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Abstract— In this paper, we introduce an
echo cancellation technique for full-duplex
wireless Orthogonal Frequency Division Mod-
ulation (OFDM) communication. The nov-
elty of the work is related to improvements
in the models to compensate far-end chan-
nel and transmitter front-end, not considered
before. Interference cancellation is based on
Least Squares (LS) algorithm performed in
two successive stages, while far-end channel
estimation is accomplished by a training sym-
bol. Using simulation results, we show that
the self-interference suppression achieved by
our technique increases the system capacity
up to levels close to the equivalent of a trans-
mission without interference.

Keywords— Echo cancellation, wireless,
OFDM, full-duplex, self-interference.

1 INTRODUCTION

Orthogonal Frequency Division Multiplexing
(OFDM) is a widely used modulation technique for
broadband wireless communication systems [1, 2].
However, upon several advantages, OFDM is very
sensitive to different system distortions associated
to the RF front-end. In recent years, there has
been wide interest in development of techniques
to mitigate front-end imperfections, and thereby
to reduce the performance degradation in those
systems [3].

On the other hand, less attention has been paid to
use more efficiently the wireless spectrum by means
of full-duplex transmissions. Employing a single
channel for up- and downlink communications could
potentially double the system capacity, compared to
more common Frequency Division Duplexing (FDD)
and Time Division Duplexing (TDD) technologies
[4, 5] used frequently in popular standards (WiFi
and/or WIMAX, for example).

Some recent works show that wireless full-duplex
operation is feasible [6, 7]. Cancellation of the self-
interference in the digital domain only is strongly

restricted by the large power differences between the
interferer and the signal of interest and the limited
dynamic range of analog-to-digital converters (ADC)
[8]. Nevertheless, combination of different passive
and/or active cancellation techniques prior to ADC,
can reduce the amount of interference suppression
required to be performed in digital domain [9]. In
[7], passive cancellation by means of antenna place-
ment mitigates self-interference by ≈20 dB, while a
RF interference cancellation integrated circuit con-
tributes with another 20 dB of suppression. Two RF
techniques are used in [6]: the first one is a balun can-
cellation that attains 40-45 dB of attenuation, and
the second one is based on the same RF interference
cancellation integrated circuit mentioned earlier.

In this paper, we present a robust digital-domain
baseband echo cancellation technique for wireless
OFDM communication systems, based on near- and
far-end channel estimation. The self-interference is
modeled using a transmitter output reference sig-
nal, and subtracted to the received signal. Near-end
channel and interference estimation are obtained in
two stages. Different to previous approaches, the
far-end channel parameters and transmitter I/Q im-
balance are jointly estimated using a training sym-
bol, which enables communication between signals
affected by this degradation phenomenon.

In the next section of this paper, we introduce our
system model, while in section 3 the echo cancel-
lation technique is presented and discussed. Simu-
lation results are showed in section 4. Finally, our
conclusions are presented in section 5.

2 SYSTEM MODEL

The system model consists of the transceiver struc-
ture, OFDM modulator, wireless channel, I/Q im-
balance and interference signal models.

2.1 Transceiver structure

In the system model we consider a pair of OFDM
transceivers operating simultaneously on the same
frequency band, as illustrated in Fig. 1. At any of
the receiver antennas, the detected signal r consists
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of the superposition of the far-end transmitted mes-
sage tFE and the near-end self-interference tNE , plus
additive white Gaussian noise (AWGN) z.

Figure 1: Transceivers operating simultaneously on
the same frequency band. The received signal r is
the sum of the near- and far-end transmitted signals
tNE and tFE , plus AWGN z.

2.2 OFDM modulation

OFDM modulation is performed using the following
expression [10]

s [n] =
1

N

N−1∑
k=0

S [k] ej
2π
N kn,

where s [n] are the samples of the OFDM modulated
signal, obtained by applying Inverse Discrete Fourier
Transform (IDFT) to the symbols S [k] transmitted
in each of the N subcarriers. Using the Discrete
Fourier Transform (DFT) it is possible to recover
the symbols transmitted in each tone. The inser-
tion of a cyclic prefix (CP) at the beginning of each
OFDM block, consisting of the latest LCP samples
of the OFDM block, allows the use of Inverse Fast
Fourier Transform (IFFT) and Fast Fourier Trans-
form (FFT) algorithms to perform efficiently mod-
ulation and demodulation, respectively. The only
condition to accomplish this is LCP ≥ L, with L the
channel impulse response length.

2.3 Wireless channel

The signals are transmitted over a multipath
Rayleigh fading channel, whose impulse response in
discrete time h [n] can be modeled, according to [11],
using the expression

h [n] =
L∑

i=1

ai [n] δ [n− τi] , (1)

where ai [n] and τi are the attenuation factors and
propagation delays associated with each of the paths
for the arriving signal. In this paper, we consider a
channel with L different paths and uniformly spaced
propagation delays, τi = (i− 1)Ts, with 1 ≤ i ≤ L
and Ts equal to the sampling period. The attenua-
tion factors are assumed to be constant within one
or more OFDM symbols.

The received signal power is modeled as inversely
proportional to the fourth power of the distance be-
tween the transmit and receive antennas [12].

2.4 I/Q imbalance

The transmitter I/Q imbalance is originated by the
amplitude and phase difference between the signals
in the in-phase and quadrature branches at the trans-
mitter front-end. This phenomenon can be charac-
terized by [13]

xIQ [n] = αx [n] + βx∗ [n] , (2)

where x is the perfect balanced transmit signal, xIQ

is the I/Q imbalance affected signal, and α and β
are parameters defined by the amplitude difference ϵ
and phase orthogonality mismatch ∆ϕ, and can be
obtained by

α =
1 + ϵ · ej∆ϕ

2
, β =

1− ϵ · ej∆ϕ

2
.

The effects of transmitter I/Q imbalance and chan-
nel filtering can be coupled. If x [n] is the transmit-
ted signal with perfect I/Q balance in discrete time
domain n, and y [n] the I/Q imbalance affected sig-
nal at the output of the channel, following (2), and
ignoring noise effect, we can write

y [n] = h [n] ⋆ (αx [n] + βx∗ [n]) , (3)

where h [n] is the channel impulse response, and ⋆
denotes convolution. If we take the Discrete Fourier
Transform (DFT) of (3), we obtain

Y [k] = H [k] ·
(
αX [k] + βX# [k]

)
= αH [k]X [k] + βH [k]X# [k]

= Hα [k]X [k] +Hβ [k]X
# [k] (4)

where X# [k] is the conjugated OFDM symbol mir-
rored over the carriers, as given by

X# [k] = X∗ [−i] , i = mod (N − k + 2, N) , (5)

where mod is the module operation, and 1 ≤ k ≤ N .
The total effect of transmitter I/Q imbalance and
channel filtering is modeled by (4) in the frequency
domain.

2.5 Baseband signal and interference model

The N samples per OFDM symbol of the received
signal r = [r0, r1, . . . , rN−1]

T
can be obtained by

r = XNEhNE + FXFEhFE + z, (6)

where z = [z0, z1, . . . , zN−1]
T

is complex AWGN,

hFE = [hFE,0, hFE,1, . . . , hFE,L−1]
T

and hNE =

[hNE,0, hNE,1, . . . , hNE,L−1]
T

are the far-end and
near-end channel impulse responses, each of length
L.
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XNE and XFE are defined by

XNE =


xNE
0 0 · · · 0

xNE
1 xNE

0 · · · 0
xNE
2 xNE

1 · · · 0
...

...
. . .

...
xNE
N−1 xNE

N−2 · · · xNE
N−(L−1)



XFE =


xFE
0 0 · · · 0

xFE
1 xFE

0 · · · 0
xFE
2 xFE

1 · · · 0
...

...
. . .

...
xFE
N−1 xFE

N−2 · · · xFE
N−(L−1)

 ,

where xNE
i and xFE

i are the i − th samples of the
near-end and far-end transmitted symbols, respec-
tively. F models the effect of carrier frequency dif-
ference ∆f between transmitter and receiver, and is
defined by

F = diag
[
1, ej∆ωTs , ej∆ω2Ts , . . . , ej∆ω(N−1)Ts

]
,

(7)
where ∆ω = 2π∆f , and Ts is the sampling interval.

3 ECHO CANCELLATION

Echo cancellation is implemented in two stages as in
[14]. The first one produces a good approximation to
the far-end transmitted signal that enables data re-
covery with sufficient accuracy. This data is remodu-
lated at the receiver to obtain a far-end signal model,
used in the second stage of echo cancellation to im-
prove interference estimation. Different to [14], our
technique uses a training symbol to estimate the far-
end transmitter I/Q imbalance jointly to the wire-
less channel, permitting communications when both
near- and far-end transmitted signals are affected by
this degradation phenomenon. In the next two sub-
sections we offer a detailed description of how echo
cancellation and far-end channel and transmitter I/Q
imbalance estimation are obtained.

3.1 Near-End self-interference cancellation
technique

The structure of the digital baseband interference
canceler is shown in Fig. 2. For simplicity, other in-
terference cancellation methods like antenna place-
ment or RF techniques are not shown.

A reference signal xNE [n] for echo estimation is
obtained using a coupler attached to the near-end
transmit antenna. This way, degradations caused
by the near-end transmitter front-end, like I/Q im-
balance, have not to be taken into account by the
corresponding channel model. The first compen-
sation stage considers that the interference signal
hNE [n] ⋆ xNE [n] arrives at the receive antenna with
more power than the far-end signal, because nor-
mally the distance from the receiving antenna to the

far-end transmitter is greater than the distance to
the near-end transmitting antenna. With this as-
sumption, from (6) we can write

r ≈ XNEhNE + z, (8)

and the near-end channel impulse response can be
estimated by Least Squares (LS) method as follows

ĥNE =
(
XH

NEXNE

)−1
XH

NEr. (9)

After filtering the reference signal obtained at the
near-end transmitter antenna with this channel im-
pulse response model, we obtain an interference es-
timation that can be subtracted from the received
signal r. This near-end channel and self-interference
estimation is improved in the second stage by re-
constructing the far-end transmitted signal from the
data detected after the first stage. For this new can-
cellation, after (6) we can write

r ≈ XNEhNE + FX̂FEĥFE + z

≈
[
XNE FX̂FE

] [hNE

ĥFE

]
+ z (10)

≈ A

[
hNE

ĥFE

]
+ z (11)

where X̂FE is the received data remodulated at the
receiver, and ĥFE is the far-end channel estimation
obtained as we describe in next subsection. The Car-
rier Frequency Offset (CFO) modeled by F is sup-
posed to be known at the receiver, allowing exact
compensation when demodulating the received sig-
nal, and reproducing its effect on the remodulated
signal. From (11) we can obtain a new near-end
channel estimation using LS, as given by

ĥNE =
(
AHA

)−1
AHr. (12)

This new estimation allows us to recalculate self-
interference, and improve its cancellation.

3.2 Far-end channel and transmitter I/Q
imbalance estimation

Despite that I/Q imbalance at the near-end trans-
mitter has not to be taken into account since the
reference signal used for the interference cancella-
tion suffers the same degradation as the transmit-
ted signal, this situation changes as ones considers
the transmission at the other end of the link. If both
transceivers share the same technological limitations,
it is expected that their transmitted signals suffer
similar imperfections. The effect of far-end trans-
mitter I/Q imbalance has to be estimated, for both
compensation prior to demodulation and modeling
of the far-end signal at the second stage of the self-
interference cancellation. A simple way to estimate
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Figure 2: Block diagram of a transceiver with echo cancellation.

the degradation is using a training OFDM symbol
at the beginning of the transmission, which enables
combined estimation of the channel and I/Q imbal-
ance, as expressed by (4).

The training symbol we employ is formed by a se-
ries of interleaved pilot tones and null subcarriers, so
that each mirrored couple defined in (5) consists of a
pilot tone and a null subcarrier. To achieve this we
transmit the pilot tone only for the even-numbered
subcarriers ck in the first half of the OFDM fre-
quency band, 1 ≤ k ≤ N/2, and for odd-numbered
subcarriers in the range N/2+3 ≤ k ≤ N − 1. With
this symbol structure and using (4), we can estimate
the scaled channel frequency responses Ĥα [k] and
Ĥβ [k] from the received and echo-canceled signal for
half of the subcarriers as follows

Ĥα [k] =
Y [k]

X [k]
, k =

{
2i, 1 ≤ i ≤ N/4

2i+ 3, N/4 ≤ i ≤ N/2− 2

Ĥβ [k] =
Y [k]

X# [k]
, k =

{
2i+ 1, 1 ≤ i ≤ N/4− 1

2i+ 2, N/4 ≤ i ≤ N/2− 1

After obtaining the estimations of Ĥα [k] and
Ĥβ [k] for the subgroup of carriers, the frequency
domain distortion for all subcarriers is interpolated
using the method described in [16].

This estimation of the far-end channel and
transmitter I/Q imbalance combined response is
used to equalize in frequency domain the received
symbols prior to demodulation at the receiver, and
to reconstruct the far-end signal in the second stage
of echo-cancellation. We suppose that the channel
remains constant during the transmission of the
OFDM symbol. A new estimation is necessary if
the wireless channel frequency response varies after
several transmitted symbols.

A performance study of this echo canceler struc-
ture is presented in the following section, with nu-
merical results obtained after simulations.

4 EVALUATION AND SIMULATION
RESULTS

For OFDM modulation we use 128 subcarriers cen-
tered around 2.4 GHz in a 20 MHz bandwidth, 126 of
them transport information using Quadrature-Phase
Shift Keying (QPSK) symbols, while the remaining
two are null subcarriers. Simulations were run over
100 independently generated near- and far-end chan-
nel models. Considering a transmitter placed 100
times further away from the receiving antenna than
the self-interferer, if both transmitters have the same
power level, the interference is 80 dB stronger than
the signal of interest at the receiving antenna. Ac-
cording to [6], it is possible to reduce more than 60
dB of interference using RF techniques, so the re-
maining 20 dB have to be canceled in digital do-
main. Thus, we test our technique with a self-
interference 20 dB stronger than the signal of inter-
est. The impulse response length of the static wire-
less channel used in the simulations is L = 6, with a
power profile defined by [0, −1, −3, −9, −12, −20]
dB at each of the taps. CFO has been set equal
to ∆f = 0, 3, normalized respect to the sampling
frequency fs = 1/Ts = N/T , where T is the OFDM
symbol duration. Transmitter I/Q parameters have
been defined according to a 3% amplitude difference
and 5 degrees of phase shift between In-phase and
Quadrature signal branches.

Fig. 3 illustrates the BER performance obtained
by the first and second echo cancellation stages.
Receiver BER for an AWGN channel with no in-
terference is also plotted. This figure shows how
performance after the second iteration of the self-
interference cancellation process is enhanced.

For high SNR, the performance of the canceler is
limited by the interference signal power. In Fig. 4
we show the Signal-to-Interference plus Noise Ratio
(SINR) curve resulting from the simulations. When
the noise power is greater than the interference sig-
nal power, the SINR is close to the SNR. When the
noise level decreases and SNR increases, the inter-
ference power limits the effective SNR value for the
compensated signal. The resulting SINR for the re-
ceived signal with no interference cancellation is also
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Figure 3: Bit Error Rate comparison for the two
iterations of echo cancellation, and for a channel with
no interference.

depicted in Fig. 4, and allows to conclude that the
interference produces a high degradation to the sig-
nal of interest.
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Figure 4: Signal-to-interference-plus-noise ratio ob-
tained after echo cancellation, compared to signals
with and without interference.

The mutual information achieved by a wideband
transmission in a channel with limited number of
dominant paths is similar to the capacity of an
AWGN channel [15]. For complex symbol alphabets,
this capacity is calculated as

C = log2 (1 + SNR) , (13)

and expressed in [(bits/s)/Hz]. It is possible to ob-

tain the capacity curves as a function of the effec-
tive SINR obtained for our system in the simulations.
Considering that full-duplex operation allows trans-
mitting twice as much information in the same time
as a half-duplex system, (13) has to be scaled by a
factor of two to reflect this gain. The curves obtained
from our results are illustrated in Fig. 5, for a simu-
lation with no interference and exact far-end channel
and I/Q imbalance compensation, with 2-stage echo
cancellation, and without interference cancellation.
We can see that the echo canceler enables to achieve
a system capacity curve similar to a scenario with
no interference, in contrast to the null capacity ob-
tained for a system that does not compensate the
self-interference.
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Figure 5: Capacity curves obtained for the system
with echo cancellation, with interference, and with-
out interfering signal.

5 CONCLUSIONS

In this paper, we introduced better interference mod-
els to an echo cancellation technique that enables the
possibility of using a single wireless channel for full-
duplex Orthogonal frequency division multiple ac-
cess (OFDMA), as an alternative to OFDM-TDD or
OFDM-FDD. The receiver achieves a good approxi-
mation of the interference signal, and also compen-
sates far-end channel and transmitter degradations.
This boosts the system capacity up to values close to
a scenario without echo signal, opening the possibili-
ties to increase overall throughput in current wireless
communication systems.
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