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Integrated Sensing and Communication for
Symbiotic Radio Systems in Mobile Scenarios

Qin Tao™, Xiaoling Hu™, Shuowen Zhang

Abstract—This paper presents a study on the integrated
sensing and communication (ISAC) for symbiotic radio systems
in mobile scenarios, where the receiver shared by the primary
and secondary systems is capable of locating the moving object of
secondary systems via estimating the direction of arrival (DoA),
and detecting the symbols for both systems. For the considered
symbiotic radio systems, the strong interference from the primary
systems and moving object pose significant challenges for location
sensing. Moreover, the symbol detection for symbiotic radio
systems typically relies on channel state information (CSI), which
would reduce the spectrum efficiency substantially. To address
these challenges, this paper proposes a low-complexity and high-
accuracy two-dimension DoA estimator based on the ratio of dual
points on the main lobe using a single snapshot. The theoretical
performance in terms of effective sensing probability and mean
square error for the proposed estimator are provided in closed-
form. To eliminate the dependence of symbol detection on CSI,
we propose to fully capture the characteristic of the ISAC systems
and introduce two types of DoA-assisted detectors to detect both
the primary and secondary symbols. Specifically, the reciprocal
linear detectors that use heuristic linear combiners and iterative
detection to achieve mutual benefit for both transmissions, as well
as a Manchester detector that can separate the primary and
secondary signals, are proposed. Finally, the numerical results are
provided to validate the correctness of the theoretical analysis,
and demonstrate the superiority of the proposed DoA estimator
and DoA-assisted detectors.

Index Terms— Integration of sensing and communication,
symbiotic radio, intelligent reflecting surface, DoA, symbol
detection.
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I. INTRODUCTION

YMBIOTIC radio technology is one of the promising

solution for the future internet of things (IoT) networks
[11, [2], [3], [4], which enables the passive IoT nodes of
the secondary systems, such as tag and intelligent reflecting
surface (IRS), modulates its information onto the radio
frequency (RF) signal emitted by the primary systems, thereby
significantly reducing the hardware and power cost of the
systems. Additionally, the secondary systems can also provide
rich multi-path gains to primary systems by reconfiguring
the wireless channel environment [5], [6]. In this case, the
symbiotic radio systems enables mutual benefits for the
primary and secondary systems via cooperation.

However, the mutual interference between primary and
secondary transmissions makes the signal detection for both
systems challenging and various detectors have been proposed.
For instance, the index modulation (IM) on the receive antenna
was proposed for the secondary transmission [7], [8], and the
cooperation between primary and secondary transmission was
design to avoid mutual interference. Some works, such as [9]
and [10], proposed to employ IM on IRS elements and use
compressive sensing (CS) and matrix decomposition methods
to detect primary and secondary information for single-user
and multi-user scenarios. Meanwhile, the work [11] proposed
to transfer the IRS binary symbol by selecting two reflection
matrices that were designed to minimize the transmit power,
and a pattern recognition strategy is proposed for symbol
detection. Those detector all necessitate full channel state
information (CSI), which could result in substantial spectrum
wastage, particularly in the case with high-dimensional
IRS [12]. In response to this, the work [13] introduced
a data-driven semi-blind clustering receiver, employing
an expectation-maximization algorithm based on Gaussian
mixture models and a modulation-constrained expectation-
maximization detection algorithm. However, this semi-blind
receiver still relies on a limited number of pilot signals for
parameter learning. Exploring new detection schemes without
CSI is deemed worthwhile to enhance the system’s spectrum
efficiency.

Many IoT applications necessitate not only communication
with IoT nodes, but also localization to enable functionalities
such as cargo tracking, luggage retrieval, and smart home
automation. For location sensing, the direction of arrival
(DoA)-based approach is widely used due to its excellent
noise resistance performance [14], including the time-domain,
frequency domain, and compressive sensing (CS) methods.
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Specifically, the time-domain methods, such as multiple signal
classification (MUSIC) methods [15], estimation of signal
parameters via rotational invariance techniques (ESPRIT) [16]
and their variants, can achieve high accuracy, however, require
large number of signal snapshots in the same location, which
would cause significant sensing delay and is unsuitable for
the mobile scenarios. The frequency-domain and CS methods
can be done with single snapshot by exploiting the discrete
Fourier transformation (DFT) spectrum or the sparsity of
channels, however, the accuracy is greatly limited to the angle
quantization [17] or dictionaries’ resolution [18]. To tackle
these difficulties, the off-grid CS methods were proposed to
improve the DoA accuracy, but their complexity is rather
high [19]. An angle correction method was proposed in [20]
by using the Taylor expansion on the basis of DFT-search
to find the bias between the quantized DoA and real DoA,
however, it would suffer performance loss due to the first-
order approximation.

Considering the scenario depicted in Fig. 1(a), where
a passenger in the airport needs to maintain regular
communication while simultaneously identify and locate the
luggage attached with an IRS that moves along a belt.
To enhance efficiency in simultaneous transmission and
localization, this paper focuses on the design of integrated
sensing and communication (ISAC) for symbiotic radio
systems in mobile scenarios. The ISAC technique, a current
focal point of research [21], [22], [23], [24], [25], [26],
involves the coordinated use of sensing and communication
spectrum and infrastructure within a unified system. However,
all the existing works on ISAC exclusively concentrate on
scenarios involving only the primary systems [27], [28], [29].
To the best of our knowledge, this is the first work to address
ISAC for symbiotic radio systems.

For the considered ISAC symbiotic radio systems in
mobile scenarios, the unknown-yet-strong interference from
the primary systems and the moving object pose significant
challenges for locating sensing, rendering the existing sensing
methods unsuitable. Specifically, the time-domain methods are
not applicable for mobile scenario since it requires numerous
snapshots in a fixed location, and the accuracy of frequency-
domain and CS methods are significantly affected by the
interference and quantization resolution. Moreover, since the
primary systems need to transmit informative signals to
maintain its communication, indicating that no pilots can
be emitted to estimate the CSI for the secondary systems,
thereby making the symbol detections for symbiotic radio
systems challenging. To tackle the aforementioned difficulties,
in this paper, we propose a novel two-dimensional (2D) DoA
estimator and DoA-assisted detectors. The main contributions
are summarized as follows.

o First of all, we propose a 2D DoA estimator based on
the Ratio of Dual Points on the Main Lobe (Ratio-
DPML) to obtain the spatial location of a moving
IRS, which requires only a single snapshot and a UPA
receiver. This approach has low complexity but high
accuracy, and can reduce hardware costs compared to
configurations that use distributed reference devices.
Then, the theoretical performance of the proposed DoA
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estimator is analyzed, including the effective sensing
probability and mean squared error (MSE). By analyzing
the close-form expressions, the valuable insights can be
seen and can provide guidance for designing the ISAC
for symbiotic radio systems.

o To eliminate the dependence of symbol detection
on CSI, we introduce two types of DoA-assisted
detectors to detect the primary and secondary symbols.
Specifically, reciprocal linear detectors using heuristic
linear combiners are investigated to achieve mutual
benefit for primary and secondary transmissions by
operating iterative detection. Moreover, to eliminate the
addictive interference between primary and secondary
transmissions, we propose a Manchester-coding based
detector to separate the primary and secondary signals,
thereby significantly improving the detection perfor-
mance.

« Finally, the numerical results are provided to evaluate the
performance of the proposed Ratio-DPML based DoA
estimator and DoA-assisted detectors, as well as validate
the theoretical analysis. Besides, we also compare the
proposed DoA estimator and DoA-assisted detectors with
several benchmarks to illustrate the superiority of the
proposed methods.

The remainder of the paper is organized as follows.
Section II provides a description of the system model.
Section III proposes the Ratio-DPML based DoA estimator
and analyzes its theoretical performance. Section IV studies
the DoA-assisted detectors for symbiotic radio systems.
Section VI presents the numerical results and discussions.
Finally, Section VII concludes the paper.

Notations: Scalars are denoted by lowercase letters, while
vectors and matrices are denoted by boldfaced letters. We use
|z| to denote the absolute value of a complex number z,
respectively. The Hermitian, p-norm, and transpose of a matrix
A are denoted by AH, |A|l, and AT, respectively. The
maximum value of vector a is represented by max(a). Iy
denotes the identity matrix of size K. P{z} denotes the
real part of z. CN(u,o?) denotes the complex Gaussian
distribution with mean g and variance o2. E[z] and D[z]
stand for the expectation and variance of a random variable
z, respectively. CV*M and N represents an N x M complex
matrix and integer set, respectively. The probability of event a
is represented by Pr[a], while the probability density function
(PDF) of variable z is denoted by f.(z). sgn(t) = 1 if
t > 0 while sgn(t) = —1if t < 0.

II. SYSTEM MODEL

A. The Considered Scenario and Transmission Protocol

This paper considers the downlink transmission for a
multiple-input multiple-output (MIMO) ISAC-symbiotic radio
systems, as shown in Fig. 1(a). In this setup, the receiver,
equipped with a K, x K, uniform planar array (UPA),
communicates with the base station (BS) using a M, x M,
UPA for primary transmission, while simultaneously identifies
and locates the moving luggage/cargo through secondary
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transmission.! Without loss of generality, we assume that the
location of BS and receiver are fixed and denoted as (0,0, 0)
and (a,b,c), respectively, and the luggage moves along a
belt on a constant vertical height with location (z,y,7),
where r is known a prior. As such, the spatial location of
luggage can be determined by obtaining unknown z and y.
To enable the luggage identification and positioning, an IRS
with a N, x N, UPA is attached on its surface,>2 which
can reflect the signal emitted by the BS and transmit its
own information to the receiver through reflective modulation.
In addition, it is crucial to note that the direction of the
IRS beaming can be adjusted over a broad range of angles
by changing the reflecting coefficients, ensuring effective
secondary transmission provided that the receiver remains
within the IRS’s feasible beaming range. This can be achieved
by intentionally and properly placing the pose of the IRS. This
setting enables efficient sensing and communication through
deep integration of primary and secondary systems, holding
great potential for various applications, such as transportation
industry, logistics management, smart cities, health care, and
more.

Considering the stationary nature of the BS and receiver,
we model the channel for BS-receiver link as quasi-
static. This implies that the channel from the BS to the
receiver remains unchanged during the coherence interval but
changes independently between different coherence periods.
However, recognizing the mobility of the IRS, we treat the
channels between the BS-IRS and IRS-receiver as dynamically
changing. We then provide the transmission protocol for the
considered systems during each coherence time, as shown
in Fig. 1(b). Specifically, at the beginning, the primary
systems use the pilots and employs traditional channel
estimation techniques to estimate the CSI for primary systems,
while the secondary systems remains inactive. Following
this, the primary systems begins information transmissions
continuously, and the secondary systems provide both location
and communication information to the receiver as required.
In the ensuing sections, we aim to propose efficient methods
to timely and accurately locate the moving luggage/IRS
and detect the symbols for both primary and secondary
transmissions.>

B. The Channel and Signal Model

Considering the millimeter wave scenarios, it is reasonable
to assume that the scattered signals can be ignored due
to their large-scale fading and line-of-sight path dominates,
especially when leveraging the beamforming and combining
gain inherent in a MIMO systems [25], [26], [30]. Denoting

'We take the example of single luggage in this paper to facilitate the
analysis of the theoretical metrics of the systems, which can guide the design
of ISAC systems.

>The IRS has compact dimensions and low power requirements, rendering
it portable and easily attachable to luggage. For instance, in the context of a
mmWave frequency band at f = 27 GHz, a 20 x 56 IRS occupies an area
of approximately 0.056 x 0.078 m? and consumes power at a level of a few
milliwatts [42].

3Note that as the luggage constantly moves along the belt, the strategy of BS
estimating the luggage’s location and subsequently relaying this information
to the receiver would introduce significant delays.
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Base Station Receiver

(a) The MIMO ISAC-symbiotic radio systems.

Pilots Information transmission

Primary system
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+
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(b) The transmission protocol during one coherence interval.

Fig. 1. System model.

the channels from the BS to the IRS, from the IRS to the
receiver, and from the BS to the receiver as Hgr, Hig and
Hpgr, respectively, they can be expressed as

H
Hpi=oagiay, ., (ViB,0018,y) arr, s, (VBL2UBLy), (1)
H
Hig =amrag, .k, (VrLoUry)aN, v, (VRLoVRLy),  (2)
H
Hpr =aprag, «x, (VrB,»VRB,yAN, 11, (VBR,&UBR ), (3)

respectively. Here o, represents the corresponding channel
complex gain; a Vs, 0y) = a, (¥2) ® a, (Jy) with

Pa XDy ( ) B u
1, eI2mRY L. ’eﬂﬂx(p—l)ﬁ]T and

steering vector a, (V) =
® represents the Kronecker product; d denotes the distance
between two adjacent antennas [25]; ¥, and ¥, , are the
corresponding effective angles of departure/arrival along = and
y axis, respectively, which can be calculated via the location
of the devices [26]. We take Ugr, and ¥Ry, for example,
which can be calculated via

a—z b—vy
—7 Ry — —7 >
dr1 Y dma
where dr; = \/(z — a)? + (y — b)2 + (r — ¢)2. Based on Eq.
(4), we see that the unknown location z and y can be obtained

by estimating the 2D DoA YJg1, and Jgr,y.

“)

YRLe =

For the downlink transmission, the receiver can
hear both the direct signal from the BS and the
reflected signal from the IRS. The receiving signal
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can be mathematically represented as

yr=vV PsHprwsp+y/ PsHpdiag(®) Hpwsgsie 72"V *inpg,
@)

where sp is the primary/BS information and assumed to
adopt binary phase shift keying (BPSK) modulation for
the ease of exposition, i.e., sy = =1; sy represents the
secondary/IRS information satisfying E[[s;|?] = 1, whose
symbol period is equals to sgp and modulation strategy will
be elaborated in Section IV:; 8 € CN=Nvxl denotes the
reflecting vector of the IRS; /P; represents the power of
BS; ng ~ CN(0,0%Ik, k,) is the noise at the receiver; vg
represents the doppler frequency shift; Importantly, w is the
beamforming vector of the BS, and the rank-1 channels allow
the combining of the transmit beam w with the departure
steering vectors, rendering the MIMO case analogous to the
single-input multiple-output case. Specifically, for simplicity
in notation, we denote Gp = aﬁmev (¥BR,z, UBR,y) W and
Gs = afl s, (9812, UB1,) W as the beamforming gains
of the primary and secondary systems, respectively.* The
remaining equivalent channels for the BS-IRS and BS-receiver
links are denoted as hg; = aBIAy, N, (V18,5 Y1B,y), hpr =
OBRAK, vk, (Y9rB,z,URB,y), respectively. Consequently, Eq.
(5) can be simplified as

yr = V PshgrsgGp + v/ P;Hgdiag (0)

X hBISBS[Gse_jQﬂ-VRt + sng. (6)

Then, the receiver leverages yr to locate the luggage/IRS,
as well as detects both primary and secondary information.
It is worth noting that for the considered symbiotic radio
systems, the tasks of location sensing and symbol detection
are particularly challenging: First of all, the interference from
the primary systems and mobile scenario render the existing
sensing methods unsuitable; Secondly, since the primary
systems should maintain its information transmission during
the active time of secondary systems, there are no pilots
available for estimating the secondary system’s CSI, making
it difficult to detect the mixed primary and secondary signals
without CSI. To address these issues, we propose a novel
2D DoA estimator that enables efficient and accurate location
sensing for moving objects in Section III, and useful DoA-
assisted detectors in Section IV.

III. THE 2D DOA ESTIMATOR BASED ON RATIO-DPML

The time-domain DoA estimation methods, such as MUSIC
and ESPRIT, as well as their derivative methods, typically
require a significant number of samples for estimating the
signal and noise subspace, resulting in high overhead and
making them unsuitable for mobile scenarios. Additionally,

“In the realm of MIMO ISAC-symbiotic radio systems, where power
budgets are constrained, achieving a delicate equilibrium in the performance
of both primary and secondary systems is paramount. This equilibrium is
intricately tied to the thoughtful design of the BS beamforming vector w.
It is important to note that the design of w is contingent upon specific system
requirements, a topic that surpasses the current scope of this paper. However,
we recognize its significance and earmark it as a focal point for our future
research efforts.
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the existing frequency-domain and CS methods suffer great
performance loss due to the interference and limited quan-
tization resolution, also, the computational cost is extremely
high, especially for the 2D case. In light of this, we propose
a low-complexity and high-accuracy 2D DoA estimator based
on a single snapshot, and analyze its theoretical performance
to provide guidance for system design.

A. The Ratio-DPML Based 2D DoA Estimator

We first construct the 2D DFT spectrum, or known as
discrete beam pattern diagram, using a single snapshot yr
as

Z = Abs (WYR) € CK=*Ky, (7)

where Abs(X) returns the absolute value of each element in
array X; Yg is a diagonal expansion version of yr and can
be written as Yg = diag(yr,yr,...yr); W € CEo*EK,

Ky
is a 2D DFT matrix, whose elements can be expressed as

(Wi (-1 ke K, 155K K,

1 )
= magzx&l (ﬁBR,m + —-—

where 1 = 1,... K, j = 1,... K,. As previously illustrated,
the channel for the primary systems hpg is known a prior
via traditional channel estimation method, hence ¥gr , and
UpR,, are known a prior.’ It is worth noting that the first
element of WYg, ie., [WYRg]; 1, still contains the direct
link interference KxKy\aBR|¢EsB, where s is unknown.
Observing the fact that the equivalent path gain for the direct
link is much larger than that of the cascaded link in [WYR]; 1,
hence, the direct link interference can be removed by setting
the first element of Z as

Zi1 = min{ ’[WYR]l,l — K, Ky|logr|v Ps|,

}. 9)

To better understand the 2D DFT spectrum Z, using the
relationship (U® V) (P ® Q) = (UP) ® (VQ), where U €
Cmxn, V € CXt, P € C™ P and Q € C'*9, the i-th column
and j-th row of Z can be calculated as

2(1—1
Zi :‘\/Psacass]gsl {agz (ﬁBR,x+([()>aKI (19RI,1):|
x

2(5—1
X [agy (ﬂBR,y"F(‘?[()

Y

WY1+ KoK lasnlv/Ps

b

)aKy (ﬂm,y)} +nij

(10)

where aas = GsalRe_jQﬂvRta%way (191:{1,:m 79R1,y) diag (0) hg;.
It is obvious that |ac,s| can be maximized by letting 8* =
an, xn, (—Y1B,2 + YR1,2, —VU1B,y + URr1,c), and the resulting
object value can be obtained as |acas| = |Gsauramr| Ny Ny;

SNote that the ensuing analysis remains applicable even in scenarios with
channel estimation errors by treating the residual interference from primary
systems as noise, albeit with some performance loss.
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(b) The top view of z.

Fig. 2. The 2D DFT spectrum.

Ngj = ﬁa%x[{y (19]311,1 + 2(;(;1),19}3}{73, + 2(%7:1)) n

follows  mn; ; ~ CN(0,0%) and is independent
of arbitrary n,j when ¢ # ¢ and j # j.
Denoting u = [ur,...ug, ]t with =

K, (ﬁBR,m + 20 )) ak, (Vrie) and v = [vi,. . vx, |7

with v; = %ya%y (79BR7y+2(§{7_yl) ar, (Uriy), the 2D

DFT spectrum without noise can be expressed as

z = \/]?g |OzcaSSBSIIIVT|

with z; j = \/Ps |acasSBs1uiv;| . The front and top views of z
are plotted in Fig. 4 for the purpose of intuitive understanding.
Based on Eq. (11), we find that the rows of z can be regarded
as the DFT spectrum for ag, (ﬁRI,y) with varied amplitudes,
while the columns of z can be regarded as the DFT spectrum
for ak, (Jgr1,) with varied amplitudes. Hence, we can use
the columns and rows of z to estimate Ygry, and Jgry
independently in similar way. Moreover, for each column or
row, there are two points on the main lobe and one point on
the side lobe, and they follow the relationship:

Lemma 1: For the ideal case without noise, the largest two
values of arbitrary column or row of z are always on the main
lobe, and they are on either side of the peak of the continues
DFT spectrum.

Proof: See Appendix A. ]

(1)
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We take the estimation of ¥ry, for example with the help
of Lemma 1. Denote (ilajl) = arg maxi:L.__K”j:l’“_Ky Zi,j
with the maximum value z;, ;, and the equivalent angle on the
DFT spectrum as 61 ;, = ¥R,z + 2(“ —VRi1,z- The largest
value adjacent to z;, ;, in the j; column is denoted as z;, j, =
max(zi,—1,j,, Zi,+1,j, )» Where io = i; — 1 when z;, 1, >
Zi,+1,j,» otherwise io = 47 + 1, and the corresponding
equivalent angle is denoted as 6y, = UpRrg+ 2(112(7:1) -
19R1,$.6 According to the formula of summation for geofnetric
sequence, z;, j, reaches the peak of continues DFT spectrum
when ¥R, + w — Yr1z = 0, however, we can not
always achieve this goal due to the limited samples and
integer constraint on ¢ [17]. Based on the relationship of
2,5, and z;, ;, proposed in Lemma I, we see that the
true value of Yrr, is always between UpRr,, + 2(“ 1)
YBR.z + 2(12 Y . Though the work [20] proposed to use the

Taylor expansmn to estimate the bias from ¥ggr ; + M,
however, it definitely suffers some performance loss w1th first-
order approximations and the computational complexity is
high by processing matrix inversion operation. In this paper,
we propose to utilize the ratio of z;, ;, and z;, j, to estimate
YR1,» With high accuracy and low complexity.

Theorem 1: For the ideal case without noise, by using the
ratio of z;, j, and z;, j,, the value of ¥1r , can be obtained
as

and

2(iy — 1)

Y1z = VBR.2
RI, BR,z T+ K,

- 2]€CD7

4 20 (12)
i

Agziy 5, sin 72—
Zi1.41 +i;]21,j1 Col:mKLz )’ Ay = Sgn(el z
02,,) and k, is an integer satisfying k, € (—— + ‘Z::, ‘f: ).
Proof: See Appendix B. [ ]
Theorem 1 provides an efficient approach to estimate Ury
by exploiting the ratio of dual point on the main lobe, named
as Ratio-DPML based DoA estimator, which offers real-time
tracking of a moving target using single snapshot. Moreover,
the use of a UPA receiver enables 2D spatial location with a
single receiving device, making it a cost-effective alternative
to the configurations that require distributed reference devices
like multi-BS [31], [32] or multi-IRS [25]. For the practical
scenario with noise, the proposed estimator can also be used,
the process is summarized in Algorithm 1. Firstly, the 2D DFT
spectrum Z is constructed without direct link interference.
Then the maximum value of Z is then identified and denoted
as Zy,.j,, with the corresponding indices Iy and J;. After
obtaining ZIQ,Jl = max(ZIl_l,Jl s ZI1+1,J1 )/a_Iifl ZIhJ}_\:

where ¢, = arctan(

max(Zy, j,—1,Z1,,7,+1), the estimations for ¥rr , and Vg,
can be computed as follows:

— 2(1; — 1 2¢!
URLe = VBR,z + -l + 0%
K, T
_— 2(J1 —1) 24,
and YRy = UBR,y + Ty + 7 — 2k, (13)

%Note that since the DFT spectrum is periodic with 1, when ¢; = 1, we have
i1 — 1=K, —1; when i1 = K,, we have i1 +1 = 1.
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T
Ay Z1y,q, sin gp—

wher . = =
ere (b"b Z1y,01 213,01 €08 37,

arctan ( ) and

¢! = arctan vl 3 50 zky
Yy ZIl‘Jl +Z111‘]2 cos 2;?/

Algorithm 1 Algorithm 1 The Proposed Ratio-DPML Based
DoA Estimator
Require: The receiving signal yg and BS-receiver channel
hpgr. . -
Ensure: The estimated angles Vg, and Jgy,y.
1: Construct Z using Eq. (7) and (9).
2: Find the largest value of Z, denoted as Zy, 7, and return
the index I; and J;.
3: Let ij,]l = maX(ZII,LJUZ[lJrLJl) and 211, Jo
maX(ZIth;kZ]th_,_/l)\.
4: Compute Jg1,, and Ugrr,, using Eq. (13).

It is evident that the accuracy of DoA estimation would be
affected by the noise. In next subsection, we will analyze the
theoretical performance of the proposed estimator, including
the effective sensing probability and MSE.

B. The Probability of Effective Sensing

The first step of DoA estimation is finding the correct values
of Zr,.5n, Z1,,5, and Zy, j,, indicating that the location of
the largest three values of Z and z overlap, ie., Iy = i1,
J1 = j1, Is = io and Jo = j5. In this case, we can ensure
that the absolute value of error is within % or f, and the
resultlng beam strength exceeds the half-wave amphtude since
KTT(QK%) ==z 2 > (.5, we refer to this condition as effective
sensing.

Strictly speaking, the probability of finding correct Zy, j,,

Zr,,5, and Zj, j, can be expressed as
Per = Pr |:(Zi1,j1 2 Hlla;X ZiJ) n (Zi27j1 > Zis;jl)

N (Zil,jz > Zl‘l’jB):|7 (14)
where ¢3 and j3 are the index of the side lobe point nearest to
2, 4, - Since the event Z;, ;, > max; ; Z; ; is correlated with
both Z;, ;, > Z;, ;, and Z;, ;, > Z;, j,, the exact distribution
of Eq. (14) is extremely hard to obtain. To address this issue,
we resort to the asymptotic region. Denote the transmit signal-
to-noise-ratio (SNR) as v = %. When either v, K, K, or N
is large, the main power is concentrate on the main lobe and
we have Pr[Z;, ;, > max; ; Z; ;] = 1 with high probability.
In this case, the closed-form of Eq. (14) can be obtained in
Theorem 2.

Theorem 2: In the high -, K, K,, or N regime, the
probability of effective sensing can be approximated in closed-
form as

0o _ F(ai3711 + O‘izﬁjl) (ﬁi&jl >a13 o
T Ty, + D () \ Bisy
F(ail’jS + aih]é) <5i1,j3 ) Has
Dlaviy s + DIy 52) \ Bir o
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. . Birgs
X oF1 (aihjz Ty gy Oy g Qliy g T L — - )

/81'17]'2
. . ﬁii‘hjl
X oFy (ai2:j1 + Qg iy Qg s Qig gy + 15— . ) )
/8127J1
2)\2 2 2
R M . _Ppijto :
where o;; = 27 o7 1o and §;; = 7 071 with
Dij = V Ps|acasti 1)7\ I'(x) denotes the Gamma function and

oF1 (a,b; c; —x) denotes the hypergeometric function [33].
Proof: See Appendix C. [ ]
The closed-form expression Pg; provides an efficient
means for the evaluation of the effective sensing probability.
However, it is still difficult to gain insights as it involves
complicated hypergeometric and Gamma functions. Therefor,
we resort to the numerical results to depicts the probability
for effective sensing in Section V.

C. The Achievable MSE

Assuming the correct values of Zy, 5, Z1, 5, and Zy, j,
have been found, we then analyze the achievable MSE for
the proposed estimator. As previously illustrated, ¥gy, and
YR,y can be estimated independently, and the overall MSE for
the systems can be regarded as the weighted sum of MSE,
and MSE,, where MSE, and MSE,, are the achievable MSE
for estimating Yry, and Vry,y, respectively. The analysis for
MSE, and MSE, are similar, and we present the derivation
of MSE,, as an example.

Theorem 3: When 6;, # 0, MSE, can be accurately
approximated as

MSE,
4sin’ % o [ Oql,hﬁlg,h n <P11,J1>2
2 sin? (ary,y, —1)Br 5 P10,
Ly (p11,11> Bry.0 Dlar, s + 3 (ag, 5, — %)}
Pho, sy B0 (ar,,)T(ar,,0,)
(15)
Proof: See Appendix D. [ ]

Theorem 3 presents a closed-form expression of MSE,,
enabling efficient evaluation for the estimation accuracy.
However, it is complex due to the involvement of Gamma
functions and the complex coupling relationship between ~,
K, and K, making it difficult to gain insights. We then resort
to a further asymptotic regime with large ~, where we have
the following approximations: ay, 5, — oo, 01,7, = Br,,.1,
and lim, o, T5E & 29 [33, 5.11.12]. Hence, MSE, can be
further approximated into

.4 2
4sin” ¢ [all,Jl P,

MSE, ~

-2 2
72 sin® 7= | an,, P10

] ; (16)

taking the value of «; ; into the above equation and performing
some simple manipulations, we have

4sin ¢, [202@%2,]1

2 m
K,

MSE, ~ (17)

72 sin

- p%l,(ll)‘|

(p%27t]1 + 20’2)p§27‘11

To this end, substituting p; ; = v/ Ps|castt;v;| into the above
equation, we see that MSE, is inversely proportional to +,
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indicating we can always improve the accuracy of angle
estimation by increasing 7.

As the value of u; in p; ; is related to 6y ., we then propose
to analyze the impact of K, under a special case of 6 ;.

Corollary 1: In the high ~ regime, when 9’1@ = Kit, MSE,
can be approximated as
4K %sin? s 7—tan? - o
MSE, ~ 2Ke 2K, (18)
2772|acas7)]1 |2Ps
Proof: See Appendix E. ]

Observing Eq. (18), it is not an explicitly result to gain the
impact of K. Therefore, we first extract the parts involving
K, and define g(K,) = Kysingz—tangz—. It is evident that
g(Ky) > 0as K, > 2. Takmg the derivate of g(K,) with
respect to K, and performing some simplifications, we have

T T 3
<K sin — Kx 5 cos K—w — 27r> .

19)

sinﬁ
9(Ky) = 5o
2K ,cos? 2K

Since the first item in the bracket can be regarded as a sinc
function satisfying @ > K, sin K , we can conclude that
g(K,)' <0 and MSE, decreases with K.

Theorem 3has discussed the close-form expression of MSE,,
when 6 ; # 0, we will now continue the discussion for the
case when 6; , = 0.

Theorem 4: When
approximated as

01 = 0, MSE, can be accurately

in2 T 2
4 sin % 0285

T an,J, — 1

Proof: When 6, , = 0, we have ¢, = 0 and 2, 5, = 0.

In this case, we propose to use the first-order approximation

tan ¢, —tan ¢’ ~ 1
limg, -7, —0 A T cos2g,

function involved in qb’ Hence, MSE,, can be approximated
as

MSE, =~

(20)

to remove the arctan

4
MSE, ~ ﬁE [tan® ¢,] . 1)
Observing the fact that Zj, j, is negligible compared with

Zr,.5, when 6;, = 0, tan¢) can be approximated as

tan ¢/, ~ Zizon, sin 7. To this stage, the mean of Zigon,
ZI 1 Z1y,0,

can be obtained in a 51m11ar way as the proof of Theorem

thus completing the proof. l

Corollary 2: In the high 7 regime, when 6, , = 0, MSE,
can be approximated as
2 7

K,
TP T e T (22)
72| atcas|?[v.1, |2 Ps

402 sin

MSE, =~

Corollary 2 can be easily proved and is omitted. It can be
concluded that the MSE decreases with an increase in K, and
7.

Remark: Based on Theorem 3 and Theorem 4, we can
conclude that MSE,, is inversely proportional to «y for arbitrary
value of 6; , in the high SNR regime. This simple relationship
between MSE, and ~ can be effectively used to guide the
system design, such as beamforming and power allocation. It is
important to note that most existing works utilize Cramer-Rao
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bound (CBR) as the performance indicator for system design
[35], [36], [37], as the closed-form of MSE is difficult to
obtain. However, using the CRB as an indicator may not result
in optimal practical performance, and this paper provides a
more accurate and simple performance indicator for the system
design.

IV. THE DOA-ASSISTED DETECTORS

The symbol detection in symbiotic radio systems typically
requires the CSI [6], [7], [8], [9], [10], [11]. To avoid the
unaffordable overhead for estimating secondary system’s CSI,
we propose to fully capture the characteristic of the ISAC
systems and introduce two types of DoA-assisted detectors.

A. Reciprocal Linear Detectors

During the ¢-th symbol interval, the digital symbols of BS
Dy = 0 and Dy = 1 are mapped into sg; = —1 and
sB,+ =1, respectively. The secondary (IRS) symbol bits Dy ; €
{0,1} are represented by s;; = +1 with differential BPSK
modulation, where symbol “1” represents the phase transition
between adjacent symbols, while symbol “0” does not.

The receiving signal at time slot ¢ can be expressed as

YRt = V PsGphprsp: + nRr ¢
+ v/ Poaease” ™M s st e, (OR1z, ORIy ) -
(23)

Using the maximum-ratio-combining (MRC) or zero-forcing
(ZF) combiner f with ||f|| = 1, we have yrc, = fyg,:, where

URB,2» ﬁRB,y) , MRC,

1 1
73 [
K. K, "% \ K, K,

f_—
R + R + ZF
19 Le K ?9 Ly Ky> ’

——all
K. K, K.xK,
(24)

with n, = argmin,, cq12,. . x, -1} [UR12 +

. T,
ny = argmin, cf12.. . k,-1} [JrRLy + R
maximize the energy of effective signal. We then decode the
BS information as

yeor

Ng
ﬁ — 19RB,1| and

—

SB,t
YRC,t
__UROp MRC.
aprvVFPsGp KK
= Ay YRC,t , 7F.
VP,Gpafl (ﬁRI,x"’%aﬂRI,y"’%) hpr
(25)

Subtracting the direct link signal from yr and assuming that
optimal IRS phase shift 8™ is used in the ensuing section,
we can detect the equivalent IRS information as

a%zxKy (VR Vry) (YRt —vPsGphprSs,)
KoK ,vVP.G 3Ny Nyip se—i2mvat ’

Sre= (26)
where Sp; = SLt/OqR\OqB. Since the IRS moves along the belt,
we treat the speed vy a constant and known a prior. To further
improve the detection performance of the primary systems,
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we incorporate Sy back into Eq. (23) and treat the reflect
channel as multi-path gain. With this, sg ; can be updated via

— H
{GPhBR+GSNrNySI,taKI><Ky (Vr1e, ﬂRI,y)} YRt

VPs

SBt= — 7
Gphpr+GsNeNySriag k. Or1e, ?9R.I,y)H

27)

Using the updated value of S5, Si; and Sp; can be re-
estimate via Eq. (26) and (27) itergt\ively until convergence.
Based on the converged values Sp; and Sg;, the binary
symbols for BS and IRS can be obtained as

— 1, Ry 0
By =4 b REB0 >0, (28)
0, m(SBﬂg) <0,
and
[0, ®(S_1)%(Sw) <0
Dy = — o~ (29
1, *R SI,t—l R SI,t <0,
respectively.

B. Manchester Detector

The above reciprocal linear detectors can be regarded as
heuristic ones that can either maximize the energy of effective
signal or minimize the energy of the addictive interference,
which are not optimal due to the addictive coupling between
primary and secondary systems. To separate the primary and
secondary signals, we propose to use the Manchester coding
for IRS information, which is a binary coding strategy that
encodes each bit of data as a transition between two voltage
levels [38]. Specifically, the ¢-th IRS symbols Dy, € {0,1}
is coded by s%lt) = +1 and sﬁ) = —s%lt), where s%lt) and sﬁ)
represent the IRS signal in the first and second half time of the
symbol interval, and the corresponding receiving signal can be
written as

(1)
YRt

= \/EGPhBRSB,t + ng,)t
.- 1
+V/P.Gsarapé? RtNmNySB,tsg,t)aKmey U1z, VRt

(30)

2
Vil

=/ PsGPhBRSB,t + ng’)t
-V PsGSOZIRQIBeﬁzva'tNxNySB,tS%}t)aKmey €9R1,x7 19RI,1)a
€Y
respectively. Based on Eq. (30) and (31), we can separate the
primary and secondary signals via

1 2
vy t) + vy (t)

= 2/P,Gphggss, +ny), +nk), (32)
i) -y (@)
ol ol
+ 2\/FSGS‘alRalB‘NzNySB,tSE,lt)aKx><Ky (YR1,2, YR1Y)
(33)
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where the first equation involves only primary signal, whereas
the second equation contains the secondary signal. To this
stage, the BS signal can be obtained as follows

— 1 hijy (v + 5
I ). o
T 2VPGr hpgf? R TR oY
and can be mapped into digital domain as
— 1 R (Sp:) > 0.
Dy = RBa)= (35)
-1, m(SB’t) < 0.

Using the obtained sp, the equivalent IRS signal can be
obtained as

— 1 aﬁx x K, (ﬂRI,za ﬂRI,y) 1 2
O‘IROCIBSE t) = — (yl(:{)t - yl(%)t> :
; 2V P,GgK,K,N;N,55¢ ' ’

(36)

To avoid the trouble of unknown channel path gain, we assume
that the IRS symbols are with differential Manchester coding.
In this case, the binary bits can be obtained by calc/ula\ting

the correlation coefficient between the current time aIRaIBsglt)

and the previous time alRalgsgt)fl. Specifically, the ¢-th IRS
symbol Dy can be obtained as

—

—
e 0, R oqRangS&)_l R a{éo‘{ésgt) <0.
Dy = — T

1, R OZIROéIBSE}t),l R O‘{l{a{ésg}t) <0.

(37

Remark: Compared to the case with perfect CSI, there is about
a 3dB performance loss for the IRS symbols due to the error
propagation caused by differential coding.

V. NUMERICAL RESULTS

In this section, the numerical results are provided to evaluate
the efficacy of the proposed DoA estimator and DoA-assisted
detectors, as well as validate the theoretical analysis. Unless
explicitly stated, we set the number of receiver antenna as
K, =K, =38, the number of IRS reflecting elements as N, =
N, =8, the path gain of the channels as |our|=]|s|=0.1.

A. The Performance of the Ratio-DPML Based DoA
Estimator

Fig.3 depicts the effective sensing probability P.g and
examines the accuracy of the approximation PS5 when 60 , =
01, =% and K = K, = K,,. As illustrated, we see that
the accuracy of Pg; gradually improves with the increasing
of SNR, thereby validating the effectiveness of the analytical
results. Comparing the curves with different K, it can be
seen that P.g monotonically increases with K and SNR,
and eventually converges 1 as K and/or SNR becomes large,
indicating that we can always guarantee that the correct value
of I1, I, J1 and J5 can be reliably identified in the high SNR
or large K regime.

Fig. 4 investigates the impact of the number of IRS
elements and receiving antennas on the MSE performance.
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Without loss of generality, we presents the results of MSE,
for the purpose of illustration. As can be readily observed,
the asymptotic results are tightly aligned with the numerical
results in the high SNR regime and MSE, decreases linearly
with SNR, which is consistent with the theoretical analysis.
Moreover, we see that MSE, decreases with the increasing
of K, and N,,.

11221

—©— The proposed estimator
10 ¢ DFT-search

——— DFT+Taylor expansion
—&— MUSIC

—7— ESPRIT

10-8 1 1 1 I
-5 0 5 10 15 20 25 30

SNR(dB)

Fig. 5. Comparison between the DoA estimators.

Fig. 5 compares the MSE performance of the proposed
Ratio-DPML based DoA estimator with several benchmarks,
including the traditional DFT-search method, DFT method
with Taylor expansion, MUSIC method and ESPRIT method.
Without lose of generality, we set K, = 16, Uri, = %
and equal number of searches for all means. We see that the
proposed sensing method outperforms the DFT method with
Taylor expansion, MUSIC and ESPRIT methods for the entire
range of SNR, while inferior to the DFT-search method in
the low SNR regime. This phenomenon can be explained as
follows: Since the proposed Ratio-DPML based DoA estimator
requires both the peak and the second-largest value of the
DFT spectrum, where the second-largest value is susceptible
to the noise in the low SNR regime, thereby resulting in
higher error compared to the DFT-search method that uses
only the largest value. However, the accuracy of the DFT-
search method is severely limited by the number of searches,
whereas the MSE of the proposed Ratio-DPML based DoA
estimator decreases with SNR without floor. Overall, the above
results highlight the superior performance of the proposed
DoA estimator compared to several benchmark methods.

B. The Performance of the Proposed DoA-Assisted Detectors

Fig.6 illustrates the convergence behavior of the reciprocal
linear detectors when v = 5dB and K, =K, =N, =N, =4.
As the estimated values of Sg; and Sy, are usually complex
numbers, we propose to evaluate the convergence by using
the normalized amplitude as the objective value, i.e., [sp|
and [Sy¢|/|araas]. It is evident that the objective values using
both MRC and ZF combiners converge to the same values after
several iterations, indicating that the reciprocal linear detectors
can achieve similar detection performance after convergence.

Fig. 7 compares the BER performance between the proposed
reciprocal linear detector (RLD) and Manchester detector
(MD) for both primary (Pri) and secondary (Sec) systems
with imperfect/perfect DoA information or perfect CSI when
K;=K,=N,=N,=4. The error of the DoA is set in order
of 1072, Obviously, we see that the BER of both primary
and secondary transmission for Manchester detector is lower
than that of the reciprocal linear detectors, since the former
can separate the primary and secondary signal completely.
In addition, we see that the BER for the primary transmission
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Fig. 7. Performance of the proposed DoA-assisted detectors.

is much lower than that of the secondary transmission due
to the larger equivalent channel path gain. Comparing the
performance of the detectors with imperfect and perfect
DoA, we see that there exists slightly performance loss with
DoA errors. Moreover, the BER performance of secondary
transmission with perfect DoA has about 3dB performance
loss compared with that of the perfect CSI scenario, for the fact
that the differential coding would results the error propagation
between adjacent symbols.
VI. CONCLUSION

This paper investigated the integrated location sensing
via DoA estimation and DoA-assisted symbol detection for
symbiotic radio systems. Specifically, a timely and low-
complexity 2D DoA estimator based on Ratio-DPML by
using a single snapshot and a UPA receiver was proposed.
By analyzing the effective sensing probability and MSE
of the proposed estimator, we found that the estimation
accuracy improves with the increasing v, K, and K.
Moreover, the numerical results showed that the proposed
estimator can achieve high accuracy with limited searches and
outperforms several benchmarks. To eliminate the dependency
of symbol detection on CSI, two types of DoA-assisted
detectors, specifically, the reciprocal linear detectors and a
Manchester detector, were proposed. The numerical results
were presented to validate the efficacy of the proposed DoA-
assisted detectors. It can be seen that the reciprocal linear
detectors with MRC and ZF combiners can achieve similar
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detection performance after convergence, and the Manchester
detector outperforms the reciprocal linear detectors due to
the interference cancellation, while has about 3dB BER
loss compared with perfect CSI scenario. The above results
demonstrated that the ISAC can be achieved for symbiotic
radio systems by properly leveraging the resource and
information sharing mechanisms, making high-energy and -
spectrum efficiency IoT networks a possible.

APPENDIX A
PROOF OF LEMMA 1

According to the formula of summation for geometric
sequence, z; ; of arbitrary column j can be calculated as

n T
2= \/E|acasSBSIUj‘ Sin inH
2,) Kx . ga

) (38)

where § = Ypr g + 2(;(721) — URye. It is evident that 0 =
argmaxy z; ;, but it cannot be guaranteed that there exists
an ¢ € N such that ¥ggr, + 2(;(7:1) — Yr1,z = 0. Denote
argmax;—1i,. K, %, and the corresponding ¢, , =
w — YR1,2, We can guarantee that ¢; can always
make 6 , € T—K%E, 7). Without loss of generality, assuming
010 € [_f%a 0], the other equivalent angle on the main lobe
of the column j can be expressed as 02 , = 67 , + %,7 with

function value

vV Ps|acaSSBSIUj|
ZiQJ - K
T

11 =
ﬁBR,x +

sin 5 K01 ¢

sin 5 (01,0 + Kiz)

(39)

Obviously, z;, j > z;,,; since 0, € [—+,0]. The equivalent
angle on the side lobe that nearest to 6; , can be obtain by
O30 =010 — %, with function value

vV Ps|acasSBSIUj|

. sin 2K 01,
ini =
3,7 Kx

Sin %(9171- — Klz)

(40)

Since 61, € [—7—,0] and K, > 3, we have z;,; > z;,
which yields the desired result. The analysis for arbitrary row
7 is similar and omitted.

APPENDIX B
PROOF OF THEOREM 1

Since the two points on the main lobe satisfying ,KL <
010 <0 <03, and 6, + 7= = 02 ,, we have the ratio of
Ziyg, and zj, 5, as
sin 501 »

= 41
Slng(917m+%) ’ ( )

Zig,j1

Zi1, 1

Since 6, , € [_%70} and K, > 3, we have sin 5 (0, , +
%) > 0 and sin%6;, < O, thus with some simple

manipulations, Eq. (41) can be simplified as

T .om
Ziy g1 + Zis,j, COS E sin 591,1
+ Ayzi, 4, sin lecos g@l,r =0. (42)

"Note that since the DFT spectrum is periodic with 1, when ¢; = 1, we have

Zig,j = ZK,—1,55 when i1 = K, let Zig,j = Zlyj.
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Ay s Zig, 41 SIN K’l‘

Let tan ¢, =

= the above equation can be
. 1‘
rewritten as

Ziy,j1 T®ig,51 COS

COS ¢, Sin gel*f’? + sin ¢,cos g91,x =0, 43)

hence we have
012 =VBRz +

5010 + ¢ = kym. To this end, combining
% — YR, yields the desired result.
APPENDIX C

THE PROOF OF THEOREM?2

With noise, Z; ; can be written as

Zi,j = ‘\/ PsacasSBSIUin + N5l 44)

which is independent of arbitrary Z; ;; when ¢ # ¢’ and
j # j’. Obviously, Z;,; follows Rician distribution, however its
probability density function (PDF) is complicated and makes
the ensuing analysis intrackable. It is worth noting that ZZ?, j1s
the sum of two non-central chi-square variables, which can be
approximated as a gamma distribution [39]. Since the square
root of gamma distribution follows Nakagami distribution [40],
we have Z, ; ~ Na(«; j, 3; ;) with PDF

2ﬂaLJ 2
_ 2, 5—1 =P
7z, (T) = AT e I, (45)
f ,J( ) F(OQJ)
Define Raty, 1, = %, the PDF of Raty, 1, can be
3571

derived as

fRat12,13 (T) = / thIZ,Jl (Tt)fZIS,Jl (t)dt (46)
0

taking the distribution of fz, , (t) and fz, , () into the

above equation and using the relationship in [34, Eq. 3.326.2],
we have

XI3,J1 g%Ig,Jq
281,51 Br, 5 a0, + an,a)

F(afs,-fl)r(aIQ,Jl)

z2a1y,5,—1

(ﬁbnfl z2 + 613,‘]1)&]31‘71 T

fRatIZ,Ig (7“) =

(47)

To this end, Pr [ L2 ; L > 1] can be regarded as the cumulative
I3,

distribution function (CDF) of fRaty,, 13( r). Making a change

z
of variable z = v/t, Pr [% > 1} can be computed as
3:J1

Pr |:le ,J1 > 1] F(Oqs,:h + O‘I27J1) (/812,J1 >a12"]1
le,Jl F(aIS7J1)F(a12,J1) ﬁlz,Jl

8] taIQle_]‘
x/ .
1 (ﬁIQ Jlf,-‘rl)

I3,J1

arg, g, +0r1y,0,

(48)

Invoking the integration formula [34, Eq. 3.194.2], the above
equation can be calculated as

Pr |:ZI27J1 > 1:|
Zlval

_ F(alg,.]l + aIQ,Jl) <ﬂ13“]1 >a13,.]1
F(a13,J1 + 1)F(0&IQ7J1) 612,J1

. . ﬁIS,Jl
X 2F1 <0[[2_’J1 + aIs,.]17a13,J1aa13,Jl + 1’ _ﬂ ) .
I2,J1
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Zn.72 > 1} can be similarly obtained.

The result for Pr[ 7

1,93

To this end, pulling Pr([ 27 > 1] and Pr [% > 1}
J1 17,75

together yields yields the esued result
APPENDIX D
THE PROOF OF THEOREM 3

Invoking Eq. (12) and (13), the MSE for ¥rr, can be
expressed as

4
2| = SE [le — 9417

Obviously, the error mainly comes from obtaining ¢/
based on Zj j, and Zj, ;. Note that when 6;, # 0,
we have zr, 5, # 0 and ¢} can also be written as

¢!, = arccot (A Zid LA, cot ). Tt is hard to

T Z1,,5, Sin £~
analyze the statistical characterlstlcs of ¢’ directly due to
the involvement of arccot function, hence we propose to
use the first-order approximation % ~~ Sm% 5
¢z # 0, to remove the arccot function.® As such, MSE, can
be approximated as
4sin ¢ 9
TGCE [(cot ¢ — cot ¢7)?] .

21,04
AT + A, cotK and

MSE, 2 E [Wm (49)

MSE, ~ (50)

Taking the value of cot ¢, = A

cot ¢, = Ai# + Agcot7Z into Eq. (50), MSE,
1 x
can be further written as’
. 2
MSE, ~ 4Sl.n42¢m (Zfl,Jl _ ZIlJl) 7 51
72 sin Kil 21,0, 2L,

where the expectation part can be expanded as
2 2 2
<ZII7J1 le,,]1> (le-,r]1> <p11,J1>
— - = - + | —
ZI2;J1 Ry, J1 ZIQ,Jl P10
I)II,J1 E |:(Z11;J1 )}
pI27J1 ZI27J1
(52)
21,01 Z1y,04
ZI2«11) ] and E [le 11}

1) Obtaining E{ 7 First of all, the PDF of
2571
frate, 1, (2 )can be similar derived as fRraty, , (%), thus,

E =E

The remaining task is to obtain E {(

11,71
J

b, Jl can be calculated via

the mean of 70

AN,
{le,Ji] / Jratr, 1, ()22

Taking the expression of frat,, ,, (2) into Eq. (53) and
letting z = /%, the above equation can be obtained as

E |:Z11’J1:| — F(aIZ»Jl + a]l,J1) (611,J1 )allJl
ZI2’J1 F(alzle) (ah,Jl) /812,J1

oo taflw’l_%
<),
0 (ﬁll Ny 1)

Bry,Jq

(53)

Iy, gy tery gy

(54)

8The accuracy of the approximation increases with the decreasing ¢/, — ¢;.
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using the integration relationship in [34, Eq. 3.194.1]
and performing some simple manipulations, we have

1 1 )
E|:Zfl7J1:|:I‘(allel—’_Q)HaI%Jl 2)<ﬁf27J1)2_ (55)

Ziy) o) an,n) \Bn.n
2
2) Obtaining E {(21?) ]: Z3, ;. can be approximated
2,71 ’

by Gamma distribution with mean E[Z?l, nl= p%h 5t

o? and variance D[Z7, ;] = 2p7 ; 0®+ 0. According

to the conclusion in [41], the ratio of Zi, ba and

Zi, s, follows the Beta prime distribution, namely,
Bry,,

2
21,0, ’
(m ~ B'(ar,0, a0, 1, le,h)’ W}.IOSC mean
can be derived based on ready-made conclusion as
O‘thﬂb,Jl

E <Z’1’J1)2 -
Z1y0 (ar,., = 1)Br.5

To this end, pulling Eq. (51), (52), (55) and (56) all together
yields the desired result.

(56)

APPENDIX E
THE PROOF OF COROLLARY 1

s
When (91,1C = K. we have 21,0y = Ry, Jys OO0, 07 = Oy gy

and 81,5, = B, Jj. The Eq. (52) can be further simplified as

2
Z,,  An,J 1
E ( 1,J1 1,71 ~ . (57)
ZIQ-,JI 215,01 a0 — 1
Recalling a7y, ;,, it can be expanded as
2
2 2
a (|acasuIle1| Ps +o ) (58)
I, g1 = )
2|Qeastir, vy, |2 Pso? + o4
. _ 1 .
further, taking |uy, | = Koo e into a, 7,, we have
4p2 4
o _ |ctcas|" Ps " v, | R
Iy, J1—= 2T7D i T 2,20 ;A KA gind 1
2|acad? K3 sin® 57— Pslvg [P0+t K3 sin® 57—
(59)

When SNR is large, Eq. (59) can be approximated and

simplified as

ar g~ |aca8|2PS|UJ1|2
U 2K 2 sin’ 5o

To this end, taking Eq. (57) and (60) into (51) yields the

desired result.

+ 1. (60)
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