On Normalized Least Mean Square Based Interference Cancellation Algorithm for Integrated Sensing and Communication Systems | Special Topic

YU Xiaohui, YU Shucheng, LIU Xiging, PENG Mugen

On Normalized Least Mean Square Based
Interference Cancellation Algorithm for
Integrated Sensing and Communication Systems

YU Xiaohui, YU Shucheng, LIU Xiging, PENG Mugen DOI: 10.12142/ZTECOM.202403004

(Beijing University of Posts and Telecommunications, Beijing 100876, https://kns.cnki.net/kcms/detail/34.1294.TN.20240919.1205.004.html,
China) published online September 19, 2024

Manuscript received: 2024-08-04

Abstract: Integrated sensing and communication (ISAC) technology is a promising candidate for next-generation communication systems.
However, severe co-site interference in existing ISAC systems limits the communication and sensing performance, posing significant chal-
lenges for ISAC interference management. In this work, we propose a novel interference management scheme based on the normalized least
mean square (NLMS) algorithm, which mitigates the impact of co-site interference by reconstructing the interference from the local transmitter
and canceling it from the received signal. Simulation results demonstrate that, compared to typical adaptive interference management
schemes based on recursive least square (RLS) and stochastic gradient descent (SGD) algorithms, the proposed NLMS algorithm effectively
cancels co-site interference and achieves a good balance between computational complexity and convergence performance.
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1 Introduction
ith the development of wireless communication
technologies, the number of users and access de-
vices is rapidly increasing, leading to an urgent
shortage of communication spectrum resources.
Traditionally, communication and sensing systems have been
designed, developed and deployed independently. However,
the congestion of the available radio spectrum has stimulated
interest in combining communication and sensing functions
within shared frequency bands and potentially on the same
hardware platforms. In frequency bands below 10 GHz, such as
the L-band (1 - 2 GHz), S-band (2 - 4 GHz), and C-band (4 -
8 GHz), radar systems, Long-Term Evolution (LTE), and wire-
less local area network (WLAN) communication systems are
widely favored. Above 10 GHz, the operating frequencies of
5G millimeter-wave communication systems are very close to
those of automotive millimeter-wave radars. Therefore, realiz-
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National Natural Science Foundation of China under Grant Nos. 61925101
and 62271085, and in part by Beijing Natural Science Foundation under
Grant No. L223007-2.

ing integrated sensing and communication (ISAC) has become
necessary and feasible!". Currently, ISAC can be classified
into two categories: One focuses on the coexistence of commu-
nication and sensing signals within the same frequency
bands”; the other aims to use a unified hardware platform
with ISAC signals”®’,

Interference management is a critical challenge for the
above ISAC implementation approaches. In coexistence-based
ISAC systems, communication and sensing are implemented
by independent hardware that transmits different signals.
These systems are often not scheduled or synchronized with
each other, resulting in severe mutual interference between
communication and sensing signals. Consequently, dual-
function radar-communication systems face high hardware
complexity and difficulties in joint optimization of radar and
communication functions. A current mainstream research di-
rection is to design integrated waveforms based on existing
communication signals to achieve communication and sensing
simultaneously. In such ISAC systems, interference manage-
ment becomes even more complex.

Many studies have focused on interference management in
ISAC systems', where opportunistic spectrum sharing” and
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[ are the two typical methods for mitigat-

null space projection
ing interference between communication and sensing signals.
Recently, optimization theory has been widely investigated for
its effectiveness in interference management in ISAC sys-
tems”” % The authors in Ref. [9] studied the spectrum sharing
between multiple-input multiple-output (MIMO) based radar
and communication systems in cluttered environments. To
achieve effective clutter suppression, the ISAC system was de-
signed by jointly optimizing the communication covariance
matrix and the radar sub-sampling matrix. This scheme mini-
mizes the interference power at the receiver of the radar sys-

B

tem while maintaining the communication performance
Ref. [11], a novel coexistence architecture for communication
systems and pulse radars was proposed, together with a com-
prehensive performance evaluation. Different from the coordi-
nated coexistence of communication and radar in most exist-
ing ISAC systems, the authors in Ref. [12] investigated the co-
existence of communication and sensing functions in uncoordi-
nated scenarios, with a particular focus on the dynamics of in-
formation sharing.

Additionally, interference cancellation in full-duplex sys-
tems has been a hot topic for long'"?. An iterative successive
nonlinear co-site interference cancellation method for in-
band full-duplex communication was proposed in Ref. [14],
which significantly improves co-site interference cancellation
through multiple iterations. In Ref. [15], a low-latency pre-
coding strategy for in-band full-duplex MIMO relay systems
was introduced to achieve interference cancellation through
time, space, and radio-frequency (RF) domains!"”. The au-
thors in Ref. [17] discussed joint analog and digital co-site in-
terference cancellation techniques in full-duplex transceivers
with frequency-dependent in-phase/quadrature (I/Q) imbal-
ance. KIAYANI et al. studied adaptive nonlinear RF interfer-
ence cancellation techniques to improve system isolation per-

formance''®!.

In fact, interference management in ISAC sys-
tems is similar to that in full-duplex systems'"”. Some works
have designed dual-function radar and communication sys-
tems based on orthogonal frequency division multiplexing
(OFDM) signals. In Ref. [20], monostatic sensing using
OFDM in the presence of phase noise was investigated. The
results show that with appropriate processing strategies,
phase noise can not only be mitigated but also exploited to
improve the sensing accuracy. In Ref. [21], the beam-domain
full-duplex massive MIMO technology was investigated,
where a precise beamforming scheme and a co-site interfer-
ence cancellation strategy were proposed to improve spec-
trum utilization. LIU et al. proposed an effective channel esti-
mation method for interference channel estimation in the co-

2
221 Moreover,

existence of radar and communication systems
the authors in Ref. [23] investigated integrating sensing capa-
bilities into communication systems without significantly in-
creasing system complexity.

In this work, we delve into interference management in
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ISAC systems and propose a normalized least mean square
(NLMS) algorithm to mitigate co-site interference. Specifi-
cally, we begin with a brief review of the widely implemented
OFDM-based ISAC system models. Different from most exist-
ing works on ISAC technologies, we perform a detailed model-
ing and analysis of co-site interference in ISAC systems. On
this basis, we propose the NLMS algorithm to reconstruct and
cancel the co-site interference received from the local trans-
mitter (Tx) at the integrated receiver (Rx). Simulation results
demonstrate that the proposed algorithm effectively cancels in-
terference and strikes a good balance between computational
complexity and algorithm convergence performance. This
work further advances the theory of ISAC interference manage-
ment and has significant implications for guiding engineering
practice.

2 System Model

Most existing works on ISAC have generally assumed that
the signals received at the integrated receiver consist only of
echoes and noise, neglecting the co-site interference caused
by the local transmitter. To briefly illustrate the OFDM-based
integrated signal processing, we first introduce the ideal
interference-free ISAC system model. In this work, we investi-
gate an OFDM-ISAC system with IV subcarriers, where each
subcarrier carries M OFDM symbols per frame. The subcarrier
spacing is assumed to be Af, and the symbol time can be ob-
tained by T = 1/Af. The transmitted OFDM symbol matrix is

written as

%00 X0,1 Xo,m-1
_ Nx M
Fro=l wo 0 % Yoy | FroeA
Xyn-1,0 Xyn-1,1 Xy-1m-1

(1)

The Doppler shift causes a phase shift in each element of
F.., and each subcarrier experiences a different phase shift.
For a delay of 7, the phase shift on the k-th subcarrier is ex-

pressed as T )T

where f, is the carrier frequency.
Hence, the echo signal of the [-th symbol on the k-th subcar-

rier is given as
(Fu),, = bolFr),, - exp(2mTfl = 27z (kA + £,) ) + (Z),.(2)

where f}, is the Doppler shift and b, is the round-trip path loss.
The matrix Z € C"*" represents the additive white Gaussian
noise (AWGN) with power o>, Clearly, F,_ contains the param-
eters 7, f, and b, to be estimated. As F_is also known to the
integrated receiver, the transmitted symbols are removed from
the received echo signal by symbol-wise division as
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(Fi)
(F)k,z =—Fkl=
(FT")k,l
by - exp(2mTfyl - 2me (kAf+ £,)) + (Z),., (3)

is the noise sample after

Here, (Z),,= (Z)k,/(FTx)kl

symbol-wise division. The Doppler shift f;, and the target dis-
tance R are obtained by discrete Fourier transform (DFT) for
each row and inverse discrete Fourier transform (IDFT) for
each column of (F),,, respectively. Here, we denote the peak
index of the n-th row of F after DFT as m,, ,, and the speed of
the target v can be obtained by

rﬁ’l",n = |_fDTMJ7
Y, . (4)
where | - | is the floor function, ¢ is the light of speed, and f, is

the carrier frequency. Then, we denote the peak index of IDFT
on the m-th column of F as ni, ,, and the distance R between

the sensing target and the base station is derived using*!
- l ZBRJ
g, = ,
F.m c (5)

where B is the bandwidth of the ISAC signal.

Practically, the transmitted signals leaked from the local
transmitter can cause significant co-site interference at the in-
tegrated receiver. To address this issue, we propose the NLMS
algorithm with a decreasing convergence parameter. Fig. 1 il-

lustrates the ISAC system model with the proposed interfer-
ence reconstruction and cancellation scheme. The NLMS algo-
rithm reconstructs the co-site interference in the RF domain
using a multi-tap circuit consisting of delayers, attenuators,
and phase shifters. Interference cancellation is then per-
formed at the receiver to eliminate the co-site interference. At
the receiver of a communication user, the received signal un-
dergoes RF demodulation, analog-to-digital conversion, cyclic
prefix removal, and serial-to-parallel conversion. It is then
transformed from the time domain to the frequency domain by
the fast Fourier transform (FFT). Subsequently, we perform
channel equalization, symbol decision, and symbol demapping
on the frequency-domain signal to obtain the recovered com-
munication data.

Next, we model the co-site interference received by the inte-
grated receiver. As shown in Fig. 1, the Tx and Rx antennas
are co-located, and mutual interference steps in the signal pro-
cessing of the sensing receiver through the Tx-Rx channel. In
this work, we term this mutual interference as the co-site inter-
ference, and the Tx-Rx channel can be modeled as a Rician

25-27

fading channel™ %", Thus, the co-site interference can be de-

noted as ¥ ; = H - F; . The channel matrix is written as

hy hy
H=| h, h, |, He AV
h ~ h,_
S B , (6)
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AFigure 1. Schematic diagram of the ISAC system with interference reconstruction and cancellation
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where the (k,1)-th element can be expressed as h, =

[r/(r+ 1) b+ J1/(r + 1) h}™, where r is the Rician fac-
tor. The terms A" and h"™ represent the line of sight (LoS)
and non-LoS components, respectively. In a co-site interfer-
ence channel, the LoS signal is relatively strong, resulting in a
large value of r. Here, we express the received signal, includ-
ing the echo signal, the co-site interference, and the noise, as

(Fu),, = bolFr,), , - exp( 2Tl = j2me (kA + £,) ) +

h(Fy) - exp( = 2meg(kAf+ 1)) +(Z),, . )

kit
where 7 represents the co-site interference delay.

3 Normalized Least Mean Square Algorithm

A solution to cancelling the co-site interference is to estab-
lish a multi-tap circuit between the transmitter and receiver.
Based on the known transmitted signal, the signal’s amplitude
and phase parameters are changed through the multi-tap cir-
cuit. Fig. 2 depicts the signal processing of the multi-tap cir-
cuit. The input signal x(¢) from the RF modulator can be ex-
pressed as

x(t) = V2P d(t)cos(2mf .t + ). ()
where P denotes the power of the transmitted signal, ¢ is the
initial phase of the carrier, and d(t) is the signal generated by
the OFDM modulator. For simplicity, we assume that the sig-
nal power and the initial phase satisfy P = 1/2 and ¢ = 0, and

then we have x(t) = d(t)cos (27 f,1). Next, x(¢)goes through
the delayer, attenuator, and phase shifter. The output signal of
the [-th tap in the i-th iteration, denoted by g!” (1), can be ob-
tained as

gﬁ”(t) A a(l")x(t _ T(li))ekb';'/’ i=1,2,,1, (9)

where a|”, 7\ and ¢|" are the attenuation component, delay
and phase shift of the I-th path at the i-th iteration, respec-
tively. The output signals of L paths undergo an adder to get
the reconstructed interference signal g(t). Then, by subtract-
ing it from the received signal, the co-site interference cancel-
lation is achieved. Within a time-frequency resource block,
the complex amplitude of the signal can be approximated as a

constant and the received signal can be simplified as
r(t) = box(t = )exp(j2mfyt) + byx(t = 7)) + w(t), (10)

where b, is the complex amplitude of the co-site interference.
The first term in Eq. (10) is the sensing signal reflected by the
target and the second term is the co-site interference. It is
worth mentioning that the value of b, is much larger than b,
since b, refers to the round-trip path loss, which is propor-
tional to the square of the distance between the transmitter
and receiver. For the I-th tap, the error signal ¢! (1) and cost

function J{” (1) are defined respectively as

e (1) & () - g\ (1), (11)

J Phase '\

Y Y

Y

x (i-7))

(t=7)) (t-7,)
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A Figure 2. Interference reconstruction with NLMS
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KO0 L E| (e (0)| = Bl - ) (071, )

In the traditional least mean square (LMS) algorithm'®!, the
reconstructed interference signal g!' "V (1) is updated by
1

g () = g (0) = 5 uvl () =

g (1) + el (1)x(2), (13)

where w is the step size factor.

Specifically, the LMS algorithm uses a stochastic gradient
descent (SGD) algorithm to update g\ * " (1). At each adapta-
tion moment, the gradient of the cost function is calculated
from the difference between the reconstructed and real inter-
ference signals and multiplied by an appropriate step size fac-
tor u. It is worth mentioning that when x(#) is large, the LMS
algorithm suffers from a problem of gradient noise amplifica-
tion. To overcome this difficulty and achieve a balance be-
tween convergence speed and steady-state error, the updated
equation in the proposed RF interference cancellation algo-
rithm is

gl (1) =g (1) + [ .

6U> X
p”z(t)} 1 (6)x(1),

(14)

where p is a very small value, preventing the denominator
from being zero. By introducing &(t) =pu/[p + (1) ], we
can view NLMS as a variable step-size algorithm. Small x* ()
results in large fu(t), accelerating the convergence for the
NLMS algorithm. Conversely, large x*(z) and small i(7) can
avoid instability and divergence. Thus, by adaptively selecting
an appropriate step size, NLMS can improve the robustness
across different input signals.

4 Simulation Results and Discussions

In this section, we conduct simulations to verify the interfer-
ence cancellation capability of the proposed NLMS algorithm
and compare it with mainstream algorithms such as SGD and
recursive least squares (RLS). In the simulation experiments,
quadrature phase shift keying (QPSK) and 16-quadrature am-
plitude modulation (16 QAM) are used for modulation. The
channel models include extended pedestrian A (EPA), ex-
tended typical urban (ETU), and extended vehicular A (EVA),
with minimum mean square error (MMSE) employed for chan-
nel equalization. The rest of the simulation parameters are
listed in Table 1.

The core idea of the RLS algorithm is to recursively update
the filter parameters to make the output signal as close to the
desired signal as possible. The forgetting factor A determines
the weight of new and old data during iterations. A higher for-
getting factor gives more weight to new data, allowing the algo-
rithm to track rapidly changing system parameters, while a

lower forgetting factor is suitable for systems with slowly vary-
ing parameters. The SGD algorithm uses gradient descent to
update the filter weights, minimizing the mean squared error
between the desired and actual signals. The SGD algorithm ex-
hibits the lowest computational complexity among the three al-
gorithms, followed by the NLMS and RLS algorithms. Given
an L-tap circuit, the computational complexities of SGD and
NLMS are O(L), while the complexity for RLS is up to
O(L?). Table 2 shows a detailed analysis of the computational
complexities with respect to the three algorithms mentioned.
Fig. 3 plots the interference estimation error (IEE) versus
the number of iterations for different algorithms, where the
signal-to-interference ratio (SIR) is assumed to be —60 dB
and the maximum number of iterations 7 is set to 1 000. The
RLS algorithm with A = 0.99 demonstrates the most excel-
lent interference reconstruction capability, followed by the
proposed NLMS algorithm. The SGD with u = 0.1 exhibits
the worst interference reconstruction capability. In the SGD
algorithm, a tradeoff can be observed between the conver-
gence speed and the TEE. A large step size factor u acceler-
ates convergence but leads to a higher IEE, since SGD may
miss the optimal solution in each update. To reduce the IEE,
we can select a small step size, which however consumes

much longer time.

VTable 1. Simulation parameters

Parameter Value
Rician factor 13 dB
Channel taps 10

Modulation QPSK, 16 QAM

Subcarrier space (Af) 30 kHz

FFT length 512

Communication channel type EPA, ETU, EVA
Equalizer MMSE
SIR -60 dB
SGD step size () 0.01, 0.1
RLS forgetting factor (A) 0.99,0.9
NLMS small value (p) 0.001

16 QAM: 16-quadrature amplitude

modulation

MMSE: minimum mean square error
NLMS: normalized least mean square
EPA: extended pedestrian A QPSK: quadrature phase shift keying
ETU: extended typical urban RLS: recursive least squares
EVA: extended vehicular A

FFT: fast Fourier transform

SGD: stochastic gradient descent
SIR: signal-to-interference ratio

VTable 2. Computational complexity of SGD, NLMS, and RLS algorithm™”
Number of Additions

Number of Multiplications

Algorithm e o e st
SGD L+1 2L
NLMS 2L+ 1 3L + 50
RLS L'+ 1L 217 + 3L + 50

NLMS: normalized least mean square SGD: stochastic gradient descent

RLS: recursive least squares
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A Figure 3. IEEs of SGD, RLS and NLMS, with signal-to-interference
ratio (SIR)=-60 dB

The SGD algorithm with w = 0.1 converges to an IEE of
around —6 dB after 120 iterations. When the step size is re-
duced to 0.01, the SGD algorithm achieves a lower IEE of
-7 dB at the cost of a slower convergence speed, i.e., 780 it-
erations. The NLMS can better handle this tradeoff and halves
the iteration time. For the RLS algorithm, setting the forgetting
factor to A = 0.99 allows for more accurate interference recon-
struction, yielding the lowest IEE. However, it does so at the
cost of the greatly increased computational complexity O(L?).
In contrast, the proposed NLMS algorithm provides compa-
rable interference reconstruction capability while keeping a
low computational complexity O(L).

Next, we simulate the bit error rate (BER) and throughput
of the ISAC system with the proposed NLMS algorithm under
different modulation types and channels to evaluate its com-
munication performance. As shown in Fig. 4, the BER of the
ISAC system gradually decreases with increasing SNR. The
EPA channel, with fewer multi-paths and lower average
power attenuation per path compared to the ETU and EVA
channels, results in the lowest BER. Compared to QPSK, the
higher modulation order of QAM means that symbols are
placed closer to each other in the constellation diagram, mak-
ing the communication signal more sensitive to noise and re-
sulting in a higher BER at the same SNR. Additionally, we
present the throughput simulation results under different
channel models and modulation types in Fig. 5. It can be ob-
served that the ISAC system exhibits similar throughput
across different channel models, with EPA and EVA yielding
the highest and lowest throughput, respectively. Furthermore,
16 QAM achieves higher throughput than QPSK due to its
higher modulation order.
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S Conclusions and Future Work

In this work, we investigate the co-site interference problem
in 5G NR ISAC systems. We model an OFDM-based ISAC
system and provide a detailed overview of the corresponding
ISAC signal processing flow. By modeling and analyzing the
co-site interference in a single BS ISAC scenario, we propose
an RF domain interference cancellation algorithm called the
NLMS algorithm. By substituting u for @(t) = u/[ p + 2> (1) ],
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the NLMS algorithm could adaptively adjust the step size fac-
tor, accelerating the convergence at a low cost of computing.
Simulation results and analysis demonstrate that the NLMS al-
gorithm could effectively cancel RF domain co-site interfer-
ence. It also achieves a good balance among the iterations re-
quired for convergence, the computational complexity, and the
capability of interference reconstruction. Compared to the
RLS algorithm, the NLMS algorithm demonstrates similar in-
terference reconstruction capability while maintaining a lower
computational complexity O(L). In comparison to the SGD al-
gorithm, it can better handle the tradeoff between the conver-
gence speed and the IEE. Thus, the NLMS algorithm is a
promising solution to co-site interference cancellation in ISAC
systems. Our future work will focus on the joint design of more
advanced interference cancellation algorithms in both the RF
domain and baseband domain.
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