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Abstract— With the increasing number of wireless devices con-
necting to networks and sharing spectrum resources, interference
has become a major obstacle to improving network performance.
Existing interference management (IM) methods treat interfer-
ence as a negative factor and focus on suppressing or eliminating
its impact on the transmission of intended signals. However, this
often comes at the cost of consuming communication resources
and degrading desired transmission performance. Therefore, the
design of a cost-effective IM method that “exploits” interfer-
ence is important. To achieve this goal, we propose Intelligent
Reflecting Surface Assisted Interference Exploitation (IRS-IE) to
realize efficient desired data transmission. IRS-IE leverages the
low-cost and adaptive deployment capabilities of IRS to gather
and reflect interference towards the interfered receiver (Rx).
By appropriately designing the reflection coefficient of IRS, a
phase shift is introduced to the incident interference, allowing
the reflected interference to interact with its direct counterpart
at the interfered Rx. As a result, the interfered Rx can retrieve its
desired data from the mixed interference. This way, IRS—-IE can
make use of the interference to facilitate the desired data trans-
mission. Qur theoretical analysis and simulation results show that
IRS-IE significantly improves the spectral efficiency (SE) of the
interfered communication pair over the other IM methods.

Index Terms— Intelligent reflecting surface, interference man-
agement, interference utilization, spectral efficiency.

I. INTRODUCTION

S WIRELESS communication technologies continue to
develop rapidly, the increasing number of subscribers and
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data services have made spectrum resources scarcer. Numerous
spectrum-sharing mechanisms have thus been proposed to
improve the efficiency of spectrum utilization. However, with
the growing number of concurrent communications, interfer-
ence has become a key impediment to network performance
improvement [1]. Multi-antenna technology exploits array sig-
nal processing to allow communication devices to distinguish
multiple signals and interferences in the spatial domain. This
enables interference management (IM) through the design of
directional beams and/or receive filters. Various IM meth-
ods have been developed, including successive interference
cancellation (SIC) [2], [3], [4], zero-forcing beamforming
(ZFBF) [5], interference alignment (IA) [6], and interference
neutralization (IN) [7], etc.

IM can be realized either individually or jointly at the
transmitter (Tx) and/or the Rx. However, all IM methods
come with their own deficiency. For example, SIC suffers
from error propagation as well as high Rx complexity. For
ZFBF, precoding, while eliminating the effect of interference
on the desired communication, also introduces the signal sent
from the interfering source to its Rx (called the interfering
Rx) to match its channel less effectively, thus weakening
the desired signal strength at the interfering Rx [8]. That
is, ZFBF is achieved at the expense of the performance of
the interfering communication pair. IA suffers from similar
problems as ZFBF, and the interfered Rx needs to consume
an additional spatial degree of freedom (DoF) for placing
the aligned interferences. Although IN need not consume the
DoF at the interfered Rx, it consumes power for constructing
and transmitting the neutralizing signal. Furthermore, there
may be cases where IN is not available due to the limited
transmit power when the interference strength is too high.
In summary, SOTA (state of the art) IM methods cause
some loss of signal quality or/and consumption of commu-
nication resources, such as power and DoF. It is, therefore,
important to develop more efficient and cost-effective IM
methods.

Since all signals are energy-carrying electromagnetic waves,
it is worthwhile to explore whether the energy of interference
can be collected and utilized to reduce the overhead of IM
and facilitate the interfered communication pair’s data trans-
mission. The authors of [9] employed an IRS to backscatter
the jamming signal into the desired signal to enhance the
reception quality for the user. In [10], interferences are cate-
gorized into constructive and destructive types. Subsequently,
partial channel inversion is employed to preserve and lever-
age constructive interference, while effectively mitigating the
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destructive components. Nevertheless, these two methods can
only exploit partial interference, i.e., either the reflected [9]
or the constructive interferences [10], leaving the direct and
destructive disturbances unused. The authors of [11] proposed
interference recycling (IRC), according to which the interfered
Tx no longer sends the desired data but designs a recycling
data and loads it to the recycling signal for transmission. The
recycling signal interacts with the interference so that the
interfered Rx can recover the desired data from the mixed
signal [11]. This method uses both the information and the
energy carried by the interference, but it still requires a portion
of the desired Tx’s power to construct the recycling signal.
Moreover, when the spatial characteristics of the interference
and the desired data deviate from each other significantly,
it incurs a large recycling power overhead. Therefore, it is
of great practical importance to devise low-cost IM methods.

Recently, a programmable meta-surface array consisting of
passive reflective elements, namely an intelligent reflecting
surface (IRS), has received increasing attention [12], [13].
As one of the key technologies for 6G, IRS offers sev-
eral advantages. First, IRS allows for the retention of the
original wireless communication system’s hardware archi-
tecture without requiring additional active radio frequency
(RF) devices, hence minimizing the power consumption and
hardware deployment costs [14]. Second, the IRS is controlled
by the IRS controller connected to the Tx, and the phase and/or
amplitude coefficients of the reflective elements can be flexibly
adjusted with software; this enables the control of the phase
and intensity of the reflected signals, improving data trans-
mission [15], [16], enhancing communication security [15],
[17], [18], [19], and achieving interference management [14],
[20]. Moreover, IRS can even be used for reconfiguration
and detection of the wireless channel environment [15], [21].
However, the current limited research on IRS-based IM still
treats interference as harmful. How to fully leverage interfer-
ence with IRS to achieve efficient data transmission remains
unexplored.

Furthermore, while there have been numerous studies on
IRS, most of them simply use the conventional signal trans-
mission model for method design and performance evaluation.
However, this approach can ‘“double-count” signal power,
as the incident signal to the IRS is only a part of the
original signal from the source. Consequently, this can mislead
IRS-based method design and result in inaccurate performance
evaluation. Therefore, we need to develop a more accurate
and practical signal transmission model suitable for IRS
investigation.

Based on the above discussion, we utilize the theory of
power radiation pattern (PRP) [22] to modify the conventional
signal transmission model, and then employ IRS to effectively
manage interference and achieve efficient data transmission.

The contributions of this paper are three-fold:

e Development of a modified signal transmission model
suitable for IRS-based method design and evaluation.
By incorporating the PRP of transmit/receive antennas
and IRS elements, a more realistic and accurate model is
achieved.
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o Proposal of Intelligent Reflecting Surface Assisted Inter-
ference Exploitation (IRS-IE). We use the IRS to reflect
the interference to the interfered Rx, so that the reflected
component can interact with the direct counterpart, allow-
ing the interfered Rx to recover the desired data from
the mixed interference. This way, IRS-IE enables the
efficient utilization of the energy and data information
carried by the interference, thereby realizing low-cost IM
to facilitate the desired transmission.

o Extended design of IRS-IE to more general situations.
First, we allow the PBS to send a recycling signal, which
can enhance the feasibility of IRS-IE and improve the
quality of desired transmission. Second, we investigate
the application of IRS-IE under more general modulation
schemes.

The rest of this paper is organized as follows. Section II
provides an overview of related works while Section III
describes the system model. Section IV presents the design of
IRS-IE. Section V explores the extended design of IRS-IE, and
Section VI evaluates the performance of the proposed method
via simulation. Finally, we conclude this paper in Section VII.

Throughout this paper, we will use the following notations.
C represents the set of complex numbers. Scalars are repre-
sented by non-bold italic letters, while vectors and matrices are
represented by lower- and upper-case bold letters, respectively.
X*H denotes the Hermitian of matrix X. |x| indicates the
absolute value of z.

II. RELATED WORK

Among the IM methods mentioned in Section I, SIC [2],
[3], [4] lets the Rx detect the information carried by a signal
component from the received mixed signal in a sequential
manner. Upon detection of a signal component, it is recon-
structed based on the detected data and then subtracted from
the mixed signal. This process continues until all signal
components are detected. ZFBF [5] designs the precoding of
the interference source to create multiple interferences that
are orthogonal to the desired signal at the interfered Rx.
This way, ZFBF can prevent interferences from affecting the
desired transmission. A [6] employs transmit precoding to
restrict multiple interference components to a subspace of
finite dimension at the interfered Rx. This allows the desired
signal to be transmitted through an interference-free signal
subspace. The authors of [23] have demonstrated the feasibility
of IA to be highly dependent on the parameter settings of the
communication system, including the numbers of Txs and Rxs,
the numbers of transmit and receive antennas, etc. However,
further research has revealed that interference can be not only
aligned but also completely or partially eliminated by exploit-
ing the signal propagation of multiple paths, which is known
as interference neutralization (IN) [7], [24], [25]. IN eliminates
interference by combining interferences from different paths
in a destructive manner, while preserving the desired signal
[24]. Essentially, IN exploits the interactions between wireless
signals/interferences to cancel out the multiple interferences
arriving from the interfering source at the interfered Rx [25].
However, none of the above-mentioned IM methods are cost-
free. Specifically, they either sacrifice some desired signal’s
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transmission quality or consume communication resources,
such as transmit power and spatial DoFs. Most importantly,
they treat interference as a negative factor and aim to eliminate
its impact on the desired signal transmission. In contrast,
the proposed IRS-IE collects the scattered energy from the
interfering source and utilizes it to realize the desired data
transmission.

As for the IRS-related works, [14] applied IRS to manage
inter-cell interference in cellular systems. By designing the
reflection coefficient of IRS, the desired signal components
are constructively superimposed at the intended Rx while
the interferences from the neighboring cells are canceled via
destructive combination. The authors of [15] leveraged the
potential of IRS to reconfigure the propagation environments
and employed IRS to enhance the performance of unmanned
aerial vehicle (UAV)-aided air-ground networks. By jointly
optimizing the UAV trajectory, they were able to enhance the
average achievable rate of the IRS-assisted relaying network
and effectively thwart adversarial eavesdropping attempts. IRS
was adopted in [16] to assist UAV in achieving energy-
efficient transmission. Specifically, the energy-efficiency was
maximized by jointly optimizing the UAV trajectory, transmit
power, and IRS phase shifts based on the statistical CSI. The
authors of [17] proposed a deep learning approach to jointly
optimize the BS’s power allocation and IRS’s reflection beam-
forming to counteract malicious jammers located near multiple
legitimate mobile users and send fake jamming signals through
multiple antennas. Then, without the need for interference
model information, system spectral efficiency can be maxi-
mized. The authors of [18] proposed a joint optimization of
aerial IRS (AIRS) deployment and passive beamforming to
mitigate jamming attacks and enhance legitimate transmission.
The position of AIRS is determined via successive convex
approximation, while the reflection beamforming is obtained
using manifold optimization. IRS was integrated with UAV
in [19] to enhance security in wireless networks. Through the
joint optimization of UAV trajectory, transmit beamforming,
and phase shifts of the IRS, the average secrecy rate of
IRS-assisted UAV wireless networks was maximized. The
authors of [20] studied the interference cancellation ability
of IRS in a multi-user environment, where multiple single-
antenna transceivers communicate simultaneously in a shared
spectrum. They proposed a method to maximize the actual
sum rate while taking into account interference-nulling con-
straints. The method uses the zero-forcing solution obtained
from alternating projection as an initial point for subsequent
Riemannian conjugate gradient optimization. Additionally, the
authors introduced a subgradient projection method with low
computational complexity to maximize the minimum sum
rate. In [21], an IRS is used to facilitate non-line-of-sight
(NLoS) communication where obstacles obstruct the direct
transmission path between BS and mobile users. By reflecting
the desired signal, the IRS creates a virtual line-of-sight (LoS)
link that circumvents the obstacles and effectively targets
the desired Rx. This approach helps eliminate signal cover-
age dead zones and enhances communication performance.
In summary, IRS has the potential to facilitate the design of
cost-effective IM methods due to its low power consumption,
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flexible deployment, and controllable signal adjustment capa-
bilities. Based on the above review, existing IRS-related
designs mainly focus on transmission enhancement, physical-
layer security, and interference mitigation. However, to the
best of our knowledge, none of them attempt to leverage IRS
for interference exploitation. In contrast, the proposed IRS-
IE utilizes IRS to collect and reflect the interference, thereby
enabling its exploitation.

As is commonly known, it is crucial to establish an
appropriate channel model for accurate evaluation of IRS
utilization [26]. Some researchers emphasize practical channel
modeling for IRS-empowered systems. For example, [26]
explored potential use cases for IRS in future wireless systems
while accounting for various indoor and outdoor wireless prop-
agation environments as well as practical 5G channel model
issues, and proposed a new software tool for IRS-empowered
millimeter-wave communication systems. The authors of [27]
proposed a hybrid far- and near-field stochastic channel model
for characterizing an IRS-assisted vehicle-to-vehicle propa-
gation environment. To reduce modeling complexity, they
developed a sub-array partitioning scheme to dynamically
divide the entire IRS array into several smaller sub-arrays,
enabling the application of the planar wavefront assumption
to these sub-arrays. On the other hand, numerous other
researchers focus on designing IRS-assisted transmission
mechanisms with commonly used classical wireless channel
models, such as Rayleigh to characterize the IRS links. Unfor-
tunately, this simplified application of channel models tends
to overlook the distinct features of the reflecting and direct
links, potentially misleading the design of IRS-based methods
and incurring inaccurate performance evaluation. Specifically,
these studies primarily rely on the conventional signal trans-
mission model. In this model, the power collected by each IRS
element is calculated based on the Tx’s power. Consequently,
as the number of IRS elements increases, the power of the
reflected signal from the IRS also increases. This results in
double-counting the Tx’s power. Clearly, such a simplistic
utilization of the conventional transmission model is inaccurate
because, in practice, the power captured by the IRS is only a
fraction of the transmission power used by the Tx. To address
this problem, we will incorporate the theory of PRP [22]
to modify the conventional signal transmission model. Then,
we can develop a more realistic and accurate model suitable
for the design and evaluation of IRS-based methods.

III. SYSTEM MODEL
A. Basic System Assumptions

We consider downlink communication in heterogeneous
cellular networks (HCNs) with overlapping macro base station
(MBS) and pico base station (PBS), as shown in Fig. 1.
The MBS controls an IRS consisting of M > 1 reflective
elements. MBS and PBS are equipped with N7y > 1 and
N7, > 1 transmit antennas, macro user equipment (MUE) and
pico user equipment (PUE) are equipped with Np, > 1 and
Npg, > 1 receive antennas, respectively. We use Pr, and Pr,
to denote the transmit power of MBS and PBS. MBS transmits
a signal carrying data z; to MUE and causes interference to
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Fig. 1. System model.

PUE. z( denotes the desired data that PBS intends to send
to PUE. In our system model, we assume the interference
from PBS to MUE is negligible.! We use Hy € CNro*N7o,
I_I1 c (CNR1><NT1’ HlO c (CNROXNTI’ HlI c (CMXNT1,
and H ;o € CNro*M to represent the channel matrices from
PBS to PUE, MBS to MUE, MBS to PUE, MBS to IRS,
and IRS to PUE, respectively. Because IRS is controlled by
the MBS, MBS can accurately estimate H ;. In addition,
MUE can estimate H 1, and PUE can measure H,, H o, and
H ;¢. Both MUE and PUE feed the above channel matrices
(a.k.a. channel state information (CSI)) to their respective BS
through a low-rate error-free link, and the transmission delay
can be ignored compared to the time scale of the channel
state change [29]. Since MBS and PBS are usually deployed
by the same operator [11], we can assume that PBS can share
PUE’s CSI and desired data information (i.e., x¢) with MBS
via inter-BS collaboration.

IRS connects to MBS through the IRS controller. IRS
controller coordinates the CSI collection and signaling trans-
mission between MBS and IRS [30], [31]. Each element of
IRS independently adjusts the incident signal’s phase and
amplitude and reflects it to PUE. IRS’s reflection coefficient
matrix is expressed by an M x M complex matrix & =
diag(v1,- -+ ,%i, -+ ,vm), where diag(-) represents for the
diagonalization of a vector. ; = ¥;e/% denotes the reflection
coefficient of the i*" element where i € {1,2,---,M}.
¥; € [0,1]* and 6; € [—m, ) are the amplitude coefficient and

IThe power of MBS is known to be several to even hundreds of times
greater than the power of PBS [28]. Moreover, picocells are typically deployed
at the edge of a macrocell to enhance signal coverage or facilitate traffic
offloading. Consequently, the MUE can receive a much stronger desired signal
than the interference from the PBS. Furthermore, when the PBS transmits to its
intended PUE, in order to improve the received signal’s quality, the main lobes
of the PRP of the transmit antenna and its intended receive antenna should be
aligned with each other. As a result, the interference power leaked to the MUE
is limited. Therefore, the disturbance from PBS to MUE is omitted in Fig. 1.
In addition, since the IRS is configured to reflect signal to the PUE, its PRP
is directed towards the PUE. Simultaneously, considering the transmission
distance and path loss between the PBS and the IRS, the interference from
PBS to MUE via IRS is significantly smaller than the direct interference from
PBS to MUE, thus making it negligible.

2Existing research categorizes IRS into two types: passive IRS and active
IRS. In this paper, we present the IRS-IE under the constraint that the
amplitude coefficient of the IRS should be confined within the range [0, 1]
for low power cost. Additionally, in the discussion of Fig. 2, we conclude that
under MPSK, the amplitude coefficient of the IRS should be set to 1 in order
to achieve the best reception performance possible. These characteristics align
with the nature of passive IRS, so the IRS utilized in our work falls into the
passive category.

(Data x,)

Normalized power
radiation pattern

phase shift coefficient, respectively. For simplicity, we ignore
the signal component that is reflected twice or more [30].

In practice, we can employ a high-speed control link to
facilitate both the delivery of phase-shift information from the
MBS to IRS and data sharing from the PBS to MBS. Thus, the
IRS controller can adjust the reflection coefficient of each IRS
element in real time [9]. In existing communication systems,
such as coordinate multi-point (CoMP) and HCNss, researchers
have reached a consensus that low-latency and high-capacity
wired/wireless backhaul (i.e., control or signaling) link can be
established among communication entities [32], [33], [34].

In our system model, we omit the reflected signal from
MBS to the MUE via IRS. This is because, in practice,
to improve the received signal’s quality, the main lobe of the
PRP of the MBS’s transmit antenna and that of the MUE’s
receive antenna should be aligned with each other (a detailed
discussion of PRP can be found in Section III-B). Similarly,
as the IRS is designed to reflect the signal from MBS to
PUE, the PRP of the IRS elements should align with that
of the PUE’s antenna. Therefore, the signal from MBS via
IRS to MUE is negligible. Additionally, note that the reflected
signal originating from MBS is the desired signal for MUE,
and in our system, we deploy the IRS in close proximity
to the MBS, allowing both the direct and reflected desired
signals to arrive at the MUE synchronously. Then, regardless
of whether the desired reflected signal happens to enhance
or weaken its direct counterpart at the MUE, considering
the reflected component is relatively small, its impact on the
MUE’s reception can be deemed negligible.

Before delving into details, we provide the main parameters
used in this paper in Table I.

B. A Modified Signal Transmission Model

The power radiation pattern (PRP) shown in the subgraph
of Fig. 1 illustrates the variation of the power radiated or
received by an antenna, providing a visual representation of
the direction from which the antenna transmits or receives
the maximum power. The PRP is determined by the hardware
properties of the antenna [22]. In this section, we will leverage
the theory of PRP to derive a modified signal transmission
model that is appropriate for IRS-based method design.

In practice, to improve the received signal’s quality, the
main lobe of the PRP of the transmit antenna and that of the
receive antenna should be aligned with each other. Moreover,
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TABLE I
TABLE OF PARAMETERS

Parameter Description

Pry, Pry Transmit power of PBS and MBS

Nt,, N1, The numbers of PBS and MBS’s antennas

NRry> NRr, The numbers of PUE and MUE’s antennas
xg, T1 Desired data of PBS and MBS

H; Channel matrices between MBS and MUE

Ho, H; Channel matrices between MBS and PUE/IRS
Hy, Hjg Channel matrices between PBS/IRS and PUE
M The number of IRS elements
P Reflection coefficient matrix of IRS
¥i Reflection coefficient of the i* IRS element
i, 0; Amplitude/Phase-shift coeffs. of the 7" IRS element
F(.) The normalized PRP
S, ¥ Elevation and azimuth angles between antennas
Fe() The normalized PRP of equipment a’s antenna/element
F2() Value of F'*(-) in the direction of equipment b
¢ Pct. of MBS power collected by MUE, PUE, and IRS
Mmax The maximum number of IRS elements
Zo Data recovered by PUE
A A real scaling factor for xg resulting in Zo
S1 Direct interference
ng) The it reflected interference component
ST The sum of M reflected interference components
©1, gogz), ©r The phases of s1, sy), and sy
1, pY), o1 The modulus of s1, sgz), and sy
~§1), n,BY) sy) /~v: and its phase
KO, K1 Amplitudes of o and z1
%0, 91 Phases of xg and =
w1, w2 Angles between two vectors
©s Phase difference between s1 and zg

The it* row and column of Hy; and H 10

20, 07 AWGN vector and its element’s power
Power utility factor of the direct interference
@ perceived by PUE from MBS
Power utility factor of the reflected signal
n received by PUE from IRS element
Py, Effective power of PBS radiating to PUE
Py, Py Effective power of MBS radiating to MUE and PUE
SRS Recycling signal received by PUE from PBS
PRS> PRS Amplitude and phase of spg
PRS Precoding vector for spg at the PBS
Do, P1 Precoding vectors for o and =1 at PBS and MBS
fo. f1 Filter vectors at PUE and MUE
€ The normalized value of MBS’s power to noise
Yo The mixed signal received by PUE
Yo The estimated signal at PUE
T The ratio of Pr, to Pr,

based on the definition of PRP, the radiation power from the
MBS to the MUE/PUE is jointly determined by the PRP of
the antennas/elements of MBS, IRS, and MUE/PUE. In the
proposed IRS-IE, as depicted in Fig. 1, we assume that PBS
does not send any signal — in this case, the lower bound of the
data rate for PUE can be obtained. However, in practice, PBS
can transmit signals to further enhance the pico transmission
performance. Thus, we align the main lobes of the MBS
and MUE, as well as the IRS and PUE, with each other,
respectively. In what follows, we will derive the expressions
of the radiated/received power of MBS, MUE, IRS, and PUE,
respectively, in the scenario of HCNG, as illustrated in Fig. 1.

For clarity, we define the power radiation intensity in the
central direction of the main lobe as 1. Then, we can express

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 8, AUGUST 2024

the normalized PRP as a function F(s,?) in the spherical
coordinate system where ¢ and i) denote the elevation and
azimuth angles, respectively, from antenna g to a particular
transmit or receive antenna. By substituting parameters ¢ and
¥ into F(s,v), we can calculate the power radiation intensity
of antenna g in the direction specified by ¢ and 9. When the
distance between the Tx and the receive antenna array is large
enough, the spherical wave generated by the transmit antenna
array can be approximated as a plane wave upon reaching
the receive antenna array. As a result, the radiation pattern
of the transmit (or receive) antenna array is only affected by
the elevation angle of the receive (or transmit) antenna with
respect to (w.r.t.) the direction of the Tx (or Rx). Thus, based
on the assumption of plane wave, the expression of F'(¢, ) is
given as [22]:

cos®s, ¢ €[0,7/2], ¥ € (0,2n]

F(Q’aﬂ): 0, ge(Tr/Q,ﬂ], 196(0727T]

)

From Eq. (1) and the right subfigure of Fig. 1, we can find
that (¢, %) only depends on the elevation angle . Moreover,
F(s,9) reaches its maximum when ¢ = 0, indicating that
antenna ¢ has the maximum power radiation intensity in the
direction defined by ¢ = 0.

We use FM (¢tM 9tMy pI(cI gl) prM(crM grM) and
FP(¢"P 9rF) to represent the normalized PRP of the
MBS’s transmit antenna, IRS’s element (assuming all IRS
elements have the same radiation characteristics), MUE’s
receive antenna, and PUE’s receive antenna, respectively. Note
that F?(¢,9!) takes into account the relationship between
the incident power radiation intensity and the incident angle,
as well as the reflected power radiation intensity and reflected
angle of the IRS element. We employ a general formula
F{(sf,U%) to represent the value of the radiation direction
function F'*(¢%, 9¥*) for equipment a in the direction of equip-
ment b determined by the elevation angle ¢; and azimuth angle
Jy. It represents the normalized power radiation intensity,
where a € {tM,I,rM,rP} and b € {tM,I,rM,rP}.
Here, tM, I, rM, and rP stand for MBS, IRS, MUE, and
PUE, respectively. For instance, F'3(c!M 9tAl) represents
the power radiation intensity of the MBS’s radiation direction
function F*M (¢tM 9tM) in the direction of MUE.

Based on the derivation of the Rx’s received power
expression in [22] under the far-field beam condition, we can
express the received power of the MUE as being proportional
to FIM (I 9ty and FI (Hf,95a), and the received
power of the PUE as being proportlonal to FIM (M i)
Fir(Shr Vi), Flp(slp.9lp),  and  FrP(pP 977).
Therefore, the function values of F'™M (¢tM 9tM) in the
direction of MUE, PUE, and IRS are F'}( TM,WM) =1,

FUM(gM 9ty and  FIM(¢IM 19“”) respectively,
which satlsfy FM (I iy > FIM (P 9t and

Fﬁ\‘}( GIM YNy > M (UM 9tM) The function values of

FI(¢T,9%) in the direction of PUE, MUE, and MBS are
F! (rP’ﬂiP) =1, F/ (TM719£]\/[) and M(th’ﬁ{M)’
respectlvely, satisfying F7 (rp,ﬁip) > FL (595
and Flp(clp,95p) > FhL, (], 9%,). The function values
of FrM(¢"M M) in the direction of MBS and IRS are
Frd(erM gridy = 1 and FyM(¢tM 97M), respectively,
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which satisfy F/(cr oy > FrM(¢rM grM) The
function values of F"P(¢"F 97F) in the direction of IRS
and MBS are FrP(cr? 97P) = 1 and F7i (s, 978),
respectively, satisfying Fy ¥ (s72, 97F) > Frl/ (il 911)).

In summary, we use P, to denote the effective power
radiated by the MBS to MUE, and we use 15t1 to denote
the effective power (interference) radiated by the MBS to
PUE, where P,, = aP,, and « is the power utility factor
of direct interference w.r.t. the PUE. Specifically, we have
a = FM(GEM MY ERE(crE 7). Since MBS radiates
most power to MUE and there is a distance between PUE and
MUE, the direct interference experienced by the PUE only
accounts for a small portion of the total radiated power from
the MBS. Therefore, we take o as a few tenths. The effective
power of PBS radiating to PUE is denoted as P.,, which
satisfies P, < Prp, 15t1 < Pr,, and P, < Pr,. As reported
in [28], Pp, is typically several times or even hundreds
of times greater than Pr,, resulting in a significant direct
interference from MBS to PUE that needs to be managed.
Moreover, the reflected interference from the IRS to PUE
is also strong enough to be utilized in mitigating the direct
interference from the MBS [35]. However, it’s important to
note that we will exploit the reflected interference to interact
with its direct counterpart, outputting a signal that carries the
desired data for the PUE. The IRS reflects the radiated power
from MBS to PUE. The effective power of the reflected
signal received by the PUE from the i'* IRS element is
denoted as 7;P;,, where 7; is the power utility factor of
the reflected signal received by the PUE from the " IRS
element. The value of 7; is primarily determined by the PRP
of MBS, PUE, and IRS, as well as the relative position of
IRS w.r.t. MBS and PUE antennas [22]. In the far-field case,
where all n; (z € {1,2,---, M}) have the same value, we can
simplify the notation by using 7 to represent 7);, and obtain ) =

F;M (§;M7 ﬁtIM)FtIIVI (CtIM ) 191{1\/[>FTIP (#Pv ﬁiP>F}.P (C}'Pv 19}13)-

Since FrP (P 97FP) = 1 and Flp(slp,9%5) = 1, we have
n = FM(SM 9MYFL (chy9%). As a result, n has a
value that is a few hundredths.

Note that except for the power that MBS radiates to MUE
and PUE, there is still some power that is emitted into the
open space. The IRS can capture a portion, but not all, of the
remaining power radiated from the MBS. According to the
energy conservation law, we have P, + I:’tl + Zgl nP, <
¢ Pr, where Zf\il 1P, is the power that PUE receives from
IRS’s M elements. Assuming that MUE, PUE, and IRS
can gather the majority of MBS’s radiated power, we let (
approach 1. Then, we can easily see from the above inequality
that as the number of IRS elements increases to a certain value,
say Max, Pr, +P;, —|—E£V:]1 nP,, will approach ¢ Pr,, which is
upper-bounded by Pr, . In other words, the continuous increase
of M will not cause the power collected by the IRS to increase
without limit. Based on the above Ndiscussion, we let M <
Max; when M = My, Pt1 + Pt1 + Zi\il 77Pt1 = CPTl
holds. As for the MUE, we disregard the reflected desired
signal that is transmitted from MBS to it via IRS. Moreover,
as MUE is outside the PBS’s communication range, the inter-
ference power reaching MUE from the PBS or from the PBS
via IRS is significantly lower than the desired signal’s power
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radiated from MBS. Therefore, the interference experienced
by the MUE is considered negligible. Therefore, in the design
of IRS-IE we focus on improving the transmission efficiency
for the PUE.

IV. DESIGN OF IRS-IE

We now present the design of IRS-IE with MBS employing
M-ary Phase Shift Keying (MPSK) modulation, and MUE
and PUE accordingly adopting MPSK demodulation, as an
example.

Since we assume PBS does not send any signal, the mixed
signal received by PUE can be expressed as:

Yo = Vo, Hiygpix1 + /0P, Hig®H px1 + 20, (2)

where the first term on the right-hand side (RHS) of Eq. (2)
denotes the direct interference from MBS, while the second
term is the reflected interference reaching PUE via IRS.
z( represents for the additive white Gaussian noise (AWGN)
vector whose elements have zero-mean and variance o2. p, is
the precoding vector at the MBS. The _ith column of H ;g and
the i*" row of H; are denoted by h%) and hgll), respectively,
where ¢ € {1,2,--- , M}. Then, Eq. (2) can be rewritten as:

Yo = oy, Hiygpywy + /0P, Z?ilhyo)?/)i@joihgi}p1$1
+ 2p. 3)

We employ a unit vector f, € CVro X1 as the receive filter
at the PBS. Then, the estimated signal can be obtained as:

Yo = v/ aPy, f{){Hl()plxl
+ V1P, S FE R ) pray + f 0. @)

Note that f5'Hop,, é{h(fo)@/)iejeihgi}pl, and f(lz are
complex coefficients. To recover the desired data x(, the RHS
of Eq. (4) should satisfy:

VaP, f Hiopyzy + /Py Sr FE RS e h) py oy
— Azo. )

From Eq. (5), we can see that the estimated data of PUE
extracted from the post-processed mixed signal may be its
desired data x( scaled by a factor A. We define o =
Azo where A is a real number. Z( can be either in-phase with
(i.e., A > 0) or in the opposite phase with (i.e., A < 0) .
The polarity of A can be fed to PUE via an error-free low-rate
link.

The unknown variables on the left-hand side (LHS) of
Eq. (5) are ¢; and 0; (: € {1,2,---,M}), both determine
the reflection coefficient 1;e/% of the i*” IRS element. IRS-IE
needs to design each 1;¢7% so that PUE can recover its desired
data from the received mixed interference. In Eq. (5), the vari-
ables (i.e., amplitude and phase) of the first term on the LHS
are known. For clarity, we define it as /o P, fgl Hyyp,z1 =
s1. The second term on the LHS of Eq. (5) is the sum of
the M reflected interference components, which we define as
sr. Note that in sy, all variables except for ; and 6; are
known, so we define the ith component and its amplitude
and phase as sy), py) > 0, and cpgz) € (—m, 7], respec-
tively. p\" is affected by ¢; (¢; € [0,1]), while o\ is
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(a) Non-aligned s(I“ and ¥; = 1.

Fig. 2.

influenced by 6; (§; € (—m,7]). Therefore, we can have

D= /1Py fglh%)hgl}plxl capedli = p( Jei#i” .\ on the
RHS of Eq. (5) is influenced jointly by %); and 6;. By properly
setting v; and 6;, one can achieve \ as a real number with
the largest possible magnitude, denoted as |A|. This enables
the PUE to recover its desired data with the highest quality.
In what follows, we will explore the impact of the values of
1; and 0; on |A|.

Fig. 2 illustrates the influence of %; and 6; on |A| under
M = 2, and given s1 and zg. In the figure, we use vectors
to represent si, sy), and z( in the complex plane, where the
length of the vector is the modulus of the complex number,
while the angle between the vector and the positive real axis
which is denoted by a directed arc represents the phase of
the complex number. Note that the clockwise directed arc
indicates that the phase ranges from 0 to —m, while the
counterclockwise directed arc means fl the phase is in the range

- —
from 0 to w. We employ OA OD ABy, and B;P, (the
subscript [ € {a,b,c} indicates various subplot) to denote
S1, To, sg ), and s?), respectively. For clarity, we draw two
auxiliary mrcles, one with A as the center and p(Il) (i.e., the
modulus of s )) as the radius, and the other with B; as the
center and p IS (i.e., the modulus of s ) as the radius. Recall
that IRS-IE intends to enable PUE to recover its desired data
from the mixed interﬁ)rence with the highest possible quality,
the vector Zy (i.e., OF;) obtained by superimposing sgl , 532),
and s; should be in phase with =y (i.e., £y = Axo should
hold. Note that in Fig. 2, we take A > 0 as examl)li) when
A < 0, the illustration is similar), and the length of OP; (i.e.,
|A]) should be maximized.

In Fig. 2(a), two reflected interference components have
different phases at the PUE, i.e., gp(ll) # <p(2) When ¢; =1
G e {1,2}), pI ) and pp are maximized. Vectors s ) and
s}’ superimpose with s; to output OP In Fig. 2(b), we use
0; to let the reflected components at the PUE be in-phase,
ie., <p 2) holds. However, we take ¢; < 1, i.e, p(ll)
and p{ are smaller than in Fig. 2(a). Then, in subﬁgure
(b) vectors 5(1) (2) interact with s1 and yield OPb.
In Fig. 2(c), we set 0; to yield 9051) = <p§2) and let ¢; = 1.
Then, the reﬂeﬁi interference components can interact with
51 to output OF,. For comparison, we have marked point
P, in both Figs. 2(a) and 2(b). One can see from subfigures

— —
(a) and (c) that OP, is longer than OF,. This indicates
that given same 1;, adjusting 6; to let all of the reflected
interferences be in-phase at the PUE allows the PUE to obtain
Zo with a larger magnitude. Comparing Figs. 2(b) and 2(c),

and s;

(b) Aligned s(;’) and ¢; < 1.

(c) Aligned s(Ii) and ¥; = 1.

Illustration of the impact of 1; and 6; on |[A| under M = 2, and given s; and zo.

— —
we can find that OPF, is longer than OP,. This means that
for a set of determined 6, setting ¢; = 1 enables PUE to
recover its desired data better. In summary, to realize desired
data recovery at the PUE, IRS-IE should set ¢); = 1 and
determine appropriate #; for each reflective element. This will
allow the M reflected interference components to combine
constructively (i.e., Lpgl) = ... = go(IM = ¢y holds) and
properly interact with the direct interference at the PUE.
Based on the above discussion, we substitute ¢); = 1 into
Eq. (5) and can get:

V CVPtlf(I){HlopyTl + v 7)Ptlz¢]\i1f£[h( )h([p1$1 e
= \zo. (6)

Since a data symbol can be represented by its amplitude
and phase, we can define 2y = koe/? and z; = k1e7?1. So,
the direct interference, the equivalent reflected interference,
and the reflected interference component can be expressed in
complex form as: s; = «/aPtlféJHloplwl = plej“"l, Sy =
prel®T, and s(;) = \/Efé{hgfo)hg?plxl cedfi = p(;)e”’('l)
In the above expressions, the amplitudes ko, %1, pr, p1, and
p(;) are positive real numbers, while the phases ¢g, ¢1, @71,
1, and go( ") are in the range of (—m, 7. Then, Eq. (5) can be
simplified as:

$1 —1—21 151 —/\xo. @)

According to the discussions of Fig. 2, when gp( Y= =
<p§M) = (7 holds sg) aligns with each other so that the

amplitude of Ty is maximized. In this case, we can have:

pr =0 ®)

Since only 6; in 5(1) is unknown, we define s(z) =

/NP, Hh( )h(Iplxl = p( )ei%1” as the interference com-

ponent without reflective phase shift. Then, we can get <p(I) =

cp(li) —6; under the assumption that all of the phases and phase
differences are in the range of (—,n]. Furthermore, we can
see that all variables in the expression of Egz) are known, so
@ﬁi) is a known variable. Therefore, in order to compute 6; to
let ¢§1) == cp(IM) = ¢ hold, we need to calculate g
first, and then apply @5” = @y — 0; to determine 6;. Based on
the above analysis, we simplify Fig. 2(c) to Fig. 3 where the
calculation of (7 is illustrated. .

As the figure shows, vectors OA, OD and AP repre-
sent the direct interference s;, desired data xg, and the
equivalent reflected interference s; which is the comb1nat10n

of M in-phase reflected interference components 5 b O
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Fig. 3. Tllustration of calculation of ¢;.

{1,---, M}), respectively. The modulus Lf}ﬁ is py, while
the superposition of s; and s; results in OP (i.e., Zg). In the
figure, s;, s;, and Zy form a triangle AOAP, which is
divided by the real axis into two smaller triangles AOAX and
AOXP. We use directed arc to denote a vector’s phase (e.g.,
1) which is in the range of (—m, w]. Moreover, we employ
an undirected arc to represent the angle between two vectors
(e.g., wy and wo), falling in the interval of (0, 7]. Since x
(shared from PBS to MBS) and s; (MBS can get s; based
on hjg and hg shared from PBS) are known, we can get the
angle w; between them. We denote the angle between zy and
sy as wo which is to be determined. Then, to triangle AOX P,
we can apply the theorem “the exterior angle of a triangle is
equal to the sum of its two non-adjacent interior angles” and
get p; = ¢g — wy Where ¢q is the phase of xg. To obtain ¢y,
we need to calculate wo according to the Sine rule as given
by Eq. (9) below:

wq = arcsin[(p; sinwy)/pr). )

So far, we can obtain s;’s phase, i.e., ¢y, by using @5 =
¢o — wa, which in turn determines the phase coefficients
01,02, -, 0y of the M reflective elements in IRS according
to @) = o — 6; where @' is a known variable (see the
discussion below Eq. (8)).

Note that both ¢y and ¢; are phases, so when calculating
the angle of the triangle, it is important to take their positive
or negative status into account. Depending on whether they
are positive or negative, different situations may arise when
solving for ¢y based on ;1 = ¢g—wa. To better understand the
above phenomenon, we define the phase difference between
s1 and xg as @5 = @1 — ¢o. The solution for ¢y is illustrated
in Fig. 4 for four different cases, i.e., o5 € (—m, —7/2], s €
(—7/2,0], s € (0,7/2], and @5 € (7/2,7]. As Fig. 4(a)
shows, when s € (—m,—m/2], the equation ¢; = 7 —
(—¢0) — wa can be derived from the triangle AOX P with
consideration of the positive or negative status of both ¢ and
1 (which are both in the interval (—m,7]). In other words,
we have ;5 = ¢9 — ws + 7. Likewise, in Figs. 4(b), 4(c),
and 4(d), we can derive the expression for ; by analyzing
the relationship between the interior and exterior angles of the
triangle AOX P.

We present in Table II the relationships between wa, ¢,
and ¢ under various intervals of ;.

Upon obtaining s;’s phase ¢y, we can compute 6; (i €
{1,2,---,M}) according to Eq. (10):

0; = or — @\, (10)
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TABLE 11

THE RELATIONSHIPS BETWEEN w2, ¢, AND ¢ UNDER VARIOUS
INTERVALS OF 5

(=m/2,0] | (0,7/2]

¢0+ w2 | do —wo

(m/2, ]
¢otwy —m

2 | Cm—r/7]
o1 | ¢o—watT
where 551)’s phase, 92951), is known (see the discussion below
Eq. (8)). The M reflected interferences should align with each
other at the PUE, so that gpgl) = ... = gogM) = (7 can
hold. With the calculated 6; (i € {1,2,---,M}), IRS-IE can
generate an equivalent reflected interference to interact with
the direct interference at the PUE, which can then recover its
desired data from the mixed interference.

When there are multiple MUEs and one PUE, the MBS
needs to generate multiple orthogonal beams towards its
subscribers. Consequently, the PUE is subjected to multiple
disturbances. However, by exploiting interactions among wire-
less signals, we can aggregate these multiple interferences into
one effective disturbance [36] at the PUE and directly apply
our method. When there are multiple PUEs and one MUE,
we can’t generate multiple reflected interferences interacting
with the disturbance from the MBS towards each PUE and
produce mutually orthogonal transmissions at multiple PUEs.
In such a case, we need to employ multi-user scheduling
method [37] to allow one PUE to receive its signal at a time.
This way, the multi-PUE situation is simplified to a single-
PUE case, enabling the application of our method.

IRS-IE offers advantages over other existing schemes in
several aspects. First, IRS-IE does not require transmit power
for interference exploitation. In contrast, both IN and IRC
require additional power consumption for transmitting neu-
tralizing and recycling signals, respectively. Second, both IN
and IRS-assisted interference cancellation (IRS-IC) focus on
mitigating interference power rather than exploiting it (an
in-depth comparison of IRS-IE and IRS-IC is provided in
Appendix A). In contrast, IRS-SE effectively utilizes both
direct and reflected interferences to enhance the desired trans-
mission. Third, unlike cooperative transmission mechanisms
such as coordinated multi-point (CoMP), IRS-IE eliminates the
need for bi-directional transmit data sharing (i.e., from PBS
to MBS, and vice versa) and complex Tx-side cooperative
signal processing. Additionally, IRS-IE does not alter the
transmission performance of the macro communication pair,
distinguishing it from cooperative transmission.

It is worth noting that IRS-IE requires symbol-level control
of IRS’s reflection coefficients, posing a challenge to its practi-
cal implementation. To the best of our knowledge, the response
time of the IRS to the phase control signaling is determined
by the physical and electrical characteristics of the IRS, which
are beyond the scope of this work. Nevertheless, in practical
use, we can reduce the symbol rate of the pico-transmission to
an integral fraction (e.g., 1/£ where £ is a positive integer) of
the interference symbol rate to align with the adjusting speed
of the IRS. In this case, only one out of ¢ interference symbols
is utilized for the pico-transmission.

V. EXTENDED DESIGN OF IRS-IE

We presented above the IRS-IE design, demonstrating that
the PUE can recover the desired data from the mixed inter-
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Fig. 5. Illustration of the infeasibility of IRS-IE.

ference under the assumption of MPSK. However, in practice,
the direct and reflected interferences may experience random
channel fading, making it challenging for the PUE to recover
the desired data information. Additionally, the macro and
pico communication pairs may employ different modulation
schemes. In this section, we will first present a measurement
to enhance the feasibility of IRS-IE, and then explore its
application to scenarios where the communicating pairs utilize
M-ary quadrature amplitude modulation (MQAM).

A. PBS-Assisted IRS-IE

Before delving into details, we first illustrate in Fig. 5 a
scenario where the PUE is unable to accurately recover its
desired data from the mixed interference.

As the figure shows, the spatial characteristics of the direct
interference s; and the desired data zy are very different,
and the strength of the reflected interference s; is weak.
As a result, the circle centered at A and with radius p;
does not intersect the line determined by x(, indicating
that the PUE cannot recover x( accurately from the mixed
interference To. However, since both zy and s; are known,
we can enhance s; to enable PUE to extract its desired data
from the mixed signal. In what follows, we will present the
measurement to enhance the feasibility of IRS-IE, namely,
PBS-assisted IRS-IE.

In the previous design of IRS-IE, the PBS did not transmit
any signal. However, in practice, the PBS can generate and
send a recycling signal [11], denoted as sgg, to the PUE. sgrg
carries the interference data x; (the explanation of allowing
PBS to transmit x; instead of xg is provided in Appendix B),
which is pre-processed by the PBS. The pre-processing coef-
ficient and the reflection coefficients of IRS elements need
to be jointly designed based on Hi9, Hy, Hyg, Hi1, 1,
and xg.
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Fig. 6. Illustration of PBS-assisted IRS-IE.

According to the above design principle, we can rewrite
Eq. (3) as:

Yo = VaPr, Hiopyx1 + /1P, Y0 bl i b p 2y
+ /Py Hoppsai + 2o, (11)

where the third term on the RHS denotes the recycling signal
sent from the PBS. The unit vector ppg = pye’’#s is the
precoder at the PBS, where p, can be obtained in terms of H
(e.g., singular value decomposition (SVD) based precoding,
please refer to the first paragraph in Section VI) and fOrg
represents a phase offset applied to p,. Then, Eq. (5) becomes:

VaP, f Hiopyay + /Py S0 FERS) i h ) pay
+ /P, fE Hoprgr, = Axo. (12)

We use Fig. 6 to illustrate the principle of PBS-assisted
IRS-IE. As the figure shows, the interactions of sj, sy, and
Srs yield g = Axg, indicating that the PUE can retrieve its
intended data from the mixed signals consisting of the direct
interference, reflected interference, and the recycling signal.

We set spg = \/PTOf(I)JHOpRle = prse’¥7S, where
the amplitude prg is a real number that can be calculated
based on P, hg, and x1, while the phase prs € (—m,7]
is affected by Org. Therefore, we need to jointly design 6;
(1t €{1,2,--- ,M}) and Ogs to make srs and the reflected
interference be in-phase at the PUE. This alignment facilitates
an expanded radius for the circle centered at A, enabling it to
intersect the line defined by x(. Then, we can have:

sinws = p1/(pr + prs) sinwy. (13)

The solution for #; and frg is the same as that for 6;
presented in Section IV, and hence its details are omitted.

Note that the power of PBS can be utilized for both
recycling signal and desired signal transmission. Therefore,
by optimally allocating the power of PBS, we can enhance
the transmission performance of the PUE while ensuring
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Fig. 7. DAl-assisted IRS-IE under 16QAM interference.

the feasibility of IRS-IE. However, due to space limitation,
we omit the discussion of the optimal power allocation of the
PBS which will be part of our future work.

B. Application of IRS-IE Under MOAM

So far, we assumed that the MBS employs MPSK modula-
tion, and the PUE treats the mixed interference as an MPSK
signal for demodulation. Thus, IRS-IE only needs to consider
the phase of xzg. When MQAM modulation is adopted at
MBS, both amplitude and phase represent data information.
In this situation, when the PUE treats its perceived mixed
interference as an MQAM modulated signal, the reflected
interference must interact with the direct one to produce a
mixed interference with accurate amplitude and phase charac-
teristics. Consequently, the IRS-IE may need to amplify the
incident signal at the IRS, requiring the amplitude coefficient
to be larger than 1. In such a case, an active IRS is necessary.
Then, the value of A in Egs. (5)—(7) should be 1. So, we can
rewrite Eq. (7) as:

s+ Egls(f = 0. (14)

From Eq. (14), we can determine the target amplitude and
phase of the reflected interference s; = Zi\il s(;). Then, the
reflection coefficient of each IRS element, denoted as e’ 0;
where 1; and 6; are the amplitude and phase coefficients,
respectively, can be calculated according to Egs. (8) and (10).

If a passive IRS is still employed in the IRS-IE, as IRS-IE
can only control the reflected interference, and the intensity of
the reflected interference is limited by the PRP of MBS, IRS
elements, and PUE, generating the required reflected interfer-
ence with desired amplitude and phase becomes challenging.
To address the above issue, we propose a method called
discarding amplitude information (DAI) to enable PUE to
process an interfering MQAM modulated signal as an MPSK
signal for demodulation and retrieve the desired data therein.

Fig. 7 takes the 16QAM and 16PSK as an example to show
the principle of DAL As the figure shows, the constellation
points correspond to waveforms with various phases and
amplitudes. For ease of implementation and fair comparison,
we equalize the average power of constellation points for both
16QAM and 16PSK. Consequently, there are 8 constellation
points in 16QAM that have the same amplitude as the con-
stellation points in 16PSK, as illustrated in Fig. 7(a).

Under DAI, when the MBS adopts 16QAM, the PUE
demodulates its perceived mixed interference using 16PSK.
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Without loss of generality, we let the desired data z; for MUE
and zg for PUE be “1110” and “1010”, respectively. Then,
the interference from the MBS to PUE can be represented
by a red arrow, s;, as shown in Fig. 7(b). At the MUE,
the desired signal transmitted from the MBS is decoded to
obtain z1, as depicted by the black arrow in Fig. 7(a). With
proper design of the reflection coefficients of IRS elements,
a reflected interference s; (the blue arrow in Fig. 7(b)) can
be produced. s; interacts with sj, causing the phase of Zj
(the green arrow in Fig. 7(b)) obtained by PUE from post-
processing the mixed interference to fall within the range of
the constellation point “1010” (i.e., xo, the orange arrow in
subfigure 7(b)) in 16PSK. This way, the requirement for the
specific amplitude of the mixed interference under MQAM is
eliminated, making the construction of reflected interference
easier. In summary, with the assistance of DAI, IRS-IE only
needs to construct a reflected interference that can steer the
direct interference to the correct phase, without the need to
consider the amplitude of the target constellation. Then, the
PUE can recover its desired data according to the method
presented in Section IV.

It is worth noting that in the current design of IRS-IE,
as described in Sections IV and V-B, the modulation order of
the interference and the demodulation order at the interfered
Rx are identical. However, in practical use, the modulation
and demodulation orders can be different. By leveraging inter-
BS cooperation, the MBS can control the IRS to generate a
reflected interference component to interact with the direct one
at the PUE, yielding a desired signal waveform that the PUE
intends to process afterward. The order of the combined signal
matches the demodulation order at the PUE.

VI. EVALUATION

We now use MATLAB simulation to evaluate the perfor-
mance of the proposed IRS-IE. First, we will simulate the
feasibility of the proposed IRS-IE. We will then compare
IRS-IE with other typical IM methods in terms of the spectral
efficiency (SE) of the desired transmission. Without loss of
generality, we adopt a spatially uncorrelated Rayleigh flat
fading channel model to model the elements of the above
matrices as independent and identically distributed zero-mean
unit-variance complex Gaussian random variables. We assume
that all UEs experience block fading, i.e., channel parameters
remain constant in a block consisting of several time slots
and vary randomly between successive blocks. We set Ny, =
N7, = N, = Np, = 2. Both the macro and pico com-
munications employ BPSK modulation/demodulation. Taking
singular value decomposition (SVD) based precoding and
filtering as an example, we apply SVD to Hy and H; to
obtain Hy = UOAOVf and H, = U1A1Vf1, respectively.
Then, we employ p, = vél) and p; = v{" as the precoding
vectors at PBS and MBS, while f, = uéﬁ and f, = ugl) are
the filter vectors at PUE and MUE, where vél), vgl), u((Jl),
and ugl) represent the first column vectors of Vi, V1, Uy,
and U, respectively.

Next, we will first simulate the impact of M, power utility
factor a, and n on the feasible probability of IRS-IE. Let
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Pr, and Pr, be the transmit power of MBS and PBS,
respectively. According to the modified signal transmission
model in Section III-B, the effective power of MBS radiating
to MUE is denoted as P;,, and the effective power of MBS
radiating to PUE is P, = aP,,, where a € [0.2,0.4].
Additionally, the effective power of PBS radiating to PUE is
denoted as P;,. Since the relationships between Pr, and Pr,,
as well as P, and Pr,, only affect the simulations of Figs. 10-
12, we will provide their details prior to the presentation of
these figures. The effective power of the reflected interference
that PUE receives from each IRS element is nP;,, where
n € [0.01,0.05]. o and 7 are determined by such factors as
the position and PRP of MBS, PBS, and IRS. Using Monte
Carlo simulation, we set the number of simulation runs to
2 x 10°. In each simulation, we randomly generate hy and
h1, and evaluate the performance of IRS-IE under the above
parameter settings.

Fig. 8 plots the impact of the number of IRS elements A
on the feasible probability (Fp) of IRS-IE (i.e., the probability
that Zy is aligned with zy) under various as and 7ns. As the
figure shows, given fixed o and 7, the Fp of IRS-IE increases
as M grows, eventually reaching 1. This is because when
M 1is small, the interference power gathered by IRS is also
small, making high the probability that the PUE cannot recover
its desired data from the mixed interference. As M grows
larger, the strength of reflected interference increases, hence
improving the feasibility of IRS-IE. Given fixed v and M, the
Fp of IRS-IE grows as n increases. This is because a larger n
leads to the collection of more interference power by the IRS,
increasing the intensity of reflected interference (i.e., py) and
thus increasing the probability that the PUE can retrieve its
desired data from the mixed interference. When 1 and M are
fixed, the Fp of IRS-IE decreases with an increase of a. This
is because a larger « leads to a stronger direct interference s,
and achieving IRS-IE requires a stronger reflected interference
sy (as shown in Fig. 5, a circle centered at A with a larger
radius is required). As a result, the Fp of IRS-IE decreases.
Moreover, we can observe from Fig. 8 that the Fp IRS-
IE saturates as M approaches 16. This indicates that under
a € {0.2,0.3,0.4} and n € {0.01,0.03,0.05}, increasing
M beyond 16 does not enhance the IRS’s ability further to
gather more interference power. Therefore, in the following
evaluation, we set M., = 16.
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TABLE III
THE IMPACT OF INCREASING M, o, AND 7 ON THE FP OF IRS-IE

Parameter M « n
Variaionof Fp | &~ | \y | &

Fig. 9 plots the impact of o and 7 on the feasible probability
of IRS-IE under M = M., = 16. Since under « € [0.2,0.4]
and € [0.01,0.05], an IRS with 16 elements can gather
sufficient interference power and forward it to the PUE, the
Fp of IRS-IE under these parameter settings exceeds 98.64%.
At o = 0.2 and n = 0.01, the Fp reaches approximately
99.92%. At o = 0.4 and n = 0.05, it achieves around 100%.
Moreover, for a« = 0.2 and n = 0.05, the Fp is 100%. As the
figure shows, the feasibility of IRS-IE improves as « decreases
and 7 increases. This is because a lower « reduces the required
strength of the reflected interference, while a higher n enables
the IRS to collect more interference power. As a result, the
Fp of IRS-IE increases until 100%.

We present in Table III the impact of increasing M, «, and
71 on the feasible probability of IRS-IE, where the notations
and \, represent an increase and decrease in Fp, respectively.

In what follows, we simulate and compare the spectral
efficiency (SE) of IRS-IE with other existing IM methods,
including zero-forcing (ZF) reception, interference neutraliza-
tion (IN) [7], IRS-assisted interference cancellation (IRS-IC),
and interference recycling (IRC) [11]. Here, IRS-IC adjusts
the reflection coefficient of the IRS to ensure that the reflected
interference has the opposite phase to the direct interference
at the desired/interfered PUE. For the pico-communication
pair, PBS uses p, = 'u(()l) for precoding and PUE employs
fo= uél) as the filter vector. This approach helps suppress
the influence of interference on the desired transmission. How-
ever, since IRS cannot amplify its incident signal, we cannot
guarantee the strength of the reflected interference to be
identical to its direct counterpart. As a result, there may
be residual interference that could potentially degrade the
reception at the desired Rx. Moreover, transmission without
IM, namely non-IM, is also simulated for comparison, where
the pico-communication pair perform data transmission the
same as that in IRS-IC. Note that when IRS-IE, IN, and
IRC become infeasible, we switch to non-IM to compute
PUE’s SE. Although Pr, (ranges from 43dBm to 49dBm)
is several or even hundreds of times that of Pr, (ranges
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Fig. 10. Comparison of PUE’s SE under various es and 7 € {2,4}.

from 24dBm to 37dBm) [28], due to the inverse proportion
of the path loss to the square of distance (MBS is far from
PUE, about a few thousand meters, while PBS is close to
PUE, about a few hundred meters) [38], we comprehensively
consider path loss within the transmit power Pr, and Pr,
of MBS and PBS, and set P, = 7Pr, (Pr, and Pr, in
the following text also include path loss), where 7 € [1,4]
in the simulation. We define the normalized value of MBS’s
transmit power to noise as ¢ = 101g(Pr, /02)dB, where o2
represents additive white Gaussian noise (AWGN) power, and
set ¢ € [0,30]dB. Considering the fact that most of MBS’s
power is sent to the MUE (i.e., P;,), while a relatively small
amount of MBS’s power is received by the PUE (consisting of
a direct component, aF;, , and a reflected component, MnF;,,
via the IRS), without loss of generality, we set P, = 0.6Pr,,
o = 0.33 and = 0.015 (note that 0.33F;, = 0.2Pp, and
0.015F;, = 0.009Pr,), and take M = My,,x = 16.

Fig. 10 shows the variation of PUE’s SE obtained by dif-
ferent methods with € when 7 takes different values. It should
be noted that when using IRS-IE, we assume PBS does not
send any signals, i.e., the power overhead of PBS is 0, while
when using other methods, the transmit power of PBS is Pr,.
For fairness, we also simulate an enhanced version of IRS-IE,
namely eIRS-IE, with which PBS sends a recycling signal with
transmit power Pr, (as discussed in Section V-A), which is
denoted as eIRS-IE. Additionally, we plot PUE’s SE of IRS-IE
with single antenna configuration, namely IRS-IE w/ SA.

Fig. 10(a) compares the PUE’s SE of different methods
under various €s and 7 = 2. As the figure shows, eIRS-IE
achieves the highest SE, followed by IRS-IE and IRS-IE w/
SA, and then by IRC, next by IRS-IC. When ¢ is small, the SE
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performance of ZF and IN is inferior to that of non-IM. This is
because the noise power is greater than the interference/desired
signal at this time, i.e., noise is the key factor affecting SE, and
ZF and IN can cause a loss in the desired signal transmission
performance when managing interference (ZF reduces the
desired signal received by the PUE from the PBS while
eliminating interference; IN needs to consume the transmit
power of PBS to offset interference at the PUE). Therefore,
the SE benefits brought by eliminating interference are less
than the SE loss caused by interference management, resulting
in a lower SE than that of non-IM. As ¢ increases, the SE
of ZF and IN improves and eventually outperforms that of
non-IM. This is because the noise power is smaller than the
interference/desired signal, and thus interference becomes a
key factor affecting SE. As a result, the increase in PUE’s
SE achieved by using IM exceeds the SE loss incurred by IM
costs, yielding higher SE of ZF and IN than that of non-IM.

Since eIRS-IE utilizes both direct and reflected interference
and also allows PBS to send a recycling signal to PUE, the
mixed signal at PUE is equivalent to the desired signal of
greater strength, thus maximizing the SE of PUE obtained by
eIRS-IE. The SE of IRS-IE w/ SA overlaps with that of IRS-
IE using multiple antennas. This is due to the fact that under
IRS-IE, PBS does not transmit any signal, and the transmis-
sion from MBS is directed towards MUE rather than PUE.
Therefore, while employing multiple antennas can provide
beamforming gain, it does not contribute to the enhancement
of PUE’s SE under IRS-IE. IRS-IE is superior to IRC in PUE’s
SE. This is because the reflection coefficient matrix of IRS
can modify the channel so that all the reflected interference
components are in-phase at the PUE, resulting in a reflected
interference which is stronger than the recycling signal, and
thus IRS-IE outperforms IRC. As for the comparison between
IRC and IRS-IC, IRC converts interference using a recycling
signal, thus utilizing the interference for desired transmission.
In contrast, IRS-IC leverages the reflected disturbance for
interference suppression. Therefore, IRC can yield a higher
PUE’s SE than IRS-IC. As mentioned before, both ZF and IN
cause a loss of desired signal’s transmission performance when
managing interference, while both IRS-IE and IRC leverage
the power and data carried by interference, so they achieve a
higher SE of PUE than ZF and IN.

Fig. 10(b) gives the variation of the PUE’s SE obtained
using different methods under various €s when 7 = 4. As the
figure shows, the variation pattern of the SE curves with
different methods is similar to that in Fig. 10(a). However,
since the transmit power of PBS under 7 = 4 is weaker
than that under 7 = 2, the SE curves of the studied methods
degrade more or less in subfigure (b) compared to subfigure
(a). IRS-IE’s SE is the least affected, followed by eIRS-IE’s
SE. Fig. 11 shows a further analysis of the impact of 7 on the
SE performance of various IM methods.

Fig. 11 plots the variation of PUE’s SE with 7 under
different methods and various es. In both subplots, the SE
of PUE yielded by IRS-IE shows a very slight decrease as ¢
grows. This is because given fixed e, Pr, is a deterministic
value while Pr, reduces as 7 increases. Moreover, although
the Fp of IRS-IE is high (when IRS-IE is feasible, the SE

Authorized licensed use limited to: University of Michigan Library. Downloaded on August 20,2024 at 20:04:22 UTC from |IEEE Xplore. Restrictions apply.



9788
~5 ‘
TN -*-e]RS-1E
=L <-IRS-IE
_ 47********** -+ IRC
w *
- e > ZF
= <IN i
K SOPDPODPDPPDDPPIPPP 4IRS-IC |,
2y
2 o3
o
§ 2
b=
o
£
o
(5]
&
O L L )
1 1.5 2 2.5 3 3.5 4
T
(a) e = 5dB
~ 10 : : !
TN i -*-¢IRS-IE
T Tk ~<IRS-IE
K HAAH Aok {4+ IRC I
" 8 SZF |
2 >IN
S -4-IRS-IC
2 ~#non-IM
=}
[
2
b=
(5]
Ei
k3]
(5]
&
5
1 1.5 2 2.5 3 3.5 4
T
(b) € = 20dB
Fig. 11. Comparison of PUE’s SE under various 7s and £ € {5dB, 20dB}.

of PUE is only affected by Pr,), there is still a very low
probability of infeasibility (in which PBS employs non-IM
to transmit to PUE, and the SE of non-IM decreases as 7
increases). Combining the above analyses, the SE of IRS-IE
decreases slightly as 7 grows. In contrast, since the PUE’s
SE of the other methods depends on Pr,, it shows a obvious
reduction as 7 increases.

Fig. 11(a) compares the PUE’s SE of different methods
under various 7s and € = bHdB. As shown in the figure,
excluding IRS-IE which has been discussed in the previous
paragraph, eIRS-IE yields the highest SE, followed by IRC,
IRS-IC ranks third, non-IM ranks fourth, and IN ranks fifth,
while ZF’s SE is the smallest. When 7 is very low, the
interference power for utilization is small, making IRS-IE’s SE
inferior to IRC’s. As 7 increases, IRS-IE’s SE exceeds IRC’s.
The analysis can be found in the discussion about Fig. 11.
Fig. 11(b) compares the PUE’s SE under various 7s and
€ = 20dB. As the figure shows, eIRS-IE achieves the highest
SE, followed by IRC, IRS-IC ranks third, ZF ranks fourth, and
IN ranks fifth, while non-IM has the lowest SE. A detailed
analysis of these results can be found in the discussion of
Fig. 10, and is thus omitted here.

Fig. 12 compares the PUE’s SE of IRS-IE, eIRS-IE, IRS-IE
w/ DAI, and eIRS-IE w/ DAI. We assume that the PBS intends
to transmit to PUE employing 16PSK modulation. As for the
MBS, it employs 16PSK for transmission under IRS-IE and
eIRS-IE. This is because both methods require the interfered
transmission pair to use the same modulation scheme as the
interfering source. However, when using IRS-IE w/ DAI and
eIRS-IE w/ DAI, the MBS uses 16QAM for transmission.
This is because, with the assistance of DAI, the interfered
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transmission pair is able to use a modulation scheme that
differs from the interfering source. The remaining parameter
settings are the same as those given in Fig. 10(a). Although
we take 16QAM/16PSK as an example to compare different
methods, similar results can be obtained with other modulation
schemes as well. Due to space limitation, we omit the specific
results in this discussion. As the figure shows, the SE of
IRS-IE w/ DAI and eIRS-IE w/ DAI is slightly lower than
that of IRS-IE and eIRS-IE, respectively. This is because,
in the methods with the assistance of DAI, PUE discards the
amplitude information of the interference. Consequently, this
leads to a loss in the quality of the desired signal and results
in a degraded SE performance. Note that in the eIRS-IE w/
DALI, the PBS also sends a recycling signal to the PUE. This
allows for compensation of the performance loss caused by
discarding the amplitude information of the interference under
DAI. Therefore, the difference in SE between eIRS-IE w/ DAI
and eIRS-IE is negligible.

Lastly, we compare the system SE of the proposed schemes
with other mechanisms, including IRS-IC, IRC, IN, ZFBF,
cooperative transmission (CT), and non-IM. Since ZFBF
requires that the total number of receive antennas should not
exceed the number of transmit antennas, we set N7, = Np, =
2 and N, = Np, = 1 when our methods are compared
with ZFBFE. As for CT, we assume that the transmission from
PBS to MUE is negligible. In this scenario, only MBS and
PBS cooperatively transmit to PUE, PBS does not assist in
the macro transmission; that is, PBS only transmits x.

First, we present in Table IV the effective transmit power,
which is the original transmit power adjusted by the trans-
mit/receive PRP, at the communication entities along the
link, for MUE and PUE via various transmission links. The
second column of Table IV illustrates the scenario where PBS
transmits signal, whereas the third column depicts the case
where PBS does not transmit any signal. For example, pF;,
represents the power transmitted from MBS to MUE via IRS,
while v P, indicates the power transmitted from the PBS to
MUE. Since the main lobe of PUE’s PRP is aligned with
the PRP of its intended transmitter, i.e., PBS, when PBS is
transmitting a signal, it is no longer aligned with the main
lobe of the IRS, as it was in the case where PBS was not
transmitting any signal. Therefore, we use &P;, and 7P,
to denote the effective power received by PUE from PBS
and from MBS via IRS when PBS is transmitting a signal,
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TABLE IV
EFFECTIVE POWER FOR MUE/PUE WITH AND WITHOUT PBS TRANSMITTING A SIGNAL

Transmission link | Effective power w/ PBS’s transmission | Effective power w/o PBS’s transmission

MBS-MUE Py, =0.6Pr, P, =0.6Pr,

PBS-PUE Py, = 0.6Pr, —

MBS-PUE &Py =0.1Pp aPy, =0.2Pr,
MBS-IRS-PUE NPy, = 0.0045Pr, NPy, = 0.009P,
MBS-IRS-MUE uPyy = 0.0018Pp, uPt, = 0.0018 Pry

PBS-MUE vP, = 0.06 P, —

20 [+ IRS-IE
— -IRS-IC
kIR S-IE
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Fig. 13. Comparison of system’s SE under various es for 7 = 4.

in contrast to P, and 7P, in the second column. Note
that the powers in the second and third columns of the table
satisfy Py, + &Py, + M 7P, + M uP, < Pr, and
Py, +vP;y < Ppyand Py +aPy, +3 M P+ M ub, <
Pr,, respectively.

Fig. 13 plots the variation of average system SE of with ¢.
As the figure shows, eIRS-IE yields the highest SE, followed
by IRS-IE, CT, IRC, IRS-IC, ZFBF, and IN, while non-IM
outputs the lowest SE. The analysis is as follows. Under CT,
MBS needs to design a precoding matrix for simultaneously
transmitting two signals to both MUE and PUE, leading to
a reduced alignment with H; and a decrease in the beam-
forming gain for the MUE. In contrast, IRS-IE and eIRS-IE
utilize interference to realize/enhance the pico transmission
without sacrificing the macro transmission’s performance. As a
result, the system’s SE under CT is lower than that under
our methods. When comparing CT with IRC, the MBS can
transmit a relatively strong desired signal to the PUE, which
is superimposed with the desired signal transmitted by the
PBS. In contrast, IRC’s performance is affected by the power
of PBS, ie., Pr,, which determines the outcome of the
interaction between the recycling signal and the interference.
Since Pr, is much smaller than Pr,, IRC’s SE performance
is inferior to that of CT. As for ZFBF, it mitigates interference
among current transmissions through precoding at both MBS
and PBS. However, this approach incurs beamforming gain
reduction and SE loss for both MUE and PUE. Consequently,
ZFBF yields lower SE compared to IRS-IE, eIRS-IE, CT, and
IRC. Moreover, IRS-IC leverages reflected interference for IM
at PUE, while maintaining alignment of macro and pico trans-
missions with H; and H, its system SE surpasses that of
ZFBF. A detailed analysis of the comparison between the other
methods can be found in the discussions about Figs. 10(a)

and 10(b) of our manuscript. Due to space limitations, we omit
it here.

VII. CONCLUSION

In this paper, we proposed an IRS-Assisted Interference
Exploitation (IRS-IE). In this method, the interfering source
controls an IRS to reflect a portion of its interference to
the interfered Rx, and the reflected interference can interact
with the direct one at the interfered Rx so that the Rx can
recover its desired data from the mixed interference. This way,
interference utilization is realized. Our theoretical analysis and
simulation results have shown that the proposed IRS-IE can
effectively utilize the interference to significantly enhance the
interfered communication-pair’s performance.

APPENDIX A
COMPARISON OF IRS-IE AND IRS-IC

Here we demonstrate the advantages of IRS-IE over IRS-
IC, assuming that the strength of the reflected interference for
interference cancellation is equivalent to that for interference
exploitation. In the analysis, we will consider three different
situations as follows.

o First, we assume that the strength of the reflected inter-
ference is the same as that of the direct interference,
as shown in Fig. 14(a), where |OA| = |AP¢| holds.
Here, APc denotes the reflected interference for IRS-
IC. It can be easily seen that when we move Po along
the green dashed line where x is located, to positimﬁ,
we can obtain the reflected interference, denoted as APg,
for IRS-IE. That is, both IRS-IC and IRS-IE are feasible,
but IRS-IC only mitigates the interference component,
vﬂg IRS-IE can output a desired signal, denoted as
OPrg. As for the communication pair employing IRS-IC,
additional power is required for data transmission. Note,
however, in practice, the reflected interference may be
stronger than the direct interference. In such a case, IRS-
IC only utilizes a portion of the reflected interference to
neutralize the direct counterpart, without producing any
desired signal at the PUE. As for IRS-IE, it can perform
even better by utilizing a stronger interference.

o Fig. 14(b) illustrates the scenario where the reflected
interference is adequate for IRS-IE, but insufficient to
mitigate the direct interference. In such_a) case, IRS-1IE
can yield a non-zero desired signal OPg. In contrast,
IRS-IC is unable to counteract the interference even with
the entire transmit power, let alone facilitate desired data
transmission.
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(a) Both IRS-IC and IRS-IE

have solutions. tion.

Fig. 14. Comparison of IRS-IE and IRS-IC.

(b) Only IRS-IE has a solu-
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(c) Neither IRS-IC nor IRS-IE
has a solution.

TABLE V
COMPARISON OF IRS-IE AND IRS-IC WITH FIXED TRANSMIT POWER AT MBS
Scenario Residual intf. w/ IRS-IE Residual intf. w/ IRS-IC | Desired sig. w/ IRS-IE | Desired sig. w/ IRS-IC
14(a) 0 0 OPg 0
14(b) 0 0Q¢ oPp 0
14(c) OQEr (|PEQE| < |PcQc)) OQc 0 0

o Fig. 14(c) shows the situation where the reflected interfer-
ence is insufficient for both IRS-IE and IRS-IC. In such a
case, there exists a residual interference denoted as OQ¢
under IRS-IC, Ms for IRS-IE, the residual interference
is denoted as OQ . We project the residual interference
onto Tg. Since both points Q¢ ﬂ QE lie Mle circle
centered at A with a radius |AQg]| (or |AQc¢]), it is
evident that the influence of the residual interference,
denoted as PpQ g with IRS-IE, on the desired signal,
is less than that under IRS-IC, denoted as PoQc.

Based on the above analysis, we show the advantages

of IRS-IE over IRS-IC. We use Table V to summarize the
discussions above. Since deriving a closed-form expression
to present the performance gap between IRS-IE and IRS-IC
under various situations as shown in Fig. 14 is challenging
and beyond the scope of this paper, we employ MATLAB
simulation to statistically demonstrate the performance gap
between the two schemes in Section VI.

APPENDIX B
DI1SCcUSSION OF PBS TRANSMISSION BETWEEN x; AND x

In practice, the PBS can directly transmit z( to its serving
Rx, instead of transmitting spg carrying x;. Although the
former strategy can avoid data sharing from MBS to PBS,
it cannot yield as good reception performance as the latter.
This will be illustrated in the following discussions.

We assume that the reflected interference is insufficient
for effective interference exploitation, as depicted in Fig. 15.
In this_f)igure, we can see that the reflected interference
sy = AB is not strong (long) enough to intersect the green
dashed line where :m_}islocated. Then, under IRS-IE, the PBS
generates spg = BP,;, which aligns with s; at the PUE,
e&bli}ng the retrieval of the desired signal with a strength of
|OP,,|. If we allow the PBS to _to generate a signal carrying
xo with the same strength of Bngt the PUE, it becomes
evident that a residual interference OB still exists, potentially
impairing the desired transmission. In contrast, when using
PBS to transmit x1, there is no residual interference; in other

Fig. 15. Comparison of PBS transmission between x1 and xq.

words, interference has been successfully exploited. Based on
the above analysis, when PBS transmits zy to assist IRS-IE,
it still needs to eliminate the residual interference OB. Then,
the desired transmission in both cases is free from interference,
allowing for a comparison between the scenarios where PBS
transmits x; and xy. To achieve this g&l, as depicted in
Fig. 15, a neutralizing signal, denoted as C'D where C is the
projection of B onto the green dashed line, with the opposite
phase and same strength of OB, can be employed. Therefore,
PBS needs to allocateiﬂlts transmit power for the generation
of both OPI0 and CD at the PUE. Note that generating
the neutralizing signal still requires the MBS to share the
1nf0rmat10n of x7.

When \BP11| < |OB| PBS doesn’t have enough power for
both dlrect 1nterference counteracting and x(’s transmission.
When |BP;C1 | > |OB| we apply the law of Cosines to triangle
AOBP,, and can have:

— |BP,, ]
(15)

|OB[? + |OP,,|? — 2|0B||OP,, | cos ZBOP,,

where ZBOP,, represents the angle between OB and OPzl
Since Z/BOP,, € (0,%) holds,” we can get |OB|2

’ 2

3When /BOP;, € (5,m), we can generate a reflected interference to
recover —xo similar to the process used to recover xo under ZBOP;, €
(0, %) Then, we can feed a polarity coefficient of —1 to the PUE for the
correct retrieval of zg.
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|(7>3961|2 > |B—I>3m1|2 and obtain:

— — — —
|OP331|2 > |B]DGL1|2 - |CD‘2 = |OP3L(J|2 (16)

That is, with the same transmit power, PBS transmitting
x¢ to assist IRS-IE can only achieve inferior reception perfor-
mance to that PBS transmitting x; to assist IRS-IE. Moreover,
as aforementioned, since allowing the PBS to transmit zg can-
not mitigate or utilize interference, interference data sharing
from the MBS is still required for interference elimination.
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