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Abstract—In this paper, a 3-dimensional (3-D) hybrid visible
light communication (VLC)-radio frequency (RF) indoor internet
of things system with spatially random terminals with one
photodiode (e.g., indoor sensors: temperature sensors, humidity
sensors, and indoor air quality sensors) is considered. Specifically,
homogeneous Poisson point process is adopted to model to the
distribution of the terminals, which means that the number of the
terminals obeys Poisson distribution, and the positions of the terminals are uniformly distributed. VLC and RF communications
are employed over downlink and uplink, respectively. Meanwhile,
the terminals are designed to harvest the energy from the light
emitted by the light-emitting diode over the downlink, which is
used for the transmissions over the uplink. The light energy
harvesting model is considered after introducing the line of
sight propagation model for VLC. Then, the outage performance
has been studied for the VLC downlink and non-orthogonal
multiple access schemes over the RF uplink, respectively, by using
stochastic geometry theory, while considering the randomness of
the number of the terminals, and all terminals are spatially and
randomly distributed in the 3-D room and all RF uplinks follow
Rician fading. Finally, the approximated analytical expressions
for the outage probability are derived and verified through Monte
Carlo simulations.
Index Terms—Light energy harvesting, non-orthogonal multiple access, outage probability, radio frequency, Rician fading,
stochastic geometry, visible light communication.

I. I NTRODUCTION
Recently, visible light communication (VLC) has been proposed and recognized as an alternative for traditional wireless
radio-frequency (RF) communications in indoor scenarios,
which can offer a potential on high-speed transmission to satisfy the growing demand for high data rates [1, 2]. Specifically,
in light emitting diode (LED) based VLC systems, LED is
adopted as optical sources to convert the electrical signal to
the modulated optical signals, while photodiodes (PDs) are
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used as the detector at the receivers to convert the optical
power back into electrical current for signal processing.
On the other hand, energy harvesting (EH) from the surrounding environments has been regarded as a promising and
practical way to prolong the lifetime of power-constrained
systems, e.g., wireless sensor networks (WSNs), wireless personal networks and blacktooth networks, which always work
under extremely low duty cycles [3, 4]. The energy sources
that can be harvested are diverse, especially for WSNs [5]
and, among those, the level of indoor lighting has been proved
to be enough to power electronic applications [6, 7]. Light
EH can be offered by VLC, while supporting high data-rate
links without producing any electromagnetic pollution, as well
as meeting the requirements of the eye safety regulations.
Moreover, benefiting from the ever-increasing popularity of
solid-state lighting, light EH can be realized economically, as
existing illumination facilities can be utilized.
Generally, there are two main schemes adopted to harvest
energy from the light: solar panel and photodiodes (PDs) [8,
9]. Though solar panels capture the optical rays to electrical
signals without any external power supply [10–13], it may
inevitably lead to much sizeable hardware and increased cost.
In [10], a solar panel based light EH receiver was proposed,
where the alternating current (AC) and direct current (DC)
components of the received light signal are split for information decoding and EH, respectively. The authors of [11] conducted experiments on solar cell efficiency under several types
of indoor environment using a typical commercial solar panel,
and found that, within sunshine illuminated rooms or under
direct light exposure from a lamp, the power requirement
for cell phone charging can be satisfied or provided to some
extent. Actually, the constructions of PDs and photovoltaic
cells are essentially same as both of them have P-N junctions.
Therefore, integrated EH PDs were designed to harvest energy
for subdermal biomedical devices [14], substrate/well photodiodes fabricated in standard complimentary metal-oxidesemiconductor were presented to power self-powered image
sensors [15], and GaAs based indoor EH was proposed to power millimeter-scale systems [16]. Inspired by these hardware
models, one can see that VLC is able to offer a potential of
harvesting energy from the lights, e.g., solar panel based light
EH [10, 11] and PD based light EH [15, 16], for indoor energyconstrained systems, e.g., indoor IoT systems. Therefore, light
EH has been considered during designing the VLC systems.
Simultaneous lightwave information and power transfer was
proposed for IoT systems to make use of VLC signal in [17].
In [18], light EH was designed at the relay to harvest energy
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for the data delivery between the relay and the destination.
A light EH model was proposed for VLC systems in one of
our previous works [19]. However, only the secrecy outage
performance of the RF uplink was investigated in [19], while
the device is distributed in a 2-dimensional (2-D) circle and
no multiple access schemes have been considered.
Therefore, one can see that, though the power of VLC
light signal is low, the proposed light EH can work well for
indoor IoT systems. Because in IoT systems, the traffic load
at each indoor IoT device, e.g., temperature sensors, humidity
sensors, and indoor air quality sensors, is very low, which is
normally on the order of tens of bits, even on the order of
bits, resulting in quite tiny transmission time at IoT devices.
Also, the work cycle of these indoor IoT devices will not
as high as normal wireless terminals, as IoT devices always
report their data one time every long duration. As inspired by
the fact that light EH can provide the potentials to charge the
sensors in indoor scenarios, VLC with EH enables operating
monitoring and control with deeply embedded sensors, e.g.,
temperature, humidity, indoor air quality sensors, for next
generation intelligent building management [20]- [21].
Hybrid VLC-RF systems, in which RF delivery is considered for the uplink, have been recently chosen to implement
efficient VLC systems, as a power-hungry light source is
normally impractical for the sensors with limited size and
constrained battery capacity, and VLC over the uplink may
produce glare, which is uncomfortable to human. Then, the
traditional RF transmissions, e.g., wireless fidelity (Wi-Fi), are
a suitable alternative for the uplink of indoor VLC systems. So
far, VLC-RF systems have gained more and more attention in
academia and industry [22], driven by the fact that the hybrid
system allows the traditional RF to enhance the benefits of
VLC with acceptable cost and no interference [24, 25].
It is clear that none of the above-mentioned works has
considered or studied light EH for hybrid VLC-RF system.
Moreover, recalling the works on light EH in VLC system
[10]- [16], one can also easily find that no analytical model has
been established, other than the proposed hardware designs.
Motivated by the above observations, this work aims at
proposing and analyzing a 3D hybrid RF-VLC system with
light EH for indoor IoT, where VLC and RF are deployed
for the downlink and the uplink, respectively. In this system,
all devices are uniformly deployed in a 3-dimensional (3-D)
room, while the LED lights are placed in the center of the
ceiling. At each device, light EH is conducted by using PDs
and the harvested energy is adopted for the transmissions over
the RF uplink. Specially, we focus on the outage performance
of the targeted VLC-RF system. In practical, terminals, e.g.,
wireless sensors, are always distributed in the 3-D space of
the room, not only be placed on the 2-D floor. Therefore,
differing from [19] and [27] (where only 2-D circle was
considered) and in order to reflect the actual distribution of
the devices in indoor scenarios, stochastic geometry theory
has been employed in this paper to deal with the randomness
of the positions of the devices in a 3-D space.
To the best of our knowledge, this is the first work proposing
advanced stochastic modeling analysis of 3-D hybrid VLCRF system with light EH. Main contributions of this work are

listed as follows:
(1) Light energy harvesting is considered for indoor hybrid
VLC-RF energy-constrained systems in this work, while existing studies mostly focus on RF signal energy harvesting.
(2) Differing from [19] and [27], in this work, we study the
outage performance of the VLC downlink, while considering
that devices are randomly deployed in a 3-D space.
(3) Though [19] and [26] have considered light EH, the
secrecy outage of orthogonal multiple access RF uplink was
considered. In this work, we investigated the outage of nonorthogonal multiple access (NOMA) scheme over the uplink,
which has not been studied while considering the harvested
energy over the uplink.
(4) The analysis method for the outage performance over
Rician fading in 3-D space has been developed, while considering the randomness of the positions of the terminals and the
light EH over the VLC downlink.
This paper is structured as follows. In Section II, the
considered system model is presented. In Section III, the
channel model for VLC and the proposed light EH model
are presented; The outage analysis for the VLC downlink and
RF uplink is presented in Section IV and V, respectively. In
Section VI, the proposed analytical models are verified by
Monte-Carlo simulations. Finally, the paper is concluded in
Section VII.
II. S YSTEM MODEL

Fig. 1: 3-D indoor VLC-RF scenario
In this work, we consider a typical indoor IoT application
scenario of the hybrid VLC-RF systems, as shown in Fig. 1.
A group of L (L ≥ 1) LED lamps are placed in the center
of the ceiling to insure room illumination according to the
illumination standards to meet the human safety regulation, as
well as to deliver data to the terminals (e.g., HDTV, printer, air
conditioner, laptop and tablet), and indoor IoT devices (e.g.,
temperature sensors, humidity sensors, and indoor air quality
sensors) placed in the room.
Moreover, the ever-increasing popularity of LED lights can
also offer another important energy harvesting source: VLC
signal. Therefore, in this paper we also assume that all IoT
devices are with PD not only for the purposes of data communication but also with the aim of harvesting energy from the
light emitted by the LED lamps. Then, the harvested energy

2473-2400 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TGCN.2019.2908839, IEEE
Transactions on Green Communications and Networking
3

can be used to transmit data to the RF receiver placed with
the lamps over the RF uplink, as so to collect the data from
each device. Specially, in our VLC-RF system shown in Fig.
1, identical LED lamps are adopted to provide data delivery
to the devices, e.g., household appliances and indoor sensors,
over the downlink. On the other hand, RF communication
is adopted for the transmission from the devices to the RF
transceiver to overcome the drawbacks arisen from adopting
VLC over the uplink1 .
Fig. 3: 3-D LOS channel model

A. LOS Propagation Model for VLC

Fig. 2: Diagram of the information delivery in the target
system
The information delivery between the device and the LED
can be divided into three stages, as suggested by Fig. 22 :
• Devices harvest energy from the lights emitted by the
LED lamps, when there are no data transmissions between the LED lamps and the devices;
• During the data collection process, the LED lamps first
transmit control signaling information to ask the devices
to send back their data to the RF receiver over the RF
uplink;
• Devices transmit their information back to the RF receiver
at the LED lamps by using RF transmission technologies
under NOMA scheme.
For tractability purpose, in this work we also treat the space
of the room as a hemisphere, V, with radius, D, where the LED
lamps are located at the center of the sphere3 . The N (N ≥ 1)
devices can be modeled as a set of independent and identical
uniformly distributed points in the hemisphere V, denoted by
Wj . Therefore, the distance between the device and the LED
can be calculated from Wj , the pdf of which can be given by
using Eq. (20) in [28] as
3
fWj (wj ) =
= β.
(1)
2πD3
In this paper, it is assumed that all devices and the the
RF receiver are with a single antenna, and NOMA scheme is
considered for the transmissions over the RF uplink to support
concurrent transmissions over the uplink.
III. L IGHT EH OVER VLC LINK
In this section, we first introduce the channel modeling for
VLC, and then the adopted light EH model is presented.
1 The RF receiver is placed with LED lamps to realize the RF communication over the uplink.
2 One can easily see that the information delivery over the VLC downlink is
the prerequisite of the one over the RF uplink. Then, in the following sections
we will respectively present the outage analysis for the VLC downlink and
RF uplink to clearly show the system performance.
3 The main difference between a hemisphere and a cuboid/cube room is
that some spaces close to the floor of the room are omitted. As in practical
scenarios indoor IoT devices are rarely placed in these spaces, the adopted
modeling method is reasonable.

There is a line of sight (LOS) path from the LED to each
node, and also a diffuse path via the reflections from surfaces
within the room, as shown in Fig. 3.
The channel gain from the transmitter to the receiver is
given by [29]- [31]
(
(m+1)A
m
2πd2 cos (φ) Ts (ψ) g (ψ) cos ψ, 0 ≤ ψ ≤ Ψc ,
h=
0,
ψ > Ψc
(2)
where d is the distance between the LED lamp and the
receiver, A is the area of the photodetector, φ is the transmitter
viewing angle (also referred as irradiation angle), ψ is the
angle of incidence with respect to the receiver axis, Ψc is the
concentrator field of view (FOV), Ts (ψ) denotes the gain of
the optical filter adopted at the receiver, m denotes the order
of Lambertian emission, which is related to φ1/2 (the semiangle of the LED), the transmitter
 semi-angle (at half power),
by m = − ln 2/ ln cos φ1/2 , g (ψ) denotes the gain of the
non-imaging concentrator, which is given by Eq. (8) in [29]
as follows
(
p2in
0 ≤ ψ ≤ Ψc
2 (Ψ ) ,
sin
c
g (ψ) =
,
(3)
0,
ψ > Ψc
where pin is the internal refractive index of the optical concentrator adopted at the receiver front-end. In this work, it is
assumed that the average optical transmit power (Pt ) and the
area of the photodetector at all LED lamps are same, and the
distances between the jth (1 ≤ j ≤ N ) receiver and all LED
lamps are same to simplify the following analysis.
Then, the received optical power from the ith (1 ≤ i ≤ L)
LED lamp at the jth device can be given as
PijR = Pt hij
(mi + 1) A mi
cos (φij ) Ts (ψij ) g (ψij ) cos (ψij ) ,
= Pt
2πdij 2
(4)
where hij , mi , φij , ψij and dj are the parameters defined in
(2) for the ith LED lamp and the jth device. It is obvious that
PijR is not only related to the distance between the ith lamp
and the jth device, but also related to both the radiation pattern
of the ith lamp and the incidence angle of the jth device.
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As suggested in [32]- [33], the RF power from the ith lamp
at the jth device can be written as
Pij,RF = Cj,RF PijR 2
Cj,RF Pt2 2
Gt (φij ) G2r (ψij ) ,
=
d4ij

(5)

where Cj,RF is the power constant at the jth device, which is
related to the optical-to-electrical conversion efficiency and op1
tical power constant given the following relation (Pj,RF ) 2 ∝
iP Dj ∝ Prj , iP Dj is the current of the PD at the jth device,
Gt (φij ) and Gr (ψij ) are the transmitting and receiving gains
the radiation angle φij and incidence angle ψij , respectively,
which can be given as [32]- [33]
Gt (φij ) = cosmi,t (φij )

(6)

Gr (ψij ) = cosmij,r (ψij ) ,

(7)

and

respectively, where mi,t and mij,r are related to φi,1/2
and ψij,1/2 , respectively, which are the ith lamp and
the jth device semi-angles at half power,
 and are givand mij,r =
en by mi,t = − ln
2/
ln
cos
φ
i,1/2

− ln 2/ ln cos ψij,1/2 , respectively. The second step of (5)
is obtained by substituting (4) in the first step and the constants
of (4) are absorbed in Cj,RF . φij and ψij in (6) and (7) are
determined by the location of the device and the PD direction
at the device, which are available after each realization of the
system. Then, G2t and G2r can be easily obtained by using (6)
and (7), respectively.
In practical scenarios, after each realization of the deployment of the system, each
 device is able to adjust its PDs
H
direction θR = arccos djj (where Hj is the height of the
jth device from the LED lamp in the vertical direction) degree
from the horizontal direction to promise the incidence line
is perpendicular to the PD axis. Then, in the following, we
assume the incidence line is perpendicular to the PD axis at
each device to maximize the received light. Then, it deduces
ψij = 0 for 1 ≤ i ≤ L. It is also assumed that dij = dj and
φij = φj to simplify the analysis, as all LED lamps are close
to each other and the area of the PD is normally on the order
of 1 cm2 . Therefore, (5) can be rewritten as
Pij,RF =
=

Cj,RF Pt2 ∆0
cos2mi,t (φij ) cos2mij,r (ψij )
d4j
Pt2
Hij ,
d4j

(8)

where ∆0 = cos2mij,r (ψ∆ ) (0 < ∆ ≤ 1) is the orientation
error of the PD, which is due to the estimated error of ψij
(ψ∆ , 0 ≤ ψ∆ < ψij ), when the positional information of the
jth device is imperfect, and Hij = Cj,RF ∆0 cos2mi,t (φj ).
B. Light EH Model
In this subsection, we will introduce the light EH model
proposed in [17, 18].
In this work, we denote the link from the ith lamp to the
jth device as downlink, the one from the jth device to the RF

receiver as uplink. We also denote the time duration for the
downlink between the ith lamp and the jth device as Tj,dn , and
the one for the uplink from the jth device to the RF receiver
as Tj,up . There is ηij (0 ≤ ηij ≤ 1) portion of Tj,dn used for
the data transmission from the ith lamp to the jth device, and
the other 1 − ηij portion of Tj,dn used for light EH.
As in indoor energy constrained systems (e.g., wireless
sensor systems) the traffic load over the downlink is very
small (mainly including some control signaling to set up the
data transmission), resulting short time duration for the data
transmission over the downlink. Moreover, by considering the
PD based light EH model proposed in [15], both of the AC and
DC components of the received light signal can be harvested.
Then, considering the characteristic of the traffic load over
the downlink, it is reasonable to consider a time splitting (TS)
based light energy harvesting model in this work, as shown in
Fig. 2, to fully make use of the light signal in the idle state
of the downlink and to avoid the circuit module for splitting
the AC and DC components of the received light signal.
As suggested by [32] and [33], in a carrier allocation-VLC
system, various RF carriers are adopted for signal modulation.
Thus, the receiver can discriminate the signals transmitted
from multiple LED lamps after photoelectric conversion, by
using bandpass filters. Then, the signals from the other lights
can be adopted for energy harvesting when the ith light is
chosen for the information delivery at the jth device.
It is assumed that only one LED light is chosen for the
data transmission over the downlink (e.g., the ith light is
selected for data transmission to the jth device). Then, under
TS scheme, the light from the ith light will only be used for
information decoding during the data transmission stage, while
the light signal from the ith light will be adopted for EH in
light EH stage, as shown in Fig. 2.
Therefore, during the light EH stage over the VLC downlink
which presented by the green part in Fig. 2, the device can
harvest energy from the VLC signal transmitted by all L ELD
lamps. Then, at the jth device, the energy harvested in the
light EH stage can be written as [18]
2
Ej,LEH = 0.75Tij,dn Vt IDC
L2 ρj (1 − ηij ) /I0 ,

(9)

where Vt is the thermal voltage (Vt ≈ 25 mV), ρj is the EH
efficiency at the jth device4 , I0 is the dark saturation current
of the photo-detector, IDC is the DC component of the output
current from the photo-detector, which can be written as
IDC =ξhij Pt B,

(10)

where ξ is the photo-detector responsivity in A/W, B is the
DC bias added to the electrical modulated signal to insure
that the resulting signal is non-negative, before being used to
modulate the optical intensity of a LED array.
Then, inserting (2) and (10) into (9) and considering that
I0 is on the order of 10−9 ∼ 10−12 Ampere, one can obtain
4 In this work we treat the EH efficiency as a constant. Because the received
light power at each device should range from the reverse breakdown voltage
to the turn-on voltage when the PD is used as a rectifier [34]. Then, a linear
relationship is held between the received light power and the output current
at the PD, which indicates that the EH efficiency is a constant.
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Ej,LEH is upper bounded by [18]
Ej,LEH = ΞPt 2 Tij,dn L2 ρj (1 − ηij )
0.75∆ V ξ 2 B 2 (m

2mi,t

cos

(φj )

d4j

,

(11)

+1)2 A2 (T (ψ )g(ψ ))2

0 t
i,t
s
∆
∆
.
where Ξ =
4π 2 I0
Moreover, the devices are able to harvest energy from the
light signals transmitted by LED lamps, no matter these light
signals are used for delivering energy or information bits. In
other words, the light from the other LED lamps, which is
adopted for information delivery, can also be used for light
EH. Then, the light from the other lamps are used for EH in
both light EH and data transmission stages. So, when in the
data transmission stage over the VLC link which is depicted by
the pink part in Fig. 2, the jth device can harvest energy from
all LED lamps except for the ith LED lamp. Thus, when data
is transmitted from the ith LED lamp to the jth device over
the VLC downlink, we can give the energy harvested from the
cos2mi,t (φj )
2
.
other lamps as Ej,DT = ΞPt 2 (L − 1) Tij,dn ρj ηij
d4j
In this paper, it is assumed that all battery capacities are
large enough to simplify the analysis. In other words, the
harvested energy will not exceed the battery capacity at each
device. Then, considering all LED lamps are identical, the
harvested energy at the jth device can be given as

Ej = Ej,LEH + Ej,DT
"
Pt2 ΞTij,dn ρj 2
=
L (1 − ηij ) cos2mi,t (φj )
d4j
#
2

+ηij (L − 1) cos2mi,t (φj )
= Pt2 ΞTij,dn ρj L2 − 2Lηij + ηij

 cos2mi,t (φj )
. (12)
d4j

In the considered system, one can see that the transmit
power over the RF uplink is decided by the harvested energy
because of the following two folds: 1) Due to the battery
size (normally on the order of 500 mAh) and the low power
conversion efficiency of the PD (normally about 12%), it is
reasonable to assume that the battery size is too large for light
EH to fully change. 2) In the indoor energy constrained systems, normally the devices, e.g., wireless sensor nodes, work
in low duty cycle and have very limited data to deliver to the
RF receiver. Therefore, the duration of the data transmission
over the RF uplink will not be long.
In this work, we also assume that all the energy adopted
for the information delivery over the RF uplink comes from
the harvested one over the VLC downlink. Therefore, the
average transmit power at the jth device over the uplink can
be expressed as
ζEj
Tj,up

ζPt2 ΞTij,dn ρj L2 − 2Lηij + ηij
cos2mi,t (φj )
=
·
Tj,up
d4j

Pj =

= Ψij

cos2mi,t (φj )
,
d4j

(13)

where ζ is the utilization factor of the harvested energy
for the data transmission over the RF uplink, and Ψij =
ζPt2 ΞTij,dn ρj (L2 −2Lηij +ηij )
.
Tj,up
As VLC and RF are orthogonal to each other, the data
transmission over the VLC downlink and RF uplink can occur
simultaneously. However, under this case, it is also reasonable
to assume that the harvested energy, which is harvested before
the data transmission over the RF uplink starting, is fully used
for the data transmission over RF link. Thus, the proposed TS
based light EH model presented in Fig. 3 and (10) still holds
for this case.
IV. O UTAGE A NALYSIS FOR THE VLC D OWNLINK
In this section, we will study the outage performance of
the VLC downlink, which has nothing to do with light energy
harvesting due to the adopted TS based light EH scheme.
Using (5), we can easily obtain the received SNR of the
VLC signal from the ith lamp to the jth device as
γij,RF =
=

Pij,RF
N0 d4j
Pt2 Cj,RF ∆0 cos2mi,t (φj )
·
,
N0
d4j

(14)

where N0 is the average power of the complex Gaussian noise
at all devices.
To promise the information transmission between the lamp
and the devices, the received SNR at the device should be
larger than a predefined threshold, γ0 ; otherwise, outage event
will occur as the device can not successfully decode the
information transmitted by the lamp.
Therefore, the OP for the VLC downlink, PrVLC , can be
given as
PrVLC = Pr {γij ≤ γ0 }
)
(
Pt2 Cj,RF ∆0 cos2mi,t (φj )
= Pr
≤ γ0 .
·
N0
d4j

(15)

Theorem 1. Considering the randomness of the distribution
of the device and using (1) and spherical coordinates, we have
(
p
1
1
3q
1 − 3q+p
a− q D q , if a p ≥ D
p
q
Pr {di ≤ acos (φi )} =
,
3
p
1
p
else
3q+p D 3 a ,
(16)
where i = 1, 2, a, p and q are positive constants.
Proof: Please refer to Part A of the Appendix.
Considering the randomness of the distribution of the device
and using (16), PrVLC can be easily calculated as

1
1
p
 3qV a− qV D qVV , if a pV ≥ D
V
3qV +pV V
PrVLC =
, (17)
3

pV
pV
1
1 − 3qV +pV D3 aV , else
where aV =

Pt2 Cj,RF ∆0
,
γ0 N0

pV = 4 and qV = 2mi,t .

Remark 1. The OP over the VLC downlink is related to the
transmission parameters at the LED lamp and the receiving
parameters at the devices, while light EH at the device is
irrelevant to the outage performance over the VLC downlink.
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V. O UTAGE A NALYSIS FOR THE RF U PLINK
In indoor scenarios, there may be multiple devices of a same
type, e.g., indoor air quality/temperature/moisture sensors,
which report the monitoring data at the same time. In this
case, we assume NOMA scheme is adopted to deal with the
concurrent transmissions over the uplink. We denote this case
as interference scenario.
A. Signal Model for NOMA over the Uplink
In this case, there are N (N > 1) devices forward their
data to the RF receiver. Then, NOMA scheme is adopted
to allow all devices to make use of the frequency resource
simultaneously.
In this work, we assume that the channels among the devices
and the RF receiver follow Rician distribution. Then, the PDF
and CDF of the power gain of the link between the jth device
2
and the RF receiver, |hj | , can be given as


x (1 + K)
(1 + K)
· exp −K −
f|hj |2 (x) =
Ω
Ω
!
r
K (1 + K) x
· I0 2
,x ≥ 0
(18)
Ω
and
F|hj |2 (x) = 1 − Q1

√
2K,

r

2 (1 + K) x
Ω

!
,

(19)

respectively, where Ω is the variance of the signal, K is Rician
factor which corresponds to the ratio of the power of the LOS
(specular) component to the average power of the scattered
 2 2
R∞
component, Q1 (a, b) =
x · exp − x +a
I0 (ax) dx is
2
b

Marcum-Q function, I0 (·) is modified Bessel function of order
0.
The received signal at the RF receiver can be written as
s
N
X
Pj,N OM A
yRF =
hj xj + zRF ,
(20)
dj n
j=1
where xj is the transmitted data from the jth device, hj is the
channel gain from the jth device to the RF receiver, zRF is
the AWGN at the RF receiver with average power N0 , n is
the path loss exponent, the transmit power at the jth device
Pj,N OM A can be given as
Pj,N OM A = min {Pj , Ptg dj n } ,

(21)

Ψ

2mi,t
(φj ) given by (13) in Section III, Ptg
where Pj = dij
4 cos
j
is the target average received power at the RF receiver.
As NOMA is adopted over the uplinks, successive interference cancelation (SIC) receiver requires that all the received
power from each device can be distinguished [37]. Therefore,
the transmit power at the jth and kth (1 ≤ k < j ≤ N )
devices should satisfy the following rule:
n

dk
Pk,N OM A
= n × 10(j−k)∆ ,
Pj,N OM A
dj

(22)

where ∆ > 0 is the power back-off step of the target received
power.

Then, Pj,N OM A can be rewritten as


Ptg dj n
Pj,N OM A = min Pj , (j−1)∆
10
(
)
Ptg dj n
Ψij
2mi,t
cos
(φj ) , (j−1)∆ .
= min
d4j
10

(23)

Under NOMA scheme, before decoding the jth signal, the
RF receiver can detect the prior lth (l < j) signal by using
SIC. Then, the rest (N − j) devices’ signals will be regarded
as interferences during decoding the jth signal 5 . Therefore,
the received signal-to-interference-plus-noise ratio (SINR) of
the jth device can be given as

Pj,N OM A |hj |2 /dn
j


, if j < N
 P
N
2
Pl,N OM A |hj | /dn
j +N0
.
(24)
γj =
l=j+1


 PM,N OM A |hN |2 /dnN ,
if j = N
N0
On one hand, observing (24), one can easily find that, when
N > 2, it is hard to obtain a closed-form expression for
the PDF of γj (j < N ). However, it is possible to achieve
the one while N = 2, as given by [37]. On the other hand,
when there are two devices, SIC can be carried on at the RF
receiver by implementing suitable user pairing (in other words,
selecting two devices to meet power disparity requirement for
NOMA); On the contrary, there are more than two devices
working under NOMA scheme, the implementation cost of
SIC receiver, e.g., computational resources and the complexity
of user paring algorithm, will unavoidably increase, which
will undermine the performance of the system. User pairing is
another topic of implementing NOMA, which is beyond the
scope of this paper, the readers interested in this topic can refer
to [38] and [39]. Therefore, in the following, we assume there
are two devices being paired to work under NOMA scheme,
which are uniformly distributed in the 3-D room.
Then, in this case, γj can be rewritten as

2
n
 P1,N OM A |h21 | /d1 , if j = 1
n
P2,N OM A |h1 | /d1 +N0
γj =
.
(25)
 P2,N OM A |h2 |2 /dn2
,
if
j
=
2
N0
B. Outage Analysis for NOMA
As indicated in [40], the average noise power over the entire
room area for a LED receiver with 70 MHz bandwidth is
−98.82 dBm. The noise power (mainly including the channel
and antenna noise) for 22 MHz 802.11b or 20 MHz 802.11g
is about −100 dBm at room temperature [41] and the noise
density of at the sensor receiver is 10−16 and 10−17 V2 /Hz
at 1 MHz and 1000 MHz, respectively, as shown by Fig. 3.6
in [42]. The transmit power of wireless devices (e.g., WiFi
devices and wireless sensors) are normally on the order of
5 In

this work, we assume that the
. order of the lth device.is prior to the
2
jth device, namely, Pl,N OM A |hl |2 dn
dn
j . Moreover,
l ≥ Pj,N OM A |hj |
normally, the RF receiver suffers two kinds of interferences: in-band and
out-band interferences. As out-band interference can be easily detected and
removed by using band-pass filters and NOMA systems are self-interference
systems, in this work we mainly focus on the effect of in-band interference
on the performance of the target systems.
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tens of mW [40]- [42]. Thus, we can see that the received
power in indoor scenarios is normally on the order of mW,
as the transmission distance is on the order of meters and the
pathloss factor in indoor scenarios ranges from 1 to 3. Then,
we can see that the noise power is quite small compared to
the received signal power. Thus, in this work it is reasonable
for us to ignore the noise in the received signal at device 1
for simplification.
Considering NOMA, the OP for the two devices can be
expressed as
Pr1 = Pr {γ1 ≤ γth }
.



 P1,N OM A |h1 |2 dn1
.
≤ γth
= Pr
2

P
dn1 + N0
2,N OM A |h1 |
≈ Pr {P1,N OM A ≤ P2,N OM A γth }

Pr2 = Pr {γ2 ≤ γth }


Ψi2
2
2mi,t
= Pr
cos
(φ2 ) |h2 | ≤ N0 γth
dn+4
2
= I4 .
Ψij
Ptg dj n
cos2mi,t (φj ) < 10(j−1)∆
d4j
Ψi1
P1,N OM A
=
cos2m1,t (φ1 ) and
d41
n
n
d2
Ψi1
2mi,t
2mi,t
(φ1 ) , Ψdi2
min 10
4 cos
∆ · d n+4 cos
1
2

When

(26)

(27)

respectively.
Ptg dj n
Ψ
2mi,t
(φj ) ≥ 10(j−1)∆
and j = 1, P1 = Ptg d1 n
When dij
4 cos
j
n
o
P d2 n Ψi2
6
2mi,t
. In this case, we
and P2 = min tg
,
cos
(φ
)
4
∆
2
10
d2
can calculate the OP under two subcases according to the value
of P2,N OM A as follows:
P d2 n
P d2 n
Ψi2
2mi,t
(1) When tg
(φ2 ), P2,N OM A = tg
10∆ ≤ d42 cos
10∆ .
Then, we can have


Ptg γth n
n
Pr1 ≈ Pr Ptg d1 ≤
d2
10∆


10∆ n
= Pr d2 n ≥
d1
γth
= I1
(28)

and j

(31)
=

1,

P2,N OM A
=
o
(φ2 ) .
Similarly, in this case we can also calculate the OP under
two subcases according to the value of P2,N OM A as follows:
d2 n
Ψi1
2mi,t
2mi,t
(φ1 ) ≤ Ψdi2
(φ2 ),
(1) When 10
4 cos
∆ · d n+4 cos
1
2

n

and
Pr2 = Pr {γ2 ≤ γth }
(
)
2
P2,N OM A |h2 |
= Pr
≤ γth ,
dn2 N0

and

d2
Ψi1
2mi,t
(φ1 ).
P2,N OM A = 10
∆ · d n+4 cos
1
Then, we can achieve


Ψi1
Ψi1 γth
d2 n
2mi,t
2mi,t
(φ
)
Pr1 ≈ Pr
(φ
)
≤
cos
cos
·
1
1
d4
10∆
d1 n+4
 1

γth
= Pr d1 n ≤ ∆ · d2 n
10
= I1
(32)

and
Pr2 = Pr {γ2 ≤ γth }


Ψi1
1
2
2mi,t
cos
(φ
)
|h
|
≤
N
γ
= Pr
·
1
2
0 th
10∆ dn+4
1
= I5 .
(33)
(2) When

dn
Ψi1
2
· dn+1
cos2mi,t
10∆
1
Ψi2
cos2mi,t (φ2 ).
d42

(φ1 ) >

Ψi2
cos2mi,t
d42

(φ2 ),

P2,N OM A =
Then, we can have


Ψi1
Ψi2
2mi,t
mi,t
Pr1 ≈ Pr
cos
(φ1 ) ≤ 4 cos
(φ2 ) γth
d41
d2
= I6
(34)
and

and

Pr2 = Pr {γ2 ≤ γth }


Ψi2
2
2mi,t
cos
(φ
)
|h
|
≤
N
γ
= Pr
2
2
0 th
dn+4
2
= I4 .

Pr2 = Pr {γ2 ≤ γth }
n
o
2
= Pr Ptg |h2 | ≤ 10∆ N0 γth
= I2 .
P

d

(29)

n

2
2mi,t
> Ψdi2
(φ2 ), P2,N OM A =
(2) When tg
4 cos
10∆
2
Ψi2
2mi,t
cos
(φ2 ).
d42
Then, we can obtain


Ψi2 γth 1
4
2mi,t
cos
(φ2 )
Pr1 ≈ Pr d2 ≤
Ptg dn1
= I3
(30)

6 In practice, there exists a case: P d n 10−∆ ≥ P d n , where P d n
tg 2
tg 2
tg 2
is the transmit power for device 2 obtained from the second item in (21).
However, the received power of the signal transmitted by device 2 at the RF
receiver will be larger than Ptg , leading to the improved received SNR. Then,
in this work we let the transmit power at device 2 is decided by (22) to avoid
increasing interference to the received signal for device 1.

(35)

Therefore, we can finally obtain
Pr1,N OM A = IP1 · [IP21 · I1 + (1 − IP21 ) · I3 ]
+ (1 − IP1 ) · [IP22 · I1 + (1 − IP22 ) · I6 ] (36)
and
Pr2,N OM A = IP1 · [IP21 · I2 + (1 − IP21 ) · I4 ] + (1 − IP1 )
· [IP22 · I5 + (1 − IP22 ) · I4 ] ,
(37)
n
o
2mi,t
(φ1 ) ≥ Ptg d1 n ,
where
IP1
=
Pr Ψdi1
4 cos
1
n
o
P d2 n
Ψi2
2mi,t
IP21
=
Pr tg
≤
cos
(φ
)
and
4
∆
2
10
d2
n
o
dn
Ψi1
Ψ
2mi,t
2
IP22 = Pr 10∆ · dn+4
cos2mi,t (φ1 ) ≤ di2
(φ2 ) .
4 cos
1

2
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1
In the following, we will calculate the items in (36) and where X4 = Ψi2 γth n , A3 = 1 + B3 − C3 , B3 =
Ptg
(37), respectively.
3mi,t
6mi,t
6
4
Recalling (16) presented in last section, we can easily derive 2+3mi,t 12−3n and C3 = 2+3mi,t 6mi,t +n .
Using (18) and (19), we easily obtain
IP1 and IP21 as



n+4
n+4
10∆ N0 γth
1
2
6mi,t
 1 − X − 2m
2mi,t
i,t
I2 = Pr |h2 | ≤
, if X1 > D n+4
1
6mi,t +n+4 D
Ptg
,
IP1 =


 13 X1 3 n+4 ,
s
else
D
n+4+6mi,t
∆
√
210
N
γ
(1
+
K)
0 th
.
(38)
(45)
= 1 − Q1  2K,
Ptg Ω
and

n+4
n+4
1
6mi,t
 1 − X − 2m
To facilitate calculating the other items in (36) and (37), we
i,t
D 2mi,t , if X2 > D n+4
2
6m
+n+4
i,t
IP21 =
,
present
an useful theorem as follows:
 13 X2 3 n+4 ,
else
D
n+4+6mi,t
(39) Theorem 3. For a > 0, b ≥ 0, p ≥ 0 and q ≥ 0, it holds
∞
o
na
 1
 1


X
2
k
p
Ψi1 n+4
Ψi2 10∆ n+4
cos
(φ)
|h|
≤
b
=
3
Pr
(−1) exp (−K)
respectively, where X1 = Ptg
and X2 =
.
Ptg
dq
k=0
Similar to the derivation of Theorem 1, one can easily have

k+1
(0)
(
3
L (K) b (1 + K)
1
Dq(k+1)
1 − 12 X3 − n , if X3 ≥ 1
· k
·
,
I1 =
,
(40)
Γ
(k
+
2)
aΩ
q
(k
+
1)
+
3
1
−
p
(k
+ 1)
3
1
n
else
(46)
2 X3 ,
∆
where X3 = γth /10 .
where (d, θ, φ) is the spherical coordinate of a device which
To calculate IP22 and I6 , we prove a theorem as follows:
is uniformly distributed in our considered space, h is the
Theorem 2. Considering the randomness of the distribution
of the device and n
using (1) and spherical
o coordinates, we can
cosp (φ2 )
calculate T = Pr d2 ≤ ad1 cosq (φ1 ) (where a, p and q are
positive constants) as

1
 1 − 3pB a− p − C a−3 ,
if a > 1
1+3p
2


T =
,
1
 1 − C − 3pB − 3qA a3 + 3qA a q , else
2
1+3p
3q−1
3q−1
(41)
q
3q
1+3q p+q ,

1
1
1+3q 1−3p .

B = 1 − A − C and C =
where A =
Proof: Please refer to Part B of the Appendix.

Then, by employing Theorem 2, we can easily derive IP22
and I6 as

IP22


1
 1 − 3p1 B1 a− p1 − C1 a−3 ,
1+3p1 1
2 1


=
 1 − C1 − 3p1 B1 − 3q1 A1 a3 +
1
2
1+3p1
3q1 −1

and

1

3q1 A1 q1
3q1 −1 a1

(0)

fading coefficient over Rician fading channels, Lk (x) =
k
P
l
k!
(k−l)!(l!)2 (−x) is the generalized Laguerre polynomial
l=0

with degree k and order 0, given by Eq. (22.3.9) in [44].
Proof: The proof of Theorem 3 can be found in Part C
of the Appendix.
Making use of Theorem 3, we can easily obtain

k+1
∞
(0)
X
Lk (K) γth N0 (1 + K)
k
I4 = 3
(−1) exp (−K)
Γ (k + 2)
ΩΨi2
k=0

·

1
D(n+4)(k+1)
·
3 + (n + 4)(k + 1) 1 − 2mi,t (k + 1)

and

if a > 1I = 3
5
, else
(42)

(47)

∞
X
k=0

·


k+1
(0)
Lk (K) 10∆ γth N0 (1 + K)
(−1) exp (−K)
Γ (k + 2)
ΩΨi1
k

D(n+4)(k+1)
1
·
.
3 + (n + 4)(k + 1) 1 − 2mi,t (k + 1)

(48)

Therefore, the OP for the two devices can be achieved by
if a > 1 submitting (38), (39), (42), (40), (44) and (43) into (36), and
,
1
(38), (39), (42), (45), (47) and (48) into (37), respectively.
3q2 A2 q2
a
,
else
3q2 −1 2
(43)
VI. N UMERICAL R ESULTS
3qi
qi
respectively, where Ai = 1+3qi pi +qi , Bi = 1 − Ai − Ci and
In this section, we first run Monte Carlo simulations to
1
 ∆  n+4
2mi,t
10 Ψi2
1
1
validate
our analytical expressions of the OP for three different
Ci = 1+3qi 1−3pi (i = 1, 2); a1 =
, p1 = n+4 ,
Ψi1
cases.
Unless
otherwise explicitly specified, the main param1

4
2mi,t
mi,t
mi,t
i2 γth
eters
are
set
as
D = 3 m, L = 8, ξ = 4 A/W, I0 = 10−9 A,
q1 = n+4
,
p
=
; a2 = ΨΨ
and
q
=
.
2
2
2
2
i1
−4
2
Using the similar method with the derivation of Theorem Vt = 25 mV, A = 4 × 10 m , B = 5 mA, ρ = 0.8, η = 0.1,
7
ζ = 1, n = 2, Tdn = 10 s, K = 2, M = 2, Tup /Tdn = 0.01,
2, we can also derive I3 as

 2mn
φ1/2 = 85◦ , γ0 = γth = 0 dB, ∆ = 0.001, CRF = 0.1,
2 
4
i,t
1+ n
 1 − C3 D mi,t D
, if X4 > D
N0,j = 1. In order to model the randomness of the position of
X4
I3 =
, (44)
3n
the devices, 5 × 104 times of the realizations of the considered
 A X4 3 + B X4 4 ,
else
3 3+ 12
3 3+ 3n
n
4
D
D
system have been carried on in the following part. Moreover,

1
 1 − 3p2 B2 a− p2 − C2 a−3 ,
1+3p2 2
2 2


I6 =
 1 − C2 − 3p2 B2 − 3q2 A2 a3 +
2
2
1+3p2
3q2 −1
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we let the device transmits 105 bits to the RF receiver on the
roof to address the ergodic characters of Rician fading, and
there are 50 bits transmitted over the VLC downlink in the
second stage presented in Fig. 2.
0

10

−1

OP

10

D = 2, 2.5, 3 m

−2

10

Analysis
Simulation
6

8

10

12

14

16

18

Pt (dB)

Fig. 4: OP vs. Pt for various D

0

As observed in Fig. 4, the OP with a small D outperforms
the one with a large D, as a large D represents a large 3-D
space for the devices to place and further means that large
transmission distance suffered by VLC signal, which finally
leads to the degraded transmit power over the uplink.
As shown in Fig. 5, one can see that the OP with a small
the semiangle of the LED, φ1/2 , outperforms the one with a
large the semiangle of the LED, φ1/2 . Because a large the
semiangle of the LED, φ1/2 , represents that a small the order
of Lambertian emission, m,
 as suggested by the relationship
m = − ln 2/ ln cos φ1/2 presented in Part A of Section II,
leading to an decreased channel gain over the VLC downlink
and further degrading the SNR of the received VLC signal at
the device.
Obviously, as depicted in Fig. 6, the OP with a large CRF
outperforms the one with a small CRF . It can be explained
the fact that: A large CRF represents a large power constant
at the devices. Then, under this case more RF power can be
converted for the data decoding with an improved transmit
SNR.
As presented in Figs. 4-5, we can easily find that the
size of the room (D) and the semiangle of the LED (φ1/2
exhibit a negative effect on the outage performance of the
data transmission over the VLC downlink, because they can
degrade the received power over the VLC downlink. Moreover,
it is easy to observe that simulation and analysis results match
very well with each other, which verify the correctness of the
proposed analytical model.

OP

10

A. Outage over the VLC downlink

−1

10

B. Outage for the RF uplink
φ 1/2 = 70◦ , 80◦ , 85◦

Analysis
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Fig. 5: OP vs. Pt for various φ1/2
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Fig. 6: OP vs. Pt for various CRF

18

In this subsection, some parameters are set as: Pt = 10
W, L = 4, Tup = 5 s, Tup /Tdn = 10−5 , γth = −10
dB and the truncation factor adopt for (47) and (48) is set
as 107 . As the main focuses of this work is analyzing the
outage performance of the target system, in the following user
pairing is ignored and only two devices are considered with
the purpose of simplifying the realizations of the target system.
As shown by the derived light EH model, (12) in Part B of
Section III, the number of LED lamps, L, exhibits a similar
positive influence on the light EH, with some other systems parameters, e.g., the power constant, CRF , and the EH efficiency,
ρj , and the transmit power at LED lamps, Pt . Moreover, the
size of the room, D, determines the distribution range of the
devices, namely, the value of dj in (12), which show a negative
effect on light EH. Therefore, we will indirectly investigate
the impacts of light EH on the outage performance of the
information deliveries over the RF uplink via changing values
of L and D, as shown in Figs. 8 and 9.
As depicted in Fig. 7-9, it is clear that the OP for device
1 gets worse slowly and the one for device 2 gets better
quickly, while increasing Ptg . Because under NOMA scheme
7 In the following three figures, OP lines are depicted with the parameters
in a vector, the order of which follows the arrow direction, e.g., in Fig. 7, the
top and bottom black lines are respectively with γth = 0 dB and γth = −10
dB, while the top and bottom red lines are respectively with γth = −10 dB
and γth = 0 dB.
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Fig. 7: OP vs. Ptg for various γth
−1

10

D = 4, 3, 2 m for device 1

OP

−2

10

degraded OP for device 1.
Therefore, we can draw a conclusion as follows: Under
NOMA scheme the improvement on the performance of device
2 comes at the cost of sacrificing part of the performance
of device 1. Furthermore, it is clear that the simulation and
analytical results match well with each other, which verify our
proposed analytical models.
In detail, we can observe from Fig. 7 that a lower γth leads
to a lower OP for both of the two devices, as a lower γth
means a lower probability for the received SINR drops below
the threshold. In Figs. 7 and 8, it is clear that, for device 1,
the OP with a smaller D or a larger L outperforms the one
with a lager D or a smaller L, respectively.
These two observations can be respectively explained by the
following facts: 1) A larger D means that there is more space
for the devices to distribute, then the received signal suffers a
larger pathloss; 2) A larger L means that more energy can be
harvested for the transmission over the uplink, thus leading to
an improved received SINR at the RF receiver.
Furthermore, we can also find from Figs. 8 and 9 that
device 2 exhibits a similar OP for various of D/L. It is
because of the fact: when NOMA scheme is adopted for the
uplink transmission, the targeted performance of device 2,
which suffers a deeper fading (including small-scale fading
and pathloss), is firstly promised while setting the transmit
power as suggested by (21)-(23).
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Fig. 8: OP vs. Ptg for various D
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L = 4, 16, 32 for device 1
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L = 32, 16, 4 for device 2
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Analysis
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In this paper, we have studied the outage performance of
a 3-D hybrid VLC-RF indoor IoT system, while considering
the randomness of the positions of the devices and light
EH. VLC is considered for the downlink from the lamps
to the devices, while traditional RF transmission technology
with NOMA scheme is employed over the uplink. The approximated analytical expressions for the outage probability
over the VLC downlink and the RF uplink are respectively
derived and verified via Monte-Carlo simulations. Our proposed analytical models can be useful for analyzing effects
of system parameters, e.g., the transmit power, room size,
the distribution density of the devices and the number of
the antennas, on outage performance and can be effective for
solving various optimization and approximation tasks of the
considered system.
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VIII. A PPENDIX
A. Proof of Theorem 1

Fig. 9: OP vs. Ptg for various L

By using (1), we can obtain the CDF of di and φi (i = 1, 2)
as

a higher Ptg represents that a higher transmit power is needed
for device 2 to promise its data transmission over the uplink,
resulting in an increased interference to the received signal for
device 1 at the RF receiver, as shown by (25). The negative
effect of the interference arisen from device 2 on the received
SINR of device 1 outperforms the positive effect of increasing
Ptg on the transmit power at device 1, thus leading to the

Zx Zπ/2Z2π
Fdi (x) =

=

0 0


 0,

3

0

x
D3 ,




1,

3
sin φi d2i dθi dφi d(di )
2πD3
x<0
0≤x≤D
x>D

(49)
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p

and
ZD Zx Z2π
Fφi (x) =

3
sin φi d2i dθi dφi d(di )
2πD3

0 0 0

x<0

 0,
1 − cos x, 0 ≤ x ≤
=


1,
x > π2

π
2

,

(50)

respectively.
Then, it is to easy( obtain the PDF of di and φi (i =
3x2
D 3 , if 0 ≤ x ≤ D
and f (x) =
1, 2) as fdi (x) =
0,
else
(
sin x, if 0 ≤ x ≤ π2
, respectively.
0,
else
Let Z = cosp (φi ), where p is a non-zero constant, then
φi = arc cos Z 1/p . Therefore, the PDF of Z can be given
as



1
1 1
fZ (z) = sin arc cos z 1/p × − √
· z p −1
2/p
p
1−z
1 p1 −1
= z
.
(51)
p
Thus, we can also easily obtain the CDF of Z as FZ (x) =
1
p
z .
In the following, we will present the derivation of Theorem
1.
Using (49), we can have

Y

Z1
=1−

FY (y)dy,

(52)

where FY (y) is the CDF of Y .
Similar to the derivation of (56), we can also have




1





p
d1 q q1 
q
a
FY (y) = Pr cos (φ1 ) ≤ y


x



|
{z
}
Z

Z1
=1−

where X = a cos (φi ).
Making of the CDF of Z = cosp (φi ), we can have
(
 p  q1 )
x
FX (x) = Pr cos (φ2 ) <
a
(
1
1,
x > ap
=
.
p
1
a− q x q , else

FX (x)

FY (y) = 1 −

=
(53)

FZ (z)dz

 0
 1−


=

p
3q
− q1
Dq,
3q+p a
3
p
1
p
3q+p D 3 a ,

else

.

p
q

y ,

if y > Π2

,

(59)

,

(60)

else

FY (y)dy

 0
 1 − A τ  q1 ,
x
=
 B x  p1 − C
τ

if x > τ

x 3
τ

, else

3q
q
1
1
where A = 1+3q
p+q , B = 1 − A − C and C = 1+3q 1−3p .
Finally, using (60) in (55), we can obtain IP22 as

ZD

B. Proof of Theorem 2
n
o
p
(φ2 )
Using (49), we can write T = Pr d2 ≤ ad1 cos
(a,
cosq (φ1 )
p and q are positive constants) as

0

 q1

Z1

(54)

Then, the proof is completed.

T = 1 − Pr {X ≤ d2 }
ZD
3
=1− 3
FX (d2 )x2 dx,
D

τ
x


x 3 −3p
y
,
τ

1 p
1
where Π1 = xτ q y q and Π2 = xτ p .
Using (59) in (56), we can obtain

1

if a p ≥ D

1
1+3q

3q
1+3q

FX (x) = 1 −

3x2
dx
D3

1−

(58)

y

where τ = aD.
Using (58) in (57), we can obtain

0

(

(57)

where FZ (z) is the CDF of Z.
Making use of the PDF of d1 , we can obtain
)
(  1
q
p
1
d
1
aq ≤ z
FZ (z) = Pr y q
x

1 p
 1,
if z ≥ xτ q y q
=
,
3q
 x 3 z3p
, else

Then, substituting (53) into (52), we can finally achieve
I =1−

FZ (z)dz,
0

Z1

q
p

ZD

(56)

0

τ

I = Pr {di p ≤ acosq (φi )}
Z D
3x2
=1−
FX (x) 3 dx,
D
0
1
p

(φ2 )
where X = d1 a cos
cosq (φ1 ) and FX (x) is the CDF of X.
Using the definition of CDF and (50), we can obtain








 x  p1 1
q
−p
FX (x) = Pr cos (φ2 ) <
a cos p (φ1 )



{z
}
| d1



T =1−

FX (x)

3x2
dx
D3

 0
1
 1 − 3pB a− p − C a−3 ,
1+3p
2


=
 1 − C − 3pB − 3qA a3 +
2
1+3p
3q−1

(55)

if a > 1
3qA q1
3q−1 a ,

else

.
(61)

Then, the proof is completed.
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C. Proof of Theorem 3
According to [43], Marcum Q-function can be presented in
terms of generalized Laguerre polynomials as
 
 2  L(0) a2  2 k+1
∞
X
k
2
b
a
k
,
Q1 (a, b) = 1 −
(−1) exp −
2 Γ (k + 2) 2
k=0
(62)
(0)

where Lk (x) =

k
P
l=0

l
k!
(k−l)!(l!)2 (−x)

is the generalized La-

guerre polynomial with degree k and order 0, given by Eq.
(22.3.9) in [44].
n
o
2
Using (62), we can calculate I = Pr daq cosp (φ) |h| ≤ b
as


b dq
2
I = Pr |h| ≤
a cosp (φ)

v


u
u 2 (1 + K) b dq
√
t
a cosp (φ) 

= 1 − Q1 
 2K,

Ω

=

∞
X

(0)

k

(−1) exp (−K)

k=0


·

b (1 + K)
aΩ

k+1

Lk (K)
Γ (k + 2)

dq(k+1)
.
cosp(k+1) (φ)

(63)

Considering the randomness of the distribution of the device
and (18), we can further calculate (63) as

k+1
∞
(0)
X
Lk (K) b (1 + K)
k
I=β
(−1) exp (−K)
Γ (k + 2)
aΩ
k=0

ZD Zπ/2Z2π
·
0

=3

0

∞
X

sin (φ)
dq(k+1)+2 d (θ) d (φ) d (d)
cosp(k+1) (φ)

0
(0)

k

(−1) exp (−K)

k=0


·

b (1 + K)
aΩ

k+1

Lk (K)
Γ (k + 2)

Dq(k+1)
1
·
. (64)
q (k + 1) + 3 1 − p (k + 1)

Then, the proof is completed.
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