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Abstract
Full-duplex (FD) wireless enables simultaneous transmission
and reception on the same frequency channel, enhancing
spectrum and power efficiency provided self-interference (SI)
is reliably suppressed. Despite significant research into SI
cancellation (SIC), real-world FD deployment remains an
open challenge. The highly dynamic nature of SI, especially
at higher bandwidths, requires system-level designs capa-
ble of adapting to a changing electromagnetic environment
in order to sustain cancellation. We present a wideband,
adaptive FD radio that combines a highly configurable RFIC
canceller with a novel, device-specific, sparsity-based config-
uration algorithm for real-time SIC tracking. The proposed
data-driven algorithm exploits measured tap responses of the
RFIC canceller to account for hardware imperfections and is
implemented on an FPGA as part of an SDR-based FD radio.
In VNA-based validation, this algorithm outperforms theory-
based and literature-inspired baselines across bandwidths up
to 100MHz. In the SDR-based FD radio, the FPGA-controlled
RFIC canceller with linear digital SIC achieves 72 dB of over-
all cancellation across 100MHz, reducing SI to the noise floor.
Under mobility, dynamic optimization outperforms static
routines and maintains noise-floor-level cancellation despite
variations in the SI channel. Finally, an FD link between
two SDRs exhibits <0.8 dB EVM degradation relative to an
equivalent half-duplex link, confirming that a bidirectional
FD link can approximately double throughput.
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1 Introduction
Full-duplex (FD) radios simultaneously transmit and receive
on the same frequency, unlike half-duplex (HD) radios, which
separate these two operations with frequency-division or
time-division duplexing. FD wireless can, therefore, improve
spectral efficiency at the physical (PHY) layer as well as pro-
vide benefits to higher network layers [41, 54, 64]. Achieving
successful FD operation is challenging due to the extremely
strong self-interference (SI) signal present whenever the
transmitter (Tx) is active. Approximately 70–110 dB of SI
cancellation (SIC) is required at the receiver (Rx) to achieve
noise floor-level cancellation and preserve the signal-to-
interference-plus-noise ratio (SINR); typically, SIC spans the
antenna interface, analog, and digital domains [8, 13, 40, 49].
An FD radio’s SI channel is highly dynamic, particularly

during mobility as the SI multipath coupling structure is con-
tinuously reshaped [40]. This necessitates an analog cancel-
lation stage capable of tracking and adapting to the evolving
SI channel, for any misconfiguration of the analog stage risks
degrading the communication link or, in more severe cases,
saturating the Rx’s frontend entirely, at which point digital
SIC can no longer recover the desired incoming signal. It is
critical for a real-time adaptive analog cancellation stage to
keep pace with the SI channel’s evolution under mobility.

This challenge grows with channel bandwidth, especially
when considering the need for small-form-factor RF inte-
grated circuit (RFIC)-suitable analog SI cancellers for real-
world mobile device deployment. Analog cancellation per-
formance degrades sharply with increasing bandwidth, re-
quiring complex RFIC architectures with more independent
parameters that can accurately model the SI channel’s mul-
tipath structure across the wider band [26, 49]. Precisely
configuring these parameters in real time is non-trivial: the
configuration space grows exponentially, and tuning must
account for both the instantaneous SI channel and device-
specific hardware imperfections [47]. Despite meaningful
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(a) Wideband real-time adaptive FD radio.

(b) Microphotograph of the RFIC canceller.

Figure 1: Implemented FD radio and its canceller.

progress in IC design [13], RFIC capability alone is insuffi-
cient: system-level challenges surrounding practical deploy-
ment have thus far prevented widespread FD adoption [56].
Computationally efficient algorithms capable of adaptively
configuring and maintaining cancellation as the channel
evolves without disrupting the data link are therefore a pre-
requisite for practical FD deployment.
We address these challenges by integrating a highly con-

figurable wideband TDE RFIC canceller [48] — previously
shown to achieve strong SIC over 80MHz under idealized,
non-communicating lab conditions [26] — as the frontend of
a Software-Defined Radio (SDR)-based FD radio (Figure 1). To
enable real-time adaptive RF SIC, we present a novel globally-
and locally-sparse reconstruction-based configuration algo-
rithm, implemented on an FPGA parallel to the FD node’s
signal processing workflow. We evaluate the performance
of the algorithm and the node in realistic scenarios, includ-
ing mobility and an FD link. To the best of our knowledge,
this is the first real-world implementation and experimental
evaluation of a wideband FD radio design configured by a
sparsity-employing algorithm, and the first optimization and
evaluation of SIC under mobile conditions with a real FD radio.
Organization. The remainder of this work is organized as
follows. Section 2 reviews related work. Section 3 briefly
covers the RFIC canceller’s operating principles, background
used to formulate the configuration problem and two solu-
tions in Section 4 which are then validated against literature
baselines in Section 5. Section 6 describes the FD radio imple-
mentation and experimentation, with discussion in Section 7.
Section 8 follows with concluding remarks.

2 Related Work
FD wireless concepts (e.g., canceller designs, radio imple-
mentations, and performance gains) have been extensively
surveyed in [13, 39, 49, 54], including its potential for beyond-
5G/6G networks [30, 56]. Below, we summarize relevant
works, and present a few key FD radio designs in Table 1.
RFIC Canceller Design. RF SIC is achieved by (i) maximiz-
ing SI isolation at the antenna interface and (ii) employing
dedicated RF SIC circuits to actively cancel SI before the sig-
nal reaches the analog-to-digital converter (ADC) at the Rx,
preventing saturation and desired signal desensitization [49].

Tx-Rx isolation has been pursued via dual-antenna (bistatic)
schemes [5, 15, 19, 31, 52, 60] and shared-antenna interfaces
such as circulators [8, 17, 25, 33, 53] or electrically balanced
duplexers [20, 42, 46]. Massive-antenna systems can utilize
beamforming to achieve Tx-Rx isolation [4, 24].
Numerous RF SI cancellation techniques have been pro-

posed, including (i) amplitude and phase-based (P&A) can-
cellers [14, 22, 55, 65], (ii) time-domain equalization (TDE)
cancellers that operate by equalizing the delay of the re-
ceived SI [6, 8, 16, 63], and (iii) frequency-domain equaliza-
tion (FDE) cancellers that operate by equalizing the spectral
components of the SI channel [12, 27, 66]. P&A cancellers are
effectively degenerate TDE cancellers, with frequency-flat
amplitude- and phase-scaling that can only emulate the SI
channel at a single frequency point [13]. In contrast, TDE
cancellers enable wideband cancellation by employing a bank
of delay line elements that emulate the frequency-selective
multipath SI channel, at the cost of increased configuration
complexity as the number of tunable taps grows. Wideband,
RFIC-suitable implementations of TDE and FDE cancellers
have been enabled by switched-capacitor delay lines [48]
and N-path filters [34], respectively.
System-Level FD Radio Design. Prior work has evaluated
FD SI cancellers acting as the frontend of an SDR [8, 14, 35,
55], including network-level FD testbeds [36]. System-level
designs that employ an adaptive RF SI canceller commonly
implement the control algorithm on a host PC [2, 12, 37] or an
FPGA [38, 57]. RF canceller designs with few parallel paths
may be configured using least-mean-squares [2, 8, 12], but
wideband cancellers with many paths crucial to wideband
operation require more computationally efficient methods,
such as simplified circuit-basedmodels [66] or polynomial fit-
ting of measured frequency responses [26, 48]. Several prior
works simulate mobility by moving items about a static PCB
canceller connected to laboratory test equipment [2, 40, 57].
Such scenarios, though time-varying, feature the perturba-
tion of relatively few individual scatterers within the larger,
static multipath environment. A mobile node, however, expe-
riences a fully changing landscape in which all components
of the SI channel evolve jointly — a structurally different
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Table 1: System-Level Comparison of Prior Full-Duplex Radio Designs

Work
Real-Time Analog Control & Mobility Experiment Setup & Results

Class /
HW Taps

Tunable
Params

Compute /
RF Platform

Compute
Time

Mobile
Eval.

Bandwidth /
Center Freq.

Avg. Tx.
Power

Iso. + Analog /
Total SIC

[8]
TDE
PCB 16 Gain only

Software
Test Equip. ∼920 µs No

80MHz
2.45GHz 20 dBm

62 dB
110 dB

[14]
P&A
PCB 1 Gain+Phase

Software
SDR N.S. No

5MHz
0.9GHz 0 dBm

40 dB
90 dB

[38]
TDE
PCB 4 Gain+Phase

Software
Test Equip. ∼500 µs No

120MHz
2.45GHz 30 dBm

70 dB
70 dB∗

[40]
TDE
PCB 3 Gain+Phase

N.S.
Test Equip. N.S. Simul.

80MHz
2.46GHz 8 dBm

63 dB
88 dB

[12]
FDE
PCB 2

Gain+Phase
+Filter

Software
SDR <10ms No

20MHz
0.9GHz 10 dBm

52 dB
95 dB

[2]
P&A
PCB 2 Gain+Phase

Software
Test Equip. N.S. Simul.

10MHz
2.442GHz N.S.

35 dB∗
35 dB∗

[55]
P&A
RFIC 1 Gain+Phase

Offline
SDR N. S. No

100MHz
27.35GHz 0 dBm

58 dB
84 dB

[37]
P&A
PCB 2 Gain+Phase

Software
Test Equip. N.S. No

20MHz
2.5GHz N.S.

48 dB∗
48 dB∗

[57]
P&A
PCB 3 Gain+Phase

FPGA
Test Equip. N.S. Simul.

80MHz
2.46GHz 8 dBm

63 dB
63 dB∗

This Work
TDE
RFIC 16 Gain+Delay

FPGA
SDR

Initial: ∼94ms
Adjust: ∼735 µs Yes

100MHz
1.05GHz −10 dBm

45 dB
72 dB

N.S.: Not Stated in source paper. ∗Partial sum: isolation and/or digital stages not stated or included.

and more complex problem. This work instead combines a
custom RFIC canceller, real-time FPGA control, and an SDR
into a single deployable radio, evaluated under true mobility.
This paper extends our previously published demos [43,

44], showcasing early prototype results, with a detailed treat-
ment of the algorithm and hardware implementation, along
with extensive evaluation across multiple experiments. Fur-
thermore, it extends previously-reported capabilities in order
to demonstrate higher bandwidths and mobile operation.

3 Background: The RFIC Canceller
In this section, we briefly describe the operating principles of
the RFIC canceller developed in [48], shown in Figure 1b. For
additional details, we refer the reader to Appendix A. The
RFIC canceller is integrated into the frontend of the FD radio
on a signal path parallel to that of the antenna interface, and
acts as a filter aiming to match the SI channel experienced at
the antenna interface. The signal received at the Rx antenna,
consisting of the desired signal and the multipath SI signal,
is combined with the Tx signal filtered through the RFIC; in
an ideal outcome, the RFIC canceller perfectly inverts the
SI channel, resulting in complete destructive interference of
the SI signal and fully isolating the desired signal.
The RFIC canceller is implemented in a standard 64 nm

CMOS process. Tx power is capacitively coupled into the
RFIC canceller, which is composed of 16 switched-capacitor-
based delay taps. The taps fall into three classes as shown in

Table 2: (i) one zero-delay tap with direct input-output con-
nection, (ii) five low-delay and (iii) ten high-delay taps, pro-
viding up to 2 ns and 8 ns of delay respectively at 250 ps reso-
lution over a 1GHz bandwidth. The tap outputs are weighted,
summed, and injected into the Rx to achieve cancellation.
Intuitively, the RFIC canceller realizes an adaptive FIR filter
with sixteen parallel taps of tunable gain and delay.

4 Adaptation Algorithm
The large number of possible gain and delay configurations
renders a manual configuration scheme infeasible. The time-
varying environment within which the RFIC canceller must
adapt demands an efficient algorithm that runs in real-time.
The challenge of determining a low-complexity algorith-
mic solution is compounded by the manufacturing process
variation between individual chips. We provide a basic for-
mulation of this problem in Section 4.1, followed by two
proposed solutions: a theory-based approach in Section 4.2
and a data-driven approach in Section 4.3. For additional
details, we refer the reader to Appendix B.

4.1 Basic Problem Formulation
The RFIC canceller consists of 16 taps, each having a pro-
grammable gain 𝛼𝑛 selected from a discrete set of values
normalized between 0 and 1, and a programmable delay 𝜏𝑛
selected from a discrete set of values {𝜏 (0)𝑛 , . . . , 𝜏

(𝑃𝑛 )
𝑛 }, where
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Table 2: RFIC Canceller Taps
Tap Class Count Parameter Settings Maximum

Zero-Delay 1 Gain 64 (6 bits) −27 dB
Delay 1 (0 bits) —

Low-Delay 5 Gain 64 (6 bits) −33 dB
Delay 8 (3 bits) 2 ns

High-Delay 10 Gain 64 (6 bits) −36 dB
Delay 32 (5 bits) 8 ns

𝑃𝑛 denotes the maximum delay index for tap 𝑛, determined
by the class of the tap as shown in Table 2.
We denote the frequency response of the 𝑛th RF tap as

𝐻𝑛 (𝑓 , 𝜃𝑛), where 𝜃𝑛 = (𝛼𝑛, 𝜏𝑛) represents the selected can-
celler parameters for the tap; the complete set of configura-
tion parameters is given by 𝜃 = {(𝛼𝑛, 𝜏𝑛)}15𝑛=0 ∈ Θ, where Θ
is the admissible configuration space containing every per-
missible parameter combination. We note that Θ has over
1019 delay-selection combinations alone.1

Let 𝐻SI (𝑓 ) and 𝐻RFIC (𝑓 , 𝜃 ) represent the frequency re-
sponses of the SI channel and the RFIC canceller, configured
with parameters 𝜃 ∈ Θ, respectively. The goal of a configura-
tion algorithm is to find the optimal configuration 𝜃★ which
maximizes SIC or, equivalently, minimizes the residue:

Res(𝑓 , 𝜃 ) := 𝐻SI (𝑓 ) − 𝐻RFIC (𝑓 , 𝜃 ),
𝜃★ := argmin

𝜃 ∈Θ
∥Res(𝑓 , 𝜃 )∥2 . (1)

4.2 Theory-Based Formulation & Solution
The RFIC taps were designed to achieve ideal frequency
responses, with the 𝑛th RF tap characterized by

𝐻𝑛 (𝑓 , 𝜃𝑛) = 𝛼𝑛𝑒− 𝑗2𝜋 𝑓 𝜏𝑛 . (2)
Assuming that the tap’s true response closely matches this
ideal analytical model, the RFIC canceller’s response can be
modelled as the sum of the individual tap responses, and the
optimization problem in Equation 1 becomes

𝜃★ := argmin
𝜃 ∈Θ






𝐻SI (𝑓 ) −
15∑︁
𝑛=0

𝛼𝑛𝑒
− 𝑗2𝜋 𝑓 𝜏𝑛






2 . (3)

Projected Gradient Descent (PGD) can be used to solve this
optimization, using the iterative update function

𝜃𝑡+1 ← Proj[𝜃𝑡 − 𝜂𝑡∇𝑔(𝜃𝑡 )], (4)
where 𝜂𝑡 is the learning rate, 𝑔(𝜃 ) is the objective in Equa-
tion 1, and Proj[𝜃 ] is an operator that projects an out-of-
bounds configuration 𝜃 onto the nearest in-bound limit point
(i.e., 𝛼𝑛 ∈ [0, 1]). The PGD algorithm is performed iteratively
until a stopping criterion on the gradient size is achieved. Ap-
pendix B includes a closed-form expression for the gradient
∇𝑔(𝜃𝑡 ) (Equation 18) and a pseudo-algorithm (Algorithm 2).
1This can be shown by combining the number of delay options each tap has,
based on its class (see Table 2). This calculation yields 11 ×85 ×3210 ≈ 1019.6.
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Figure 2: Ideal versus VNA-measured frequency re-
sponses of the 8th RF tap with delay 𝜏 (25)8 = 25 × 0.25 ns.
Polynomial models fail to match the true behavior.

Once a solution 𝜃★ is found, the final step is to map the
configuration of the ideal model to the real hardware. A
naive mapping would program 𝜃★ directly onto the RFIC
canceller. A better approach is to map each selected ideal tap
configuration 𝐻𝑛 (𝑓 , 𝜃★𝑛 ) to the best-fit measured individual
tap response 𝐻̂𝑛 (𝑓 , 𝜏), obtained via an offline tap charac-
terization campaign in which each tap 𝑛 ∈ {0, . . . , 15} is
measured alone at each delay setting {𝜏 (0)𝑛 , . . . , 𝜏

(𝑃𝑛 )
𝑛 }. This

mapping uses a least-squares approximation to select physi-
cal taps with strong fits to the ideal, after which the mapped
configuration is programmed onto the RFIC canceller.

4.3 Data-Driven Formulation & Solution
A main drawback of the theory-based solution stems from
the assumption that the frequency responses of the taps in a
practical IC are identical to their ideal models. Figure 2 show-
cases the deviations in tap response that can be sufficiently
significant as to render the proposed solution inadequate for
obtaining sufficient cancellation from the RFIC canceller.

Rather than using the ideal tap response defined in Equa-
tion 2, we can instead define a data-driven model in which
the response of tap 𝑛 with configuration 𝜃𝑛 is a linear scaling
of the tap’s measured response 𝐻̂𝑛 (𝑓 , 𝜏𝑛) when configured
with fixed unit gain and delay 𝜏𝑛 , as follows:

𝐻𝑛 (𝑓 , 𝜃𝑛) = 𝛼𝑛𝐻̂𝑛 (𝑓 , 𝜏𝑛). (5)

The frequency response of the RFIC canceller across all
sixteen RF taps is therefore modeled as a linear combination

𝐻RFIC (𝑓 , 𝜃 ) =
15∑︁
𝑛=0

𝛼𝑛𝐻̂𝑛 (𝑓 , 𝜏𝑛). (6)

To ensure that the linear model (used in Equations 3 and 6)
approximates the true performance of the RFIC canceller, we
impose the following constraints: (i) the sum of the gains is
below a threshold 𝐾 , and (ii) the number of enabled taps is
below a threshold𝑀 . The importance of these constraints to
the algorithm’s performance is later showcased in Table 3.

15∑︁
𝑛=0

𝛼𝑛 ≤ 𝐾 (7)
15∑︁
𝑛=0

1{𝛼𝑛 > 0} ≤ 𝑀 (8)
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To determine the optimal taps, delays, and gains, we propose
a two-phase configuration algorithm, consisting of an initial
selection stage followed by iterative adjustments.
Initial Selection. Given the measured frequency response
of the SI channel 𝐻SI (𝑓 ), our goal is to determine an “ade-
quate” 𝜃 that reduces SI significantly while keeping the RFIC
canceller’s operation in the linear region (i.e., subject to Equa-
tions 7 and 8). This formulation is effectively a sparse recon-
struction problem, wherein we have a goal of representing
the measured SI channel using a sparse linear combination
of measured tap responses at fixed delays.

Consider the block matrix H composed of submatrices Hn,
each representing the measured frequency responses of tap 𝑛
over its possible delay settings:

H =
[
H0 · · · H15

]
, where H𝑛 =

[
𝐻̂𝑛 (𝑓 , 𝜏 (𝑝 ) )

]𝑃𝑛
𝑝=0 . (9)

As each tap can only have a single delay setting at any given
time, the gain of tap 𝑛 can be represented by a sparse column
vector An with at most one non-zero entry, equal to the
selected gain 𝛼𝑛 at index 𝑝 , corresponding to delay 𝜏 (𝑝 )𝑛 . This
results in an additional per-tap sparsity constraint:

1{An > 0} ≤ 1. (10)
The individual tap gain vectors can be concatenated into

a single sparse vector representing the gains of all RF taps:

A =
[
A⊺
0 · · · A⊺

15
]⊺
. (11)

The response of the RFIC canceller can thus be repre-
sented as the matrix product of the dictionary of measured
tap responses H and the gain vector A, i.e., 𝐻RFIC (𝑓 ,A) = HA.
Correspondingly, the optimization problem in Equation 1
can now be expressed as an explicit sparse reconstruction:

A★ := arg min
0≤A≤1

∥𝐻SI (𝑓 ) − HA∥2 (12)

s.t. ∥A∥1 ≤ 𝐾
∥A∥0 ≤ 𝑀
∥An∥0 ≤ 1, ∀𝑛 ∈ {0, . . . , 15}

Note that there are three distinct sparsity constraints: (i) a
net sum constraint (Equation 7), (ii) a global sparsity con-
straint (Equation 8), and (iii) a local sparsity constraint (Equa-
tion 10). These constraints enable the indirect selection of
appropriate delay settings despite only returning a solution
for the gain vector, as the support of the solution A★ cor-
responds directly to the selected (tap, delay) tuples in the
optimal configuration 𝜃★.

Significant literature has been devoted to determining al-
gorithmic approaches to sparse reconstruction problems [21],
but as the problem presented in Equation 12 includes explicit
conditions on the size and structure of the support, the fam-
ily of greedy support-seeking algorithms emerges as a clear
contender. We take inspiration from Orthogonal Matching

Pursuit (OMP), an efficient greedy algorithm that selects sup-
port elements one at a time, given a particular selection crite-
rion, such as the maximal correlation between the unselected
dictionary elements and the residual signal [58]. Though less
powerful than convex-relaxation alternatives [10] and not
guaranteed to recover the signal perfectly, greedy algorithms’
reduced computational complexity suits real-time adaptive
analog SIC, especially given that it is sufficient to cancel
enough to avoid Rx saturation.

We present Globally-Locally Constrained OMP (GLC-OMP)
in Algorithm 1, a greedy sparsity-ensuring reconstruction
algorithm that selects taps, delays, and gains given an arbi-
trary SI channel measurement. The iterative structure of the
greedy algorithm allows us to address the global and local
sparsity constraints explicitly. The number of steps is limited
to the number of desired enabled taps𝑀 , as a single (tap, de-
lay) tuple is added to the support of the solution at each
step’s conclusion. Once a tap is selected, its remaining tuples
are excluded from further consideration, ensuring that no
tap has multiple delays selected for inclusion — an additional
constraint that traditional sparse reconstruction algorithms
do not take into consideration. The optimal (tap, delay) tuple
at any given step in the optimization is that whose inclusion
best minimizes the SI residue. Once𝑀 taps are selected, their
respective (tap, delay) tuples and gains are mapped to the
sparse gain vector A, which is then quantized to the discrete
values allowed by the RFIC canceller.

Algorithm 1 Globally-Locally Constrained OMP
Input: SI channel 𝐻SI (𝑓 )
1: S ← ∅ ⊲ Selected tap-delay tuples.
2: U ← {(𝑛, 𝑝) | 𝑛 ∈ {0, . . . , 15}, 𝑝 ∈ {0, . . . , 𝑃𝑛}} ⊲ Unselected.
3: while |S| < 𝑀 do
4: for (𝑖, 𝑗) ∈ U do
5: Saux ← S ∪ {(𝑖, 𝑗)}
6: Find {𝛼𝑛} for all (𝑛, 𝑝) ∈ Saux that optimizes:

SI(𝑖, 𝑗) = min
0≤{𝛼𝑛 }≤1∑

𝛼𝑛≤𝐾







𝐻̂SI (𝑓 ) −
∑︁

(𝑛,𝑝 ) ∈Saux

𝛼𝑛𝐻̂𝑛

(
𝑓 , 𝜏
(𝑝 )
𝑛

)






2

2

(★)

7: end for
8: (𝑖★, 𝑗★) ← argmin{SI(𝑖, 𝑗)} ⊲ Find best-fit tap-delay tuple.
9: S ← S ∪ {(𝑖★, 𝑗★)}
10: U ←U \

{
(𝑖★, 𝑝) | 𝑝 ∈ {0, . . . , 𝑃𝑖★}

}
⊲ Exclude tap 𝑖★.

11: end while
12: Solve (★) to obtain final gains {𝛼𝑛} for all (𝑛, 𝑝) ∈ S.
13: Construct gain vector A =

[
A⊺
0 · · · A⊺

15
]⊺
, where

[A𝑛]𝑝 =

{
𝛼𝑛, if (𝑛, 𝑝) ∈ S.
0, otherwise.

14: return Quantize(A)
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Iterative Adjustment. After an initial configuration is ob-
tained from GLC-OMP, it is necessary to evaluate and im-
prove on its performance for two reasons: (i) despite the con-
straints introduced to maintain operation in the linear region,
there is no guarantee that the hardware will perform exactly
as intended, potentially resulting in poorer-than-anticipated
performance; and (ii) the SI channel is highly dynamic, re-
quiring tracking and adaptivity to maintain steady SIC.

One option is to compute a new configuration using GLC-
OMP for every measured SI channel. However, even taking
into account the low complexity of greedy algorithms, this
is highly inefficient as the algorithm requires checking every
(tap, delay) tuple; furthermore, this still does not address the
potential mismatch between the linearity model and true
hardware performance. Instead, we can take inspiration from
the theory-based approach and modify the PGD algorithm,
as shown in Appendix B, to adjust the gain vector A, keeping
the support (i.e., the selected taps and delays) constant. Under
this simplification, the gradient and update step become

∇𝑔(A) = −2Re
[
HH (𝐻SI (𝑓 ) − HA)

]
, (13)

A𝑡+1 ← Proj[A𝑡 − 𝜂𝑡∇𝑔(A𝑡 )] . (14)

This algorithm can be adapted to find solutions to the
constrained linear least squares in Algorithm 1; this is a de-
sirable implementation as it removes the need for additional
optimization tools and reduces computation time.

5 Algorithm Validation
In this section, we evaluate the performance of the algo-
rithms of Section 4. Section 5.1 describes the validation
testbed, as well as two algorithms from the literature used as
baseline comparisons. Section 5.2 then presents the results
of the experiments and discusses their implications.

5.1 VNA-Based Validation Setup
Figure 3 shows the block diagram of the testbed used to val-
idate the previously discussed optimization algorithms. A
VNA measures 𝐻SI (𝑓 ) and communicates it to a PC running
MATLAB. An optimization script, using any of the proposed
or baseline approaches, computes the next canceller config-
uration, and the RFIC canceller is configured using a micro-
controller acting as a serial interface adapter between the PC
and the canceller. These incremental configuration adjust-
ments are repeated for a fixed number of iterations, and the
maximum RF cancellation achieved is recorded. The VNA
is configured to measure 2001 data points, from which we
select a bandwidth of interest. All storage and computation is
performed in double-precision floating-point format (64 bits).
This setup provides a well-controlled environment for isolat-
ing and analyzing the performance of online configuration
algorithms in a repeatable and comparable manner.

Figure 3: Block diagram of the validation testbed.

Initial isolation results from a bistatic Tx/Rx interface [51]
using two commercial off-the-shelf (COTS) swivel whip an-
tennas, whose physical separation provides higher initial RF
isolation across a wider bandwidth than possible with single-
antenna interfaces [49]. The transmit antenna is connected
directly to the transmit port of the RFIC canceller, and the
receive antenna is connected to a power combiner so that the
incoming SI signal destructively interferes with the output
signal of the RFIC canceller.
To compare the proposed theory-based and data-driven

approaches to literature baselines, we additionally imple-
ment the cubic polynomial modeling approach described
in [26], and a delay-selection approach inspired by [8]. We
briefly describe these methods here; for additional details,
we refer the reader to Appendix B.
Cubic Polynomial Modeling. In [26], each measured (tap,
delay) response is fit to a cubic polynomial model, as shown
in Figure 2; these models are used in a greedy algorithm
followed by gradient-descent refinement to optimize the
RFIC canceller. Two important differences from our approach:
(i) the cubic model for measured tap responses, and (ii) the
greedy algorithm, which is not based on OMP.
Straddled-Delay Selection. In [8], the authors perform
an intentional, hardware-driven delay selection: fixed delay
lines are spaced to straddle the SI channel’s principal delay,
producing lagging and leading copies of the SI signal that
combine linearly for cancellation. We emulate this by fixing
delay settings for uniform spacing around the observed SI
delay, then solving a linear least-squares problem for gains
with iterative gradient-descent refinement.

5.2 Results and Analysis
We implemented all four algorithms to optimize the RFIC
canceller over four bandwidths (10MHz, 25MHz, 50MHz,
100MHz) centered at 1050MHz. The residual SI channel was
recorded at every iteration, tracking overall RF SIC through-
out the experiments. A sweep over the sum of gains threshold
𝐾 and the number of enabled taps𝑀 was performed during
the data-driven optimization.
Table 3 presents the SIC due to the RFIC canceller using

all four algorithms, including the optimal hyperparameters
for the data-driven approach and its performance when the
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Table 3: Validation of Algorithmic Performance — Improvement in RF SIC
Proposed Algorithms Baseline Algorithms

Bandwidth Theory-Based Data-Driven (𝑲★, 𝑴★) 𝑲 = 𝑴 = 16 Cubic Fit Delay-Select
10MHz 25.4 dB 37.7 dB (0.8, 4) 11.8 dB 25.9 dB 24.5 dB
25MHz 16.1 dB 31.1 dB (1.2, 6) 14.7 dB 14.8 dB 22.3 dB
50MHz 10.7 dB 26.1 dB (1.2, 6) 16.1 dB 12.7 dB 12.1 dB
100MHz 5.8 dB 14.9 dB (1.6, 4) 2.7 dB 6.9 dB 7.1 dB

Figure 4: Residual SI channel at each step of the data-driven optimization over four bandwidths. In each experiment,
the optimal SIC achieved (solid blue) was greater than that achieved using the theory-based approach (magenta).

constraints are fully relaxed (i.e., 𝐾 = 𝑀 = 16). It can be
seen that the proposed data-driven approach achieves signif-
icantly greater overall RF SIC than the benchmarks. Figure 4
shows the residual SI at each stage of the data-driven opti-
mization approach with optimal hyperparameter selection
for all four bandwidths, highlighting the channel after ini-
tial isolation, after the GLC-OMP stage of the optimization,
and at the optimal RFIC canceller configuration; the optimal
residual channel after theory-based optimization is overlaid.

The evolution of the overall RF SIC at each step of the pro-
posed optimization processes is shown in Figure 5. Beyond
poorer overall performance, the theory-based optimization
shows worse convergent behavior, particularly at higher
bandwidths. Although the 10MHz experiment converged
to a local minimum, the remaining three diverged from the
optimal configuration, resulting in poorer SIC with clear
oscillatory behavior in the 25MHz and 50MHz cases. By
comparison, the data-driven optimization converged to the
optimal configuration for all four bandwidths.

The optimal hyperparameters trend toward improved per-
formance with fewer enabled taps𝑀 and a smaller sum of
gains 𝐾 , confirming the assumptions made when imposing

the optimization constraints (Equations 7 and 8). In partic-
ular, we see that if we fully relax the constraints on𝑀 and
𝐾 , as would be assumed from a pure circuit theory model,
the performance gains collapse. As GLC-OMP is greedy and
each additional tap selection incurs additional runtime over-
head, we reduce unnecessary computation by placing a hard
upper bound on the number of enabled taps at𝑀 = 6 when
deploying the algorithm in a practical implementation.

When evaluating the performance of baseline algorithms,
it becomes clear that there is a significant advantage in mak-
ing use of the exact measured performance of the RFIC can-
celler taps. Simplifying assumptions, such as ideal linear
models or even high-order polynomial models, are insuf-
ficient to capture the non-idealities present in the system,
resulting in performance loss. By the same token, by at-
tempting to match the measured principal SI delay with
average group delays of different (tap, delay) tuples, the
delay-straddling approach loses information about the non-
ideal and frequency-selective amplitude and phase response
of individual taps, which is critical, especially as the band-
width increases. Furthermore, the delay-straddling approach
does not effectively translate to the case of a bistatic antenna
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Figure 5: Evolution of the SIC at each iteration of the
theory-based and data-driven optimizations.

interface, as multipath effects due to environmental factors
negate the argument of a single primary delay path, as there
would be through the circulator used in [8].

Finally, we note that the proposed data-driven approach
aligns naturally with current industry practices in RFIC cali-
bration and deployment [3]. The ATE-driven measurement
mechanisms used to build tuning algorithms that account
for silicon process variation are mirrored by the methodol-
ogy presented in this work — namely, the algorithmic use of
device-specific measurements to obtain performance gains
over traditional circuit model-based approaches.

6 Implementation and Evaluation
In this section, we describe the implementation and evalua-
tion of a wideband SDR-based FD radio with real-time adap-
tive RF SIC utilizing the data-driven algorithm described in
Section 4.3. Section 6.1 discusses the architecture of the FD
radio, including PHY layer considerations, the FPGA-based
implementation of the optimization algorithm, and digital
SIC. Experimentation with the adaptive FD radio and dis-
cussions of the results are then presented in the ensuing
sections, with node-level evaluation of the system’s overall
SIC capabilities presented in Section 6.2 for a stationary node
and in Section 6.3 in mobility, and an evaluation of the FD
radio’s performance in a wideband link in Section 6.4.

6.1 SDR-Based FD Radio
Figure 6 shows the block diagram of the adaptive FD radio.
The VNA is replaced with a USRP X310 SDR, which streams
complex samples to and from a host PC over a 10GbE LAN
interface. All data and control flow is performed through a
GNU Radio flowgraph running UHD [23, 28], which imple-
ments a custom OFDM-based PHY layer for transmit/receive
DSP functions and digital SIC [45]. The computation of the
optimal canceller configuration, and by extension, the config-
uration process, is delegated to an FPGA running a custom
hardware image. Details and insights on the implementation,
including optimizations and design choices, are presented in
Appendix C; code and documentation is available in [18].

Figure 6: Block diagram of the SDR-based FD radio.

OFDM-Based PHY Layer.We transmit WiFi-like packets
with a Zadoff-Chu (ZC) pilot preamble for robust synchro-
nization and SI channel estimation [29, 32]. The data is pre-
generated, modulated, and packetized using an open-source
GNU Radio module for the IEEE 802.11 standard [9]. We
use 256-sample OFDM symbols with 242 non-zero subcar-
riers, and a cyclic prefix ratio of 0.25 (64 samples). In our
experiments, the transmitted frame structure consisted of
four pilot slots (two slots uniquely allotted to each radio in a
link), followed by fifteen data slots that are utilized by both
radios simultaneously. This yields a per-radio duty cycle of
17/19 ≈ 89.5%, and an FD pilot overhead of 4/19 ≈ 21.1%.2

ZC sequences belong to a class of constant amplitude,
zero autocorrelation (CAZAC) waveforms, taking the form
𝑏𝑘 = exp( 𝑗𝜋𝑘 (𝑘 + 1)𝑟/𝑁 ) with length 𝑁 and root 𝑟 [50].
These sequences are utilized in various capacities by the
3GPP LTE standard [1]. In particular, their zero out-of-phase
autocorrelation enables the precise synchronization neces-
sary to (i) accurately estimate the magnitude and phase char-
acteristics of 𝐻SI (𝑓 ) in consistent fashion, and (ii) properly
synchronize the outgoing and incoming packet streams so
that the data fields overlap, achieving true FD operation.
System Control. Real-time system control is accomplished
through a custom C++ out-of-tree (OOT) module running
in GNU Radio, designed to support FD operation [45]. As
packets are received, the pilot symbols are extracted and
fed into a linear estimator in order to obtain 𝐻SI (𝑓 ). The SI
channel estimates, with an appended operation instruction,
are sent to the FPGA to compute the next configuration.
Once the canceller is configured, a new channel estimate is
obtained, and the control loop continues until convergence
or a set number of iterations; a generalized system-level
block diagram of this process is shown in Figure 7. Additional
mechanisms were developed to account for hardware failures
due to the high sampling rate requirements.
A key design consideration was the decoupling of the

communication and optimization functions to avoid intro-
ducing unnecessary latency that would affect packet flow;
receive-side SIC optimization should not hinder the packet
transmission process. To achieve this, the system controller
2The number of data slots reflect an experimental design choice rather than
an upper bound; increasing this number per frame reduces pilot overhead.
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Figure 7: FPGA-based optimization loop, running in
parallel to the GNU Radio flowgraph’s processes.

communicates with the FPGA in parallel with the Tx and Rx
signal chains, asynchronously polling channel state informa-
tion when the FPGA requires updated data for computation.
FPGA Computing and Control Hardware.We designed
custom blocks on a Zynq FPGA to compute the optimal
configuration and configure the RFIC canceller using the
data-driven algorithms presented in Section 4.3. The FPGA’s
processing system (PS) consists of the UART port and ARM
core, whereas the programming logic (PL) contains the com-
putation and configuration hardware blocks.
The computation hardware consists of the ROMtap block,

which stores the 242-point tap measurements at every delay
setting, and the ConfigOpt block, which uses the measure-
ments to compute the next configuration. Specifically, the
measurements are composed of the characterizations of each
tap at every delay setting, and are obtained in a one-time per-
device and per-bandwidth offline measurement campaign
using the FD radio under standard operating procedures;
environmental effects are removed in post-processing via
all-taps-disabled baseline measurements, providing a clean
performance dataset that we can use for online environmen-
tal adaptation. All data, including the stored tap measure-
ments and SI channel estimates sent to the FPGA, are stored
in Q1.15 fixed-point format (16 bits). The configuration hard-
ware consists of a memory block, Memcfg, which buffers the
750-bit binary configuration stream, and a canceller config-
uration block, CanConfig, which configures the canceller
chip over a serial scan chain.
The ARM core of the FPGA runs a control program that

supports three operational modes: manual system configura-
tion, GLC-OMP-based computation, and PGD-based compu-
tation. The GNU Radio flowgraph running on the PC triggers
these operations by sending a command to the ARM core
over UART, followed by any additional parameters necessary
for the operation to run, such as configuration settings or
the measured SI channel estimates. After the operation is
performed, the ARM core forwards the new RFIC canceller
configuration and timing metadata back to the PC.
The compute platform’s placed-and-routed implementa-

tion characteristics on a Zynq UltraScale+ MPSoC ZCU104
Evaluation Board [61] are given in Table 4. The FPGA con-
figures the RFIC canceller in approximately 495 µs, during

Table 4: Hardware Implementation Characteristics
Resource Available Utilization Utilization
LUT (logic) 230,400 38,429 16.68%
FF 460,800 166,263 36.08%
BRAM 312 135.50 43.43%
DSP Slices 1728 174 10.07%

which the canceller is disabled and provides no analog can-
cellation. As this downtime is fully deterministic, transmis-
sions can be tightly scheduled to avoid overlapping with
reconfiguration; in practice, we found it sufficient to zero-
pad the frames to achieve an approximately 10.8% timeslot
occupancy to statistically avoid such collisions.

A typical GLC-OMP computation, selecting six taps with
twenty gradient descent steps to initialize gains, takes ap-
proximately 94ms, whereas a typical PGD computation with
five gradient descent steps takes approximately 735 µs; in
both cases, the computation time scales linearly with the
number of gradient descent steps.We find thatwe can achieve
convergence within roughly ten iterations of PGD after the
initial GLC-OMP stage.
Linear Digital SIC. Each packet undergoes a final digi-
tal cancellation stage to remove any residual SI, thereby
allowing for the direct reconstruction of the intended re-
ceive signal. We employ a truncated Volterra series model,
represented using the Toeplitz matrix-based convolution Tℎ̂,
where T is the Toeplitz matrix constructed from the known
transmitted signal and ℎ̂ is the least-squares estimate of the
SI channel, computed using the known pilot symbols [36].

6.2 Node-Level Cancellation
To evaluate the overall SIC performance in a practical imple-
mentation, we set up a wideband adaptive FD radio to run its
full RF SIC optimization cycle while transmitting a stream of
data packets. The FD radio was placed in a fixed, stationary
position on a laboratory bench-top, and the room was sealed
to maintain as stable an environment as possible. As an SDR-
based setup allows for greater system-level insight into the
performance of the canceller RFIC with data-carrying mod-
ulated waveforms, rather than purely circuit-level perfor-
mance with the VNA’s CW signals, we replicated the experi-
ments from Section 5.1 across all four bandwidths of interest
(10MHz, 25MHz, 50MHz, 100MHz) centered at 1050MHz,
with the FD radio calibrated to transmit at −10 dBm.

The tap characterization procedure was performed once
per bandwidth prior to experimentation. During each ex-
periment, the SI channel was measured at each stage of the
cancellation process, including the initial isolation due to
the antenna interface, during each iteration of the canceller
optimization, and after digital cancellation. The experiment
was repeated ten times per bandwidth.
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Figure 8: Residual SI channel at each iteration of the optimization over four bandwidths. In each experiment, the
combination of optimal RF SIC (blue, solid) and digital SIC (red) reduced the SI to the SDR’s noise floor.

Figure 9: Average cancellation obtained at each of the
four stages, compared to the noise floor target.

Figure 8 shows examples of the residual SI at each stage
of the optimization for all four bandwidths; the noise floor
target, determined by the average received power in the
absence of a transmitted signal, is overlaid. In each of the
four cases, the trajectory of the RF cancellation throughout
the optimization is similar to that observed in Section 5.2.
With the addition of the digital SIC, the overall cancellation
becomes sufficient to reach the noise floor.3 Figure 9 shows
the average results across ten trials at each bandwidth, with
incremental effects at each cancellation stage; the standard
deviation in RF cancellation was negligible and is omitted.

6.3 Cancellation in Mobile Environments
Whereas the previous experiments confirmed that the FD
radio is capable of achieving noise-floor-level cancellation
3As can be seen in the 100MHz experiments, two tones interfered with the
experiment, appearing in the post-digital SIC residues.

in a stationary setting, it is essential to assess the system’s
robustness under the dynamic conditions created by mobil-
ity. To do so, we placed the FD radio on a 1m-high cart to
act as a mobile node, as shown in Figure 10a. We selected a
university building lobby, shown in Figure 10b, to serve as a
case study for this experiment due to the richness in envi-
ronmental features it provides. In particular, we identified
a 27m route (red) comprising two environments of roughly
equal length: a narrow 14m-long narrow corridor (blue) and
a 13m-long segment in a large atrium (green); for a full
description of this environment, see Appendix C.

The mobile node was positioned at the start of the narrow
corridor (Point 1) and was pulled at a consistent pace to the
end of the open atrium (Point 2). We performed three cate-
gories of experiments in this setup: (i) no analog optimiza-
tion as the mobile node moves along the route; (ii) one-shot
optimization at either starting point of the traversal, with
the configuration remaining static along the remainder of
the route; and (iii) continuous optimization throughout the
entire traversal. In all experiments, the FD radio was con-
sistently transmitting packets over a 50MHz bandwidth. RF
SICwas continuously recorded throughout, and performance
statistics were computed for the atrium and the corridor. The
results of these experiments are presented in Table 5.
Although the “No Optimization” runs exhibit seemingly

constant passive isolation, the underlying structure of the
SI channel is in fact highly location-dependent, even at sim-
ilar isolation levels. The RFIC canceller provides substan-
tial improvements even from a single-location calibration,
capturing the dominant SI structure; however, performance
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(a) FD radio set up on a cart as a mobile node.

(b) Designated route, consisting of a low-ceilinged narrow
corridor (blue) and a high-ceilinged open atrium (green).

Figure 10: Setup of the mobile experiment.
degrades along the path as the static configuration increas-
ingly mismatches the evolving channel, due both to the SI’s
inherent dynamicity and the changing environment. This
sensitivity to the initial calibration point is highlighted by
the relative weakness of the “Forward One-Shot” results com-
pared to the “Reverse One-Shot” result: the presence of a
uniquely strong reflector at the optimization point (a metal
door at the end of the corridor) presents a relatively anoma-
lous environment whose ideal configuration is unsuitable for
the remainder of the path, with no opportunity to recover.
With continuous optimization throughout the traversal, this
is no longer an issue; unsurprisingly, we see the best ana-
log SIC performance under this regime, outperforming both
“One-Shot” baselines in both environments.

We find that across all experiments, the variance is con-
sistently higher in the corridor than in the atrium, reflecting
the corridor’s dense multipath environment. The nearby re-
flectors introduce significant delay spreads [67], requiring
more time-domain cancellation paths and quick adaptation
to track the abrupt SI channel changes due to the movement
of the FD node. The open atrium, in contrast, presents fewer
proximate reflectors and, therefore, a more spatially stable
SI channel with slower evolution as the FD node progresses.

Figure 11 plots cancellation over time of the continuous op-
timization experiment, marking the transition point between
the narrow corridor and the atrium; aggregated histograms
show each region’s empirical distribution. A two-sample
Kolmogorov-Smirnov test [62] rejects a common underly-
ing distribution, suggesting that analog SIC performance

Table 5: RF SIC During Mobility
Experiment Corridor Atrium
No Optimization (29.9 ± 0.8) dB (30.2 ± 0.3) dB
One-Shot (Forward) (41.7 ± 1.5) dB (42.4 ± 0.8) dB
One-Shot (Reverse) (43.8 ± 2.9) dB (45.6 ± 1.5) dB
Continuous (45.9 ± 2.6) dB (49.3 ± 1.4) dB

carries latent environmental information — a promising di-
rection for environment-aware FD systems. Applying digital
SIC during continuous optimization reveals that the overall
system-level cancellation along the entire route was held
stable at 79.9 dB with a standard deviation of 0.6 dB.

6.4 Link-Level Performance
To analyze the link-level performance of the FD radios, we ex-
perimentally evaluate average error vector magnitude (EVM)
and symbol error rate (SER) as functions of link SINR. The
link SINR is the average ratio between the received signal
power level in the data field in the presence of the intended
signal and in its absence. In HD mode, this is equivalent to
the ratio of the received signal power to the Rx’s noise floor;
in FD mode, the residual SI degrades this metric.

EVM measures the average magnitude of the error vector
between the normalized transmitted and received symbols,
capturing all potential sources of signal degradation includ-
ing nonlinearities, distortions, and, critically, SI. As such, it
presents insight into system-level performance inaccessible
when evaluating with a VNA. SER, the fraction of symbols
incorrectly received, extends this concept by quantifying a
radio’s capacity to accurately recover data.
To demonstrate an FD link’s capacity to approximately

double the data rate of an equivalent HD link, we must show
that an FD receiver can achieve equivalent EVM and SER
performance when operating in FD and HD modes. We set
up a wideband 50MHz link between two radios fixed 2m
apart in a static environment. One node is designated as the
transmitter and the other as the FD receiver that operates
alternatively in FD or HD mode. In FD mode, the radios are
synchronized such that the data fields overlap; to enable
HD operation, the receiver’s data transmission is disabled,
leaving the field interference-free for the transmitter’s data.
The transmitter sweeps its power while sending OFDM

packets to the receiver, either in HD or FDmode; in the latter,
the receiver also transmits, and converges to noise-floor-
level SIC before reception begins. Data streams are randomly
generated using one of three uncoded modulation schemes:
binary phase-shift keying (BPSK), quadrature phase-shift
keying (QPSK), and eight-phase-shift keying (8PSK).
Figure 12 shows the relationship between the receiver’s

EVM/SER and the link SINR across modulation schemes.
EVM performance deviates by less than 0.8 dB between HD
and FD modes, indicating minimal added degradation and
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Figure 11: RF and overall SIC as the mobile node moves along the route, with histograms and density estimations
of the RF cancellation power in each region and of the overall system cancellation power across the full route.

Figure 12: EVM and SER over SINR of the FD radio operating in HD and FD modes with different modulations.

hinting at the ability to decouple incoming packets from SI.
This is confirmed by the empirical SER results, which exhibit
a mean absolute log-domain error of 0.15 decades for BPSK
between HD and FD modes, and 0.17 decades for QPSK and
8PSK. Though the setup is stationary, these results are ap-
plicable during mobility, as maintaining high system-level
cancellation while mobile is equivalent to maintaining the
EVM/SER performance in FD mode. Specifically, noise-floor-
level SIC ensures that the residual received signal contains
only the desired incoming signal and its impairments, equiva-
lent to operating in HDmode; the EVM and SER performance
therefore follows directly from the achieved cancellation. As
shown in Figure 11, this level of cancellation is sustained
throughout the traversal, confirming that the demonstrated
link-level performance extends to mobile operation.

These results show that the FD radio is capable of success-
fully receiving and decoding packets while simultaneously
transmitting over an FD link. Accounting for pilot overhead,
FD delivers the same 15-slot payload per direction in one
frame that HD needs two frames for — a raw 2× gain. Cor-
recting for the SER gap and for periodic RFIC reconfigura-
tion (empirically, once every 100ms, or a 0.5% duty cycle at
50MHz), this reduces to approximately 1.98×; against an ide-
alized HD baseline without FD pilots, the conservative gain
is 1.56×, which improves with longer frames as overhead
shrinks. At the network level, scheduling reconfiguration
around idle periods can further absorb this downtime.

7 Analysis and Discussion
In this section, we analyze and discuss the results presented
in Section 6, including limitations and future directions.
Cancellation Trade-Offs and Digital SIC. Compared to
the results presented in Section 5.2, the SIC gain from initial
isolation to optimal RF cancellation shown in Section 6.2 is
lower in the practical FD radio than in the VNA-based vali-
dation using the data-driven approach, though still higher
than the theory-based approach. This performance penalty
reflects the trade-offs inherent in adapting the optimization
algorithm for real-time, high-bandwidth hardware; we re-
duce the complexity and computation time, at the cost of
reduced channel resolution (by reducing the number of sam-
pling points to 242) and reduced numerical precision (by
switching from 64-bit floating-point to 16-bit fixed-point).

We introduce digital SIC into the practical system to sup-
plement the decreased RF SIC, but note that this compensa-
tion is only possible because the analog cancellation stage
was sufficient to keep the residual SI power within the Rx’s
dynamic range, avoiding front-end saturation and the con-
sequent nonlinear compression that digital SIC would be
unable to correct for. This was the case in both the station-
ary and mobile experiments: the results in Section 6.3 show
that despite swings in residual SI power during continuous
mobile optimization, overall cancellation was effectively flat
near the noise floor; had the Rx experienced momentary sat-
uration, digital SIC would have been unable to recover the
affected packets, resulting in irrecoverable information loss.
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Tx Power-Handling. A physical limitation on the max-
imum Tx power of the system contributed to the analog
cancellation’s ability to remain within the Rx’s linear range
throughout these experiments. The FD radio was calibrated
to transmit at −10 dBm in order to account for the instan-
taneous power-handling capacity of the RFIC canceller (up
to 7 dBm [48]) and the measured peak-to-average-power
ratio (PAPR) of the OFDM-based packets (measured up to
16 dB) — a challenge absent in VNA-based evaluations, which
cannot support real communication. As a result, the overall
cancellation was likewise limited by this hard upper bound
and the system’s noise floor. This constraint also shaped our
choice of modulation schemes for the link-level experiments,
which were selected to maximize average Tx power while
remaining within the power-handling bounds. We anticipate
that higher-order MCS waveforms may see additional degra-
dations in FD mode [36], potentially due to higher PAPR
effects, which further underscores the need for advanced
multi-stage cancellation mechanisms to alleviate such im-
pacts and maximize performance.
Generalizability. Although the FD radio presented in this
work operated at 1050MHz, the underlying algorithmic con-
tributions are not restricted to this band. Nearby frequencies
are already used in a range of deployed systems, including 5G
band n8 (880–960MHz), ADS-B aeronautical navigation (978
and 1090MHz), and ISM applications (902–928MHz). Opera-
tion at these or other bands, including standardWi-Fi and 5G
mid-band, would require new RFIC designs; however, con-
trolling properly for switching frequency and capacitance
values, and accounting for the increased component par-
asitics and spurious emissions, similar switched-capacitor
topologies are feasible [59], allowing the same GLC-OMP-
based configuration algorithms to apply directly. Likewise,
though the specific analog and digital cancellation architec-
tures utilized here are not expected to scale efficiently to
MIMO systems [7, 11], GLC-OMP itself may be adaptable
to such settings, particularly for topologies composed of
parallel cancellation paths with physics-constrained config-
uration spaces. Together, these directions suggest that the
system-level contributions of this work extend well beyond
the specific FD radio platform evaluated herein.
Future Directions. We plan to address the Tx power lim-
itations by characterizing the system’s nonlinearities and
exploring software- and FPGA-based algorithms, including
waveform shaping and digital predistortion, to improve power-
handling. This will enable more complex experiments into
practical FD, including over greater distances and in non-
line-of-sight scenarios, and test the limits of maintaining the
post-analog SIC residual within the SDR’s operating range.

In addition to node-level improvements, we aim to expand
into mobile link- and network-level architectures composed
of multiple adaptive FD radios. This will allow us to develop

and experimentally evaluate the implications of FD oper-
ating modes for higher-layer functions, including resource
scheduling and allocation, as well as the mobility-robust
synchronization protocols required to enable direct mobile
link-level evaluation. This will be achieved through the inte-
gration of these radios into open-access testbeds, which will
supply the necessary resources (including CPUs, FPGAs, and
GPUs) to deploy the nodes and provide gateway access for
remote FD research to the broader community. Algorithm
development, whether deployed and tested in software or on
FPGA hardware, is sufficiently challenging in its own right,
particularly given the real-time computation speed required
at high bandwidths. We therefore aim to remove the hur-
dles of developing the FD systems themselves, streamlining
validation through open hardware, resources, and toolkits.

8 Conclusion
In this paper, we presented our system-level design of the
first wideband adaptive FD radios capable of achieving and
maintaining noise-floor-level SIC in stationary and mobile
environments. To achieve this, we presented a two-stage
sparsity-based optimization algorithm to configure an RFIC
canceller with variable gain and delay parameters, maximiz-
ing RF SIC across narrow and wide bandwidths. We evalu-
ated this data-driven algorithm against a circuit theory-based
approach and baseline approaches from the literature; con-
firming its improved performance, we implemented the algo-
rithm on an FPGA as part of a practical, SDR-based FD node.
Finally, we experimentally evaluated the FD radio’s overall
performance in stationary and mobile environments, and
demonstrated that the node exhibits equivalent performance
when receiving packets in either HD or FD mode.

Two key insights emerge from the work presented herein:
(i) attention to device-specific impairments in RFIC canceller
configuration algorithm design allows for nontrivial SIC
performance gains, and (ii) intelligent system-level design
for environment-aware configuration can address the chal-
lenges that dynamic scenarios, such as mobility, pose to FD
advancement. Together, these results outline a path for FD
radios to expand from academic works to manufacturable,
field-deployable RFIC-based systems grounded in existing
RF industry practices.
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A Background: The RFIC Canceller Circuit
In this appendix, we expand on the operating principles of the
RFIC canceller summarized in Section 3. The RFIC canceller
is integrated into the frontend of the FD radio on a signal
path parallel to that of the antenna interface, as shown in
Figure 13, and acts as a filter aiming to match the SI channel
experienced at the antenna interface. The signal received at
the antenna, consisting of the desired signal and the SI signal,

https://docs.amd.com/v/u/en-US/ug1267-zcu104-eval-bd
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is combined with the Tx signal filtered through the RFIC; in
an ideal outcome, the RFIC canceller perfectly inverts the
SI channel, resulting in complete destructive interference of
the SI signal and fully isolating the desired signal.
Circuit-Level Overview. The RFIC canceller is integrated
into an FD receiver IC implemented in a standard 64 nm
CMOS process. The receiver consists of a DC–1GHz partial-
noise-canceling low-noise transimpedance amplifier (LNTA),
followed by a 4-phase I/Q direct down-conversion mixer and
a baseband transimpedance amplifier. Tx power is capaci-
tively coupled into the RFIC using digitally programmable
off-chip capacitors. The RFIC consists of source-follower-
based buffers at the input, which drive 16 individual delay
taps, realized using switched-capacitor-based delays [59].

The individual taps fall into three tap classes as shown in
Table 2: (i) one zero-delay tap in which the input and output
are directly connected, (ii) five low-delay taps realized us-
ing eight parallel time-interleaved switched-capacitor-based
delay paths providing up to 2 ns delay with a resolution of
250 ps across a 1GHz bandwidth when clocked at a 500MHz
frequency, and (iii) ten high-delay taps realized using 32 par-
allel time-interleaved switched-capacitor-based delay paths
providing up to 8 ns delay with a resolution of 250 ps across
a 1GHz bandwidth when clocked at a 500MHz frequency.
The high-delay taps benefit from a lower clock frequency
to obtain higher delay and utilize more interleaved paths to
preserve the bandwidth of operation. However, owing to the
parasitic capacitances due to the large number of interleaved
paths, these delay taps have increased loss compared to the
low-delay taps, especially at higher frequencies. The RFIC
canceller utilizes a capacitor-stacking-based delay element,
which provides passive voltage gain and compensates for
the parasitic losses of the delay taps.

The individual tap outputs are connected to the receiver’s
novel LNTA canceller, which performs FIR weighting, sum-
mation of the taps, and signal injection into the Rx to achieve
cancellation. Thus, the RFIC canceller realizes an adaptive
FIR filter using parallel capacitor-stacking-based delay el-
ements with tunable gains. These delay elements directly
interface with the receiver’s LNTA to inject the desired cur-
rent required for cancellation at the Rx. Further, the receiver’s
LNTA can also be reconfigured to behave as an output buffer
for the RFIC canceller, enabling the chip to operate as a
standalone canceller for use with off-chip receivers.
Capacitor-Stacking-Based Delay Element. The delay ele-
ment uses a time-interleaved multi-path switched-capacitor
network, as shown in Figure 14. In this, the input signal is
periodically sampled onto a capacitor with a clocking fre-
quency 𝑓𝑠 and a pulse width of𝑇𝑠/𝑁 , where 𝑁 is the number
of interleaved paths. The capacitor’s stored sample is sensed
at the output through a switch controlled by a delayed ver-
sion of the sampling clock. This delay between the sampling

Figure 13: Block diagram of the RFIC canceller.

Figure 14: Mechanism of the delay-generating circuits.

and the sensing clocks provides a true-time delay from the
input to the output, and can be easily programmed by vary-
ing the clock staggering. Multiple such switched capacitors
are interleaved in time such that at any instant, the input
signal is being sampled onto one of the capacitors, and one of
the capacitors is being sensed at the output. The maximum
possible amount of delay is the amount of time between two
successive charging cycles of the same capacitor, which is
approximately𝑇𝑠 . The bandwidth is inversely proportional to
the pulse width and hence is directly proportional to 𝑁 × 𝑓𝑠 .
Thus, decreasing the clocking frequency increases 𝑇𝑠 and
thereby the maximum delay, requiring 𝑁 to be proportion-
ally increased in order to maintain the same bandwidth.

Switch parasitics and dead time between the multi-phase
clocks result in increased loss, which compromises the power
handling and noise performance of the delay elements. This
work utilizes a capacitor-stacking approach to achieve pas-
sive voltage gain in the delay element, preserving the lin-
earity and noise performance. In this scheme, during the
sampling phase, the input signal is sampled onto multiple
parallel capacitors instead of a single capacitor. During the
sensing phase, the individual capacitors are stacked over
each other in series and are connected to the output node
such that the output voltage equals the sum of the voltages
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on the individual capacitors. This provides a passive voltage
gain equal to the number of stacked capacitors.

B Derivations and Algorithms
In this appendix, we expand on Section 4 by providing more
details on the algorithms and mathematical derivations that
support the problem formulations and algorithmic solutions;
furthermore, we expand on the implementation of the base-
line algorithms employed in Section 5.

B.1 Proposed Algorithms
Theory-Based Formulation & Solution. Assuming that
the RFIC canceller’s true performance closely matches the
ideal analytical model in Equation (2), the RFIC canceller’s
frequency response can be modelled as the sum of the indi-
vidual tap responses, namely,

𝐻RFIC (𝑓 , 𝜃 ) =
15∑︁
𝑛=0

𝐻𝑛 (𝑓 , 𝜃𝑛). (15)

In turn, the optimization problem in Equation 1 becomes:

𝜃★ := argmin
𝜃 ∈Θ






𝐻SI (𝑓 ) −
15∑︁
𝑛=0

𝛼𝑛𝑒
− 𝑗2𝜋 𝑓 𝜏𝑛






2 . (16)

Projected Gradient Descent (PGD), shown in Algorithm 2,
can be used to solve this optimization, using the iterative
update function

𝜃𝑡+1 ← Proj[𝜃𝑡 − 𝜂𝑡∇𝑔(𝜃𝑡 )], (17)

where 𝜂𝑡 is the learning rate, 𝑔(𝜃 ) is the objective function
in Equation 1, and Proj[𝜃 ] is an operator that projects an
out-of-bounds configuration 𝜃 onto the nearest in-bound
limit point (e.g., 𝛼𝑛 ∈ [0, 1]). The gradient of the objective

Algorithm 2 Projected Gradient Descent (PGD)
Input: SI channel 𝐻SI (𝑓 ), configuration 𝜃
1: for 𝑡 = 1 to 𝑡max do
2: 𝜂𝑡 ← 1
3: Compute Res(𝑓 , 𝜃 ) ⊲ Equation 1
4: Compute ∇𝑔(𝜃 ) ⊲ Equation 18
5: repeat ⊲ Backtracking line search
6: 𝐺𝑡 (𝜃 ) ← (𝜃 − Proj[𝜃 − 𝜂𝑡∇𝑔(𝜃 )]) /𝜂𝑡
7: LHS← 𝑔(Proj[𝜃 − 𝜂𝑡∇𝑔(𝜃 )])
8: RHS← 𝑔(𝜃 ) − 𝜂𝑡∇𝑔(𝜃 )⊺𝐺𝑡 (𝜃 ) + 𝜂𝑡

2 ∥𝐺𝑡 (𝜃 )∥
2
2

9: 𝜂𝑡 ← 𝜂𝑡/2
10: until LHS < RHS
11: 𝜃 ← Proj[𝜃 − 𝜂𝑡∇𝑔(𝜃 )]
12: if ∥∇𝑔(𝜃 )∥2 < 𝜖 then
13: break
14: end if
15: end for
16: return Quantize(𝜃 )

function is determined analytically as a 32-element vector:

∇𝑔(𝜃 ) =


𝜕𝑔 (𝜃 )
𝜕𝛼𝑛

���15
𝑛=0

𝜕𝑔 (𝜃 )
𝜕𝜏𝑛

���15
𝑛=0


=


−2Re [exp{ 𝑗2𝜋 𝑓 𝜏𝑛} Res(𝑓 , 𝜃𝑛)]

���15
𝑛=0

4𝜋𝛼𝑛 𝑓 Im [exp{ 𝑗2𝜋 𝑓 𝜏𝑛} Res(𝑓 , 𝜃𝑛)]
���15
𝑛=0

 . (18)

Backtracking line search is used to determine the learning
rate for each update step, and the algorithm is performed for
a fixed number of iterations or until a stopping criterion on
the gradient size is achieved.
Iterative Gain Adjustment. Algorithm 3 is a modification
of Algorithm 2, and serves as the iterative adjustment phase
of the data-driven approach from Section 4.3. In particu-
lar, this modification employs the substitutions described in
Equations 13 and 14.

B.2 Baseline Algorithms
Cubic Polynomial Modeling. In [26], the authors propose
a greedy algorithm that makes use of a cubic tap model to
perform RFIC canceller optimization. In this method, each
measured (tap, delay) tuple 𝐻̂𝑛 (𝑓 , 𝜏𝑛) is fit to a cubic polyno-
mial model, as shown in Figure 2, with a general form

𝐻 cub
𝑛 (𝑓 ) = 𝑒− 𝑗2𝜋 𝑓 𝜏𝑛𝑒𝑎+𝑏𝑓 𝜏𝑛+𝑐 𝑓

2𝜏2𝑛+𝑑𝑓 3𝜏3𝑛 . (19)
A nonlinear least-squares solver is employed to compute the
complex-valued coefficients 𝑎, 𝑏, 𝑐, and 𝑑 . The resulting cu-
bic tap models are then used in a greedy algorithm followed
by iterative gradient descent-based optimization to deter-
mine the optimal SIC-maximizing canceller configuration.
Two important differences with respect to our approach are:

Algorithm 3Modified PGD
Input: SI channel 𝐻SI (𝑓 ), gain vector A
1: for 𝑡 = 1 to 𝑡max do
2: 𝜂𝑡 ← 1
3: Compute ∇𝑔(A) ⊲ Equation 13
4: repeat ⊲ Backtracking Line Search
5: 𝐺𝑡 (A) ← (A − Proj[A − 𝜂𝑡∇𝑔(A)]) /𝜂𝑡
6: LHS← 𝑔(Proj[A − 𝜂𝑡∇𝑔(A)])
7: RHS← 𝑔(A) − 𝜂𝑡∇𝑔(A)⊺𝐺𝑡 (A) + 𝜂𝑡

2 ∥𝐺𝑡 (A)∥
2
2

8: 𝜂𝑡 ← 𝜂𝑡/2
9: until LHS < RHS
10: A← Proj[A − 𝜂𝑡∇𝑔(A)]
11: if ∥∇𝑔(A)∥2 < 𝜖 then
12: break
13: end if
14: end for
15: return Quantize(A)
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(i) the cubic model for the measured tap responses; and (ii)
the greedy algorithm (which is not based on OMP).
Straddled-Delay Selection. The approach proposed in [8]
relies on an intentional delay selection based on the mea-
sured principal delay of the SI channel. The system in [8]
utilizes sixteen fixed delay lines implemented using varying-
length micro-strip traces with individually programmable
attenuators. The delays were selected to form an equally-
spaced range straddling the principal delay of the SI leakage
path through a circulator. This results in lagging and lead-
ing copies of the SI signal that can be linearly combined to
reconstruct the original, thereby providing cancellation. To
emulate this, we measured the average group delays of each
tap-delay tuple, and selected delay settings to achieve the
most uniform spacing around the observed SI delay. Keeping
these delay settings fixed, we solve a linear least squares
problem to determine initial gain values, and then iteratively
adjust with gradient descent.

C Implementation Details
In this appendix, we provide implementation and deploy-
ment details of the wideband, adaptive FD radio system de-
scribed in Section 6, including a more in-depth discussion
of the SDR and host PC configuration used to sustain reli-
able high-bandwidth operation, a description of the FPGA’s
host-communication protocol and operating modes, and the
specifications of the physical environment used in the mobil-
ity experiments presented in Section 6.3. We note that many
iterations of hardware and software optimizations have been
performed to achieve the presented results; we discuss these
optimizations below.

C.1 FD Radio Configuration
Software-Defined Radio. Each FD radio utilizes a USRP
X310 SDR with UBX-160 daughterboards, capable of operat-
ing within the RFIC canceller’s operating range with up to
160MHz of instantaneous bandwidth. We employ two COTS
swivel whip antennas (Siretta Delta 6A), with operating fre-
quency ranges spanning the ISM 915MHz band and above,
as the antenna interface to the FD radio.

The SDRs are synchronized by a single external reference
clock and PPS signal, ensuring frequency lock and timing
accuracy. The SDR streams 16-bit complex (IQ) samples to
and from the host PC over a direct 10 GbE LAN interface. All
communication and control with the SDR is facilitated by
the USRP Hardware Driver (UHD) software package [23].
The SDR expects the bidirectional sample flow, to and

from the PC, to be set at a constant rate. At high data rates,
the host PC may not produce or consume data fast enough,
dropping packets in the process and resulting in underrun or

overflow errors, respectively. Occasional errors are gener-
ally non-fatal: recovery can be performed via software-based
resynchronization, which accounts for the packets’ shifted
positions and any resulting sub-sample timing offsets. How-
ever, multiple errors in a short span will result in a full throt-
tling of the system, freezing all processes and requiring a full
system restart. We found that even moderate-performance
PCs failed to reliably transmit and receive at a 50MHz sam-
pling rate due to compounding errors; therefore, to minimize
the likelihood of such errors, we built a custom host PC with
optimized hardware capable of handling these data streams.
Host PC. We use a 24-core Intel i9-13900K CPU, and the
frequency governor was set to performance mode across
all cores to prevent clock scaling during operation. We use
4 × 16GB of DDR5 RAM. The OS, Ubuntu 22.04.5 LTS, is
installed on a 1 TB Gen 5 NVMe SSD, and bulk data is stored
on a 4 TB external HDD. All experiments are performed using
GNU Radio 3.8 [28], with custom control and DSP blocks
implemented in C++ [45].
Several network-level optimizations were applied to re-

duce the risk of packet stalling between the host PC and the
SDR. The motherboard’s onboard 10GbE NIC was config-
ured with an MTU of 9000 bytes (jumbo frames) to reduce
per-packet overhead at high data rates. Both the send and
receive Ethernet ring buffers were increased to 4096 to help
prevent flow control errors, and both the send and receive
network socket buffers were increased to 32MB.

C.2 FPGA Operations
We developed a custom C++ library that defines the data
frames sent between the host PC and the FPGA, which are
connected over UART. The host-to-FPGA frame consists of
three primary fields: an operation flag, which defines the
operational mode and hyperparameter settings for the FPGA
to use; a configuration field, representing the gains and de-
lays for a six-tap configuration; and a channel estimate field,
representing a 242-point complex 𝐻SI (𝑓 ) measurement. The
FPGA-to-host response consists of a configuration field, indi-
cating the results of the requested operation and the settings
loaded onto the canceller, and a timing metadata field con-
taining runtime information.
The ARM core of the FPGA runs a control program with

three operational modes: manual system configuration, GLC-
OMP-based computation, and PGD-based computation.

In the system configuration mode, the FPGA only makes
use of the configuration field. The ARM core decodes the
data and writes the configuration bits to Memcfg. CanConfig
then reads the data from Memcfg and configures the RFIC
canceller. This operation is used for initial configuration be-
fore optimization, the tap measurement process, and manual
configuration.
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In the GLC-OMP-based computation mode, the FPGA
makes use of the operation flag and the channel estimate
field. The ARM core loads the hyperparameter settings and
forwards the channel estimate to the ConfigOpt block. The
FPGA then executes the GLC-OMP-based optimization algo-
rithm and selects the optimal taps and delays to enable, along
with their respective gain values. As before, this configura-
tion is sent to the Memcfg block, from which the CanConfig
block fetches the data and configures the canceller.
In the PGD-based computation mode, the FPGA makes

use of all fields. The ARM core decodes the configuration
field, and sets the indicated (tap, delay) settings and their
assigned gains as the starting point for the PGD algorithm.
Using the requested hyperparameter settings, the ConfigOpt
block processes the channel estimate to compute new gain
values for the taps. As in the other modes, the CanConfig
block fetches the new configuration from the Memcfg block
and configures the canceller.

C.3 Mobile Experiment Environment
The 27m route used for the mobility experiment, shown
in red in Figure 10b, is comprised of two environments of
roughly equal length. The first is a 14m-long corridor (shown
in blue) with a low ceiling (2.7m), narrow width (1.6m), and
various metal doors, wall recesses, and conduit runs along
the path. The second is a 13m-long segment through a large
atrium (shown in green) with a high ceiling (5.4m). The
first four meters are bounded by a nearby wall and a glass
doorway 5m away; the remaining 9m-path opens into a
wide region 5m across. A floor-to-ceiling column acts as the
transition between the regions, as demarcated on the map.
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