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Abstract—The use of in-band full duplex (IBFD) is a promising improvement over classical TDD or FDD communication
schemes. To enable IBFD radios, the electrical balance duplexer
(EBD) has been proposed to suppress the direct self-interference
(SI) at the RF stage. The remaining SI is typically assumed to
be canceled further in the digital domain. In this paper, we show
that the non-zero Doppler frequencies can be extracted from the
residual SI, giving information about the speed of objects in the
environment. As a result, an IBFD radio can be seen as a monostatic Doppler radar which is affected by the communication
signal. This paper presents a detailed performance analysis of
the different sources of interference affecting the Doppler radar.
The performance is also evaluated using a radar-enhanced IBFD
prototype consisting of a SDR module and an EBD designed to
achieve up to 55 dB Tx-Rx isolation in the 1.74 GHz RF band. A
measurable Doppler component is created by moving a 15 dBsm
cone at known velocities at 0.5-1.3 m from the prototype. For
an EBD SI rejection of 45 dB, speeds in the range of 200 to
800 mm/s are detected with high accuracy.
Index Terms—In-band full duplex, self-interference cancellation, Doppler radar, mono-static wireless sensing.

I. I NTRODUCTION
Wireless communication is used in almost every electronic
device today, and offers a rich functionality when communication is combined with device-level sensors. A smartphone,
for example, offers several appealing user experiences as it is
typically equipped with a number of integrated sensors, such
as a high-resolution camera, barometer, three-axis gyro, accelerometer or GPS. Low-quality sensors can detect movement
of the device itself and are quite cheap to integrate. The highquality camera can also detect gestures in the environment, but
is a power-hungry and expensive user interface that cannot be
used in every device.
Recently, researchers have made progress in developing
opportunistic and passive remote radio frequency (RF) sensing
techniques which enable remote environmental sensing without adding extra hardware to the device that is often already
equipped with a radio. In comparison with the traditional counterparts, e.g., video surveillance and wearable sensors, wireless
sensing techniques are often preferred because they preserve
the user’s comfort and privacy. Employing the ambient electromagnetic signals for gesture detection and localization is a
promising direction in this domain.
Given the popularity of Wi-Fi, leveraging Wi-Fi ambient
signals to provide radar-like functionality has gained increasing attention in both academia and industry as it can find
applications widely ranging from smart home to e-healthcare
and through-the-wall human tracking. Several papers have
utilized the received signal strength indicator (RSSI) as a

metric for indoor localization [1], [2] and passive human
activity/gesture recognition [3]–[6]. In fact, Wi-Fi is not the
only technology of interest for these applications. For instance,
in [7] and [8] the authors propose RSSI-based localization
methods which can be applied in a wireless sensor network.
Since the RSSI is easily affected by the temporal and
spatial variance due to the multipath effect [9], the newest
efforts tend to estimate the Doppler/velocity of the moving
target instead. The sensing requirements for the applications
mentioned above, however, are not as critical as for those that
need a high-frequency wideband Doppler radar. Thus, due to
its cost, energy consumption and spectrum occupation, there is
no justification to embed such a system into a personal device.
In contrast with an active radar system where a transmitter
illuminates a particular signal, a passive Doppler radar relies
on an existing electromagnetic signal arriving from two paths:
the reference and the surveillance channels. The reference
signal consists ideally of the received signal from the line-ofsight path and the surveillance signal involves the reflections
from static and moving objects in the vicinity of the transmitter
and receiver. Correlating the reference and surveillance signals
gives the Doppler frequency shift created by the moving object. The Doppler pattern varies with the movement direction
and velocity and hence, one can make use of it to render
motion-sensing capability and hand/body gesture recognition.
To perform Doppler measurements with a passive radar,
multiple wireless devices are required to extend the angle
of view [10]. WiSee [11] makes use of multiple Wi-Fi
transmitters and one receiver to enable whole-home sensing
and recognition of human gestures via Doppler signature
extraction. The presented physical activity sensing solutions
in [12]–[15] also employ a Wi-Fi access point (AP) and a
dual-channel receiver to perform passive wireless sensing.
Chen and his colleagues in [10] improve the accuracy in
their activity recognition system using three GPS-based clock
synchronized receivers (one reference and two surveillance
channels). A simple architecture is also presented in [16]
which merely needs one device and a Wi-Fi AP to achieve
hand gesture recognition. This system is equipped with a
directional coupler and two antennas to collect the surveillance
and the reference signals. A mixer then is utilized to extract
the Doppler information.
There are two fundamental limitations in these prior art
remote sensing techniques:
1) To accomplish radar functionality, the illuminated signal
has to be known to the receiver and hence, most of
the presented passive schemes need an extra device to
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The remainder of this paper is structured as follows. Section II presents the proposed radar-capable IBFD device by
providing some background on IBFD technology. In Section III we develop the system model and discuss various
sources of interference followed by a radar performance analysis. The system is then simulated in Section IV and prototyped
in Section V. The experimental results are demonstrated in
Section VI and, finally, the conclusion is drawn.
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Fig. 1. Overview of the proposed radar-capable IBFD communication device.

acquire the reference signal free from reflections and
Doppler shifts. This not only increases the realization
cost but also poses implementation constraints. For instance, since the ultimate metric appears in the frequency
of the estimated Doppler signal, the receivers have to
be synchronized to avoid an undesirable local oscillator
(LO) frequency shift. Moreover, the use of directional
antennas is unavoidable in most of the proposed schemes
because the moving target can easily corrupt the reference channel.
2) The transmitted signal in the scenarios mentioned above
is not continuous and, hence, another level of synchronization between the illuminator and the receivers is
necessary. For example, a synchronization technique is
presented in [13] to deal with the noncontinuity of the
Wi-Fi signal and reduce the impact of the large beacon
interval. Typically these synchronization approaches are
accompanied by computation overhead which degrades
the performance.
If one can integrate the surveillance receiver and the radar
illuminator in one platform, no extra device is needed to collect
the reference signal as it can be provided by the transmitter
directly. Thus, the impact of the reference channel such as the
additive channel noise, undesirable hardware features and lack
of channel isolation, would not degrade the radar performance.
Furthermore, since both parties are in a single framework, explicit and computationally light synchronization is achievable
to mitigate technical difficulties such as long silence intervals.
An integrated radar into a single communication device is
also more interesting from a cost perspective, as only one set
of hardware is required to enable estimation of the Doppler
information.
In this paper, we introduce the self-interference cancelation
(SIC) technology as a potential solution to combine a Doppler
radar and an in-band full duplex (IBFD) communication radio
in a single platform. Fig. 1 shows an overview of the proposed
system. In the next sections, we explain how the presented system in this figure brings radar-like functionality into an IBFD
device merely by employing its already-existing hardware and
allows various applications ranging from body/hand gesture

II. R ADAR -C APABLE IBFD W IRELESS D EVICE WITH
I DEAL SIC
This section mainly discusses how to integrate wireless
sensing and IBFD technology, to achieve the radar capability
by a single device. To this end, we firstly review the principle
of IBFD and then explain the proposed radar-capable IBFD
architecture relying on an ideal realization of self-interference
(SI) rejection.
A. Self-interference Problem in IBFD Communication
Fig. 1 depicts the proposed transceiver which enables concurrent in-band send and receive. As shown in this figure, there
are two replicas of the transmitted signal which loop back into
the receiver; a) the direct transmitter SI and b) the reflected
interference from the surroundings. The latter is the sum of
multiple components resulting from reflections across multiple
paths [17].
When the direct transmitter leakage is not attenuated between Tx and Rx ports, it is orders of magnitude stronger than
the desired signal coming from a second party communication
node, 104 dBm in a typical Wi-Fi scenario for example [18].
Such high power signal saturates the receiver and consequently
makes the reception of a desired low power signal impossible.
Both the interfering replicas, i.e., the direct and reflected SI,
have to be canceled out to preserve the basic functionality of
the device. Recent advances in SIC technology enable wireless
IBFD systems with high spectrum efficiency. In a typical IBFD
architecture, an analog self-interference cancellation (AnSIC)
block isolates the Tx and Rx to reduce the amplitude of the
direct SI signal before the analog to digital converter (ADC).
This cancellation step plays a vital role as it preserves the ADC
dynamic range. Several active AnSIC techniques are reported
in the literature, some of which obtain up to 70 dB Tx-Rx
isolation [19], [20]. To provide adequate signal to noise ratio
(SNR) for communication purposes, the remaining SI has to be
suppressed to the noise floor. Therefore, in an additional cancellation stage, a digital self-interference cancellation (DiSIC)
module estimates the residual SI by modeling the multipath
channel and the hardware imperfections [21], [22]. Then, the
estimated remaining SI is subtracted from the received signal
to achieve 100 − 110 dB total SI rejection.
Surprisingly, the IBFD technology not only doubles the
spectrum efficiency but also offers other opportunities such as
improving wireless networking by enabling in-band relaying
or solving the hidden terminal issue [23]. This paper also aims
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C. IBFD Radar System Model
Fig. 3 depicts the system model and the architecture of the
proposed IBFD device which also functions as a Doppler radar.
In this model, X(t) and IR (t) are the transmitted signal
from the IBFD device and its reflected replica, IS (t) represents
the residual SI after analog suppresion and M (t) and MR (t)
are respectively the desired signal and its reflections. Besides,
the notations x[n], iR [n], iS [n], m[n] and mR [n] are respectively adopted to determine the digital baseband representation
of the analog signals described above.
This part explains how the Doppler information can be
extracted in an ideal case when the EBD thoroughly rejects
the direct SI leakage IS (t) and the DiSIC module precisely
estimates the desired signal and its echoed replica.
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B. Electrical Balance Duplexer
The electrical balance duplexer (EBD) is an interesting SIC
solution that addresses the AnSIC problem. Using silicon-oninsulator CMOS technology, the EBD has been realized as
an AnSIC module on-chip [19]. Due to its small size, wide
center frequency tuning capability, highly-linear characteristics
and low insertion loss, the EBD is a potential candidate to
be deployed in future communication devices. It is also the
key enabling element of the proposed design in this paper as
it can sufficiently suppress the direct SI to allow receiving
the environmental reflection which is needed for the Doppler
measurement.
Fig. 2 illustrates how a hybrid transformer in the EBD chip
overcomes the direct leakage through the electrical balancing
of two impedances: (a) the antenna impedance Zant and (b) the
dummy load called the balance network Zbal . The transformer
combines the two opposite-phase components to null them
out at the receiver port and, at the same time, it allows the
environmental signals to reach the receiver. This mechanism
relies on tuning the dummy load in a way that it imitates the
antenna impedance. Hence, depending on the environmental
dynamics affecting the antenna impedance, the Zbal has to be
tuned frequently to maintain the Tx-Rx isolation.
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Fig. 3. Proposed architecture of the radar-capable IBFD transceiver.

1) Ideal Mixed Signal: The device transmits the baseband
signal x[n] in which Ax [n] and ϕx [n] are respectively the
amplitude and phase modulation, i.e.,
x[n] = Ax [n]ejϕx [n] .

(1)

In the context of radar signal processing, the Doppler
frequency can be extracted from the product of the transmit
signal x[n] with its reflections from the moving target. The
baseband reflection iR [n] can be presented as:
iR [n] = AE [n]ej(ϕx [n]+wd [n]) + iR,s [n],

(2)

where AE [n] is the amplitude of reflected SI signal from the
moving target, wd [n] is the Doppler frequency that we are
interested to achieve and iR,s [n] is the baseband representation
of the superposition of the echoed SI signal from the static
environment.
In (2), the phase difference between the transmitted and the
reflected signals is assumed negligible over the signal bandwidth as the signal round trip time (RTT) in the applications
targeted by this paper1 is significantly shorter than the period
of the highest transmitted frequency component. For brevity,
we also simplify the notations in the rest of the paper by
dropping [n] from the sampled baseband signals.
Employing the channel model in [24], the static reflection
iR,s in (2) can be expressed as an aggregation of attenuated
and phase shifted copies of the transmit signal x, i.e.,
iR,s =

X

Ak ejϕk x,

k∈Ps
1 Range

< 10m and Signal BW < 20M Hz

(3)

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 .
The ideal mixed signal mixi for radar Doppler detection
then can be obtained as:
mixi = x∗ iR = Aejwd + x∗ iR,s

mixd
= ejwd .
|mixd |

(5)

3) Velocity Resolution and Boundaries: We can analyze d
to estimate the Doppler frequency wd and the instantaneous
radial target velocity (relative to the radar) v:
v
(6)
wd = 2 wc ,
c
where c is the speed of light and wc is the carrier frequency.
The velocity resolution vres and the maximum detectable
velocity vmax can be determined as:
vres =

1 c
fs
,
2 f c Nd Nf f t

(7)

1 c fs
,
(8)
4 fc Nd
where fs is the baseband sampling rate, Nd and Nf f t are
respectively the down-sampling rate and the number of points
used to obtain the FFT, and fc = wc /2π is the carrier
frequency.
As the EBD tuning impacts the amplitude and phase of the
received signal, the EBD should be stable during the segment
used for deriving the Doppler spectrum. The EBD tuning rate
ftune hence limits the minimum detectable velocity vmin in
this system. The duration of the segment, determined by the
sample rate, decimation factor and FFT size should hence be
limited, i.e., ftune ≤ NdfNsf f t . Combining this with (7) we can
define the minimum velocity that remains detectable and is
given as:
vmax =

1 c
ftune ·
(9)
2 fc
III. R ADAR - CAPABLE IBFD WITHOUT I DEAL SIC
This section analytically studies the radar performance
without ideal SIC, introducing the impact of the multiple
interfering components.
vmin ≥

The received singal yR in the baseband suffers from two
main sources of interference: there is interference from the
received message m and its reflections mR and there is the
residual direct transmitter leakage iS :

(4)

where (*) is the complex conjugate operation, (shown by z ∗
in the block diagram) and A is the time-varying amplitude of
the ideal mixed signal.
2) Doppler Estimation: The mixed signal has to be decimated to improve the Doppler resolution for a given FFT
size. The term x∗ iR,s in (4) reveals DC behavior that is
removed by a high-pass filter (HPF). Assuming a single
Doppler component in the reflected SI, the resulting signal
mixd is then normalized to remove the impact of the amplitude
modulation. This gives the narrow-band Doppler signal d as
follows:
d=

A. Mixed Signal with Interference

yR = iR + iS + m + mR .

(10)

B. Removal of the Interfering Components
To achieve the ideal mixed signal, the radar has to suppress
the impact of the interfering components. Below, we discuss
how we can remove them using IBFD technology.
1) Removal of Received Interference m + mR : The state
of the art DiSIC for IBFD estimates the desired signal and
its reflections to enhance the link SNR for communication
purposes. These signals can also be subtracted from the
received signal yR to improve the quality of the Doppler
estimation in the full-duplex mode. An interesting question
is to what extent the quality of the DiSIC impacts the radar
performance. Thus, we characterize the DiSIC block by its
ability to suppress the influence of m and mR in the enhanced
′ 2
received signal yR
.
′
yR
= yR − (m̂ + m̂R ) = iR + iS + gd (m + mR ),

(11)

where m̂ and m̂R are the estimated desired signal and its
reflection, and gd = Gd ejϕd is the the complex-valued SI
cancelation factor at the digital domain.
2) Suppressing Direct Self-Interference iS : In addition to
the interference that is present when the radar is also acting as
an IBFD receiver, we have to deal with the self-interference
caused by the transmission x. This is potentially more challenging as the remaining SI will correlate with the transmitted
signal. The residual SI signal iS can be written as:
iS = ge x,

(12)

where ge = Ge ejϕe and, Ge and ϕe are respectively the EBD’s
SI attenuation factor and phase shift.
C. Doppler Signal Approximation
To estimate the Doppler signal at this point, we start from
the interfered mixed signal that can be determined as:
mix = x∗ (iR + ge x + gd (m + mR )),

(13)

where it is clear that there are two distortion contributions to
the mixed signal, one correlating with the transmitted signal
and one independent from x. In the next section, we will
simulate the impact of both sources of interference, but it is
already clear that the effect from m, which is not correlated
and also has low received power, will most likely be small.
2 While the DiSIC block typically only reconstructs m, we can assume that
this is done using some estimate of the channel for equalization, hence also
giving knowledge about mR at the receiver.
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Besides, it is obvious from (13) that the radar has to minimize
Ge and Gd to approach the ideal mixed signal defined in (4).
Similar to the reflection from static objects iR,s , the decimated remaining direct self-interference iS will create a
Doppler component at DC frequency that is removed by the
DC removal filter.
Regarding the presented model, it is worthwhile to note
that in a half-duplex scenario, there is no desired signal m in
the transmission time which means the signal yR exclusively
comprises one source of interference; the residual direct SI.
Hence, an EBD would be the only required deployment to
provide radar capability for a communication device, and there
is no need for a DiSIC step.
IV. S IMULATION RESULTS
In this section, we simulate the presented system in the
presence of both interfering sources to investigate the model
performance as a Doppler radar. This part also aims to verify
that the interference from the received signal m can be
neglected and no intensive DiSIC processing is needed for
radar performance. In this simulation, we chose an OFDM
waveform for both the transmitted signal x and received
message m, using parameters as specified in Table I for IEEE
802.11p to modulate two statistically independent and zeromean random sets of data. 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 30 M Hz. The received signal at the EBD output
is computed taking into account all interfering components
as determined in (13). The mixed signal is then decimated
to obtain 0.5 sec of IQ samples at 457 Hz. In the next
step, the Doppler signal is estimated and windowed (Hanning)
to generate the FFT components. Theoretically, the obtained
FFT yields 12.4 mm/s velocity resolution and the maximum
detectable velocity of ±14.23 m/s at 2.4 GHz RF band.
Fig. 4 depicts the two simulated scenarios where five static
reflectors are positioned in 3 − 10 m around the radar enabled
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IBFD device to resemble an indoor multipath channel. A target
is also involved which moves at 2 m/s towards the radar.
A. Radar Performance without the Desired Signal m
In the first simulation, the influence of the EBD SI rejection
is evaluated in the absence of the intended message m. Fig. 5
shows the spectrum of the resulting mixed signal when the
target is at 2 m. This figure reveals that reducing the EBD
isolation (−Ge (dB)) not only increases the DC component as
the direct SI has a zero Hz Doppler, but also creates ambiguity
peaks in the mixed signal. Importantly, the Doppler component
maintains the same level. This simulation shows that an EBD
isolation better than 40 dB can, for the simulated scenario,
sufficiently remove the noise on the mixed signal. Fig. 6 also
illustrates how the DC removal filter eliminates the strong DC
component from the estimated Doppler signal d.
By comparing both ideal and non-ideal Doppler signals, we
can determine a normalized SNR as:
SN Rnorm = SN Rest − SN Ropt ,

(14)

where SN Ropt and SN Rest are the SNR of the estimated
Doppler resulting respectively from the ideal mixed signal in
(4) and the interfered mixed signal in (13).
This test is continued by positioning the target at different
distances (2 m, 3 m and 6 m) to also assess the detection
range of the system. Fig. 7 shows the resulting SN Rnorm
for various levels of EBD performance. It is evident that
increasing the EBD SI cancellation improves the quality of
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the Doppler signal in all the cases. Our simulation also shows
that an analog suppression of the self-interference of 40 dB
is sufficient independent of the target distance. Moreover, the
results reveal that the system produces better SN Rnorm as
the target approaches the IBFD radio.
B. Radar Performance with the Desired Signal m
In the second simulation scenario, we locate the transmitter
of the desired signal at 4 m from the radar and generate
the corresponding reflections (see Fig. 4). Fig. 8 represents a
similar curve to assess the significance of the DiSIC parameter
Gd suppressing the interference from the received message
m. As expected, m and its environmental reflections do not
impact the radar performance of the system as m and x
are uncorrelated. Nevertheless, the DiSIC block can enhance
the radar performance when m is significantly stronger than
the reflection iR , which is visible in Fig. 8, when the EBD
isolation is above 45 dB.
V. R ADAR -C APABLE IBFD P ROTOTYPE
In this section, we introduce our IBFD prototype used on an
EBD for the analog self-interference cancellation. Fig. 9 (Left)
illustrates the function schematic of the prototyped device.
As our simulation results confirmed that the main source of
interference for the Doppler signal is the leaked direct SI,
subject to the performance of the EBD, we focus on this
source of interference in our experiments. This also simplifies
the prototype as there is no need for a DiSIC block. To the
best of our knowledge, it is the first demonstration of EBDbased mono-static Doppler radar which is integrated into a
communication device.

Fig. 9 (Right) shows the picture of the prototype which
consists of one SDR, one customized EBD-based AnSIC
module [20] and one PC. The SDR is a NI USRP RIO with a
Kintex-7 FPGA onboard. The EBD is connected to the USRP
by two 25 cm RF cables and a GPIO bus. The RF cables
connect the EBD and the USRP’s receiver and transmitter. The
radio front-end ranges from 400 MHz to 4.4 GHz and samples
at 120 MSamples/s. The Zbal in the prototyped EBD comprises four adjustable capacitors, each can obtain 28 distinct
capacitance values. To tune the EBD and achieve adequate
SI rejection, we use a particle swarm (PS) algorithm [25]
which is implemented on a MicroBlaze softcore [26] deployed
on the FPGA (shown by MB block in Fig. 9). Running at
150 M Hz, the MicroBlaze allows EBD tunning within 1 ms
through the GPIO bus. The whole setup can be controlled
and monitored via a PCI-e connection and a LabVIEW user
interface. Regarding the EBD’s maximum tolerable RF input
and its operating frequency band, we decrease the power of the
OFDM signal (see table I) to 5 dBm and tune the USRP’s Tx
and Rx at 1.74 GHz. We also use an omnidirectional antenna
as such the device can radiate/receive to/from all directions
and maintain its communication functionality. To compensate
the Tx-baseband to Rx-baseband delay, the model employs
an n-tap delay block shown by z −n in the block diagram
and the measured n is approximately 119 samples in our
prototype. The USRP produces 120 M Hz complex baseband
signal which has to be mixed with the transmitted signal.
The resulting signal is then decimated to achieve narrow-band
(457 Hz) complex mixed signal. The real-time processing on
the FPGA is in 16-bit and 32-bit fixed-point precision and, as
shown in Fig. 9, the rest of the computation is accomplished
on a computer to obtain the micro-Doppler profile which
theoretically enables detecting up to ±19.64 m/s motions with
10.6 mm/s resolution.
VI. E XPERIMENTAL R ESULTS
This section details the experimental results obtained with
the IBFD prototype with analog SIC. First, the required EBD
tuning rate is measured in an indoor environment. Second, we
evaluate the impact of fixing the EBD state when computing
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the Doppler spectrum. We also assess the accuracy of the
velocity estimation experimentally.

A. EBD Tuning Trade-off
In Section II, we discussed the necessity of EBD retuning
and introduced ftune as a parameter which limits the minimum
detectable velocity. In this part, we investigate ftune in an
indoor environment. Fig. 10 displays the probability distribution of the EBD isolation, measured in a typical office room
where the device is placed on a desk next to a working person.
In each experiment, an isolation threshold is determined to
trigger the EBD tunning algorithm. The level of the SI and
the number of triggers are recorded for 60 minutes to estimate
how often the EBD has to be tuned to maintain the Tx-Rx
isolation below the threshold. It is evident that increasing
the isolation threshold raises the required EBD tuning speed
and, consequently, increases the minimum detectable velocity
determined in (9). According to the experimental results in
Fig. 10, to obtain 45 dB, 40 dB and 35 dB analog SI
cancellation, the EBD requires respectively 1.3 Hz, 0.93 Hz
and 0.5 Hz tuning rates. These tunning frequencies limit
vmin to 111, 80 and 43 mm/s respectively. We note that the
actual achieved isolation depends on the EBD setting and the
dynamic environment, giving a distribution of instantaneous
isolation values. Each time the EBD is retuned, a more optimal
configuration for the given environment is determined.

Fig. 13. Measured influence of the EBD isolation on radar capability of the
proposed system.

B. Doppler Measurement
To evaluate the radar capability of the prototyped device,
a remotely controlled XY table is utilized to move a cone
reflector with radar cross section (RCS) 15 dBsm at different
speeds ranging from 200 to 800 mm/s, as shown in Fig. 11.
Due to the omnidirectionality of the antenna, the system is
also exposed to statistic reflections from a lab environment.
Fig. 12 shows the Doppler profile obtained by short-time
Fourier transform (STFT), when the reflector moves forward
and backward at different velocities. Each segment in this
spectrogram is 800 ms including 85% overlap with the adjacent frame. There is a visible artifact in the spectrogram
when the XY table changes the direction of the target. It is
due to inertia in the mechanical setup.
In the next experiment, SN Rnorm of the Doppler signal is
measured for different levels of analog SI cancellation while
the target moves at 200 mm/s. The result in Fig. 13 reveals
that improving the EBD SI isolation enhances the estimated
Doppler signal. Besides, for higher levels of EBD SI rejection,
this curve also behaves similar to the simulation results in
Fig. 7 and Fig. 8.
Fig. 14 presents the performance in terms of the probability
of correct velocity detection (Pd ) and the likelihood of false
alarm (Pf a ). For each measurement in this figure, the reflector
moves (forward and backward) five times at the speed of
200 mm/s. The measurements are performed for various
levels of EBD SI cancellation. Then, the spectrogram is formed
by a 365-point FFT and the largest FFT component determines
the target velocity. The estimated value is then compared with
the actual target speed. By changing the detection thresholds,
various probabilities are measured. Regarding the results in
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Fig. 14. Measured Pd -Pf a graph for different levels of EBD SI rejection.
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Fig. 15. Measured Pd -Pf a graph for different velocities, EBD isolation >
45 dB.

Fig. 14, increasing the EBD SI suppression improves the
probability of correct velocity measurement.
The same strategy is adopted to assess the velocity measurement capability of the system when the EBD isolation is
maintained > 45 dB. Fig. 15 illustrates the Pd -Pf a graph for
different speeds. In this test, we consider the measurement
tolerance of ±4vres to deal with the artifact caused by the
vibration at the moment the cone changes the movement direction. This experimental result also shows that the device allows
high precision velocity detection during signal transmission, as
all experiments are carried out with modulated waveforms.
VII. C ONCLUSION
This paper demonstrates the ability to integrate the functionality of a mono-static Doppler radar in an IBFD-capable communication device. We study how various interfering sources
influence the performance of the integrated Doppler radar.
When the radar is sensing movements in the environment
while transmitting and receiving messages in in-band full
duplex mode, our simulation results show that the impact of
an interfering communication device is found to be negligible.
This is owing to the fact that the communication signal is
largely uncorrelated and a typical DiSIC module can overcome
this source of interference.
The proposed concept is also prototyped using a commercial off-the-shelf SDR platform and a custom made EBD at
1.74 GHz RF band. Using a moving reflector mounted on a
XY table, the prototyped radar-capable communication device
is evaluated by investigating the influence of the EBD Tx-Rx
isolation and the velocity measurement in the term of false

alarm and detection probabilities. The experimental results
prove that an analog self-interference cancellation of 45 dB is
able to sufficiently cancel the self-interference on the Doppler
signal and achieves high-resolution velocity estimation in an
indoor environment. The proof-of-concept prototype could
precisely measure velocities in the range of 200 − 800 mm/s.
The radar range resolution, however, is very poor as the
communication standards primarily dictate the operation bandwidth. This implies that it can only effectively be used as a
Doppler radar.
Using radars for human activity detection has been popularly adopted in recent years. The realization of the Doppler
radar functionality in the communication device presents
several opportunities such as near range gesture recognition
without having to necessarily operate another RF device. To
the best of our knowledge, this is the first of its kind to
describe and also prototype a device that can potentially
be used for both communication and extraction of Doppler
features simultaneously. Going further, future work entails a
more detailed analysis of the trade-off between EBD tuning
accuracy and speed, versus the range of Doppler frequencies
that can be detected in a variety of scenarios.
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