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Abstract. This paper proposes a transmission method using unmanned
aerial vehicle (UAV) with distributed Space-Time Block Code (STBC)
for multi-hop wireless relay networks in search and rescue operations.
First, an UAV is considered to add to the hop with the minimum out-
put signal-noise-ratio (SNR) and operates as a relay node to maintain
the links between adjacency nodes in network, expand the transmission
coverage area and improve the transmission performance. In addition, in
order to overcome the difficulty in assigning the STBC patterns to the
distributed relays and also alleviate the complexity of system design and
implementation, the original STBC pattern is modified while keeping the
same cooperative diversity gain. Finally, an algorithm is proposed to find
out the optimal location of the added UAV in the hop, where the UAV has
the best contribution to the data transmission performance between the
transmitter and the receiver. It can be seen from the simulation results,
the optimal location of the added UAV depends on not only the envi-
ronment of real scenarios but also the distributed cooperative diversity
gain. We can confirm that the proposed method achieves the significant
performance improvement while keeping the simple operation of system
for UAV communications in search and rescue operations.

Keywords: STBC · UAV communications · MANET · Wireless relay
networks · Optimal location

1 Introduction

The use of unmanned aerial vehicles (UAVs) is rapidly growing in the past few
decades due to their broad range of application domains that include telecommu-
nications, delivery of medical supplies, and search and rescue (SAR) operations
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Fig. 1. Multi-hop wireless relay network with the added UAV.

[1]. Wireless networks with UAVs, commonly known as UAV communications,
is also a subject that has attracted researchers’ attention in recent years. This
is because UAV communications can provide reliable and cost-effective wireless
connectivity for nodes without infrastructure coverage [2]. Multi-hop Wireless
networks with UAVs are seen as a sub form of the well-known concept of Multi-
hop Mobile ad-hoc network (MANET). Therefore, wireless networks with UAVs
also share common features with MANET. Thanks to the distinctive charac-
teristics such as independent, dynamic and self-adaptive natures, MANET is
generally used in emergency communications. MANET is generally applicable
to ensure connectivity in disaster relief situations that are usually hampered by
the absence of a network or communication infrastructures [3]. The integration of
communication systems with wireless medium and the growth of Internet tech-
nology has made MANET capable to operate and function during rapid emer-
gency deployment without relying upon infrastructure communication systems.
These characteristics make MANET suitable for the efficient communication
during natural disaster and search and rescue operations [4,5].

Besides sharing the common features with MANET above, there are several
unique characteristics that make UAV communications more suitable with search
and rescue operations, namely, mobility, topology changes, and radio propaga-
tion. UAVs are expected to be an important component of UAV communications
for achieving high-speed wireless communications [6]. UAVs can adjust their alti-
tude to avoid obstacles and enhance the likelihood of establishing line-of-sight
(LoS) communication links to ground users. UAVs can also operate as wireless
relays to provide wireless connectivity between two distant users or user groups
without reliable direct links for improving transmission performance and cover-
age of ground wireless devices [2]. In addition, using UAVs as relay nodes for
search and rescue operations in wireless communications can bring the many
benefits as surveying the environment and collecting evidence about position of
a mission person [7]. However, UAV communications are also faced with several
new challenges such as highly dynamic network topologies, sparse and intermit-
tent network connectivity, intelligent energy usage and replenishment, effective
interference management, and so on. Therefore, new communication protocols,
basic networking architecture, main channel characteristics, and performance
enhancing techniques for UAV communications should be investigated [8].
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In UAV communications, orthogonal frequency division multiplexing
(OFDM) scheme has proposed as a good candidate to obtain reliable and high
performance wireless communication links [9,10]. The guard interval of OFDM
has tolerance to not only the influence of the delay spread but also the transmit-
ting timing offset among distributed nodes. In wireless networks, a cooperative
diversity is known as a technique allowing single-antenna nodes to reap some of
the benefits of Multiple-Input Multiple-Output (MIMO) systems [11,12]. Space-
Time Block Code (STBC) encoding scheme is also often used to obtain the
higher cooperative diversity gain without channel state information (CSI) which
is referred as channel properties of a communication link at the transmitting
node [13]. In addition, the STBC encoding scheme can achieve both full diver-
sity order and full data transmission rate with simple decoding algorithm at
the receiver. The diversity can also be obtained by using distributed relays in
cooperative systems, where each pattern of STBC encoding is transmitted by
the different relays [14]. Therefore, in this paper, the distributed cooperative
diversity using STBC scheme is considered to use in UAV communications.

As mentioned above, once network infrastructure is destroyed by natural
disaster, the connections between end users and communication system are dis-
rupted. With the dynamic and self-configuring nature, UAV communications are
a suitable solution for emergency communications in search and rescue opera-
tions. However, due to the communication distance or obstacles such as trees,
hills and mountains and so on, the several links between adjacency nodes in
multi-hop wireless networks can be disconnected. In multi-hop wireless net-
works, the transmission channel can be modeled as an equivalent single hop
with the minimum output signal-noise-ratio (SNR). Therefore, the end-to-end
performance of multi-hop communication systems can be derived based on the
performance of the equivalent single hop [15]. As a result, when the performance
of the single hop with the minimum output SNR is improved, the end-to-end
performance of the system can also be improved.

Therefore, in this paper, an UAV is first considered to add to the hop with
the minimum output SNR and operates as a relay to maintain the links between
adjacency nodes in network, expand the transmission coverage area and improve
the transmission performance as shown in Fig. 1. In addition, the distributed
STBC cooperative systems have difficulty in assigning the STBC patterns to
the distributed relays. In order to overcome this problem and also alleviate the
complexity of system design and implementation, the original STBC pattern is
modified. For the modified STBC pattern, the transmission signal is changed and
encoded only at the UAV while keeping the same cooperative diversity gain in
comparison with the original STBC pattern. The transmission signal from relay
nodes is same to that from source node. Finally, an algorithm is proposed to find
out the optimal location of the added UAV at the hop with the minimum output
SNR. The proposed algorithm is based on the Received-Signal-Strength Indicator
(RSSI) of the beacon packets to find out the optimal location of the UAV, where
the UAV has the best contribution to the data transmission performance between
the transmitter and the receiver. From the simulation results, we can confirm
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Fig. 2. Distributed STBC cooperative diversity.

that the proposed method can achieve the significant performance improvement
while keeping the simple operation of system for UAV communications in search
and rescue operations.

The remainder of the paper is organized as follows. A system model and
the proposed method are described in Sect. 2 and Sect. 3, respectively. Next,
the performance is evaluated through simulation and results are presented and
analyzed in Sect. 4. Finally, Sect. 5 concludes this paper.

2 Distributed STBC Cooperative Diversity System

The system under consideration consists of one transmitter, two distributed
relays and one receiver, which are all single-antenna nodes, operating over slow,
flat, fading channels as shown in Fig. 2. It is assumed that perfect channel state
information (CSI) is available at receivers but not at transmitters. A time-
division channel allocation is used for medium access, inter-relay interference
therefore is not considered in the signal model. It is also assumed that the decode-
and-forward (DF) protocol and the distributed STBC model with two transmit
nodes (Tx) and one receive node (Rx) is considered to use in this paper. At
the relays, the received signal from the transmitter is first decoded, and then
re-encoded and forwarded to the receiver [16]. By using the different STBC pat-
terns at the relays, the cooperative diversity gain of the maximum ratio combing
(MRC) can be obtained in the receiver.

We assume that the input signal for the j-th symbol is sj , and the next sym-
bol is sj+1, where j = 2a and a is the even number. The sj and sj+1 symbols

Table 1. The original STBC patterns.

Symbol j Symbol j + 1

(t) (t + T )

Branch 1 sj −s∗
j+1

Branch 2 sj+1 s∗
j
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are encoded and simultaneously transmitted from the transmitter and the UAV.
The transmitted STBC patterns are shown in Table 1, where ∗ is the complex
conjugate operation. At the receiver, the signals are received and combined with
the different path losses and fading fluctuations. In order to simplify the expla-
nation, we focus on an OFDM sub-carrier signal for explanation. At the first
transmission or phase 1, the received signal of the sj symbol at the i-th relay is
given by,

yji =
√

Ptβtihtisj + nji, (1)

where Pt is transmission power. hti and βti are fading channel coefficient and
path loss gain between the transmitter and the i-th relay, respectively. The
path loss gain is calculated with α the path loss exponential, a constant whose
measured value range from 1.6 to 6 [17]. nji is noise component of the sj symbol.
At the next transmission or phase 2, both relays simultaneously transmit the
data packet with the different STBC patterns as shown in Table 1. The received
signals of the sj and sj+1 symbols at the i-th receiver are expressed as follows,

yji = Hr1isj + Hr2isj+1 + nji,
y(j+1)i = −Hr1is

∗
j+1 + Hr2is

∗
j + n(j+1)i,

(2)

where Hri =
√

Ptβrihri is channel response between the r-th relay in the current
hop and the i-th relay in the next hop. nji and n(j+1)i are noise components.
The received signals can be represented in term of vector y as follows,

y =
[

yji
y(j+1)i

]
=

[
sj sj+1

−s∗
j+1 s∗

j

] [
Hr1i

Hr2i

]
+

[
nji

n(j+1)i

]
. (3)

The Eq. (3) can also be written in term of matrix as follows,

y = sH + n, (4)

where y, H, and n are 2 × 1 matrices, s is a 2 × 2 matrix. Without loss of
generality, after some elementary manipulations and conjugating the second row
of (3), the received signals can be equivalently expressed as follows,

[
yji

y∗
(j+1)i

]
=

[
Hr1i Hr2i

H∗
r2i

−H∗
r1i

] [
sj

sj+1

]
+

[
nji

n∗
(j+1)i

]
(5)

It can also be represented in term of matrix form,

ỹ = Hs + ñ. (6)

where ỹ, s, and ñ are 2 × 1 matrices, H is a 2 × 2 matrix. At the receiver, it is
assumed that the channel response is known exactly, the combined signals can
be obtained by multiplying both sides of Eq. (6) by HH as follows,

s̃ = HH ỹ. (7)
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Substituting (6) into (7), these combined signals can be written as follows,

s̃j = H∗
r1i

yji + Hr2iy
∗
(j+1)i = (|Hr1i|2 + |Hr2i|2)sj + wj ,

s̃j+1 = H∗
r2i

yji − Hr1iy
∗
(j+1)i = (|Hr1i|2 + |Hr2i|2)sj+1 + wj+1,

(8)

where wj = H∗
r1i

nji+Hr2in
∗
(j+1)i and wj+1 = H∗

r2i
nji−Hr1in

∗
(j+1)i are the noise

components. These combined signals are then sent to the maximum likelihood
detector to choose which symbol was actually transmitted from the transmitter
by applying least squares (LS) detection,

ŝk = arg min
sk∈SM

|s̃k − αsk|2, (9)

where k ∈ {j, j + 1}, α = |Hr11i|2 + |Hr2i|2, SM is the set of M transmitted sym-
bols which is known at both the transmitter and receiver, and |.| denotes a mag-
nitude operator. As a result, the diversity gain of the maximum ratio combing
(MRC) can be obtained if the channel response is known exactly at the receiver.
By using the cooperative diversity with distributed STBC encoding, the network
diversity gain can be obtained in this system. Then the decoded signals s̃j and
s̃j+1 can be detected.

3 Proposed Method

In this method, it is assumed that the location of relays and wireless transmis-
sion environment are known by the added UAV. The Received-Signal-Strength
Indicator (RSSI) between nodes can be determined by the beacon packets in
network. In the multi-hop wireless networks, the transmission channel can be
modeled as an equivalent single hop with the minimum output signal-noise-ratio
(SNR). Therefore, the end-to-end performance of multi-hop communication sys-
tems can be derived based on the performance of the equivalent single hop [15].
As a result, when the performance of the single hop with the minimum out-
put SNR is improved, the end-to-end performance of the system can also be
improved. In this method, it is also assumed that the hop with the minimum
output SNR of the multi-hop wireless network is determined based on the infor-
mation of RSSI between relays at each hop in network. The RSSIs from the
added UAV to the transmitter and the receiver at the hop are also known as
shown in Fig. 3.

Table 2. The modified STBC patterns.

Symbol j Symbol j + 1

(t) (t + T )

Transmitter sj sj+1

UAV −s∗
j+1 s∗

j
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Fig. 3. STBC cooperative diversity.

An UAV is first jointed at the hop and operates as a distributed relay in
order to improve the transmission performance of the hop, which in turn leads
to improving the end-to-end performance of system. Next, in order to overcome
the difficulty in assigning the STBC patterns to the distributed relays and also
alleviate the complexity of system design and implementation, the original STBC
pattern is modified as shown in Table 2.

It can be seen from the table that the transmission signal is changed only
at the added UAV and the same at the transmitter. An algorithm is then also
proposed to find out the optimal location of the added UAV at the hop with the
minimum output SNR of the multi-hop wireless relay networks. This algorithm
is based on the RSSI of the beacon packets, where the UAV has the best contri-
bution to the data transmission performance of Bit Error Rate (BER) between
the transmitter and the receiver.

In this method, only the hop with the minimum output SNR in the multi-hop
wireless network is considered. At the hop, the distance from transmitter to the
receiver is larger than transmission range and there are no any existing relays
between the transmitter and receiver as shown in Fig. 4. However, the signal
from the transmitter can still be sensed or received weakly at the receiver. This
is because the signal is much attenuated by the obstacles such as tree, building,
hill or mountain and the distance between the transmitter and the receiver. As
a result, this hop is identified as broken and has the minimum output SNR in
multi-hop wireless networks. Therefore, an UAV is added in order to maintain
the connection and improve the transmission performance of the hop. The signal
description for this case as follow. Similarly to Eq. (1), at the first time slot or
phase 1, the received signal of the sj symbol at the UAV and the receiver are
given by Eqs. (10) and (11), respectively,

yju = htusj + nju, (10)

yjr = htrsj + njr, (11)

where htu and htr are channel response between the transmitter and UAV, and
between the transmitter and the receiver, respectively. At the UAV, the received
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signal is first decoded, and then re-encoded according to the modified STBC
pattern in Table 2 and forwarded to the receiver in phase 2. The signal is also
transmitted from the transmitter to the receiver in phase 2. At the receiver, the
received signals of the sj and sj+1 symbols from the transmitter and the UAV
in phase 2 are combined and expressed as follows,

yjr = htrsj − hurs
∗
j+1 + njr,

y(j+1)r = htrsj+1 + hurs
∗
j + n(j+1)r.

(12)

The received signals can be represented in term of vector y as follows,

y =
[

yjr
y(j+1)r

]
=

[
sj −s∗

j+1

sj+1 s∗
j

] [
htr

hur

]
+

[
njr

n(j+1)r

]
. (13)

The Eq. (13) can also be written in term of matrix as the Eq. (3). The orthogo-
nality of the modified STBC encoding pattern can be verified by,

sH1 s2 =
[
s∗
j s∗

j+1

]
[−s∗

j+1

s∗
j

]
= s∗

js
∗
j+1 − s∗

js
∗
j+1 = 0, (14)

where (.)H denotes Hermitian conjugate, s1 and s2 are the first and second
column vector of matrix s, respectively. As a result, in comparison with the
original STBC encoding patterns, the cooperative diversity gain of the modified
STBC encoding patterns can be obtained is the same. For the modified STBC
patterns, the transmitter or source node transmits the sj and sj+1 original sym-
bols, which is similar to the symbols transmitted in multi-hop Single-Input and
Single-Output (SISO) transmissions. The symbols are encoded by the only UAV
in order to alleviate complexity of system. At the receiver, if the channel response
is known exactly, the decoded signals of the sj and sj+1 symbols are derived as
follows,

s̃j = h∗
tryj + hury

∗
j+1 = (|htr|2 + |hur|2)sj ,

s̃j+1 = −hury
∗
j + (h∗

tr)yj+1 = (|htr|2 + |hur|2)sj+1.
(15)

In these equations, the noise components are omitted to keep the presentation
simple.

In the case that, the received signal from the transmitter in phase 1 is stored
at the receiver. In phase 2, the signal retransmitted from the transmitter is
combined with the signal from the UAV and the signal stored in phase 1, the
received signal at the receiver can be expressed as follows,

yjr =
∑

m=1,2
h
(m)
tr sj − hurs

∗
j+1 +

∑

m=1,2
n
(m)
jr ,

y(j+1)r =
∑

m=1,2
h
(m)
tr sj+1 + hurs

∗
j +

∑

m=1,2
n
(m)
(j+1)r,

(16)

where m = 1, 2 means that the signal from transmitter in phase 1 and phase
2, respectively. Similarly to Eq. (15), the decoded signals of the sj and sj+1

symbols are derived as follows,

s̃j = (

∣∣
∣∣∣

∑

m=1,2

h(m)
tr

∣∣
∣∣∣

2

+ |hur|2)sj , (17)
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s̃j+1 = (

∣
∣∣∣∣

∑

m=1,2

h
(m)
tr

∣
∣∣∣∣

2

+ |hur|2)sj+1. (18)

The SNR of the received signal at the receiver (γ) for both sj and sj+1 symbols
from the transmitter can be derived by using Eqs. (17) and (18),

γtr =
Er

N0
=

Et(

∣∣∣
∣∣

∑

m=1,2
h
(m)
tr

∣∣∣
∣∣

2

)

N0
, (19)

where Et and Er is the average signal energy at the transmitter and the receiver,
respectively. N0 is the noise power. The SNR values for the channels from the
transmitter to the UAV (γtu) and from the UAV to the receiver (γur) without
using STBC encoding can be expressed as follows,

γtu =
γtr

(x2 + l2)
α/2

, (20)

γur =
γtr

((1 − x)2 + l2)
α/2

, (21)

where α is the path loss exponential. When the distance between the transmitter
and the receiver is denoted dtr and normalized to 1, 0 ≤ x ≤ 1 indicates the
relative location of the UAV with respect to the receiver [18]. x = 0 means that
the UAV is located at the transmitter according to horizontal axis. The height
of the UAV is denoted by l. The value of l is determined based on real scenarios
so that l minimizes and ensures the links from the UAV to the transmitter and
the receiver are Light of Sight (LoS). As shown in Fig. 4, the distance from
the transmitter to the UAV and from the UAV to the receiver are denoted by
dtu = (x2 + l2)1/2 and dur = ((1 − x)2 + l2)1/2, respectively. The SNR of the
received signal at the receiver when UAV transmitting the symbols with using
STBC can be derived as follows,

γ
(STBC)
tur = Gγtr, (22)

where G is the cooperative diversity gain of using STBC encoding. The maximum
diversity gain (G) can be expressed as the number of independent channels in
the multiple antennas systems as follows, G = Nt×Nr, where Nt and Nr are the
number of transmit and receive antennas, respectively [19]. In order to determine
the optimal location of the UAV, it is assumed that the transmit power of all
nodes and the location of the transmitter and the receiver are fixed. We also
assume that the channels from the transmitter to the UAV and from the UAV
to the receiver are symmetric fading channels. Since the RSSI decreases when
the distance between the transmitter and the receiver increases, which leads to
the increasing of packet error rate (PER), the optimal location of the UAV must
be on the vertical plane that passes through the transmitter and the receiver as
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Fig. 4. The hop with the added UAV in network.

shown in Fig. 4. However, in real scenarios, there can be obstacles between the
transmitter and the receiver. The packet transmission error probability of the
flat fading channel from the transmitter and the receiver can be expressed by,

Petr =
∫

PRr
(E)P0(E)dE (23)

where E is the amplitude of received signal at the receiver, PRr
is the probability

density function (pdf) of received signal envelope of fading distribution. P0 is
PER of a receiver with input signal power of E2

2 . The packet transmission error
probability with the UAV operating as an intermediary node and using STBC
encoding can be expressed by,

Petur
= Petr (1 − PstuP (STBC)

stur
) (24)

Pstu = 1 −
∫

PRu
(E)P0(E)dE (25)

PRu
(E) =

E

δu
2 exp(− E2

2δu
2 ) (26)

where Pstu is the packet transmission success probability from the transmitter to
the UAV in phase 1. P

(STBC)
stur is the packet transmission success probability by

combining the received signals from the transmitter and the UAV to the receiver
in phase 2 and the stored signal from the transmitter in phase 1. Petur

is the
packet transmission error probability for both phase 1 and 2. Since the location
of the transmitter, the receiver and the transmit power are fixed, the value of
Petr does not change in this case.

min
x,l

{Petur
} = Petr (1 − max

x,l
{PstuP (STBC)

stur
) (27)

Next, an optimization algorithm is proposed in order to find the optimal loca-
tion of the added UAV which maximizes the final data transmission performance
at the receiver. From the Eq. (24), the packet transmission error probability Petur

reaches the minimum value when {PstuP
(STBC)
stur } is maximum. Both Pstu and
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P
(STBC)
stur depend on the UAV location. More specifically, when the distance from

the UAV to the transmitter is small, the distance from the UAV to the receiver
is large and vice versa. As a result, Pstu is large but P

(STBC)
stur is small, and vice

versa. In other words, the value of Petur
depends on the height of UAV l and

the location of UAV x. With the assumptions as the above mentioned and a
fixed transmission power level for nodes, Petur

can be expressed by the empirical
function as follow,

Petur
= f(γ{x,l}). (28)

The value of γ{x,l} is determined by the Eq. (29),

γ{x,l} = max
x,l

{γtu, γ
(STBC)
tur }, (29)

where γtu and γ
(STBC)
tur are calculated according to Eqs. (19) and (22), respec-

tively. Due to function f of the Eq. (28) is a decreasing function, Petur
value

reaches the minimum when γ{x,l} is maximum.
The algorithm is proposed in order to find out the optimal location of the

UAV so that γ{x,l} is maximum. The proposed algorithm is described in detail in
Algorithm 1. In this algorithm, the first condition is that the added UAV is within
the transmission range of both transmitter and receiver. In other words, the
received SNR values γtu and γur are greater than the received SNR threshold γth.
The height of UAV l is then determined so that the links from both transmitter
and receiver to the UAV are Light of Sight (LoS) or least affected by the obstacles
and nearest to the straight line connected directly between the transmitter and
the receiver. Next, the search boundaries and the number of steps are set. The

Algorithm 1. For the optimal location of UAV
1: Input:the locations of the transmitter and receiver
2: Output: {x, l}
3: Set search boundaries: {xstart, xend}, {lstart, lend}
4: Set the number of steps: Nx, Nl

5: Calculate the step size of x: (xstart − xend)/Nx

6: Calculate the step size of l: (lstart − lend)/Nl

7: Calculate γ{x,l}= min
x,l

{γtu, γ
(STBC)
tur }

8: for j = lstart : Nl : to lend do
9: for i = xstart : Nx : to xend do

10: Calculate γ{i,j}= max
i,j

{γtu, γ
(STBC)
tur }

11: if γ{i,j} greater than γ{x,l} then
12: γ{x,l}=γ{i,j}
13: x = i; l = j
14: else
15: γ{x,l}=γ{x,l}
16: end if
17: end for
18: end for
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Table 3. Simulation conditions

Modulation method OFDM QPSK

Number of sub-carriers 52

FFT size 64

Length of guard interval 16 samples

Number of pilot symbols 4 symbols

Number of data symbols 16 symbols

Reference distance 100 [m]

Rice channel model KR = 10

Noise level at the receiver −85 [dBm]

Channel estimation Perfect

Antenna gain of each nodes 0 [dBi]

Direction of antenna Omnidirectional

Transmit power 15 [dBm]

Number of generated packets 10000 packets

values x and l are divided into small steps within the search boundaries. Finally,
γ{x,l} is calculated based on the beacon packets and compared in order to find
the maximum value.

4 Performance Evaluation

4.1 Simulation Conditions

In order to evaluate the performance of the proposed method, three nodes are
configured as shown in Fig. 4. In this scenario, the distance from the transmitter
to the receiver is 300 [m]. As mentioned above, this distance is normalized to 1,
x indicates the relative location of the UAV in comparison with the transmitter
and the receiver, 0 ≤ x ≤ 1. x = 0 and 1 mean that the UAV is located at
the transmitter and the receiver according to horizontal axis, respectively. The
transmission range is set to 250 [m]. Therefore, the horizontal search boundary
is set from xstart = 0.15 to xend = 0.85. The vertical search boundary is set from
1.5 [m] to 100 [m], corresponding to lstart = 0 and lend = 1 for vertical axis. The
signal is transmitted at the frequency band of 2.4 GHz [20]. The free space path
loss exponent is set to 2 in this simulation [21]. The other simulation conditions
are listed in Table 3. In this simulation, it is also assumed that the UAV is static
and the delay of all paths from nodes is received within the guard interval of
OFDM, therefore, the inter symbol interference (ISI) is not considered. In this
method, the modified STBC patterns shown in Table 2 are assigned for the UAV
in each sub-carrier.
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Fig. 5. The transmission performance with the different location of UAV (x) on hori-
zontal axis.

4.2 Simulation Results

First, the bit error rate (BER) of the proposed method with the different loca-
tions of the UAV (x) on horizontal axis is shown in Fig. 5. In this simulation, the
horizontal location of the UAV is varied from x = 0.15 to x = 0.85. The vertical
location of the UAV is fixed l = 0.5. Transmit power is set to be 15 [dBm]. From
the figure, direct transmission means that the signal is received directly from the
transmitter. Since the receiver is out of the transmission range of the transmit-
ter, direct transmission does not achieve a good performance, only approximately
10−2. This is because that the radio signal is attenuated by radiation in space
and affected by fading. When an UAV operates as a relay and STBC encoding
is not used, which is named UAV transmission without STBC, the performance
is improved significantly in comparison with that of direct transmission. It can
be seen that the best performance can be obtained when the location of the
UAV is in the approximately middle, x = 0.45. This is because that the signal
from the transmitter is received and decoded by the UAV then forwarded to the
receiver. The signal transmitted in phase 1 from the transmitter to the UAV and
phase 2 from the UAV to the receiver is the same. As mentioned in Sect. 3, the
channels from the transmitter to the UAV and from the UAV to the receiver
are symmetric fading channels. In this simulation, the signal in phase 2 is also
retransmitted to the receiver to get better performance. Therefore, when the
UAV is in the approximately middle, the performance of system can reach to
the best value. In order to get cooperative diversity gain, STBC encoding is used
at the UAV. Due to the STBC cooperative diversity gain, UAV transmission with
STBC encoding has much better performance than UAV transmission without
STBC encoding. From the figure, the best performance can be obtained in this



70 C.-H. Diem and T. Fujii

Fig. 6. The transmission performance with combining signal.

case when the location of UAV is about 60 [m] from the transmitter or x = 0.2.
This is because that the signal is encoded according to Table 2 and transmitted
from both the UAV and the transmitter to the receiver in phase 2. Therefore,
STBC cooperative diversity gain can be obtained, which in turn leads to the
significant improvement of performance in phase 2. As a result, the optimal
location of the UAV on horizontal axis will move to the transmitter depending
on the cooperative diversity gain. Next, in order to improve the performance of
system, the signal transmitted from the transmitter to the receiver in phase 1 is
stored at the receiver and then combined with the signal transmitted from both
the transmitter and the UAV in phase 2. From the figure, the performance of
the UAV transmission with STBC and combining signal is better performance
than that of UAV transmission with STBC. However, the optimal location of the
UAV on horizontal axis is the same. This is because the combining signal leads
to higher SNR at the receiver in phase 2 but the STBC cooperative diversity
gain does not increase. Therefore, the optimal location of UAV does not change
in this case as shown in Fig. 6.

Next, the effect of the different location of the UAV (l) according to vertical
axis on the performance of system is shown in Fig. 7. In this simulation, the
vertical location of the UAV is varied from l = 0.1 to l = 0.9. The horizontal
location of the UAV is fixed x = 0.2. Transmit power is also set to be 15 [dBm].
It can be seen from the figure that the performance decreases slightly when l
value increases. The reason is that when l value increases, the distance from
the transmitter to the UAV and also from the UAV to the receiver is greater.
However, the different distance is quite small. Therefore, the SNR at the receiver
only decreases slightly. This leads to a slight decrease in the performance of
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Fig. 7. The transmission performance with the different location of UAV (l) on vertical
axis.

Fig. 8. The transmission performance with different transmit power.

system. As a result, the effect of the different location of the UAV (l) on vertical
axis on the performance of system is quite small.

Finally, Fig. 8 shows the performance of system with the different transmit
powers. From the figure, since the added UAV operates as a relay, the perfor-
mance of the UAV transmission is improved significantly in comparison with the
direct transmission, about 5 [dB]. It can be seen that the UAV transmission with
STBC encoding also achieves much better performance than both direct trans-
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mission and UAV transmission. This is because that STBC cooperative diversity
gain can be obtained in this case. In order to get higher performance, the sig-
nals in both phase 1 and phase 2 are combined at the receiver. As a result, the
performance is also slightly improved for the UAV transmission with STBC and
combining signal, about 1.5 [dB] in this scenario.

5 Conclusion

In this paper, a transmission method using UAV and distributed STBC encod-
ing for multi-hop wireless relay networks is proposed to use in search and rescue
operations. First, an UAV is considered to add to the hop with the minimum out-
put signal-noise-ratio (SNR) and operates as a relay node to maintain the links
between adjacency nodes in network, expand the transmission coverage area and
improve the transmission performance. Next, in order to overcome the difficulty
in assigning the STBC patterns to the distributed relays and also alleviate the
complexity of system design and implementation, the original STBC pattern is
modified while keeping the same cooperative diversity gain. Finally, an algo-
rithm is proposed to find out the optimal location of the added UAV in the hop,
where the UAV has the best contribution to the data transmission performance
between the transmitter and the receiver. It can be observed from the simulation
results that the optimal location of the UAV depends on not only the environ-
ment of real scenarios but also the cooperative diversity gain. In order to achieve
the best performance of system in this scenario, the UAV should be located at
(0.2 ≤ x ≤ 0.3) according to horizontal axis and (0.5 ≤ l ≤ 0.9) according to
vertical axis. We can also confirm that the proposed method achieves the sig-
nificant performance improvement while keeping the simple operation of system
for UAV communications in search and rescue operations.
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