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Abstract The need for high-speed local area networks to meet the recent developments in multimedia ar
video transmission applications has recently focused interest on visible light communication (VLC)
systems. Although VLC systems provide lighting and communications simultaneously from light emitting
diodes, LEDs, the uplink channel design in such a system is a challenging task. In this paper, we propos
solution in which the uplink challenge in indoor VLC is resolved by the use of an Infrared (IR) link. We
introduce a novel fast adaptive beam steering IR system (FABS-IR) to improve the uplink perfatmance
high data rates while providing security for applications. The goal of our proposed system is to enhanc
the received optical power signal, speed up the adaptation process and mitigate the channel delay spr
when the system operates at a high transmission rate. The channel delay spread is minimised from 0.2Z
given by hybrid diffuse IR link to almost 0.07 ns. At 2.5 Gb/s, our results show that the imaging FABS-IR
system accomplished about 11.7 dB signal to noise ratio (SNR) in the presence of multipath dispersic

receiver noise and transmitter mobility.

Index Terms— uplink channel, beam steering IR, delay spread, SNR.

1. Introduction
The large and continuous growth in mobile devices including smart phones, laptops, and Internet ¢

Things (IoT) devices is driving a huge demand for data access to wireless networks. Visible ligh
communication (VLC) is becoming more popular everyday due to its inherent advantageadowver

frequency (RF) systems. The advantages include a large unregulated spectrum, simple receivers (silic
photo detectors), simple transmitters (light emitting diodes, LEDs), freedom from fading, confidentiality

and immunity against interference from electrical devices. The concept of VLC systems revolves arour



the use of light emitting diodes (LEDs) for both lighting and communications. The main drives for this
new technology include the recent development of solid state lighting, longer lifetime of high brightnes:
LEDs compared to other artificial light sources such as florescent and incandescent light bulbs, high da
rate, low power consumption and green communications [1]-[5].

Apart from the advantages of a large potential bandwidth, VLC makes it possible to reuse the san
wavelength in other parts of an indoor environment without facing any interference and security problem
and this is due to the fact that VLC signals cannot penetrate walls or other opaque barkkra¢@gr,
the VLC system is not without drawbacks; there are two major limitations in VLC systems. The first is the
low modulation bandwidth of the LEDs, which limits the transmission data rates. The second is the spre:
of the received pulse due to the reflections from walls and ceiling in an indoor environment which cause
multipath dispersion that leads to inter symbol interference (ISl). Different techniques have beel
suggested to overcome the limitations in VLC systems (ISI and low modulation bandwidth of LEDs ISI),
so that higlkr data rates can be realised. Previous work in [7] proposed a 3 Gb/s VLC link that uses
Gallium Nitride uLED and orthogonal frequency division multiplexing (OFDM). OFDM is employed as a
modulation scheme and pre- and post-equalisation techniques, as well as adaptive data loading are app
in order to achieve 3 Gb/s. Elmirghani and his group have recently improved performance of VLC systen
by replacing LEDs with Laser diodes (LDs) and integrated the system with the imaging diversityr receive
[8]-[11]. A 10 Gb/s indoor VLC in a realistic environment has been shown to be possible by using a dela
adaptation approach, LDs and imaging receiver [8]. The system in [8] used a simple modulation form:s
(On Off Keying (OOK)) and avoid any complex wavelength division multiplexing (WDM) techniques.
Moreover, a VLC relay assisted system is used with a delay adaptation technique and an imaging recei\
to further improve the VLC system performance [11]. These efforts aim to achieve the highest data ratt

possible.



Most of the current and previous work on VLC focuses mainly on the downlink channel. The primary
goal of VLC downlink design is to enhance data rates within the constraints of VLC as discussed abov
Although VLC systems provide lighting and communications simultaneously from LEDs, the uplink
channel design in such a system is challenging task. This is due to the energy limitations of mobile devic
(where such light does not need to be generated for illumination) and also due to the potentiainglare fr
the light where VLC signals can cause discomfort to human eyes and affect the indoor illumination
Taking these reasons into considerations, VLC systems remain a strong candidate for downlin
implementation within a local network. However, it is better if VLC technology is complemented with an
alternative uplink technology.

Recent work in [12] proposed a hybrid solution where the uplink challenge is resolved by tie use
RFVLC combination. The system comprised of WiFi uplink and VLC downlink in order to increase the
overall capacity with multiple users. This solution is suitable for RF insensitive areas such as schools at
homes with relatively small data rates. Moreover, different researchers have demonstrated a bi-directior
indoor communication system based on VLC red-green-blue RGB-LEDs [13]. Each colour can be used"
carry different signals. The study has achieved 300 Mb/s uplink transmission rate. However, this type
configuration requires a directional transmission beam that can lead to significant deterioration o
throughput given the potential movement of users. Also the uplink VLC can produce light which is
uncomfortable to human eyes. Therefore, there is a need to find alternative solutions with relatively hig
transmission speed in sensitive places and high-security applications. In this paper, we propose Infrar
(IR) uplink channel design to overcome the potential issues of uplink transmission in VLC syBtems.
(Infrared) optical communications has the same advantages as VLC systems. It has alsalitiomed ad
advantages compared to VLC. For example light dimming is not an issue in IR systéthe aiplink
implementation using IR is convenient as it avoids bright visible light next to the user equipment, next to

laptop for example. It can also provide high transmission rates similar to VLC systems and potentiall



higher data rates (data rate up to 10 Gb/s employing OOK modulation can be achiey¢#ip[1Bhis is
mainly because of the modulation bandwidth of LD used in IR systems which is wider than the white
LEDs.

In this paper, we propose a hybrid conventional diffuse IR (HCD-IR) uplink system in which the
optical signals can be fully diffuse over the entire environment. Diffuse systems offer great link stability a:
well as providing substantial immunity to direct beam blockage near to the receiver. Furthermore, a diffus
connection permits users to immediately join and collaborate with the use of mobile computers, wireles
printers, modems, and office and home networking devices. However, diffuse systems may suffer fror
multipath dispersion, and this may cause signal spread and ISI. A direct IR link with a narrow beam can t
used to overcome this issudowever, a perfect alignment between the transmitter and the receiver is
required in order to establish such a link, and can be easily disconnected due to the user’s motion. In order
overcome this issue, we propose a novel fast adaptive beam steering IR system (FABS{Rjvie tine
uplink performance at high data rates. To minimise the complexity of the design, we propdaptae a
finite vocabulary stored hologram for beam steering by using of simulated annealing optimisation. In thi:
work, we propose the use of holograms and beam steering in uplink IR-VLC systems with efficient
adaptation. The idea of finite adaptive stored holograms has been introduced first in downlink multi-spc
diffusing IR systems (non-direct lirg-sight) in [16] and it is applied here for the first time to uplink
visible light communication (VLC) systems. To the extent of our knowledge, 1.25 Gb/s and 2.5 Gb/s dat
rates, the highest data rates to date for an uplink VLC system are accomplished by uséng systems
(with simple modulation format OOK).

The paper is organised as follows: Section 2 explains system configurations. The system model a
simulation set-up are given in Section 3. The simulation results of our proposed system are given ai

discussed in Section 4. Finally, conclusions are drawn in Section 5.



2. System Configurations

In this section, we focus on the design of the uplink in VLC and consider the use of an IR link. The
downlink design, for VLC systems, has been evaluated in our work [i118]+ig. 1 shows IR optical
wireless communication architecture for the uplink VLC system. The transmitter is placed on the
communication plane (CP) while the receiver (controller) faces downward at the centre of ceiling. The
controller is linked with all LEDs via fibre links (to link to the main network in the building). Two uplink

transmitter configurations: HCD-IR and FABS-IR in conjunction, with non-imaging and imaging receiver,

are studied, evaluated and compared in order to find the best uplink design for indoor VLC systems.
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Fig. 1: Architecture of our proposed IR uplink system.

A HCD-IR Transmitter
The basic hybrid conventional diffuse IR transmitter (HCD-IR) employs diffuse transmissi@vadd
field of view (FOV) receiver. It uses direct and non-direct paths between the receiver tradghuetter.
The HCD-IR does not rely on a direct line of sight (LOS), which permits the uplitk &stem to
operate even when the receiver is obstructed from the transmitter. However, a pure diffuse system coup
with a wide FOV receiver is subject to multipath dispersion, which may result in pulse spreading anc
extreme ISI. The diffuse HCD-IR system employs a large beam transmitter witreadagption angl

(FOV=90") at the receiver end.



B. FABS-IR Transmitter

Angle adaptation technique, based on liquid crystal devices, has been introduced for the first time in
downlink IR communication system to improve the SNR at the receiver [14], [15]. It is consideeed to
powerful approach that can help the transmitter to optimise the distribution of spots and to find the be
location of the spots regardless of the receiver’s location, the transmitter’s position and the receiver’s
reception angle. However, this technique requires more time for calculations on a typical digital signa
processor to generate a hologram at each step. In our new fast adaptive (FABS-IR) system, we propose
adaptive IR stored hologram technique in order to steer the beams in uplink IR-VLC systems. In a typic:
office space with dimension 8fm x 4m (y m X x m), the floor (or ceiling) is divided into small areas, i.e.
512 regions where each area has dimensidn26fm x 0.25m . The total number of holograms to be
stored in uplink design i, whereN is the number of areas into which the ceiling or floor is divided. This
large number of regions has been selected in order to help the transmitter to find the exact receiv
position during mobility. In our case, the receiver is fixed (i.e., stationary) at the centre@brmevhile

the transmitter is mobile and uses a stored hologram that steers the beam (narrow direct LOS link) to t
optimum location if the transmitter is present in any one of the regions. The idea of finite stored hologran
has been recently introduced in IR diffusing spot systems and VLC sygt6[xj48] and it is developed

here for the first time in the uplink VLC in order improve the performance of the IRS¥k@m as well

as speed up the adaptation process. The hologram phase and pattern distribution were calculated i
similar fashion to those used in [16]. More details about the characteristic and theodiésilpgram can

be found in our recent works in [18]. Three snapshots of the hologram reconstruction intensity and pha
distributions in the far field at different iterations are shown in Fig. 2. The reconstrint&osities are
improved when the number of iterations increases. This is attributed to the use of simulated anneali
which attempts to reduce the cost function, hence improving hologram phases leading to mom accur:

spot location/beam steering. Fig. 3 shows the cost function versus the number of iterations completed.
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Fig. 2: The phase pattern of hologram at iterations: 5, 15 and 100, phase levels represeneeityguéy levels

in the range of0 (black) to 27 (white).
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In the case of classic beam steering the adaptive transmitter first scans all N holograms (wbtak the
number of holograms used in this case is N=512). The receiver records the SNR associated with ec
hologram; this information is then sent back to the transmitter in order to assist the transmitter in selectir
the best hologram. Usually the adaptive transmitter selects holograms based on their associated SNRs v
the hologram providing the best SNR being selected. However, scanning all the stored holograms in tl
system negatively causes an exhaustive search mechanism. The high quantity of storedshimldgeam
proposed system leads to increase in the time needed for the adaptation process. If each hologram reqt
1 ms in order to calculate its SNR (based on a typical processor) then the total time needed (adaptati
time) to find the best hologram when the receiver moves is 512 ms. Introducing a fast adaptive sear
algorithm (based on a divide and conquer (D&C) algorithm) resolves this issue, and improves the SNF
This is accomplished through the use of more holograms while simultaneously decreasing the require
computation time needed to select the optimum hologram. The D&C algorithm has been first introduce
and explained in a downlink VLC system in []&B] and it is adapted here for the first time in uplink
channel. Our fast adaptive algorithm is based on a D&C algorithm to find the optimum hologram tha
achieves the highest receiver SNR. The following presents our adaptive proposed FABS-IRmalgorit

utilised in a single user scenario:

1- Firstly, based on the hologram transmission angles, the adaptive transmitter splits the store
holograms into four quadrants. The transmission angles correlated with the first quadrant ar

8max—x t0 0 in the x-axis an@,,x—y to 0 in y-axis.

2- In order to identify the first sub-optimum hologram, the adaptive transmitter scans the middle

holograms in each quadrant.



3- The receiver estimates the SNR and then sends (feedback signal) information of the SNI
associated with each hologram back to the transmitter. It should be noted that in order to identif

the first sub-optimal region, four holograms will first be scanned.

4- The adaptive transmitter stores the hologram transmission angles where the receiver SNR is sL
optimal. In the case that the transmitter receives more than one equally optimal SNR due to th
room symmetry, or due to both the transmitter and receiver being co-allocated (receiver on th
boundary of the optimum region), then the transmitter selects the first hologram from among the

available equally good hologram choices and discard the others.

5- The quadrant which includes the sub-optimal hologram is selected for the next cycle by the

adaptive transmitter.

6- The adaptive transmitter sub-divides the sub-optimal quadrant into four sub-quadrants, in order t

find the second sub-optimal quadrant, steps 3 to 5 are repeated.

7- The second sub-optimal quadrant is again subdivided into four sub-quadrants by the adaptiv

transmitter. To identify the third sub-optimal quadrant, the transmitter repeats steps 3 to 5.

8- The optimal transmission angles of the hologram that achieved the highest receiver SNR, ar

determined by the D&C algorithm and the adaptive transmitter.

Table | shows the fast adaptation algorithm, more details and explanations about each stepucahite fo
[19]. The fast proposed system, FABS-IR (with 512 holograms), decreases the computation tirbg taken
the classic angle adaptive holograms, from 512 ms to 28 ms. It reduced the computation time by a factor
16 in the case of our proposed system. The design complexity associated with our proposed system
discussed in Section 4. It should be noted that a number of different iteration counts of the searc

algorithm (i.e., three up to six) were tested. However, we found that in most receiver locations th



proposed algorithm is able to determine the optimum location of the receiver by the third iteration
Therefore, we restricted the search algorithm to three iterations to reduce the complexity associated w
the computation time required to identify the optimum location. It should be noted that our proposet
system operates in an empty rectangular room. In this work, we do not study the potential interference d
to sunlight through windows and we do not consider the impact of shadowing in a realistic indoot
environment. In the case of a realistic indoor environment, the number of holograms to be scanned in ec
area should be increased. This will lead to increase in the adaptation process. The interfergfightof da

through windows is of interest and will be considered in future work.

TABLE |
FABS-IR Algorithm

Inputs: 65%t=-70° and 6£"¢=70° (the lower and higher holograms scan ranges along x-axis).

6t =-70° and 0;"‘1:700 (the lower and higher holograms scan ranges along y-axis).
Osteps=26.56° (initial value, step size 100 cm)

1. |for i =0:26.56:140;

2. for | =0:26.56:140;

3. 0,=1i; 6,= I; (Transmission angles in x and y axes)

4. Produce a hologram with a direction associated with 6, and 6,,.
5. for S =1:j;

6. Calculate and sum the received powers.

7. Produce the impulse response h;(t)

8. Calculate the pulse response h;(t) & P(t — Th) and then calculate (PS; — PS,)
9. Compute SNR; = (7}?(135(1,;?50))2;

10. end for

11. SNR (i, 1) = max (SNR;);

12. detector (i,1) = find (SNRj) == (max (SNR]-));

13. | end for

14. 'end for

15. SNR,,qx = max SNR (i,1);

16. [6x—sub—optimums Oy—sub—optimum]= find (SNR (i,1)) == (SNRy,o,);  (identify sub-optimum
hologram).

17.XF |0y _sup—optimum| < (16574 — 165197]) /2 (reset new scan range in the x-axis)

18~6§nd = gx—sub—optimum;

19.Else

20.6§tart = ex—sub—optimum;

21.end If

22.1F |0y —sup—optimum| < (|0"¢| — |051%7|) /2 (reset new scan range in the y-axis)

23.9;nd = gy—sub—optimum;

24.Else

25.9;tart = gy—sub—optimum;

26.end If

optimum __ . poptimum __ .o : :
27.06, = Oy_sub—optimum; Oy = 0)_sub—optimum; (identify optimum hologram).

10



3. Simulation Set-up and System Model

In indoor IR communication links, intensity modulation and direct detection (IM/DD) is a suitable simple
approach that is widely used. The ind®&rIM/DD channel can be fully identified and specified by its

impulse responsk(t) as [14:

I(t) = Rx(t) @ h(t) + np (1), (1)

wherex(t) is the emitted optical power arg® denotes convolutionR represents the photodetector
responsivity anah, represents the received background noise. The background noise is modelled as whit

Gaussian and independent of the received sifftalis the instantaneous current of the photodetector.

The proposed systems, HCD-IR and FABS-IR, were purposely combined with imaging receivers
Simulations were performed for an empty room with dimensions of 4m x 8m x 3m (X m X y m x z m), ac
shown in Fig. 1. In our work, we assumed that the walls are covered with plaster which is known to reflec
light rays in a form close to a Lamertian function [20]. Consequently, walls and ceilimgoaedled as
Lambertian reflectors that reflect back 80% of the incident energy while the floor is assumed to onl
reflect 10% of the incident power. In addition, reflections of other structures such as doors and window
are considered to be identical to reflections from walls. The transmitted signal travels toether rec
through multiple reflections from the room’s reflecting surfaces. These reflecting surfaces are subdivided
into a number of equal-size square-shaped reflecting elements. The reflection elements can laes treatec
small secondary transmitters that diffuse the incident rays back into the space from their centre. It has be
experimentally proven that third-order reflections and above do not contribute significantly to the receive
optical power [2], [20]-[21]. Based on this information, the simulations include only the first two
reflections (i.e., first and second reflections). In this work, the surface elements of 5 cm x Secnseder
for the first reflections and 20 cm x 20 cm for the second-order reflections. More simulation parameter

are given in Table Il.
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For the hybrid IR system (HCD-IR), the transmitter is pointed upward and transmitted 1 W with an
ideal diffuse pattern. Exposure to optical radiation at such power levels can be hazardous to the skin a
eyes. Nevertheless, different techniques can be used to reduce the impact of the high laser posver sucl
extending the source size, destroying its spatial coherence using holograms mounted on the transmittel

the use of arrays of transmitters. Pohl. et al. have shown that such a source may use an integrating sphe

TABLE Il
SIMULATION PARAMETERS
UPLINKS TRANSMISSION
Length 8m
Width 4m
Height 3m
p x-z wall 0.8
p y-z wall 0.8
p X-z op wall 0.8
p y-z op wall 0 8
p Floor
Quantlty
Elevation 90
Azimuth
Quantlty
Location(x, y, z) (2m, 4m, 3m)
Detector array’s area 2 cm?
Number of Pixels 200
Area of pixels 1 mm?
Elevation 90°
Azimuth 0°
Acceptance semi-angle
Time bin duration 0.5ns, 0.01ns
Bounces 1 2
Number of elements 32000 2000
Numbereof-spot lamps 8
Locations (x,y,z) (Im,1m,1m), (Im,3m,1m),
(Im,5m,1m), (Im,7m,1m)(3m,1m,1m
(3m,3m,1m), (3m,5m,1m),
(3m,7m,1m)
Wavelength 850 nm
Preamplifier design PIN-FET
Bandwidth (BW) 1.25 GHz 2.5 GHz
Bit rate 1.25 Gb/s 2.5 Gb/s

as a diffuser to emit optical powers in the range 100m@WV [23]. In the case of fast adaptive stored

hologram (FABS-IR) system, the transmitter emitted 150 mW, where the hologram used n= 45 in order t

12



focus beams within 0.25 m x 0.25 m area. A small transmitted power (150 mW) is used in our fas

adaptive hologram system to mitigate the impact of eye safety in the indoor VLC environment [24], [25

In order to combat the issues of ambient background noise and multipath dispersion present
optical wireless communications, a custom design imaging receiver is employed. In this work, the used
imaging receiver design proposed in [14] with 200 pixels. A detailed explanation about the calculation o
the reception zone associated with each pixel is presented in [14]. The received optical signal gbtained
each individual pixel can be separately amplified. A number of parameters such as the delay spread &

SNR were inferred from the simulated impulse response.

1) The delay spread of an impulse response is given by [27], [28]:

Yvilti—p)? P
D= e @
wheret; is the time delay associated with the received optical pBweandu is the mean delay given by:

_ SviPAti
T Tw P (3)

2) The SNR of the received signal can be writtef28k

SNR = (R(”l—""’))2 @)

op+0q
Ris the responsivity of the photodetector which in our case is choserRe Be6 A/W. This is a typical

value for a silicon photodetectaPs; and Pg, are the power levels associated with logic 1 and O

respectively. The noiseg ando, associated with logic 1 and O respectively are given by:

= |52 2 2 — |52 2 2
Oy = \/O'pr + 0, + 05 and oy = \/apr + o5, + 05 (5)

13



o) represents the preamplifier noise which is a function of the design used for the preampliéigy and
represents the background shot noise component which is evaluated by computing the corresponding s
noise current. The noise component that is a direct result of the received signal power is composed of t
elements. The shot noise componeid which is the noise associated witly , is the first element, and

02,, associated witR; . is the second element. According to the experimental results reported in [30], this
signal-dependent noise is very small and is often neglected. Calculations of the backgronosiuain

be found in [14], and higher bit rates of 1.25 Gb/s and 2.5 Gb/s are evaluated in our proposed systems. \

used the preamplifier design proposed in[31

4. Simulation Results

This section explores the performance of our proposed systems (HCD-IR and FABS-IR) unupatie i

of multipath dispersion, transmitter mobility and receiver noise. Comparison of the channel delay spreac
of our proposed systems using different reception techniques, imaging and non-imaging receivers, is giv
in Fig. 4. The transmitter moves along the x=1 m line. The delay spread result of oingispggem is
guoted when the system employs selection combining (SC) to select the imaging receiver pixel with tf

best SNR [14]. The non-imaging HCD-IR system shows much more signal delay

0.25

T T
—— non-imaging HCD-IR
—%— imaging FABS-IR
m i
0.2\ ya
\ y
’UT \\ . .
£ 015 non-imaging HCD-IR
g \
o \
> &
?.\3 0.1~ \\ //
o AN P
. %
|- -
0.05 —e
* &—maging FABS-IR e
T .
O r r r r r
1 2 3 4 5 6 7

Y(m)

Fig. 4: The channel delay spread of our proposed systems employing non-imaging and imaging receive¥, when t
transmitter moves along the x=1m line.
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spread due to the wide receiver FOV (FGN3 which accepts a wide range of rays with different path
lengths from the transmitter to the receiver. The proposed beam steering IR system coupled with ¢
imaging receiver decreases the delay spread from 0.22 ns to almost 0.07 ns. This is attributed to t\
reasons: firstly, due to the narrow FOV of each pixel, which limits the rays received by using 200 smal
FOV (about 11.3°). Secondly, due to the use of the adaptive beam steering technique.

The SNR evaluations of our proposed configurations: non-imaging HCD-IR and imaging FABS-IR
systems are performed under the effect of transmitter mobility, receiver noise, and multipath propagatio
The proposed system is set to operate at 1.25 Gb/s and 2.5 Gb/s with photodetector anedrofri
imaging receiver) andmm? (imaging and non-imaging receivers). A small detector area is needed to
reduce the detector high capacitance, hence improving the receiver bandwidth. Thes@iRofeour
imaging receiver are given when the system employs selection combining technique and are skgswn in F
5 (a) and (b), when the transmitter moves near to the wall, at 1m steps along the x = 1Theline
proposed HCD-IR with wide FOV receiver withcth? detector area achieves around 4.4 dB SNR when
the system operates at 1.25 Gb/s. However, the detector capacitance is proportional to its active area. 1
means that if the active area of the detector is large, suchm, the detector capacitance will be large,
which results in a restriction in the achievable bandwidth. Therefore the detector active area has to |
reduced at higher data rates. Reducing the detector areanté Will lead to a reduction in SNR to about
40 dB. Also the 3-dB channel bandwidth of a wide FOV HCD-IR (at the room corner) is 0.79 GHz

associated with 0.22 ns delay spread. This is clear evidence that our proposed system HCD-IR with wide

15
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Fig. 5: The SNR results of our proposed system (a) non-imaging and imaging HCD-IR alithatatmit power Pt=
1 W and (b) imaging FABS-IR with Pt=150 mW, when transmitter operates at 1.25 Gb/s and 2.5 Gb/s and moves
along x=1m while the receiver is fixed at the centre of the ceiling.

non-imaging FOV receiver cannot operate at 1.25 Gb/s and 2.5 Gb/s. An imaging receiverusaa
with HCD-IR system to resolve this problem. However, the link budget is still small due to the diffuse
transmission (single wide beam). The SNR achieved in our imaging HCD-IR system is -1.4 dB,5see Fig

(a). In order to overcome this issue, our new imaging diversity receiver coupled with fast beam steerin
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system FABS-IR is used. The FABS-IR configuration performs better than the HCD-IR. The proposec
imaging FABS-IR system achieves around 14.7 dB and 11.7 dB SNR at 1.25 Gb/s and 2.5 Gb/
respectively, under the effect of multipath dispersion, receiver noise and mobility, see Fig 5 (b). This i
due to the use of (finite) adaptive beam steering as well as imaging diversity receiver. Adeptive
steering has the ability to move the beam near to the receiver in the presence of user mobility. Forwa
error correction (FEC) can also be used to reduce the BERIforfrto 10~° in our FABS-IR proposed
imaging system.

Through the use of our beam steering and computer generated holograms in IR uplink desig
substantial SNR enhancement was achieved. The efficiency of the proposed FABS-IR is evaluated |
examining time complexity. To examin the computational complexity of algorithms, the natare of
function T(m) [30] can be utilised. For instance, a linear algorithm of input size mecanate a linear
time complexity of T(m) = {O} (m). An acceptable performance is obtained in a single pass
implementation algorithm with complexity order of O(m), when there is a small value of m. however, a
large value of m causes it to become too complicated. By scanning all the areas above, the classical be
steering with computer generated holograms [19] can identify the optimum hologram. It has the features
“one-pass” algorithms. Our classical computer generated holograms, therefore, have a linear time
complexity and can be given as T(m) = {O}(m), in which m representing the total number of itbgions
should be covered for each transmitter. By increasing the value of m, significant SNR improveeents a
realized, but time complexity greatly increases due to the total number of holograms required, m. Howev:
the FABS-IR is a recursive algorithm based on the D&C method, where the processtihe fapdimum
hologram is recursively broken down into a number of iterations S. For example, in the case of fou
iterations (S=4), time complexity can be given as [32]:

m . m .
T(m) = ST (6—4) +Sj= ST (]?> + S
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log (?) T (1) +jlog (?) = jlog, (?) (6)
wherej is the number of sub-problems (quadrants in our FABS-The transmitter divides the stored
holograms into four quadrants (i.5 4) in each iteration. For example, in the casm efb12 (number
of regions), the number of holograms needed for classical computer generated holograms beam steerin
512. In addition, the computation time required to identify the optimum holograms is 512 ms (if each SNF
computation is carried out in 1 ms, based on typical processor). Alternatively, in the fast adaptive
algorithm, the computation time needed to identify the optimum holograms is only 28 ms (solely fout
iterations are required). It should be noted that computation time in the fast algorithm is totally depends c
number of holograms and the way that we divide them (in our case j=4). However, under differen

scenarios the computation time may be slightly changed.

5. Conclusions

In this paper, we proposed a new design of indoor uplink VLC systems using IR links. The advantage ¢
such a system is the ability to add capacity with VLC channels acting as downlinks only whidgiegpl

a full uplink capability in the form of an IR channel. We proposed a new method that uses fast adaptiv
beam steering (FABS-IR) coupled with imaging receivers to improve the system performance at hig
transmission rates (1.25 Gb/s and 2.5 Gb/s). The proposed FABS-IR can effectively steer the uplir
channel in VLC systems closer to the receiver position. The FABS-IR are pre-calculated anth siored
proposed system without adding any complexity at the transmitter to reproduce (compute) the hologram
Increasing the number of holograms/regions helps thentitter accurately identify the receiver’s
location, hence improving the system performance. In order to select the best pre-calculated hogram
shorter amount of time, a search algorithm based on D&C was used. In the worst communication pa

considered, when the ceiling is divided into 512 regions (512 holograms are pre-calculated and stored
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the system), at each transmitter and receiver location our proposed system, FABS-IR, reduites the

needed to identify the optimum hologram position from 512 ms for the classical configuration to about 4
ms. The proposed FABS-IR system coupled with an imaging receiver obtained around 14.7 dB and 11
dB SNR at 1.25 Gb/s and 2.5 Gb/s as exhibited in the simulation results. In addition, the proposed syste

significantly decreases the channel delay from 0.22 ns in wide HCD-IR to about 0.07 ns.
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