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Abstract—In this paper, a cooperative hybrid visible light
communication (VLC)-radio frequency (RF) wireless sensor net-
work, which includes a transmitter (S) with a cluster of light
emitting diodes (LED) lamps, a relay (R) and a destination (D),
is taken into consideration. Specially, R is randomly located in the
coverage of the LED lamps, D is randomly distributed out of the
coverage of the LED lamps. Then, VLC is employed for S−R link
and traditional radio frequency (RF) communication technology
is adopted over R −D link. Moreover, both of decode-forward
(DF) and amplify-forward (AF) relay schemes are considered at
R to aid the data transmissions between S and D. Considering
Nakagami-m fading over R − D link, and the randomness of
the locations of R and D, the statistical characteristics of the
received signal-to-noise ratio at D under both AF and DF relay
schemes are characterized, respectively. After that, approximated
analytical expressions for the outage probability of the considered
system are respectively derived. Finally, simulation and numerical
analysis are conducted to verify the correctness of our proposed
analytical models.

I. INTRODUCTION

To satisfy the rapid growth need in data transfer, visible light
communication (VLC) has been regarded as an alternative
supplement for traditional radio frequency (RF) communica-
tion technologies, as VLC can not only act as the function of
illumination, but also provide high data rate transfer. More and
more researchers put their eyes on the merits of VLC, such
as nearly limitless bandwidth, low cost, high signal-to-noise
ratio (SNR) and so on.

However, there are still some challenges met during imple-
menting VLC in practical scenarios. For example, line-of-sight
propagation is very crucial to VLC systems and hence the
communications without LOS, such as sending signals across
a wall or a few room, is impossible.

To enhance the performance of VLC systems, relays and RF
communication have been presented as a promising method
[3]-[7]. [3] proposed an angle diversity receivers relay, laser
diodes (LDs) and select-the-best relay assisted LD-VLC sys-
tem. [4] investigated the performance of cooperative VLC
system with an intermediate light source served as a relay
terminal. [5] considered a relay which can harvest energy from
the received optical signal and then retransmit information
to the destination. [6] studied the bit error rate performance
of VLC systems where one task light served as a relay and
an information source. [7] investigated the secrecy outage
performance of a hybrid VLC-RF system where the terminal
can retransmit information by using the energy harvested from
light emitting diodes (LED) lamps.

Clearly, most of the researches related to VLC only focus on
the systems with fixed position terminals, which is impractical
in real world. In practical scenarios, the receivers may have
mobility or be randomly deployed. Therefore, considering
the the randomness of the locations of the terminals will be
significant during the performance modeling and optimization
processes. The authors of [7] and [8] studied the secrecy
performance of indoor VLC systems with randomly distributed
legitimate receiver and eavesdroppers by using stochastic
geometry theory.

Motivated by all observations above, in this paper a hy-
brid VLC-RF wireless sensor network (WSN) system, which
consists of a source (S) with a cluster of LEDs, a relay
(R) and a destination (D), is considered. Particularly, pho-
todiodes (PD) are adopted at R to receive the VLC signal,
while traditional RF antenna is also used at R to deliver the
received information from R to D. Then, the coverage of
S can be extended. Then, in this way the shortage of pure
VLC systems can be readily overcome. More specially, in
this work we concentrate on the outage performance of the
considered cooperative hybrid VLC-RF system, while both of
AF and DF relay schemes are employed at R, respectively.
Considering the randomness of the positions of both R and
D, we derive the approximated analytical expressions for the
outage probability (OP) of the target system.

II. SYSTEM MODEL

Fig. 1. System model

In this paper, we consider a cooperative hybrid VLC−RF
WSN, as shown in Fig. 1, which consists of S with multiple
LED lamps, R and D. We assume that AF and DF relay
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schemes are adopted at R to assist the information transmis-
sion between S and D. In detail, D is located out of the
coverage of S, then R is employed to forward the information
bits, while it is assumed that PD is adopted at R to receive
the VLC signal transmitted by S, and traditional RF antenna
is also used at R to deliver information from R to D. We also
assume that the RF fading channel between R and D suffers
Nakagami-m fading.

In this paper, it is assumed that R and D are uniformly
distributed. In detail, R is randomly distributed in the circle
with the radius LR m (LR > 0) and D is randomly placed
in a ring with inner radius LD1 m and outer radius LD2 m.
Without losing generality, we set LD2 > LD1 >> LR > 0.
To speak of the geometric relationship among LED lamps, R
and D, the LED lamps are above the surface, where the circle
of R and the ring of D are coplanar, and the height of S (the
LED lamps) is H (H > 0) m, and the projection of the LED
lamps is located at the center of the circle and the ring. We
define the distance from the center to R as rR, the one from
the center to D as rD, the one between S and R as dR and
the one between R and D as dD.

We assume that there are N (N > 1) LED lamps transmit-
ting information bits by using visible light signal to R, and
all lamps are identical. It is also assumed that the distance
between the ith LED lamp and R is dR =

√
H2 + r2

R to
simplify the analysis, as all LED lamps are close to each other
and the area of the PD at the LED lamps is normally on the
order of 1 cm2. Thus, as suggested by Eq. (4) in [7], the
received RF power from the ith lamp at R can be written as

Pi,R = CRFP
2
t cos2mtφ/d4

R, (1)

where Pt is the optical transmit power at each lamp, mt =
− ln 2

/
ln
[
cos
(
φ1/2

)]
in which φ1/2 is the semi-angle of the

LED, CRF is RF power constant.

A. SNR under DF relay scheme

Using maximal-ratio combining (MRC) scheme and consid-
ering cosmtφ = H/

(
H2 + r2

R

)
, the received SNR at R can

be presented as

γOR =
N∑
i=1

Pi,R
N0

= λ(H2 + r2
R)−(mt+2), (2)

where λ = NCRFP
2
t H

2mt
/
N0.

As R and D are uniformly distributed, we can derive the

CDF of rR as P (x) =
2π∫
0

x∫
0

1
πL2

R
rdrdθ = x2

L2
R

. Then, the PDF

of rR can be obtained as f (x) = 2x/L2
R, 0 ≤ x ≤ LR.

Therefore, the CDF and PDF of γOR can be given as

FγOR (x) = 1 +
H2

L2
R

− λ
1

(mt+2)

L2
Rx

1
mt+2

(3)

and

fγOR (x) =
λ

1
mt+2x−

mt+3
mt+2

(mt + 2)L2
R

, (4)

respectively.
Since traditional RF communication technology is adopted

over the link from R to D, we can easily write the received
signal at D as yDF =

√
P2

dnD
hDxR+z, where P2 is the transmit

power at R, z is the complex Gaussian noise with zero means
and the variance N0, |hD|2 is the Nakagami-m fading gain,
the probability distribution function (PDF) and cumulative dis-
tribution function (CDF) of which can be expressed as f (x) =
mmxm−1

ΩmΓ(m) exp
(
−mxΩ

)
and F (x) = 1

Γ(m)γ(m, mxΩ ), respec-
tively, where Γ(·) is the complete gamma function, γ(·, ·) is
the lower incomplete gamma function, Ω = E

[
|hD|2

]
, and

m =
E2[|hD|2]

var{|hD|2} .

In the considered model, it is easy to obtain rD ≥ LD1 >>
LR ≥ rR, then we can have dD =

√
rR2 + rD2 ≈ rD. Thus,

the received SNR at D can be written as γRD = P2|hD|2
dnDN0

≈
P2|hD|2
rnDN0

.
Therefore, the end-to-end SNR under DF relay scheme can

be derived as γDF = min (γOR, γRD).

B. SNR under AF relay scheme

When AF relay scheme is utilized at R, R amplifies the
received signal and forwards it to D by using the transmit
power P2.

Then, the received signal at D can be expressed as

yAF = GhD

√
1

dnD
yR + z2

= GhD

√
1

dnD
(PthRx+ z1) + z2, (5)

where the normalized power G =
√

P2

PR+N0
, hR and hD are

channel gains from lamp to R and R to D, respectively. z1 and
z2 are independent complex Gaussian noise with zero mean
and variances N0.

Similar with derivation in last subsection, the received SNR
under AF relay scheme can be approximated as

γAF ≈
P2|hD|2PR

P2|hD|2N0 + dnD (PR +N0)N0

, (6)

where PR = N0λ(H2 + r2
R)−(mt+2).

III. OUTAGE ANALYSIS

In this section, we will derive the analysis expressions of
the OP under DF and AF relay schemes, respectively.

A. Outage analysis under DF relay scheme

Considering rD ≈ dD, and the two hops in the target system
are independent with each other. Thus, OP can be given as

Pout,DF = Pr {min (γOR, γRD) < γth,DF }
= FγOR (γth,DF ) + FγRD (γth,DF )

− FγOR (γth,DF )FγRD (γth,DF ) , (7)
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where γth,DF means the threshold value, FγOR (·) is the CDF
of γOR and FγRD (·) is the CDF of γRD.

In order to obtain the analytical expression of OP, we should
first derive the CDF of γOR and γRD, respectively. As the CDF
of γOR has been calculated as (3). So, we need only calculate
the CDF of γRD.

As the PDF of rD can be written as f (x) =
1
/(
π
(
L2
D2 − L2

D1

))
, the CDF of rD can be given as

FrD (x) =

∫ 2π

0

∫ x

0

1

π (L2
D2 − L2

D1)
rdrdθ

=
x2

L2
D2 − L2

D1

. (8)

Using (8), we can easily derive the CDF of N0r
n
D

P2
as

FN0r
n
D

P2

(x) = Pr

{
N0r

n
D

P2
< x

}
= Pr

{
rD < n

√
P2x

N0

}

=

(
P2

N0

) 2
n x

2
n

L2
D2 − L2

D1

. (9)

Then, the PDF of N0r
n
D

P2
can be easily obtained as

fN0r
n
D

P2

(x) =

(
P2

N0

) 2
n 2x

2
n−1

n (L2
D2 − L2

D1)
. (10)

Because γRD = |hD|
2
/(

N0r
n
D

P2

)
, we can express the PDF

of γRD as

fγRD (x) =

∫ ∞
0

yf|hD|2(yx)fN0r
n
D

P2

(y) dy

=
2xm−1

n (L2
D2 − L2

D1) Γ (m)

(m
Ω

)m( P2

N0

) 2
n

·
∫ b1

a1

y
2
n+m−1 exp

(
−mxy

Ω

)
dy︸ ︷︷ ︸

I1

, (11)

where Γ(·) means gamma function, a1 =
(
N0L

n
D1

P2

)
and b1 =(

N0L
n
D2

P2

)
.

I1 in last equation can be calculated as

I1 =

∫ b1

a1

t
2
n+m−1 exp

(
−mxt

Ω

)
dt

=

∫ b1

0

t
2
n+m−1 exp

(
−mxt

Ω

)
dt

−
∫ a1

0

t
2
n+m−1 exp

(
−mxt

Ω

)
dt

=

(
Ω

mx

) 2
n+m

γ

(
2

n
+m,

mxb1
Ω

)
−
(

Ω

mx

) 2
n+m

γ

(
2

n
+m,

mxa1

Ω

)
, (12)

where γ (·, ·) means the lower incomplete gamma function.
Therefore, substituting (12) into (11), we can derive the PDF

of γRD as

fγRD (x) =
Θ

x
2
n+1

γ

(
2

n
+m,

mxb1
Ω

)
− Θ

x
2
n+1

γ

(
2

n
+m,

mxa1

Ω

)
, (13)

where Θ = 2

n(L2
D2−L2

D1)Γ(m)

(
Ω
m

) 2
n

(
P2

N0

) 2
n

.
So the CDF of γRD can be given as

FγRD (x) =

∫ x

0

Θ

y
2
n+1

γ

(
2

n
+m,

mb1y

Ω

)
dy

−
∫ x

0

Θ

y
2
n+1

γ

(
2

n
+m,

ma1y

Ω

)
dy. (14)

In order to obtain the CDF of γRD, in the following we
define a new function I2 and using Eq.[2.10.2.2] in [11], we
can have

I2 =

∫ x

0

y−( 2
n+1)γ

(
2

n
+m,

mb1y

Ω

)
dy

−
∫ x

0

y−( 2
n+1)γ

(
2

n
+m,

ma1y

Ω

)
dy

=

(
2

n
+m

)−1(
mb1
Ω

) 2
n+m

xmB (1,m)

· 2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−mb1x
Ω

)
−
(

2

n
+m

)−1(ma1

Ω

) 2
n+m

xmB (1,m)

· 2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−ma1x

Ω

)
, (15)

where B (·, ·) denotes the beta function and 2F2 (·, ·; ·, ·; ·) is
the hypergeometric function.

Then, the CDF of γRD can be written as

FγRD (x) = ΘI2. (16)

Finally, we can obtain the analysis expression of the OP
under DF relay scheme by substituting (3) and (16) into (7).

B. Outage analysis under AF relay scheme

As rD ≈ dD, OP under AF relay scheme can be derived as

Pout,AF = Pr {γD,AF < γth}

= Pr

{
P2|hD|2PR

P2|hD|2N0 + dnD (PR +N0)N0

< γth

}

= Pr

{
P2|hD|2

γthdnDN0
<

PR +N0

PR − γthN0

}

≈ Pr


P2|hD|2

γthrnDN0︸ ︷︷ ︸
X

< 1 +
N0 (1 + γth)

PR − γthN0︸ ︷︷ ︸
Y

 , (17)
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where X = P2|hD|2
γthrnDN0

and Y = N0(1+γth)
PR−γthN0

.
On account of the PDF of rD, the PDF of γthN0r

n
D/P2 can

be easily achieved as

f γthN0r
n
D

P2

(x) =
2x

2
n−1

n (L2
D2 − L2

D1)

(
P2

γthN0

) 2
n

. (18)

We set Q =
N0γthr

n
D

P2
and P = |hD|2, so X = P/Q. Due to

the independence of P and Q, the PDF of X can be calculated
as

fX (x) =

∫ ∞
0

yfP (yx)fQ(y)dy

=
2xm−1

n (L2
D2 − L2

D1) Γ (m)

(m
Ω

)m( P2

N0γth

) 2
n

·
∫ b

a

y
2
n+m−1 exp

(
−mxy

Ω

)
dy

= Λxm−1

∫ b

a

y
2
n+m−1 exp

(
−mxy

Ω

)
dy, (19)

where Λ = 2

n(L2
D2−L2

D1)Γ(m)

(
m
Ω

)m( P2

N0γth

) 2
n

, a =(
γthN0L

n
D1

P2

)
and b =

(
γthN0L

n
D2

P2

)
.

It is easy to rewrite Y = N0(1+γth)
PR−γthN0

= 1+γth
γOR−γth . Therefore,

using (3), we can derive the CDF and PDF of Y as

FY (x) = Pr{ 1 + γth
γOR − γth

< x}

= 1− Pr{γOR <
1 + γth
x

+ γth}

= −H
2

L2
R

+
λ

1
mt+2

L2
R

(
1 + γth
x

+ γth

)− 1
mt+2

(20)

and

fY (x) =
λ

1
mt+2 (1 + γth)

(mt + 2)L2
Rx

2

(
1 + γth
x

+ γth

)−mt+3
mt+2

=
Ξ

x2

(
1 + γth
x

+ γth

)−mt+3
mt+2

, (21)

respectively, where Ξ = λ
1

mt+2 (1+γth)
L2
R(mt+2)

.
In the following, we can rewrite (17) as

Pout,AF = Pr {X < 1 + Y, c1 < Y < c2, X > 0}

=

∫ c2

c1

∫ 1+y

0

Λxm−1

·
∫ b

a

t
2
n+m−1 exp

(
−mxt

Ω

)
dt︸ ︷︷ ︸

I′1

dxfY (y) dy,

(22)

where c1 = γth+1
λH−2(mt+2)−γth

and c2 = γth+1

λ(H2+L2
R)−(mt+2)−γth

.
Although I′1 has different integration range comparing to I1,

the integral form of I′1 is similar with the one of I1. Then, the
method adopted to calculate I1 can also be utilized here.

Therefore, making use of (12), and substituting (12) into
(22) and changing the integration range, OP can be rewritten
as

Pout,AF =

∫ c2

c1

Λ

(
Ω

m

) 2
n+m

I3fY (y)dy (23)

where I3 =
∫ 1+y

0
x−( 2

n+1) [γ ( 2
n +m, mxbΩ

)
− γ

(
2
n +m, mxaΩ

)]
dx.

Further, using Eq.[2.10.2.2] in [11], I3 can be written as

I3 =

(
2

n
+m

)−1(
mb

Ω

) 2
n+m

(1 + y)
m

B (1,m)

· 2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−mb (1 + y)

Ω

)
−
(

2

n
+m

)−1(ma
Ω

) 2
n+m

(1 + y)
m

B (1,m)

· 2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−ma (1 + y)

Ω

)
.

(24)

Substituting (24) into (23), we can rewrite OP as

Pout,AF = ΛΞ

(
Ω

m

) 2
n+m ∫ c2

c1

I3

y2

(
1 + γth
y

+ γth

)−mt+3
mt+2

dy

=ΛΞ

(
Ω

m

) 2
n+m

(I4 − I5) , (25)

where I4 and I5 can be expressed as

I4 =

(
2

n
+m

)−1(
mb

Ω

) 2
n+m

B (1,m)

·
∫ c2

c1
2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−mb (1 + y)

Ω

)
· y−2(1 + y)

m

(
1 + γth
y

+ γth

)−mt+3
mt+2

dy (26)

and

I5 =

(
2

n
+m

)−1(ma
Ω

) 2
n+m

B (1,m)

·
∫ c2

c1
2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−ma (1 + y)

Ω

)
· y−2(1 + y)

m

(
1 + γth
y

+ γth

)−mt+3
mt+2

dy, (27)

respectively.
Then, in the following we can calculate I4 and I5, re-

spectively. Using Chebyshev-Gauss quadrature in the first

case which is given as
∫ +1

−1
f(x)√
1−x2

dx ≈
S∑
i=1

wif (xi) with

wi = π/S and xi = cos
(

2i−1
2S π

)
, I4 and I5 can be respectively

rewritten as the expression on the top of next page, where d1 =
c2−c1

2 , d2 = c2+c1
2 , Ψ=d1

(
2
n +m

)−1(m
Ω

) 2
n+m

B (1,m),
Wi = π/I , φi = cos

(
2i−1
2I π

)
, Wj = π/J and τj =

cos
(

2j−1
2J π

)
Finally, the OP under AF relay scheme can be achieved by

substituting (28) and (29) into (25).
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I4 = Ψb
2
n+m

∫ 1

−1
2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−mb (1 + d1t+ d2)

Ω

)
· (d1t+ d2)

−2
(1 + d1t+ d2)

m

(
1 + γth
d1t+ d2

+ γth

)−mt+3
mt+2

dt

= Ψb
2
n+m

I∑
i=1

Wi

√
1− φi22F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−mb (1 + d1φi + d2)

Ω

)

· (d1φi + d2)
−2

(1 + d1φi + d2)
m

(
1 + γth
d1φi + d2

+ γth

)−mt+3
mt+2

(28)

I5 = Ψa
2
n+m

J∑
j=1

Wj

√
1− τj2

2F2

(
2

n
+m,m;

2

n
+m+ 1,m+ 1;

−ma (1 + d1τj + d2)

Ω

)

· (d1τj + d2)
−2

(1 + d1τj + d2)
m

(
1 + γth
d1τj + d2

+ γth

)−mt+3
mt+2

(29)

IV. NUMERICAL RESULTS AND DISCUSSIONS

8 10 12 14 16 18 20 22 24 26 28
10

−3

10
−2

10
−1

10
0

P2 (dB)

O
P

 

 

Simulation
Analysis

(LR,LD1,LD2) = (1, 16, 17), (1, 13, 14), (1, 10, 11)

(LR,LD1,LD2) = (1.3, 10, 11), (1.5, 10, 11)

Fig. 2. OP v.s. P2 for various LR, LD1 and LD2 under DF scheme

A. DF relay scheme

In this subsection, we consider the scenarios under DF
relay scheme with various system settings. Unless otherwise
explicitly specified, parameters are set as: the transmit power at
each LED lamp Pt = 2 W, the number of LED lamp N = 16,
the transmit power at R under DF relay scheme P2 = 8 W,
H = 3 m, LR = 1 m, LD1 = 10 m, LD2 = 11 m, γth = 0
dB, m = 1 m, Ω = −10 dB. Simulations are performed by
transmitting 1× 105 bits.

In Fig. 2, we presents simulation and analytical results of
OP v.s. P2 for various combinations of (LR, LD1, LD2), while

1.76 1.78 1.8 1.82 1.84 1.86
10

−2

10
−1

10
0

Pt (dB)

O
P

 

 

Simulation
Analysis

(LR,LD1,LD2) = (1, 10, 11), (1, 16, 17), (1.3, 10, 11), (1.5, 10, 11)

Fig. 3. OP v.s. Pt for various LR, LD1 and LD2 under DF scheme

N0 = −3.31 dB and m = 1. One can observe that the OP with
low LR outperforms the one with high LR due to the reason
that the signal suffers small pathloss while being transmitted
over short distance from S to R. When LD1 and LD2 vary,
long R −D link contributes to more severe fading, resulting
in low SNR.

Fig. 3 depicts simulation and analytical results of OP v.s.
Pt for various combinations of (LR, LD1, LD2), while N0 =
−6.37 dB and m = 1. When LR varies, it is significant to
achieve that smaller LR leads to lower OP. Because when the
fading distance between S and R declines, the received power
of the signals at R will increase fast, leading to high SNR.
While changing LD1 and LD2, the OP with high LD1 and
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LD2 outperforms the one with low LR, for the reason that
long distance from R to D causes low SNR.
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B. AF relay scheme

In the following, we will discuss the target system with
AF relay scheme. Unless otherwise explicitly specified, we
adopt the same setting for the parameters as the one for the
parameters under DF relay scheme in last subsection besides
N0 = −10 dB.

In Fig. 4, simulation and analytical results of OP v.s.
P2 for various combination parameters (LR, LD1, LD2) are
presented. Obviously, it is easy to obtain that large LR means
high OP, because when the fading distance between S and R,

dR, increases, the received power of the signals at R declines
fast, leading to the low SNR. One can also observe that the
OP of low LD1 and LD2 outperforms the one with high LD1

and LD2 for the reason that lower distance from the R to D,
dD, implies higher SNR under AF relay scheme.

Fig. 5 presents simulation and analytical results of OP v.s.
Pt for various combination parameters (LR, LD1, LD2). On
the one hand, the OP with high LR performs worse than
the one with low LR, due to the reason that the signals are
transmitted over longer distance from S to R, dR, and suffers
more serious fading, further resulting in lower SNR. On the
other hand, the OP with low LD1 and LD2 outperforms the
one with high LD1 and LD2. Because the distance from R
and D, dD, influences SNR seriously, and the higher dD is,
the lower SNR is.

V. CONCLUSION

In this paper, we have studied the outage performance of
cooperative hybrid VLC-RF WSN under DF and AF relay
schemes, respectively. By considering the randomness of the
positions of R and D, the approximated expressions for OP
have been respectively derived and verified via Monte Carlo
simulations.
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