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Abstract—We present a procedure and experimental setup
using a state-of-the-art commercial RF system-on-chip (RFSoC)
to evaluate self-interference cancellation in full-duplex array
antennas. Our focus is on assessing the capacity of the system’s
interference cancellation abilities, namely how effectively the
technology can perform nulling in the presence of hardware
imperfections and practical testing conditions. This step is crucial
for evaluating complex array transceivers that comprise multiple
non-linear components, such as power- and low-noise amplifiers,
and that require advanced beamforming strategies to maximize
antenna gain, effective radiated power, receiving sensitivity, etc,
while canceling self-interference. Our initial experimental setup
includes a 1 x 5 Vivaldi antenna array operating in the 3—6 GHz
band, connected to the digital transceiver system on the RFSoC
board. We introduce a calibration procedure to compensate
for DAC-induced errors and synchronize the transmit channels
during measurements. This calibration procedure shows a can-
cellation limit of up to 63 dB.

Index Terms—In-band full-duplex, Self-Interference, Calibra-
tion, RFSoC

I. INTRODUCTION

In-band full-duplex (IBFD) architectures enable simulta-
neous transmission and reception of signals at the same
frequency, representing a significant advancement in wireless
communications. This approach has the potential to theoreti-
cally double spectral efficiency and increase the data rate of
wireless communication systems as well as improve sensitivity
in e.g., radar and Electronic Warfare applications [1].

However, there are several challenges in the practical
implementation of cost-effective and compact full-duplex
transceivers. The most significant obstacle is known as self-
interference (SI), which arises because the transmitter and
receiver either share the same antennas or have closely
spaced antennas [2]. Employing digital domain methods in
multiple-input multiple-output configurations can mitigate SI
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and prevent saturation of receiver (RX) low noise amplifiers.
Sufficient isolation between distinct transmitter (TX) and RX
antenna arrays, even in closely spaced antenna arrays, enables
simultaneous transmission and reception within the same fre-
quency band for an IBFD system. For instance, in [3], a TX
beamforming technique was introduced, which finds the TX
excitation vector maximizing the realized array antenna gain in
a specific direction while guaranteeing the per-element or total
coupled TX-to-RX self-interference power below a maximum
threshold level.

To implement and ultimately demonstrate the beamforming
method suggested in [3], we employ the Zynq UltraScale+
RFSoC ZCU216 Evaluation Kit. This evaluation kit combines
analog-to-digital converters (ADCs), digital-to-analog convert-
ers (DACs), programmable logic, and digital signal processing
(DSP) cores into one chip. This integration enables the creation
of highly flexible and configurable software-defined radio sys-
tems capable of performing real-time RF processing tasks [4].
Using this board, we can execute complex algorithms for self-
interference mitigation and synchronization, allowing us to
examine the concept of full-duplex communication systems.
This paper focuses on evaluating the RFSoC board in its
inherent capability to achieve SI cancellation, which is a more
extreme type of beamforming than the one proposed in [3], but
a useful test case to examine the capabilities and limitations
of this board.

In principle, achieving perfect cancellation of SI in the
receiver is theoretically possible when the non-wanted leakage
between the transmitting and receiving paths is perfectly
known by the RFSoC. However, practical limitations arise
if the channel is non-stationary as in most sensing and
communication applications. Furthermore, non-linear DAC
effects of the transmitter components can complicate channel
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Fig. 1. Antenna array and excitation configuration used for evaluating the SI
cancellation performance with the RFSoC.

estimation [5], [6]. On-the-fly phase and amplitude calibration
is therefore essential for effectively using digital beamforming,
in particular the ability to cancel SI.

The rest of the paper is organized as follows: Section II
presents the SI cancellation configuration, whereas Section
Il formulates the calibration process. Section IV presents
the experimental setup and measurement results, followed by
conclusions in Section V.

II. SI CANCELLATION CONFIGURATION

In [5], a near-field cancellation duplexing system is demon-
strated, employing synchronized transceivers with symmet-
rically arranged monopole antenna elements and a digital
backend for phase and amplitude control. By adjusting the
excitation weights across multiple transmit elements, the cou-
pled interference at the receiver elements provides up to 50 dB
additional isolation compared to the largest TX-RX coupling.

Building upon the principles proposed in [5], our objec-
tive is to showcase a 1 x 5 Vivaldi antenna array config-
uration [¢f Fig. 1] in conjunction with digital transceivers
implemented on the RFSoC. This array is fabricated using
3D-printed materials and coated with a conductive layer of
silver [7]. Operating within the frequency range of 3 to 6 GHz,
the central element functions as the receiving antenna, whereas
the two adjacent elements serve as transmitting antennas, as
indicated in Fig. 1. The edge (dummy) elements are matched,
i.e. terminated with a 50 €2 load.

Here, the time-domain Continuous Waveforms (CW) of the
two transmitting elements can be manipulated in phase and
magnitude to minimize the coupling signal at the receiving
antenna, in terms of the frequency-domain incident (Vry, ,)
and reflected (Vryx) complex voltage wave amplitudes, i.e.,

VRx = SRx,Txl VTx1 + SRX,Tx2 VTX2 — 0 (1)

ITII. CALIBRATION AND NULLING PROCEDURE

Regarding Eq. (1), one can achieve perfect nulling of
the received signal Vg, if both the channel paths SkxTx,
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Fig. 2. Block diagram of transceiver and antenna array used for signal

calibration and digital beamforming.

and Sryrx, are perfectly known and if V1., and V1, can
be realized without errors. Amplitude and phase errors are
introduced by DAC:s, filters, cables, and antenna coupling. We
will compensate for these errors using a calibration procedure
as shown by the block diagram in Fig. 2. To this end, three
digital CW signals are converted into analog signals using
phase-synchronized DACs and subsequently filtered through
bandpass filters (BPFs). One of these signals (U, = |U,,|e?%s)
is used as a reference signal as detailed below, while the
remaining two (U, ,U,) are exciting the two transmitting
antennas. The received signal Vrx also passes through a BPF
and an ADC to yield U,, in the digital domain. Additionally,
the received reference signal bypasses the antenna and is
directly connected to a BPF and an ADC to result in U,,.

When both Tx; and the reference channel are equally
excited, i.e., U, = U, while U, = 0, the calibrated signal
for Tx;y is expressed as:

U
Gy = Ufrz 2)
11U, =Uy, U, =0
Similarly, when Txy and the reference channel are excited,
U
Cy = U— 3)
11 Uy, =Uy Uy, =0

Therefore, C; and C, are the amplitudes and phases of the
two transmitting signals relative to the reference signal at the
output. SI cancellation is now achieved by choosing

(4a)
(4b)

Ut1 = Clejo
Ut2 = Czejﬂ
IV. EXPERIMENTAL SETUP AND MEASUREMENT RESULTS

A. Experimental Setup

The experimental setup utilized for validating the proposed
methodology is illustrated in Fig. 3, employing the Zynq
UltraScale+ RFSoC ZCU216 Evaluation Kit, one of the latest
software-defined radio boards [4]. The Xilinx chip incorpo-
rates an array of 16 DACs (14-bit) and 16 ADCs (14-bit),
with a maximum supported DAC sampling rate of 9.85 GSPS



Fig. 3.

Experimental setup in an office environment.

and 2.5 GSPS for the ADCs. All 16 DACs (and 16 ADCs)
are divided into four tiles, each comprising 4 DACs (4 ADCs)
and one phased locked loop.

In our work, the MATLAB environment is used to control
the board and to generate the transmitting time-domain wave-
forms at 3 and 3.3 GHz, similar to Xilinx’s System Generator
design tool. Additionally, the Fast Fourier Transform is used
to post-process the received time-domain data for frequency-
domain presentation. The hardware setup incorporates baluns,
each with a frequency range from 3 to 6 GHz.

B. Measurement Results

The transmitted signals cannot exceed 1 V in magnitude,
hence, we need to set either Uy, or Uy, equal to 1 V, depending
upon which one is larger, to maximize power excitation. That
is, if C; > (5, then we can calculate Eq. (4) inversely
proportional to C; to obtain

Ca
U, = ¢ (5a)
U, =1 (5b)

else, we recalculate Eq. (4) inversely proportional to Cye’™ to
get

U, =1 (6a)
Cr _jx
U, = E;e J (6b)

Fig. 4 illustrates the interference that is received at the
receiving port (Vrx) from the strongest coupled transmitting
antenna channel, emitting a CW tone with an amplitude of
1 V and a phase of 0° at 3 and 3.3 GHz. The observed
spurious emissions at other frequencies are generated by the
data conversion process, primarily due to spurious distortion
caused by non-linearities in the data converter. After executing
the calibration script only once, the isolation measurement is
repeated 200 times. The additional average isolation achieved
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One TX: 1 Vand 0" at 3.3 GHz
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Fig. 4. The central receiver element measured signal from a single adjacent
transmitter with 1 V amplitude and 0° phase.
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Fig. 5. By employing the calibration for cancellation at 3 and 3.3 GHz, the
interference is mitigated.
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Fig. 6. A pdf function of: (a) |Uy, |; (b) ¢, at 3 GHz

over these 200 measurements is 47 — 49 dB, as depicted in
Fig. 5.

To further improve isolation, enhancing the estimation accu-
racy of Cy and Cs is critical. This is achieved by re-evaluating
Eq. (2) and (3) also for 200 calibration measurements and use
the mean-value estimations 01 and 02 in (5) and (6) instead.

For instance, Fig. 6 illustrates the probability density func-
tion (pdf) of |U, | and ¢y, for Eq. (6) at 3 GHz. In this example,
the standard deviations of amplitude and phase are 0.0012 V
and 0.1182°, respectively.

Fig. 7 presents the coupled interference signal |U,, | into the
central receiver element from two transmitting antennas when
operating in SI cancellation mode using estimated values for
C1 and C5. A significant isolation improvement up to 63 and
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Fig. 7. By employing the expected amplitude and phase values for cancella-
tion at 3 and 3.3 GHz, the interference is effectively mitigated.

55 dB is seen at 3 and 3.3 GHz, respectively.

V. CONCLUSION

Self-interference in full-duplex array antennas can be effec-
tively analyzed using a commercially available state-of-the-art
RFSoC board. This analysis requires an accurate calibration
procedure to compensate for the hardware-induced errors
between multiple channels on the board and to synchronize
transmit channels during measurements. We have proposed a
calibration procedure that uses one of the RFSoC channels
as as a Tx-Rx reference channel and that is combined with a
nulling algorithm to evaluate self-interference. This procedure
has been demonstrated through a small-scale experimental
setup employing a linear array of five strongly coupled tapered
slot (Vivaldi) antenna elements connected to the RFSoC digital
transceiver. The achieved self-interference cancellation (mea-
sured by the TX-RX coupling level) has been improved from
10 — 12 dB to 63 dB, i.e. by 50 dB, by utilizing a calibrated
pair of transmit channels.

Future work will focus on characterizing large-scale full-
duplex array antenna systems with integrated active electronic
components and evaluating advanced beamforming algorithms
that trade-off self-interference with other critical metrics such
as effective isotropic power, gain, etc.
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