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Abstract—This work studies the impact of channel blockage shows that blockage would increase the handover rate more
caused by human bodies in visible light communications (VL$;  noticeably for slow-moving users than fast-moving users. A

which is one of the key wireless technologies in 6G. As operag for hybrid VLC and RF networks, when blockage occurs to
on the optical spectra, VLC channels can be blocked by opaque . .
a VLC user, it can be transferred to an RF access point

objects, especially by human users themselves. This human X o
blockage has a nonnegligible impact on the performance of V€.  (AP) or another VLC AP of which the link is not blocked.

The current literature mostly considers human bodies as sh@ed A support vector machine-based scheme was proposed in
objects to evaluate the numerical performance of VLC. In ths [5] to determine the type of network access, by exploiting
paper, the coverage probability of line-of-sight (LoS) sigal-to- e temporal correlation of blockage parameters. In [6dlo
noise ratio (SNR) under the impact of human blockage is deried balancing for the hybrid VLC and RF network is formulated
in a closed-form expression and validated against simuladns. Rt ) ) i
The impact of human blockage on non line-of-sight (NLoS) is @S an optimisation problem, which characterises blockage i
also analysed in specific room environments. Results showah the objective function.
isngéfnascigg tnheeagiStf?gl(\:/Z ?ﬁéwsgékt;oiy aﬁgga%?l\i/ticefrfgr)nmzlzg/cn:oto In the above studies, channel blockage is modelled as a
' b . . .
12%. Also, ashoyrter separation petv%/]eeﬁ VLC AF}/s can effectaly EIOISlfon process Wl(tjh hkey Ipararl;]Ietekrs toldetscr:_l?e how Ofttfn
mitigate the LoS SNR degradation caused by human blockage, 2'0CX@g€ OCCUrs and how long blockage [asts. However, this
while the NLoS SNR degradation is irrelevant to the APs’ type of model does not reflect how human bodies impose
separation. blockage to the device. Some studies have been carried out
Index Terms—Visible light communication (VLC), light fidelity  to model human blockage. The authors in [7] established an
(LiFi), channel blockage, SNR coverage probability empirical probabilistic model of blockage events. However
this model does not directly reflect how human body causes
blockage. In [8], the human body is modelled as a slab olestacl
ITH imminent standards such as IEEE 802.11bb amdth a certain height and width. This model only fits a simple
ITU G.9991, visible light communications (VLC) arescenario where the obstacle is exactly inbetween the AP and
on the way to commercial use in the six generation (6Ghe device. In [9], human bodies are modelled as a cylinder
Based on the existing light infrastructure, VLC can fulfibbject, and the length of shadow is used for computing the
simultaneous illumination and communication to help reduchance of blockage. Similar to [8], [9] is under an unregist
the carbon footprint of the information and communicatioassumption that the device, the human body, and the AP are
technology (ICT) sector. In addition, VLC provides a numin a line. The cylinder model was also adopted in [10], which
ber of other advantages over radio frequency (RF) systerdsrived the blockage probability for a given distance betwe
including: i) offering wide and unregulated visible speectr, human body and AP, by computing the threshold of the angle
ii) feasibility in RF-restricted areas, and iii) renderisgcure between the human body and the device. However, this work
communication in opaque compartments [1]. Recent studieas two major limitations: i) it fails to address the impattiee
show that with a single phosphorescent white light-engttindistance between human body and device, and ii) it considers
diode (LED), it is able to achieve a VLC link data rate above line-of-light (LoS) only and does not reflect the impact of
Ghit/s [2]. Moreover, VLC can be combined with the existindghuman blockage on non line-of-sight (NL0S).

RF systems, forming a hybrid network to greatly improve the In VLC, LoS typically contributes a large portion of the
capacity of wireless communications [3]. received signal power [11]. In this paper, a closed-form ex-
Meanwhile, VLC is susceptible to channel blockage causgdession is derived for the coverage probability of LoS algn
by opaque objects, particularly the bodies of human usets:noise ratio (SNR) under the impact of human blockage,
This is referred to as human blockage, which has beearticularly involving the distance between human body and

widely considered in access point selection (APS) and lodevice. Results show that increasing the distance betwady b
balancing for VLC [4] and VLC-related hybrid networks [5],and device from 10cm to 30cm can nearly halve the blockage
[6]. The handover process was studied for VLC in [4], whicprobability, from 22% to 12%. Apart from that, reducing the

I. INTRODUCTION



APs’ separation can effectively mitigate the LoS SNR degra- At the receiver, the PD converts the captured photons into
dation caused by human blockage. Unlike LoS, the impact afh electric current:

human blockage on NLoS depends on the room environment.

While it is difficult to derive the coverage probability of N5 Telec = BpaHi u Fmod, )

SNR under the impact of human blockage, numerical r_esuQ,_{,q;]ere Rpa is the detector responsivity whil@eq is the
are analysed. It is found that the NLoS SNR degradation figansmit optical power used for modulation. Lit, denote

irrelevant to the APs’ separation. the received SNR of the UE without channel blockage:
The remainder of this paper is organised as follows. The )
(deHi,quod)

VLC system model and channel model are introduced in i = (5)
Section Il. In Section Ill, the coverage probability of LoSIS ’ NvicBvie

is derived in closed-form, based on blockage modelling a¢here Ny, ¢ is the power spectral density (PSD) of noise at
the derivation of blockage probability. Simulation resudtre the receiver, including shot noise and thermal noise, Bng
presented in Section IV to validate the theoretical deiovat s the bandwidth per VLC AP.
The impact of human blockage on LNoS SNR is also analysed
in this section. Finally, conclusions are drawn in Sectian V  !ll. COVERAGE PROBABILITY ANALYSIS OF LOS SNR
In this section, the impact of human blockage on SNR
coverage probability is theoretically derived for LoS. The
The VLC APs are integrated into ceiling LED lamps, whicimpact on NLoS is difficult to derive since it depends on
are deployed in a lattice. Given a user, there are 4 neare8t Vgpecific room environments. Alternatively, numerical fessu
APs, and the user is usually connected to one of them. Henatg presented in Section IV with a detailed setup for NLoS.
only a set of 4 VLC APs need to be considered to modg\l
human blockage. The APs employ different spectra and thus
do not interfere with each other. As for the user equipmentFig. 1 illustrates LoS blockage caused by the human user.
(UE), it has a single photodiode (PD) facing upwards. Withod he human body is usually modelled by a cylinder object, of
loss of generality, downlink is considered in this papere THvhich the diameter isiy. Let hy denote the height of the
analysis also applies to uplink due to the law of reversipili cylinder, which is the vertical distance between the tophef t
of light. The VLC channel is comprised of LoS and NLoSYlinder and the UE. The human user holds the UE in front
paths. The channel gain of LoS can be written as follows [19f the body in a certain distance. Thus, it is modelled that

Il. SYSTEM MODEL

Blockage Modelling

eq. (10)]: the UE is positioned at a random point in a circle around the
human body, with radius. Let h; y and(; z denote the

HLoS — (m +1)Ap 8™ (i) g1 ge c0S(1i.0) (1) Vertical and the horizontal distances between the AP and the

v 27Td12,u T Y human user, respectively. As shown in Fig. 1, the shadow of

the human body can be approximated to be a trapezoid, of
which the top base idy. Let [, I. andl, denote the bottom
base, the height, and the side of the trapezoid, respectivel
The parameterg, andl. can be readily obtained by:

wherem = —In2/In(cos ®;/,) represents the Lambertian
emission order, an@, /, is the angle of half intensityApq

is the physical area of the PDY; , denotes the Euclidean
distance between APand usew; ¢, ,, andy; ,, are the angles

of radiance and incidencegy denotes the optical filter gain; I — hi ndu 6)
and the concentrator gaip is given by [12, eq. (8)]: b= hig—hyg
2 huli g
9 0 S 7, S v lc = — 7
ge = { sin®(Upax) v max 2 him —hug @
0, Vi > Umax The parametet; is determined by:

wheren is the refractive index, an® ., denotes the semi- 5

angle of the field of view (FoV) of the PD. ls = \/(M) +12. (8)
As for the NLoS component, only first-order reflections 2

are taken into account as higher-order reflections typicall Substituting (6) and (7) into the above equation, it gives:

contribute little [12]. A first-order reflection is compridef

two segments: a) from the AP to a small areaon the hy dy\° 5

wall, and b) fromw to the user. Let;, andd, , denote ls = him —hp <7) +li,H

the Euclidean distances of the two segments. The angles of

radiance and incidence in the first segmentgrg and?d; ., B. Blockage Probability

while they arev,,, and 1, . in the second segment. Let The LoS path is blocked when the UE is located in

A, denote the area af, and the wall reflectivity i,,. The the shadow area shown in Fig. 1. To derive the blockage

channel gain of NLoS is given by (3) [12, eq. (12)]. The totgbrobability of LoS, three cases are considerediqd) > I;

channel gain isH; , = H{%° + H.°S. i) ry <o andii) I, < rg < .

9)



m+ 1)A m
FNLos _ /A ﬁpw cos™ (Ps.w) g1 Ge COS(Wu u) COS(W;.4y) COS(Tp ) d Ay - (3)

Therefore,# can be obtained as follows:

200+ /5 (da+1) — a
N (4o +1) >’ (19

6 = 2 arcsin (

Human body
rg . .
whereny = e To satisfyry <., there exists:
H

I ra(hi g — hi)
Y=y

The blockage probability in this case can be written as:

— 1. (16)

0
Pe(l; mllim > 1l2) = 7 a7)
Fig. 1. Schematic diagram of LoS blockage. 3) l. < rg < I, In this case the arc angle that makes the
P UE fall in the shadow area %— ¢, as shown in Fig. 2(b). The
T ¢ ) T E;gle@ has been derived in (15), whereasan be computed
b = "H TH b '
Lol o2 | ¢ = 2arccos 3 ) (18)
| ; o | TH
xz Substituting (7) into the above equation, it gives:
hulin )
=2arccos | —————— | . 19
! b) I ! ’ <(hi’H ~ ha)ri o
< c c S . oy . .
(@) rm < O) e < < The corresponding blockage probability is given by:
Fig. 2. Blockage situations of LoS. R
PB(li,HUI < li,H < lg) = 2— (20)
i
1) rg > l: In this case the UE is always outside the Combining the qbove three cases, the blockage probability
shadow area. Substituting (9) intg; > I, we have: of LoS can be derived as a function bfy:
v (hi g — hir) 2 di 2 0, Whenli,H <h
L <\ [P — (SE) = (0) 6o
H Pe(lip) = 5 whenly <l; g <ls. (22)
2) rg <. In this case the UE might fall in the shadow i whenl o > 1
area, and the blockage probability depends on the arc angle 21’ LH =12

of the UE orbit inside the shadow area. ltetlenote the arc C. SNR Coverage Probability

angle. As shown in Fig. 2(a), there exists: The probability Oth%S — 0is denoted b}ﬁpr(’yﬂs —0),
z le which can be calculated as follows:
= , (11)
_dm b dm L
2 2 2 Pr(yioo=0)= [ fUim)Pe(lim)dliu,  (22)

I

where f(l; ;) denotes the probability density function (PDF)
[0 2ady + /(4o + 1)r?, — ad?, of the random variabld, ;, while Imax is the maximum

s <_) - (4o + D)ry (12) distance between the human user and the AP. When channel
blockage does not occur, the PDF S is derived by:

lc 2 1 2
a= <lb — dH> : (13) f(%L,ZSWiL,ZS =0)= f(%L,ZS) [1 ~3r /0 ]P)B(li,H)deu,Hla
(23)
where f(4:°5) is the PDF of+:°S, and , y is the angle

_(lim 2 14 between the line from AP to UE and the line from UE to
“\dy ) 149 human body. In (23),;  can be approximated by ,,, which

wherex = rg cos (6/2) andy = rg sin (6/2). This gives:

3

where:

Substituting (6) and (7) into the above equation, it gives:



li,u =

TABLE |

(m + 1)Apd(hi,H)erlgfgcdePmod

2
m+3

274/ 41 Nuie Buie

SIMULATION PARAMETERS

Parameter Value
The physical area of the PDjpq 1 cn?
The gain of the optical filterg 1
Refractive indexn 15
Half-intensity radiation angle®; ,» | 60°

FoV semi-angle of the PD¥max 90°
Modulated optical powerPmod 1 Watt
Detector responsivityRpq 0.53 A/IW
Wall reflectivity, p., 0.8
Bandwidth per VLC AP,By.c 20 MHz
PSD of noise in VLC,Ny.c 10~21 A%/Hz

0.3

0.25

o
N

Blockage probability
2

(53]
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o
[
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Fig. 3.
simulatiol

is computed as a function 6ff9° in (24). Accordingly, (23)

can be

f(

o

Blockage probability of LoS (lines: analytical résy markers:

ns).

approximated to be:

Vel #0) =

lmaX
f 0 f (’71"_,?13

LoS

1-— ]P,(%Lgf =0) .
Vdl; o,

FOESD) = Fliu(3520) [1 = Pa(liu(%50))] -
The normalised PDF of}9° for ~

(4%

IV. SIMULATION RESULTS

In this section, Monte Carlo simulations are carried oytrobability. This indicates that when the human body blocks
in MATLAB to evaluate the impact of human blockage orthe UE from the nearest AP, the UE can still have access
the UE's SNR coverage. The UE is randomly located in ta another AP. However, this degrades SNR compared with
room with uniform distribution. The room size is 5m bythe case of no blockage. As shown, this degradation becomes
5m, with a ceiling height of 2.6m. An average height ofmore significant wheniap increases. Takinglap = 2m as
1.7m is considered for the human body with a 0.3m bodyn example, the 50th percentile of LoS SNR is 0.4 dB less

# 0 is obtained by:

= (hi,m)?. (24)

diameter, while the value ohy is set to be 0.5m. Other
parameters are summarised in Table I. For the LoS blockage,
the simulation checks whether the direct path between UE and
AP is blocked by human body. As for the NLoS blockage, it
checks each reflection path and accumulates those paths that
are not blocked.

A. Sngle VLC AP with LoS only

Fig. 3 shows the blockage probability as a function of
l; g for different values of the horizontal distance between
device and body, which is denoted by = riy — di /2. As
shown, the analytical expression in (21) largely agrees wit
the simulation results, expect it exhibits a sharper irsgea
when /; i is small. This is because when the human body
is right below the AP, the shadow area is an ellipse instead
of a trapezoid. Whe,;  increases, the blockage probability
first increases and then decreases. This is because ivhen
just becomes larger thah, the arc angle that would cause
blockage (i.e.f — ¢) increases with; ;. When(; i keeps
increasing and becomes larger than this arc angle turns
to be #, which reduces a§ p increases. Also, the blockage
probability becomes higher for a smalléy,s, as expected.
Taking [, y = 3m as an example, the chance of human
blockage is about 22% whédg,g = 10cm, while foripog =
30cm the chance reduces to only 12%.

The coverage probability of LoS SNR with a single AP is
presented in Fig. 4 whebnax is set to be 2.5m. As shown,
in general, the analytical expression in (26) closely madch
the simulation results. At the lower end of SNR, the derived
expression slightly deviates from the simulations, esgbrci
for a largelpgg. This is a result of using; , to approximate
l; . and this approximation is more accurate for a smaller
Ip2s. When ipog increase, the coverage probability of LoS
SNR increases towards the case of no blockage. For instance,
whenlpg = 10cm, the 50th percentile of LoS SNR is 2.3 dB
less than that of no blockage. This gap reduces to only 0.7 dB
whenpog increases to 30cm.

B. VLC Network with LoS and NLoS

Fig. 5 presents the coverage probability of LoS SNR when
there are 4 APs in the room, witlyg fixed to be 10cm.
Let dap denote the distance between two nearest APs. Unlike
in Fig. 4, the lower end of CDF in Fig. 5 starts from zero
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09+ 09F o d,,=2m
08t 0.8l dAP =2.5m
d,,=3m
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Fig. 4. Coverage probability of LoS SNR with a single AP (8nanalytical Fig. 6. Coverage probability of NLoS SNR with 4 APs (simwas).

results, markers: simulations).

SNR. Future work will investigate how the SNR performance
of one UE is affected by the human bodies of other UEs.

09+ o d,,=2m

0.8 L dAP =2.5m

07k v dAP =3m
—with blockage

0.6 — = wj/o blockage

CDF

0.5

(1]

0.4

0.3

(2]

(3]

45

30
SNR [dB]

35 40

(4]

Fig. 5. Coverage probability of LoS SNR with 4 APs (simulatj [5]
. . [6]
than that of no blockage. This gap increases to 1.3 dB for
dap = 3m. The coverage probability of NLoS SNR is studied .
in Fig. 6. Human blockage causes a decrease of 2.5dB {(}
NLoS SNR, regardless afap. However, the value of NLoS

SNR becomes higher wheinp increases, since in this case 8]
the APs are closer to the wall, leading to stronger reflestion

V. CONCLUSION [

In this paper, a closed-form expression was derived for the
coverage probability of LoS SNR under the impact of humaﬁlO
blockage, with a particular analysis of the distance betwee
human body and UE. The derived expressions closely match
the simulation results, which also show that increasing thIe_L
distance between body and device from 10cm to 30cm can
nearly halve the blockage probability and increase the 50-
th percentile LoS SNR by 1.6 dB. Decreasing the separa
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