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Filter Design for Full-Duplex Multiuser Systems Based on
Single-Carrier Transmission in Frequency-Selective Channels

Kyohei AMANO†∗, Student Member, Teruyuki MIYAJIMA†a), and Yoshiki SUGITANI†, Members

SUMMARY In this paper, we consider interference suppression for a
full-duplex (FD) multiuser system based on single-carrier transmission in
frequency-selective channels where a FD base-station (BS) simultaneously
communicates with half-duplex (HD) uplink and downlink mobile users.
We propose a design method for time-domain filtering where the filters in
the BS transmitter suppress inter-symbol interference (ISI) and downlink
inter-user interference (IUI); those in the BS receiver, self-interference,
ISI, and uplink IUI; and those in the downlink mobile users, co-channel
interference (CCI) without the channel state information of the CCI chan-
nels. Simulation results indicate that the FD system based on the proposed
method outperforms the conventional HD system and FD system based on
multicarrier transmission.
key words: full-duplex, multiuser systems, beamforming, inter-symbol in-
terference, inter-user interference, self-interference, co-channel interfer-
ence

1. Introduction

In full-duplex (FD) transmission, terminals transmit and re-
ceive simultaneously on the same frequency band. FD is
considered as a key technology for future wireless com-
munication systems because of its higher spectral effi-
ciency compared with traditional half-duplex (HD) trans-
mission [1], [2]. However, improvement in FD transmis-
sion exhibits a limitation owing to the self-interference (SI)
that is caused by its own transmission. In order to realize
the benefit of FD transmission, a crucial task involves sup-
pressing the SI in the digital-domain after propagation- and
analog-domain cancellation [1], [3].

A potential application of FD transmission is multiuser
multiple-input multiple-output (MU-MIMO) systems where
a base-station (BS) with multiple antennas communicates
with uplink mobile users (UMUs) and downlink mobile
users (DMUs) [1], [2]. In the FD MU-MIMO system, it
is essential to mitigate the SI that the BS operating in the
FD mode is subject to. Furthermore, a major challenge for
the FD MU-MIMO system is to mitigate the inter-user inter-
ference (IUI) that occurs between users in the same link and
co-channel interference (CCI) that occurs between UMUs
and DMUs.

Thus far, several studies have developed interference
mitigation techniques for FD MU-MIMO systems [4]–[10].
Beamforming at the receiver and transmitter of the BS is
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a requisite to jointly suppress SI and IUI. Various designs
for the BS beamforming are extensively studied and include
sum rate maximization [4] and max-min fairness signal-to-
interference-plus-noise ratio (SINR) maximization [5]. The
transmit power allocation of UMUs [4]–[9] and user selec-
tion [8]–[10] are effective approaches to decrease the effect
of IUI and CCI. Beamforming at DMUs and UMUs is also
known as effective in suppressing CCI [6], [9].

In the aforementioned methods, the channels are as-
sumed as frequency-nonselective. If we apply the above
methods to wideband communications over frequency-
selective channels suffering from the inter-symbol interfer-
ence (ISI), then a common approach to avoid ISI involves
adopting block transmissions such as orthogonal frequency
division multiplexing (OFDM) using cyclic prefix (CP).
However, the adoption of OFDM leads to the achievable
rate loss due to the presence of CP and delay increase due to
block processing. Additionally, it increases complexity due
to the requirement of accurate time synchronization among
users. Furthermore, the aforementioned methods require
perfect channel state information (CSI). However, channel
estimation is cumbersome especially for CCI channels be-
tween UMUs and DMUs.

In this paper, we consider interference suppression for
a FD MU-MIMO system based on single-carrier transmis-
sion without CP in frequency-selective channels. We pro-
pose a design method for time-domain finite-impulse re-
sponse (FIR) filters, which can be viewed as an extension
of beamforming, to suppress ISI, IUI, SI, and CCI. In the
proposed method, the filters in the BS transmitter are de-
termined to suppress ISI and downlink IUI, and the filters
in the BS receiver are subsequently determined to suppress
ISI, uplink IUI, and SI. To suppress CCI, the filters in the
DMUs are determined without the CSI of CCI channels by
borrowing the idea of blind beamforming [11]. The advan-
tage of the proposed method is that it enables to suppress in-
terference including ISI by FIR filtering while avoiding the
requirement of the CSI of CCI channels and disadvantages
of OFDM.

Notation: (·)T , (·)H , and (·)∗ denote the transpose, Her-
mitian transpose, and complex conjugate of a vector or ma-
trix, respectively. E[·] denotes expectation. ⊗ denotes the
Kronecker product. 0N×M denotes an N × M zero matrix,
1N×M denotes N ×M matrix in which all elements are equal
to 1, and IN denotes N × N identity matrix. CN(0, σ2) de-
notes the zero mean circularly symmetric complex Gaus-
sian distribution with variance σ2. toeplitz(A, L) denotes
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Fig. 1 Full-duplex multiuser system model.

the block-toeplitz matrix defined by toeplitz(AN×M , L) ,
[AT

0 · · ·A
T
L−1]T where Al , [0N×l AN×M 0N×(L−1−l)].

2. System Model

We consider a full-duplex multiuser system based on single-
carrier transmission, as shown in Fig. 1. In the system, a BS
operating in the FD mode communicates with I UMUs and
J DMUs operating in the HD mode. We assume that all
channels are time-invariant frequency-selective and cause
severe ISI. The BS receives signals sent from UMUs that
are corrupted by ISI and uplink IUI and receives the sig-
nal sent from its own transmitter that results in SI. Each
DMU receives the signal sent from the BS that is corrupted
by ISI and downlink IUI and also receives the signal sent
from UMUs, and this results in CCI. To suppress the inter-
ference by spatiotemporal processing, the BS is equipped
with Nr receive antennas and Nt transmit antennas and uses
I FIR filters in the receiver and J FIR filters in the transmit-
ter. Each mobile user has NUE antennas. When a mobile
user is in the reception mode, the user uses NUE antennas
for the reception as DMU and a FIR filter to suppress CCI.
When a mobile user is in the transmission mode, the user
uses a single antenna for the transmission as UMU.

First, we explain the downlink transmission. The BS
transmitter broadcasts the signal processed by single-input
multiple-output (SIMO) FIR filters to send data symbols to
DMUs. We assume that sDL

j [k] is the data symbol of the
jth DMU at time k with normalized power E[|sDL

j [k]|2] =

1. The jth transmit SIMO FIR filter has an impulse re-
sponse (IR) v j,m , [v j,m,1 · · · v j,m,Nt ]

T of length LDL, and
its output is expressed as xDL

j [k] , [xDL
j,1 [k] · · · xDL

j,Nt
[k]]T =∑LDL−1

m=0 v∗j,msDL
j [k−m]. The sum of the filter outputs is trans-

mitted from Nt antennas at time k.

xDL[k] =

J∑
j=1

xDL
j [k] =

J∑
j=1

LDL−1∑
m=0

v∗j,msDL
j [k − m]. (1)

The jth DMU receives the signal sent from the BS via
a MIMO downlink channel where IR denotes HDL

j,m of length
MDL†. Additionally, the jth DMU receives the signal sent

†For simplicity, we assume that the IR length of all down-

from the ith UMU through a SIMO CCI channel in which
the IR is hCCI

i j,m , [hCCI
i j,m,1 · · · hCCI

i j,m,NUE ]T of length MCCI . In
digital baseband domain, the received signal at the jth DMU
rDL

j [k] , [rDL
j,1 [k] · · · rDL

j,NUE [k]]T at time k is expressed as

rDL
j [k] =

MDL−1∑
m=0

HDL
j,mxDL[k − m]

+

I∑
i=1

MCCI−1∑
m=0

hCCI
i j,m xUL

i [k − m] + nDL
j [k] (2)

where

HDL
j,m ,


hDL

j,m,1,1 · · · hDL
j,m,Nt ,1

...
. . .

...
hDL

j,m,1,NUE · · · hDL
j,m,Nt ,NUE

 ,
xUL

i [k] denotes the transmit signal of the ith UMU, and
nDL

j [k] , [nDL
j,1 [k] · · · nDL

j,NUE [k]]T ∼ CN(0, (σDL
j )2INUE ) de-

notes the additive white Gaussian noise (AWGN) at the jth
DMU. In (2), the first term includes the desired data sym-
bol, ISI, and IUI originating from the signals sent to J − 1
DMUs and the second term denotes CCI from I UMUs. The
aim of the FIR filters v j in the BS transmitter is to jointly
suppress the ISI and downlink IUI. To suppress CCI and
obtain the estimate of the data symbol, the received sig-
nal is processed by a MISO FIR filter in which the IR is
u j,m , [u j,m,1 · · · u j,m,NUE ]T of length LUE . The filter output
of the jth DMU at time k is expressed as

yDL
j [k] =

LUE−1∑
m=0

uH
j,mrDL

j [k − m]. (3)

We then explain the uplink transmission. We assume
that sUL

i [k] is the data symbol of the ith UMU at time k
with E[|sUL

i [k]|2] = 1. The ith UMU transmission power
is limited to PUL

i . Subsequently, the transmit signal of the
ith UMU is expressed as

xUL
i [k] =

√
PUL

i sUL
i [k]. (4)

The BS receives the signal xUL
i [k] through a SIMO uplink

channel in which the IR is hUL
i,m , [hUL

i,m,1 · · · hUL
i,m,Nr

]T of
length MUL. Simultaneously, the BS receives the signal
xDL[k] sent from its own transmitter through a MIMO loop-
back (SI) channel in which the IR is HS I

m of length MS I . The
receive signal at the BS rUL[k] , [rUL

1 [k] · · · rUL
Nr

[k]]T is
expressed as

rUL[k] =

I∑
i=1

MUL−1∑
m=0

hUL
i,m xUL

i [k − m]

+

MS I−1∑
m=0

HS I
m xDL[k − m] + nUL[k] (5)

link channels HDL
j,m corresponds to MDL. The same assumption is

adopted for other types of channels and filters.
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where

HS I
m ,


hS I

m,1,1 · · · hS I
m,Nt ,1

...
. . .

...
hS I

m,1,Nr
· · · hS I

m,Nt ,Nr

 ,
and nUL[k] ∼ CN(0, (σUL)2INr ) is AWGN at the BS re-
ceiver. In (5), the first term includes the desired data sym-
bol, ISI, and IUI originated from the signals sent from I − 1
UMUs and the second term represents SI. The received sig-
nal is processed by a MISO FIR filter in which the IR is
wi,m , [wi,m,1 · · ·wi,m,Nr ]

T of length LUL. The output of the
ith FIR filter in the BS receiver is expressed as

yUL
i [k] =

LUL−1∑
m=0

wH
i,mrUL[k − m]. (6)

The aim of the FIR filter wi , [wT
i,0 · · ·w

T
i,LUL−1]T in the BS

receiver is to jointly suppress the ISI, uplink IUI, and SI such
that the ith UMU’s data symbol can be extracted.

3. Filter Design Method

We describe the design of the FIR filters in the BS and
DMUs. The difficulty of the filter design is that the filters
are dependent on each other. Although the joint design of
all the filters is optimum in terms of performance, it is a
complicated task to solve. We propose a reasonable method
to obtain a suboptimal performance, where each group of
filters is sequentially determined. Specifically, we first de-
termine the filters in the BS transmitter and then the filters
in the BS receiver and filters of DMUs. In the following,
we assume that the BS has the perfect CSI of downlink (BS
to DMUs) channels, uplink (UMUs to BS) channels, and
SI (BS to BS) channels, which should be estimated by us-
ing training symbols before data transmission. The BS and
DMUs do not need the CSI of CCI (UMUs to DMUs) chan-
nels.

3.1 Filters in BS Transmitter

First, we design the FIR filters v j in the BS transmitter. We
assume that sDL

j [k−dDL
j ] is the desired data symbol in the re-

ceived signal of the jth DMU, where dDL
j ∈ {0, 1, · · · ,M

DL+

LDL − 1} denotes the predetermined delay. By substituting
(1) into (2), after some algebra, we obtain the receive signal
at the nth antenna of the jth DMU as

rDL
j,n [k] = vH

j h̆DL
j,n sDL

j [k − dDL
j ] + vH

j H̆DL
j,n s̆DL

j [k]

+

J∑
l=1
l, j

vH
l H̃DL

j,n s̃DL
l [k] +

I∑
i=1

(h̃CCI
i j,n )T xCCI

i [k]

+ nDL
j,n [k] (7)

where

v j ,
[

vT
j,0 · · · vT

j,LDL−1

]T
,

H̃DL
j,n , toeplitz(ȞDL

j,n , L
DL),

ȞDL
j,n ,

[
h̃DL

j,0,n · · · h̃DL
j,MDL−1,n

]
,

h̃DL
j,m,n ,

[
hDL

j,m,1,n · · · hDL
j,m,Nt ,n

]T
,

h̃CCI
i j,n ,

[
hCCI

i j,0,n · · · hCCI
i j,MCCI−1,n

]T
,

xCCI
i [k] ,

[
xUL

i [k] · · · xUL
i [k − MCCI + 1]

]T
,

s̃DL
l [k] ,

[
sDL

l [k] · · · sDL
l [k − MDL − LDL + 2]

]T
,

h̆DL
j,n denotes the dDL

j + 1th column of H̃DL
j,n , H̆DL

j,n denotes the
remaining part of H̃DL

j,n , and s̆DL
j [k] is obtained by removing

sDL
j [k − dDL

j ] from s̃DL
j [k]. In (7), the first term denotes the

desired component, the second term corresponds to ISI, the
third term corresponds to downlink IUI, and the fourth term
corresponds to CCI. The role of the filter vi is to suppress
ISI and IUI. Hence, we employ the null-space-projection,
and the filter vi then satisfies the following conditions:(

H̆DL
j,n

)H
v j = 0,

(
H̃DL

l,n

)H
v j = 0 (8)

for n = 1, · · · ,NUE , l = 1, · · · , j − 1, j + 1, · · · , J. To
uniquely determine the filter v j, we select v j which maxi-
mizes the signal-to-noise ratio γ̃DL

j of the received signal at
the jth DMU’s receiver where the signal component is de-
fined by q j[k] ,

∑NUE

n=1 vH
j h̆DL

j,n sDL
j [k − dDL

j ]. Specifically, the
FIR filter in the BS receiver is obtained by solving the fol-
lowing optimization problem:

max
v j

γ̃DL
j ,

E[|q j[k]|2]
E[‖nDL

j ‖
2]

=
vH

j cDL
j (cDL

j )Hv j

NUE(σDL
j )2

s.t. PBS
j = PBS

max, j, (HINT
j )Hv j = 0 (9)

where PBS
j , E[‖xDL

j [k]‖2] = ‖v j‖
2 denotes the power con-

sumed to transmit xDL
j [k], cDL

j ,
∑NUE

n=1 h̆DL
j,n , and

HINT
j ,

[
H̆DL

j,1 · · · H̆
DL
j,NUE H̃DL

1,1 · · · H̃
DL
j−1,NUE H̃DL

j+1,1 · · · H̃
DL
J,NUE

]
.

In (9), the first constraint limits the transmit power to the
maximum transmission power PBS

max, j that is allocated to
xDL

j [k]. To satisfy the second constraint of the null-space-
projection, we introduce an orthonormal projection matrix
KDL

j that satisfies HINT
j K

DL
j = 0 and redefine the filter vec-

tor as v j , K
DL
j ṽ j. Subsequently, we can rewrite the prob-

lem in (9) as

max
ṽ j

ṽH
j (KDL

j )HcDL
j (cDL

j )HKDL
j ṽ j

s.t. ‖ṽ j‖
2 = PBS

max, j. (10)

The optimal solution is given by

ṽopt
j =

√
PBS

max, j

(KDL
j )HcDL

j

‖cDL
j ‖

2
, vopt

j = KDL
j ṽopt

j . (11)

The projection matrixKDL
j is obtained by the singular value
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decomposition of HINT
j ∈ CNt LDL×Dh , Dh = JNUE(MDL +

LDL − 1) − NUE , and it exists if

NtLDL > Dh. (12)

The condition can be satisfied when the BS includes a suf-
ficient number of transmit antennas Nt and the IR length of
the FIR filters LDL in the BS transmitter is sufficiently long.

3.2 Filters in BS Receiver

Next, we design the FIR filters wi in the BS receiver. We
assume that xUL

i [k − dUL
i ] is the desired data symbol of the

ith UMU, where dUL
i ∈ {0, · · · ,MUL + LUL − 1} denotes the

predetermined delay. We substitute (5) into (6) and obtain
the following after some mathematical manipulations

yUL
i [k] = wH

i h̆UL
i xUL

i [k − dUL
i ] + wH

i H̆UL
i x̆UL

i [k]

+ wH
i

I∑
l=1
l,i

H̄UL
l x̄UL

l [k] + wH
i H̄S I

J∑
j=1

x̄S I
j [k]

+ wH
i n̄UL[k] (13)

where

wi ,
[
wT

i,0 · · ·w
T
i,LUL−1

]T
,

H̄UL
i , toeplitz(HUL

i , LUL),

HUL
i ,

[
hUL

i,0 · · · h
UL
i,MUL−1

]
,

H̄S I , toeplitz(HS I , LUL),

HS I ,
[
HS I

0 · · ·H
S I
MS I−1

]
,

x̄UL
i ,

[
xUL

i [k] · · · xUL
i [k − MUL − LUL + 2]

]T
,

x̄S I[k] ,
[
(xDL[k])T · · · (xDL[k − MS I − LUL + 2])T

]T
,

n̄UL[k] ,
[
(nUL

i [k])T · · · (nUL
i [k − LUL + 1])T

]T
,

h̆UL
i denotes dUL

i + 1th column of H̄UL
i , H̆UL

i denotes the re-
maining part of H̄UL

i , x̆UL
i [k] that is obtained by removing

xUL
i [k − dUL

i ] from x̄UL
i [k]. In (13), the first term denotes

the desired component, the second term corresponds to ISI,
the third term corresponds to uplink IUI, and the fourth term
corresponds to SI. The role of the filter wi is to jointly sup-
press ISI, IUI, and SI. Hence, the filter wi is determined such
that the SINR γUL

i at the BS receiver corresponding to the
ith UMU is maximized. From (13), the SINR maximization
problem is expressed as

max
wi

γUL
i =

wH
i QUL

des,iwi

wH
i QUL

INT,iwi + (σUL)2wH
i wi

(14)

where QUL
des,i , PUL

i h̆UL
i (h̆UL

i )H , QUL
INT,i , QUL

ISI,i +

QUL
IUI,i + QUL

SI,i, QUL
ISI,i , PUL

i H̆UL
i (H̆UL

i )H , QUL
IUI,i ,∑I

l=1
l,i

PUL
l H̄UL

l (H̄UL
l )H , and QUL

SI,i ,
∑J

j=1 H̄S I(V̄S I
j )HV̄S I

j

(H̄S I)H , V̄S I
j , toeplitz(V j,MS I + LUL − 1). The optimal

solution of (14) is obtained by solving the generalized eigen-
value problem associated with (14), and it is expressed as

wopt
i = Pgmax{QUL

des,i,Q
UL
INT,i + (σUL)2INr LUL

i
} (15)

where Pgmax(A,B) denotes the normalized generalized
eigenvector associated with the maximum generalized
eigenvalue of the matrix pair (A,B).

3.3 Filters in DMU Receiver

Finally, we design the FIR filters u j in the DMU receiver.
We assume that the filters v j in the BS transmitter can sup-
press ISI and IUI that occur in the downlink. Subsequently,
the received signal in (2) is as follows

rDL
j [k] = HDL

j v̂∗j s
DL
j [k − dDL

j ] +

I∑
i=1

HCCI
i j xCCI

i [k]

+nDL
j [k] (16)

where v̂ j denotes the dDL
j + 1th column of Ṽ j ,

toeplitz(V j,MDL), V j , [v j,0 · · · v j,LDL−1],

HDL
j ,

[
HDL

j,0 · · · HDL
j,MDL−1

]
,

HCCI
i j ,

[
hCCI

i j,0 · · · hCCI
i j,MCCI−1

]
.

We substitute (16) into (3) to obtain the output of the filter
u j as

yDL
j [k] = uH

j r̄DL
j [k]

= uH
j

{
ILUE ⊗

(
HDL

j v̂∗j
)}

s̄DL
j [k]

+ uH
j

I∑
i=1

H̄CCI
i j x̄CCI

i [k] + uH
j n̄DL

j [k] (17)

where

u j , [uT
j,0 · · · u

T
j,LUE−1]T ,

r̄DL
j [k] , [(rDL

j [k])T · · · (rDL
j [k − LUE + 1])T ]T

H̄CCI
i j , toeplitz(HCCI

i j , LUE),

s̄DL
j [k] , [sDL

j [k − dDL
j ] · · · sDL

j [k − dDL
j − LUE + 1]]T ,

x̄CCI
i [k] , [xUL

i [k] · · · xUL
i [k − MCCI − LUE + 2]]T ,

n̄DL
j [k] , [(nDL

j [k])T · · · (nDL
j [k − LUE + 1])T ]T ,

In (17), the first term contains the desired component and
ISI, and the second term includes the CCI. We consider two
filter design methods to suppress ISI and CCI by the filter
u j. The advantage is that they do not require the CSI of
the CCI channels hCCI

i j,m in contrast to common filter design
methods such as the minimum mean-squared-error (MMSE)
filtering.

In the first method based on the minimum variance dis-
tortionless response (MVDR) principle [11], the filter u j
is obtained by minimizing the variance of the filter output
yDL

j [k] under the constraint in which the response to the de-
sired component is undistorted. We assume that sDL

j [k −
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dDL
j −ρ j] is the desired data symbol in the filter output of the

jth DMU where ρ j ∈ {1, 2, · · · ,MDL
j + LDL

j + LUL
j − dDL

j − 3}
denotes the predetermined delay. In the first term of (17), the
desired component is represented as uH

j c̃DL
j sDL

j [k−dDL
j −ρ j]

where

c̃DL
j =

[
01×NUE

j (ρ j−1) (HDL
j v̂∗j)

T 01×NUE
j (LUE−ρ j)

]T
. (18)

The filter u j based on the MVDR principle is obtained by
solving the following optimization problem:

min
u j
E[|yDL

j [k]|2] = uH
j R

DL
j u j s.t. uH

j c̃DL
j = 1 (19)

where RDL
j , E[r̄DL

j [k](r̄DL
j [k])H]. In practical situations,

RDL
j is obtained via the time-average of r̄DL

j [k](r̄DL
j [k])H .

The problem (19) can be solved by using a Lagrange multi-
plier as

min
u j
L j(u j, λ j) = uH

j R
DL
j u j − λ j(uH

j c̃DL
j − 1). (20)

The optimal solution of (20) is given by [11]

u j = {(c̃DL
j )H(RDL

j )−1c̃DL
j }
−1(RDL

j )−1c̃DL
j . (21)

Note that the MVDR design (21) requires the desired signal
component vector c̃DL

j that includes the filter v j in the BS
transmitter. Hence, the BS should transmit the information
of v j to the jth DMU.

In the second method based on the generalized side-
lobe canceller (GSC) principle [11], the desired signal com-
ponent vector c̃DL

j is blindly estimated without the transmis-
sion of v j from the BS. We introduce a parameter vector ĉDL

j

to parameterize c̃DL
j as

E jĉDL
j = c̃DL

j (22)

where

E j =

 0NUE (ρ j−1)×NUE

INUE×NUE

0NUE (LUE−ρ j)×NUE

 .
Given the parameter vector ĉDL

j , we solve the following op-
timization problem with multiple constraints to derive the
filter u j by the GSC principle

min
u j

uH
j R

DL
j u j s.t. EH

j u j = ĉDL
j . (23)

The optimal solution of (23) is given by [11]

u j = (RDL
j )−1E j{EH

j (RDL
j )−1E j}

−1ĉDL
j . (24)

Subsequently, the minimum variance of the filter output is
given by uH

j R
DL
j u j = (ĉDL

j )H{EH
j (RDL

j )−1E j}
−1ĉDL

j . We de-
termine the parameter vector ĉDL

j such that the minimum
variance is maximized.

ĉDL
j = arg max

ĉDL
j

(ĉDL
j )H{EH

j (RDL
j )−1E j}

−1ĉDL
j

(ĉDL
j )H ĉDL

j

. (25)

The solution to (25) is obtained by solving the eigenvalue
problem, and it is expressed as

ĉDL
j = Pmax{{EH

j (RDL
j )−1E j}

−1} (26)

where Pmax(A) denotes the normalized eigenvector associ-
ated with the maximum eigenvalue of the matrix A. We
substitute (26) into (24) and obtain the optimal filter u j.

4. Simulation Results

We show simulation results to evaluate the performance of
the FD system using the proposed method. Unless other-
wise stated, we used simulation parameters in Table 1. We
set PBS

max, j = PBS
max/J where PBS

max denotes the total BS trans-
mission power. Users are randomly generated and placed
uniformly within a cell of radius 100 m. We modeled
the coefficients of IR of channels with a uniform power
delay profile as complex Gaussian random variables with
zero-mean and variance β. The variance β is given by
β = 10−PL/10 for the downlink/uplink/CCI channels where
the path loss PL is given by PLLOS = 103.8+20.9 log10 R dB
for line-of-sight (LOS) or PLNLOS = 145.4+37.5 log10 R dB
for non LOS (NLOS) [13] where R km denotes the dis-
tance between a transmitter and receiver and is given by
β = 10−(σS I )2/10 for the SI channels with path loss (σS I)2.
LOS situations occur based on the probability PLOS = 0.5 −
min

(
0.5, 5 exp

(
−0.156

R

))
+min

(
0.5, 5 exp

(
−R

0.03

))
[13]. We ran

T = 1000 simulation trials where each trail included differ-
ent channel realizations. The performance measure denotes
the sum rate defined by RUL =

∑I
i=1 log2(1+γUL

i ) for FD up-
link and RDL =

∑J
j=1 log2(1 + γDL

j ) for FD downlink where
SINR was obtained by averaging over T trials, and SINR of
each trial is γUL

i in (14) for FD uplink and

γDL
j ,

uH
j QDL

des, ju j

uH
j QDL

INT, ju j + (σDL
j )2uH

j u j
(27)

for FD downlink †. Similarly, the sum rate is defined by

†QDL
des, j , c̃DL

j (c̃DL
j )H , QDL

INT, j , QDL
ISI, j + QDL

IUI, j + QDL
CCI, j, QDL

ISI, j ,

H̄DL
j V̆∗jV̆

T
j (H̄DL

j )H , QDL
IUI, j ,

∑J
l=1,l, j H̄DL

j V̄∗l V̄T
l (H̄DL

j )H , QDL
CCI, j ,∑I

i=1 PUL
i H̄CCI

i j (H̄CCI
i j )H , V̄ j , toeplitz(V j,MDL + LUE − 1), H̄DL

j ,

Table 1 Simulation parameters.

IR length of up/downlink channels: MUL,MDL 5
IR length of SI channels: MS I 2

IR length of CCI channels: MCCI 4
IR length of filters in BS: LDL, LUL 20
IR length of filters in DMU: LUE 10
Path loss of SI channel: (σS I )2 −80 dB
UMU transmission power: PUL

i 20 dBm
Number of DMU antennas: NUE 5

Uplink receiver noise power: (σUL)2 −88 dBm
Downlink receiver noise power: (σDL

j )2 −91 dBm
Delay of the filters in BS Tx: dDL

j 15
Delay of the filters in BS Rx: dUL

i 4
Delay of the filters of DMUs: ρ j 6
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Fig. 2 Effect of path loss of SI channel to uplink rate.

Fig. 3 Effect of BS transmit power on uplink rate.

R̄UL = 1
2
∑I

i=1 log2(1 + γ̄UL
i ) for HD uplink and R̄DL =

1
2
∑J

j=1 log2(1 + γ̄DL
j ) for HD downlink where SINR of each

trial γ̄UL
i is the same form as γUL

i in (14) but with QUL
SI,i = 0

and γ̄DL
j is the same form as γDL

j in (27) but with QDL
CCI, j = 0.

To evaluate the achievable performance, we assume that the
channel estimation is perfect and RDL

j is ideally obtained.
We compare the proposed FD system with the HD system
equipped with filters designed by solving (9), (14), and (19)
under no SI and CCI conditions.

Figure 2 shows the effect of the path loss of the SI chan-
nel (σS I)2 to the uplink rate where we set Nt = Nr = 20, I =

J = 3, PBS
max = 30 dBm. As shown in the figure, although

the rate of the proposed FD system slightly decreases when
(σS I)2 increases, it is almost twice the rate of the HD sys-
tem. The result implies that the filters wi in the BS receiver
effectively suppress SI.

In Fig. 3, the effect of the total BS transmission power
PBS

max on the uplink rate is shown where we set Nt = Nr =

20, I = J = 3. As shown in the figure, the rate of the pro-
posed FD system exceeds that of the HD system regardless
of PBS

max. The rate of the proposed FD system slightly de-

toeplitz(HDL
j , LUE), v̆ j denotes the dDL

j +ρ j +1th column of V̄ j, and
V̆ j denotes the remaining part of V̄ j.

Fig. 4 Effect of BS transmit power on the downlink rate.

creases as PBS
max increases because the influence of SI be-

comes large as PBS
max increases.

In Fig. 4, we show the downlink rate of the proposed
FD system using the filters u j of DMUs designed by the
MVDR principle (21) and GSC principle (24) as a func-
tion of the total BS transmission power PBS

max, where we set
Nt = Nr = 20, I = J = 3. For comparison purposes, we
also show the results when the filters u j designed by the
MMSE principle with perfect CSI of the CCI channels are
used and when the filters are not used, i.e., u j = 1NUE×1. We
can observe that the rate of the proposed FD system with
the MVDR filters is the same as that with the MMSE fil-
ters. This result shows that the MVDR filters can suppress
CCI without the CSI of the CCI channels. Although the
performance of the proposed FD system with the GSC fil-
ters is slightly worse that that with the MVDR filters, it is
still higher than that of the FD system without the filters.
This result implies that the filters u j of DMUs is effective to
suppress CCI. Moreover, it is clear that the rate of the pro-
posed FD system exceeds that of the HD system. The result
implies that the filters v j in the BS transmitter successfully
suppress ISI and IUI.

Figure 5 shows the effect of the number of DMUs J
on the uplink rate, where we set Nt = 32,Nr = 20, I = 3,
PBS

max = 30 dBm. Evidently, the uplink rate of the proposed
FD system is better than that of the HD system. The rate of
the proposed FD system decreases when J increases. This is
because the number of interfering signals consisting of SI,
which corresponds to the fourth term in (13), that should be
suppressed by filter wi increases when J increases, and the
filters are then unable to sufficiently suppress SI when the
number of receive antennas Nr is limited.

Figure 6 shows the effect of the number of DMUs J on
the downlink rate. The rates of the proposed FD systems
exceed that of the HD system and that of the case without
the filters of DMUs. When J increases, the downlink rates
does not linearly increase with J because DMUs are more
likely to be affected by the CCI from UMUs.

Figure 7 shows the effect of the number of UMUs I
on the uplink rate where we set Nt = Nr = 20, J = 3,
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Fig. 5 Effect of the number of DMUs on uplink rate.

Fig. 6 Effect of the number of DMUs on downlink rate.

Fig. 7 Effect of the number of UMUs on uplink rate.

PBS
max = 30 dBm. The rate of the proposed FD system in-

creases linearly with I due to the successful suppression by
the filters wi.

Figure 8 shows the effect of the number of UMUs I
on the downlink rate. When I increases, the rates of the FD
system decrease because the effect of CCI increases. Specif-
ically, when I ≥ 5, the rates of the proposed FD system are

Fig. 8 Effect of the number of UMUs on downlink rate.

Fig. 9 Uplink rate relative to the IR length of the BS receive filter.

worse than that of the HD system. We can overcome the
degradation by increasing the number of receive antennas
of DMUs NUE . However, increasing the number of anten-
nas is impractical for small mobile devices. Subsequently,
other complementary techniques, such as power allocation
and user selection, should be used.

Finally, we compare the proposed FD system based
on single-carrier transmission with the FD system based on
OFDM using BS beamformers designed by solving (9) and
(14) in the frequency domain. Figure 9 shows the uplink rate
as a function of the IR length of the filters in the BS receiver
LUL, where we set Nt = Nr = 20, J = 3, PBS

max = 30 dBm,
number of subcarriers Ns = 64, and length of CP Ns/8.
When LUL becomes long, the rate of the proposed FD sys-
tem increases. When LUL is sufficiently long, the rate of the
proposed FD system exceeds that of the FD-OFDM because
the FD-OFDM suffers from rate loss due to CP.

If the channels change after the filters are determined,
the filters do not work and have to be redesigned based on
the updated channel estimation. To combat the channel vari-
ation, alternative approaches such as adaptive filtering [14]
and robust filter designs [15] are worth considering.
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5. Conclusion

In this paper, we proposed a filter design method to sup-
press interference in a FD multiuser system based on single-
carrier transmission in frequency-selective channels. The
employment of time-domain FIR filtering to jointly suppress
ISI, IUI, SI, and CCI avoids the requirement of the CSI of
the CCI channels and adoption of OFDM. Simulation results
indicated that the FD system using the proposed method is
superior to the HD system and FD system using OFDM.

Although the simplicity of the UMUs with a single
transmit antenna is advantageous, it limits the performance.
In more general cases where UMSs use multiple antennas,
the uplink performance would be improved due to the spatial
diversity, but the downlink performance would be degraded
due to the increase of CCI. To overcome this problem, it
is worth studying the combination of the proposed method
and other techniques such as power allocation and user se-
lection. Further studies should focus on the effect of the
imperfect CSI and correlation matrix RDL

j . Additionally, the
optimum joint design of all filters is a challenging topic for
future research. The proposed method’s performance is de-
graded by several non-idealities introduced by the limited
resolution in analog-to-digital conversion and the effect of
power saturation on analog circuits [16]. From a practical
point of view, these effects are worthy of investigation.
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