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Abstract

With the rapid development of the Internet of Things (IoT), electromagnetic devices are
increasingly being deployed in dense and resource-limited environments, resulting in
severe mutual interference within limited spectral and spatial resources. To address this
issue, a real-time sensing-assisted intelligent communication method is proposed which
adaptively selects appropriate communication schemes based on the electromagnetic envi-
ronment to achieve robust, intelligent communication. A key challenge lies in mitigating
the self-interference caused by the communication transmit signal on wideband sensing.
Focusing on self-interference suppression for wideband sensing receivers, this paper first
presents a self-interference reconstruction and suppression architecture. Then, a closed-
form expression for suppression performance is theoretically derived, and the impact of
imperfect time synchronization between the interference and reference signals on sup-
pression effectiveness is analyzed. Simulation results verify the theoretical analysis and
demonstrate that, under identical normalized fractional delays, the degradation in interfer-
ence suppression performance of the compressed sensing-based receiver is smaller than
that of the uncompressed receiver. Specifically, when the normalized time synchronization
error is 0.5, the 2-fold compressed wideband receiver achieves a 6.9 dB improvement in
suppression capability compared to the uncompressed receiver.

Keywords: self-interference; compressive sensing; interference suppression; Nyquist folding;
full duplex

1. Introduction

With the rapid growth of the Internet of Things (IoT), electromagnetic devices are
increasingly deployed in dense and resource-limited environments [1]. For example, in
smart homes, various wireless technologies such as 4G, 5G, Wi-Fi, Bluetooth, NearLink,
and LoRa operate concurrently within a confined space. This co-existence leads to severe
mutual interference due to limited spectral and spatial resources [2].

To alleviate such interference, sensing-assisted communication has emerged as a
promising solution. In traditional designs, spectrum sensing and data transmission are often
separated in time, making it difficult to capture rapidly changing interference conditions [3].
Real-time sensing-assisted communication has been proposed to address this issue by
enabling concurrent sensing and transmission [4]. This allows the system to continuously
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monitor environmental interference and dynamically adjust transmission parameters to
maintain reliable communication [5].

In this context, the Nyquist Folding Receiver (NYFR) offers an efficient front-end ar-
chitecture for real-time wideband sensing. Developed by Fudge et al. based on compressed
sensing (CS) theory [6], the NYFR acquires digitally sparse or compressible wideband
signals at sub-Nyquist rates. These signals can be directly processed in the time-frequency
domain or reconstructed using CS algorithms [7]. Existing NYFR research mainly fo-
cuses on feature extraction, modulation classification [8], signal detection, and parameter
estimation from compressed signals [9].

A key challenge in implementing real-time sensing-assisted communication is the
severe self-interference induced by the high-power transmit signal on the NYFR front-
end [10]. Without effective suppression, the sensing performance degrades significantly,
making it difficult to respond to rapidly varying interference in real time.

Self-interference suppression methods generally fall into three categories: spatial
domain, radio frequency (RF) domain, and digital domain suppression [11]. Spatial domain
methods improve antenna isolation [12], RF domain suppression cancels interference by
adjusting the amplitude, phase, and delay of reference signals using analog circuitry [13],
and digital domain suppression estimates and reconstructs the interference signal in the
baseband domain [14]. However, all these methods are sensitive to hardware imperfections
and algorithmic constraints [15], such as time synchronization errors [16] and sampling
clock offset [17]. Furthermore, most existing work focuses on conventional receivers, with
limited studies addressing self-interference suppression in wideband compressive receivers
like the NYFR.

To bridge this gap, this paper studies digital domain self-interference suppression,
addressing a key challenge in real-time sensing-assisted intelligent communication. A
suppression architecture based on the NYFR is proposed, where compressed signals are
utilized to estimate and cancel self-interference. A closed-form expression quantifying
suppression performance is derived, and the theoretical impact of fractional delay on
suppression effectiveness is analyzed. Both analytical and simulation results demonstrate
that, under identical timing errors, the CS-based receiver outperforms its uncompressed
counterpart in interference suppression.

The main contributions of this paper are as follows:

* A self-interference suppression architecture based on the NYFR is proposed, enabling
real-time wideband spectrum sensing and communication at sub-Nyquist rates.

e A theoretical model is developed to quantify the effect of time synchronization errors
on suppression performance in the compressed domain, with a closed-form expression
derived under fractional delay.

¢  Simulations validate the theoretical analysis, showing that under a normalized delay
of 0.5, the 2-fold compressed receiver achieves 6.9 dB better suppression than the
uncompressed receiver.

2. System Model

In dense IoT environments, various wireless devices operate simultaneously, causing
severe mutual interference. As illustrated in Figure 1, to enable reliable wideband spectrum
sensing, the electronic transmitter’s self-interference signal is directly fed to the wideband
sensing receiver via a wired connection, serving as a reference for suppression. The receiver
adopts the Nyquist Folding Receiver (NYFR) architecture as its front-end, and digital
domain self-interference suppression is performed on the compressed signals to extract the
desired signals from the interference-laden environment.
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Figure 1. System model of real-time sensing-assisted transceivers.

2.1. Transmitter

The baseband signal of the transmitter is denoted as b(n). After passing through the
digital-to-analog converter (DAC), it becomes the continuous time signal b(t), which is
then upconverted to the RF signal s;(t)

si(t) = b(t)e/ @fittei(t) 1)
where f; is the carrier frequency, and ¢;(t) represents the initial phase.

2.2. Channel

Assuming a flat fading channel, the self-interference signal r;() received at the wide-
band receiver is modeled as

Tl'(t) = Hl'Si(t — T), (2)

where H; denotes the self-interference channel attenuation factor, and 7 is the relative delay
between the self-interference and the reference signal.
The overall received signal r(t) at the wideband receiver can be expressed as

r(t) = ri(t) +ry(t) +o(t), 3)

where 7;(t) denotes the self-interference, r,(t) is the desired signal of interest (SOI), and v(¢)
represents the effective noise term. Here, the noise term not only includes additive white
Gaussian noise (AWGN), but also accounts for RF imperfections such as Power Amplifier
(PA) nonlinearity and I/Q imbalance, as well as various colored noise components. When a
sufficient number of independent noise sources are present, by the Central Limit Theorem,
the composite noise can be reasonably approximated as a complex Gaussian distribution.

The transmitted self-interference signal s;(t) is also coupled to the receiver through a
wired connection, serving as the reference signal r¢(t) for digital self-interference recon-
struction and cancellation:

rp(t) = si(t). (4)
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2.3. Wideband Receiver

After down-conversion and analog-to-digital conversion (ADC), the self-interference
signal r;(n), the received signal r(n), and the reference signal r(11) are expressed as

ri(n) = Hisi(n — 1), (5)
(n) = ri(n) +ru(n) +v(n), ©6)
si(n). (7)
The delay 7 can be decomposed as T = D + AD, where D is the integer multiple of the
sampling period delay between the self-interference and the reference signals, which can
be accurately estimated and compensated by existing time synchronization algorithms [18].
AD denotes the residual fractional delay, satisfying 0 < |AD| < 0.5. This paper focuses on
the impact of the fractional delay AD on self-interference suppression performance, i.e., we
consider T = AD.
After synchronization, the signals are represented as

ri(n) = Hib(n — AD), ®)
r(n) = ri(n) + ru(n) +vo(n) = Hib(n — AD) + ry(n) + v(n), ©)
ry(n) = b(n), (10)

where b(n) denotes the baseband self-interference signal.
For vector representation with length N, the signals can be written as

t,=[ri(n+1),r;(n+2),...,ri(n+N)T, (11)
r= [r(n+1),r(n+2),...,r(n+N)]T, (12)
rp=[rf(n+1),rp(n+2),...,r(n+N)|". (13)

3. CS-Based Wideband Receiver

This section presents the self-interference suppression framework based on a CS
wideband receiver. The signal processing flow consists of three main modules: NYFR,
self-interference suppression, and reconstruction of the SOI.

3.1. NYFR-Based Signal Folding

The NYFR enables sub-Nyquist sampling for spectrally sparse signals. If the input
signal r is sparse or compressible in some domain [19], it can be compressed as

y = or, (14)

where @ denotes the measurement matrix with dimension M x N, M < N.
The measurement matrix ¢ can be expressed in terms of its row selection index vector
o= [ay,ap,...,0p|as

Y11 - Q1IN

M1 - PMN

where @i ,, = 1 and all other elements are zero.
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By substituting Equations (11)-(13) into (14), we obtain the compressed self-
interference signal y;, the received signal y, and the reference signal yr as

yi = ¢r; = Hi[b(n + a1 — AD),...,b(n +ap — AD)]”, (16)
y=¢r=o(r+1,+v)

= Hi[b(n+ay — AD), ..., b(n+ap — AD)]" +yu +v,, (17)
Y = @rf = [b(n+ar1),...,b(n+ap)]" (18)

Here, r, and y, = ¢r, denote the SOI before and after compression, while v and
v, = @u represent the additive white Gaussian noise (AWGN) before and after compression,
respectively.

3.2. Self-Interference Suppression

To mitigate the self-interference resulting from the concurrent transmission and re-
ception on integrated jamming and sensing platforms, a digital domain self-interference
suppression method is applied. Based on the compressed reference signal, self-interference
reconstruction and cancellation are performed by subtracting the reconstructed interference
from the compressed received signal.

As illustrated in Figure 2, an L-order linear filter is used to reconstruct the compressed
self-interference signal as

gl

ye(n+ax) = ) wi(n+ap)ys(n+ar_141), (19)

=1

where w;(n + ay) denotes the tap coefficient of the /-th filter at time index 1 + .

yi (n+a) Y (n+a ) Ye(n+a )

Figure 2. L-order self-interference reconstruction filter.

The residual signal after suppression is calculated by subtracting the reconstructed
interference from the compressed received signal

Ayi(n+ ax) = yi(n +ax) — yp(n + a)

L
yi(n+ay) — Z (n+ag) yr(n+ag_i41) (20)

In vector form, the residual self-interference signal is given by

Ayi(n+ o) = [Byi(n+a1), ..., Ayi(n+ o))" (21)
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The final residual signal Ay consists of three components: the residual self-interference
Ay;, the compressed SOl y,, and the compressed noise v,

Ay =y —y;
= Ay +yu+ V. (22)

3.3. SOI Reconstruction

After digital domain self-interference cancellation, the residual signal Ay is used
for reconstructing the SOI, denoted as r,. As shown in Equation (22), the interference
cancellation process does not alter the structure of the compressed SOI component yy,
ensuring compatibility with standard reconstruction algorithms.

While the suppression procedure does not introduce structural distortion to the SOI,
it does influence the effective signal-to-noise ratio (SNR). In the ideal case of perfect
cancellation, the reconstruction quality of r, is equivalent to that in an interference-free
environment. However, in practical scenarios, non-ideal factors such as time or frequency
synchronization errors may lead to residual self-interference Ay; remaining in the signal.
This residual acts as colored noise, thereby degrading the SNR and ultimately reducing the
fidelity of the reconstructed SOL

Accurate interference suppression is therefore crucial to maintaining reliable recon-
struction performance under the compressed sensing framework.

The proposed architecture involves a trade-off between computational complexity and
performance. By employing sub-Nyquist sampling through the NYFR, the ADC workload
and data rate are reduced by a factor of N/M, which in turn lowers the computational
complexity of the linear reconstruction filter from O(L - N) to O(L - M) per sample. This
reduction comes at the cost of an additional compressed sensing reconstruction step to
recover the SOL The primary benefit, however, is substantially improved robustness to
synchronization errors: for a given computational complexity, the compressed system
can achieve higher suppression gain, or alternatively, relax the requirements on timing
and frequency synchronization. Such a trade-off is particularly advantageous for IoT
devices, where slight increases in digital processing complexity are acceptable in return for
significantly enhanced interference suppression and a simpler RF front-end design.

This section analyzes the impact of fractional delay on the self-interference suppression
performance. The fractional delay is modeled by an ideal fractional delay filter as follows

b(n — AD) = b(n) * sinc(n — AD)
= Aapb(n) +bap(n), (23)

where Axp = sinc(AD) represents the attenuation coefficient caused by fractional delay.

+o00
The term bap(n) = Y. b(n —i)sinc(i — AD) denotes the inter-symbol interference (ISI)
k0
component from adjacent symbols. The components byp (1) and b(n) are uncorrelated.
The power of b(n — AD) and bpp(n) can be expressed as [20]

P{b(n — AD)} = P{b(n) xsinc(n — AD)}
= P{b(n)} i sinc?(i — AD) (24)

1=—00

~ Pb/



Electronics 2025, 14, 3707

7 of 13
P{bap(n)} = P{b(n)} i sinc?(i — AD). (25)
S0

It should be noted that the fractional delay is implemented through a sinc-based
filter, whose computational complexity mainly depends on the number of taps used in the
approximation. A larger number of taps improves accuracy but also increases the number
of multiplications per sample.

Assuming the wideband receiver can accurately estimate the self-interference channel
gain H; Axp, the reconstructed self-interference signal after compression is expressed as

Y; = HiAapys = HiAspgry, (26)
where the residual self-interference component is denoted as
Ar; = Hi[bap(n+1),...,bap(n+ N)]™. 27)
Define the interference-to-noise ratio (INR) as

H?P,
Y= (;2 , (28)

where 02 denotes the noise power.
The self-interference suppression gain G without compression (i.e., without NYFR) is
defined as

P{r;} + o?

G =10l0g10 prary o2

(29)

where P{r;} and P{Ar;} denote the power of the original self-interference and the residual
self-interference signals, respectively.
Based on Equations (24) and (25), the powers can be approximated as

P{r;} = P{Hi[b(n +1-AD),...,b(n+N— AD)]T} ~ H2D,, (30)

P{Ari} = P{Hi[bAD(Tl + 1), . .,bAD(Tl + N)}T}

N —1
= H?P, } sinc®(i— AD) + Y sinc®(i — AD). (31)
& ‘

i i=—N

Substituting (28), (30), and (31) into (29), the suppression gain is

H?P, + 0?
G = 10log,, 5 NIy IR .
H?P, {Zizl sinc®(i — AD) + Y., sinc”(i — AD)} +0
+1
= 10log;, N ” 7 ; » . (32)
v {Zizl sinc®(i — AD) + Y., sinc”(i — AD)] +1

Similarly, the suppression gain after NYFR compression is defined as

Plyi} + 05

Gy = 10log,, 7P{A}’i} T U(%,

(33)
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where (T denotes noise power after compression, and P{y;} and P{Ay,} denote the power
of the compressed self-interference and residual signals, respectively.
Based on Equations (24) and (25), these powers can be approximated as

P{y;} = Y P{Hb(n+j— AD)} ~ H?P,, (34)
jea

P{Ayi} = P{Hi[bAD(Tl + 061),. . .,bAD(I/l + tXM)]T}

~ H?D, lz sinc?(i — AD) Z sinc?(i — AD) |. (35)

icn ica—N

Substituting (28), (34), and (35) into (33), the suppression gain after compression is

Plyi} + 05
Gy = 10log,, (P{Ayi} n (73,

1 Hizpb —l—O'q,z ( )
=10 Ong 36
Hlpb[g ica sinc (I—AD) + 2 ica Nsinc (Z—AD)] +%2

= 10log 7+l
O\ Y [Ticasind?(i — AD) + Yicq_n sinc?(i — AD)] +1)

From Equations (32) and (36), the self-interference suppression performance depends
on the INR, fractional delay, and ISI. As shown in Figure 3, the suppression performance
degrades with increasing fractional delay. The NYFR compression reduces the effect of
ISI, thus improving suppression compared to the uncompressed receiver under identical
fractional delay.

1

—¥— 2% Compression
—O— Uncompressed

0.8 H

0.6 |

04t 1 ]

sinc

02

Ob’é,‘?lTi 1T¢Té,¢’®

_02 -

_0'4 L 1 !
-10 -5 0 5 10
Sampling point i+AD/T,

Figure 3. Illustration of ISI before and after compression.

4. Simulation

In this section, MATLAB 2022b simulations are performed to evaluate the digital
domain self-interference suppression method and verify the impact of fractional delay
on suppression performance in the CS-based wideband receiver. The simulation sce-
nario assumes that the self-interference signal and the SOI operate at the same frequency,
which makes it difficult for conventional receivers to extract valid information from the
received signal.
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The simulation parameters are summarized in Table 1. These parameters are chosen to
reflect practical IoT scenarios: the carrier frequency of 2.4 GHz corresponds to widely used
IoT bands (e.g., Wi-Fi, Bluetooth), the SOI bandwidth of 1 MHz represents narrowband IoT
signals such as LoRa, the interference bandwidth of 5 MHz models wider-band coexisting
devices, the fractional delay range (0~0.5 Ts) captures typical multipath-induced delays,
and the INR range (10~60 dB) covers both weak and strong interference conditions. All
simulations are conducted using the Monte Carlo method, with each point representing an
average over 500 Monte Carlo trials to reduce statistical variation.

Table 1. Simulation parameters.

Parameter Value
Original Sampling Rate 100 MHz
Compressed Sampling Rate 50 MHz
Carrier Frequency 2.4GHz
Bandwidth of SOI 1MHz
Interference Signal Bandwidth 5MHz
Fractional Delay Range 0~0.5 T;s
Interference-to-Noise Ratio 10~60dB

Figure 4 illustrates the variation in self-interference suppression gain with fractional
delay under different INR levels. The simulation results closely match the theoretical
analysis. When the INR is 10 dB or 20 dB, the impact of fractional delay on suppression
gain is negligible, indicating that noise dominates suppression performance at low INR.
However, as INR increases to 40 dB or 60 dB, the suppression gain degrades significantly
with increasing fractional delay, eventually converging to about 29 dB. This shows that at
high INR levels, suppression gain becomes highly sensitive to fractional delay.

60 G T T T T
O ¥=60dB, Simulation y=60dB, Theory
¥ =40dB, Simulation y=40dB, Theory
50 + { y=20dB, Simulation y=20dB, Theory |
#% = 10dB, Simulation y=10dB, Theory
40
m ’ -~
3 30t - 2 D
I5) * 2
20 \' \' A4 A4 4
10 % £ 2 e > £ £ £ £ £ 3
0 L L L L
0 0.1 0.2 0.3 0.4 0.5

Delay AD /T,

Figure 4. Relationship between fractional delay and self-interference suppression gain.

Figure 5 shows the variation in self-interference suppression gain with INR at var-
ious fractional delays. Simulation results agree well with theoretical predictions. When
fractional delay AD = 0, indicating ideal synchronization, suppression gain increases
monotonically with INR. At an INR of 60 dB, suppression gain reaches approximately
60 dB, implying near-complete suppression of self-interference to the noise floor.

For fractional delays ranging from 0.0575 to 0.3T;, suppression gain initially increases
with INR but saturates beyond a certain point. Below 20 dB INR, suppression gains across
different fractional delays converge, consistent with noise-dominated suppression. As
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INR grows, differences in suppression gains for varying fractional delays become more
pronounced. At 60 dB INR, suppression gains are approximately 43 dB, 38 dB, and 30.4 dB
for increasing fractional delays, demonstrating that fractional delay limits suppression gain
under high INR conditions.

Figure 6 depicts the impact of signal compression via the Nyquist Folding Receiver
(NYFR) on suppression gain in the presence of fractional delay. The three groups of curves
show a consistent trend of suppression gain degradation with increasing fractional delay
under identical INR levels. At 10 dB INR, the effect of compression on suppression gain is
minimal. However, when the INR is 30 dB and 60 dB, the uncompressed system exhibits
the lowest suppression gain, while the system with 4x compression achieves the best
performance. Moreover, as the fractional delay increases, the performance gap between the
2x compressed and uncompressed systems continues to widen, whereas the gap between
the 4x and 2x compressed systems remains almost unchanged. Specifically, when the
INR is 60 dB and the fractional delay is 0.5, the suppression gain of the 4x compressed
system is 1 dB higher than that of the 2x compressed system, and 7.5 dB higher compared
with the uncompressed case. These results clearly demonstrate that the NYFR-based
compressive sensing receiver exhibits stronger robustness to fractional delay in the process
of self-interference suppression.

60 T T T : )
O  D=0Ts, Simulation

D =0Ts, Theory

D =0.05Ts, Simulation
50 |- D =0.05Ts, Theory

{  D=0.10Ts, Simulation
D =0.10Ts, Theory

X D =0.30Ts, Simulation

40 D =0.30Ts, Theory
om
k)
I}
30
20
10 L L L L
10 20 30 40 50 60

INR 7/dB

Figure 5. Relationship between INR and self-interference suppression gain under different fractional
delays.

60 g ( . ‘ ‘
¥ =60dB —8— 4xCompression
—©— 2xCompression
el —— Uncompressed
40 |
o0
3
O 30¢
20 | = X
y =10dB
10 T—o—o—o—o—o—o—o—o—o—T
5 | , , ,
0 0.1 0.2 0.3 04 05

Delay AD /T,

Figure 6. Effect of NYFR-based compression and fractional delay on self-interference suppression gain.
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Figure 7 compares the self-interference suppression gain of receivers with and without
NYER compression under different fractional delays and INR values. When fractional delay
is zero, suppression gain is limited by noise. For fractional delays of 0.1 and 0.3, suppression
gain increases with INR and eventually saturates. In both scenarios, suppression gain with
2x compression consistently exceeds that without compression. For a fractional delay of 0.1
and INR above 40 dB, the gain difference stabilizes around 3 dB. When the delay is 0.3 and
INR exceeds 35 dB, the difference stabilizes near 4.5 dB. These results indicate that under
high INR, the effects of noise and NYFR compression on suppression gain remain stable.

60 T T | |
——©— D = 0Ts, 2xCompression
——3— D = 0Ts, Uncompressed

D = 0.1Ts, 2x<Compression
50 || D =0.1Ts, Uncompressed
——6— D = 0.3Ts, 2xCompression
——¢— D = 0.3Ts, Uncompressed

40 [

G/dB

30

20

1010 20 30 40 50 60

INR 7/dB

Figure 7. Comparison of self-interference suppression gain with and without NYFR compression
under varying fractional delays and INR.

5. Conclusions

This paper presented a real-time-sensing-assisted intelligent communication archi-
tecture for IoT, which addresses the self-interference from the communication transmitter
to the wideband sensing receiver. A digital domain self-interference suppression scheme
based on the NYFR was developed for wideband compressed sensing systems under
fractional delay. A closed-form expression was derived to quantify the impact of time syn-
chronization errors on suppression performance. Simulation results validated the analysis
and showed that NYFR compression improves suppression gain by up to 6.9 dB compared
to uncompressed receivers under the same fractional delay. These results demonstrate
that NYFR-based compression enhances robustness against fractional delay, making it a
promising solution for real-time-sensing-assisted communication in dense IoT environ-
ments. The current work is limited to MATLAB simulations without hardware validation,
and further study is needed on scalability to massive IoT scenarios and robustness under
RF nonidealities. As future work, we will investigate adaptive filter design, hardware-in-
the-loop testing, and machine learning-based extensions to enhance both robustness and
computational efficiency.
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Abbreviations

The following abbreviations are used in this manuscript:

CS Compressive sensing
NYFR Nyquist folding receiver
ADC  Analog-to-digital converter
DAC Digital-to-analog converter
RF Radio frequency

ISI Inter-symbol interference
INR Interference-to-noise ratio
SNR Signal-to-noise ratio

SOI Signal of interest
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