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In-band full-duplex (IFD) communication has recently 
attracted a great deal of interest because it potentially 
provides a two-fold spectral efficiency increase over half-
duplex communications. In this paper, we propose a novel 
digital self-interference cancelation (DSIC) algorithm   
for an IFD communication system in which two nodes 
exchange orthogonal frequency-division multiplexing 
(OFDM) symbols. The proposed DSIC algorithm is based 
on the least-squares estimation of a self-interference (SI) 
channel with block processing of multiple OFDM symbols, 
in order to eliminate the fundamental and harmonic 
components of SI induced through the practical radio 
frequency devices of an IFD transceiver. In addition,   
the proposed DSIC algorithm adopts discrete Fourier 
transform processing of the estimated SI channel to 
further enhance its cancelation performance. We provide 
a minimum number of training symbols to estimate the SI 
channel effectively. The evaluation results show that our 
proposed DSIC algorithm outperforms a conventional 
algorithm. 
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I. Introduction 

A conventional half duplex (HD), such as a time-division 
duplex (TDD) or frequency-division duplex, suffers from the 
degradation of the spectral efficiency because it separates the 
time or frequency resources for the transmission and reception 
of the signals. In-band full-duplex (IFD) communication, in 
which a communicating node transmits and receives signals in 
the same frequency band at the same time, has, therefore, 
recently attracted a great deal of interest because it potentially 
provides a significant increase in spectral efficiency, when 
compared to conventional HD communication. Due to the 
simultaneous transmission and reception (STR) of the signals, 
IFD communication utilizes time two times more efficiently 
than does HD, which, theoretically, results in a maximum two-
fold increase in the spectral efficiency of the point-to-point (P-
to-P) communication connection. 

The STR feature of IFD communication can be employed 
not only to increase the spectral efficiency of the P-to-P 
connection, but also to enhance the performance of various 
wireless communication applications. One typical application 
is an IFD relay that receives a signal from the source node and 
simultaneously forwards the source signal to the destination 
node over the same frequency band [1]. In a wireless cellular 
network, consisting of an IFD base station (BS) supporting 
multiple HD users, the IFD BS is able to enhance the network 
throughput by transmitting a downlink signal and, at the same 
time, receiving an uplink signal [2]. In addition, the STR 
feature of IFD has been shown to be efficient for improving  
the performance of the medium-access control layer [3], 
performance of the wireless backhaul link [4], physical layer 
secrecy [5], and throughput of cognitive radio networks [6] and 
wireless-powered communication networks [7]. 

However, the STR feature of IFD communication causes a 
significant problem because the transmitted signal of an IFD 
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node is received by itself and, thus, interferes with its desired 
received signal, which is referred to as self-interference (SI). 
The power of SI overwhelms that of the desired signal, as it is 
typically more than 100 dB larger than that of the desired signal. 
Therefore, SI cancelation (SIC) is a key issue for implementing 
IFD transceivers, and many recent studies on IFD 
communication have mainly focused on an efficient and 
effective SIC mechanism.  

Thus, various SIC techniques have been proposed in the 
literature (for example, [8] and the references therein), which 
are typically based on propagation, analog, and digital domain 
SIC or their assorted combinations. SIC in the propagation 
domain, referred to as propagation SIC (PSIC), eliminates SI in 
the radio frequency (RF) wireless propagation channel. In addition, 
SIC in the analog domain, which is referred to as analog SIC 
(ASIC), cancels SI before the received signal is processed through 
analog-to-digital conversion (ADC) [9]–[11]. Finally, SIC in the 
digital domain, referred to as digital SIC (DSIC), eliminates the 
remaining SI after the ADC using digital signal processing [11]–
[13]. Previously, IFD communication systems were mostly 
studied with the multiple antennas used in a multiple-input 
multiple-output (MIMO) setup to utilize PSIC, by separating 
the transmission and reception antennas. When compared to 
HD MIMO systems with the same total number of antennas, 
however, IFD communications with separate transmission and 
reception antennas do not achieve an improvement in spectral 
efficiency in a spatially white MIMO channel; rather, they only 
improve the spectral efficiency when the MIMO channel is 
correlated [14]. Yet, it has recently been shown that IFD 
transceivers can be implemented using only a single antenna 
and that SI of up to 110 dB higher than the noise-floor power 
level can be eliminated in a single-antenna IFD transceiver [13]. 
In addition, various negative effects of practical hardware 
limitations to IFD communications and SIC have been 
investigated, such as the harmonic components induced by the 
practical RF devices of the IFD transceiver [13], [15], a finite 
dynamic range of ADC [15], IQ imbalance [16], and SI 
channel estimation error [17].  

Specifically, DSIC aims at eliminating the SI induced by the 
reflection of the transmitted signals from the air as well as that 
remaining after ASIC. One of the most representative DSIC 
schemes has been proposed in [11], which eliminates both the 
fundamental and harmonic components of SI based on the 
least-squares (LS) estimation of an SI channel, exploiting the 
Hammerstein model to describe the harmonic component of SI. 
The DSIC performance of this scheme is optimal among LS 
estimation-based DSIC schemes, at the expense of high 
computational complexity resulting from the use of a pseudo 
inverse of the training matrix. In [12], an iterative DSIC 
scheme based on the least-mean-square (LMS) algorithm has 

been proposed, in which the DSIC performance converges to 
that proposed in [11], despite its lower computational 
complexity. In addition, another DSIC scheme has been 
proposed in [13], which is based on the minimum-mean-
square-error estimation of the SI channel to improve DSIC 
performance at the cost of exploiting the statistical information 
of the SI channel. Furthermore, the DSIC method proposed in 
[13] models the harmonic component of SI with Volterra series, 
and removes it utilizing the LMS algorithm. Although the 
Volterra model describes harmonic SI more accurately, 
however, it makes the computational complexity prohibitively 
high with marginal DSIC performance improvement, when 
compared to that in [11]. 

In this paper, we further study DSIC in IFD communication 
systems, in which two nodes exchange orthogonal frequency-
division multiplexing (OFDM) symbols, and propose a novel 
DSIC algorithm. We consider OFDM a modulation scheme 
because currently commercialized (for example, Wi-Fi and 
LTE) and future wireless communication systems are deployed 
based on OFDM or OFDM-based multicarrier transmissions. 
Not to exploit the statistical a priori information of the SI 
channel, in addition, the proposed DSIC algorithm is based on 
an LS estimation of an SI channel with the block processing of 
multiple OFDM symbols, to eliminate both the fundamental 
and harmonic components of SI. In the proposed DSIC 
algorithm, the harmonic component of SI is described by the 
Hammerstein model to achieve reasonable DSIC performance 
with moderate complexity. Furthermore, leveraging a unique 
property of OFDM, our DSIC algorithm employs the discrete 
Fourier transform (DFT) processing of the estimated SI 
channel to further enhance SIC performance. Our DSIC 
algorithm is primarily suitable for single-antenna IFD 
transceivers, but can be easily generalized to multi-antenna IFD 
transceivers with separate transmission and reception antennas.  

The rest of this paper is organized as follows. Section II 
presents the system model of the IFD communication with the 
IFD transceiver structure and general SIC procedure.   
Section III addresses a novel DSIC algorithm based on multi-
symbol LS estimation of the SI channel. Section IV presents 
the evaluation results when comparing the SIC performance of 
the proposed DSIC algorithm with that of a conventional 
algorithm. Finally, Section V provides some concluding 
remarks.  

II. System Model 

In this paper, we consider IFD communication between two 
nodes denoted by a and b, as shown in Fig. 1. Each node has a 
single antenna used for the exchange of OFDM-modulated 
symbols through the STR in the same frequency band (in other 
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Fig. 1. Channel model of IFD communication system. 
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words, in-band STR). The system model in Fig. 1 describes bi-
directional IFD communication between two IFD-capable 
communicating nodes. One typical application of this model  
is wireless backhaul communication between an IFD-  
capable macrocell base station (BS) and IFD-capable small-       
cell BS. Furthermore, once IFD communication becomes 
implementable in small IFD user equipment (UE), with the 
development of implementation technologies in the future, the 
applications of this model can be extended to bi-directional 
device-to-device communication between two pieces of IFD-
capable UE, as well as to bi-directional IFD communication 
between an IFD-capable BS or access point (AP) and IFD-
capable UE in cellular (for example, LTE) or Wi-Fi networks. 

The in-band STR yields SI at both communicating nodes. 
Because both nodes have only a single antenna, the channels 
that the SI signals pass through (SI channels) are represented 
by single-input single-output (SISO) channels at both nodes. At 
time instant t, the impulse responses of the SI channel at nodes 
a and b are denoted by ( ; )ah t  and ( ; )bh t , respectively, 
where τ denotes the time delay at the time instant. In addition, 
the wireless channels from node a to node b, and from node b 
to node a, are also represented by SISO channels, with the 
impulse responses denoted by gab(τ;t) and gba(τ;t), respectively. 
Without a loss of generality, we assume that the channel 
reciprocity holds between gab(τ;t) and gba(τ;t) because the signal 
transmissions from (to) node a to (from) node b both occur in 
the same band simultaneously, and, thus, we have gab(τ;t)     
= gba(τ;t) = g(τ;t). It is further assumed that ( ; ),ah t  

( ; ),bh t and g(τ;t) remain constant during the block 
transmission time; therefore, within this time, the time index t 
is later omitted, such that the aforementioned channel impulse 
responses are denoted as ( ), ( ),a bh h  

 and g(τ), respectively. 
Figure 2 shows the transceiver structure of two 

communicating nodes. Both the transmission and reception 
chains of a node are connected to a single antenna through a 
distributor (for example, a circulator). By employing the 
distributor, we typically achieve a 15-dB SI suppression. The 
residual SI is then eliminated in the analog and digital domains. 
After eliminating SI at the receiving end, the node decodes the 
signal transmitted by the other node. 

We denote the baseband equivalent expressions of the ith 
and jth OFDM symbols transmitted by nodes a and b       
as ( )( )i

ax t  and ( )( ),i
bx t  0 ≤ t ≤ TS, respectively, with TS  

 

 

Fig. 2. Structure of IFD transceiver. 
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representing the OFDM symbol duration including the cyclic 
prefix (CP). We assume that node a transmits ( )( )i

ax t , whereas 
node b transmits ( )( )j

bx t . At time instant t, at which nodes a 
and b transmit ( )( )i

ax t  and ( )( )j
bx t , respectively, the received 

signal at nodes a and b can then be expressed, respectively, as: 

   ( ) ( ) ( ) ( )( ) ( ) ( ) ( ),i i j i
a a a b ay t h x t g x t w t          (1) 

   ( ) ( ) ( ) ( )( ) ( ) ( ) ( ),j j i j
b b b a by t h x t g x t w t          (2) 

where ( ) ( )i
aw t  and ( ) ( )j

bw t  represent the receiver noise at 

nodes a and b at time instant t, respectively. We assume that 
( ) ( )i
aw t  and ( ) ( )j

bw t  have a zero-mean circularly symmetric 

complex-Gaussian distribution with ( ) 2 2E ( )a
i aw t      and 

( ) 2 2E ( ) ,b
i bw t      respectively. In (1),  ( )* ( )i

a ah x t  and 

 ( )* ( )j
bg x t  represent the SI and desired signal at node     

a, respectively. In (2), similarly, the SI and desired signal at 

node b are represented by  ( )* ( )j
b bh x t  and  ( )* ( ),i

ag x t  

respectively. We further assume that the timing offset between 
the receptions of the SI and desired signal at both nodes is 
within the CP duration. Under this assumption, we can safely 
transform the time-domain received signals into the equivalent 
frequency-domain expressions without causing inter-channel 
interference. Therefore, for notational brevity, we do not 
consider CP throughout this paper. 

At node a, ( ) ( )i
ax t  in (1) is generated as follows. Denote  

the number of subcarriers in an OFDM symbol as N. The 

frequency-domain expression of the ith OFDM symbol 

transmitted by node a is then given in a vector form by:  
T( ) ( ) ( )(0), ... , ( 1) ,i i i

a a aS S N   S        (3) 
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where ( ) ( )i
aS k  denotes the frequency-domain input data at  

the kth subcarrier, satisfying ( ) 2E ( ) ,i
a aS k P     with Pa  

denoting the average transmit power of node a. After an 
inverse discrete Fourier transform (IDFT), the time-domain 
expression of the ith OFDM symbol transmitted by node a is 
then given by: 

T( ) ( ) ( )[0], ... , [ 1] ,i i i
a a as s N   s           (4) 

where:  

2π1
( ) ( )

0

[ ] ( ) , 0, ... , 1.
N kni i N

a a
k

s n S k e n N




       (5) 

After ( )i
as  in (4) is digital-to-analog converted and then passes 

the RF components of the transmitting end, such as a power 
amplifier and local oscillator, we obtain ( ) ( )i

ax t  in (1). Note 
that the harmonics of ( )i

as  are generated when it passes the RF 
components. Therefore, ( ) ( )i

ax t  not only contains ( )i
as  as its 

fundamental component, but also contains the harmonics of 
( ) .i
as  Denote T = 1/W as the sample period of the OFDM 

system, where W represents the system bandwidth. Taking the 
harmonics and the fundamental components into consideration, 
one typical way to describe ( ) ( )i

ax t  at a given time instant    
t = nT is to employ a Taylor series expansion: 

1( ) ( ) ( )

1, odd

( ) [ ] [ ] ,
M mi i i

a m a a
m m

x nT s n s n


 

          (6) 

where m and M denote the power of the mth order harmonics 
and maximum order of harmonics, respectively. At node b, 

( ) ( )i
bx t  at a time instant t within the transmission period of  

the jth OFDM symbol can be obtained similarly by (3) 

through (6) with 
T( ) ( ) ( )(0), , ( 1) ,j j j

b b bS S S N     where 

( ) 2E ( ) .j
b bS k P    

After ( ) ( )i
ay t  in (1) is received, first, node a eliminates SI in 

the analog domain of the receiving end. Because node a  
knows ( ) ( ),i

ax t  ASIC can be performed by estimating 

( ).ah   Denote the estimation of ( )ah   as ( ).ah 


 After 

ASIC, ( ) ( )i
ay t  in (1) can be modified to: 

 
   

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( ),

i i i
a a a a

i j i
a a b a

y t y t h x t

h x t g x t w t

  

    




     (7) 

where ( ) ( ) ( )a a ah h h   
 .  

Next, ( ) ( )i
ay t  passes the receiver RF components, such as a 

low noise amplifier and local oscillator, which are then 
converted into digital samples. It is worth noting that the RF 
components of the receiving end also induce non-linear 
harmonics to the SI given in (7). For convenience, however, we 

assume that, without a loss of generality, the harmonics of SI 
shown in (6) already include those induced by the RF 
components of the receiving end. After ADC, the nth received 
digital sample at node a during the ith OFDM symbol 
transmission can be expressed as: 

    ( ) ( ) ( ) ( )[ ] [ ] [ ] [ ],i i j i
a a a b ay n h x n g x n w n          (8) 

where ( ) ( )[ ] ( )i i
a ay n y nT  and ( ) ( )[ ] ( ).i i

a aw n w nT  As will 

be elaborated in the next section, the proposed DSIC algorithm 

performs SIC in the frequency domain. By taking the DFT of 
T( ) ( ) ( )[0], , [ 1]i i i

a a ay y N   y   with ( )[ ]a
iy n  given in (8), 

we then obtain: 

 

T( ) ( ) ( )

( )

( ) ( ) ( )

(0), , ( 1)

DFT

,

i i i
a a a

i
a

i j i
a a b a

Y Y N   



  

Y

y

X H X G W



         (9) 

where 
( )a
iX  and 

( )b
jX  are diagonal matrices whose diagonal 

entries are obtained by the DFT of 
T( ) ( ) ( )[0], , [ 1]i i i

a a ax x N   x    

with 
( ) ( )[ ] ( )i i
a ax n x nT  and 

T( ) ( ) ( )[0], , [ 1]j j j
b b bx x N   x   

with ( ) ( )[ ] ( ),j j
b bx n x nT  0 ≤ n ≤ N – 1, respectively. In addition, 

Ha = [Ha[0], … , Ha[N – 1]]T and G = [G[0], … , G[N – 1]]T 
represent the equivalent frequency-domain expressions of ha(τ) 
and g(τ), respectively. We obtain Ha and G by the N-point  
DFT of [ha[0], … , ha[La – 1]]T with ha[n] = ha(nT) and    
[g[0], … , g[L – 1]]T with g[n] = g(nT), respectively, where   
La and L denote the maximum delay spread of ha(τ) and g(τ), 

respectively. Finally, 
T( ) ( ) ( )[0], , [ 1]i i i

a a aW W N   W   with 
( ) ( )[ ] ( ),i i

a aW n W nT 0 1,n N   denotes the frequency-

domain expression of the receiver noise at node a during the 
transmission time of ( ) .i

aX  At node b, the frequency-domain 

received signal in the digital baseband can be equivalently 
obtained by (7) through (9).   

III. DSIC Based on Multi-symbol LS Estimation 

As shown in (9), for DSIC, we need to know which SI 
channels are observed in the digital domain, Ha and Hb. In this 
section, we propose a novel algorithm to estimate the digital 
domain SI channels for DSIC. The proposed algorithm, first, 
estimates the SI channel in the frequency domain of the digital 
baseband and, then, refines it to improve estimation accuracy. 
We begin this section by investigating the frame structure for 
an efficient SI channel estimation, and then elaborate on our 
proposed DSIC algorithm in more detail. Later in this section, 
we assume that ASIC has already been performed and, thus,  
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Fig. 3. Frame structure for IFD communication with SIC. 
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we focus only on the DSIC. 

1. Frame Structure for SI Channel Estimation 

Figure 3 shows the frame structure for IFD communication 
with SIC. The frame under consideration consists of a training 
field and data transmission field. During the training field, both 
nodes estimate channels necessary for eliminating any SI and 
decoding the desired signal. For this purpose, two nodes 
exchange known sequences (for example, preambles) before 
the actual exchange of their data. The data transmission field 
then follows at the end of training field, in which two nodes 
exchange their own data with IFD communication performing 
SIC. The estimated SI channels obtained in the training field 
are used for SIC in this data transmission field. The durations 
of one training field and one data transmission field are within 
a block transmission time, in which all the channels remain 
constant. Thus, the training field should be repeated 
periodically to trace the change in the SI channel between 
different transmission blocks. 

During this training field, both nodes a and b operate with 
TDD, that is, node b only receives a signal, whereas node a 
transmits the signal in this field, and vice versa. This is because 
the SIC performance of a node can be degraded by its desired 
signal if two nodes communicate with the IFD in the training 
field. That is, the desired signal acts as interference, which 
degrades the accuracy of the SI channel estimation; an 
inaccurate estimation of the SI channel results in residual SI, 
which may severely affect the decoding of the desired signal. 
In general, such HD operations for estimating the SI channels 
in the training field are necessary not only for DSIC, but also 
for ASIC [9]–[13].  

In the training field, for the sake of convenience, we assume 

that, first, node a transmits its known sequences and, then, node 

b transmits its known sequences after the transmission of node 

a is completed. We denote the frequency-domain expressions 

of the ith OFDM symbol transmitted by node a in the training 

field as ( , ) .P i
aX  While ( , )P i

aX  is being transmitted in the 

training field, the received signals in the baseband frequency 

domain at nodes a and b can be expressed by modifying (9), 

respectively, as: 

T( , ) ( , ) ( , )

( , ) ( , )

(0), , ( 1)

,

P i P i P i
a a a

P i P i
a a a

Y Y N   
 

Y

X H W


      (10) 

T( , ) ( , ) ( , )

( , ) ( , )

(0), , ( 1)

,

P i P i P i
b b b

P i P i
b b

Y Y N   
 

Y

X G W


      (11) 

where ( , )P i
aW  and ( , )P i

bW  represent the receiver noise 
vectors during the transmission time of ( , )P i

aX  at nodes a and 
b, respectively. From (10) and (11), nodes a and b can estimate 
Ha and G, respectively, because ( , )P i

aX  is assumed to be a 
known signal at both nodes. After the transmission of node a is 
completed, nodes a and b can estimate G and Hb, respectively, 
while node b transmits ( , ) ,P j

bX  denoting the frequency-
domain expressions of the jth OFDM symbol transmitted by 
node b in the training field. An elaboration of the algorithm 
used to estimate Ha and Hb follows next. 

2. SI Channel Estimation in Training Field 

SI channel estimation in the training field is conducted, first, 
by estimating the SI channel based on an LS estimation utilizing 
multiple OFDM symbols and, then, by improving the estimation 
accuracy by refining the previously estimated SI channel through 
the DFT processing of the estimated SI channel. Figure 4 shows 
the procedure of the proposed SI channel estimation. Because 
the SI channel estimation processes at both nodes a and b are 
equivalent, we only consider the SI channel estimation at node a 
for the sake of brevity.  

Denote ( , )P i
as  as the time-domain expression of the ith 

OFDM symbol transmitted by node a in the training field, 
obtained in the same way as (3) through (5). As shown in (6), 

( , )P i
aX  in (10) not only contains ( , )P i

as  as a fundamental 
 

  

Fig. 4. SI channel estimation at node a in digital frequency 
domain based on multi-symbol LS estimation and DFT 
processing. 

DAC ADC

OFDM 
demod

Harmonics 
generation 

LS channel estimation 

Data 
encoder

IDFT IDFT IDFT 

,1ah

,1aH ,3aH ,5aH

,3ah ,5ah









DFT DFT DFT 

,3
ˆ

aH

ˆ
aH

,1
ˆ

aH ,5
ˆ

aH

( )P
aX

( , )P i
ay

( )P
aY

( , )P i
aS

OFDM 
mod

0 0 0 0 0 0

( , )P i
as

 



250   Hyungsik Ju et al. ETRI Journal, Volume 39, Number 2, April 2017 
https://doi.org/10.4218/etrij.17.0116.0498 

component, but also ( , )
,
P i

a ms  as the mth order harmonics, 

m = 1, 3, … , M, where 
T( , ) ( , ) ( , )

, , ,[0], , [ 1]P i P i P i
a m a m a ms s N   s   

with 
1( , ) ( , ) ( , )

, [ ] [ ] [ ] ,
mP i P i P i

a m a as n s n s n


  N = 0, … , N – 1. To  

take the harmonic components into consideration, therefore, 
we can alternatively express ( , )P i

aY  in (10) based on (6), as: 

( , ) ( , ) ( , )
, ,

odd

M
P i P i P i

a a m a m a
m

 Y X H W ,           (12) 

 ( , ) ( , ) ,P i P i
a a a X H W                 (13) 

where M is an odd number representing the maximum   
order of harmonic components under consideration. In  

addition, ( , ) ( , ) ( , ) ( , )
,1 ,3 ,, , ,P i P i P i P i

a a a a M   X X X X  corresponds 

to the frequency-domain expression of the ith OFDM symbol of  
node a with harmonics transmitted in the training field, where 

( , )
,
P i

a mX  is a diagonal matrix whose diagonal entries consists of        

the frequency-domain expressions of 
1( , ) ( , )[ ] [ ] ,

mP i P i
a as n s n


 

n = 0, … , N – 1. The kth diagonal entry of ( , )
,
P i

a mX  is, thus, 
given by:  

2π1 1( , ) ( , ) ( , )
,

0

( ) [ ] [ ] .
N j nkmP i P i P i N

a m a a
n

X k s n s n e
 



       (14) 

By adopting ( , )
,
P i

a mX  in (14), Ha in (10) is replaced by aH  
TT T T

,1 ,3 , ,a a a M  H H H  with 
T

, , ,(0) ( 1) ,a m a m a m N   H H H  

m = 1, 3, … , M, denoting the frequency-domain expression of 
the SI channel through which the mth harmonic component 

(that is, 
1( , ) ( , )[ ] [ ]

mP i P i
a as n s n


) passes. As opposed to (10), in 

which the SI channel is treated as a single variable, the SI 
channels through which different orders of harmonics pass are 
treated by different variables in (13). 

Because ( , )
,1 ,P i

aX  
( , ) ( , )

,3 ,, ,P i P i
a a MX X  and, thus, ( , )P i

aX  are all 

known matrices, (13) is equivalent to a linear equation through 
which we should obtain the solutions of the variables in aH  

from the given ( , ) .P i
aY  Note, however, that (13) is an 

underdetermined system because we have to estimate multiple 
variables in aH  (that is, ,1 ,3 ,, , ,a a a MH H H ) from a single 

observation ( , ) .P i
aY  Therefore, we cannot obtain a unique 

aH  using (13). To tackle this problem, we use Q OFDM 

symbols processed together. Then, (13) can be modified as:  

( ) ( ) ( ) ,P P P
a a a a Y X H W             (15)  

where ( ) ( ), ,P P
a aX Y  and ( )P

aW  are given, respectively, by: 
( ,1) ( ,1) ( ,1)

,1 ,3 ,
( ,2) ( ,2) ( ,2)

,1 ,3 ,( )

( , ) ( , ) ( , )
,1 ,3 ,

,

P P P
a a a M
P P P

a a a MP
a

P Q P Q P Q
a a a M

 
 
   
 
  

X X X

X X X
X

X X X




   


          (16) 

     
TT T T( ) ( ,1) ( ,2) ( , ) ,P P P P Q

a a a a
    

Y Y Y Y        (17) 

     
TT T T( ) ( ,1) ( ,2) ( , ) .P P P P Q

a a a a
    

W W W W      (18) 

By utilizing multiple OFDM symbols, the linear equation in 

(15) now obtains solutions of (M + 1)/2 variables from Q given 

observations (that is, ( ,1) ( ,2) ( , ), , ,P P P Q
a a aY Y Y ). Therefore, we 

can estimate 
aH  from (14) provided that Q is larger than or 

equal to the number of harmonic orders under consideration, 

that is: 
( 1)/2.Q M                 (19) 

The length of the training field at each node can, thus, be 

determined as Q OFDM symbols. Provided that (19) holds, the 

LS estimation of aH , denoted by Ḣa, is given from (15) by:  

    
1H H( ) ( ) ( ) ( ) ,P P P P

a a a a a



H X X X Y          (20) 

where XH represents the Hermitian matrix of matrix X.  
The estimated frequency domain SI channel in (20) contains 

receiver noise spread over the entire bandwidth. It is worth 
noting that without loss of generality, the maximum delay 
spread of the SI channel can be assumed to be shorter than the 
CP duration. In the time domain-equivalent form of (20), 
therefore, all information about the SI channel is contained in 
the first few samples, whereas other samples contain receiver 
noise only. By removing such noise, which is enabled by 
exploiting the time-frequency conversion property of the 
OFDM system yielded by DFT, we can reduce the power of 
the receiver noise over the entire bandwidth, resulting in 
enhanced SI-channel estimation accuracy. From (15) and  
(20), the estimated frequency-domain SI channel Ḣa can be 
alternatively expressed as: 

,a a a H H ε                 (21) 

where aε  denotes the channel estimation error induced by the 

receiver noise, given by:  

    

T T T
,1 ,3 ,

1H H( ) ( ) ( ) ( ) ,

a a a a M

P P P P
a a a aW



   



ε ε ε ε

X X X

   
       (22) 

with 
T

, , ,(0), , ( 1)a m a m a m N    ε     corresponding to the  

error with respect to estimating Ḣa,m. Recall that Ḣa consists of 

the estimated SI channels with different orders, that is, Ḣa,m,  

m = 1, 3, … , M, each of which is obtained from independently 

designed ( , )
,
P i

a mX  in (14). Therefore, we should take the DFT 

process of individual Ḣa,m independently. We denote the IDFT 

of Ḣa,m as: 
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T

, , ,[0], , [ 1] ,a m a m a mh h N   h         (23) 

with ḣa,m[n], m = 1, 3, … , M, given by: 

2π1

, ,
0

[ ] ( ) , 0 1.
N j kn

N
a m a m

k

h n H k e n N
 



          (24) 

Note that ḣa,m[n] with n ≥ La has receiver noise only [18]. 
Therefore, we can reduce the effect of the receiver noise by 
forcing zeros to ḣa,m[n] with n ≥ La, as follows.  

,
,

, 0 1,[ ]ˆ [ ] 1,3, , .
, 1,0

aa m
a m

a

n Lh n
h n m M

L n N

      


  (25) 

The estimated SI channel in the frequency domain is then 

obtained by Ĥa 
T

T T T
,1 ,3 ,

ˆ ˆ ˆ ˆ, , ,a a a a M
   H H H H , where Ĥa,m is 

given by Ĥa,m = [Ĥa,m (0), … , Ĥa,m (N – 1)]T with:  
2π1

, ,
0

ˆˆ ( ) [ ] , 0 1.
N j nk

N
a m a m

k

H k h n e k N




         (26) 

From (25) and (26), Ĥa can be expressed as: 

ˆ ˆ ,a a a H H ε                (27) 

where the error covariance matrix with respect to ˆaε  is given 

from [18] by:  

  
2 HHH ( ) ( )ˆ ˆE E .P Pa a

a a a a

L

N

        
ε ε X X


      (28) 

Figure 5 compares the relative amplitude of Ḣa and Ĥa  

over Ha with N = 64, M = 5, and Q = 3 for a given realization 

of Ha. Among 64 subcarriers, 12 are set to be null, as in a 

typical Wi-Fi system. Furthermore, it is assumed that α1, α3, 

and α5 in (6) are 50 dB, 20 dB, and 0 dB larger than 2 ,a   

Fig. 5. Relative amplitude of estimated SI channel for (a)
fundamental, (b) third order harmonic, and (c) fifth order 
harmonic components. 

10 20 30 40 50 
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Subcarrier index 

R
el

at
iv

e 
am

pl
it

ud
e 

of
 e

st
im

at
ed

 S
I 

ch
an

ne
l 

10 20 30 40 50 
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Subcarrier index 
10 20 30 40 50

0

2.5

5.0

7.5

10.0

12.5

15.0

Subcarrier index
(a) (b) (c) 

H
Ĥ

 

respectively. In Fig. 5, the SI channel estimation is more 
accurate as the relative amplitudes of the subcarriers move 
closer to 1. As shown in this figure, the estimation of the SI 
channel is more accurate with a smaller m. This is because, 
with a smaller value of m, we have a larger value of αm and, 
thus, the corresponding signal-to-noise ratio (SNR) becomes 
larger. On the other hand, the DFT processing of the estimated 
SI channel in (24) through (26) is more effective with a larger 
m because the amount of reduced noise power becomes more 
substantial. 

3. SIC in Data Transmission Field 

In the data transmission field, nodes a and b exchange their 

data with IFD communication, conducting DSIC using their 

respective estimated SI channels obtained in the training field. 

Denote the ith OFDM symbol transmitted by node a and the 

jth OFDM symbol transmitted by node b as ( , )D i
aX  and 

( , )D j
bX , respectively. Based on (9), (10), and (13), the received 

signal at node a during the transmission time of ( , )D i
aX  can be 

expressed as: 
T( , ) ( , ) ( , )

( , ) ( , ) ( , )

(0), , ( 1)

,

D i D i D i
a a a

D i D j D i
a a b a

Y Y N   
  

Y

X H X G W


      (29) 

where ( , )D i
aX  represents the extension of ( , )D i

aX  in the same 

way as in (12) and (13). In addition, ( , )D i
aW  denotes the 

receiver noise at node a during the transmission time of (D, )i
aX . 

From (27), the DSIC conducted at node a can be expressed as: 

( , ) ( , ) ( , ) ( , )ˆ ˆ ,D i D i D j D i
a a a b a  Y X H X G W        (30) 

where ( , )ˆ D i
aW  represents the residual SI plus receiver noise 

after the DSIC, which is given by: 

( , ) ( , ) ( , )ˆ ˆ .D i D i D i
a a a a W W X ε           (31) 

From (28) and (31), the covariance matrix of ( , )ˆ D i
aW  can be 

attained as:  

    

T
ˆ

2 HH H2 ( , ) ( ) ( ) ( , )

ˆ ˆE

E .

a a a

D i P P D ia a
a a a a a

L

N



   

     

Φ ε ε

I X X X X






(32) 

From (13) and (16), it can be inferred that ˆa
Φ  is not a 

diagonal matrix because the fundamental and harmonic 

components in both ( )P
aX  and ( , )D i

aX  are not independent of 

one another. Therefore, we can conclude that our proposed 

DSIC algorithm causes colored noise after the DSIC.  
Although the proposed DSIC algorithm is described based 

on bi-directional communication between two IFD nodes, it 
can be easily applied to uni-directional IFD communication, in 
which one IFD node transmits (receives) signals to (from) two 
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HD nodes over the same frequency band simultaneously. In 
this case, assuming node a is the IFD-capable node, the frame 
structure in Fig. 3 requires only the training period for 
estimating Ha at node a, and that for estimating Hb at node b is 
omitted from the frame. The HD node receiving signals from 
the IFD node a estimates G (the wireless channel for downlink 
transmission), while node a estimates Ha. The procedures with 
which node a estimates the SI channel are exactly the same as 
those in (12) through (27). A typical application of this model is 
cellular or Wi-Fi networks, in which an IFD BS (or AP) 
supports two or more pieces of HD UE for simultaneous 
uplink and downlink transmissions. Furthermore, a 
simultaneous data reception-jamming transmission system [5] 
and IFD wireless-powered communication network [7] are 
special cases of such a model.  

IV. Simulation Results 

In this section, we compare the performance of the proposed 
DSIC algorithm with that of the conventional one in [11], 
which sequentially eliminates SI from the smaller-order 
harmonics. We conducted our simulations in an IEEE 802.11g 
Wi-Fi environment. The detailed simulation parameters are 
summarized in Table 1. To focus on the DSIC, we assume an 
ideal ASIC that reduces the SI power without causing any 
distortion of the desired signal or receiver noise.  

For the purpose of exposition, ASIC gain is furthermore 
taken into consideration by assuming that the SI channels after 
the ASIC observed in the baseband digital domain (that is, Ha 
and Hb) are given with Ha(k) = Hb(k) = 110 – γ dB, k = 0, 1, … , 
N – 1, where γ denotes the ASIC gain. Moreover, G is also 
assumed to be an additive white Gaussian noise channel, in 
which G(k) = δ, k = 0, 1, … , N – 1, where   denotes the 
signal power attenuation by the distance-dependent path loss. 

Figure 6 shows the uncoded bit-error rate (BER) 
performances of the proposed DSIC and conventional 
algorithms after the DSIC is applied, with respect to the 
different values of the average received SNR of the desired 
signal given by:  

2 2/ / .a a b bP P                 (33) 

It can be seen in this figure that the BER of the proposed 
DSIC algorithm decreases with an increasing ρ, whereas that of 
the conventional algorithm converges to a certain value when ρ 
is larger than a certain threshold. In addition, the BER of the 
proposed DSIC algorithm was observed to converge with the 
ASIC gain at γ ≥ 40 dB, whereas that of the conventional 
algorithm significantly depends on the value of γ.  

Next, Fig. 7 shows the uncoded BER of the proposed and 
conventional DSIC algorithms with respect to the different  

Table 1. Simulation parameters. 

Parameters Value 

Bandwidth 20 MHz 

Carrier frequency 2.4 GHz 

Number of subcarriers (N) 64 

Number of null subcarriers 12 

Transmit power (Pa = Pb) 20 dBm 

Noise floor ( 2 2
a b  ) –90 dBm 

Maximum order of harmonic (M) 5 

Fundamental 1 0  dB 

3rd order 3 30   dB Power of harmonics

5th order 5 50   dB 

Length of training filed (Q) 3 OFDM symbols 

Length of data 200 bytes 

Modulation Quadrature phase shift keying

 
 

Fig. 6. Bit-error rate of conventional versus proposed DSIC 
algorithms according to SNR of desired signal. 
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values of ASIC gain γ. For both DSIC algorithms, the 
minimum ASIC gain required for the minimum value of the 
BER to converge decreases as the received SNR of the desired 
signal ρ increases. It was observed that the proposed DSIC 
algorithm outperforms the conventional version when ρ =   
30 dB. Moreover, the proposed algorithm outperforms the 
conventional algorithm with γ < 72 dB and γ < 68 dB when ρ = 
15 dB and ρ = 21 dB, respectively. In addition, the minimum 
ASIC gains required for the BER to converge are observed to 
be 30 dB to 40 dB and 70 dB to 80 dB for the proposed and 
conventional DSIC algorithms, respectively. With our 
proposed algorithm, therefore, it can be inferred that the 
requirement for designing the ASIC mechanism becomes less 
strict because our proposed DSIC algorithm is more tolerant to 
the variation of ASIC performance. 
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Fig. 7. Bit-error rate of conventional versus proposed DSIC
algorithms according to SNR of desired signal. 
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It is worth noting that, as shown in Figs. 6 and 7, the 
proposed algorithm improves DSIC performance in the 
practical ranges of ASIC gains, when compared to the 
conventional version. For the IFD transceiver structure with a 
shared antenna, as shown in Fig. 2, ASIC gain achievable by 
distributor and analog finite impulse response filters typically 
range from 50 dB to 60 dB in practice [8]–[10]. Although the 
conventional scheme can outperform our proposed algorithm 
when ASIC gain is larger than 70 dB, such an ASIC gain is, in 
general, not achievable in practice. Furthermore, the proposed 
DSIC algorithm is more beneficial as the received SNR of  
the desired signal increases because its BER performance 
decreases unbounded with the increasing SNR of the received 
desired signal, whereas that of the conventional scheme is 
bounded, as observed in Figs. 6 and 7. Thus, we can conclude 
that our proposed algorithm is more suitable for efficient IFD 
communication in practice. In particular, the proposed 
algorithm is more beneficial for supporting UE in a cell-center 
area or small-cell environment where the SNR of the desired 
signal is sufficiently high.  

V. Conclusion 

In this paper, we proposed a novel DSIC algorithm that 
eliminates both the fundamental and harmonic components of 
SI. To do so, the proposed DSIC algorithm estimates the SI 
channel based on LS estimation with multiple OFDM symbols 
in the frequency domain. In addition, we effectively provided 
the minimum number of training symbols required to the SI 
channel. SI channel estimation is further refined through the 
DFT processing of the estimated SI channel to enhance SIC 
performance. Through simulations, it was shown that our 
proposed DSIC algorithm outperforms the conventional 

version by efficiently reducing the residual SI after the SIC is 
completed.  
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