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Wireless Relay Communications using
an Unmanned Aerial Vehicle

Pengcheng Zhan, Kai Yu, A. Lee Swindlehurst
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Abstract— Herein, we investigate the optimal deployment of an
unmanned aerial vehicle (UAV) in a wireless relay communicgéon e
system. The optimal UAV position is found by maximizing the i
average data rate, while at the same time keeping the symbol e
error rate (SER) below a certain threshold. We derive a closa-
form expression for the average data rate in a fixed wireless
link using adaptive modulation. By using the alternate defiiite
integral form for the Gaussian Q-function, the symbol error rate
(SER) of the system in the link level is evaluated. An upper band
on the SER is also derived using the improved exponential baws
for the Q-function. It is shown that the derived SER expressin )
matches the simulation results very well and the derived uper
bound is tight for a wide range of SNRs. Simulation results ao
show that the system data rate matches the derived closedrfo
expression.

Fig. 1. Battlefield relay communication scenario
I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) have attracteghyv. An SER analysis is also given in this section. Numerical
considerable attention in many military as well as civiliagimulation results are presented in Section 1V, followed by
applications [1], [2]. Besides other advantages, one majgsme conclusions in Section V.
advantage of using UAVs is that they can be quickly deployed
into the battlefield or various communication environmeags
relays [3], and therefore improve the performance of wagleA. Two-hop half duplex protocal

communications systems [4], [5]. For example, in many com- | this paper, we assume that a two-hop half-duplex protocol
munication scenarios, there exist obstacles (such as @iosnt js ysed in the system. During the first time slot, the transmit
buildings, etc) that severely deteriorate or even blockstgral sends the desired message to the UAV. The UAV decodes
between the transmitter and the receiver. In such cases, gf® message and then sends it to the receiver in the second

can deploy a UAV to help setup the communication link angine slot. Note that we assume the UAV can not transmit and
improve the communication performance, i.e. using the UA\ceive simultaneously.

II. SYSTEM MODEL

as a relay between the transmitter and the receiver. Using the above transmission protocol, the signal model for
In this paper, we assume there is no direct communicatigqe first and second time slots can be written as

link between the transmitter and the receiver. A UAV is i3

assumed to be positioned so that it can relay messages from v, = ,/_311{151 +n, (1)

the transmitter to the receiver, as depicted in Fig. 1. Assum M

ing adaptive modulation is employed in the communicaticdnd

system, we analyze the average data rate of the system, yo = Es Hyso + no, )

and investigate the optimal position of the UAV so that the N

transmission rate is maximized under the constraint that tivhere y; is the received signal at the UAVH; is the

symbol error rate (SER) is below a certain threshold. channel matrix between the transmitter and the UAMs the

The paper is organized as follows. Section Il presents tlransmitted signal, and, is additive noise. Similar definitions
system model used in this paper. In Section Ill, we derive tlage used in (2), except that in this time slot the UAV becomes
closed-form expression of the average data rate, and fateuithe transmitter. We will let\/ denote the number of antennas
the optimization problem to find the optimal position of that ground stationsgV the number of antennas at UAV, and we



let Es1, Eso represent the transmission power during the twid. Orthogonal space-time block coding

time slots. We assume that in both time slots, only the receiver knows
B. Channel model the channel matrix. Hence, orthogonal space-time bloclkesod
We assume the channdl§, and H, are Rayleigh fading _(OSTBC) [11] are used to transmit the dat(_’;\. For example,
channels with large scale path loss, i.e. in the 2 x 2 case, the _Well-known_AIa_moutl code [12] is
H employed. Since adaptive modulation is used, the receiver
P (3) needs to determine/predict a suitable modulation scherde an
iy feed this information back to the transmitter. In this paper
where H,,,, IS @ normalized complex Gaussian channelssume that this feedback is perfect, i.e. the transmittewk
which when stacked in aiv M x 1 vector has the distribution which modulation scheme to use. Note that feeding back the
CN(0,Rp), andd;,, is the distance between thith access modulation scheme costs much less than feeding back the full
point (AP) {i = 1, 2} and the UAV. In our application, channel state information.
AP1 is the transmitter and AP2 the receiver. For free space
transmission, the path-loss exponenéquals one [6]. Values I1l. SYSTEM ANALYSIS

of & > 1 occur in obstructed environments, whle < 1 is OSTBC exploits the diversity of the MIMO channels, and

common |n.wave-gwd§d en\.nronmenFs. Note that Iog-norm&llg instantaneous uplink SNR at the UAV can be expressed as
shadow fading can easily be included in the channel model an

the analysis below. Assume the coordinates ofitheAP and
UAV are given as[z; y; h;]7 and [z, y. h.|? respectively,
so thatd; ,, can be written as _ HH1||%p ’ (7)

H; =

Ea
= ||H, |2 =22

dioe =V (@u = )2 + (g — 1) + (hu = hi)%. (4) wherep is defined ap = 224, 0% is the noise power, and

We use the well known Kronecker approach [7], [8] td| - || » denotes the Frobenius norm. Plugging (3) into (7), we
model the correlation matribRyg of the MIMO wireless obtain
channels, i.e.Ry = Ry, @ Rpy, Where Ry, are Ry, _ | Hnorm|I (®)
are respectively the normalized transmit and receive atlann d%fz '
correlation matrices. If AP1 and AP2 are located in multipa
scattering environments, we would see low spatial coliozlat
at AP1 and AP2. At the UAV side, however, high spati ith v
correlation is expected since there are few if any scaierer

. . In [13], using the inverse Laplace transform, the probgpbili
near the UAV. The normalized channel matrix is expressed (?énsgty 1unctiogn (PDF) of H P I2. is derived as probgb
norml|| g

'A similar analysis can be used to find the SNR of the downlink
hannel from the UAV, if we replacé}’, with d3°,, and M

Hnorm - (RRI)I/QG[(RTI)I/Q]Ta (5) P my k1
where the stochastiy by M matrix G contains independent flz) = Z Z Ajg xime_TfU(w), 9)
and identically distributed (IIDCAN(0,1) elements(-)T de- j=1 k=1 (k= 1)to
notes transpose;)'/? is defined such thaR'?(R'/*)" = \yheres; (j = 1,2,--- , P) are the distinct non-zero eigen-
R, and ()" is the Hermitian transpose. values of Ry, andm; denotes the respective multiplicities
C. Adaptive modulation of ;. By solving a system of linear equationd,; can be
We assume that the system employs adaptive modulatfégfermined [13]. By defining
based on the current channel SNR, denoted blyor a given " e
desired SER, the required SNR thresholds are predetermined g(n, a,2) = /ﬁe dr
using the SER expression given in [9], [10]: 1 e M ) _
> === 2 ()" = (ax)" . (10)
_ fyd . nl«a A 2!
P.~ N.Q ( %) ; (6) =0
the cumulative distribution function (CDF) ¢fH,,,,.,||% can

where P, is the symbol error probabilityN, is the number be expressed as in (11).
of nearest neighbor constellation points, ahg,, is the min-
imum separation distance between points on the underlyi‘ﬁ‘g
constellation. Due to the random nature of the channel matrices, the
Assume thaty, and 1 are the predetermined SNRinstantaneous transmission rate is different for diffexdran-
thresholds for thekth and (k + 1)th modulation schemes nel realizations. Therefore, we define the ergodic norredliz
respectively. Ifyi1 > v > v, the kth modulation scheme transmission rate (ENTR) and use it as the criteria to gbanti
will be used to transmit the messagesli ~;, no transmit the performance of the link. ENTR is defined in equations (12)
scheme will be chosen, which indicates there will be nand (13),
transmission between the transmitter and the receiver. R; . (t) = - E(logy K (1)), (12)

Ergodic normalized transmission rate



o) = [ g =YY Sl - 1~ —a) g~ 1. -0 1)
—o0 j=1k=1 %J J J
L—-1
K(t) = Kyu(y(t) =) + Y (Kipr = Ku(y(t) = viga), (13)
i=1
L-1 Civ1(t) o0
Riw(t)=0- {; log, K; /Ci(t) f(z)dx +logy Ky, /CL(t) f(z)dx}
L—1
= B-{)_ logy Ki[F(Cis1(t)) — F(Cs(t))] +logy K11 — F(Cr(1))]} (14)
i=1

whereg is a scalar that takes into account the rate loss whelsing this alternative form and interchanging the orderhef t
OSTBC is used. Note that f&x 2 Alamouti coding,5 = 1. integrations, the SER can be rewritten as in (19). Recalling
In (13), K; is the number of the constellation points for thle the definition in (10), it is straightforward to derive the BE
modulation scheme, and is the total number of modulation expression given in (20).

schemes used in the system. Definifigt) = 2-d¢ (¢), it 2) SER upper bound: In order to relieve the computational
is straightforward to show that the expression for the ETNBurden when evaluating (20), an upper bound for the SER is
of the AP1-UAV link can be written as in (14). A similarderived by resorting to the results of [15]. In Chiani’s work
expression can be obtained for the UAV-AP2 link. an improved exponential bound for Q function is given as:

Since the communication between AP1 and AP2 is through

the UAV relay, and also due to the two-hop half-duplex charac 1 & b;x?
teristics of the communication system, the overall trassion Qz) < 92 Z a;eXp(— 2 ), (21)
rate is , =t
R(t) = 5 min{Ryu(t), Ra,u(t)}- (15) where 26— B1_1)
o i — Ui
In order to improve the system performance, i.e. to increase @ 7r ’ (22)
the overall network transmission rafe(t), we position the
. ; R and
UAV according to the following optimization problem: 1
bi=—5—. (23)
argmax  R(t) s.t. sin”;

@u(t):vu(t)hu(f) Pl < P Note that this bound is much better than the popular Chernoff
e(1,u) < Per bound. After some manipulation, the upper bound of the SER
Pe(2,u) < Per, (16) is found to be given by (24).

where P.(i,u) ¢ = 1,2 is the SER between thgh AP and
the UAV, and P.r is the quality of service (QoS) criterion. IV. NUMERICAL SIMULATIONS
However due to the specific method we have used to select the

thresholds for adaptive modulation, the inequality caaists In this section, numerical simulations are conducted oh bot
in (16) can be removed. the link level (i.e. AP - UAV) and system level (i.e. AP1 -

UAV - AP2). In the simulations, we assume both APs and
B. SER analysis the UAV are equipped with 2 antennas, and that Alamouti

This section is dedicated to the derivation of the SERPUING is used. The transmit power at both AP1 and the
analysis at the link level. Once the error analysis for ealffV is 1 W, and the noise power density at both AP2

link has been performed, the SER of the whole system can ¥ the UAV is10~'°W/H=. The carrier frequency of the
calculated. system is assumed to H&7H z and the system bandwidth is

dassumed to be 1@@F z. This can be seen as consistent with
a narrowband system in a suburban area [6]. Seven different
MPSK modulation schemes are used in the simulations, i.e.
from BPSK to 128PSK. The QoS is chosen such that the
1 [z x? -0 1g) average SER is less tham—2. Note that the altitude of the

/0 %P <_ 23in29) w20 (18) UAV is fixed at 600m in the simulations.

1) Closed form SER expression: The SER can be expresse
as in (17). In [14], an alternative definite integral form foe
Gaussian Q-function is given as




= o< 2pdgpin (1) R 2pdin (1)
h /cm Ne(@)- QUy == =) () /CN(t)Ne(N)Q( ) f (@) da (17)

T S 2pd2yn(i) Y 2pd2n(i)
P, = 7T( /o / N() - exp(— )f(a:)da:~d9+/0 /CN(t) Nc(N) - exp(— ) f(x)dx - dO)(19)

Ci(t) 4sin?0 4sin?0

N—-1 s mi == ,. . .
1 2 ~ Ne(i)Ajw pdain(i) | 1 pdain(i) | 1
P, =— e ik gk — 1, — (5 =), Cis1(t)) — g(k — 1, —(Zmin —),Ci(t))]do
O N T - -GBS O, Conn) — st =1~ G2+ D, Ci0)
T p M ==
2 Ne NHYA. d2- N 1
[ Nt g ) L yany (20)
(et o; 4sin”6 0j
= Neli) S = andii bupdZin(N) | 1 bupdZin(N) 1
PSS Z 2 ZZZ O_]? [ (k_la_( 4 + _)7Ci+l(t))_g(k_1a_( 4 +o__)acz(t))]
i=1 j=lk=1n=1 J J J
-~ m;  Q
Ne(N) & anAjp, bopdZi (N) 1
B 2 ;k:lngl U;c g(k - 1’ _( 4 + GJ )’CN(t)) (24)

We assume rich multipath scenarios at both APs, so that1 9% !
correlation matrices at the AP-side are given by +

10 . 980} Lo 1
RAPZ-—{O 1], i =1,2.

At the UAV side, high spatial correlation is assumed:

1 08
0.8 1

A. Data rate ssimulation results

970 1

960 +o : : :

Ryav = {

950} 1
In this section, we investigate overall system performanc +
We assume both APs are moving on circles centeré@ at0) .
and(1000, 1000, 0) respectively. The speeds for AP1 and AP:
are set at 20n/s and 30m/s, with angular velocities 0.1 rad/s
and 0.2 rad/s respectively. The path-loss exponent is assur *%8ss 808 00 902 904 906 908 910
to be 1.5 and 1.7 for the links between AP1 - UAV and UA\ UAV position X-axis (m)
- AP2, respectively. The optimal position of the UAV is then
obtained by solving the optimization problem (16).
The trajectory of the optimal positions of the UAV is plotted

in Fig. 2. It can be seen that the UAV always flies closer e APs are fixed af0, 0,0) and (1000, 1000, 0) respectively.
AP2, due to the larger path-loss exponent for the APZ2 linfsjg 4 shows the average system data rate for differeie
The overall system and link data rates are plotted in Fig. §ad that fora — (1,1.1,1.2,1.3), the system data rates are

along with the theoretical system data rate. From Fig. 3, Wge same. This is because the UAV is positioned right above
conclude that the theoretical results match the simul&edlts Ap1 for all thesen, and the system data rate is limited by the

well. Furthermore, the data rates for both links are close [k petween the AP1 and the UAV.
each other, which indicates the proposed optimization atkth ) _
reaches the desired balance between them. B. SER simulation results

We also studied the influence of the path loss exponent In this section, we simulate a scenario in which the AP
on the system performance. In this simulation, the path loaed UAV are1.6 km away, and each of them is equipped
exponent is fixed at 1.5 between AP1 and UAV. From UAWith 2 antennas. The path-loss exponent is 1.5, and we run
to AP2, « is varied between 1 and 2. During the simulation,0° channel realizations to simulate the SER. The transmit

UAV position Y-axis (m)

Fig. 2. Trajectory of UAV movement
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