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Background. Wi-Fi has many disadvantages, such as how the maximum bandwidth is limited by the frequency of the
range. The work uses Li-Fi technology, which uses visible light for data transmission. The frequency range of Li-Fi is 1000
times greater than the entire radio range. Feedback is used to increase the throughput. But the feedback decreases the

bandwidth of the downstream signal.

Objective. The purpose of the paper is to analyse what parameters are advisable to change to increase the throughput of

the Li-Fi system.

Methods. Study of the simulated dependence of the optimal interval change for using the feedback, and using this interval
plot the dependence of the throughput on the change in the parameters of the Li-Fi system with a mobile user.

Results. With an increase in the area of the photodiode and its refractive index, the throughput increases. As the receiver
speed increases, the throughput decreases slightly <0.1%. Reducing the angle of the photodiode field of view and the half-
angle of radiation significantly increases the throughput (by 50%) only when decreasing to small angles (<10 °).

Conclusions. It is advisable to make photodiode from a material with a high refractive index, with a big area. Since
mobile devices are often used in the office Li-Fi network, it is not advisable to reduce the receiver's viewing angle, as well as
to reduce the half-angle of radiation. It may also be beneficial to give mobile users more download throughput than upload

throughput.
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I. INTRODUCTION

The amount of traffic used in the world is growing
every year. And, Wi-Fi is on the edge of its
capabilities[1]. Therefore, a variant for solving this
problem was used, a transition to another part of the
range of the electromagnetic spectrum - the visible
light, namely the Li-Fi technology. Li-Fi technology
was proposed by Harald Haas in 2011 [2].

Radio
frequency

Frequency of visible light

Infrared frequency

Fig. 1. Part of the electromagnetic spectrum on a
linear scale

Unlike Wi-Fi, Li-Fi has such advantages:

® The frequency range is 1000 times greater over
the entire radio spectrum. [2]

® Suitable for use where radio devices are
restricted by the interference they generate,
such as hospitals, airplanes, nuclear power
plants, etc.

® LED lighting is a ready-made infrastructure for
building a Li-Fi network [3].

® Li-Fi cannot be intercepted outside the room.

® Li-Fi is safe for health because it uses the light
that is used in LED lamps.[4,5,6] LED lights
switch so quickly that they don't cause
epilepsy.

® Manufacturing Li-Fi components is
environmentally friendly as it complies with
the Kyoto Protocol [7].

O-OFDM manipulation is often used in Li-Fi. For more
efficient use, periodically send information about the
position of the signal receiver to the transmitter.
Optimization is needed when changing location or tilt
angles. This article analyses the change in position, that
is, the radial movement from the point of perpendicular
incidence of the signal to the edge of the signal
receiving.
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Fig. 2. Fixed transmitter and receiver. a) downlink
from transmitter to receiver. b) uplink to transmitter
from receiver
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A. Fixed transmitter and receiver. The receiver
is perpendicular to the transmitter

The simplest model was developed from the
beginning. In it, the angles of receiving and
transmission are equal to zero, the receiver is located
perpendicular to the transmitter. Also this model is
unidirectional. This model is simple, but it is used with
one stationary source and stationary receiver. It is
shown in Fig.2 a). Further, by analogy, a model has
been developed that includes data transfer from the
terminal to the access point. This is called feedback. It
is shown in Fig.2 b). For feedback, not only visible
light can be used, but also infrared signal or even radio
signal, for example, Wi-Fi, especially when you do not
need such high speeds for wuploading as for
downloading. Combining Fig.1 a) and Fig.1 b), we get
the simplest bidirectional Li-Fi model. This model is
fixed. In it, nothing changes over time and there is no
need to request data about the user's position. In the
model, the angles of receiving and transmission are
equal to zero.

B. Fixed transmitter and receiver. The receiver
is not perpendicular to the transmitter

os vt Oa= vt

a) b)

Fig. 3. A radially displaced source from a
perpendicular location to the source, which is shown in
Fig. 2. The movement took place at a constant speed v,
in time t. a) downlink b) uplink.

After the end of the movement, the system will again

be fixed, and again there will be no need to request

information about the position of the terminal. In this

case, the energy received by the receiver from the LED

is considered the following odds [8,9]:

(m+1)Scosm(<p)ng(1[J)cosw
2md?
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>

where m=-1/logz(cos
d=\(h*+v2P).

®12) and g(y)=n*sin> ¥

S is the area of the receiver, ¢ is the radiation angle, y
is the angle of incidence, ®:» is the half-angle of
radiation, ¥ is the boundary angle of reception, Tf is

the gain of the optical filter, d is the distance between
the emitter and the receiver, n is the emitter rejection
index. m is the Lambert exponent, g (y) is the gain of
the optical concentrator. h is the height between
transmitter and receiver. vt is the horizontal component
of the distance, v is the speed of the terminal, t is the
time of movement

C. Not fixed receiver. Receiver moves radially from
center

The next step is to take into account the movement. It
is between Fig.1 and Fig.2. In this case, it is optimal to
periodically request position data from the user
terminal. This paper addresses this situation.

II. CALCULING

A. Mathematical apparatus

To calculate the throughput, the formula is used:
TZO)uPRup+0)dWRdW, (2)

where oy, and wgw are weight coefficients of uplink
and downlink, respectively. oy, + @w=1, ®, and
®adw>0.

Ryp and Rgw are upload and download throughput
respectively. They are considered in the following
formulae[10]:

Ry = Bdwll{fmin . (log2 (G-exp(—Zn(kmin+1)Bd/Kwo)))

(h2+v2t§)m+3
2(m+3) _ 2h(m+3) -1 (vtu ,
n(2) vty tan ( h ) (3)

where Bgw is the thickness of the descending
channels; K is the number of subcarriers; Kmin is the
number of subcarriers for one terminal; tu is update
interval; Mo is the fitted coefficient

o= (1-2) 22 (o0 i)

2(m+3) _ 2h(m+3) -1 (Vtu ,
+ n(2) vty tan (h) (4)

[10].

where Bayw is the bandwidth of the uplink channels;

tw 1s time for feedback.
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where Ppp is the transmitted optical power. No is noise
power spectral density; Pgy is transmitted downlink
optical power; 1 is the conversion factor, and n > 3 to

ensure less than 1%  of signal  being
2p2 2
_ GoPppPip )
clipped.”™ = 72NoBup ,
where P, is  transmitted uplink  optical
KT,
ke o~ Rlrea (g
power. ™" Baylog,(G/h2m+6) ( ),
where Treq is request data rate.
1
L G 3
Smeeuph®tpoBuploga (mes) | =2
tyopt = Treq v3 (9)
[10] @awN ;oG pzmreyt ©upBup

The resulting interval in (8) is substituted in (3) and (4),
then substitute in (2).

B. When is valid

When SNR at the transmitter and the receiver are >10.
SNR at the transmitter is given as [10]:

RZ PZ HZ
=P (q0)

Y = 7'IZNOBu.p

Where Rpq is photodiode responsivity. SNR at the
receiver is given as:
—41kB gy
Vi = S s (A1)
where k is k-th subcarriers.
III. Graphing
A. Used values
Table 1. Parameters
Parameter Symbo | Value
1
Area of photodiohe S 0.0001 m?
Gain of optical filter Ty 1
Half-intensity radiation angle | ®12 /3
Receiver field of view ¥ /2

Refractive index n 1.5
Number of subcarriers K 2048
Downlink  frequency  reuse|Baw 10 MHz
bandwidth
Transmitted downlink optical | Pay 8W
power
Uplink frequency reuse | Byp 5 MHz
bandwidth
Transmitted  uplink  optical | Py, 0.1 W
power
Weight coefficient of downlink | ®gw 0.75
Weight coefficient of uplink Oup 0.25
Fitted coefficietn o 453
Mrad/s
Noise power spectral density No 102" A%Hz
Velocity v 1.5 m/s
Conversion factor n 3
Request data rate Rreq 30 Mbps
Feedback time th I ms
Number of terminals N 4
Photodiode responsivity Rep 1 A/W

Photodiodes have an area on which, after the signal
falls, it is received and processed. The larger this area,
the more likely it is to receive and process the signal,
and the higher the bandwidth. The area of this area is
indicated by the letter A.

Optical filters suppress that part of the electromagnetic
spectrum that is not used by the access point, but can
be received by the photodiode. This work does not use
a filter, so the factoris 1.

The larger the reception angle, the more information
can be received. But in addition to useful information,
there may be noise. Therefore, with a fixed access point
and a photodiode, as in Fig. 1, if the receiver did not
move, then this angle should be minimized, and with
movable, and in this study, this is exactly what is being
investigated, then decreasing the angle will increase the
throughput, when located close to perpendicular, but at
large reception angles 1w, the signal becomes
completely lost.

The situation is similar to the half angle of radiation
@12, the larger the angle, the more noise, but the smaller
the angle, the smaller the reception area.

A transparent material is needed for the light to pass to
the photodiode. This material has a refractive index.



The higher the refractive index, the more signal will get
to the photosensitive area of the photodiode. The
refractive index is denoted by n.

K number of signal subcarriers used for O-OFDM
modulation

The signal has a frequency range of electromagnetic
light. The larger the range, the more information can be
conveyed. In the work referred to as Baw and Byy.

The signal has its own power, and the more power, the
less information will be lost during reception due to
noise. But increasing capacity increases energy
consumption. The transmitter is always connected to
the mains, so its power can be much higher than that of
the receiver, which may not always be connected to the
mains. Designated as Pqw and Py, respectively.

The total bandwidth consists of the bandwidth for
receiving and transmitting the signal. The ratios of the
provided throughput of the download to the total, and
of the upload to the total are designated as mqw and ®yp,
respectively, with @y, + ®aw = 1.

The frequency response is modelled as H = exp (o /
o), where o is the fitted coefficient.

In addition to the desired signal, noise gets to the
photodiode. We assume that our noise power density is
No.

We think our receiver is moving. The movement occurs
radially with a speed v.

We have several users in our system. Therefore, we
will assume that all users need to provide bandwidth in
Rieg.

The time period when the feedback information is
transmitted is tp,.

We have a multi-user network, the number of users is
N.

A signal arriving at the photodiode with power P will
produce a current I = PRpp.

Table 2: Variables

Variable Minimal |Maximum |Step
symbol value value

v 0.1 m/s Sm/s 0.01 m/s
Odw 0 1 0.001

v 0 rad /2 rad 0.001 rad
(OJP) 0 rad /2 rad 0.001 rad
S 3 cm? 0.3 cm? 0.01 cm?
n 1 1.5 0.001

Mbps

Data rate
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B. Results
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Fig. 4. Dependence of data rate and optimal update
interval on a) velocity b) weight coefficient of
downlink c) receiver field of view d) half-intensity
radiation angle e) area of photodiode f) refractive
index
As can be seen in the plots, the throughput is not

always inversely proportional to the optimal update

interval. From Fig. 4, a, it can be seen that the
throughput does not decrease with increasing speed,
but the optimal wupdate interval hyperbolically

decreases. According to Fig. 4, b it is noticeable that
when the user is only given the opportunity to
download, then the requested speed is fully satisfied,
the optimal update interval tends to zero. In the
opposite extreme cases, when only the user is provided
for uploading, then the bandwidth is 6 times less than
the requested one. Fig.4, c shows that the plots are very
similar, despite  their inversely  proportional
dependence. When the field of viewing angle is small,
then both dependent are large. Fig 4, d shows that the
optimal update interval is maximum in the range from
30° to 45° and the bandwidth is monotonically
decreasing. In Fig. 4 e), it can be seen that the optimal
update interval is noticeably dependent on the area, and
the throughput is not very strong dependence. Fig. 4, f
a similar situation to Fig. 4, e.

CONCLUSION

Having analysed the dependencies, the following
conclusions can be drawn.

Perhaps, when designing a network based on Li-Fi
technology, it makes sense to provide users with
unequal download and upload speed coefficients. First,
users are more likely to download than upload. Second,
mobile users are more likely to be unconnected to
power sources, and increasing transmission power,
while increasing bandwidth, increases power usage.
Too large field of view and half-intensity radiation
angle reduces the bandwidth, but not critical. It is better
for mobile users to provide the maximum possible field
of view and half-intensity radiation angle that provide
full coverage. For example, a 90° field of view has
20% less bandwidth, than a 10° field of view. The
refractive index, the area of the photodiode is not
greatly affected. And at a walking speed from a
stationary one, the throughput differs by only 0.1-0.2%.
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Pomanoes O. 1., Miknses. I.0.

30inb1IeHHs POILYCKHOI ciipoMo:kHOcTi ogicHoi Li-Fi cucremu

[po6aemaTnka. Y Wi-Fi € Gararo HemomnikiB, HanmpuKiIaj, sSK MaKCHMallbHa MPOITYyCKHA CIIPOMOXKHICTH OOMeEXeHa
YaCTOTOIO Jliana3ony. Y poOoTi BUKOPUCTAHO TexXHOOTIi0 Li-Fi, sika BAKOPUCTOBY€E BUANME CBITIIO JJIsl IEPEIaBaHHs TaHHX.
Hianazon uwactor y Li-Fi Oimbmie y 1000 pas3iB 3a yBech pamio fmiama3o. J[is 30imbIIeHHS MPOMYCKHOT 3IaTHOCTI
BHKOPHCTOBYIOTh 3BOPOTHIH 3B's130K. AJie 3BOPOTHIH 3B'I30K 3MEHIIIY€ MPOITYCKHY 31aTHICTh HU3XIIHOTO CUTHATY.

Meta npocaimxenns. [IpoanamizyBaTh, sKi IMapaMeTpHl JOUUTBHO 3MIHIOBATH JUIsI 301IBIICHHS MPOITYCKHOI 34aTHOCTI
cucremn Li-Fi.

Metoauka peasizanii. J{ociimKeHHS 3MOJENbOBAHOT 3aJ€KHOCTI 3MIHM ONTHMAJBHOIO IHTEPBATY BHKOPHCTAHHS
3BOPOTHBOTO 3B'SI3KY, Ta BAKOPUCTOBYIOUH 1€l IHTepBaJ Mo0y10Ba 3aJISKHOCTI IPOIYCKHOI 3/IaTHOCTI BiJ] 3MiHH MapaMeTpiB
cuctemu Li-Fi 3 pyXoMHUM KOpHCTyBaueM.

Pesyabratn pochimkenns. [lpun 30umbimeHi miom ¢ortomiona, 4Yu HOTro TOKAa3HMKA 3aJIOMIICHHS 30UTBLIYETHCS
IIpoIycKHa 31aTHicTb. [Ipu 30iiblIeH] BUAKOCTI NpUiiMaya MPOIyCcKHA 3/aTHICTH crajae He3HauHo, <0.1%. 3MeHmeHHs
KyTa 1oJist 30py ($OTOAI0a Ta MOJIOBUHHOIO KyTa BUIIPOMIHEHHS CYTTEBO 30UIBIIY€ NMPOIYCKHY 3AaTHICTH (Ha 50%) sumie
MpH 3MEHIIIeHI 10 MauX KyTiB (<10°).

BucnoBku. JlouigpHo (HOTOIOA BUTOTOBISITA 3 Marepiany 3 OUIBIIUM TOKA3HUKOM 3aJOMIICHHS, Ta HE 3aMalioio
wioniero. Ockinbku B odicHii mepexi Li-Fi yacTto BHKOPHCTOBYIOTBCS PyXOMi IIPUCTPOi, TO HE € JOLUIBHUM B HHX
3MCHIIYBAaTH KyT BHIMMOCTI HpHiiMaya, sIK i 3MCHIIYBaTH TOJIOBUHHUK KYT BUIPOMIHCHHS. Takok Moxe OyTH IOLIIbHUM
HaJ/IaBaTH OLIBIY POITYCHKY 3/IaTHICTh 3aBaHTA)KEHHSI, HIK BIJIBAHTa)KCHHSI.

Kurouosi cioBa: Light-Fidelity (Li-Fi); mpomyckHa 31aTHICTB; 3BOPOTHIM 3B'130K; iHTepBan onosnenHs; VLC.

Pomanoe A. H., Muknses. I'.0.

YBesmnyeHnue nponyckHoi cnocooHoctT opucHoii Li-Fi cucrempl

Ipoonemarnka. Wi-Fi wMeeT MHOTO HEIOCTATKOB, HANpUMeEp, Kak MaKCHMallbHas IPOIMYCKHAs CIIOCOOHOCTD
OrpaHHYCHA 4acTOTOH auarna3oHa. B pabote ncnonb3oBana TexHonorus Li-Fi, ucnonp3yiomas BUAMMBIH CBET JyIs Hepenadn
nanubix. Jluanazon yacror B Li-Fi 6onbine B 1000 pa3 3a Bech paauoauana3on. J{jis yBenudeHus MpOnyCcKHONH CIIOCOOHOCTH
HCTIONB3YIOT 00paTHY!O cBsi3b. Ho 00paTHas CBsSI3b YMEHBIIAET MPOITYCKHYIO CIIOCOOHOCTh HUCXOISILETO CUTHAIA.

Leap ucciaenoBanus. [IpoaHanu3upoBarth, Kakue mapamMeTpsl Leaecoo0pa3Ho U3MEHSTh IS YBEJIMYCHHS MPOIYCKHOM
criocobHocTu cuctems Li-Fi.

MeTtoauka peanu3anuu. lccienoBaHue CMOAENMPOBAHHOW 3aBHCUMOCTH W3MEHEHHUsS ONTHUMAJIIBHOTO WHTEpBalia
HCIIONIb30BaHUsL OOPATHOM CBSA3M, M MCIOJB3YS ITOT MHTEPBAJ MOCTPOCHUE 3aBUCHMOCTH IPOITYCKHOH CIIOCOOHOCTH OT
M3MEHEeHUS apaMeTpoB cucTeMbl Li-Fi ¢ HOABMKHBIM MOJIb30BATEIIEM.

Pe3yabrarsl uccienoBanus. [Ipu yBennueHnu miomany GoTouo1a WK ero nokasarels IpeJoOMICHHUs YBeINYNBACTCS
MPOIYCKHAasl CIIOCOOHOCTh. [Ipu yBEJIMYEHHH CKOPOCTH MPUEMHHKA MPOIMYCKHAs CIIOCOOHOCTh CHMKACTCS HE3HAYHMTEIIHHO
<0.1%. VYwMeHblieHne yriaa mons 3peHus (oroauona M TOJOBHHHOTO yIila HM3JIY4YEHHs CYLIIECTBEHHO YBEIMYMBACT
MIPOIYCKHYIO clIocOOHOCTH (Ha 50%) TONBKO IPH YMEHBIICHUH 10 MaJbIX yriioB (<10°).

BoiBoasl. {enecooOpa3zHo GpoTonnosa H3roTaBauBaTh U3 Matepuana ¢ OOJIBIINM [0Ka3aTesIeM MIPEJIOMIICHHUS, TAKKE HE C
Mauioii rioimaaeio. [lockosbky B oducHoit cetu Li-Fi yacto ncmonb3yroTest HOABMKHBIC YCTPOMCTBA, TO HE Ie7ec000pa3Ho B
HUX YMCHBLIATh YroJ BHJUMOCTH NPHUEMHHUKA, KaK M yMEHBIIATh IIOJIOBUHHBIN yroyn usinydeHus. Takxke MoKeT OBbITh
1esIecO00pa3HBIM JIaBaTh MTOJIBHKHBIM MOJIb30BATEISIM OOJIBIIYIO TPOIYCKHYHO CIIOCOOHOCTD 3arpy3KH, YeM BBITPY3KH.

Kuarouessbie cioBa: Light-Fidelity (Li-Fi); npomycknast ciocoOHOCTb; 00paTHas cBsA3b; MHTepBan oOHoBIeHH; VLC.
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