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Abstract: The application of joint sensing and communications (JSACs) technology in air-ground
networks, which include unmanned aerial vehicles (UAVs), offers unique opportunities for improving
both sensing and communication performances. However, this type of network is also sensitive to
the peculiar characteristics of the aerial communications environment, which include shadowing
and scattering caused by man-made structures. This paper investigates an aerial JSAC network and
proposes a UAV-selection strategy that is shown to improve the communication performance. We
first derive analytical expressions for the received signal-to-interference ratio for both communication
and sensing functions. These expressions are then used to analyze the outage and coverage proba-
bility of the communication part, as well as the ergodic radar estimation information rate and the
detection probability of the sensing part. Moreover, a performance trade-off is investigated under the
assumption of a total bandwidth constraint. Various numerical evaluated results have been presented
complemented by equivalent simulated ones. These results reveal the applicability of the proposed
analysis, as well as the impact of shadowing and multipath fading severity, and interference on the
system’s performance.

Keywords: bandwidth budget; joint sensing and communications; shadowing; unmanned aerial
vehicles (UAVs)

1. Introduction

Joint sensing and communication (JSAC) technology has been proposed as an efficient
solution that allows wireless communication and radar sensing coexistence in the same
system. The research for JSAC technology has recently gained an increased interest in an
effort to effectively exploit the same radio and hardware resources for both sensing and
communication functions [1,2]. However, the competition for resources (such as limited
power, spectrum, antennas, or other hardware components) between the sensing and
communication functions presents a significant challenge that needs to be addressed. It is
crucial to identify the key performance boundaries and trade-offs between these functions
in JSAC systems subject to resource competition.

In the last few years, various contributions exist that investigate the performance of
JSAC systems, e.g., [3-6]. In [3], an integrated sensing and communication (ISAC) system
was proposed in which a micro base station (BS) that can simultaneously conduct target
sensing and cooperative communication is assumed under a non-orthogonal downlink
transmission scenario. In this context, various performance metrics such as outage prob-
ability (OP), communication rate, and sensing detection probability (DP) were analyzed.
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In [4], a comparison between sensing-communication coexistence (SCC) and JSAC designs
utilizing non-orthogonal downlink transmission and transmit antenna selection was per-
formed. Under the assumption of residual hardware impairments and imperfect successive
interference cancellation, the performance of the schemes under consideration was evalu-
ated based on the criteria of exact and asymptotic OPs and the probability of successful
target detection. In [5], the performance trade-off within the distributed ISAC networks
was analytically evaluated based on the tools of stochastic analysis and stochastic geometry.
Through these analytical findings, a detailed presentation of the performance boundaries
and trade-offs between sensing and communication within a distributed ISAC network
was given. In [6], a collaborative ISAC network was investigated that exploits coordinated
beamforming techniques. In this framework, the signal-to-interference ratio (SIR) statistics
were investigated in order to evaluate the spectral efficiency of the proposed scheme.

Unmanned aerial vehicles (UAVs) have been adopted as an efficient approach for
improving coverage probability in various application scenarios, especially when fast
deployment is required [7]. Undoubtedly, their benefits are the main reason why UAVs
have also been adopted in JSAC scenarios in order to exploit the synergy between these two
technologies for a more efficient use of onboard resources, resulting in improved overall
performance [8]. To this aim, recently, a numerous of contributions have been presented
that investigate JSAC in UAV-assisted communication scenarios, e.g., [9-12]. In [9], a
collaborative JSAC and UAV-assisted network is proposed, in which beam sharing oppor-
tunities are adopted. In this context, a novel upper-bound average cooperative sensing
area performance metric is also proposed, which illustrated the performance improve-
ment of the investigated strategy. In [10], a cellular UAV-assisted network is considered
in which communication function is performed jointly with sensing. In this context, the
collision probability is analytically investigated, taking into account the radar cross section
(RCS) characteristics. In [11], an air-ground JSAC network was examined, which involves
unmanned aerial vehicles (UAVs) and ground terrestrial networks. For this important
communication scenario, the system architecture and protocol design were explored for
four potential use cases, followed by an analysis of the air-ground JSAC (AG-JSAC) net-
work characteristics and advantages. In [12], the network layer delay violation is analyzed
in an ISAC and UAV-assisted communication scenario. Among other investigations, the
successful sensing probability was analytically studied. A common characteristic of the
previously presented results is that the shadowing effects have not been taken into account,
despite the fact that in aerial communication networks, the effect of large scale fading
is dominant.

Motivated by this observation, in this paper, we consider an aerial-JSAC communica-
tion network operating over a generic channel model in which the impact of large scale
fading is also taken into account. In this type of network, the radio signals transmitted
by a UAV-BS, after having traveled through free space, encounter an urban environment
and arrive at the destination. In this urban setting, the signals experience shadowing and
scattering due to man-made structures, resulting in extra loss for the air-to-ground link.
Based on this system model, our contributions can be summarized as follows:

*  We consider a new low-complexity UAV-selection strategy that offers improved per-
formance with reduced complexity, as compared to benchmarks.

*  For this scheme, we derive new exact expressions for the statistics of the received SIR,
which are then used to investigate various communication and sensing performance
metrics, such as the OP, the coverage probability (CP), the DP, and the ergodic radar
estimation information rate (EREIR).

*  Moreover, the DP and CP performance trade-off is also investigated, having as a
parameter of interest the bandwidth that is used for sensing and communication.

¢ The numerical results presented depict the impact of the shadowing parameter values
and the number of interfering signals on the system’s performance.

The main objective of this study is to investigate the impact of shadowing in the
performance of [SAC networks.
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The remainder of this paper is organized as follows. In Section 2, the system model of
the JSAC aerial network and the corresponding channel model are provided. In Section 3,
the analytical framework for obtaining the performance measures for both JSAC functions
is presented. In Section 4, the simulation settings are given, and based on them, various
numerical evaluated results are discussed. Finally, this paper’s conclusions are drawn
in Section 5.

2. System and Channel Models

We consider a JSAC UAV-assisted communication network in which one out of L
UAVs, which operate as aerial BSs, is selected to communicate with the destination receiver,
as depicted in Figure 1. Moreover, UAVs are also responsible for sensing the surrounding
environment in order to identify specific targets. Here, the investigation focuses on the
downlink for the communication function. However, exploiting the channel reciprocity
principle, similar results are expected to be observed for the uplink performance. A
bandwidth division principle between sensing and communication functions is assumed,
similar to [13]. According to this, the available bandwidth is split into two portions,
bandwidth only for communication purposes and bandwidth only for sensing. It is noted
that the basic outcomes of the paper are also valid for the scenario in which the time
division approach is employed, since the same interfering effects are expected to be present.
During the sensing phase, each of the available UAVs, which are equipped with an active,
monostatic, pulsed radar, exploits the intervals of pulses to detect the radar targets. On the
other hand, at the communication phase, a selected UAV communicates with the target
receiver. However, in both the destination and the UAV radars, interfering signals are also
received due to transmissions and echoes from surrounding UAVs. In any case, all channels
considered in this study are assumed to be independent.

Communication
—————— Sensing
.................. Interfering Signals

Figure 1. System model of the considered JSAC scheme.

2.1. Channel Model

For the aerial channel model both the effects of small scale fading and large scale fading
(shadowing) are taken into account. More specifically, Nakagami-m distribution is considered,
which has been found to provide an excellent fit to the fading conditions observed in UAV-
to-ground scenarios [14]. The probability density function (PDF) of the random variable g,
which models the Nakagami-m distributed channel gain, is given by ([15] [eq. (2.20)]).

mmxmfl

fe(x) = WGXP(—%)r 1
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where m is distribution’s shaping parameter, related to the severity of the fading, (
denotes the mean square value, and T'(-) is the gamma function ([16] [eq. (8.310/1)]).
The corresponding CDF expression is given by

v(m, 5 )

= T

(2)
where (-, -) denotes the lower incomplete gamma function ([16] [eq. (8.350/1)]). It is noted
that this type of shadowing modeling is directly related to the probability of obtaining
line-of-sight propagation conditions between the two ends of communication [17].

As far as the shadowing effects are concerned, they appear due to the presence of large
scale obstacles between the UAVs and the receiver. These shadowing random fluctuations
are modeled by the inverse gamma (IG) distribution with PDF given by [14]

70(]'

__ Y 7
fs]-(y) = F(uc]-)y”‘f“ exp( y ), (3)

where a; > 1 is the shaping parameter of the distribution, related to the severity of the
shadowing, i.e., lower values of «; result in lighter shadowing conditions, and 7; denotes
the scaling parameter. Moreover, the CDF of s; is given by

Fy(y) = ——— )

where I'(+, -) denotes the upper incomplete gamma function ([16] [eq. (8.350/2)]).

As far as the sensing function is concerned, using advanced signal processing tech-
niques, for analyzing the time delay, amplitude, phase of the reflected signals, and avoiding
synchronization error, the received echo signal at a UAV is given by [18]

ps Gt Gy)LZO'

A ©

Pec =
where p; denotes the transmitting power of the sensing signal; G; and G, denote the
transmitting and receiving antenna gains, respectively; A is the wavelength of the sensing
signal; d denotes the distance between the sensing target and the UAV; v is the path loss
factor; and ¢ is the cross-section of the target. The latter one is a random variable, since it

fluctuates from scan to scan, and it follows the Swerling type-1 model, whose PDF is given
by [19]

folo) = iexp(—g),a >0, (6)

o
where 0 is the average cross section over all target fluctuations.

2.2. Communication Model

As far as the communication part is concerned, it is assumed that the UE is connected
to the UAV that is less exposed to the shadowing effects. In this approach, which was also
adopted in [20], the stationarity region is exploited, based on the fact that the decorrelation
distance of the large-scale fading is two orders of magnitude larger than the one of small-
scale fading. In this context, the UAV that provides the maximum averaged received power,
i.e., shadowing variable, over a predetermined time interval is the one that is selected for
communication purposes. After the selection is performed, the selected UAV is informed
to proceed with the signal transmission. It is noted that the path loss coefficient can be
very easily incorporated in our shadowing-based selection strategy by modifying the
scale parameter of the shadowing coefficient. Moreover, assuming that the noise level
is relatively small compared to the aggregate interference, we focus on the interference
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limited scenario. This type of networks arises in dense cell scenarios, in which severe
interference is expected and thus noise can be disregarded, resulting in the SIR being the
basis for performance evaluation [21]. Under this UAV-selection policy and based on the
approach initially proposed in [20], the received SIR can be expressed as

—V

Ve = PCGtGrismaxd , (7)
C

where p, denotes the transmit power at the communication phase, and smax = max{s1,s2,- - ,s.}
denotes the maximum shadowing coefficient from the L available UAV-receiver links. Moreover,
L =yM PcGtGrhiidi_v denotes the aggregate interference term, with /11 ; being the channel
gains for the downlink, and d; is the distance between the i-th, i = 1,..., M interfering UAV and
the receiver.

2.3. Sensing Model

During the sensing phase, the detection decisions are conducted by using the target
echo power P,,. Based on this approach, the received SIR at the UAV that senses the target
is given by [5]

Pecn

Vs = A (8)

where I; = YM, A, SK? i3 .d7" denotes the aggregate interference term; h;; and hy,

i =1,...,M, denote channel gains that follow Nakagami-m fading; A, = (Z—;‘?” denotes

the effective receiving antenna aperture; and S = £ igt denotes the power density from an

interfering UAV.

3. Performance Analysis
For the communication part, the performance of the system under investigation
is investigated using the criteria of the OP and the CD, while for the sensing part, the
performance metrics that are employed are the EREIR and the DP. The CP is defined as
the probability that the achievable transmission capacity is above a predefined threshold
Yth, €.,
T
Pc = P(ye > 2% —1), ©)

where B, denotes the bandwidth allocated for communication purposes. Based on the CP
criterion, the OP is defined as Poyt = 1 — P-. Moreover, the EREIR is defined as [5]

1)
Rp = 3T log, (1 + 2TBs7s), (10)

where T denotes the pulse duration, Bs denotes the bandwidth allocated for sensing
purposes, and ¢ denotes the radar duty cycle. Based on the EREIR, the criterion of DP is
defined as follows:

Ty

Pp = Pr[Rg > ) = Pr %>TBS ,

(11)

where vy, denotes the detection threshold.

3.1. Communication Function

In this subsection, the analytical framework related to the communication part is
presented. For evaluating the performance of the scheme under consideration, the behavior
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of the received SIR is statistically evaluated. To this aim, let us define the random variable
Y = I% The PDF and CDF of Y are, respectively, given by

Fe) = [ 2ol fi () (12)

Ry = [ Folm)fi () 13)

The statistics of I are provided in Appendix A. Substituting (1) and (A3) in (12) and using
the definition of the gamma function ([16], eq. (8.310)), yields the following analytical
expression for the PDF of Y:

& Sk m" (1 y> e
fY(]/) Ck—g)r(p—f—k)ﬁflﬂrk er(m)y ,Bl + Q : (14)

As far as the CDF of Y is concerned, substituting (2) and (A3) in (13), using ([16] [eq. (6.455)])
and after some mathematical manipulations, yields the following expression:

y\"T(p+k+m)
eyt () -
><21—](1,p+k+m,m+1,y/0+1/51 ,31+Q ,

where »Fj (-) denotes the Gauss hypergeometric function ([16] [eq. (9.100)]).
For evaluating the final CDF of 7., the statistics of smax are required, which are
provided in Appendix B. Therefore, using (14) and (A8) in (13) results in the following type

of integral:
—k—m—p - <\ ¢
1y _IMN (7 16
LT e W@

where ¢ = Z;X;Ol in;+1, with n;s denoting integers related to the multiple sums presented
below. In order to evaluate this integral, the Meijer G-function representations of the
constitute functions are employed, using ([22] [egs. (10) and (11)]), as follows:

i N L —k—m—p _ i *kfm*P;Gl,l @ 1—k—m—p
pr xQ B1 Tk+m+p) Y\ xQ 0 ’ )
oxo |~ TMY _ 1o M-
p x 0,1 x 0 7

where G4/ ( ’ ) denotes the Meijer G-function. Based on these expressions, using ([22] [eq. (21)]),

after some analysis, results in
vﬁ ( 1 >n,-+11
0 il

nylng!l- - - ny!

ny+np+-+ng=M
T(m+EOT(k—&+p) (B " ° M7.0Q (18)
T(m+k+p) (ﬂ 1Fl(m+§’1_k+g_ " Bix )

—¢+ —m—k— -
I(—k+¢ - p)(M%) P([g) plFl(m—l—k—l-p,l—!—k §+p,M70>1,

B1x
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where 1F; () denotes the confluent hypergeometric function ([16] [eq. (9.210/1)]), while
’?C = ’?pcGtGrdiv.

3.2. Sensing Function

In this subsection, the analytical framework related to the sensing part is presented.
For evaluating the sensing performance, the statistical behavior of the corresponding
received SIR is evaluated. To this aim, let us define the random variable W = . For
evaluating the PDF of W, a similar procedure to the one used in the derivation of (14) is
adopted, resulting in

ef (1)t .
ST (o+ kBB T
The corresponding CDF can be derived as
<] 5]( ﬁly 7k717p
Fwly)=C) ———~ 1—(1+_ . (20)
Y k; T(o+k+1) ( -

Based on (19), the PDF of 5 can be directly evaluated using a change in variables of the
form W = v, (4r G)Gd 52, which results in a similar expression to (19), where 7 is substituted
with 4, = (‘772%3;2l For evaluating the expression for the EREIR, (19) should be substi-
tuted

in (10). Following such an approach, integrals of the following form need to be solved:

. —k—1—p
T, = / <1 + _x) log2(1 + 2TBsx)dx. (21)
o \p1 Yo

Using again the Meijer-G function representations for the functions in (21), i.e., using ([22]
[egs. (10) and (11)]),

In(1+x) = G%:% (x

1,1) ) (22)

1,0
as well as ([22] [eqgs. (21)]), yields the following exact expression

0~y dr/ In(2) 23 ( 2BsTYs| 110
Rp = — , |
Poar kg) T(o+KkT(1+k+p) 33\ By |tk+p0 (23)

It is noted that with a small number of terms, i.e., < 20, a satisfactory accuracy is
observed, i.e., which guarantees accuracy better than +0.5%, in all infinite series expressions
derived in this paper.

3.3. Performance Trade-Off

In the system under consideration, the performance trade-off between the sensing
and communication functions can be analyzed. One of the key factors that influences this
trade-off is to allocate different portions of the frequency spectrum to the sensing and
communication functions. In this frequency-division approach, part of the total bandwidth
is dedicated to transmitting the sensing waveform, while the remaining portion is used
for transmitting the communication signal. This leads to a bandwidth allocation trade-off,
which can be expressed as follows: [23]

Bs + B, = B. (24)

In the numerical results section, we investigate the performance trade-off between
communication and sensing functions when we allocate different portions of the total
available bandwidth B to B. and B;.
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4. Numerical Results

In this section, based on the analytical results derived previously, several numerical
evaluated results are presented and discussed. These results have been evaluated using the
Matlab 2021® mathematical software package. If not otherwise stated, in the simulation
results, the parameter values depicted in Table 1 are assumed, which, in general, model a
dense cell scenario where moderate fading and shadowing conditions can be found.

Table 1. Simulation Parameter Values [5].

General Parameters Values
Wavelength (A) 0.0833 m
Transmit Power (P;) 15 dBm
Tx Antenna Gain (G;) 10 dB
Rx Antenna Gain (G;) 10 dB
Tx-Rx Distance (d) 80 m
Path Loss Factor (v) 2
Shadowing Coefficient («) 2
Number of Interfering Signals (M) 9
Communication Parameters Values
Nakagami Parameter () for all links 2
Number of UAVs (L) 4
Bandwidth (B,) 20 MHz
Sensing Parameters Values
Bandwidth (B;) 20 MHz
Pulse Duration (T) 1 ps
Radar Duty Cycle (0) 0.01

In Figure 2, the OP and DP performances have been evaluated. More specifically, in
the left subplot, the OP using UAV-selection is plotted as a function of the outage threshold
Y for various values of the shadowing coefficients & = aj, j=1,...,L. Itis shown that
for the same 7y,, almost ten times less OP is observed when light shadowing conditions
are assumed, i.e.,, « = 1, compared to moderate shadowing, « = 3. In the same figure,
for comparison purposes, the performance of a scheme without UAV-selection is also
presented. It is shown that the performance of the UAV-selection scheme is considerably
improved, especially in the case of severe shadowing conditions. In the right subplot of
Figure 2, the EREIR is plotted as a function of the transmit power for different distances
of the radar target. The plot shows the performance degradation of the sensing function,
evaluated using the EREIR, as the distance increases.

In Figure 3, we investigate the effect of aggregate interference by plotting the CP
(with 74, = 0 dB) and the DP as a function of the transmit power for different values
of the number of interfering signals. It is shown that the number of interfering signals
has an important influence on the performance of both functions, which reduces as M
increases. One of the main results of this paper is illustrated in Figure 4, in which the
fundamental performance trade-off between communication and sensing functions under
specific bandwidth constraint, i.e., B = 20 MHz, is presented. It is noted that the sum of
the bandwidths B, and B; is limited by the total available one B, and thus it is impossible
to simultaneously obtain optimal performance for both these functions. However, a useful
balance can be achieved as is depicted in Figure 4. In this figure, it is shown that by
dedicating a large portion to the communication bandwidth B, the CP increases, but the
DP decreases, since a reduction in B; is required in order to satisfy the fixed total bandwidth.
The results also show that the variations in the bandwidth have a greater impact on the
communication performance than on sensing. For example, as B. reduces from 20 MHz
to 0, which results in an increase in Bs from 0 to 20 MHz), the CP drops from 1 to 0, while
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DP increases from 0 to 0.2, as shown by the yellow curve. In the same figure, it is also
illustrated that as the distance between the UAV and the destination/target d increases, the
impact of the modification of the Bs at the DP increases. Here, it should be noted that the
optimal interplay between the detection and coverage probabilities could be investigated
in an optimization framework, in which the decision variables and constraints could be the
bandwidth and the power allocation.

10*

103,

102,

EREIR (bit/s)

—_—q=2

—_—qa=3

===Random UAV Selection
* Simulations

-30 -20 -10 0 10 -10 0 10 20 30
Outage threhold (dB) Transmit Power (dBm)

Figure 2. Communication Function: OP vs. the outage threshold. Sensing Function: EREIR vs. transmit power.
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Figure 3. Coverage probability and detection probability vs. transmit power for different number of
interfering sources.
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Figure 4. Coverage probability and detection probability trade-off under bandwidth allocation for
different distances.

In Figure 5, the impact of the multipath fading severity is investigated. In particular,
in this figure, the OP is plotted as a function of the threshold for different multipath fading
conditions, which are controlled by shaping parameter m. It is shown a performance
improvement as the severity of the fading lessens, i.e., m increases. In Figure 6, the
impact of the number of UAVs L is investigated. In particular, in this figure, the OP is
plotted as a function of the threshold for different values of the number of UAVs. The
performance improvement that is achieved as L increases is shown. However, the rate
of the improvement lessens for higher values of L. Finally, it is noted that in all figures
presented, simulation results have also been included, verifying the validity of the presented
analytical framework.

10°

—m=1
m=2
—m=3
—m=4
—m=5
* Simulations

10-19

10724
o _
O 1074

104

-30 -25 -20 -15 -10 -5 0 5

Outage threhold (dB)

Figure 5. Outage probability vs. the outage threshold for different values of m.
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Figure 6. Outage probability vs. the outage threshold for different values of L.

5. Conclusions

In this paper, a new UAV-selection strategy is proposed for an aerial JSAC network oper-
ating in a composite fading environment. To this aim, we presented an analytical framework
used to evaluate the coverage probability of the scheme under consideration and the EREIR
of each UAV. The presented results revealed the impact of shadowing and interference on the
system’s performance. It was shown that a performance trade-off exists in frequency division
JSAC scenarios. Moreover, the numerical results presented revealed that the performance
of the communication function can be considerably improved using a shadowing-based
UAV-selection policy. Our next steps include an analytical investigation in a more general
scenario in which the impact of the noise, shadowing correlation, and the antenna patterns
will be also taken into account. Finally, an interesting future direction includes an optimization
framework for analytically investigating the bandwidth allocation trade-off.
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Abbreviations

The following abbreviations are used in this manuscript:

CDF Cumulative distribution function
CcpP Coverage probability
DP Detection probability

EREIR  Ergodic radar estimation information rate
ISAC Integrate sensing and communication
JSAC Joint sensing and communication
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Oor Outage probability

PDF Probability density function
SIR Signal-to-interference ratio
SNR Signal-to-noise ratio

UAV  Unmanned aerial vehicle

Appendix A

In this appendix, a convenient exact expression for the PDF of the aggregate interfer-
ence terms for the communication function is presented. Let us assume that RV I; is defined
as follows:

I; = pCGtGrh%i ;V- (A1)

Here, RV [; is approximated by a gamma RV G;, whose shaping and scaling parameters
can be evaluated using the moment matching method, e.g., [24]. Based on this assumption,
I; is now represented by a sum of M gamma RVs given as follows:

I; =G+ G+ -+ Gp, (A2)
where q € {s,c}. Based on the results presented in [25], the PDF of I, can be expressed
as follows: o

2 OpxPTre X
fr,(x)=C Z exp(), (A3)
! =oT(o+kp™" b

where B; = %, B1 = min(B;), while
M m; M M . k
U)o gmeon LR (05) o

1 .
Ok+1 = kr1 l; ibky1-ir k=0,1,2,--- (A5)

with §p = 1. It is noted that the same analytical steps have been followed for approximating
the aggregate interference term of the sensing function.

Appendix B

In this appendix, a simplified expression for the CDF of spax is presented. Assuming
independent and identically distributed shadowing conditions, i.e., #; = « and ¥; = 7, and
based on probability laws, the CDF of smax is given by

(e, )"
Fonax (¥) = [F(y)IM = [(r?‘j)] : (A6)

Assuming integer values for the shaping parameter « and using ([16] [eq. (8.352/2)]), (A6)

can be written as M
+ M a—1 / <~ i].
Fon () = exp(—'@) lzo (;) 1,1 . (A7)

Finally, using the multinomial identity ([26] [eq. (24.1.2)]), and after some mathematical
simplifications, yields

’?M M M M M! a—1 1) i+t ¥ Z?;ol injq
Fin () =eXP<—y> LY Xt [H<I'> <> + (A8)

n1=0n,=0 Ny =
ny+ng+-+n,=M
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