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Dear editor,

Unmanned aerial vehicles (UAVs) perform a variety of civil-

ian tasks, including disaster detection, weather forecasting

and environmental monitoring. UAV-aided communications

can provide flexible wireless connectivity for users without

fixed infrastructures [1]. The fluctuating two-ray (FTR) dis-

tribution is regarded as a versatile and useful UAV channel

fading model since it agrees well with experimental data of

UAV communications [2].

In this study, we investigate the performance of dual-hop

UAV relaying systems over mixed FTR and Nakagami-m

fading channels and present novel analytical expressions for

the outage probability (OP) and the average bit error proba-

bility (ABEP). Moreover, simple asymptotic expressions for

the OP and ABEP are derived to obtain important engineer-

ing insights in the high signal-to-noise-ratio (SNR) regime.

Our results reveal that the fading severity parameters of

both FTR and Nakagami-m fading channels have the most

decisive impact on system performance. Finally, our gener-

alized results include several others available in the technical

literature as special cases.

System model. We assume a dual-hop relaying system

where the UAV A communicating with user equipment (UE)

B through an amplify and forward (AF) relay R. All nodes

are equipped with a single antenna. The transmission pro-

cess is divided into two time phases. In the first phase,

A transmits symbols to the relay R. In the second phase,

the relay R forwards the combined symbols to B. We as-

sume that the perfect synchronization between A, B and

R is achieved. The instantaneous end-to-end SNR can be

accurately approximated as

γend ≈ γ1γ2

γ1 + γ2
, (1)

where γ1 = |h1|2/N0 and γ2 = |h2|2/N0 are normalized

SNRs, and hℓ is the channel coefficients of A → R and

R → B links, and N0 is the variance of the additive white

Gaussian noise (AWGN) at all nodes. Hereafter it is as-

sumed that the A → R link is subject to Nakagami-m fad-

ing. Thus, the instantaneous SNR of the A → R link, γ1, is a

Gamma distributed random variable (RV) with probability

distribution function (PDF) given by

fγ1 (x) =
m1

m1

γ̄m1

1
Γ (m1)

xm1−1 exp

(

−m1x

γ̄1

)

, (2)

where Γ (·) is the Gamma function [3, Eq. (8.310.1)] and

m1 is the Nakagami-m fading parameter. γ̄1 = σ2
h1

γ0 is

the average SNR of the A → R links. Moreover, we define

γ0 , P1/N0 as the average transmit SNR of the A → R

link. Hence, the cumulative distribution function (CDF) of

γ1 can be easily obtained.

Furthermore, multi-path fading in the R → B link is

modeled by the FTR distribution. The PDF of the instan-

taneous SNR of R → B link, γ2, is given as [2, Eqs. (6-9)]

fγ2 (x) =
m2

m2

Γ (m2)

∞
∑

j=0

Kjdj

j!
fG
(

x; j + 1, 2σ2
)

, (3)

where fG and dj are given in supplementary file. Moreover,

K denotes the ratio of the average power of the dominant

wave to the remaining diffuse multipath and m2 is the fad-

ing severity parameter. γ̄2 = σ2
h2

γ0 = 2σ2 (1 +K) is the

average SNR of the R → B link, where γ0 , P2/N0 de-

notes the average transmit SNR of the R → B link. Then,

the CDF of γ2 can be easily obtained. Please refer to

Appendix A for detailed derivation.

Outage probability. The outage probability, Po (γth), is

defined as the probability that the instantaneous SNR is

below a given threshold γth. The following result holds.

Proposition 1. An accurate OP expression is given as

Po,γd (x) = 1− Γ (m1, (m1/γ̄1)x)

Γ (m1)
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+
Γ (m1, (m1/γ̄1)x)m2

m2

Γ (m1) Γ (m2)

×
∞
∑

j=0

Kjdj

j!
FG

(

x; j + 1, 2σ2
)

. (4)

Proof. Please refer to Appendix B.

For the special case of mixed Nakagami-m shadowed Ri-

cian fading, i.e., for ∆ = 0, Eq. (4) reduces to [4, Eq. (13a)].

Moreover, for the special case of Nakagami-m fading, i.e., for

K → ∞ and ∆ = 0, Eq. (4) reduces to [5, Eq. (22)]. Finally,

for the case of mixed Nakagami-m and Rayleigh fading, i.e.,

for K = ∆ = 0 or ∆ = 0, K → ∞ and m = 1, OP can be

deduced as

Po,γd (x) = 2− Γ (m1, (m1/γ̄1)x)

Γ (m1)
− exp

(−x2

2σ2

)

. (5)

Asymptotic outage probability. An asymptotic OP ex-

pression that becomes tight in the high-SNR regime can be

evaluated using the following result.

Proposition 2. For high SNR values, a simple expression

for the OP can be deduced as

P∞

o,γd
(x)≈ m1

m1−1

γ̄m1

1
Γ(m1)

xm1+
m2

m2

(

√

(m2 +K)2 −∆2K2

)m2
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







m2 +K
(

√
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)m2









x

2σ2
,

(6)

where Pµ (·) is the Legendre function of the first kind of

degree µ [3, Eq. (8.702)].

Proof. Please refer to Appendix C.

Using (6), significant engineering insights in terms of the

achieved diversity and coding gains of the dual-hop system

can be readily obtained.

Average bit error probability. Using [6], the ABEP of

different modulation schemes can be expressed as

P
γd
e =

α
√
β

2
√
π

∫

∞

0

exp (−βx)√
x

Fγd (x) dx, (7)

where α and β depend on the type of modulation. The

following result holds.

Proposition 3. A tight approximation on the ABEP can

be deduced as

P
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,

(8)

where 2F1 (·, ·; ·; ·) is the Gauss hypergeometric function [3,

Eq. (9.14)].
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Figure 1 (Color online) OP versus the first hop average SNR,

γ̄1, for different values of γ̄2 (m1 = m2 = 1, K = 10, ∆ = 0.2

and γth = 3 dB).

Proof. Please refer to Appendix D.

Asymptotic average bit error probability. A simple ap-

proximate expression of the ABEP that becomes tight in

the high-SNR regime can be deduced using the following

result.

Proposition 4. The asymptotic ABEP in the high-SNR

regime can be given as

P∞

e,γd
≈

α
(

m1 − 1

2

)

!m1
m1−1

2
√
πβm1 γ̄m1

1
Γ(m1)
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







σ−2. (9)

Proof. Please refer to Appendix E.

Numerical results. In this study, analytical and simula-

tion results for the OP of the considered system are pre-

sented. Figure 1 depicts the analytical, simulated, and

high-SNR asymptotic OP as a function of γ̄1 for different

values of γ̄2. It can be observed that simulation and ana-

lytical curves fit well, which validates the accuracy of the

proposed analysis. Moreover, the approximations are quite

tight in the high-SNR regime. More results are presented in

Appendix F.

Conclusion. In this study, accurate analytical expres-

sions for the OP and the ABEP of dual-hop UAV relaying

systems operating over mixed FTR and Nakagami-m fading

channels are derived. In order to obtain useful engineering

insights, simple closed-form expressions that become tight

in the high-SNR regime have been presented. Our results

reveal the impact of channel and system parameters on the

performance of the considered dual hop system. Ultimately,

the presented results are useful for performance analysis and

design of practical dual-hop UAV relaying systems.
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