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Abstract—In-band full-duplex (IBFD) technology has the
potential to not only double the communication throughput
but also enable additional capabilities. The fusion of radar
and communication subsystems is an excellent example of
how IBFD facilitates integration of radar functionality into
a communication system. Developing and analysis of a joint
IBFD radar-communication (RadCom) system is at the core of
this study. This system derives the range-Doppler image from
the state of an adaptive filter, which already exists in a typical
IBFD transceiver. Our approach is waveform-independent and
reuses the RF front-end while it requires little additional digital
logic. The proposed system is prototyped to assess the modem-
radar coexistence in a real-world IBFD communication link
budget. Employing the prototyped system, we quantify the
additional required logic resources and investigate whether
such a RadCom approach dictates a trade-off between the
two intended functionalities. The experimental results show
that the proposed solution enables a communication system to
detect targets within 20 m while maintaining an IBFD link
with another communication node.

Index Terms—in-band full-duplex, radar-communication
(RadCom), self-interference cancellation, opportunistic radar,
wireless sensing, hand/body gesture detection, WiFi sensing.

I. Introduction

DUE to the rapid growth of wireless devices and
services in recent years, the frequency spectrum is

becoming increasingly congested and costly. This concern
has forced researchers to investigate advanced methods
to get the most use out of the scarce spectrum, steer-
ing the research efforts toward accommodating multiple
functionalities into one wireless device. In this regard,
sharing the same frequency band and hardware resources
for integrating communication and radar into one platform
has attracted substantial attention. Such an approach
has strong potentials in both indoor and outdoor remote
wireless sensing applications. For instance, this technique
enables a Wi-Fi access point to provide Internet access
to the users and sense them opportunistically over the
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downlink signal. Such an innovative radar capability
integrated into a modem is not yet standardized. However,
due to the recent advances and the ease of deployment, it
would not be surprising to become a part of the wireless
communication standards in the near future.

In this scope, the challenge is to achieve the radar
extension on top of the communication mode with min-
imum cost. There are advanced dual-function radar-
communication (DFRC) approaches that perform oppor-
tunistic communication by employing an already existing
radar aperture [1]. Simultaneous emission of radar and
communication signals is presented in [2] and [3] in the
form of dual- or multi-beam antenna array. For example,
the authors in [4] present a time-modulated method which
optimizes a time-varying weight vector to control the
emission of each antenna element. There are also multiple-
input multiple-output (MIMO) radar and communication
schemes [5] [6] in which a subset of the antenna array
is allocated to radar and the rest to communication.
Many other works suggest modulation-based solutions to
perform in-band radar and communication. The work
in [7] makes use of ultra-wideband orthogonal frequency
division multiplexing (OFDM) pulses to reconstruct the
radar image. In [8], a novel method for controlling a
chaotic trajectory is presented to encode the binary
information. This kind of frequency modulation waveform
then is used for joint radar and communication. A multi-
carrier agile phased array design is also proposed in [9],
where the inherent spatial and spectral randomness of
this scheme allows for data communication in the form of
index modulation. The authors in [10] develop and linear
frequency modulation in which the radar pulse is formed
by the reduced phase angle modulation that can transfer
low-rate information.

Although these techniques can provide high resolution
sensing for long-range applications, one can list three main
problems as follows.

• Deployment of array antenna requires multiple RF
front-ends that makes this approach relatively ex-
pensive. Besides, such a multi-channel system is
comparatively complex compared to a traditional
transceiver.

• In the DFRC solutions which are enabled by dual- and
multi-beam antenna arrays, the operation direction
is limited, i.e. the device cannot communicate with a
terminal at the same azimuth/elevation of which the
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radar is operating.
• The approaches inspired by innovative modulations

cannot be assigned to an already standardized frame-
work. For instance, the OFDM-based techniques are
not applicable to a sensor network operating over
ZigBee.

From a broader viewpoint, a passive bi-static radar
system, which exploits scattered signals from a non-
cooperative communication transmitter, could also be
categorized as an opportunistic remote sensing technique.
However, such an approach suffers from the over-the-air
reference signal extraction, the overhead due to radar Tx-
Rx synchronization, and also requires multiple receivers
and often needs beam antennas [11]–[13].

Although the in-band full-duplex (IBFD) technology
has a long history of being employed in continuous wave
radars, there are few studies demonstrating the use of
IBFD for opportunistic wireless sensing and multi-purpose
communication platforms. In the spectrum efficiency point
of view, IBFD interest is twofold. First, it nearly doubles
the connection throughput by simultaneous transmission
and reception over the same frequency channel. Second,
it resolves the need for a dedicated spectrum band for
environment probing as the echoes of the self-transmitted
signal can be captured by the device to sense the surround-
ings. The key technical challenge to realize concurrent in-
band transmission and reception is to overcome the high-
power self-interference (SI). Typically, IBFD transceivers
somewhat suppress the SI signal before sampling, avoiding
saturation of the Rx chain and the analog-to-digital
converter (ADC). This step enables further SI cancellation
at the digital sampled baseband.

In [14] and [15], we introduced an IBFD transceiver
architecture that also achieves environment sensing op-
portunistically. The design is prototyped in [16], where a
classical correlation-based radar is deployed on top of an
IBFD platform. Such a radar-communication (RadCom)
system performs short-range mono-static Doppler-sensing
on the sample domain, operating over the standardized
waveforms, and without the complexity of the DFRC
systems or the requirement of bi-static counterparts. Still,
range detection is not efficiently feasible with this scheme
as it demands a large number of logic resources.

In contrast with our previous works with separate radar
and communication subsystems, in this paper, we present
a processing scheme for joint IBFD communication and
range-Doppler radar. In this IBFD RadCom system, an
adaptive filter is embedded to suppress the residual SI
after analog cancellation and drive a radar simultaneously.
As the adaptive filter cancels the environmental reflection
of the transmitted signal, it is inherently environment
aware and can be readily exploited as a radar. In [17]–
[19], the radar functionality is carried out in the symbol
domain by leveraging the channel estimation and adap-
tive filters for a particular modulation. Our technique
is waveform-independent and does not compromise the
two functionalities, while it fully reuses the RF front-end
and requires few extra logic blocks to upgrade the IBFD
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Fig. 1. Overview of the proposed IBFD RadCom system. With
sharing hardware and spectrum of an IBFD communication platform,
opportunistic rang-Doppler radar is possible by a minor digital block
extension.

communication modem with range-Doppler output. These
features suit the proposed RadCom system for a wide va-
riety of opportunistic sensing applications, such as Wi-Fi
sensing showcases, where multiple devices can collaborate
to perform target tracking and user localization.

A. Contributions
Using IBFD technology in our initial work in [20], we

explained how range-Doppler radar is efficiently possible.
Fig. 1 illustrates the proposed RadCom system operating
in a full-duplex scenario in which it forms an in-band
bi-directional link with another communication terminal.
As shown, the system benefits from an analog SI cancel-
lation (AnSIC) module, which provides primary Tx-Rx
isolation. The AnSIC technique in our design significantly
suppresses the direct Tx leakage while it leaves no impact
on the environmental reflections. This merit is achieved
by employing a hybrid transformer coupled with a balance
network that emulates the antenna impedance, as detailed
later in Section III-A. Besides, a digital SI cancellation
(DiSIC) block is deployed to suppress the residual SI
signal. At the core, the DiSIC module consists of an
adaptive filter that is shared between the modem and the
range-Doppler radar. To the authors’ knowledge, such an
approach in the IBFD communication context makes this
work the first of its kind.

In [20] we have already simulated the presented ap-
proach in a multi-target radar scenario. In the simulated
model, an adaptive filter was included to achieve >30 dB
SI rejection and detect four moving objects within 5-25 m
from the RadCom system. Extending the work in [20], the
key contributions of this study are summarized as follows.

• In order to give a comprehensive insight into the
proposed IBFD RadCom system, the mathematical
system model in our previous work in [20] is extended
to describe the RF and analog baseband and the
digital baseband submodels.

• In this work, we prototype the proposed IBFD Rad-
Com design in [20] and detail the system from the
implementation perspective.
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• By employing the prototype, the system is extensively
evaluated in a real-world IBFD communication link.
We measure both communication and radar perfor-
mances to investigate whether there is a trade-off
between the two intended functionalities.

• Finally, we quantify the extra FPGA logic resource
required on top of the IBFD communication device
for implementing the proposed technique for oppor-
tunistic rang-Doppler radar.

The rest of the paper is organized as follows. Sec. II
formulates the system mathematical model, incorporating
the analog and digital submodels. Sec. III details the
proof-of-concept prototype, which is used for the experi-
ments in Sec. IV. Finally, Sec. V discusses few practical
aspects, followed by the conclusion in Sec. VI.

II. Mathematical System Model
As shown in Fig. 1, we employ two communication

entities, labeled by Ux (RadCom) and Um (remote node).
The RadCom system Ux is equipped with analog and
digital SI cancellation blocks and senses the environment
while it sends/receives data to/from Um. This section
develops a mathematical system model for the proposed
IBFD RadCom system. To this end, we first describe the
RF and analog bandpass model. This is further extended
to the digital baseband domain, in which an adaptive filter
facilitates both SI cancellation and range-Doppler radar.

A. RF and Analog Baseband
Fig. 2 depicts the analog submodel of the proposed

RadCom device. This section adopts capital letters to
represent the time-domain RF and analog signals whose
baseband equivalents are denoted by the corresponding
lowercase letters. For the sake of clarity, we develop
the mathematical model in a noise-less communication
scenario.

Let us define x(t) as the baseband complex-valued
information signal from Ux which is indicated by the
bandpass communication waveform X(t) after RF up-
conversion,

X(t) = ℜ{x(t)ej2πfct}, (1)

where, ℜ{.} denotes the real part of {.} and fc is the
frequency of the carrier wave.

As shown in the analog model in Fig. 2, the received
RF signal by Ux can be expressed in the form

Y (t) = R(t) +Mc(t), (2)

where R(t) (depicted by the dashed arrow in Fig. 2) is
the Tx signal passed through the RF channel (including
the physical environment and the AnSIC circuitry), and
Mc(t) denotes the desired message from Um reaching
the Rx chain of the RadCom device Ux. Note that R(t)
involves the residual direct SI after analog suppression by
the AnSIC block, and the environmental SI component
reflecting off the device’s surroundings.
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Fig. 2. System model, RF and analog baseband. In an in-band
bi-directional communication link, the received signal Y (t) includes
the self-interference signal R(t) and the transmitted message from a
second party device Mc(t).

Employing the multi-path channel model in [21], we
define R(t) in the form of time-delayed, phase- and
frequency-shifted and attenuated replicas of the commu-
nication signal x(t), i.e.,

R(t) = ℜ{
∑
ρ

Aρe
j(2πfρt+ϕρ)x(t− τρ)e

j2πfc(t−τρ)}, (3)

where Aρ, ϕρ and τρ denote, respectively, the attenuation,
phase shift and time delay of the ρth reflection path.
Besides, fρ is the Doppler frequency shift of the ρth

reflector. Note that the contributions from the static
environment and the direct Tx leakage produce echoes
with a zero-frequency Doppler shift.

Similar to the transmit signal from Ux, the received
intended message Mc(t) can be represented as

Mc(t) = M(t) ∗Hc(t) and M(t) = ℜ{m(t)ej2πfct}, (4)

where m(t) is the baseband complex-valued message
transmitted by the remote node Um, M(t) is the RF
representation of m(t), Hc(t) characterizes the medium
between Ux and Um, and (∗) is the time-domain convo-
lution operator.

Finally, y(t) in Fig. 2 represents the complex-valued
baseband received signal after RF down-conversion. Ac-
cordingly, the complex-valued discrete-time representation
of y(t) after baseband sampling is

y[n] = y(t =
n

fs
) and fs ≥ B, (5)

with n being the discrete sample integer index, fs stands
for the baseband IQ sampling frequency, and B denotes
the bandwidth of the communication signal x[n].

B. Digital Baseband
Fig. 3 illustrates the digital baseband joint processing

model. By design, we assume that the sampling frequency
is an integer (N) multiple of the communication band-
width, i.e., fs = NB.

From (2) and (5), the baseband sampled received signal
is
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Fig. 3. Joint radar and communication digital processing. While the
adaptive filter defeats the residual SI signal, the FIR filter’s weights
can be exploited to render a 2D rang-Doppler image.

y[n] = r[n] +mc[n], (6)

where r[n] represents the SI signal R(t) in the sample
domain, and mc[n] denotes the baseband representation
of the message from Um.

From (3), we describe r[n] as

r[n] =
∑
ρ

Aρe
j(Wρn+ϕρ)x[n−∆ρ], (7)

where Wρ =
2πfρ
fs

denotes the Doppler frequency shift of
the ρth reflector, ∆ρ = ⌊τρfs⌋ denotes the delay of the
ρth reflection path in the digital domain, and ⌊{.}⌋ is the
greatest integer less than or equal to {.}.

In Sec. III-A, we introduce an AnSIC scheme that can
substantially suppress the direct SI signal. However, still
the residual SI degrades the sensitivity of the system.
Below, we explain how the DiSIC module in Fig. 3 can
concurrently suppress the remaining SI and produce the
radar signal.

1) Self-interference Cancellation: To enable IBFD com-
munication, the adaptive filter reconstructs the residual
SI. The estimated SI is then subtracted from the received
signal y[n], resulting in the error signal e[n], as defined in
(8).

e[n] = y[n]− r̂[n], (8)

where r̂[n] denotes the estimate of the SI signal r[n],
synthesized by a finite impulse response (FIR) filter, as
shown in the block diagram in Fig. 3.

Imitating the communication channel, the FIR filter
produces a linear combination of multiple time-delayed
versions of the Tx signal in the form

r̂[n] = w∗[n]xT[n], (9)

where the superscripts ∗ and T denote the complex
conjugate and matrix transpose, respectively. The vector
w[n] represents the complex-valued coefficients of the FIR
filter at the discrete-time n, i.e.,

w[n] = [w0[n],w1[n], ...,wQ−1[n]], (10)

where Q is the number of filter taps.
In addition, the reference vector x[n] in (9) comprises

the Q most recent samples of the Tx signal x[n] as defined
in (11).

x[n] = [x[n], x[n− 1], ..., x[n−Q− 1]] (11)

There are various adaptation techniques to tune a FIR
filter [22], among which the least mean squares (LMS)
algorithm reveals favorable features such as straight-
forward real-time implementation and sufficiently rapid
convergence. This widely used method is based on gradient
descent solution, where the parameters are learned by
steering them to the negative direction of the gradient
of the cost function, the error signal e[n] in this case.
Aiming a maximum SI rejection, we adapt the weights
vector as

w[n+ 1] = w[n] + µe∗[n]x[n], (12)

where µ is the time-independent LMS convergence factor.
Herein, we assume that the filter adaptation rate is as

frequent as the baseband sample rate fs. Note that given
x[n] and m[n] are uncorrelated, the error signal e[n] in (8)
converges to mc[n] [22], so that the modem can compute
m̂[n] as the estimate of the communication message from
Um.

2) Range-Doppler Radar: From the radar point of view,
the range resolution of such a system depends on the total
bandwidth occupied by the communication signal x[n],
i.e.,

Rres =
c

2B
, (13)

where c stands for the speed of light.
Let us define Pb as the set of reflectors located in the

bth radar range bin Rb = [bRres, (b+ 1)Rres), from which
the echoed SI components reach the radar within nearly
an identical delay ∆b. Accordingly, one can approximate
the SI signal in (7) as a sum of the reflections from the
radar range bins, as follows.

r[n] ≈
∑
b

αb[n]x[n−∆b], (14)

where αb[n] characterizes the overall reflected SI compo-
nents from the bth range bin by their amplitude, phase
and frequency shifts, i.e.,

αb[n] =
∑
ρ∈Pb

Aρe
j(Wρn+ϕρ). (15)

Given the system acquires N = fs/B samples within
the coherence time of the communication signal x[n],
from (9) and (14), one can estimate the cellwise Doppler
information in (15) through N successive coefficients of
the adaptive filter in the form

α̂b[n] =

N−1∑
k=0

wNb+k[n]. (16)
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Fig. 4. The functional block diagram of the prototyped IBFD
RadCom system (Right) and its picture (Left).

Practically, the baseband sample rate is several times
larger than the maximum Doppler frequency shift. Thus,
we apply decimation to form a narrowband Doppler signal,
enhancing the radar sensitivity by filtering out abrupt
variations. On top of that, the radar exploits a DC-removal
filter to reject the zero-frequency Dopplers, suppressing
the strong impact of the residual direct TX leakage and the
influence from the static environment. Hence, the radar
applies filtering and downsampling to produce the non-
zero Doppler information of the bth range bin as

db[n
′] = (α̂b[n] ∗ h[n])↓Nd

, (17)

where n′ = nNd, h[n] denotes the band-pass filter, de-
scribing the low-pass and the DC-removal filters discussed
above, and the operation {.}↓Nd

is the downsampling by
a factor of Nd.

Next, the radar range-Doppler profile resulting from the
proposed approach can be constructed in the form

d[n′] = [d0[n
′], d1[n

′], ..., d⌊Q
N ⌋−1[n

′]], (18)

where the bth element of d[n′] approximates the Doppler
information reflecting off the bth radar range bin, and rates
at fs/Nd.

Finally, windowing followed by the fast Fourier trans-
form (FFT) can be used to identify the dominant Doppler
component of each range bin fd, and consequently, calcu-
late the radial speed of the target V , the velocity resolution
Vres and the maximum detectable speed Vmax as follows.

V =
cfd
2fc

, Vres =
cfs

2fcNdNfft
, Vmax =

cfs
4fcNd

, (19)

where Nfft stands for the number of samples used to
produce the FFT.

Besides, the FIR filter order Q and the processing gain
N determine the maximum detectable range, i.e.,

Rmax = ⌊Q
N

⌋Rres. (20)

III. IBFD RadCom Prototype
In this work, we start from the simulation results in [20]

and focus on prototyping, which enables experimentation
in a real-life scenario. Fig. 4 (Right) depicts the functional
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Fig. 5. Electrical balance duplexing concept. A high level of Tx-Rx
isolation can be achieved by balancing the antenna’s impedance Zant

and the dummy load Zbal.

block diagram of the proof-of-concept IBFD RadCom
system whose picture is shown in Fig. 4 (Left). The
prototype consists of one software-defined radio (SDR),
one AnSIC module and one PC. The SDR is a NI USRP
RIO with a Kintex-7 FPGA on board, allowing for real-
time SI cancellation as well as radar realization. Below,
this section describes the prototype in the implementation
viewpoint.

A. AnSIC Module
At the core, the AnSIC employs a customized on-chip

electrical-balance duplexer (EBD) [23]. As illustrated in
Fig. 5, the balance between the antenna’s impedance Zant

and the dummy load Zbal causes two equivalent copies
of the transmit signal (represented by Path1 and Path2)
reach the EBD’s Rx port in opposite phase, leading to
significant isolation between Tx and Rx ports. In this
work, the dithered linear search (DLS) algorithm [24]
is adopted to tune the EBD, aiming for maximum Tx-
Rx isolation. The EBD adaptation is deployed on a Mi-
croBlaze, represented by the MB block, inside the FPGA
(see Fig. 4). The EBD tuning procedure has to be done
regarding the antenna’s near-field dynamics, for example,
once at the start-up for a ceiling-mounted device. This
AnSIC technique can significantly suppress the direct SI
component, while leaving the environmental SI reflection
untouched. This feature is essential in such a RadCom
system where the environmental SI echoes have to reach
the digital baseband, allowing for radar processing.

Regarding the EBD’s maximum tolerable RF input and
operating frequency band over which it behaves linearly,
the Tx channel power in our design is limited to -5 dBm
and the USRP’s RF front end is tuned to 1.74 GHz. As
shown in Fig. 4, the EBD antenna port is connected
to an omnidirectional antenna as such the device can
radiate/receive to/from all directions.

B. DiSIC Module
The prototyped system is equipped by a VHDL-based

DiSIC deployed on the FPGA to allow post-analog SI
cancellation. The implementation consists of a 28-tap
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Fig. 6. Evaluation setup. While a XY positioner is involved to
produce a consistent movement in each test, two communication
terminals are employed in the test setup to establish an IBFD
communication link.

FIR filter and a real-time LMS optimizer. The processing
precision is set to 28-bit fixed-point in the proof-of-concept
prototype to avoid computational issues and accelerate
prototyping. Running at 80 MHz, the pipeline realization
in such a design allows SI cancellation of a complex
communication signal up to 40 MHz bandwidth within
six clock cycles.

To accelerate the IBFD studies, we also published this
VHDL-based DiSIC implementation as an opensource
repository which can be cloned from [25]. This implemen-
tation allows for adaptive filters with up to 48 taps and
up to 32-bit fixed-point precision.

Since the USRP digital frontend operates at 120 MHz,
there are a digital up converter (DUC) and a digital down
converter (DDC) to convey the baseband signal across
the two clock domains (see Fig. 4). Furthermore, to avoid
the USRP’s DC signal at the IF baseband, the system
adopts a DC-removal filter shown by the HPF in the block
diagram. Moreover, there is a delay block shown by z−n

to compensate for the Tx baseband to Rx baseband delay.
By connecting the EBD’s antenna port to a 50 Ω dummy
load, we measured this delay equivalent to 182 samples
which is mainly dictated by the DDC and DUC in our
prototype.

C. Radar Implementation
The high-speed part of the radar is also deployed on the

FPGA. The weight vector w[n] in (10) is produced by the
VHDL-based DiSIC and further processed by the filters
and the downsampler. The parametrized realization in this
part allows for an output which rates at 4.88 kHz - 308 Hz.
This is implemented by a run-time configurable decimator
in which the filter length is also flexible. In the next step,
the range-Doppler profile d[n′] in (18) is transferred to
the PC by a PCI-e interface. Ultimately, by windowing
(Hamming), FFT operation and 2D interpolation, the PC
draws a real-time range-Doppler image.

IV. Experimental Result
By employing the prototyped platform, this section eval-

uates the performance of the proposed RadCom system.
To this end, we first measure its SI rejection ability. The
optimum system parameters are then investigated in a

TABLE I
OFDM Waveform Characteristics

Parameter Value Parameter Value
strength -5 dBm subcarriers 128 (Data+Pilot)

band 1.74 GHz modulation QPSK
bandwidth 5-40 MHz ideal time 20 µs

1.72 1.725 1.73 1.735 1.74 1.745 1.75 1.755

-100

-80

-60

-40

-20

0

Fig. 7. Self-interference cancellation performance. -5 dBm Tx
channel power, 44 dB analog SI rejection by EBD, 30 dB digital SI
cancellation. Still, 24 dB further cancellation is required to push the
remaining SI (-79 dBm) below the noise floor (-103 dBm), achieving
the same sensitivity as the half-duplex mode.

real-world IBFD communication scenario, followed by the
radar performance analysis. As shown in Fig. 6, in addition
to node Um at 3 m, there is an XY positioner in the test
setup to enable identical movement in the test iterations.
The devices transmit an OFDM communication signal as
specified in Table I. The modem transmits communication
messages at 1.74 GHz, which carries random bitstreams
starting with an IEEE 802.11ac training sequence.

A. SI Cancellation
Fig. 7 illustrates the power spectral densities of a

20 MHz SI signal after different stages of cancellation.
This graph reveals how the joint analog and digital SI
cancellation modules reduce the undesirable SI. According
to this graph, the EBD resembles a notch filter. Whereas
the DiSIC attenuates the residual SI uniformly over the
frequency band. Table. II lists the SI rejection performance
for different signal bandwidths, showing that increasing
the bandwidth reduces the performance of AnSIC while
the DiSIC module reveals relatively consistent perfor-
mance, at -5 dBm Tx power.

B. IBFD Communication Performance
Fig. 8 shows the convergence time of the DiSIC module

in a static environment where the AnSIC block provides
44 dB SI cancellation and without the interference from
Um. In each test, the DiSIC is triggered until the SI
reduces and converges to a certain level. Then, regardless
of the ultimate SI rejection performance, the time between
the trigger and the residual SI settlement is measured to
estimate the convergence time. This graph reveals that,
one has to increase both DiSIC tuning rate ft and adap-
tation factor µ to achieve a rapid SI suppression. While
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TABLE II
Self-interference Cancellation Performance

B (MHz) AnSIC (dB) DiSIC (dB) Overall SIC (dB)
5 55 31 86
10 48 31 79
20 44 30 74
40 40 31 71

4e-5
6e-5

8e-5
1e-4

2e-4
3e-4

4e-4
8e-4

1e-3
2e-3

4e-3
8e-3

1e-2
2e-2

200

400

600

800

1000

1200

1400

1600

Fig. 8. DiSIC convergence time VS the adaptation factor µ as a
function of the adaptive filter tuning frequency ft in the absence of
the node Um.

the DiSIC adaptation has to be fast enough to provide
rapid SI rejection and track fast-moving targets, one can
adjust the convergence factor µ to achieve robustness
against interference and noise. To this end, we firstly define
the signal-to-interference-plus-noise ratio (SINR) of the
demodulated training sequence as a metric to determine
the IBFD link quality, i.e.,

SINR =

∑Ns−1
i=0 |s[i]|2∑Ns−1

i=0 |s[i]− ŝ[i]|2
, (21)

where s[n] is the training sequence of length Ns, and ŝ[n]
is its estimate calculated by the OFDM modem running
on the PC (see Fig. 4).

Fig. 9 shows the measured link quality for a 20 MHz
communication signal in a dynamic environment, as a
function of the DiSIC adaptation factor µ. The dashed
lines in this graph indicate the half-duplex performance.
Note that the interval labels of the x-axis (µ) in this graph
are not spaced equally. In this test, an aluminum coated
plate (40 × 25 cm) moves at nearly 0.5 m/s by the XY
positioner. In each iteration, the EBD is tuned once at the
startup. To avoid significant environmental changes within
the EBD’s near-field, the plate moves at 0.5 m to 4 m away
from the system under test. To assess the impact from the
node Um and the distance of the target dt, we examined
the performance with four different configurations, and
DiSIC tuning rate is set to be ft = 2.5 MHz.

From this graph, one can find the optimum adaptation
factor around µ = 4e−4. This is obvious in this figure
that the adaptation factor µ should be large enough to
achieve sufficient SI cancellation and achieve a better
SINR. Besides, for the case with stronger emission from
Um (+5 dBm), increasing µ value significantly reduces the
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Fig. 9. Measured IBFD communication link quality in a dynamic
environment where a target moves at 0.5 m/s at 0.5 m and 4 m from
the prototyped RadCom system.
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Fig. 10. Measured radar performance with the coexistence of a
second party communication terminal at 3 m.

performance as it leads to instability. This is more clear
when the moving plate is closer to the device. Furthermore,
increasing the transmit power of Um from -5 dBm to
+5 dBm, enhances the link quality by nearly 10 dB
(compare the red and the blue curves at the optimum
point). Moreover, we observed that nearing the target from
4 m to 0.5 m degrades the link quality slightly by 2-4 dB
(compare the star curves with the ones with circles).

C. Radar Performance
This part assesses the radar performance. In this test,

the target moves forward at 0.5 m/s, and in each iteration
the signal-to-noise ratio (SNR) of the FFT components
(±2Vres) at the expected range and frequency indexes are
compared to the noise level of the range-Doppler image.
Fig. 10 shows the radar performance SNRd as a function
of DiSIC adaptation factor µ, when the tuning rate is
set to ft = 2.5 MHz. From this graph, we learn that
increasing the DiSIC adaptation factor from the optimum
point reduces radar performance similar to the link quality
as the DiSIC becomes sensitive to interference from Um
for large values of µ. We also assessed the impact of a
concurrent in-band emission from Um at two different
levels, -5 dBm and +5 dBm. As explained in Sec. II, the
adaptive filter merely reconstructs the contribution from
the SI signal and hence, an uncorrelated communication



IEEE SYSTEMS JOURNAL 8

5

10

15

20

25

30

35

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12
-40

-35

-30

-25

-20

-15

-10

-5

0

N
or

m
al

iz
ed

 in
te

ns
ity

 (
dB

)

B

A

Fig. 11. Measured range-Doppler image (Left) from the experiment
pictured at the Right. The prototyped RadCom system detects two
human targets that walk/run away/toward the system, which emits
a 40 MHz OFDM signal.

message from a second party device has nearly no impact
on the radar performance (compare the red and the
blue curves in Fig. 10). Moreover, we observed a better
performance for the case that the plate is closer to the
RadCom prototype.

In the proof-of-concept prototype, the modem is im-
plemented on the PC side, making the communication
link quality assessment inaccurate for higher bandwidths
than 20 MHz by overwhelming the PC. Thus, to represent
the radar capability at this point, we use a 40 MHz
OFDM signal to achieve a better range resolution while
we disabled the modem to relax the PC. Fig. 11 depicts
the measured 2D range-Doppler image. In this test, two
persons, labeled by A and B in the picture, walk away
(A) and run toward (B) the prototyped system, which
is placed in a corridor and emits a 40 MHz OFDM
communication signal. Note that here, we skipped the sum
in (16) and mapped the first 20 filter coefficients directly
to the distance axis as such it improves the graphical
drawing of the 2D graph. Given 80 MHz sampling rate,
we calculate the maximum detectable range Rmax=37.5
m. This experiment proves the ability of the proposed
technique in this paper to detect multiple targets at
different ranges and velocities.

D. RadCom FPGA Resource Usage

In addition to the communication and radar quality
evaluation, it is also interesting to investigate how much
extra FPGA logic is required to embed radar function-
ality into an IBFD communication system. Based on the
prototyped system explained in Sec. III, Table III details
the FPGA (Kintex-7) resources as are necessary for the
IBFD communication device as well as those that are
needed for the IBFD RadCom system. This table confirms
that, on top of the original IBFD platform, a small set of
FPGA components is adequate to effectively render the
two mentioned concurrent in-band functionalities.

TABLE III
FPGA Resource Usage (Xilinx Kintex-7)

Component Available Communication RadCom
Registers 508.4 k 28% 31%

DSPs 1540 72% 73%
Block RAMs 794 60% 68%

LUTs 254.2 k 52% 60%

V. Discussion
Increasing the Tx power in our proof-of-concept proto-

type causes non-linear SI components mainly introduced
by the EBD and the power amplifier. Thus, to assess joint
radar-communication performance by the prototype, we
limited the Tx power to -5 dBm, avoiding nonlinearities
that can impact the radar sensitivity and degrade the
IBFD link severely. However, on top of the linear DiSIC in
our prototype, the hardware imperfections and nonlineari-
ties also have to be modeled prior to the adaptive filter. In
[26], for instance, we proposed a Hammerstein model, with
a nonlinear part modeling the transmitter nonidealities
followed by a linear filter to model the SI channel. The
non-linear part includes a spline-based model for the non-
linear power amplifier, a polynomial model for baseband
nonlinearities, as well as models for I/Q mismatch and
local oscillator leakage. In contrast with the tradition-
ally used memory-polynomial-based non-linear models,
a real-time implementation of the Hammerstein model
is accompanied by comparatively lower computational
complexity. Besides, it delivers a significant SI suppression
performance compared to the only-linear model. This way
one can achieve optimum SI suppression and improve both
radar and communication.

The other disadvantageous of the EBD approach is the
non-uniform SI rejection behavior, as is visible in Fig. 7.
The possible solutions to overcome the EBD notch-shape
response can be listed as a) using an EBD design with a
broader SI suppression range, b) employing parallel EBDs,
or c) modelling the EBD frequency response at the digital
cancellation step.

Besides, as mentioned in Section I, the required hard-
ware via implementing the proposed approach in this work
is more efficient than the technique in [16]. The reason is
two-fold: a) the approach in [16] requires several IQ mixers
to obtain the Doppler information of each radar range
bean while the proposed technique in this work reuses
the already existing blocks from the DiSIC. b) Since the
adaptive filter update rate is less than the sampling rate,
the approach in this work requires partially smaller logic
for decimation.

Moreover, the simulation results in Fig. 12 reveals that
compared to the correlation-based Doppler radar in [16],
the joint scheme proposed in this work is less sensitive to
the level of the direct SI suppression by the AnSIC module.
For this analysis, the simulated layout in [20] is adopted
and both of the approaches above are applied to extract
the Doppler signal of the nearest target. Then, the same
technique in Section IV-C is used to estimate the sensing
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Fig. 12. Radar performance compassion between the joint scheme
proposed in this paper and the correlation-based Doppler radar in
[16], as a function of analog SI rejection by the EBD.

performance. The graph in Fig. 12 illustrates that reducing
the direct SI cancellation degrades the correlation-based
radar more than the technique with adaptive filtering.
Although the reason has to be studied more analytically,
the use of multiple taps and the feedback mechanism
can already explain the better results with the adaptive
filtering approach.

VI. Conclusion

This paper has introduced an efficient strategy to
integrate a radar subsystem into an IBFD communication
transceiver by joint full-duplex and radar signal process-
ing. To achieve IBFD, the proposed system employs an
analog SI cancellation module that does not impact the
environmental reflections of the transmit signal. Then,
an adaptive filter is embedded at the digital side to
suppresses the residual SI, while the filter also projects the
environmental Doppler information on its weight vector.

Using a testbed, we measured the IBFD link quality (in
terms of SINR) and the radar performance. We conclude
that a better SI rejection by the digital SI canceller
gains radar performance. More importantly, we showed
a simultaneous in-band transmission does not overwhelm
the radar in a practical scenario. Nonetheless, with or
without the radar block, we observed that dynamics close
to the device could degrade the IBFD link quality as they
impose substantial abrupt SI variation. Furthermore, we
quantified a small number of additional logic blocks to
perform the joint radar processing. These features enable
the proposed approach to satisfy a wide variety of RadCom
showcases.
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