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Abstract—Visible Light Positioning and Communication and assisted living. On the other hand, according to Cisco’s
(VLPC) is a promising candidate for implementing Integrated \jsual Networking Index [5], the global mobile data traffic
Sensing And Communication (ISAC) in the unlicensed 400 THz is projected to escalate to 77.5 exabytes per month by 2025.

to 800 THz band. The current Visible Light Positioning (VLP) H th | int fi f icati s
systems mainly operate based on the Received Signal Strength! owever, the seamiess integralion of communication ans-sen

(RSS) of the Line-of-Sight (LoS) path. However, its accuracy INg technologies remains challenging in the highly coregbst
is degraded by interferences from Non-LoS (NLoS) paths. Fur- Radio Frequency (RF) bands. Specifically, 5G positionirag th

thermore, in Visible Light Communication (VLC) systems, the gperates based on positioning/sounding reference sigaals
estimation of Channel State Information (CSI) also becomes only provide about 1 meter and 10 meters indoor/outdoor

challenging, when the optical channel becomes dispersive. Agains .
this background, we propose a new VLPC scheme using Direct CCUracy [6]. Moreover, the GNSS signals are prone to severe

Current (DC) biased Optical Orthogonal Frequency-Division degradation by multipath propagation in urban street-oasy
Multiplexing (VLPC-DCO-OFDM), where OFDM-based sensing and can be obstructed by indoor structures. The major chal-

is applied for the sake of improving the resolution of the estimated |enge of realizing ISAC for 6G is that the combination of high
Channel Impulse Response (CIRs) exploited for positioning func- rate communication and high-resolution sensing requires a

tionality. The CIRs estimated by sensing are further exploited . . . .
to provide enhanced CSI for communication data detection. large bandwidth, which may not be available in the fragmeente

Moreover, we propose a hybrid Radar-RSS based solution, where RF spectrum. By contrast, the bandwidths available in the
the conventional RSS-aided VLP method is invoked for the sake unlicensed visible light band ranging from 400 THz to 800

of refining OFDM radar. Our simulation results demonstrate that  THz offer the potential of achieving both Gigabits-per-cedt
the proposed VLPC-DCO-OFDM scheme — which simultaneously (Gbps) communication and millimeter-precision sensirlg [7

supports the triple functionalities of illumination, bi-static sensing To h thi t ianificant efforts h b
and communication — is capable of achieving centimeter-level 0 harness this spectrum, signimicant eiforts have been

positioning accuracy and Giga-bits-per-second data rate. invested in improving the Light Emitting Diode (LED) mod-
Index Terms—Visible light communication, VLC, visible light Elatlonb bandV\ilildth'dTradlt.lonailil Ri(_adii(_Bree_n-dBIue (F;GB) LEi?S.
positioning, VLP, integrated sensing and communication, ISAC, g\(e .een. phased out |n-t e lighting In us.try ug to their
orthogonal frequency-division multiplexing, OFDM, channel es- difficulties in colour balancing and costs, making white LED
timation, non-line-of-sight, NLoS, multipath, bi-static. — utilizing a blue LED with a yellow phosphor coating — a pop-
ular alternative [8]-[10]. However, the modulation bandiki
of white LEDs is often constrained by the resistive-capaeit
_ o delay of the blue LEDs and the slow response time of the
Integrated Sensing And Communication (ISAC) has rgshosphors. Advances in display technologies, partioplar]
cently garne_zred significant attention and it is ant|CIp§\ted_ micro-LED, have addressed these limitations by reducimg th
serve as a pillar of 6G [1]-[3]. On one hand, Global Navigatigunction capacitance through smaller chip size [11], [12].
Satellite System (GNSS) boasted of an estimated markgdtably, the invention of Gallium Nitride (GaN) based blue
value of $184 million USD in 2022 [4]. The location-based EDs, which won the 2014 Nobel Prize in Physics for their
services are increasingly utilized in sectors like healthc high efficiency and ability to synthesize white light [13],
C. XU, R. G. Maunder, L.-L. Yang and L. Hanzo are with the Stufo marked a significant breakthrough. Since their developriment
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College London, London, WC1E 7JE, UK (e-mail: chris.masouries@org). in excess of 1 GHz, as demonstrated in [18]-[22].
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TABLE I: Novel contributions of the proposed VLPC scheme in
camera-based VLP solutions have been proposed in [27], [28mparison to the state-of-the-art VLP and VLC Schemes.

which have increased hardware cost and signal processing Arbitrary | Separate | Mitigate | Channel
complexity. By contrast, the VLP technologies relying on LEDIPD | [0S _and :,"a‘;'r:"for ponmar
signals received within the field-of-view (FoV) of a ‘single _ ters? VLP? vLc? | vLC?
pixel' photodiode (PD) are more practical and economital E:r?;ler?[;?ngi?g [24][25]’ Y

solutions, where the Time-of-Arrival (ToA) [29], Angle-of vLp|_[261. [52], [53] v

Arrival (AoA) [30]-[32] and Received Signal Strength (RSS) ‘T?g/;“gg] (271, 128] vV s
[33]-[37] have been evaluated. However, the TOA/AOA/RSS- [AoA [30-32] oS
based VLP systems generally assume perfect knowledge of 535 /[F?g],\;[”] - L3
both path loss model and transceiver parameters, such  as bco-orom [z] 4 TDIFD
LED/PD directions, which limits the types of applications, fg&?g?gﬁilélﬁfﬂ \é 5 ;Bﬁg
users and their mobilities. Furthermore, the above VLP-t€€Brgposed vipc-pco-oFom V 7 i Radar

nigues purely rely on the assumption of Line-of-Sight (LoS)
propagation, hence their accuracies are severely degrag@Hcarriers. These VLP schemes cannot separate the LoS and
by the Non-LoS (NLoS) reflections from buildings, wallsNLoS paths, hence leading to degraded indoor VLP accuracies
and diverse other surfaces. The detrimental multipatrctffein the same way as the single-carrier VLP systems. Moreover,
imposed on VLP have been confirmed both theoretically andl [36], the DCO-OFDM-based VLC schemes utilize TD-
experimentally in [38]-[41]. estimated channel state information (CSI) in order to infer
The detrimental frequency selectivity induced by the multthe position of the user, which is inferior both to OFDM
path effect can be effectively mitigated by the multi-carri radar sensing and to DD-domain CSI estimation. Against this
waveform of Orthogonal Frequency-Division Multiplexingbackground, we propose an O-OFDM based VLPC for the
(OFDM). In contrast to RF systems, the practical intensitjtst time in the literature, where the sensing precision is
modulation with direct detection (IM/DD) used for Visibleimproved by separating the LoS and NLoS components, while
Light Communication (VLC) requires real- and positivethe communication data rate is improved by utilizing segsin
valued signals in the time-domain (TD). In order to factita aided CSI estimation. In summary, the novel contributiohs o

this for Optical OFDM (O-OFDM), Direct Current (DC) this work are highlighted in comparison to the state-of-aie
biased O-OFDM (DCO-OFDM) [42] was proposed to relyn Table I, which are detailed as follows:

on the Hermitian symmetry, where half of the modulated
symbols in the frequency-domain (FD) are the conjugates
of the other half, so that the TD signals become real-
valued after Inverse Fast Fourier Transform (IFFT). In orde
to eliminate the DC power dissipation, the Asymmetrically
Clipped O-OFDM (ACO-OFDM) scheme [43], [44] arranges
odd-indexed subcarriers to obey Hermitian symmetry, while
all even-indexed subcarriers are set to zeros. Moreover, in
order to attain the DCO-OFDM throughput, the Layered ACO-
OFDM (LACO-OFDM) [45] modulates all subcarriers layer
by layer. It was demonstrated in [45]-[47] that the family
of O-OFDM schemes is capable of outperforming the single-
carrier optical waveforms of On-Off Keying (OOK) and Pulse-
Position Modulation (PPM) in the face of frequency seléttiv
Moreover, channel estimation (CE) can be performed for O-
OFDM in the TD, FD or Delay-Doppler (DD)-domain [48]—
[51]. Specifically, by invoking the Symplectic Finite Foeri
Transform (SFFT), the DD-domain pilot symbols are spread
over the entire time-frequency (TF)-domain, which imp®ve
the diversity gain attained, as detailed in [51].

In RF systems, OFDM ISAC [54]-[56] is capable of bene-
fiting from an improved modulation bandwidth in terms of im-
proving both the radar sensing resolution and communicatio
data rate, which have not been applied to the joint design of
Visible Light Positioning and Communication (VLPC). More
explicitly, DCO-OFDM was invoked for VLP in [33], [37],
where the LoS-based distance estimation is performed by av-
eraging RSSs over all subcarriers, while a reduced number of
subcarriers associated with high RSSs were selected for LoS

We propose a new VLPC scheme using DCO-OFDM
(VLPC-DCO-OFDM), where OFDM radéris applied

for the sake of improving the resolution and quality
of estimated Channel Impulse Response (CIRs). In the
absence of Doppler detection in IM/DD, only a single
OFDM pilot symbol is required for facilitating OFDM
radar sensing in the delay domain, which is capable of
improving both the VLP accuracies and the CSI for VLC
data detection, hence realizing ISAC in the optical band.

« Compared to the existing VLP solutions, the proposed

VLPC-DCO-OFDM sensing is capable of making the
LoS and NLoS paths resolvable in the delay domain
by OFDM radar. Moreover, we further propose a hybrid
Radar-RSS arrangement, where the RSS-based VLP may
be invoked again for the sake of refining OFDM radar
sensing.

Compared to the classic VLC systems, we demonstrate
that optical OFDM radar is capable of producing en-
hanced CIR estimation that outperforms the conventional
TD/FD-based CSI estimation [42]-[47], leading to in-
creased VLC data rates in the face of optical channel
dispersion. The sensing-aided CSI estimation operates un-
der the same principle as the best-performing DD-domain
CSI estimation [51], but the DD-domain CSI estimation
benchmark requires multiple OFDM pilot symbols.

o Our simulation results demonstrate that the proposed

VLPC-DCO-OFDM schemes — which simultaneously
support the triple functionalities of illumination, posi-

based VLP in [35]' In [57]’ a \_/LP algorithm was ConStr_UCted 1The original OFDM radar of [54] was designed for a mono-ststienario,
by observing the phase rotation of the LoS path on differemit here we extend this concept to bi-static sensing for VLPC



TABLE II: Nomenclature. z

ACO Asymmetrically clipped optical
AWGN | Additive white Gaussian noise CﬁE:D[“7 ys» 2]
BW Bandwidth PN
CCMC | Continuous-input continuous-output memoryless channel (TN
CE Channel estimation rd V )
CFR Channel frequency responses - ns
CIR Channel impulse response N
CSl Channel state information w ) Y
CP Cyclic prefix //;36
DC Direct current = $ )
DCO DC-biased optical cp = [2p, yp, 21]
DCMC | Discrete-input continuous-output memoryless channel -
EDD Ei:ﬁg‘égﬂirmam Fig. 1: VLPC for supporting the triple functionalities of illumination,
GPS Global positioning System positioning and communication.
IM/DD Impulse modulation with direct detection in this paper are summarized in Table 1l
ISAC Integrated sensing and communication ’
LACO Layered ACO
LED Light emitting diode II. OPTICAL CHANNEL MODEL
LoS Line-of-sight _ A. Scenarios and System Description
NLoS None-line-of-sight ) .
OFDM | Orthogonal frequency-division multiplexing A variety of ISAC use cases such as gesture recognition,
OOK Ot?-off keying health monitoring, smart mobility, indoor navigation angya
EgK ghgfsc;d'sohﬂg kG mented reality are expected to be realized in indoor environ
OAM Quadrature amplitude modulation ments, where the satellite-based Global Positioning 8yste
RF Radio frequency (GPS) signals are blocked. Therefore, in this work, an indoo
E'\S"SSE E"Ot _meda”_squl""“t*d er;ﬁr LED/PD-based visible light system is considered, as ppetia

ecelvea signal streng . . .
SCS Subcartier spacing by F.lg. 1.. We note th.at the extension of this work to outdoor
D Time-domain services is also feasible, when the same LED hardwares are
VLC Visible light communication used by street lights [59].
VLP Visible light positioning In Fig. 1. th mmunication is m I n h
VLPC | Visible light positioning and communication g. 1, the co unication data is modulated onto the

instantaneous power of the LED light emission using intgnsi
tioning and communication — are capable of achievin@OdUIat'O” at a high frequency, which is imperceptible te th

centimeter-level positioning accuracy and Giga-bits-pefuman eye having a low fusion frequency of about 20 Hz.

second (Gbps) data rate, thanks to the application Birect detection is performed by the PD, which produces
OFDM radar to optical ISAC. a current that is proportionate to the instantaneous red.elv

, signal power. Consequently, the PD receiver positiondfitse

Nonetheless, we must report that compared to S'“Q'?'Ca”b%sed on the sensing estimates of signal strengths and/or
LoS-based VLP [29]-[32], [34], the extra complexities Ofjg|ays where we propose to haress OFDM radar principles
FFT/IFFT are required by the proposed VLPC-DCO-OFDMy, senarating the LoS and NLoS paths. Moreover, we expploit
which is inevitable for facilitating OFDM-based VLC in thes, the first time the OFDM radar-sensed LoS and NLoS

face of optical channel dispersion. Moreover, we note thet tgyangihs as estimated CSI for improving the performance of
IM/DD based VLP schemes cannot directly facilitate Ve'ﬂ’c'tcommunication data detection.

estimation for 'SAC,: application_s, becauge all signa}l POVEr Generally speaking, there are three sensing modes in RF
across all frequencies are combined by direct detectloerevhsystems’ namely mono-static, bi-static and electronipstip
the_velomty-dependent Doppler frequencies cannot bettire - oasures (ESM) [60], [61]. The mono-static active sensing
estimated. Nonetheless, it has been recently demonstraigghe relies on a collocated transmitter and receiver pair. B

in [58] that the Doppler frequency estimation for a singl®& onirast, the transmitter and the receiver are separatétein

becomes feasible for IM/DD, when an additional reference Rfj_tatic active sensing mode, where the receiver estimate

carrier is added to modulate the optical signal. Howeves, th~|rs via reflected signals. Moreover, for the ESM passive
issue deserves a paper in its own right in our future researggnsing' the receiver directly detects the signals emiiyetthe
The paper is organized as follows. The optical channghnsmitter, which is how GPS operates. The convention& VL
model is presented in Sec. Il, and the VLPC-DCO-OFDNethods based on ToA [29], AoA [30]-[32] and RSS [33]-
signal transmission and reception are modelled in Sec. I57] belong to the ESM mode. By contrast, in our proposed
The proposed VLPC-DCO-OFDM sensing and communicg pc scheme, optical bi-static sensing is implemented dase

tion functionalities are developed in Sec. IV and Sec. Vo visible light reflected signals, as portrayed by Fig. 1.
respectively. Our simulation results are presented in 8&c.

and our conclusions are offered in Sec. VII. B. LoS Modelling

The notations(-)* and exp(-) denote the conjugate of a According to the generalized Lambertian pattern, the LoS

complex number and the natural exponential function, msp%ath spanning from a LED to a PD seen in Fig. 1 is formulated
tively, while we haveu? = exp(j22). The notationgR(-) and as [41], [62], [63]: '

3(+) represent the real and the imaginary parts of a complex )
number, respectively, whilg(-) and E-) are the probability ho(7) = %COSQ(%)COS(<P7-)gof(<pr)goc(%)5(7 — 7o),
and the expectation, respectively. The key abbreviaticesl u Q)
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TABLE Ill: Summary on VLPC parameter evaluations. TABLE IV: Summary on VLPC parameters.
Notation Parameter Nota- P t E le Val
g=— In 2 Lambertian mode order of tion arameter xample Value

Incos(dy/2) LED $1,2 | Half-power semi-angle of LED 60°
cs = [¢s,Ys, zs] Coordinate of source (LED) App Detector physical area of PD 1 cn?
¢p = [*D, YD, 2D] Coordinate of destination (PD [ LED tilt angle 0°

. . Unit normal vector of source| « Polar angle of PD arbitrar
= —0), —0), —0 Pr 9 y
ns = [sin(r — 6), sin(r — 6), cos(r — 6)] (LED) ] o7 Azimuth angle of PD arbitrary
np = [sin o cos 2, sin ¢ sin ¢, cos 2] Unit ”Pol:;mal vector of destina- goi(p) Gain of optical filter at LED 2.5481
tion (PD) n Refractive index of optical concentrator 15
¢ = arccos ((cp — ¢g) - ng/dsp) Ernergence angle of LED Drov Field-of-view semi-angle of PD 60°
pr = arccos ((cg = cp) - np/dsp) In_mdence angle of PD p Electron charge 1602 x10-°C
dsp = |les — ep]| Distance between LED and PL[ R, Responsiity of PD 0.54 AW
s Ing Background current 5100 n A
whereq = ~Tn COb(¢,1/2) ) ¢1/21 got and ¢, refer to the LED's I Noise bandwidth factor 0.562
Lambertian mode order, half-power semi-angle, gain ofaapti | ~5 Bgltzznann’s constant 1.381 x 10~7% J/K
P Absolute temperature 300 K
filter, and emergence angle, respectively. We note that the Channel noise Tactor of e FET s
special case of = 1 indicates the ideal Lambertian pattern, G,. | Open-loop voltage gain 10
which generally cannot be achieved by real-world LEDs due ftd? Field capacitance per unit area 11 2pF/ent
. L. i . . Im FET trans-conductance 30 ms
their realistic manufactunng |mpe|rmenﬁpD represents the T, Noise bandwidih factor 0.0868
PD’s detector physical area, while the PD’s gain of opticalaf Subcarrier spacing 240 kHz

concentrator is: L ) )
and R;D indicate the link segments from the LED to first

2
Joclpr) = om0 < @r < trov ) reflecting area, theth reflecting area to th@+1)-th reflecting
0, Yr > YProv ’ area, and the last reflecting area to the PD, respectively. In
where ¢, Wroy and n refer to the PD's incidence angle, summary, there are a total d® CIRs, where the LoS path

FoV semi-angle and refractive index of the optical concer?f (1) associated with indey = 0 is the first CIR, while the

LoS paths of (3) associated witth < P —1) constitute
trator, respectively. The coordinate of source LED and [\f‘lfe resrt of the C(ZI?? ta0s. Based on%]; the delzjl of the NLoS
unit normal vector are given bys = [zs,ys,2s] a _p dsro, where the NLoS gropagation

ng = [sin(w — 0), sin(7 — 0), cos(m — 6)], respectively, Where path is given by, =
0 refers to the LED’s tilt angle. The coordinate of the Prlistance isdsrp, = dsr, +dr,p + it R

and its unit normal vector are given W = [zp,yp, 2p]

andnp = [sin p2 cos ¢, sin % sin 2, cos p2], respectively, D. Noise Modelling

where ¢ and ? refer to the polar angle and azimuth Naturally, the VLPC channel modelling also takes into
angle of the PD in the spherial coordinate system, respescount the Additive White Gaussian Noise (AWGN) [41],
tively. We note thaty® and ¢ can be arbitrary, owing [62], [63] having zero mean and a variance d§ = N5+

to the fact thatnp of the user PD may be completelyN*™a. Explicitly, the variance of shot noise is given by
random without the user being aware of it. Therefore, th¥3"*'= 2eR,,P.B + 2el,,I>B, wheree, R,, P, and B refer
emergence angle of the LED and incidence angle of AD an electron’s charge, PD responsivity, as well as to the
are evaluated byp; = arccos((cp —cg)-ng/dsp) and received signal power and bandwidth, respectively, whgye

@, = arccos ((cs — ¢p) - np/dsp), respectively. The distanceand, are the background current and noise bandwidth factor,
between the LED and PD is given kp = ||cs — cpl|?, and respectively, where the effective noise bandwidth is gilsgn
the delay of LoS path within the impulse functiéfir —7y) of I B. The variance of the thermal noise is given Nje™a =

(1) is given byry = 42, wherec refers to the speed of light. 4’“BTKI B+ M ? ABpls B® ~ STy Appl, B2 +

The relationships between these VLPC system parameters aar kBTkF n2A2 1333 where the two terms (ﬁkBTKI B~

summarized in Table IlI.
87r’”3TK17APDIQB2 and 167°kpTl 2 A3pI3 B3 represent the

feedback resistor noise and f|eld effect transistor (FEn-

C. NLoS Modelling nel noise, respectively. The feedback resistance is Gkl

As demonstrated in Fig. 1, the light propagation spannir[ﬂ/ R; =~ 5 go;‘ Here, kg, Tx and G refer to Boltz-

from a LED to a PD may experience reflections from a variefann's constant, absolute temperature and to the open-loop
of surfaces. The reflectivities of plaster wall, as well as Qfoltage gain, respectively, whilg, g,,, I' and I; refer to the

the ceiling and floor are estimated to be 0.74, 0.38 and 0.6{bid capacitance per unit area, FET trans-conductance, FET
respectively, within the 400 THz to 800 THz visible light lian channel noise factor and noise bandwidth factor, respegtiv
[64]. The NLoS link spanning from the LED to the PD mayye note that the FET channel noise is a functiorBéfdue to

be modelled by segments of —1 reflections by Lambertian poplinearities in the FET. Interested readers might likester

reflectors [41], [62], [63] as follows: to [65] for more details. In summary, the VLPC modelling
hy, = (q;;rg)dAzPDAdepRl cos? (5 71) cos(pSF1) cos(pf D) parameters are summarized in Tabte v, _vvhere the numencal
s RyD RiD values are chosen based on the simulations and experiments
X os(pr 2 )gor (2 )goclpr ') presented in [33]-[35], [41], [57], [62], [63], [66].
TTI) et cos(pf"47) cos(er” 1)o7 = 7).
34

(3) E. Localization and Synchronization
where A, andpg, refer to the area and reflectance of the  For the calculation of PD coordinaier, = [zp,yp, 2p],
th reflecting area, respectively. The superscripisy, R;R;1 the three distances between the PD and three LEDs have
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to be estimated, so that the three variableszgf yp and where the delay index of the LoS path of (1) and that of
zp can be determined by triangulation. Nonetheless, whéme NLoS path of (3) are given by = [2] = [0 MAf]

the LEDs and the PD are not perfectly synchronized, foassociated witp = 0 andi, = | %] = |7, MAf] associated
LEDs have to be harnessed for determining an additionaith (1 < p < P), respectively. The noise term[n,m]
variable related to a synchronization error.” This techeigs includes both the AWGN modelled in Sec. II-D and the
known as the time-difference-of-arrival (TDoA) [67]. Fdret clipping noise discussed in Sec. lllI-A. The notations >,
same reason, the common GPS service requires four satelléad |-] represent thel/-tuple circular shift and rounding to
instead of three. In this work, we focus our attention on thiateger, respectively. Moreover, a cyclic prefix (CP) skiooé
fundamental VLPC waveform design related to the detecti@uded to the TD signal transmission of (5) and removed from
of the distance between an LED transmitter and a PD receivitre TD signal reception of (6). For the circular convolutibn

as demonstrated by Fig. 1. model of (6) to be free of inter-symbol interference, the
CP length has to be higher than the maximum delay, i.e.
1. VLPC-DCO-OFDM SGNAL MODELLING M., > maxy, l,, which is easy to achieve in high-bandwidth

In this section, the LED transmission is modelled iYLPC. For example, when a subcarrier spacing (SCS) of
Sec. IlI-A, and the PD’s received model is given in Sec. 111-B240kHz and10% CP overhead are used, the NLoS paths
spreading up t 0><SCS = 125m are covered by CP.
A. LED Signal Transmission We note that (6) is also valid for fractional delay indices
I, = % encountered in RF systems [48], [68], [69]. However,
Firstly, the proposed VLPC-DCO-OFDM maps the inforyjia RF systems that rely on pulse shaping based waveforms
mation to PSK/QAM symbols in the FD, where the-th \ypp_pased optical OFDM systems [42]-[47], [51] utilizes
subcarrier ¢ < = M —1) of the n-th VLPC-DCO-OFDM optical intensity, where the PD collects all signal powers
symbol ¢ > 0) is expressed as follows: across all frequencies over each sampling duration. Tteref
3[n,m), 1 <m< % -1 the channel model of (6) only registers integer-spacedydela
Fn,M—-m), Yr1<m<M-1 4 indicesl,, = | £ for optical OFDM systems. In order to better
0, = > (4 demonstrate this, we further extend the TD received sighal o
1, T = (6) based on (5) as follows:

\ 3| w\
w\i <

where M is the number of subcarriers, whilg, refers to  y[n,m] = &Z}Ll hp{no + (=1)™ 4

the DC bias. In contrast to the conventional DCO-OFD M_l (m—1,)7, —s (m—1,)(M —7m)
schemes of [33], [35], [37], [42], VLPC-DCO-OFDM activates (—’”’[" mlwy, S [ mlwy, )}“’["a m],
all subcarriers in (4), so that multi-carrier OFDM radarsiag (7)

can be applied. As discussed in Sec. I, ACO-OFDM [4g1h|ch remains real- and positive-valued for IM/DD only

m—lp)(M—m —(m—=lp)m (m—=Ilp)M
[44] is capable of avoiding the DC bias in (4) at the cos¥hen )’VG havew( P WM( ) Wz(w =
of halving the throughput. LACO-OFDM [45] is capable ofo;, " ™™ for mteger delay indice$, = | 721, leading to:

improving the throughput of ACO-OFDM at the cost of layer-

by-layer data detection complexity and potential crogeda  y[n.m] = /%% E o hp{no + (=1)™ "4 @®)
error propagation. Without diverging from our main focug w 2Re<z 1z n m]w(m lp)m>} + v[n, m).
focus our attention on DCO-OFDM schemes in this paper. m=l M ’
The Hermitian symmetry property is retained, i.e. we have
{3[n,m] = 5*[n, M —m)| % 11”+1 as shown in (4). As a result, IV. VLPC-DCO-OFDM ENsING
the TD signals after IFET bacome: . In this se_ction, the conventional RSS-based VI__P systems are
M1 introduced in Sec. IV-A. OFDM radar and a hybrid Radar-RSS
s[n,m| = F > m—o s, MW scheme are proposed for VLPC-DCO-OFDM in Sec. IV-B and
M_l mr . - i .
_ ﬁ o + (—1)™] + M%Re( —sln, m]an)7 Sec. IV-C, respectively.

®)
wherew,; = exp(j2Z). The DC biasy, has to be sufficiently A. Conventional VLP based on RSS

high, so that the ) signalsin, m| of (5) can be clipped at  As introduced in Sec. I, the conventional RSS-based VLP

zero with negligible loss [46], [51]. systems [33]-[37] generally assume LoS transmission. Base
on (1), the distance estimation may be expressed by:
B. PD Signal Reception
(g+1)App a P 9
Based on the multipath channel model of Sec. Il, the TD dso = \/ 2, 08" (1) cos(@r)gor(2r) doclipr) P2 (9)
received signal is given by [51]: where P, and P, refer to the transmit and receive powers,
f\/ﬁth Vs(t — 7)dr + (¢ )‘ o . respect|vely. For the special case nf, = [0,0,&], vzvhlch
= ]\IAf’TP MAf FGQUIFGSQDT = 0°, we havecos(got) = COS((,QT) = ﬁ =
= Z \/ths[” <m =1l >um] +v[n,m| AdZSD leading to the following simplified version of (9):
= B 00 o S S, w0 vl m),

(6) dASD = M(AZSD)‘ZJF gof(@r)QOC(‘iQT)Pt} q+d . (10)
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As discussed in Sec. Il, the superposition of LoS pathith n» > 0 carry user data. We note that this method
(1) and NLoS paths (3) inevitably misleads VLP, resultingan also be applied to light detection and ranging (LiDar)
in severely degraded performance. Moreover, the RSS-basaded on the signal bounced back to the transmitter, which
VLP design requires the knowledge of the LED and Pihay no longer require pilots but additional receivers have
parameters, such as the Lambertian mode oggemit nor- to be installed for the illumination infrastructure. Filyalthe
mal vectorsng and np, as well as gains of optical filter ranging is performed by IFFT oveén as follows:
and concentratop(¢,-) and goc(r-). Specifically, the unit

~ M-1_, — ™M
normal vector of the user PD may be completely random 9101 = —= >0 ¥'[0, m]wy} B (15)
without the user being aware of it. Therefore, the RSS-based = \/% 25;01 V' Pihy, Z%;ol w;}'(l_lp) +2[0,1],

VLP relying on (9) may limit the types of applications, the
users and their mobilities, where the PD’s unit normal vectwhere the ranging noise is given by[0,]] =

np = [sin p2 cos p?, sin p2 sin 2, cos %] has to be either ﬁ Z%:_Ol v[0,m]wi. Therefore, (15) has peaks at
fixed or estimated. {l =1,},=;, which are expressed by:
B. Optical OFDM Radar Sensing 90,1,] = VM /P, (hp + 2w, =, p hp/) + 90, 1,],
The FFT operation at the receiver transforms signals from (16)
the TD to FD, as follows: where the paths that arrive within the same delay bin are not
L L et - resolvable, i.e. we havk, =1, = 2] = | 2] for p’ # p.
y[n,m] = v 2m—o Yln, mlwyy - In rich scattering environments such as indoor and urban
=4 21’:01 VPihy, ML S ML gl w7 W™ street canyon scenarios, the LoS path power might not be the
+[n, ), highest peak. Instead, the LoS path is the earliest peaktddte
P-1 M-1-M-1 s (m=1,)(m' —m) —l,mfrom (15), which is expressed as:
= ﬁZp:o VEthp) 0 mmr—o 5l m']wgw . )ij (15) P
+oln, m, lo = argmin_o.... a—1(3[0,1))% > 7, 17)

= 0 VPihywyy "5, ] + Tln, ),
(11) whereT refers to threshold for peak detection. Finally, the
which is obtained by invoking (6). The FD AWGN in (11) isdistance between LED and PD is estimated as:

. _ - M—-T1 —mm
given by?[”am] = ﬁ > m—o v, mlwy M - 5 5 foc _ doc 18
It is widely recognized that the real- and positive-valued dsp=lo-c- T = MAJ ~ BW> (18)

visible light signal transmission leads to the loss of hhH t .

data rate, when the classic OFDM waveform is applied to VL@herec and BW = 1 = MAf refer to the speed of light
with Hermitian symmetry. By contrast, since all subcagie@nd the bandwidth, respectively.

are activated for the VLPC-DCO-OFDM of (4), the real- Based on (15)-(18), we summarize the following proper-
and positive-valued signal transmission does not affeet tHeS of the proposed VLPC-DCO-OFDM sensing. Firstly, the
application of classic RF OFDM radar sensing [54]-[56] t&FDM radar sensing operation of (16) increases the peak
VLP, even though this has never been recognized before. POWerin the delay domain, which is summarized in Property 1

Explicitly, the FD signals of (11) may be expressed as: @S follows:
1 Property 1 (Improved peak power): The IFFT of (15) does
gln,m] = 3[n,m] 32,25 VPhylar(lp)lm + [, ], (12) not change the noise variance, but the peak:fpis amplified
(-1 m(l—l, . .
where therm-th element in the FD steering vectoraf(l,) ¢ Py a factor ofM = S o @iy )|l:lp in the delay domain
cMx1 s given by [ap(l,)]m = w;jﬁlp_ This leads to the PY OFDM radar sensing, leading to an improved SNR for peak

following OFDM radar sensing property in the optical domairfl€tection. o
LMt . M—1 -L,) Therefore, the proposed VLPC-DCO-OFDM sensing is

IFFT[ar(lp)] =72 m—0 W Pl =57 Lm—0“M . mMore accurate than the positioning method based on the

(13) TD/FD-estimated CSI for DCO-OFDM systems [36], which

which has a peak of/M at! = I,. The IM/DD based optical will be further demonstrated in Sec. VI.

received signal model of (6) cannot directly facilitateoaty Secondly, since the delay index is defined By =

estimation, because all signal powers across all freqaencj 2] 5;01, an improved VLPC-DCO-OFDM bandwidth leads

are combined by direct detection, where the velocity-idlicto a better sensing precision, where we h#ve ﬁ_ This is

Doppler frequencies cannot be directly estimated. Theeefoencapsulated by Property 2:

the range estimation based on (13) only requires us to removVesroperty 2 (Sensing precision): The precision of VLPC-

one transmitted VLPC-DCO-OFDM symbol from (12) a$CcO-OFDM sensing can be improved by increasing the

follows: system bandwidth. Explicitly, based on (18), the maximum

—iin =1 _ gloym] _ ~P-1 | vo,m] positioning error based on OFDM radar sensing is given by

710, = Som = Xm0 VERslar(p)m+ o5 (14) sex, provided that the integer delay inddx is correctly

Therefore, our VLPC-DCO-OFDM scheme assumes that thletected, as expected at high SNRs.

first VLPC-DCO-OFDM symbol associated with = 0 is

a pilot transmission, and the subsequent symbols assdciatéThe OFDM radar gain in the RF band was presented by (27) in [54]
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Target:7,=14.08 ns W Los
[J NLos

£ ten earliest pealg[0, [y of (16). In this way, the sensing precision
& 112 can be further improved, without increasing the bandwidth.
16,98 e Therefore, the separation of LoS and NLoS paths is of prime
" Delay ' importance for hybrid Radar-RSS, which is formulated by
Property 3:
M = 256, BW = 61.44MH . .
(@) z Property 3 (Resolvable multi-paths): The separation of LoS
Target:r;=14.08 ns B Los and NL_oS paths |n the delay quain requjres sufficienF system
9 e J NLos bandwidth. Explicitly, a sufficient condition for achiegn
§1e_1z I H {lo # lp}wpzo is having a bandwidth of BW> m,
291 i which is derived froml, = 92BW, I, = “*®BW and
Delay {LSRD” BW — dsoBW > 1
. ¢ L IVp#0 , -
(b) M = 1024, BW = 245.76MHz Property 3 may be insfrumental for fingerprinting-based
VLP [25], [26], [52], [53], where the minimum bandwidth
Target:7,=14.08 ns M Los . .
" O NLoS requirement may be pre-determined based on the topology
g of the environment. Without the topology knowledge, we
& le12 have to make sure that the Radar-estimated LoS path and the
14.24ns 65.1ns RSS-estimated LoS path have the same integer delay index.
Delay Otherwise, the radar-based range estimation is leveraem:
(c) M = 4096, BW = 983.04MHz explicitly, the hybrid Radar-RSS sensing method is progose
Fig. 2: Effect of bandwidth on CIRVLPC-DCO-OFDM sensing as follows: A o
peaks associated with different number of subcarrigrsand band- 5 dep,  lo =15
width BW = M - SCS. The coordinates of LED, PD and wall reflec- dsp = loe ] ” i (19)
tion are given bycs = [3,5,3.4], cp = [1,2,1.2], cr = [0,2,2], BW> 07770

and their unit normal vectors ames = [0,0,—1], cp = [0,0,1], s .
cr = [1,0,0]. The areas of PD and wall reflection are given byvNeére OFDM radar obtaing based on (17), while the RSS

App = lcm? and Ag, = 2cn?. The transmit power is given by estimates the LED-PD distance based on:

P, = —20 dBm. The sensed peaks are obtained based on (16). 5 (a+1) Ao

sp = \/ Zrem.oyz €087 (s2r) cos(@r)gor (@) goclspr) PLM.

Property 2 is confirmed by Fig. 2, which exemplifes the (20)
CIRs experienced by a VLPC-DCO-OFDM system that mod- Similar to (21), for the special case af, = [0,0, 1], (20)
els a LED, a PD and a wall reflection. The related parameteran be simplified as:
are listed both in Table IV and in the caption of Fig. 2. The 1
Subcarrier Spacing (SCS) is given by SCS=240kHz, and the dsp = {%(AzSD)quOf(%)goc(@,,A)Pt} @y
CP overhead isMcp = M/16. We note that Fig. 2 displays .
the sensed peaks obtained based on (16). It is demonstrdaded on (19), the RSS-aided estimalg, is adopted only

by Fig. 2a that the target delay = 14.08ns is detected when its corresponding delay ind%(: L%BW} equals to

as 16.28ns for BW= 61.44MHz, which is improved 10 the Radar-estimated delay index, ilg.= . This scenario
12.21ns and 14.24ns, when the LED bandwidth is increasgdencountered under two conditions. Firstly, the LoS path
to BW = 245.76MHz and BW= 983.04MHz in Fig. 2b and s separated from the NLoS paths, as summarized by Prop-
Fig. 2c, respectively. Therefore, the positioning accyréa@n ety 2. Secondly, the LED/PD parameters includipgns,

be substantially improved by exploiting the system bandwidy, , () and goc(ip,) are fixed or known. Otherwise, we

with the aid of OFDM radar. . havel, # [}, and the radar-based range estimation is used.
In addition to the capability of separating the LoS and NLoS

path_s, the proposed optical OFDM radar sche_me al_so no longer V. VLPC-DCO-OFDM COMMUNICATION
requires to know the LED/PD parameters, includipgng, ) ) _ ]

np, goi(¢r) and goc(e,) in the RSS scheme of Sec. IV-A, In this section, the proposed sensing-aided channel es-
owing to the fact that the LED-PD distance is evaluated bastifation is presented in Sec. V-A. The subsequent optical

on the LoS delay, instead of the modelling of the LoS powd?FDM data detection is devised in Sec. V-C. The maximum
achievable rates are analysed in Sec. V-D.

C. Hybrid Radar-RSS Sensing

It can be observed from (18) that OFDM radar applieff- Radar-Aided Channel Estimation
to VLPC-DCO-OFDM can only detect integer delay indices, According to Property 1, the optical OFDM radar sensing
where the precision is determined by the LED bandwidtleperation beneficially improves the SNR for detecting peaks
as summarized by Property 2. Nonetheless, the LoS pdthese peaks detected in the delay domain correspond to the
of (1) is a direct function ofdsp without being impacted CIR taps. Therefore, we propose a Radar-CE solution, which
by the LED bandwidth. Against this background, we furthesarries out CSl estimation based on all peaks obtained from
propose a hybrid Radar-RSS solution, where the RSS-bas#eDM radar. Assuming that the proposed VLPC-DCO-OFDM
LoS detection of Sec. IV-A is invoked for detecting thedoes not have any topology knowledge, the receiver does not
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[Jintended Pilot Ed for 0 <m < M —1. In the absence of perfect CSI knowledge,
Ry Hermitian Symmetry = conventional one-tap FD equalization can be performed with
53 Clipping Noise : NE the aid of the sensing-estimated CFR of (23) as follows:
S 5'[n,m] = Y2, (26)
[T T ITime = Doppler  Which can be demodulated based on the VLPC-DCO-OFDM
(@) TD (b) FD (c) DD-domain mapping of (4).

Fig. 3: Pilot transmission for TD-CE, FD-CE and DD-CE methods.

know the number of pathB and cannot guarantee to separatl(_e)' Maximum Achievable_ Rate§ _
the paths from its sensing observations of (16). Theretbee, ~Based on the FD received signal model of (24), the condi-
peaks observed by (16) form a set of sensing-estimated ClRgnal probability of transmitting[n, 7] and receivingj[n, ]

. - is given by:
hy = 19U where (3(0,1])? > T, (22) S OVEN Y ) 2
=l 77|15l 7)) — L _ [glnm] —hws[n,m]|
where thresholdl is defined in (17). The range of CIR tap p(ln, ml[sln,m]) = 5w exp ( No ) ’
indices is0 <[ < L, whereL is the maximum delay obtained ) ) _ (27)
from (22). Following this, the sensing-estimated Channet F which leads to the following Continuous-input Continuous-
quency Responses (CFRs) in the FD can be formulated autPut Memoryless Channel (CCMC) sum rate [72]-[74]:
~ N " _ M _q T2
o = g ™ (23)  COMO(R) = 1B [ log, (14 E)] L (29)

)

where we have) < m < M — 1. The Radar-CE methodsHowever, in the absence of perfect CSI, the CCMC rate of

of (22) and (23) are used for both the Radar and Radar-R88) has to be rewritten based on the estimated CFR of (23)
VLPC systems. Moreover, we note that the RSS system #{ follows [75]:

Sec. IV-A assumes LoS transmission, hence the receivet pilo

signal strength normalized by the transmit power is diyectl CCCMC(p,) = %E [Z:{;f log, (1 + N‘fj‘f )] ;
CE

used as the estimated channel, hg= ,/%‘. (29)
where the maximum achievable rate is given by a Gaussian-
B. Conventional Channel Estimation Methods distributed CSI estimation error with zero mean and a vagan

As benchmarks for our proposed Radar-CE in Sec. V-&f &g = E(|hwr — hw?).
the conventional CE methods are portrayed by Fig. 3. Firstl When the Gaussian-distributed continuous-input assumed
the TD-CE scheme inserts a Dirac delta impulse-based (28) is replaced by equi-spaced and_equi-probabie
in the TD, as portrayed by Fig. 3(a). The TD pilot can bESK/QAM constellations, i.e. we havgp(s') = %}f:_ol,
directly modulated as a unipolar symbol without the nedfie resultant Discrete-input Continuous-output Memayle
of clipping. Secondly, Fig. 3b) demonstrates that the FD-CEhannel (DCMC) sum rate is expressed as [76]:
scheme aims to insert pilots in the FD [50], [70], [71], WhereCDCMC’(Pt)

a pilot symbol inserted atn = 3 must have its conjugate o M 1,y . 7 7
transmitted at\/ — m = 5, while the clipping noises fall on  — Z—1 Zim=1 iy Jr@lnms )p(:s )

the even-indexed subcarriers. Thirdly, for the DD-CE mdtho x logy L,f’@f’“@gl} _dy

[48], [50], [68], [69], a pilot DD-domain orthogonal time T, p@lnml[shpt)
frequency space (OTFS) symbol is formed By OFDM — _Bw E{l Z%_—ll SE 1 og, f;’i@[ﬁ’ﬁflb }}
symbols associated with/ subcarriers. Similarly to Fig. 3b), e Zi o p@lnml[s")

_ [gln,m] = hpyst|?

the pilot transmission in the DD-domain is subject to the M_q
X . L . _ BW 1p Zi ngllo _

requirement of Hermitian symmetry and the clipping nois€; 21z m=1 27— ©82| —,_, ( [l —f sl |2 :

. . . . . ~ ex ——

as demonstrated by Fig. 3c). The pilot signals after cligpin =0 P Mo 2

are known and can be easily removed at the receiver. Gi )

the quasi-static nature of optical channels, the pilot logad

is negligible, since the pilots do not have to be repeated.

L'-exp(

ven
Igurthermore, given the estimated CFR of (23), the DCMC rate
of (30) is rewritten as:

CDCMC (Pt) _
i [Gln 7] — s |2
C. Data Detection o _ _ W 15 Yoo L‘,-exp(—yNio)
For the data transmission associated with> 0, the FD X _7¢ 2m=1 2o 1082 L,lcxp(_mn,mimgz \2>
received signal of (11) may be expressed as follows: =0 o (J )
Yn,m| = hwms[n, m) + v[n, m|, (24) We note that both geometric shaping and probabilistic sttapi

where the time-invariant FD CFRs are given in the absence Bf. c_apable of further improving the DCMC. sum rate by
mobility in IM/DD by: optimizing the non-equal-spaced and non-equi-probabl®QA
' - constellations. Interested readers may refer to [77], [o8]
T = S0V Pehpwy (25) more details.



DRAFT
%)

X 6e-07 € o005 TABLE V: Room and transceiver configurations.
— be- T T T T T — Ye-
o 5007 | O se-08f- Room dimension| Length: 8m, Width 8m, Height: 3.5 m
O eorl O e Reflectivities Plaster wall: 0.74, ceiling: 0.38, floor: 0.61
5339 5339 Goig 1w Boab
r 4e-08 -
S ool g & ;
= ze0ry 5 08 LED Coordinates| (5'5'3'4) (5:7.3.4) (7.1.3.4) (7.3.3.4) (7.5.3.4)
8 1e-07f- S 2¢-08
o R ey O jeoglel v v v L v v v 1y (7,7,3.4)
= 64 256 1024 4096 = 64 256 1024 4096
M M x M Los % M Los
. . © NLoS O NLos
(a) Pair A (b) Pair B § 23: %gé [ Lo fg 10
Fig. 4: Effect of bandwidth on the total power of CIR&otal power @ 15010 g 101
of CIRs associated with different number of subcarridds and s sei1 5 102
bandwidth BW= M - SCS, where the transmit power is given by °° 65.1ns § 65.1ns
P, = —20 dBm. The simulation parameters for the multipath scenario Delay Delay
are detailed in Sec. VI. 'I_'he subfigures are plotted for (a) LED-User (a) pair A, single-carrier (b) Pair A, M = 256
Pair A, (b) LED-User Pair B. o HLlos | B Los
z 2 z © ONLs| 2 [ NLoS
(3;2[:) ( LED ) § lOlli § 101101
5,534 LED - =
(7.1.3.4) (0.1,7.9,1.2)| ‘é 1912 é 1912 ]‘L
y HER y Ty g a g 1
(314912 nC: 8.14ns 65.1ns 8 7.12ns 65.1ns
Pair A X Pair B X Pair C Delay Delay
Fig. 5: Room topology and three LED-User pairs. (c) Pair A, M = 1024 (d) Pair A, M = 4096
. . o M Los o M Los
Based on Property 1, the sensing accuracy improves, as&he ONLos| © [ NLoS
. . 12
bandwidth increases. However, we note that the total pofver o= 8§10
CIRs may be reduced, as the bandwidth increases. Spegjfical:” i 5 igj‘;
. . D10 [
for thg two non-zero paths shown in Fig. 2, the total power gf TL36ns 5ins § 33.6n 65.1ns
CIRs is reduced fronfhg + h1)? to (ho)% + (h1)? as they are Delay Delay
separated upon increasing the bandwidth, because we always (e) Pair B, M = 4096 (f) Pair C, M = 4096

have (ho + h1)? > (ho)? + (h1)? for real- and positive-valued Fig. 6: Power of each CIR for VLPC-DCO-OFDM with different
ho and h,, according to the LoS and NLoS modelling inbandwidths BW= M - SCS in multipath scenario. The subfigures

. . . . are (a) Pair A with single-carrier, (b) Pair A withf = 256, (c) Pair
Sec. II. This trend is evidenced by Fig. 4, where the totalgrow, W&h) M = 1024 (dg)] Pair A wi(th)M = 4096, (e) Pair(Eg with

of CIRs 3.1 ,(h)? decreases as the bandwidth increases: — 4096, (f) Pair C with M — 4096. SCS=240 kHz is fixed.
Therefore, the reduction in the total power of CIRs may lead
to a degraded BER performance, which will be discussed @e summarized in Table V. The LEDs are equi-spaced on
Sec. VI. Nonetheless, (28)-(31) demonstrate that the dags r the ceiling with 2 m distances from each other. Both LoS-
will always increase with the bandwidth. This unique tradesnly and multipath scenarios are considered. The LoS-only
off observed for DCO-OFDMhas not been exploited before, scenario is simulated for each LED-PD pair based on (1). For
which is summarized as follows: rich scattering multipath scenarios, each of the ceilingll w
Property 4 (Effect of bandwidth on the total power and floor surfaces are divided into grids of very small reilect
of CIRs): Upon increasing the system bandwidth, the totaireas of 4 crh Hence each wall has 70 000 reflection tiles,
power of CIRs reduces, which may lead to degraded BB#hile the ceiling/floor has 320 000 reflection tiles. In this
performance. Nonetheless, the motivation of increasirey tway, the first-order multipath reflections modelled by (3 ar
system bandwidth for communication functionality is jisti simulated. The three typical LED-user location pairs seen i
by the achievable communication data rate, which increadegg. 5 are considered for our simulations in Secs. VI-B-VI-D

linearly with the bandwidth. Pair A corresponds to the scenario, where the user is near
to an LED. For Pair B and Pair C, the user locations are
VI. PERFORMANCERESULTS near the corners, where the LEDs are in the middle of the

room and near the opposite corner of the room, respectively.

Our simulation parameters and CIR analysis are presenjgtsecs. vI-E-VI-G, all possible user locations ranginghiit
in Sec. VI-A and Sec. VI-B, respectively. The positioninglang 1.7.9 m (with a step size of 0.1 m) for x-ly-axis are

communication functionalities of the proposed VLPC-DCOgonsidered, where the height of a user is fixed to 1.2 m. We
OFDM recorded for three LED-user pairs are discussed e that SCS=240 kHz and DC biasigf= 9 dB are used for
Sec. VI-C and Sec. VI-D, respectively. Finally, the overaly| simulations in this paper. The number of subcarrierssizbn
performance results of illumination, positioning and comm greqd arels — {64, 256, 1024, 4096}, which correspond to the
nication functionalities are presented in Sec. VI-E, S&eFV pandwidths of BW£15.36, 61.44, 245.76, 983.04}MHz. The
and Sec. VI-G for all possible combinations of LED-user ®airyransmit power is normalized in the TD a8, regardless of

respectively. the number of subcarriers in the FD.

A. Simulation Parameters B. CIR Analysis

The simulation parameters of the LEDs and user PDsThe CIRs experienced by the VLPC-DCO-OFDM systems
are detailed in Table IV and Table Ill. The typical indoomare analysed in Fig. @irst of all, Fig. 6a demonstrates the
environment of Fig. 5 is considered, where the configuratiosuperposition of the LoS and NLoS paths for a single-carrier
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Fig. 7: P(S%i%ﬁnléj%ﬁnctionality (LoS scgjr%a{\r/{ﬁ;r?gﬁﬁg RMSE of Fig- 8: Positioning functionality (multlpath):Ra_nglng RMSI_E of
VLPC-DCO-OFDM for LED-User Pair A in LoS-only scenario. TheVLPC-DCO-OFDM for LED-User Pair A in multipath scenario. The
subfigures are (QVf = 64, (b) M = 256, () M = 1024, (d) subfigures are (a)/ = 64, (b) M = 256, (c) M = 1024, (d)
M = 4096. SCS=240 kHz is fixed. M = 4096. SCS=240 kHz is fixed.

system, which is detrimental for the RSS-based VLP [33bFDM modulations exhibit sub-centimeter ranging RMSEs, as
[37]. Secondly Figs. 6b-6d evidence that the precision of, increases. Secondly, Figs. 7a-7d confirm that the precision
CIRs is improved as the system bandwidth increases, whishOFDM radar sensing improves upon increasivig where
confirms Property 2 of Sec. IV-B. Thirdly, Figs. 6b-6d alsehe Hybrid Radar-RSS scheme is also capable of achieving
demonstrate that as the system bandwidth increases, the k@B-centimeter ranging RMSEs. We note that the RMSE lower
and NLoS paths become more resolvable, which confiragund of OFDM radar is given bMSD—LwTﬁ , Which
Property 3 of Sec. IV-C. This verifies the motivation of thorrespond to 2.2m, 2.2m 0.24m and 0.07mXér= 64, 256,
Hybrid Radar-RSS scheme of Sec. IV-C. However, Fig. @f024 and 4096, respectively, in Fig. 7.

also demonstrates that even fof = 4096, there is still  However, in the rich scattering multipath scenario of Fig. 8
noticeable residual NLoS power superimposed onto LOS jRe conventional RSS-based VLP schemes suffer from severe
the earliest peak. This indicates that RSS estimation c8n OBerformance degradation, where their ranging RMSEs become
be used, when both the Radar and RSS estimations have{lifher than 1 m. By contrast, Figs. 8a-8d demonstrate that
same integer delay index, which is taken into account by thg proposed optical OFDM radar sensing is still capable of

proposed Hybrid Radar-RSS in Sec. IV-C. improving the RMSE as the bandwidth increases, where a sub-
o centimeter RMSE is achieved by the proposed Hybrid Radar-
C. Positioning Accuracy RSS scheme, as seen in Fig. 8d.

Fig. 7 characterizes the Root Mean Squared Error (RMSE)Fig. 9 demonstrates the effect of the thresh@ldon the
of positioning functionality in a LoS-only scenario. Basaa sensing peak detection of (17). It can be seen in Fig. 9 that lo
the simulation parameters of Sec. VI-A, the SNR range ofdar peak detection thresholds Bf= 5Ny and 7 = 10N,
10~110dB corresponds to the range of -2@@Bm for P,. lead to fluctuating RMSE in the high SNR region, where
First of all, in the absence of NLoS paths, Figs. 7a-7d demothe instantaneous noise may be falsely detected as a CIR
strate that RSS-based VLP schemes using OOK and DC@p. Moreover, as the threshold is increased to a very high
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Fig. 12: Communication functionalitfNormalized RMSE on channel

Fig. 9: Effect of 7: Ranging RMSE of VLPC-DCO-OFDM for (a) . - - .
Pair B and (b) Pair C in multipath scenarid/ = 1024 is used. ?:S?nmr?ntlljcl)tri]pg{r:/ IS‘(I:D; ;Drﬁowohggy zyfégznissfzrsg? Pair A and (b) Pair

DCO-OFDM: DCO-OFDM:
-A- RSS -A- RSS ; ; ; ; ; ;
& Rodar B Radar obtained from the sensing functionality or estimated in the

-©- Radar-RSS TD/FD/DD as those in conventional DCO-OFDM systems.

AP First of all, Fig. 11 demonstrates that RSS-assisted sensing
= 102? E = provides eroded CSI estimation, which can only support a low
‘é i é data rate below 100 Mbp&econdlythe data rates achieved
g mjj i s with the aid of the proposed Radar-CE approach the full
s L r = CCMC sum rate of VLPC-DCO-OFDM relying on perfect
s | = CSl, as evidenced by Fig. 1Thirdly, for conventional DCO-

B 0l | o OFDM CSI estimation methods, DD-CE performs the best,
2 . 2 followed by FD-CE and TD-CE, as demonstrated by Fig. 11.
L0 L0 1 We note that although DD-domain CSI estimation achieves
s T, ) similar performance to the proposed Radar-CE method, the
SR (Jg) %0 10 10 1°SNR3(EdB) 0T DD-domain CSI estimation requires an increased number of

(@) LoS (b) Multipath N = 4 OFDM pilot symbols. By contrast, the proposed

Fig. 10: Effect of unknowmp: Ranging RMSE of VLPC-DCO- VLPC-DCO-OFDM only requires a single transmission of
OFDM for Pair A in (a) LoS and (b) multipath scenarios, when tha single OFDM pilot symbol for the dual functionalities of
PD's unit normal vectomp is unknown.M = 4096 is used. sensing and CSI estimatioffinally, it is worth noting that

. . . . the LED-User Pair A exhibits higher data rates in Fig. 11a in
T = 40Ny, its convergence requires a higher SNR' OW'ngomparison to the LED-User Pair B of Fig. 11b and the LED-
to the fact that the peaks cannot be detected until the nojge. . paic ¢ of Fig. 11c, due to the fact that the LED-User

power becomes sufficiently low. In this work, we opt for using, _: ;
7= 20N, for both he radar peak. detecion o (17) aniomas 1+ cormecs or e (2D e e B en e
communi_cation_ Radar-CE qf (22.) for aII_ simulation results. We note that the CCMC rate evaluation of (28) can only be
The simulation res.ults n this section assume that thcl proached for idealistic Gaussian-distributed input@utgut
LED/I.DD parameters including the Lambertian modg ordg gnals through channel coding, and this rate is non-zero at
g, unit pormgl vectorss and np, as well as the gains of high SNRs, despite the fact that the specific OOK modulation
the optical filter and concentratQoi(¢r) and goc(r) are  ooph61pe reliably detected, as evidenced by the BER resfults
known for th,e RS_S-based schemes. However, in practltf_qg_ 14. Moreover, the<< 100Mbps theoretical CCMC rate
the user PD's unit normal vectanp, may be completely of the RSS scheme is neglible in comparison to the Gbps-level

random without the user being aware of it. This effect i ; :
demonstrated by Fig. 10, where the conventional RSS-ba F‘a%sé)rc:;ttg?e%rzzoééd iclhemes using practical CE methods, as

sensing scheme exhibits poor sensing performance in b&h Lo The results of Fig. 11 are confirmed by the channel es-
and NLoS scenarios. Moreover, Fig. 10 demonstrates that mﬁation errors comp.ared in Fig. 12. The RMSE on CE is
hybrid Radar-RSS scheme performs similarly to the Radafy /6 by the total power of perfect CSI. The RSS-
aided sensing scheme, whei, is unknown. This is due 10 ¢opseq ang TD-estimated CS! suffer from severely degraded
uracies, which are further improved by FD-/DD-CE, as

the fact that the hybrid Radar-RSS scheme adopts the R c%
Smonstrated by Fig. 12. The Radar-sensed CSI exhibits

estimation only when the Radar-estimated LoS path and t
RSS_—estlmatepI LoS path have the same integer delay in selfbstantially reduced channel estimation error, as egihkn
as discussed in Sec. IV-C. :
by Fig. 12.
o Fig. 13 further demonstrates the relationship between
D. Communication Data Rates and BERs DCMC and CCMC rates. As the number of modulation
Fig. 11 demonstrates the CCMC rates of the VLPC-DCQevels increases, the DCMC rates move closer to their CCMC

OFDM communication functionality, when the CSI is eithecounterparts assuming continuous Gaussian-distributpdt i
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to DCO-OFDM relying @mnventional

TD/FD/DD-estimated CSI for (a) Pair A, (b) Pair B and (c) Pair C in multipatensrio, where\/ = 1024 is used.
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Fig. 13: Communication functionalittCCMC and DCMC data rates
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of VLPC-DCO-OFDM systems for (a) Pair A and (b) Pair C in

multipath scenario, wheré/ = 1024 is used.

signals, as evidenced by Fig. 13. Furthermore, Fig. 13 ong -A- ook, Rss
again confirms that the data rate achieved based on th -~ DCO-OFDM, Radar-CE
proposed Radar-CE scheme approaches the ideal sum r

relying on perfect CSI.

Fig. 14 characterizes the BER performance of the VLPC- 10"
DCO-OFDM communication functionality. Similarly to the
sum rate evaluations of Fig. 13, Fig. 14 demonstrates that ' |
the proposed Radar-estimated CSI schemes perform siynilarlg
to the ideal scenario of relying on perfect CSI, followed
by the DD-/FD-/TD-estimated CSI schemes, where the OOK
scheme relying on LoS-based RSS suffers from an error floor.
Furthermore, Figs. 14a-14d demonstrate thaflAsncreases
from M = 64, M =
the transmit powerP; required for the Radar-CE scheme to

256,

M =

1024 to M =

4096,
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achieve a target BER®° is increased from SNR=25 dB, Fig. 14: Communication functionalityBER performance of VLPC-
SNR=30 dB, SNR=38 dB to SNR=55 dB. This confirm®CO-OFDM for LED-User Pair A in multipath scenario, where
Property 4 of Sec. V-D.

positioning and on the communication BER. It can be seén Overall lllumination Functionality
in Fig. 15a that the DC bias has no effect on the rangingFig. 16 demonstrates the received signal powers of all
RMSE, owing to the fact that the positioning functionaligy i possible LED-User pairs in a LoS-only scenario, which in-
implemented based on a single pilot transmission, where tilieate the illumination power distribution across the room

pilot signal after clipping is known and can be removed at tféor eachl x 1 m? area on the floor, the average, maximum

receiver in the FD. By contrast, as expected, Fig. 15b cosfirand minimum of all LED-User pairs’ RSSs are portrayed in
that sufficient DC bias has to be provided for communicatidrig. 16a, Fig. 16b and Fig. 16c, respectivairstly, it can

functionality.

QPSK is used. The subfigures are (&) = 64, (b) M = 256,

) . (c) M = 1024, (d) M = 4096. SCS=240 kHz is fixed.
Fig. 15 demonstrates the effect of DC bias on both the

be seen in Fig. 16a that on average, the center of the room
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Received Signal Power
Received Signal Power
Received Signal Power

(a) Average (b) Maximum (c) Minimum
Fig. 16: lllumination functionality:Received signal power in LoS scenario, where we hRye= —20dBm. The subfigures are average,
maximum and minimum received signal powers of all LED-User pairsaché x 1 m? area.

DC bias:
) T " os OFDM radar sensing is capable of achieving decimeter-level
iy —- 5dB - 5dB positioning accuracy forM = 1024 in Fig. 18b, which
i % 9dB 10! is further improved to centimeter-level fa¥/ = 4096 in

Fig. 18e. The positioning accuracies of optical OFDM radar o
Fig. 18b and Fig. 18e are further improved by Hybrid Radar-
RSS in Fig. 18c and Fig. 18f, respectively.

RMSE on range (meter)
BER

G. Overall Communication Functionality

T N \ W Finally, Fig. 19 portrays the communication data rate distr
0030 1020 30090 %0 bution in multipath scenarios, where OOK is used by the RSS

s A ISP AN
-10 0 10

SNR (dB) SNR (dB) . .
(&) Positioning (b) BER scheme, while QPSK is used by DCO-OFDM at the same

Fig. 15: Effect of DC biasRanging RMSE and BER performancetlfoughput 2 = 1 bit/Hz/sec due to Hermitian symmetry.
of VLPC-DCO-OFDM for LED-User Pair A in multipath scenario,It can be seen in Fig. 19a that even though a bandwidth
where QPSK andV/ = 1024 are used. of 245.76 MHz is provided, relatively low data rates below

] ) ) 100 Mbps are recorded, when degraded CSI estimation is
receives higher RSS$econdly Fig. 16b demonstrates thatprovided by RSS-based sensing. By contrast, Fig. 19b comfirm
there exist RSS-optimized LED-User pairing arrangemenig;i Gbps-level data rates can be achieved, when optical
that allow all user locations to receive the same maximU@EpM radar provides enhanced CSI estimation. Finally, the
RSS.Thirdly, Fig. 16c demonstrates that for the worst LEDgat4 rates of Fig. 19a-19b are further improved in Fig. 19c,
User arrangements that lead to minimum RSSs, the center@fen s — 1024 is increased ta/ — 4096, which justifies the
the room still receives higher signal power. motivation of increasing the system bandwidth for imprayin

Fig. 17 further demonstrates the RSS distribution, Whefyth the positioning accuracy and communication data rate.
multipath reflections are taken into account. In terms of the

maximum RSSs, the corners of the room receive the highest /|| concLUSIONS ANDFUTURE OPPORTUNITIES

NLoS reflection powers, as evidenced by Fig. 17b. By contrast We proposed a new VLPC-DCO-OFDM scheme that simul-

the minimum RSSs of Fig. 17c exhibit similar distribution tﬁaneously supports the tripple functionalities of illumion,

he LoS-onl io of Fig. 1 h h f o L
the LoS-only scenario of Fig. 16¢c, where the center o tpeosmonmg and communication. More explicitly, we corvesd

room receives higher RSSs. The average RSSs of Fig. 17a8EeDM radar for VLP for the first ime in the open liter-

ba@gcfciebte;‘;"teﬁg thg:izo‘;finF'gf'uizgo";‘]g‘;tF'?é"icéxd ey 2Ure. which exploited the wide optical bandwidth in order
P g Y to improve estimated CSI accuracy. Moreover, the sensing-

on LoS, while the communication data rate can benefit fro@stimated CIR was reused for supporting communication data
both LoS and NLoS paths, provided that reliable CSI estim PP 9

tion can be obtained. These will be further investigatechin tgetgctlon. The fo!low'lng concluspns were verifiesrstly,
; : optical radar sensing is capable of improving the SNR of peak
following sections.

detection.Secondlythe precision of optical radar sensing can
o ) ] benefit from the recent advances in improving LED bandwidth.
F. Overall Positioning Functionality Thirdly, a sufficient condition of separating the LoS and NLoS
Fig. 18 demonstrates positioning performance of VLP@aths has been devisdénally, the relationship between CIR
DCO-OFDM in multipath scenariogirst of all, as expected, power and bandwidth has been derived.
the RSS-based VLP suffer from severe multi-meter-level-pos The proposed VLPC-DCO-OFDM also opens up new op-
tioning errors in multipath scenarios, as evidenced by F8g. portunities for future study within the realm of optical ISA
The performance degradation of the conventional RSS-bagéx$tly, both OFDM-based positioning and communication
VLP cannot be mitigated by increasing the system bandwidilgly on precise synchronization, which can be enhanced
as evidenced by Fig. 18d. By contrast, the proposed optithtough the application of time-difference-of-arrival({dA)
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Received Signal Power

(a) Average

Received Signal Power

(b) Maximum
Fig. 17: lllumination functionalityReceived signal power in multipath scenario, whBre= —20dBm. The subfigures are average, maximum

and minimum received signal powers of all LED-User pairs in eashl m? area.
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techniques [67], where the differences in distances from

the user PD to multiple LEDs are exploite8econdly the

development of VLPC-DCO-OFDM can be instrumental fo[rlg]

the deployment of optical Reconfigurable Intelligent Scefa

(RIS) [79]. Based on Property 3 of Sec. IV-C, the sufficient

condition for introducing a RIS-reflected NLoS path th
does not overlap with the LoS path is given byrp, >

(dsp + g ), Which can be ensured by activating optical RIS

at the designated locatiofthirdly, since the location of RIS

15

semipolar blue micro-LED,Opt. Expressvol. 30, pp. 16938-16946,
2022.

J.-W. Shi, K.-L. Chi, J.-M. Wun, J. E. Bowers, Y.-H. Shiland
J.-K. Sheu, “lll-Nitride-Based Cyan light-emitting diodegith GHz
bandwidth for high-speed visible light communicatiot2EE Electron
Device Lett. vol. 37, no. 7, pp. 894-897, 2016.

0] A. Rashidi, M. Monavarian, A. Aragon, A. Rishinaramalaya, and

[21]

is known, the RIS-reflected NLoS signals can also be utilized

for localization.
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