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Abstract—Light-fidelity (LiFi) is recognised as a promising
technology for next generation wireless access networks. However,
limited research efforts have been spent on the uplink (UL)
transmission system in LiFi networks. In this paper, a wireless
infrared (IR)-based LiFi UL system is investigated. In particular,
we focus on the performance of a single static user under
the influence of random device orientation and link blockage.
Simulations and mathematical analysis have been used to eval-
uate the UL system performance. The analytical expressions for
the UL optical wireless channel and signal-to-noise ratio (SNR)
statistics under the effects of random device orientation and link
blockage are derived. The results show that the effects of random
orientation and link blockage may lead to a decrease in coverage
probability by 10% - 40% with various SNR thresholds.

Index Terms—Light-fidelity, optical wireless communication,
uplink transmission, visible light communication, link blockage,
device random orientation.

I. INTRODUCTION

W ITH the already overcrowded radio frequency (RF)
spectrum resources, it becomes more and more chal-

lenging to achieve wireless networks that can fulfil the in-
creasing wireless data traffic demand. Consequently, wireless
communications based on spectrum resources in the high
frequency region have been considered. Visible light com-
munication (VLC) is one of the most promising solutions.
A VLC link is able to provide a data rate of more than
10 Gbps [1]. Based on VLC technology, a small-cell wireless
access network, known as Light Fidelity (LiFi), has been
proposed. Compared to VLC, a LiFi network is a unique and
multifunctional system, which uses multiple coordinated light
sources in an indoor environment as access points (APs). Each
AP provides connectivity to a few nearby mobile users. A
LiFi network is able to provide duplex transmission between
an AP and user equipment (UE). It also supports multiple
access, handover and many other useful functionalities [2].
Due to the fact that light signals are directional and cannot
penetrate opaque objects, LiFi networks can provide more
secure wireless connectivity in an indoor environment com-
pared to conventional RF access networks [3]. In addition,
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LiFi networks achieve a considerable increase in data rate per
unit area, which makes LiFi advantageous over RF small-cells
in densely populated scenarios [4].

In a number of survey publications, potential technologies
for LiFi uplink (UL) have been discussed [5], with UL
approaches using RF, VLC and wireless infrared (IR) being
considered most frequently. A comparison between various
existing RF technologies that can be used for LiFi UL has
been presented in [6]. Wireless Fidelity (WiFi) or other RF
technologies have been considered as the UL system in a RF-
optical heterogeneous network [7]. Despite the convenience of
using RF-based UL systems, they also introduce interference
to existing RF systems. Furthermore, RF technologies cannot
be used in electromagnetic interference (EMI)-sensitive areas.
The use of VLC technology in the UL has been considered and
experimentally demonstrated in [8], [9]. However, visible light
UL signals may cause interference to the VLC-based downlink
(DL) transmission. In addition, it also causes discomfort to the
eyes of users. The propagation of a wireless IR signal is similar
to that of a visible light signal, but the signal spectrum is in
the IR region which is invisible to the human eye. Thus, it
causes no discomfort to users. More importantly, it does not
interfere with either RF or VLC-based systems. The use of IR-
based UL have been demonstrated experimentally in a number
of studies [10]–[13]. In particular, the achievable UL bit rates
with various link distances and horizontal offset are measured
in [10] and [11], respectively. The performance of IR-based
UL systems with surveillance cameras used as UL detectors is
evaluated in [12]. The optical power of UL IR-light-emitting
diodes (LEDs) is lower compared to that of DL LEDs, which
makes it more challenging to achieve a high signal-to-noise
ratio (SNR) for an IR UL channel. Therefore, a few studies
consider single carrier modulation schemes for UL transmis-
sion. These modulation schemes offer a low peak-to-average
power ratio (PAPR) and low complexity on the user side
[14], [15]. The IR-based UL transmission in an aircraft cabin
environment has been investigated using simulations in [16].
The existing research on IR-based UL transmission considers
the transmission performance of specific positions/orientations
of LEDs/photodiodes (PDs). Many of these studies evaluate
the link with a perfect LED-PD alignment. However, perfect
alignment is unlikely in practical scenarios. In addition, IR
signals cannot penetrate opaque objects, which means the IR-
based link might be vulnerable to link blockage caused by
human bodies. To alleviate issues arising from misalignment,
an omnidirectional transmitter and receiver design for IR-
based UL transmission has been proposed in [17]. An al-
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ternative solution that uses a beam steering mechanism has
been proposed in [18], which is further improved by using an
angular diversity receiver (ADR) in [19]. Another multiple
output system with a multi-face PD has been investigated
in [20], but the authors focus on increasing the maximum
number of supported users. Concerns about LiFi link channel
uncertainty caused by random UE orientation and link block-
age have been raised by many publications, but no study has
conducted a dedicated investigation on this issue. In this paper,
we focus on the performance of a LiFi wireless IR-based UL
transmission under the effects of random device orientation
and link blockage. The main contributions are concluded as
follows:

• In order to improve the performance evaluation accuracy,
we extend the optical wireless communication (OWC)
transmission model based on pulse amplitude modula-
tion with single carrier frequency domain equalisation
(PAM-SCFDE) [21] to include the front-end low-pass
characteristics and wavelength dependent characteristics.

• Due to the unique position/orientation of the receiver
detector and the low optical power in the UL scenario, the
noise properties are different from the case in the VLC
DL scenario. Therefore, the noise characteristics in the
UL scenario are simulated and discussed.

• A mathematical analysis on the statistics of the optical
wireless channel and SNR under the effects of random
device orientation and link blockage is presented. Closed-
form expressions with a mathematical approximation is
concluded.

• Coverage probabilities of the LiFi UL transmission with
various AP deployments and association policies are
evaluated. In addition, the effects and configurations of
important parameters are discussed based on the eval-
uation results. In particular, the performance penalties
caused by link blockage and random device orientation
are highlighted.

Our results show that link blockage and random device orien-
tation may have a significant effects on the performance of the
UL transmission. This study offers researchers with a figure of
LiFi UL performance in the practical scenario if a set of system
parameters are provided. In addition, it can help researchers
to develop advanced wireless IR-based UL systems or channel
models.

The remainder of this paper is organised as follows: the
wireless IR UL system model and the evaluation of noise
in the UL scenario are presented in Section II. The optical
wireless channel and the characteristics of random device
orientation and link blockage are introduced in Section III as a
preliminary of Section IV. The analytical results of the optical
wireless channel statistics and the SNR statistics are presented
in Section IV. In Section V, evaluation of the UL transmission
coverage probability is presented. Finally, conclusions are
drawn in Section VI.

Figure 1: Block diagram of the optical wireless UL transmission based on
PAM-SCFDE.

II. WIRELESS INFRARED-BASED TRANSMISSION IN THE
UPLINK SCENARIO

A. Uplink transmission system model with PAM-SCFDE

PAM-SCFDE transmission has a low PAPR and a low
computational complexity on the transmitter side (UE) [22],
which is consistent with the nature of UL transmission [14].
Therefore, we consider a wireless IR transmission using
PAM-SCFDE in this study as an example. The block diagram
of a PAM-SCFDE-based OWC system is shown in Fig. 1.
Firstly, the information bits are modulated using unipolar pulse
amplitude modulation (PAM) symbols which can be defined
as:

x[n] = p̄βmn, (1)

where p̄ is the LED optical power, mn takes the integer values
of mn ∈ {0, 1, · · · ,M − 1} and β is a scaling factor to make
the signal average optical power matches the LED optical
power En{x[n]} = p̄. This leads to β = 1/En{mn} = 2

M−1
where E{·} is the statistical expectation. After the addition of
a cyclic prefix (CP), the discrete PAM signal x[n] is forwarded
to a channel with a discrete-time impulse response of h[n]. The
channel is composed of a series of processes including pulse
shaping with digital-to-analogue (D/A) conversion, electrical-
to-optical (E/O) conversion via LED, transmission over an
optical wireless channel, optical-to-electrical (D/A) conversion
via PD and matched filtering with analogue-to-digital (A/D)
conversion. The signal after pulse shaping can be written as:

x(t) =
∞∑

n=−∞
x[n]hsp(t− nTs), (2)

where hsp(t) is the impulse response of the signal pulse func-
tion and Ts is the symbol period. The LED, optical wireless
channel and PD counterparts have low pass characteristics and
have various responses on different wavelength λ. Therefore,
the output photocurrent of the PD can be calculated as:

i(t) =M
∫ λmax

λmin

Gof(λ)hpd(t, λ) ∗ how(t, λ)

∗ hled(t, λ) ∗ x(t)dλ, (3)

where (∗) refers to the convolution operator;M is the average
avalanche photodiode (APD) gain; Gof(λ) is the optical filter
spectrum transmittance; hled(t, λ), how(t, λ) and hpd(t, λ) are
the wavelength-dependent impulse responses of LED, optical
wireless channel and PD, respectively. Without loss of general-
ity, the cases with both positive-intrinsic-negative (PIN) diodes
and with APDs are considered here. In the case with a PIN
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Figure 2: The geometry of simulating the shot noise photocurrent.

diode, the APD gain equals unity (M = 1); the integration
limits λmin and λmax are determined by the spectrum range of
the LED. Finally, the photocurrent is forwarded to a matched
filter and sampled at nTs to obtain the received discrete
samples. By applying a discrete-time unit impulse function
input x[n] = δ[n] to (2) and inserting (2) into (3), the
continuous-time impulse response after convolving with the
signal pulse hsp(t) but before the matched filter sampling at
nTs can be written as:

h(t) = {i ∗ hsp}(t)|x[n]=δ[n]

=M
λmax∫
λmin

Gof(λ){hsp ∗ hpd ∗ how ∗ hled ∗ hsp}(t, λ)dλ. (4)

By sampling at nTs, the equivalent discrete-time channel
h[n] = h(nTs) can be obtained. Then, the received discrete-
time samples can be represented by:

y[n] = h[n] ∗ x[n] + w[n], (5)

where w[n] is the noise sample after the matched filter.
Next, CPs are removed and received samples are grouped
by blocks of K samples, which is followed by the frequency
domain equalisation. The frequency-domain samples Y [k] can
be calculated using the fast Fourier transform (FFT) of y[n]
as:

Y [k] = Ffft{y[n]} = H[k]X[k] +W [k], (6)

where H[k], X[k] and W [k] are the FFT of h[n], x[n] and
w[n], respectively. By applying the single-tap equalisation with
the zero-forcing criterion, the recovered frequency domain
symbols can be written as:

X̂[k] =
Y [k]

H[k]
= X[k] +

W [k]

H[k]
. (7)

Finally, the time-domain symbols are obtained using the
inverse fast Fourier transform (IFFT). With appropriate scaling
and PAM decoding, the transmission is completed. According
to (1), the electrical power of signal can be calculated as:
Pelec = En

{
x2[n]

}
= p̄2β2En

{
m2
n

}
= 2p̄2(2M−1)

3(M−1) . With a
double-sided noise power spectral density (PSD) of N0, the

Figure 3: Wavelength dependent parameters. Optical source: Vishay
VSMY3940X01-GS08 infrared emitter, detector: Hamamatsu S11519-30 Si
APD, optical filter: Shamerock BLP01-808R-25 long-pass filter. The back-
ground spectral radiance is extracted from the curve D in Fig. 4 of [27].

noise variance after zero-forcing equalisation can be calculated
by [23]:

σ2
w =

K−1∑
k=0

En

{∣∣∣∣W [k]

H[k]

∣∣∣∣2
}

1

KTs
=

N0

KTs

K−1∑
k=0

1

|H[k]|2
. (8)

Thus, the SNR calculation can be concluded as:

γ =
Pelec

σ2
w

=
2p̄2(2M − 1)KTs

3(M − 1)N0

∑K−1
k=0 |H[k]|−2

. (9)

Next, we consider the calculation of H[k]. By applying Fourier
transform to (4), the corresponding continuous-time channel
frequency response can be obtained as:

H(f) = F{h(t)} =M
∫ λmax

λmin

Gof(λ)

×H2
sp(f)Hpd(f, λ)How(f, λ)Hled(f, λ)dλ, (10)

where Hsp(f), Hpd(f, λ), How(f, λ) and Hled(f, λ) are
the Fourier transform of hsp(t), hpd(t, λ), how(t, λ) and
hled(t, λ), respectively. According to the sampling theorem
and Poisson summation formula, the frequency response of
the discrete-time channel can be obtained from a periodic
summation of the continuous-time channel frequency response
as: Hs(f) =

∑∞
l=−∞H

(
f − l

Ts

)
. According to the relation-

ship between discrete Fourier transform (DFT) and discrete-
time Fourier transform (DTFT), the values of H[k] are equal
to the values of Hs(f) at frequencies f = k

KTs
for k =

0, 1, · · · ,K − 1 [24]:

H[k] = Hs

(
k

KTs

)
=

∞∑
l=−∞

H

(
k

KTs
− l

Ts

)
. (11)

Despite the limits of the summation in (11) from −∞ to
∞, the signal pulse Hsp(f) is generally bandlimited, which
makes the H

(
k

KTs
− l

Ts

)
= 0 for k = 0, 1, · · · ,K − 1 with

l ∈ (−∞,−1] ∪ [2,∞). In this study, the root-square raised
cosine (RRC) function is used as the signal pulse. Regarding
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Figure 4: Background shot noise photocurrent against the distance between
AP and the windows Dwin. Signal dependent shot noise photocurrent against
the horizontal offset r with a detector field of view (FoV) of 60◦.

Table I: Simulation parameters I

Parameter Symbol Value
LED optical power p̄ 200 mW
PD physical area Apd 7.1 mm2

excessive noise index x 0.3
concentrator refractive index n 1.5

absolute temperature Ta 300 K
load resistance RL 50 Ω

reflectivity [floor/walls/ceiling] ρf/ρw/ρc 0.3/0.8/0.8
AP height/UE height za/zu 3/0.75 m

the frequency and wavelength dependent characteristics of the
LED and the PD, the following functions are used [25], [26]:

Hled(f, λ) =
Sled(λ)

1 + jf
fc,led

, Hpd(f, λ) =
Rpd(λ)

1 + j2πCTRLf
, (12)

where fc,led is the LED cut-off frequency; Sled(λ) is
the normalised spectral intensity of the LED which has∫ λmax

λmin
Sled(λ)dλ = 1; CT is the PD terminal capacitance;

RL is the load resistance and Rpd(λ) is the PD spectral
responsivity without APD gain.

B. Receiver noise in the uplink scenario

In an OWC system, the receiver noise is primarily composed
of a thermal noise and a shot noise. In the LiFi UL scenario,
the receiver PD is mounted on the ceiling and directed
towards the floor. In this scenario, the background light directly
radiated from the sky entering the window is unlikely to be
detected by the ceiling-mounted PD with a limited FoV, but
propagates to the detector via reflections (primarily by the
floor). Consequently, the level of background shot noise might
be lower than the case in a DL VLC system. In addition, an
optical power of 100 to 500 mW is typically used for a wide
beam IR emitter [28]. In contrast, the optical power of visible
light luminaries is in the range from a few to tens of Watts.
This implies that the level of signal-dependent shot noise might
also be lower in the UL scenario. Therefore, we simulate the
noise PSD of background, signal-dependent shot noise and
the thermal noise in a typical UL scenario in order to find out
which of them is the dominant source of receiver noise.

The simulation environment is conducted in a room of size
10 m× 10 m× 3 m, as shown in Fig. 2. The windows are on

10 20 30 40 50

APD gain

10 -28

10 -26

10 -24

10 -22

10 -20

thermal noise

shot noise, bg max

shot noise, bg min

shot noise, signal max

shot noise, signal min

Figure 5: Receiver noise PSD against APD gain. The regions of shot noise
PSD correspond to the highest/lowest values shown in Fig. 4.

the right hand side of the room. The top and bottom edges of
the windows are 3 m and 1 m above the floor, respectively.
The remaining simulation parameters are listed in Table I and
the wavelength dependent parameters are depicted in Fig. 3.
Note that a LED optical power of 200 mW is lower than the
maximum exposure limit for eye safety concerns according
to the standard for Photobiological safety of lamp and lamp
systems [29]. The floor area is divided into small square
fragments. The solid angle with respect to the windows and the
centre of each square fragment is calculated. In conjunction
with the sky spectral radiance, the incident optical power on
each floor fragment is calculated. A LiFi AP is deployed on
the horizontal mid-line of the room and is Dwin away from
the window, as shown in Fig. 2. The limited FoV makes the
UL detector receive light only from a confined circular region
on the floor centred at the AP location. With an increase to
the distance Dwin, the circular region shift to the left, and
the corresponding amount of background light entering the
detector also changes. Thus, the background photocurrent Ibg

is evaluated with various values of Dwin, and the results with
detector FoV values of 30◦, 45◦and 60◦are presented in Fig. 4.
The range of Ibg is between 5 × 10−8 and 1.2 × 10−6 A. It
reaches its maximum when Dwin is about 2 m and starts to
decrease with further increases in Dwin. Regarding the signal
dependent shot noise, we consider a UL LED facing upward
towards the ceiling with a horizontal offset to the PD of r,
as demonstrated in Fig. 2. For each horizontal offset r, the
signal photocurrent Is is evaluated and the results are also
presented in Fig. 4. The range of Is is between 2.6 × 10−9

and 5.1× 10−7 A. Intuitively, the value of Is decreases with
an increase of r and the rate is higher with a smaller half-
power semiangle φ1/2. It is assumed that the light from DL
light sources causes no interference due to the use of different
optical spectra. Finally, we evaluate the PSD of each noise
source. The noise PSD can be calculated by the summation of
the thermal noise PSD N th

0 and the shot noise PSD N sh
0 as

[26]:

N0 = N th
0 +N sh

0 , with N th
0 =

2KbTa

RL

and N sh
0 = qM2+x(Ibg + Is), (13)

where Kb is the Boltzmann’s constant, Ta is the absolute
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Figure 6: (a) The LiFi UL geometry. (b) Geometry of simulation with non-line-of-sight (NLoS) channel. Case 1: aligned; case 2: shifted; case 3: tilted; case 4:
shifted and tilted. (c) SNR against the distance from AP to room corner Dc.

temperature, q is the electric charge and x is the excessive
noise index. The result of noise PSD against APD gain M is
presented in Fig. 5. In the case of using a PIN diode (M = 1),
the thermal noise PSD (1.7 × 10−22 A2/Hz) is significantly
higher than the shot noise PSD (< 2× 10−25 A2/Hz). In the
case where an APD is used, the shot noise PSD will increase
to roughly the same level of thermal noise with M = 50, as
shown in Fig. 5. With a further increase of M, shot noise
starts to be dominant noise source.

III. OPTICAL WIRELESS CHANNEL WITH RANDOM
ORIENTATION AND LINK BLOCKAGE

In this section, we focus on introducing the characteristics of
the optical wireless channel including the properties of random
device orientation and link blockage as a preliminary for the
next section. The UL geometry is illustrated in Fig. 6 (a),
where the UL signal is emitted from a LED mounted on
the front of a UE and detected by a PD installed on a LiFi
AP located on the ceiling. The optical wireless channel is
composed of line-of-sight (LoS) and NLoS components, which
can be described by: How(f, λ) = G + Hnlos(f, λ), where
G is the LoS component directly from the LED to the PD;
Hnlos(f, λ) is the NLoS components due to indoor internal
surface reflections.

A. Line-of-sight channel

The LoS channel can be characterised by [30]:

G =
(m+ 1)Apdgcgv

2πD2
cosm φ cosψ, (14)

where D is the Euclidean norm between the LED and the
PD, φ and ψ are the corresponding radiant/incident angles,
Apd denotes the active area of the PD, gc denotes an optical
concentrator gain, gv is a visibility factor and m is the
Lambertian mode number which is related to the LED half-
power semiangle φ1/2 by m = −1/ log2(cosφ1/2). The value
of the concentrator gain is calculated by gc = n2/ sin2 ψFoV,
where n is the refractive index of the concentrator material
and ψFoV is the FoV of the PD. The visibility factor gv equals
zero when one or more of the following three conditions are
true: a) φ > π/2, b) ψ > ψFoV, c) there is a link blockage.

Now, we consider a three-dimensional Cartesian coordinate
system x-y-z with the origin right below the AP at the floor
level, as shown in Fig. 6 (a). The PD position and orientation
are defined as ~pa = (0, 0, za) and ~oa = (0, 0,−1), where
za is the height of the AP above the floor. If the horizontal
offset between the UE and AP is r, the position of the LED
can be defined as ~pu = (r cos θ, r sin θ, zu), where zu is
the height of the UE above the floor and θ is the azimuth
angle of the UE position relative to the x-axis. Defining the
UE orientation with an elevation angle of α and an azimuth
angle of β, the corresponding Cartesian coordinate becomes
~ou = (cosβ sinα, sinβ sinα, cosα). The quantities D, cosφ,
and cosψ in (14) can be rewritten as functions of ~pa, ~oa, ~pu and
~ou as: D = ||~pu − ~pa|| =

√
r2 + ẑ2, cosφ = ~ou·{~pa−~pu}T

D =
ẑ cosα−r sinα cos θ̂√

r2+ẑ2
and cosψ = ~oa·{~pu−~pa}T

D = ẑ√
r2+ẑ2

[31],
where {·}T is the transpose of a vector or matrix, (·) is the
dot product operator, ẑ = za − zu and θ̂ = θ − β. By using
these equations, expression (14) can be rewritten as:

G =
(m+ 1)Apdẑgcgv

2π (r2 + ẑ2)
m+3

2

(
ẑ cosα− r sinα cos θ̂

)m
. (15)

B. Non-line-of-sight channel

The NLoS channel is another part of the optical wireless
channel, which is caused by the reflection of internal surfaces
in the room. Here we use simulations in a number of typical
scenarios to evaluate the significance of NLoS channels. The
frequency-domain method presented in [32] has been selected
to construct the NLoS channel, because this simulation tool
has a lower complexity and it directly provides results in terms
of the channel frequency response How(f, λ). The simulation
is conducted in a room of size 10 m × 10 m × 3 m, as
shown in Fig. 6 (b). An AP is deployed on the diagonal on
the ceiling with the PD facing the floor. The AP is Dc away
from one of the corners of the room. A half-power semiangle
of φ1/2 = 60◦ and an APD gain of M = 50 are used. The
remaining simulation parameters are the same as those listed in
Table I and those depicted in Fig. 3. To ensure the simulation
covers various user conditions (aligned/shifted/tilted), four
user cases are considered, as illustrated in Fig. 6 (b). The
LED faces upwards (~ou = (0, 0, 1)) in case 1 and 2, and is
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Figure 7: (a) Necessary conditions of link blockage. (b) Geometry of RB and
UB.

tilted with an orientation of ~ou = (0.5, 0.5, 0.7071) in case 3
and 4. On the other hand, the UE is right below the AP in
case 1 and 3, and is shifted in the direction of −x by 1.5 m
in case 2 and 4. The results of the SNR against Dc with
and without a NLoS channel are presented in Fig. 6 (c). It
can be observed that there is a perceivable difference between
the SNR results with and without a NLoS channel of up to
about 2 dB when Dc ≤ 2 m. The SNR difference decreases
with the increase of Dc and becomes negligible when Dc is
greater than 2 m. This implies that the LiFi UL performance
is barely affected by the NLoS channel when the wireless
link is located far from the edges of the room and the overall
channel frequency response is dominated by characteristics of
the frontends and signal pulses. The calculation of the NLoS
channel has high complexity and is challenging to analyse.
Therefore, we omit the NLoS channel in the following analysis
for simplicity (How(f, λ) = G) and treat the analysis of links
next to the room edge as a special case that are reserved for
future study.

C. Random orientation

Due to the characteristics of user behaviour, the UE orienta-
tion related angles α and β in (15) become random variables,
as shown in Fig. 6 (a). An experimental study on the statistics
of α and β are presented in [33]. The authors approximate
the statistic of α by a Laplace distribution for static sitting
users. The corresponding probability density function (PDF)
is concluded as:

fα(α) =
1

2bL
exp

(
−|α− µL|

bL

)
for α ∈ [0, π/2] (16)

where µL = 41.06◦ is the average elevation angle and
bL =

√
σ2

L/2 with σL = 7.30◦. The value of µL and σL

was estimated in the experiment carried out in [33]. The angle
β follows an uniform distribution as there is no bias on the
direction of a user. Since β is a deterministic angle for a static
user, the angle θ̂ = θ− β also follows a uniform distribution.
The PDF of θ̂ can be written as:

fθ̂

(
θ̂
)

=
1

2π
for θ̂ ∈ [−π, π). (17)

D. Link blockage

Regarding the link blockage events, we use a cylindrical
object with a height of zb and a radius of lb to model the hu-
man blocker [34], as shown in Fig. 7. There are two necessary

conditions for determining whether a blocker is obstructing a
specific LoS path with given UE and AP positions [34]:

i) From the side view, the blocker is high enough to have
the possibility to come into contact the LoS segment;

ii) From the top view, the LoS segment intersects with the
blocker circle,

as illustrated in Fig. 7 (a). In this study, two categories of
human blockers are considered. The first category is defined
as a random blocker (RB), which considers the nearby random
people in the room. The second category is defined as a user
blocker (UB), which considers the user of the device who is
always next to the UE. The geometry of the two types of
blockers are also shown in Fig. 7 (b).

1) Random blocker: As shown in Fig. 7 (b), the horizontal
separation between the RB and the AP is defined as rab. If
rab ∈

[
r za−zbẑ , r

]
, the blocking condition i) is fulfilled [34].

If |θ1| ≤ θ2 = arcsin(lb/rab), the blocking condition ii) is
fulfilled. Assuming that there are Nb RBs randomly distributed
in a circular area centred at the AP with a radius of rab, the
average blockage probability for a UE that is r away from the
AP is concluded as [34]:

P̂b(Nb, rab) = 1−
(

1− 2lbr (zb − zu)

πr2abẑ

)Nb

. (18)

If the two-dimensional spatial position of the RBs follows
a homogeneous Poisson point process (PPP) with a density
of Λb, the number of involved RB Nb follows a Poisson
distribution with a mean of Λbπr

2. Therefore, the average
blockage probability caused by RBs for a UE that is r away
from the AP can be derived as:

Prb = 1− Plos =
∞∑

Nb=0

P̂b(Nb, r)

(
Λbπr

2
)Nb e−Λbπr

2

Nb!

= 1− exp

(
−2lbrΛb

zb − zu

ẑ

)
, (19)

where Plos represents the probability that the LoS path is clear.
2) User blocker: On the other hand, the UB is correlated

with the status of the UE position and orientation. Firstly, the
UB is always next to the UE. Therefore, a fixed separation
of rub between the UB and UE is defined, as illustrated in
Fig. 7 (b). If r ≥ ẑ

zb−zu rub, the blocking condition i) is
fulfilled [35]. In most of the practical scenarios, the front
side of the UE is always facing the user. This means that the
UB position is determined by θ̂. The blocking condition ii)
is fulfilled when

∣∣∣θ̂∣∣∣ ≥ π − θ3 as illustrated in Fig. 7 (b),
where θ3 = arcsin (lb/rub). Since the occurrence of blockage
caused by the UB is correlated with the random angle β, their
effects on the statistics of the optical wireless channel will be
considered in Section IV.

IV. STATISTICS OF OPTICAL WIRELESS CHANNEL AND
SNR

In this section, we consider the cumulative distribution func-
tion (CDF) of the optical wireless channel and the CDF of the
SNR in the UL scenario based on the models, characteristics
of link blockage and random device orientation introduced in

Wireless infrared-based LiFi uplink transmission with link blockage and random device orientation 
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FG(T ) =


Prb + Plos

(
1Sθ3
π C0,α1 + Cα1,

π
2

+Aa3,b3α3,α6
+Aa2,b2α6,α4

+Aa1,b1α4,α1

)
: T ∈ (0, T1]

Prb + Plos

(
1Sθ3
π Cα2,α1 + C0,α2 + Cα1,

π
2

+Aa1,b1α2,α5
+Aa2,b2α5,α4

+Aa1,b1α4,α1

)
: T ∈ (T1, T2]

Prb + Plos

(
1Sθ3
π Cα2,α1 + C0,α2 + Cα1,

π
2

+Aa1,b1α2,α1

)
: T ∈ (T2, T3]

, (20)

where

Aa,bu,v =
b

π
Cu,v −

aκT 1
m

rbLπ

({
B1,−1

(µL∧u),v

}+

+
{
B1,+1
u,(µL∨v)

}+
)

+
aẑ

2rbLπ

({
B2,−1

(µL∧u),v + B0,−1
(µL∧u),v

}+

+
{
B2,+1
u,(µL∨v) + B0,+1

u,(µL∨v)

}+
)
, with κ =

2π
(
r2 + ẑ2

)m+3
2

ẑApd(m+ 1)gc

1/m

, (21)

Bκ,su,v =
2F1

(
1, κ2 −

sj
2bL

; 1 + κ
2 −

sj
2bL

; e2uj
)

(
κ− sj

bL

)
e
−u

(
κj+ s

bL

)
+
sµL
bL

−
2F1

(
1, κ2 −

sj
2bL

; 1 + κ
2 −

sj
2bL

; e2vj
)

(
κ− sj

bL

)
e
−v

(
κj+ s

bL

)
+
sµL
bL

, (22)

Cu,v =
1

2

(
e
{v−µL}

−
bL − e

{u−µL}
−

bL − e
− {v−µL}

+

bL + e
− {u−µL}

+

bL

)
, (23)

α1 = D+1
+1

(
1S l

2
b

r2
ub

)
, α2 = D+1

−1

(
1S l

2
b

r2
ub

)
, α3 = D−1

+1 (0), α4 = D+1
+1

(
1− u2

t

)
, α5 = D+1

−1

(
1− u2

t

)
, α6 = D−1

+1

(
1− u2

t

)
, (24)

Ds1s2 (u) =
π

2
∨
(
s1 arctan

(r
ẑ

√
1− u

)
+ s2 arccos†

(
κT 1/m/

√
r2(1− u) + ẑ2

))
, (25)

T1 = (ẑ/κ)
m
, T2 =

(√
u2

t r
2 + ẑ2/κ

)m
, T3 =

(√
(1− 1S l2b/r

2
ub) r2 + ẑ2/κ

)m
. (26)

Table II: Coefficient and threshold of linear functions

a1 a2 a3 b1 b2 b3 ut
-1.997 -1.0496 -1.997 0.9262 1.5708 2.2154 0.65

Section III. The analytical results with expressions in closed-
form are concluded in the following proposition and corollary.

A. Statistics of optical wireless channel

Proposition 1. Provided the system parameters r, za, zu, zb,
m, Apd, ψFoV, n, Λb, lb and rub (defined in Section III), the
CDF of the optical wireless channel G can be calculated by
(20). Note that ẑ = za − zu, θ3 = arcsin (lb/rub) and 1S
is an indicator function, which equals one if the condition
S = {r|r ≥ ẑrub/ (zb − zu)} is fulfilled and equals zero
otherwise. The values of µL, bL, Prb and Plos are as specified
in (16) and (19), respectively. The values a1, a2, a3, b1, b2,
b3 and ut are listed in Table II. In addition, the following
operators are used: {u}+ = max(u, 0), {u}− = min(u, 0),
u∨v = min(u, v) and u∧v = max(u, v). In (22) and (25), the
inputs s, s1 and s2 can only equals to ±1 to control the sign of
terms. The function arccos†(u) is a variant of the conventional
inverse trigonometric function arccos(u) with an extended
variable domain of (−∞,∞). In the extended variable do-
main, arccos†(u) = π for u < −1 and arccos†(u) = 0 for
u > 1. The function 2F1(u1, u2;u3;u4) is the hypergeometric
function. In the case that the optical wireless channel threshold
is greater than the maximum possible value (T > T3) or the
UE is outside the FoV of the UL detector (r > ẑ tanψFoV),
the channel CDF becomes FG(T ) = 1.

Proof: Firstly, we consider the conditional probability
P[G ≤ T |α] without link blockage caused by RBs. By
applying the expression (15) to the inequality G ≤ T , the
set of θ̂ that fulfils the condition can be found as: Θ1 ={
θ̂ :
∣∣∣θ̂∣∣∣ ≤ arccos†(ξ)

}
, where

ξ =
ẑ cosα− κT 1

m

r sinα
. (28)

Note that κ is specified in (21), and gv = 1 is used here,
because all cases with gv = 0 are treated individually in the
following derivation. In addition, the condition G ≤ T is also
fulfilled if link blockage caused by the UB occurs. Therefore,
another set of θ̂ that leads to G ≤ T can be found based on
the discussion in Section III-D2: Θ2 =

{
θ̂ :
∣∣∣θ̂∣∣∣ ≥ π − 1Sθ3

}
.

Note that if the UE is too close to the AP, the blocking
condition i) does not hold. Therefore, the indicator function
1S equals zero and Θ2 will be ø as θ̂ ∈ [−π, π). Combining
the two cases and in conjunction to the distribution of θ̂ (17),
we can calculate the conditional probability as:

P[G ≤ T |α] =

∫
Θ1∪Θ2

fθ̂

(
θ̂
)

dθ̂

= min

(
1

π
arccos†(ξ) +

1Sθ3

π
, 1

)
. (29)

In order to obtain the final CDF, the calculation of the
following integral will be required:∫ v

u

fα(α)
arccos†(ξ)

π
dα

=

∫ v

u

e
− |α−µL|bL

2bLπ
arccos†

(
ẑ cosα− κT 1

m

r sinα

)
dα, (30)
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Aa,bu,v =

∫ v

u

e
− |α−µL|bL

2bLπ

(
a
ẑ cosα− κT 1

m

r sinα
+ b

)
dα =

b

π

∫ v

u

e
− |α−µL|bL

2bL
dα− aκT 1

m

2rbLπ


∫ min(µL,v)

u

e
α−µL
bL

sinα
dα


+

+


∫ v

max(µL,u)

e
−α−µLbL

sinα
dα


++

aẑ

2rbLπ


∫ min(µL,v)

u

e
α−µL
bL

tanα
dα


+

+


∫ v

max(µL,u)

e
−α−µLbL

tanα
dα


+ . (27)

-1.5 -1 -0.5 0 0.5 1 1.5

Figure 8: Approximation of arccos†(u) using a piecewise linear function.

which is challenging to solve. In order to increase the calcula-
tion tractability of (30), we attempt to use the following piece-
wise linear function to approximate the function arccos†(u):

arccos†apx (u) =

 a1u+ b1 : −1 < u < −ut

a2u+ b2 : −ut ≤ u ≤ ut

a3u+ b3 : ut < u < 1
, (31)

where a1, a2, a3, b1, b2 and b3 are linear coefficients and
ut is a threshold to divide the subdomains of the piecewise
function as shown in Fig. 8. Note that arccos†apx(u) = π
for u ≤ −1 and arccos†apx(u) = 0 for u ≥ 1. The optimal
values for these coefficients and threshold are listed in Table II,
which are obtained via a standard linear regression approach
under the minimum mean square error (MMSE) criterion. This
approximation is illustrated in Fig. 8, which shows minor
difference between the approximated function and the original
function. By applying (31) to (30), we are able to convert the
integral into the form shown in (27). The solutions to the basic
integrals in (27) can be found using (22) and (23):∫ v

u

e
− |α−µL|bL

2bL
dα = Cu,v,

∫ v

u

e
±α−µLbL

sinα
dα = 2D1,±1

u,v ,∫ v

u

e
±α−µLbL

tanα
dα = D2,±1

u,v +D0,±1
u,v . (32)

By inserting the solutions in (32) into (27) leads to the
expression of (21). Now we go back to the the expression
for P[G ≤ T |α] and use the approximation (31) to (29).
The resultant piecewise function may equal to 1, 1Sθ3

π ,
a1ξ+b1
π + 1Sθ3

π , a2ξ+b2π + 1Sθ3
π or a3ξ+b3

π + 1Sθ3
π with various

6.5 7 7.5 8 8.5 9 9.5 10

10
-7

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 9: Illustration of the breakpoints of the function P[G ≤ T |α], which
corresponds to Table III.

values of α and T , as shown in Fig. 9. The next step is to
calculate the average probability over the random variable
α by P[G ≤ T ] =

∫ π
2

0
fα(α)P[G ≤ T |α]dα. This requires

information of break points of the piecewise function in terms
of α threshold values, which correspond to the expressions
concluded in (24). An illustration of these breakpoints is
also presented in Fig. 9, where four boundary curves (break
points) can be observed. The first curve is composed of α1

and α2. It can be found that the value of P[G ≤ T |α] in
the region on the right hand side of this curve equals one.
The functions of α1 and α2 are obtained from solving the
equation 1

π arccos†(ξ) + 1Sθ3
π = 1 in conjunction with (28)

with α as the unknown. The second curve corresponds to α3.
The value of P[G ≤ T |α] in the region on the lower left hand
side of this curve equals 1Sθ3

π . The function of α3 can be
obtained by solving the equation 1

π arccos†(ξ) = 0 with α as
the unknown. Due to the use of the approximation (31), the
remaining two curves α4, α5 and α6 divide the subdomains
for the three linear functions. The functions of α4, α5 and
α6 can be calculated by solving the equations ξ = ±ut with
α as the unknown. Based on above information, we are able
to conclude the values of the piecewise function P[G ≤ T |α]
in each subdomains in Table III. Then it is intuitive to
calculate P[G ≤ T ] by using this lookup table. For example,
when 0 < T < T1, we can expand the integration as:
P[G ≤ T ] =

∫ α3

0
fα(α)1Sθ3

π dα+
∫ α6

α3
fα(α)1Sθ3+a3ξ+b3

π dα+∫ α4

α6
fα(α)1Sθ3+a2ξ+b2

π dα +
∫ α1

α4
fα(α)1Sθ3+a1ξ+b1

π dα +∫ π
2

α1
fα(α)dα, where each integral can be solved by using

(21). Since the random blockage is independent from the

Wireless infrared-based LiFi uplink transmission with link blockage and random device orientation 
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Table III: Lookup table for the function of P[G ≤ T |α]

T ∈ (0, T1] T ∈ (T1, T2] T ∈ (T2, T3]
No. range of α P[G ≤ T |α] No. range of α P[G ≤ T |α] No. range of α P[G ≤ T |α]

1 α ∈ [0, α3] 1Sθ3
π

6 α ∈ [0, α2] 1 11 α ∈ [0, α2] 1

2 α ∈ (α3, α6] 1Sθ3+a3ξ+b3
π

7 α ∈ (α2, α5] 1Sθ3+a1ξ+b1
π

12 α ∈ (α2, α1] 1Sθ3+a1ξ+b1
π

3 α ∈ (α6, α4] 1Sθ3+a2ξ+b2
π

8 α ∈ (α5, α4] 1Sθ3+a2ξ+b2
π

13 α ∈
(
α1,

π
2

]
1

4 α ∈ (α4, α1] 1Sθ3+a1ξ+b1
π

9 α ∈ (α4, α1] 1Sθ3+a1ξ+b1
π

- - -
5 α ∈

(
α1,

π
2

]
1 10 α ∈

(
α1,

π
2

]
1 - - -
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Figure 10: CDF of optical wireless channel. If not specified the following
default configurations are used: r = 1 m, φ1/2 = 60◦ and Λb = 0.1. The
remaining parameters are listed in Table I and IV.

random orientation process, the final optical wireless channel
CDF can be calculated using FG(T ) = Prb + PlosP[G ≤ T ].
Eventually, the calculation leads to the result of the first
condition in (20). In conjunction with (24) and (25), the
boundaries of the channel threshold T1, T2 and T3 can be
obtained by solving the equations α2 = α3, α4 = α5 and
α1 = α2 with T as the unknown, respectively.

B. Statistics of SNR

Corollary 1. Based on Proposition 1, the CDF of the UL SNR
γ can be calculated as:

Fγ(T ) = FG

(
1

2c3

(
c2T +

√
c22T

2 + 4c3c1T

))
, (33)

where

c1 =
2KbTa

RL
+ qM2+xIbg, c2 = qM2+xp̄Ĥ(0),

c3 =
2p̄2(2M − 1)KTsM2

3(M − 1)
K−1∑
k=0

∣∣∣∣∣ ∞∑l=−∞ Ĥ
(

k
KTs
− l

Ts

)∣∣∣∣∣
−2 , with

Ĥ(f) =

∫ λmax

λmin

Gof(λ)H2
sp(f)Hpd(f, λ)Hled(f, λ)dλ. (34)

Proof: The average signal photocurrent Is in (13) can be
calculated by:

Is = p̄G

∫ λmax

λmin

Sled(λ)Gof(λ)Rpd(λ)dλ = p̄GĤ(0). (35)

-10 0 10 20 30

SNR [dB]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
D

F

0
0

0.5
1

Figure 11: CDF of UL SNR. If not specified the following default config-
urations are used: r = 1 m, φ1/2 = 60◦ and Λb = 0.1. The remaining
parameters are listed in Table I and IV.

By inserting (13) into (9) and in conjunction with (35) and
How(f, λ) = G, the SNR expression can be rearranged as
c3G

2

c1+c2G
, where c1, c2 and c3 are as defined in (34). Thus, the

CDF of the SNR can be rewritten as:

Fγ(T ) = P [γ ≤ T ] = P
[

c3G
2

c1 + c2G
≤ T

]
= P

[
c3G

2 − c2TG− c1T ≤ 0
]
. (36)

By solving the inequality c3G2−c2TG−c1T ≤ 0, the solution
(33) can be obtained.

Remark. The closed form expressions (20) and (33) can
be used as an analytical framework to analyse/optimise the
configuration of system parameters. In addition, the derived
statistics can be used to calculate various system performance
metrics directly without using time consuming Monte Carlo
simulations. Furthermore, it is also possible to generate ran-
dom optical wireless channel/SNR samples using the rejection
sampling technique for studies where random optical wireless
channel/SNR samples are required.

In order to validate and investigate the derived statistics,
we present a number of example results calculated using (20)
and (33), and compare them with the corresponding Monte
Carlo simulation results, as shown in Fig. 10 and Fig. 11. The
agreement between the analytical results and the simulation
results with various configurations validates the derivation and
proves that the approximation (31) causes negligible errors.
The results with red markers show that the deviation of the
channel and SNR increases with an increase of horizontal
offset r. In addition, the CDF curves are saturated at levels
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Table IV: Simulation parameters II

Parameter Symbol Value
APD gain M 50

FFT block size K 256
FoV ψFoV 60◦

LED cut-off frequency fc,led 35 MHz
LED half-power semiangle φ1/2 60◦

blocker radius lb 0.15 m
PAM order M 2

symbol time Ts 10 ns
terminal capacitance CT 12 pF
distance to windows Dwin 5 m

RB density Λb 0.1 RB/m2

UE to UB separation rub 0.3 m

around 0.2 (consequence of link blockages) except for the
case of r = 0. This implies that the UL transmission is
more likely to be affected by link blockage and random
device orientation with an increase of r. The results with
green markers demonstrate that the link blockage probability
increases with a higher value of random blocker density Λb.
By using a narrower LED beam width φ1/2 = 45◦, the link
deviation of the channel and SNR also increases. The last two
results shown in Fig. 11 with blue markers demonstrate that a
PIN diode (M = 1) with a small active area (7.1 m2) may not
be sufficient to support LiFi UL transmissions, and an increase
in modulation order leads to a higher PAPR.

V. COVERAGE PROBABILITY EVALUATION

In this section, we apply the analytical results presented
in Section IV to evaluate the performance of the LiFi UL
system in terms of coverage probability, which is defined as
the probability that a UE in a LiFi network will achieve a
threshold UL SNR. In this section, a random user position will
be considered. Therefore, r is treated as a random variable and
the CDF result presented in (33) should be denoted as Fγ(T |r)
here. By including the randomness of UE positions, we are
able to include the AP association policies, AP layout and
AP densities into play. Despite the necessity of one numerical
integration, the numerical evaluation is still more efficient,
convenient and tractable than implementing Monte Carlos
simulations. Two AP association policies are considered. The
first policy is called minimum distance association (minDA),
which allows the UE to connect to the closest AP (lowest
r). The second policy is called signal strength association
(SSA), which lets the UE connect to the AP that provides
the highest signal strength (highest SNR). The two policies
are demonstrated in Fig. 12 (a). There are two APs near the
considered UE. It can be observed that the UE is closer to
AP 2 than AP 1 (r1 > r2). In the case of minDA, the UE will
be associated with AP 2. On the other hand, AP 1 provides a
higher SNR as the UL LED of the UE is better aligned with
AP 1 (γ1 > γ2). In the case of SSA, the UE will be associated
with AP 1.

A. Network with grid-based regular AP layout

In the practical scenario, a LiFi network may need to be built
on top of an existing lighting network. This implies there might
be constraints on the layout of LiFi APs. To achieve a uniform

Figure 12: (a) Demonstration of different AP association policies. (b) Regular
square-grid AP layout. (c) Random AP layout. (d) Geometry of coverage
probability calculation with a regular grid-based AP layout. (e) Geometry of
coverage probability calculation with random a AP layout.

illumination, a regular AP layout on a square grid is commonly
used, as shown in Fig. 12 (b). In the case of minDA, the
UE is covered by the nearest AP. Consequently, the statistics
of the UEs in each cell are identical. Therefore, we consider
the performance of a UE randomly distributed in one cell,
as shown in Fig. 12 (c). For simplicity, we approximate the
square cell by a circular cell with the same area. Considering
a random node uniformly distributed within a circle with a
radius of R, the PDF of the distance between the node and
the circle centre r is:

fRc (r) =
2r

R2
. (37)

Therefore, the PDF of the horizontal offset r can be calculated
by fRc

c (r) where Rc is the radius of the circular cell, which
can be obtained from the AP density Λa by Rc = 1/

√
πΛa.

Thus, the coverage probability can be calculated by averaging
over r as:

Pc = 1−
∫ Rc

0

fRc
r,c(r)Fγ(T |r)dr

= 1− 2

R2
c

∫ Rc

0

rFγ(T |r)dr. (38)

B. Network with random AP layout

In some indoor environments, uniform lighting is not re-
quired and the layout of APs might exhibit some randomness,
as shown in Fig. 12 (d). In order to take these scenarios into
account, we also consider a LiFi network with a random AP
layout following a homogeneous PPP. In this case, we consider
a polar coordinate system with the UE position as the origin,
as shown in Fig. 12 (e). Assuming there are Na APs randomly
distributed within a circle with a radius of rmax. In the case
of minDA, the r equals the horizontal distance between the
UE and the closest AP. Therefore, the PDF of r can be found
as [36]: f1st

PPP(r) = 2πΛar exp(−Λaπr
2) where Λa is the AP
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Figure 13: Coverage probability of various AP layout and AP association.
The notation ‘num’ means numerical result and ‘sim’ means Monte Carlo
simulation results.

spatial density. Thus, the coverage probability can be found
as:

Pc = 1−
∫ rmax

0

f1st
PPP(r)Fγ(T |r)dr

= 1− 2πΛa

∫ rmax

0

re−Λaπr
2

Fγ(T |r)dr. (39)

In the case of SSA, the UE can be associated to any one of
the Na APs. Due to the randomness in AP position, device
orientation and link blockage, the UL SNRs corresponding
to each AP are independent and identically distributed (i.i.d.)
random variables γ̃. In conjunction with (37), the CDF of γ̃
can be calculated by:

Fγ̃(T ) =

∫ rmax

0

frmax
c (r)Fγ(T |r)dr

=
2

r2
max

∫ rmax

0

rFγ(T |r)dr. (40)

According to the theory of order statistics, the maxima of γ̃
among the Na APs can be calculated by {Fγ̃(T )}Na [37].
Since the number of APs within the circle with the radius of
rmax follows a Poisson distribution with a PDF of P[Na =

l] = e−Λaπr
2
max

(
Λaπr

2
max

)l
/l!. Eventually, by averaging over

Na, the coverage probability can be calculated as:

Pc = 1−
∞∑
l=0

P[Na = l] {Fγ̃(T )}l

= 1− exp

(
2πΛa

∫ rmax

0

rFγ(T |r)dr − Λaπr
2
max

)
. (41)

In theory, rmax should be ẑ tanψFoV, but rmax ≥ 5 is
sufficient for obtaining accurate results.

C. Results and discussions

In the following results, most of the system parameters
are listed in Table I and IV. In addition, an AP density of

Λa = 0.08 AP/m2 is considered as an example. In Fig. 13, the
numerical results with various AP layouts and AP association
policies calculated using (38), (39) and (41) are presented
along with the Monte Carlo simulation results. Furthermore,
the simulation results of the systems with square AP layouts
under minDA and SSA policies are also presented. In particu-
lar, a simulation result in an ideal condition without the effects
of link blockage and random device orientation (device facing
straight upward) is also included for comparison. Considering
an SNR threshold of 10 dB, the LiFi UL system in the ideal
condition achieves a coverage probability of 100%. In contrast,
the remaining systems under the effects of link blockage and
random device orientation achieve coverage probabilities in the
range of 65% to 90%. This means a performance penalty of
10% to 35% in terms of coverage probability. Comparing the
results with different AP association policies, the systems with
SSA (black) achieves 15% to 20% higher coverage probability
than those achieved by systems with minDA (red) with a 10 dB
threshold. This is because the nearest AP does not necessarily
provide the strongest desired signal due to the undesired LED
orientation in many conditions. Comparing the systems with
various AP layouts, the systems with regular AP layouts
(circular, square) outperform those with irregular AP layouts
(PPP) by 10% to 15% in terms of coverage probability with
a 10 dB threshold. Also note that the systems with circular
and square AP layouts under the minDA achieve similar
coverage probabilities. This indicate that using a circular cell
to approximate the square cell is valid in Section V-A.

Next, we consider the effects of varying a number of
parameters on the performance of the LiFi UL transmission.
Fig. 14 shows the coverage probability varying with (a) the
transmitter half-power semiangle φ1/2, (b) detector FoV ψFoV,
(c) AP density Λa and (d) RB density Λb. The results with
a threshold of T = 10 dB are presented as examples. The
presented results include the cases with various AP layouts
and AP association policies calculated using (38), (39) and
(41). The simulation result for square AP layout under SSA
policy is also included as the corresponding numerical result is
not available. Fig. 14 (a) shows that the coverage probability
improved by 15% to 30% with an increase of φ1/2 from 30◦to
60◦. This is because the LED is less likely to be aligned with
an AP under the effects of random orientation. Therefore, a
large φ1/2 could improve the channel gain when the link is
not well-aligned and enhance the channel reliability against
random device orientation.

Fig. 14 (b) shows that the coverage probability increases
with an increase of ψFoV for small values of ψFoV. An
excessively narrow FoV limits the AP coverage region, which
significantly increases the probability that the UE is out of the
FoV of any neighbouring AP receiver (enter the ‘dark zone’).
The coverage probability reaches a peak with a ψFoV in the
range of 40◦to 60◦, and start to slightly decrease with a further
increase of ψFoV. This is because the ‘dark zone’ is almost
eliminated when ψFoV is sufficiently large. Further increases in
ψFoV become pointless but decrease the gain from the optical
concentrator gc.

Fig. 14 (c) shows that the coverage probability increases
with the AP density Λa. Note that AP density can also
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Figure 14: (a) Coverage probability varies with transmitter half-power semiangle φ1/2. (b) Coverage probability varies with receiver FoV ψFoV. (c) Coverage
probability varies with AP density Λa. (d) Coverage probability varies with RB density Λb.

be interpreted as a equivalent circular cell radius, which is
labelled on the top of Fig. 14 (c). A smaller Λa leads to a
longer average horizontal link distance r. As demonstrated
in Fig. 12 (a), the channel deviation and the link blockage
probability increases significantly with r. Consequently, the
coverage probability drops significantly with a decease of
Λa. Therefore, the AP density should be high to shorten the
average value of r. It can be observed that an AP density of
Λa = 0.1 AP/m2 (1.75 m cell radius) leads to a coverage
probability of 70% to 100%. When the AP density drops to
Λa = 0.05 AP/m2 (2.5 m cell radius), the coverage probability
decreases to the range of 50% to 80%.

Fig. 14 (d) shows that the coverage probability decreases
with an increase of RB density Λb. In addition, the coverage
probability without the effects of link blockage is also depicted
for comparison. The gap between the results with and without
the effects of link blockage indicate the performance penalty
caused by link blockage. The penalty is in the range of 10%
to 30% in terms of coverage probability. Note that the gap
between results at Λb = 0 reflects the penalty caused by the
UB, which is in the range of 10% to 15% in terms of coverage
probability. It can be observed that the coverage probability
decreases linearly by 10% to 15% with an increase of Λb

from 0 to 1 user/m2. When the random blocker density is not

significant, UB is the dominant cause of link blockage.

VI. CONCLUSIONS

In this paper, the performance of a wireless IR-based
LiFi UL transmission under the effects of link blockage and
random device orientation is investigated. We have extended
the PAM-SCFDE framework to include more practical factors
in the model. The properties of the receiver noise in the UL
scenario are evaluated and discussed. In particular, we have de-
veloped closed-form expression for the statistics of the optical
wireless channel and SNR under the effects of link blockage
and random device orientation. We have used the developed
analytical expressions to evaluate the coverage probability of
the LiFi UL transmission with various AP layouts and AP
association policies. The results show that the link blockage
and random device orientation may cause a UL transmission
performance penalty of 10% to 35% in terms of coverage
probability. To achieve better coverage probability, a wide
transmitter half-power semiangle of 60◦ and a receiver FoV
in the range of 40◦ to 60◦ are suitable choices. Furthermore,
the link blockage issue causes a significant system coverage
probability decrease by 10% to 30%.

In the current study, the IR-based LiFi UL transmission from
a single LED to a single detector is considered. The results

Wireless infrared-based LiFi uplink transmission with link blockage and random device orientation 
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have revealed the significant performance degradation caused
by link blockage and random device orientation. In future stud-
ies, UL transmission systems with multiple LEDs/detectors
can be considered to overcome this issue and to improve
the link reliability using the diversity gain. Furthermore, the
current analysis can also be extended to study the UL mul-
tiple access schemes by considering statistics of co-channel
interference.
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