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1. INTRODUCTION

Enhancing and prolonging the lifetime of wireless networks under various environment has been a
crucial mission for future green communication networks. One promising approach is to deploy unmanned
aerial vehicles (UAVs) into practices to meet various exceptional requirements in different environment, e.g.,
disastrous land site, military in mountainous areas, and traffic control in dense urban [1]-[6]. Among these
applications, ground equipments served by UAVs can either experience line-of-sight (LoS) or non-line-of-
sight (nLoS) links. Therefore, UAV can play a major role in enhancing throughput as well as greatly improve
reliability [7], [8].

Exploiting UAV as a relay in cooperative communication scenarios has attracted many researchers
and there are still ongoing works on such topics. In fact, UAV possess flexible deployment characteristics
and thus various systematic parameters such as average throughput, and spectral efficiency, can be greatly
enhanced by optimizing UAV placement in 3D Euclidean space, i.e., trajectory optimization [9]-[14],
deploying multiple-UAV to assist ground equipment [13], [14], power control [15], [16] and resource
allocation [17]. Power splitting-based energy harvesting (PSEH) has been viewed as a future technology that can
exploit a portion of radio frequency (RF) signal to recharge the battery in energy-constrained equipment [18]. Up
to now, there are many works on the performance analysis of UAV-aided cooperative relay network with
PSEH. However, the performance under different communication environments exploiting A2G/G2A
channel characteristic is still not reported in the literature.
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Motivated by the aforesaid works, this paper examines the performance of UAV-aided cooperative
regenerative relaying network under various environments, such as suburban, urban, dense-urban, and high-
rise urban. In addition, PSEH technology is employed to opportunistically prolong the flight time of the
UAV. Particularly, the UAV harvests energy from the ground transmitter (GT) and then consumes the
harvested energy to forward information to the ground receiver (GR). Amplify-and-forward (AF) relaying
scheme is employed at the UAV to assist the information exchange from GT to the desired GR. Moreover,
air-to-ground (A2G) and ground-to-air (G2A) channels are modeled with respect to LoS and nLoS
conditions. Then, a closed-form expression for the outage probability and the average throughput under
various environments are then provided. Optimal parameters of the PSEH receiver are also studied for
deployment insights. The main contributions of this research can be focused on as the following:
We propose an UAV-assisted relay system under various environments where the relay node jointly uses
AF relaying and PSEH protocol to help terrestrial nodes.

— The performance of the considering system is examined over various environments, in which novel
analytical results for the outage probability and ergodic capacity are given.

— Then, the results are validated via Monte Carlo method.

2. RESEARCH METHOD

Consider an UAV-assisted relay system in which the ground transmitter (GT) wishes to
communicate with the ground receiver (GR). Assuming that the direct GT-to-GR link is unavailable due to
multiple blockages and heavy shadowing and thus a PSEH-enabled UAV (V) using AF relaying protocol is
deployed to assist the terrestrial communication. The harvested energy from the ground transmitter is
exploited to forward the information to the ground receiver. We assume the block fading model, in which all
channels are invariant during a specific time block T but then varies independently from other blocks. All
nodes are assumed to be equipped with a single half-duplex antenna. The A2G and G2A channels, i.e., the
UAV-t0-GR (V2R) and GT-to-UAV (T2V) channels, are modeled via LoS and nLoS small-scale and large-
scale propagation.

2.1. The A2G/G2A channel model
In this paper, the A2G and G2A channel model proposed in [19] is adopted. Particularly, let hy, be
the channel coefficient between node X € {T, R} and the UAV, thus

h { ngmfor LoS links
XV ngm for LoSn links

in which ay, and ay, are the attenuation coefficients under LoS and nLoS condition, respectively, dy is the
distance between X and the UAV and ¢ is the path loss exponent. Accordingly, the probability of LoS
connection can be modeled by Bernoulli distribution with parameter [19] py, = [1 + pexp(—w (6 — l[l))]_l
which 1 and w are the environmental parameters, 8 = 180arctan(hy, rg;/m) denotes the elevation angle of
the UAV with h;, being the distance between the UAV and the ground, and ry,, is the distance between node
X to the projection of UAV in the ground. In addition, the probability of nLoS link also follows Bernoulli
distribution with parameter py, = 1 — pyy. Further, the small-scale propagation of the A2G and G2A link is
modeled by Nakgami-m fading for the LoS links and Rayleigh fading for the nLoS links. Particularly, the
PDF of the channel power gains | gy |? and |gxy|? follow Gamma and exponential distribution, respectively.
Hence, the PDFs of | gy |? and | gy |%are given by [20],

@)

myy myy ?ZXV
fxvz(x) = (mxv o (ﬂxv) xMxvle  9xv,x > 0 @)
fXVZ(x)_—e “XVX>0 (©)

respectively, where Qy, specifies the average channel power gain. In addition, the corresponding CDFs can
be expressed as (4), (5);

X:Tlnxv meg 1x (:’;xv)m
fxpz(x)=1—e v xv/ x>0 (4)
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fypz(x) =1- e v x>0 (5)

2.2. The A2G/G2A channel model
During the first time slot, the GT broadcasts unit energy information signal S;. Therefore, the
received signal at the information receiver in the UAV can be formulated as (6),

yv =y @ = B)Prhyysy +ny (6)

in which n,~CV (0, a2) specifies the additive white Gaussian noise (AWGN) with zero mean and variance
a2, P; denotes the transmit power and Be(0,1) denotes the power-splitting ratio.

At the UAV, a portion of the received power is exploited for energy harvesting. Assuming that the
power harvested from the AWGN is negligible, the harvested power due to PS-based EH scheme can then be
given by [21]-[24] P, = nBPr|hry|? in which the coefficients ne(0,1) presents the DC-to-RF conversion
efficiency.

Subsequently, the UAV amplifies the received signal y, with the variable gain factor G, =

Py . e . . '
/—(I_E)Pﬂhmz”z. Accordingly, the amplified signal received at GR can then be formulated as (7), (8):

Yr = Gyhgyyy + ng (7)
= Gyhgy (1 = B)Prhyysy +  Gyhgyny,  + ng 8)

amlified inforamation signal amplified AWGN AWGN

in which n,~CN (0, 62)denotes the AWGN at the GR.
Subsequently, the received signal-to-interference-plus-noise ratio (SINR) can then be given by (9)

and (10);
_ |Gy Plrry2(1-B)Pr|hTy | 9)
eze |GvI2IhTy |20
BA-B)Yry Fr+YTV)? (10)

BYrRvYTYTV+(1-B)¥TYTV +1

in which y7 2 |hry |2, Vry 2 1lhgy|? and 7 2 Pr/a2. In addition, at the high transmit signal-to-noise ratio
(SNR) regime (7 = ), thus Gy — /nB/(1 — B). Hence, the received end-to-end (e2e) can then be upper
bounded as (11)

_ YRVYTYTV A . Uupp
“VYeze = YRy T = Yeze 11
1-B° B

2.3. Performance evaluation

In this subsection, we study the performance of the proposed system. Specifically, bounds for the
outage probability and Ergodic capacity are introduced and later expressed in exact analytical-forms. The
tightness of the proposed bound will be discussed in section 3.

2.3.1. Outage probability

The outage probability (OP) is defined as the probability the e2e SINR falls below a predefined
threshold. In other words, the OP at the ground receiver can be formulated as (12), (13);

Pout = Pr{¥Veze < Ven} (12)
< Prives) <ven} 2 PY, (13)
where PL2% specifies the lower bounded e2e OP. From (13), it is depicted that PL% = F,,.(y.n), Where

F,,.(x) specifies the CDF of the upper bounded e2e SINR. From (11) and (13), the CDF F,,,(x) can then be
rewritten as (14);
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Fooe () = Pr{ryry < 75+ 11} (14)
f Yrv (1 B By )fYRV(x)dx (15)

respectively, in which Ay 2 Qppdriary, Ary 2 Qrpdréary, Ary 2 NQrydriary and gy 2 Qg dri@gy-
By calculation, the upper-bounded e2e CDF can be given in closed-form as (16),

Feze (7) =1 prvrrvGi(7) — prvPrvG2 () — Prv arvGs () — PrvorvGa (7)), (16)

in which G;(7) 2 G(Mp,, My, Ay s Aevi D)+ Go(1) £ G(Mry, LAy Ayi ) s Gs(9) 2 G(L Mgy, Ay, Aryid) and
G,(7) £ G(LL My, dayiy) Where the self-defined function G(-) is presented by (17);

m

2 m 1 oy )eti(m 1
G(Mm, My, X, A3 y) £ exp|———— ] -1
S (m, —=1)! N 1-8737 mOm')‘ll Bt
m,k (17)
i 1-p m2 mm, y _ ] 2 o mm, v
k= BN M B NN 5%

in which K, (x)denotes the v-th order modified Bessel function of the second kind.
Proof: In order to derive (15) in closed-form, the CDF E,,. (x)and the f, .. (x) are required. Recalling that the
probability of LoS and nLoS paths are modeled by Bernoulli distribution, thus

F. (X)=pxy Pr{|9xv| Axy < X}+va Pr {|ng| I < X}

(18)
= va':‘ng‘z (X/ Axv) +'5XVF\9’XV\2 (%/ Axv):

f, () =(oxv/2xv) T, (X/ Axv) + (Pxv ] 2xv) fg. (X/ 2xv)s (19)

in which Xe{T, V}. By adopting the above results, we can rewrite (15) as (20);

I © Y y 1 1 X
FeZe(y) = 1 - pTVpRV fo [1 - F|gTV|2 ((1_B)ATV + BATV ;)] HFlnglz (E) dx

G1(¥)
— (=] Y y 1 1 X

=prvbs Iy (1= Front? (i * ey ) g Pl (5) 4%

G2(y)
_ o y y 1\] 1 x (20)
~Prvprv Jy [1 = Fiarr ((1—3)/1TV t oy Z)] Ty 912 (H) dx

G3(y)
orotw [ (1= Fane (T * ) o P (1)
prvbry | v\ = B) Ay By ) Ay " 19001 7 ) 5

G4 (¥)

In (20), analysis for the above integrals is analogous to one another. Particularly, the first integral
can be given as (21);

A mTV 11 4 1 (mgy)™MRV
Gy £ 3Y,r (mTV) exp( mry a- B)ln) PP —r
y fwxm_1< r o, 1) exp (=g =2~ gy L) 1)
0 A=PAry  BAwx v BAry x RV Ay

By applying binomial theorem, i.e., (x+y)™ =X\, (Zl) x™ *yk and then adopting [25],
(3.471.9), we then further express G, (y) as (25),
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s _mry 1 ¥)ympy-11 (mry 1 y\™
G (y) = (mpry—1) exp ( Aty 1-B 7T) Lim=o m! (ﬂrv 1-B 7T)

m my—k
X Z (m) <1 -B mRV)k (mTvaV L) 5 K z[MryMMgy ¥V (22)
LN/ B Apy ) \ Ay Awy BT m\ | ArvAry BT

In addition, the integrals G,(y), Gs(y) and G,(y) can be analogously expressed via the above equation,
which can then be expressed via the defined function G (im,, m,, A1, 1,;y). Subsequently, we then obtain the
desired result.

2.3.2. Ergodic capacity

Considering fast fading scenarios and the e2e performance is dominated by the channel condition,
thus a more suitable performance metrics is Ergodic capacity which can capture the dynamic variant
characteristics. Accordingly, the Ergodic capacity is defined via the received e2e SINR observed during the
effective transmission time block, or in other words,

Cerg = %E[1092(1 + )/eZe)] (23)
< E[log (1 +v37)] 2 Corg (24)
Consequently, the upper bounded Ergodic capacity, C;g, can then be given by [26],

— 1 ~ 1 —
Cerg = mfo m [1 - FeZe(y)] dy (25)
2.4. Optimal power splitting ratio
In this subsection, the value of §* optimizing the e2e performance is formulated. First, we formulate
the optimization problem as (26), (27);

. max
B = 0<p< 1Yeze (26)
_ MmN yry¥ryry | 7rvrv 1

T0<B<1l 1-g + B + B(1-p) @)

B

Since YRVYTYTV YTYTV and 1

- B 1-B)
exists a unique $*€(0,1), minimizing the objective function f(f), obtained via the solution of the equality
f'(B) = 0. Accordingly, 8* can be obtained as (28);

are convex over the domain Be(0,1), their sum is also convex. Hence, there

,8* VYTYTv+l (28)

VITYTV+1+JYRVYTY TV $1

3. RESULTS AND DISCUSSION

In this subsection, Monte Carlo simulations are carried out to validate the analysis in previous
sections. Various systematic insights are also presented for practical deployment purposes. For simplicity, let
us assume that ayy = az, £ a and @, = @y £ a@. In addition, the environmental parameters adopted in the
Figures 1 and 2 are provided in Table 1.

Table 1. Environmental parameters

) w a a

Sub-Urban 488 0.43 0.1 21
Urban 961 0.16 1 20
Dense Urban 12.08 0.11 1.6 23
High-Rise Urban  27.33  0.08 2.3 34
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Other simulation parameters are provided as follows. The path loss exponent for the A2G and G2A
links are € = 2, the noise power density is -144 dBm/Hz and the bandwidth is 10 MHz. Further, the shape
factors are my, = 3 and mg, = 2, the distances are h, = 2 (M), dry = 2 (M) and dg, = 2 (M). Finally, the
optimal curves utilize 8 in (28) whereas other curves use 8 = 0.8 andn = 1.

Figures 1 and 2 show the e2e outage probability and the Ergodic capacity versus the transmit power
of the GT under different environmental parameters in Table 1, respectively. It is observed the simulation
result in (12), (18) is tightly matched with the upper-bounded result using (16) which shows the effectiveness
of the proposed analytical bound. In addition, Figures 1 and 2 show that as the transmit power at the GT
increases, both e2e OP and Ergodic capacity can be effectively improved. Under various environments, the
system operates badly in the sub-urban region whereas best in high-rise urban areas.

100£5\5’~ﬁ,, 10 T T T T A
Sub-Urban e
Urban p% N
y 8r Dense Urban N
210 2 High-Rise Urban
2 ) ~~-~-Optimal EC
8 3 61| A simulation (Exact)
e . o
a 102¢ >
%’ Sub-Urban -§)
5 Urban W
o 10'3 Dense Urban
High-Rise Urban
———-Optimal OP
10 A\ Simulation (Exact)

20 10 0 10 20 30 40 50
P_ (dBm)

Figure 1. Outage probability versus the transmit Figure 2. Ergodic capacity versus the transmit power,
power, Pr(dBm), under various environments P (dBm), under various environments

4. CONCLUSION

In this paper, a unified UAV-aided regenerative relay network is proposed which jointly utilizes
PSEH and AF protocol to assist the transmission of terrestrial nodes over various environmental settings.
Exact expressions of the outage probability and Ergodic capacity in the high transmit power regime are
provided. In addition, optimal operational parameters of the energy harvester in the UAV are examined in the
normal/high transmit regime. All results are verified by adopting numerical methods and Monte Carlo
simulation which shows the effectiveness of the proposed upper bound. The results show that high-rise urban
is the most suitable environment to implement UAV as a relay whereas sub-urban is the most incompatible.
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