving PSs. With the aid of the approach
proposed in [50], it can be shown that if M̄ ≥ L and the
M̄ UL subcarriers are evenly distributed among the Msum
subcarriers, the set of PSs given by
i
h
(d−1)ξ
2(d−1)ξ
(M̄ −1)(d−1)ξ T
M̄
xd = 1, ej2π M̄ , ej2π M̄ , · · · , ej2π
,
1 ≤ d ≤ Dsum
(31)
k
j
where ξ = DM̄sum , are orthogonality-achieving PSs. Hence,
we have the following Proposition.
k
j
Proposition 1. When ξ = DM̄sum ≥ L, and the M̄ number
of UL subcarriers are evenly distributed with a spacing of
l = Msum /M̄ , the Dsum PSs given in (31) make the matrices
P [d] = X dΦ TULF Ψ for d = 1, ..., Dsum mutually orthogonal.
Proof. See Appendix.
However, if the conditions stated in Proposition 1 are
not satisfied, or more random PSs are used, orthogonalityachieving PSs may not be available. In this case, we can
write (28) as
y n = Q ig n,i + T i + z n
(32)
√
ρrX iΦ TULF Ψ , and T i =
where by definition, Q i =
√ PDsum
T
ρr d=1,d6=i X dΦ ULF Ψ g n,d is the interference signal
from other MSs. In order to suppress the interference from
the other MSs, let us introduce the LMMSE estimator for
CEst. Then, the estimate to g n,i in (28) can be expressed
as ĝg n,i = A H
n,iy n , where A n,i achieving MMSE can be
obtained from the minimization problem formulated as
h
i
2
H
A LMMSE
g
−
A
y
=
arg
min
E
(33)
n,i
n
n,i
A

Assume that the TDCIRs from MSs are uncorrelated, i.e.,
0
E[gg n,dg H
n,d0 ] = 0 , ∀d 6= d , which is usually satisfied as MSs
are in general well separated in space. Then, the solution to
(33) is
−1 


1
1
H
H
2
T
Q
Q
+
E[T
T
]
+
σ
I
Q
A LMMSE
=
i i
i i
i
M̄
n,i
L
L
(34)
ρr PDsum
T
H H ∗
H
T iT H
where E[T
i ]= L
d=1,d6=i X dΦ ULF Ψ Ψ F Φ ULX d .
Correspondingly, the estimate ĝg n,i is given by

−1
1 H 1
H
H
2
T iT i ] + σ I M̄
ĝg n,i = Q i
Q iQ i + E[T
yn
L
L
(35)
It is well-known that LMMSE yields biased estimation.
To attain an unbiased estimator, we can form the estimate
as
h
H i−1
ǧg n,i = A LMMSE
Qi
ĝg n,i
(36)
n,i
Again, after obtaining the estimation of ǧg n,i , if MS i is
a UL user and Antenna n is the UL receive antenna at BS,
BS uses (4) to obtain the frequency-domain channel for UL
detection. By contrast, if MS i is a DL user and Antenna n

is the DL transmit antenna at BS, BS uses (3) to obtain the
frequency-domain channel for DL precoding.
V. PERFORMANCE RESULTS

In this section, we first evaluate the SIC performance.
Then, under the assumption of ideal CEst, the performance
results for the MDD/MU-MIMO systems are depicted and
discussed, when the precoder and combiner designed in
Section III are employed. Then, the performance of the CEst
method introduced in Section IV is investigated. Finally,
we present the simulation results for the MDD/MU-MIMO
systems when the LS and LMMSE CEsts are employed.
In our simulations, we assume the channel model as
presented in Section II-A, and the ULA at BS with the halfwavelength spacing between two adjacent antenna elements.
The distance rij between the i-th element of transmitter and
the j-th element of receiver is set according to [21] and
the default angle between the transmitter array and receiver
array is ϕ = 120◦ . We further assume that the number of
CIR taps for communications channel is L = 4. For the SI
channel, we set κ = 20 dB as a default value.
A. SELF-INTERFERENCE CANCELLATION

According to [51], we assume that the transmit power
of BS and the signaling bandwidth are PDL = 30 dBm
and B = 20 MHz, respectively. The total transmit power
is uniformly allocated to the DL subcarriers. We further
assume the 12-bit ADCs used by the UL receiver at BS.
Then, the maximum input power to the UL receiver and
the demand of SIC can be found from (7) and (8), which
Demand
are smax ≈ −25 dBm, CSI
= 65 dB, respectively. In
other words, the system needs to achieve at least 65 dB
of SI reduction, so that the UL receiver at BS can work
efficiently.
In the first experiment, we demonstrate the SIC performance in the MDD/MU-MIMO systems with the
transceivers designed under Option 1 of Section III. In this
study, we assume that the number of antennas and RF chains
at UL receiver are N̄ = 32 and N̄RF = 8, respectively. The
other parameters are detailed under the caption of Fig. 2.
In this figure, we compare the SIC performance of the
proposed iterative coordinate descent algorithm, when the
analog precoder is either randomly initialized or initialized
via optimizing the DL sum-rate as in equation (19) in [40],
which are referred to as the ‘Random initial’ and ‘Optimized
initial’ analog precoders, respectively, in the figure. Note
that the random initial analog precoder is obtained by firstly
extracting the angle information from the null space matrix
of H SI , i.e., from V (N −rank(H
H SI )):end , and then, NRF columns
of V (N −rank(H
are
randomly
selected to construct FRF .
H SI )):end
Note furthermore that the SIC behavior from the 1st to
the 20th iterations are separately depicted in Fig. 2(a) to
highlight the relatively sharp changes. As shown in Fig. 2,
explicitly, the SI reduces with the increase of the number
of iterations. Specifically, when BS employs N = 128 DL
transmit antennas and NRF = 16 DL RF chains, 65 dB
9
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FIGURE 2. SI reduction versus number of iterations with PDL = 30 dBm,
B = 20 MHz, ϕ = 120◦ , κ = 20 dB. (1) Optimized initial analog precoder;
(2) Random initial analog precoder.

FIGURE 3. SIC versus number of iterations performance with respect to
different angles between the transmit and receive antenna arrays, as well as to
different Rician factors of SI channel, when assuming PDL = 30 dBm,
B = 20 MHz, N = 128, N̄ = 32, NRF = 16 and N̄RF = 8.

of SIC reduction can be achieved after 80 iterations, when
either the random initial or optimized initial analog precoder
is employed. The performance achieved by the random
initial analog precoder and optimized initial analog precoder
is very similar. Fig. 2 illustrates that employing more DL
transmit antennas allows more SI reduction for a given
number of iterations. For NRF = 16 and when the number
of DL transmit antennas is decreased from 128 to 64, the SI
reduction capability is reduced from about 65 dB to about
25 dB after 80 iterations. Furthermore, Fig. 2 shows that
when the number of RF chains is reduced from 32 to 16
while keeping the number of DL transmit antennas fixed,
more than 2.5 dB of SI reduction can be obtained. Note
that, the above observations can be similarly obtained from
the systems operated under Option 2, when the above-stated
DL transmit antennas is changed to the UL receive antennas.
The second experiment considers the effect of the Rician
factor κ and the arrays angle ϕ on the performance of
SIC. Again, we assume that the system is operated under
Option 1 with the parameters as shown in the caption of Fig.
3, where the range from the 1st to the 20th iterations are
separately depicted in Fig. 3(a) for highlighting the behavior.
It can be observed that the Rician factor and arrays angle

yield big impacts on the SIC performance. Specifically in
terms of the Rician factor, it can be seen that when the
LOS component becomes more dominant, the proposed SIC
method becomes less efficient. However, we should note that
while the beamforming methods work inefficiently with the
LOS component, other easy-implementing approaches, such
as, of adding blockage between transmitter and receiver [6,
52–55], may be employed to significantly mitigate the LoS
SI. In terms of the angle between the transmit and receive
antenna arrays, Fig. 3 shows that the narrower angel is
set, the more SI can be reduced. This is because when
the angle is narrower, the SI power imposed by the SI
signal of a given transmit array element on all the receiver
array elements is nearly same, which is beneficial to SIC
by using beamforming technique. By contrast, if the angle
between transmit/receive arrays is wide, the distances from
a given transmit array element to all the receive antenna
array elements can be very different. Hence, the SI power
from a given transmit array element to the receive array
elements is very different. Consequently, it is difficult for
the beamformer to simultaneously suppress them efficiently.
Additionally, from Figs. 2 and 3 we can be implied that
the SI reducing rate and the SIC potential provided by

10

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3020910, IEEE Access
B. Li et al.: Self-Interference Cancellation and Channel Estimation in Multicarrier-Division Duplex Systems with Hybrid Beamforming

TABLE 2. Comparison between the proposed and competing beamforming
aided SIC method

Power reduction by SIC (dB)

50
40

Method

Constraint

Complexity

SIC Capability

30

Option 1

N ≥ N̄

O(N̄ 3 + N N̄ N̄RF )

high

20

Option 2

N ≤ N̄

O(N N̄ N̄RF )

high

Option 2

N ≥ N̄

O(N N̄ N̄RF )

low

[23]

N ≥ N̄

2 )
O(N̄ 3 + N NRF

medium

10
0
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1
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35

40

45

50

Iterations
FIGURE 4. SIC performance comparison of the proposed methods with
Option 1 and Option 2 and the method presented in [23], when PDL = 30
dBm, B = 20 MHz, ϕ = 120◦ , and κ = 20 dB.

the proposed CDC algorithm are dependent on the antenna
configuration and SI channel’s characteristics. For instance,
if the SI channel only has NLOS components, the CDC
algorithm makes the SI approach a fixed value after about
10 iterations, yielding a SI reduction of about 300 dB, which
Demand
is much larger than CSI
of required. As shown in Figs. 2
and 3, in some cases, the SI reducing rate is relatively
small, but the CDC algorithm can still allow to achieve the
required SIC. For example, when the Rician factor is 100,
the algorithm is able to provide about 65 dB SI reduction
after about 80 iterations. In some other cases, such as, when
the Rician factor is 105 , the SI reducing rate is very small
and the SIC requirement of (18b) is hard to meet, even
after many iterations. However, it is worth noting that in
this case, the LoS propagation is dominant and the SI can
be efficiently suppressed by the other approaches of, such
as, using blockage. In summary, from the results of Figs. 2
and 3 we can know that to attain a good performance of
SI reduction, we can increase the number of antennas at
the side implementing SIC and/or reduce the angle between
TX/RX antenna arrays.
Finally, we compare the SIC performance of the
MDD/MU-MIMO systems with the transceivers designed by
Option 1 and Option 2, respectively, in Fig. 4. The beamforming based SIC algorithm presented in [23] is shown
as the benchmark. In this study, we set the parameters to
N = 128, N̄ = 32, NRF = 16 and N̄RF = 8 for Option
1, for Option 2 in the case of N ≥ N̄ and also for the
algorithm presented in [23]. For the Option 2 in the case of
N < N̄ , we set N = 32, N̄ = 128, NRF = 8, and N̄RF = 16.
From Fig. 4 we observe that Option 1 and Option 2 are
equally efficient for SI mitigation, when the same number
of antennas used for SI suppression is assumed. Moreover,
as shown in Fig. 4, in the case of N ≥ N̄ , if Option 2
is employed to mitigate SI, i.e., SI is suppressed by receive
antenna array, the SIC gain is very limited. Therefore, when

given the deployment of N ≥ N̄ or N ≤ N̄ , there is
not much meaning to implement the joint transmit/receive
beamforming for SI mitigation. This is because in contrast to using either transmit beamforming in the case of
N ≥ N̄ or receive beamforming under N ≤ N̄ , the SIC
gain provided by the joint transmit/receive beamforming is
marginal, while the increase of implementation complexity
is significant. Additionally, when comparing the SIC Option
1 with Fig. 2(b) in the case of (1): N = 128, NRF = 16, both
cases use the same parameters, we can see that the proposed
algorithm is capable of providing 65 dB of required SI
reduction after 80 iterations. By contrast, although the SIC
algorithm presented in [23] can provide 30 dB SI reduction
after 5 iterations, it however gets saturated at this value and
is unable to achieve the required SI reduction in analogdomain, no matter how many iterations of the algorithm are
executed.
In Table 2, we summarize the comparison between the
proposed SIC methods and the method presented in [23]
in terms of their complexity and SIC capability. The complexity shown in Table 2 includes both the complexity for
SI reduction and that for digital precoder/combiner, when
the number of antenna elements and that of RF chains at
transmitter or receiver are given. First, regarding to the SIC
performance, as we stated in Section III-B, both Option 1
and Option 2 (N ≤ N̄ ) have the highest SIC capability.
However, as the SIC is independent of the design of precoder, Option 2 (N ≤ N̄ ) demands lower computational
complexity than Option 1. As shown in Table 2, Option 2
(N ≥ N̄ ) also has low computational complexity, but it
is unable to provide sufficient SI suppression due to the
constraint on antenna arrays, as shown in Fig 4. As for
the method presented in [23], it can provide upto 30 dB SI
reduction after about 5 iterations, but no further SI reduction
is available, no matter how many iterations are executed.
Hence, when taking into account the SIC capability and the
required complexity, as shown in Table 2, Option 2 with
N ≤ N̄ constitutes the most desirable SIC method.
B. PERFORMANCE OF HYBRID MDD/MU-MIMO
SYSTEMS WITH SI CANCELLATION

We now demonstrate the achievable performance of the
hybrid MDD/MU-MIMO systems with SI Cancellation.
For this purpose, we consider a MDD/MU-MIMO system, where BS employs N = 128 transmit antennas and
NRF = 16 DL RF chains to support D = 6 DL MSs, as
11
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FIGURE 5. Average sum-rate of the MDD/MU-MIMO systems with different
beamforming/initialization schemes, when N = 128, NRF = 16, N̄ = 32,
N̄RF = 8, M = 64, M̄ = 32, D = 6, D̄ = 4 and L = 4.

well as N̄ = 32 receive antennas and N̄RF = 8 UL RF
chains to serve D̄ = 4 UL MSs. Unless explicitly noted, the
transmit power of BS and MS is set to PDL = 30 dBm and
PMS = 20 dBm, respectively [51, 56]. Furthermore, at BS,
the transmit power is evenly assigned to the M DL subcarriers, while the transmit power of a DL subcarrier is assigned
to the D number of DL MSs based on the water-filling
principle. The total bandwidth is assumed to be 20 MHz
and the number of DL and UL subcarriers are M = 64 and
M̄ = 32, respectively. The MSs are assumed to be uniformly
distributed within a circular area of radius R = 60 m.
Furthermore, the pathloss for a MS with distance d from BS
is modeled as PL (dB) = 72 + 29.2 log10 (d). Additionally,
the power spectral density of noise is −173 dBm/Hz. In the
following figures, the average sum rate denotes the total rate
of a system, including both DL and UL, which is formulated
as


D̄
M̄ X
M
D
X
1 X X
Rd¯[m̄]
RMDD =
Rd [m] +
Msum m=1
m̄=1 ¯
d=1

5

10

15

20

Iterations

50

d=1

(37)
Note that the comprehensive comparison of MDD with
TDD/IBFD in mmWave environment can be found in [12].
More general comparison of MDD with FDD/TDD can be
found in [11]. Readers interested in the more details about
the comparison are referred to these references.
Fig. 5 demonstrates the sum-rate performance of
the MDD/MU-MIMO systems with various beamforming
schemes. In this study, the transmit power at BS varies from
10 dBm to 50 dBm, while the transmit power of individual
MSs is 20 dBm. From the results of Fig. 5, we observe
that the ideal full-digital MDD/MU-MIMO system without
SI provides the upper-bound performance. Note that, here
‘without SI’ means that the required SIC can be achieved
by the easy-implementing SIC approach. However, when
hybrid beamforming assisted SIC is considered, as Fig. 5
shows, using different initial analog precoders under Option

FIGURE 6. Average sum-rate versus the number of iterations of the analog
precoder operated during the SIC process, when N = 128, NRF = 16,
N̄ = 32, N̄RF = 8, M = 64, M̄ = 32, D = 6, D̄ = 4 and L = 4.

1 yield a big impact on the achievable sum-rate. The optimized initial analog precoder achieves much higher sumrate than the random initial analog precoder. By contrast,
when operated under Option 2, the optimized initial analog
combiner can only achieve the similar performance of the
Option 1 with random initial analog precoder. The reason
behind is that in this study, we assumed N̄ << N , and
in this case, as argued in Section III, the performance of
SIC should be dominated by the transmitter-based SIC, i.e.,
Option 1 design.
Fig. 6 shows the impact of the number of iterations used
by the analog precoder during SIC on the average sum-rate
achieved. The SIC is achieved by the analog precoder operated under Option 1, and the parameters are detailed with
the figure. For this figure, we assume that the remaining SI
not suppressed by the analog precoder is ideally suppressed
by the other easy-implementing approach. Therefore, as
shown in Fig. 6, the highest sum-rate is observed before
the analog precoder starts operating. When the analog
precoder is operated with more iterations, the achieved sumrate reduces, as the result that more degrees-of-freedom
provided by transmit antennas are used for SIC. However,
the achievable sum-rate becomes steady after only about
3 or 4 iterations, yielding the sum-rate cost for SIC. By
contrast, as shown in Fig. 2, the amount of SI compressed
monotonically increases with the increase of the number of
iterations.
The impact of the number of DL transmit antennas
N and the number of DL RF chains NRF on the sumrate performance of MDD/MU-MIMO systems is shown
in Fig. 7, when assuming that SI is suppressed using the
Option 1 method. Explicitly, for a given number of DL
transmit antennas, the achievable sum-rate increases, as the
number of RF chains increases, which is at the cost of the
increase of implementation complexity. By contrast, when
NRF is fixed, the sum-rate increases, as N increases, owing
to the improved SI capability.
Fig. 8 depicts the effect of the numbers of DL/UL
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FIGURE 7. Average sum-rate versus BS’s transmit power for the
MDD/MU-MIMO systems employing different numbers of DL transmit
antennas and RF chains.
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FIGURE 9. Average sum-rate versus BS’s transmit power for the
MDD/MU-MIMO systems employing different numbers of DL/UL users.
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FIGURE 8. Average sum-rate versus BS’s transmit power for the
MDD/MU-MIMO systems employing different numbers of DL/UL subcarriers.

FIGURE 10. Average sum-rate performance of MDD/MU-MIMO systems
experiencing the frequency-selective fading channels with different taps.

subcarriers, i.e., M and M̄ , on the sum-rate performance
of MDD/MU-MIMO systems, when the total number of
subcarriers is set to M + M̄ = 128, and the other parameters
are set as default values. As each UL MS has fixed transmit
power, while the total BS transmit power is shared by all
DL MSs, the total throughput of MDD/MU-MIMO system
is dominated by the UL, when the transmit power of BS is
relatively low. In this case, when the UL employs more subcarriers, the total throughput of MDD/MU-MIMO system is
higher. By contrast, when BS’s transmit power is sufficiently
high, the system’s throughput will become DL dominant.
Correspondingly, employing more DL subcarriers provides
higher throughput by the MDD/MU-MIMO system.
By contrast, in Fig. 9, we investigate the effect of the
numbers of DL/UL MSs, i.e., D and D̄, on the sum-rate
performance of MDD/MU-MIMO systems, while the other
parameters are set to default values. As seen in Fig. 9, first,

supporting more DL or/and UL MSs in general improves
the total throughput of MDD/MU-MIMO systems. Second,
when D is fixed, the total throughput of MDD/MU-MIMO
systems increases, as the value of D̄ increases. Finally, in the
case that D̄ is fixed, we observe that the total throughput
achieved by D = 12 is slightly lower than that obtained
by D = 6, when BS’s transmit power is relatively low.
However, when BS’s transmit power is relatively high, the
observation reverses, i.e., the total throughput achieved by
D = 12 is higher than that obtained by D = 6. The
reason behind this observation is that when at relatively low
transmit power, the systems’ total throughput is nominated
by the UL MSs. By contrast, at relatively high transmit
power, the systems’ total throughput is nominated by the
DL MSs, owing to the contribution from the joint powerallocation among the DL MSs.
Fig. 10 shows the effect of the severity of frequency13
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FIGURE 11. Mean-square error (MSE) performance of channel estimation in
MDD/MU-MIMO systems, when N = 128, N̄ = 32, M = 128, M̄ = 64 and
L = 4, and for LS D = 6 and D̄ = 4, while for LMMSE D = 12 and D̄ = 6.

FIGURE 12. Average sum-rate versus SNR performance of MDD/MU-MIMO
systems with channel knowledge provided by different methods. Parameters:
M = 128, M̄ = 64, L = 4, D = 8 and D̄ = 4.

selective fading channel on the achievable sum-rate performance of MDD/MU-MIMO systems, where increasing L
means the channel becomes more frequency-selective. As
shown in Fig. 10, when the optimized initial analog precoder is employed, the achieved sum-rate reduces with the
increase of L. This is because when L increases, the fading
experienced by different subcarriers becomes more random,
making the optimized initial analog precoder appear more
like the random initial analog precoder. By contrast, when
the random initial analog precoder is employed, the achieved
sum-rate is very similar, regardless of the values of L.
Hence, while the random initial analog precoder usually
achieves lower sum-rate than the optimized initial analog
precoder, it is more robust to the time-varying of channels.

removing the MSE floor. We should note that, although
the LS CEst with orthogonality-achieving PSs outperforms
the LMMSE CEst in terms of MSE performance, it has
the disadvantages of, such as, low number of orthogonalityachieving PSs due to the constraint of Proposition 1.
Finally, in Fig. 12 we compare the achievable sum-rate
of MDD/MU-MIMO systems, when the channel knowledge
is obtained by the LS CEst with orthogonality-achieving
PSs or the LMMSE CEst with random UL subcarriers.
Furthermore, the case of ideal CEst is included as a benchmark. Explicitly, both CEst schemes work efficiently over
the SNR range considered. The sum-rate gap between that
achieved by assuming ideal channel knowledge and that
achieved by practical CEst is marginal. When comparing
the LS and LMMSE methods, we find that the LS CEst
allows to transmit an extra of 2.5 bits/s/Hz beyond the sumrate achieved by the LMMSE CEst. However, we should
remember the LS CEst with orthogonality-achieving PSs is
limited by Proposition 1.

C. CHANNEL ESTIMATION

In order to investigate the performance of CEst, we
consider a MDD/MU-MIMO system where a BS employs
a 128 × 32 antenna array, and the number of DL and
UL subcarriers are M = 128 and M̄ = 64, respectively.
Specifically in Fig. 11, we compare the MSE performance
of CEst in three cases. In the first case, the LS CEst with
orthogonality-achieving PSs, i.e., with the settings satisfying
Proposition 1 is considered. In the second case, we also
assume the LS CEst but with the UL subcarriers randomly
selected. Therefore, the orthogonality-achieving PSs cannot
be guaranteed. Finally, in the case of LMMSE CEst, the UL
subcarriers are also randomly distributed. From Fig. 11 we
observe that the LS CEst with orthogonality-achieving PSs
achieves better MSE performance than the other two CEsts,
while the LS CEst with randomly selected UL subcarriers
achieves the worst MSE performance. Furthermore, the LS
CEst with random UL subcarriers experiences the interference, which is unable to be suppressed by the method,
hence yielding MSE floor. By contrast, the LMMSE CEst
is capable of efficiently suppressing the interference and

VI. CONCLUSIONS

In this paper, we have investigated the adaptive SIC
methods based on the hybrid beamforming design of both
transmitter and receiver as well as the CEst in MDD/MUMIMO systems. We have first highlighted the design of
the hybrid transmitter precoder for DL transmission and the
hybrid receiver combiner for UL signal detection, both of
which can simultaneously suppress SI to a desired level.
Our studies show that SI can be dynamically mitigated by
employing either the analog transmitter precoding or the
analog receiver combining. Furthermore, it is shown that
SIC should be implemented at BS transmitter or at BS
receiver depending on which of them has more antenna
elements. Then, the CEst in MDD/MU-MIMO systems
has been designed by exploiting the reciprocality existing
between UL/DL channels resulted from the correlated fad-
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ing of subcarriers. Our studies reveal that first, when the
number of MSs is relatively small and the PSs are evenly
arranged across the subcarriers, the design of orthogonalityachieving PSs is available. In this case, a LS CEst achieves
optimum performance. However, when randomly distributed
PSs have to be used due to, such as, a big number of
MSs, the performance of LS CEst degrades significantly.
Instead, a LMMSE CEst is near-optimum, and is capable of
significantly improving the performance over the LS CEst.
Finally, the performance of the MDD/MU-MIMO systems
with our proposed hybrid beamforming SIC method has
been investigated, when CSI is provided by our proposed
CEst, showing that the achievable performance can be close
to that with ideal CSI.
MDD provides an opportunity for UL/DL channels to
jointly share the frequency-domain resources. Our future
work will consider the hybrid transceiver design in conjunction with joint UL/DL resource allocation in MDD/MUMIMO systems.
APPENDIX. (PROOF OF PROPOSITION 1)

k
j
Given that ξ = DM̄sum ≥ L, and the UL subcarriers are
uniformly distributed with spacing of l = Msum /M̄ number
of subcarriers between two adjacent UL subcarriers, we need
to prove that
(
0L,
if m 6= n
P [m] P [n] =
%II L , if m = n
H

(38)

where 0 L is a (L × L) all-zero matrix, and % = M̄ /Msum
is constant.
Since the UL subcarriers are uniformly-spaced with a
spacing of l number of subcarriers between two adjacent
UL subcarriers, it can be shown that the matrix Φ TULF Ψ is
given by
G UL = Φ TULF Ψ

(m̄1 −1)
1 e−j2π Msum

(m̄ −1)
−j2π M2sum
1 
 1 e
=

..
Msum  ...
.

1 e−j2π
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(m̄1 −1)(L−1)
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(m̄2 −1)(L−1)
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..
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···
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e−j2π

(m̄M̄ −1)(L−1)
Msum








M̄ ×L

(39)
where m̄1 , m̄2 , · · · , m̄M̄ are the indices of UL subcarriers.
Note that, to obtain (39), the relationships of m̄2 − m̄1 =
... = m̄M̄ − m̄M̄ −1 = l are used. Let
P =P
P [m]H P [n] = (X
X mGUL )H (X
X nGUL ) ,
P̃
1 ≤ m, n ≤ Dsum

(40)

Then, upon applying (31) and with the aid of (39), we can
P is
show that the (u, v)-th element of P̃
P (u, v) =
P̃

=
(a)

=

M̄
j2π(m̄t −1)(u−v)
1 X
Msum
X m [t, t])∗ (X
X n [t, t])e
(X
Msum t=1
M̄
t −1)(u−v)
1 X j2π(t−1)(n−m)ξ j2π(m̄M
M̄
sum
e
e
Msum t=1
M̄
1 X j2π(t−1)(n−m)ξ j2π(t−1)(u−v)
M̄
M̄
e
e
Msum t=1

=

M̄
1 X j2π(t−1)[(n−m)ξ+u−v]
M̄
e
Msum t=1

=

M̄
δ[∆uv − (m − n)ξ]
Msum

(41)

where ∆uv = u − v. In (41), and Equation (a) is because
of l = Msum /M̄ .
P (u, v) = M̄ /Msum provided that ∆uv −(m−
Explicitly, P̃
P (u, u) = M̄ /Msum
n)ξ = 0. Hence, when m = n, we have P̃
P (u, v) = 0 for all u 6= v. Therefore, P [m]H P [m] =
and P̃
%II L with % = M̄ /Msum .
P is a (L × L)
By contrast, in the case of m 6= n, since P̃
matrix, we have −(L − 1) ≤ ∆uv ≤ L − 1. Hence, ∆uv −
(m − n)ξ 6= 0, provided that ξ ≥ L. Therefore, we have
P [m]H P [n] = 0 L for all m 6= n, provided that ξ ≥ L.
In summary, when given ξ ≥ L and that the UL
subcarriers are uniformly arranged with a constant spacing
of l between two adjacent UL subcarriers, the set of PSs
given by (31) satisfy (38), i.e., they are the orthogonalityachieving PSs.
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