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Abstract—To obtain Tx-Rx isolation in an in-band full-duplex
(IBFD) transceiver, the electrical-balance duplexer (EBD) can be
utilized to suppress the self-interference (SI). Although the EBD
can provide more than 50 dB cancellation of the SI directly
at RF, it cannot fully overcome strong signals reﬂecting off
of nearby objects. As a result, the environmental reﬂections
could still limit the performance of IBFD communication and
have to be attenuated in an extra cancellation step, e.g. in
digital baseband using a digital SI canceler. While mitigating the
reﬂections is a challenging dimension of this technology, it opens
a new opportunity to perform environmental sensing. In this
paper, an IBFD transceiver architecture is introduced to enable
such context-aware communication functionality. We investigate
how the EBD’s SI rejection property inﬂuences the performance
of the proposed communication device which also functions as
a Doppler radar. The simulation result demonstrates that the
proposed architecture can produce high-resolution Doppler when
the EBD provides > 20 dB Tx-Rx isolation. Concerning the
constraints dictated by the application, this paper ﬁnally suggests
a radar-communication trade-off.
Index Terms—In-band full duplex, self-interference cancellation, Doppler radar, wireless sensing.

I. I NTRODUCTION
With the recent explosion of wireless devices and to quench
the ever-increasing demand for higher data rates, the spectrum
utilization has to be further enhanced in the wireless communication domain. In-band full duplex (IBFD) technology
has been identiﬁed as a promising solution to overcome this
challenge as it enables concurrent transmit and receive over
the same frequency band. Signiﬁcant interest exists in rearchitecting terrestrial wireless communications systems, such as
Wi-Fi and cellular networks, as a way of leveraging IBFD
transmission [1].
Improving spectral efﬁciency and throughput, however, is
not the only advantage of IBFD. In the last few years, this
technology has also attracted attention as a potential solution
to overcome other communication and networking challenges
such as in-band relaying [2] and the hidden terminal issue
[3], as it resolves the deafness in transmitting period. In this
context, IBFD can also be employed to integrate wireless
sensing into a communication device. Basically, in full duplex
schemes, the device can recapture the environmental reﬂections of the signal it transmits and interprets the physical
dynamics in the vicinity.
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Environmental sensing by a wireless communication device
has been intensively investigated in the literature in the form
of opportunistic passive wireless sensing systems where the
ambient electromagnetic signal is used to extract the physical
motion information. This sensing capability can ﬁnd applications widely ranged from body and hand gesture recognition to
e-healthcare, localization and through-the-wall tracking. The
authors in [4]–[7] introduce techniques to perform localization, and human activity gesture detection via estimating the
received signal strength indicator (RSSI) by leveraging the WiFi signal. This approach, however, is sensitive to the inﬂuence
of the physical environment as the RSSI signiﬁcantly depends
on the temporal and spatial variance due to the multipath effect
[8].
Recent attempts in opportunistic wireless sensing have focused on the extraction of Doppler frequency shifts. Generally,
a speciﬁc pattern of motions generates a particular set of
Doppler frequencies, a so-called Doppler signature, which can
be learned by a classiﬁer to perform applications such as
hand gesture recognition. The authors in [9]–[11] present bistatic passive radar systems where one or multiple receivers
are employed to obtain the Doppler information from the
ambient Wi-Fi signal. This passive scheme requires directional
antennas to collect the reference and surveillance signals
separately. The former is the direct signal illuminated by the
source, a Wi-Fi access point (AP) for instance, and the latter is
the reﬂected signal from the target. This approach estimates the
Doppler frequency by mixing the reference and surveillance
signals.
Apart from the technical implementation difﬁculties such as
synchronization, the performance of bi-static passive radars is
always sensitive to the isolation of the reference channel. To
overcome this issue, these systems use beam antennas which
limit the system angle of view (AOV). To extend the AOV
hence, multiple directional surveillance receivers has to be
employed [12].
This paper introduces a context-aware IBFD transceiver
which allows simultaneous communication and environmental
sensing. The proposed system beneﬁts from the state-of-the-art
analog duplexer to render concurrent Tx and Rx operation in
full duplex mode. Thus, by integrating the surveillance receiver
into the illuminator, one can avoid the sensitive process of
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Fig. 1. An exemplary illustration of electrical balance duplexer (EBD).
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over-the-air reference signal extraction. Besides, this approach
signiﬁcantly simpliﬁes implementation as no signal processing
is needed to estimate the reference signal. The analog duplexer,
however, dictates particular functioning conditions which can
introduce distortion and limit Doppler detection. In this paper,
we investigate various distortion sources which inﬂuence the
radar performance of the proposed system and study the
effective velocity detection range when the Doppler frequency
shift is extracted from each single Tx packet.
The remainder of this paper is structured as follows. Next
section presents the proposed IBFD-based context-aware communication system, expands a signal model and formulates
the system. Section III employs the model to investigate its
behavior in a simulated scenario. Section IV discusses the
radar and communication performance trade-off and ﬁnally,
the conclusion is drawn.
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Fig. 2. Architecture of the proposed radar-capable IBFD transceiver.

Fig. 1 depicts the representation of an EBD comprising two
main components; a hybrid transformer coupled with a tunable
impedance network Zbal . The four terminals of the transformer
are connected to the transmitter and receiver, as well as the
antenna and the Zbal . Applying the ideal S-parameters of a
symmetric hybrid transformer (r = 1), the isolation can be
obtained as follows:
IT x−Rx = 20 log10 |Γant − Γbal | − 6.02,

This section ﬁrstly reviews the concept of the electrical balance duplexer (EBD) as the essential element of the proposed
context-aware transceiver and then the system architecture is
established and formulated.

Concurrent Tx-Rx operation exposes the receiver to the
strong signal leaking from the paired transmitter, so-called
self-interference (SI). This interference has to be suppressed
substantially at RF before it saturates the receiver chain and
wastes the dynamic range of the analog to digital converters
(ADCs). Thus, the analog self-interference cancelation (AnSIC) stage plays an essential role as it facilitates a complementary SI rejection step after ADC sampling by the digital
self-interference cancelation (DiSIC) module.
Various AnSIC approaches have been proposed so far,
some of which achieve better than 70 dB Tx-Rx isolation
[13]. The EBD is a recently introduced AnSIC solution that
reveals interesting properties. Thanks to silicon-on-insulator
technology, the EBD can be deployed on-chip and this feature
suits it for mobile communication devices. In addition to its
small size, high linearity and low insertion loss, the EBD also
allows a broad center frequency tuning range that privileges
it rather than the ﬁxed-frequency counterparts, e.g., surfaceacoustic-wave (SAW) ﬁlters.

HPF

Modem

II. R ADAR -C APABLE IBFD C OMMUNICATION D EVICE

A. Self-interference Cancelation by EBD

Normalizer

mixd[n]

Γant =

Zant − Ro
Zbal − Ro
and Γbal =
,
Zant + Ro
Zbal + Ro

(1)

(2)

where Ro is the output load and Zant is the antenna
impedance. According to (1), when Γant ∼
= Γbal , high isolation can be achieved because the two equivalent copies of
the SI signal (through Path 1 and Path 2 in Fig. 1) reach the
receiver port in opposite phase. Therefore, to deliver wideband
Tx-Rx isolation, Γant and Γbal either have to be frequency
independent or reveal the same frequency dependence [14].
Additionally, the antenna impedance varies by the dynamics
in the environment and hence, an adaptive tuning algorithm has
to be embedded into the full duplex system to track the environmental changes and generate optimum Zbal coefﬁcients.
B. System Model
Fig. 2 shows the block diagram of the proposed IBFD
transceiver in which an EBD-based AnSIC is employed to
provide the essential Tx-Rx isolation. Through feedback from
the EBD receiver port in this design, a tuner can measure
the transmitter leakage and balance Zant and Zbal adaptively
to minimize the SI. The system also beneﬁts from a DiSIC
module to overcome the residual SI signal and enable communication functionality by estimating the desired signal.



In this ﬁgure, IR (t) is the environmental reﬂections of the
transmit RF signal X(t) and M (t) represents the intended
signal coming from a second party transceiver. This section
develops the system model in the baseband, in which the
notations iR [n], x[n] and m[n] are the discrete representation
of the RF signals introduced above, after downconversion
and complex sampling. The signal m̂[n] also presents the
approximated desired signal by DiSIC block.
The transmit signal x[n] can be presented as a complex
signal in terms of time-varying magnitude and phase, i.e.,

where ge = Ge ejϕe and, Ge and ϕe are respectively the
magnitude and phase of the EBD SI cancelation factor.
In a realistic operating condition, the received signal yR [n]
in the baseband before digital SI cancelation comprises three
main components: the residual direct SI iS , the reﬂections iR
and the desired message m. Thus, this signal can be expressed
as

x[n] = Ax [n]ejϕx [n] ,

yR [n] = iS + ge,r (iR + m),

(3)

where Ax [n] and ϕx [n] determine the amplitude and phase
modulations respectively.
For brevity, we simplify the notations in the rest of the paper
by dropping [n] from the signals that are previously introduced
within an explicit equation.
The reﬂection of the transmitted signal arrives at the receiver
through multiple paths. Employing the channel model in [15],
we describe the baseband representation of the reﬂection iR [n]
as a sum of echoed SI from static and dynamic paths in the
form
iR [n] = iR,s [n] + iR,d [n],

(4)

where iR,s [n] stands for the reﬂection of the static environment
and iR,d [n] represents the mirrored signal from the moving
target.
The static reﬂection can be expressed as an aggregation of
attenuated and phase shifted copies of the transmit signal x,
i.e.,
iR,s =



Ak ejϕk x,

(5)

k∈Ps

where Ps is the set of dominant reﬂection paths caused by the
static objects in the surroundings, Ak represents the constant
attenuation for the k th path with the initial phase offset of ϕk .
For the sake of simplicity, it is also assumed that there is a
single varying path caused by the moving target. Accordingly,
the reﬂected SI component through the dynamic path can be
written as follows:
iR,d = Ad [n]ej(wd [n]+ϕd ) x,

(6)

where Ad [n] is the attenuation of the dynamic path with an
initial phase of ϕd and wd [n] is the Doppler frequency shift we
are interested in. Note that due to the small signal bandwidth
and small operational range of the applications targeted by this
paper 1 , the phase difference between the transmit signal and
its reﬂections is assumed constant over the signal bandwidth.
To model the AnSIC in the proposed system, we represent
the EBD as a band-stop ﬁlter by a complex-valued SI rejection
factor ge . Accordingly, the remaining direct SI component
iS [n] in the digital baseband can be written as
1 BW

< 20M Hz and Range < 10m

iS [n] = ge x,

(7)

(8)

where ge,r = Ge,r ejϕe,r is the complex-valued representation
of the imposed attenuation and phase shift by the EBD to the
signals that the antenna receives. It should be noted that the
EBD parameters, i.e., ge and ge,r , are constant as long as the
EBD’s impedance network is unchanged.
As shown in Fig. 2, the reﬂection IR (t) can be seen
as the surveillance signal which carries the radial velocity
information of the target. However, unlike the bi-static passive
radar, the device has direct access to the interference-free
reference signal x. To extract the Doppler shift hence, yR is
mixed with the complex conjugate of the reference resulting
in the following expression.
mix[n] = x∗ yR = x∗ (iS + ge,r (iR,d + iR,s + m)),

(9)

where (*) is the complex conjugate operation, (shown by ()∗
in the block diagram).
In the context of Doppler radar, the complex multiplication
of the conjugated transmit signal and its reﬂection from
the target, the term x∗ ge,r iR,d in (9), yields the Doppler
information. However, there are three sources of distortion
in the estimated mixed signal: the residual direct SI iS , the
reﬂection caused by the static objects iR,s , and the intended
message m. Next, this sub-section explains how the proposed
system compensates the interfering components in the mixed
signal to enable Doppler extraction.
The distortion caused by the residual direct SI (x∗ iS ) is immediately inﬂuenced by the magnitude of the EBD SI rejection
factor Ge . Therefore, providing adequate SI cancelation at RF
can signiﬁcantly reduce the impact of this distortion.
Besides, by employing the deﬁnitions presented in (3), (5)
and (7), it can be shown that the distortion caused by the
residual direct SI (x∗ iS ) and the interference introduced by
the static objects (x∗ ge,r iR,s ), produce zero-frequency I-Q
vectors after decimation, as long as x is a zero-mean signal.
To eliminate these unwanted elements, a DC-removal ﬁlter,
shown by HPF block in Fig. 2, is embedded in the proposed
IBFD transceiver.
The low-pass ﬁltering in the decimation procedure also can
suppress the distortion of the desired message, i.e., the term
x∗ gr,e m in (9), as m is unlikely to be correlated with x.
Therefore, assuming that the EBD provides adequate SI
rejection and considering that x and m are uncorrelated, we



can approximate the decimated and DC-removed mixed signal
mixd [n] as follows:
mixd [n] ∼
= x∗ ge,r iR,d = A[n]ej(wd [n]+ϕd +ϕe,r ) ,

TABLE I
IEEE 802.11- LIKE OFDM WAVEFORM C HARACTERISTICS
Param.
strength
bandwidth
bit rate

(10)

where A[n] is the amplitude of the decimated mixed signal.
Given the baseband sample rate fs and the decimation factor
Nd , mixd streams at fs /Nd . To remove the amplitude modulation, this signal is normalized resulting in a narrow-band
Doppler signal given in (11)
mixd
= ej(wd [n]+ϕd +ϕe,r ) .
d[n] =
|mixd |

Symbols

R
M

(11)

C. Doppler Velocity Resolution and Boundaries

v
fd = 2 f c ,
(12)
c
where c is the speed of light and fc is the carrier frequency.
Accordingly, the velocity resolution vres and the maximum
detectable velocity vmax can be determined as follows:
fs
1 c
,
2 f c Nd Nf f t

(13)

1 c fs
,
4 f c Nd

(14)

vmax =

where Nf f t is the number of points used to obtain the FFT.
As it can be seen in (11), the EBD’s impedance network
has to remain unchanged during Doppler detection since it
imposes a post-tuning phase component ϕe,r to the detected
Doppler signal. Therefore, the minimum detectable velocity
and consequently, the detectable velocity range [vmin , vmax ]
are limited to the Zbal update rate ftune , i.e.,
vmin ≥

1 c
ftune .
2 fc
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Fig. 3. Layout of the simulated multipath channel.

Applying the fast Fourier transform (FFT) in the next step,
we can analyze the Doppler signal d to estimate the realvalued instantaneous Doppler frequency fd (Hz) and the
instantaneous velocity of the target v (m/s).

vres =

Value
20 dBm
20 MHz
9 Mbps

(15)

III. S IMULATION R ESULTS
This section aims to: a) validate the approximation used in
(10) to estimate the decimated mixed signal and b) evaluate the
environmental sensing capability of the proposed model. To
this end, we chose an OFDM waveform for both the transmit
signal x and the desired message m, using parameters as
speciﬁed in Table I for IEEE 802.11. The simulation is carried
out in Matlab in double precision ﬂoating-point, the in-band
thermal noise is assumed to be −90 dBm and the IBFD
receiver samples at 40 M Hz. The transmit signal and the
message m are modeled by two statistically independent and
zero-mean random data streams. The simulator computes the
baseband received signal taking into account the introduced
components in (8) to obtain the interfered mixed signal in
(9). The decimated mixed signal is then estimated at 610 Hz,

ﬁltered, normalized and windowed (Hanning) to generate
FFT components. This conﬁguration enables up to ±19 m/s
velocity measurement and the velocity resolution of 12.4 cm/s
for an observation window of 500 ms.
Fig. 3 depicts the simulated multipath scenario where ﬁve
static reﬂectors are positioned in 3−12 m around the proposed
IBFD transceiver to resemble a multipath channel. In addition
to the transmitter of the desired signal m, a moving target
is also involved to produce Doppler frequency shifts. In this
section, the speed and distance of the target, relative to the
IBFD transceiver, are denoted by vT and dT respectively. The
notation dm is also adopted to present the distance of the
transmitter of m from the proposed device.
As illustrated in Fig. 4 (Left), in the ﬁrst test, the target
moves away from the device at constant acceleration. Once it
reaches in 4.4 m, decreases the speed until it stops at 7 m
and returns toward the device with the same acceleration. The
EBD SI suppression factor is also set to −50 dB to provide
constant SI cancelation in this test. Fig. 4 (Right) shows the
estimated Doppler proﬁle. This graph conﬁrms that the system
can produce an accurate Doppler proﬁle which indicates the
speed of a target moving in various distances.
In the next test, we evaluate the velocity estimation
performance of the system in the form of the signal to
noise ratio (SNR) of the estimated Doppler signal SN Rd ,
in which the signal power is measured in the range of
±2fs /Nd Nf f t around the expected Doppler frequency component. Fig. 5 (Left) shows SN Rd for different EBD SI
cancelation levels when the transmitter of the desired signal is
located at different distances (dm = 16, 10, 7 or 5 m) and a
target situated 2 m away from the device is moving at 2 m/s.
This simulation shows that increasing the analog SI rejection
enhances the radar performance. Most importantly, this simulation validates the approximation in (10) that given x and
m are indeed uncorrelated, the interference from the desired
signal is insigniﬁcant on the Doppler estimation performance.
Besides, this graph proves that the DC-removal ﬁlter after
decimation signiﬁcantly suppresses the distortions created by
the static objects and the residual SI.
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Fig. 5 (Right) indicates SN Rd for targets at different
distances from the proposed IBFD transceiver while the
transmitter of the desired signal is always in 16 m. This
ﬁgure demonstrates how SN Rd is degraded by increasing
the distance of the target, however, improving the EBD’s SI
rejection increases the quality of the estimated Doppler.
IV. R ADAR - COMMUNICATION T RADE - OFF D ISCUSSION
The proposed device is assumed to allow in-band transmission and reception and simultaneous measurement of the
surrounding changes in the form of the Doppler proﬁle. While
the EBD provides signiﬁcant Tx-Rx isolation, it requires frequent Zbal tuning. Thus, to obtain both aimed functionalities,
the adaptation algorithm has to be triggered under certain
conditions:
• The EBD tuning includes a feedback mechanism which
measures the amount of the residual SI. Consequently,
the tuning process has to be accomplished during data
transmission.
• Setting Zbal iteratively in the EBD adaptation procedure
induces a phase distortion at the EBD receiver terminal
(see ge,r in (8)). As a result, the system has to avoid the
EBD re-tuning in the receiving cycle.
Since the both send and receive operations are controlled
by the medium access control (MAC) layer, the EBD re-

tuning also has to be handled by the MAC layer. In the next
subsection, we study packet-wise EBD tuning scheme to see
how to trade off system performance for joint sensing and
communication.
A. Packet-wise EBD Tuning
In the packet-wise EBD tuning strategy, the tuner performs
adaptation at the Tx packet startup. Although the minimum
detectable velocity vmin in this method is limited to the
packet length Ttx , maximum EBD performance is guaranteed
by frequent tuning. Therefore, the practical approximation of
vmin in (15) can be written as
vmin ≥

1
1 c
,
2 fc (Ttx − Ttune )

(16)

where Ttune represents the time that the EBD tuning algorithm
requires to estimate the optimum coefﬁcients Ẑbal .
By employing this tuning approach, Table II lists vmin for
a few communication standards, assuming that the EBD can
be tuned within 0.1 ms. This table suggests that applications
with slower physical dynamics are feasible with low data rate
standards.
An interesting question that arises here is to what extent the
need for EBD re-tuning depends on the distance of the target.
Understanding this connection helps to propose a maximal
packet length, inﬂuencing the EBD tuning frequency and
consequently, the detectable velocity range. To answer this
question, we set up a measurement campaign which determines the probability that the overall analog SI cancelation
SIC is higher (better) than a pre-deﬁned cancelation threshold
SICth during the length of the transmit packet Ttx . If the SI
suppression is lower than this threshold, the communication
performance will be impacted by the high SI. In this measurement, an XY table is used to move a reﬂector, back and forth



at the speed of 4 cm/s in various distances from our EBDequipped software deﬁned radio (SDR) [16] which employes a
dithered linear search (DLS) optimizer [17] to tune the EBD.
Given the threshold SICth , the probability P (SIC > SICth )
is then measured within 60 s after an initial EBD tuning. The
measurement result in Fig. 6 illustrates that by increasing the
target distance the SI rejection level is more likely to satisfy
the threshold constraint and hence, less EBD re-turning would
be needed. Furthermore, the higher the threshold, the more
frequently the SI signal has to be suppressed to achieve a
better communication performance. However, a higher SICth
also allows shorter Ttx packets and hence bounds the radar
performance to detection of high speeds.
V. C ONCLUSION
This paper presents an IBFD transceiver which simultaneously senses the environmental dynamics in the form of
a Doppler frequency proﬁle. Comparing with the traditional
bi-static Doppler radar systems, our solution does not suffer
from synchronization difﬁculties and noisy reference signal as
it beneﬁts from a co-located Tx and Rx which operate concurrently. To overcome the self-interference in the presented
design, we have utilized an EBD SI canceller that is recognized
with its remarkable SI rejection features and small physical
size.
By employing a Wi-Fi like waveform, the simulation result
has conﬁrmed that the proposed model produces sufﬁcient
frequency granularity required for a wide range of wireless
sensing applications. Despite the existence of a second party
transmitter, the simulation also illustrates that a high-SNR
Doppler signal can be extracted in IBFD mode already when
the EBD provides > 20 dB Tx-Rx isolation at RF.
This paper also explained how the EBD constraints the
system performance in both communication and sensing dimensions as it has to be tuned concerning the environmental
dynamics resulting in a communication and sensing tradeoff. In this paper, we have illustrated that the packet-wise
EBD tuning ensures optimum SI rejection, while it limits the
range of the detectable velocities. Because this tuning scheme
shortens the Doppler observation window to the duration of
the Tx packet.
We also investigated the impact of the target distance on the
EBD SI cancelation performance. Regarding the simulation
and experimental results, we conclude that when the application involves physical dynamics within 1 m from the IBFD
device, better communication performance can be obtained
by a higher level of Tx-Rx isolation and via transmitting
shorter packets. As a cost, it narrows down the Doppler
velocity range. Hence, use cases which require measurement
of slow dynamics, e.g., hand gesture detection integrated into
a handheld device, are not feasible in SNR-sensitive scenarios.
Meanwhile, if the application dictates a high level of communication performance, the presented system can detect a
broader Doppler velocity range for targets located in larger
distances. In such a situation, therefore, a ceiling-mounted

platform is more likely to produce a wider range of Doppler
velocities, including small speeds.
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