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Optical Integrated Sensing and Communication
with Light-Emitting Diode

Runxin Zhang, Yulin Shao, Menghan Li, Lu Lu, Yonina C. Eldar

Abstract—This paper presents a new optical integrated sens-
ing and communication (O-ISAC) framework tailored for cost-
effective Light-Emitting Diode (LED). Unlike prior research on
ISAC, which predominantly focused on radio frequency (RF)
band, O-ISAC capitalizes on the inherent advantages of the
optical spectrum, including the ultra-wide license-free bandwidth,
immunity to RF interference, and energy efficiency. Moreover,
the performance of communication and sensing in O-ISAC is
positively correlated, circumventing the tradeoff that has plagued
RF-ISAC systems. Our O-ISAC framework unfolds in two phases:
directionless O-ISAC and directional O-ISAC. In the first phase,
distributed optical access points emit non-directional light for
communication and leverage small-aperture imaging principles
for sensing. In the second phase, we put forth the concept
of optical beamforming, using collimating lenses to concentrate
light, resulting in substantial performance enhancements in both
communication and sensing. Numerical and simulation results
demonstrate the feasibility and impressive performance of O-
ISAC benchmarked against separate communication and sensing
systems.

Index Terms—ISAC, optical communication, LED, optical
beamforming, collimating lens.

I. INTRODUCTION

With the growing demand of higher communication rates
for mobile devices, researchers are exploring new frequency
resources and signal processing techniques for next-generation
communication systems [1]-[3]. A technique that has recently
gained significant attention is integrated sensing and commu-
nication (ISAC) [2], [4]. The essence of ISAC is utilizing
the time and frequency resources originally allocated to radar,
and designing a unified transceiver that achieves wireless
communication and remote sensing simultaneously.

Existing research efforts on ISAC have mostly been focused
on radio bands. In this paper, we explore the integration of
communication and sensing in a much higher frequency band
— the optical band. The optical band is ultra-wide and license-
free [5]-[7]. Therefore, optical communication is viewed as
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a promising complement to radio communication in next-
generation communication systems [8] to address the problem
of spectrum scarcity. On the other hand, optical sensing is an
estimation technology [9] with high precision by capturing the
intensity of incident light rays and converting it into a form
readable by a measuring device. In this light, this paper aims
to develop an optical-ISAC (O-ISAC) system.

There have been research endeavors on O-ISAC, encom-
passing both wired O-ISAC, e.g., fiber-optic ISAC [10], [11],
and wireless O-ISAC [11]-[14]. Unlike existing O-ISAC that
relies exclusively on laser, which emits coherent light and is
very similar to RF-ISAC, this paper introduces a new O-ISAC
framework specifically designed for cost-effective commercial
Light-Emitting Diodes (LEDs). LED O-ISAC faces several no-
table challenges: incoherent light, divergent light, and massive
echo. In addressing them and unlocking the full potential of
O-ISAC, we explore pragmatic strategies that address these
hurdles. Our main contributions are summarized as follows.

We put forth a new O-ISAC framework tailored for cost-
effective commercial LEDs. We reveal the synergistic effect of
optical communication and optical sensing — they share the
common goal of maximizing the received light intensity at
the target device, effectively eliminating the common trade-
off encountered by conventional RF-ISAC. Recognizing this
synergy, we formulate a received light intensity maximization
problem, involving a meticulous optimization of both Source
layout and LED radiation pattern, to address the challenge of
divergent light emission. Subsequently, these two optimization
problems give rise to a two-phase operational mechanism: In
phase 1, the system utilizes directionless light rays to broadcast
control signals to all devices, while multiple distributed optical
sensors collect reflected light and estimate the device positions.
The LED locations are optimized following the solution of
source layout optimization. In phase 2, a more refined operation
unfolds, and each device is individually served in a Time Di-
vision Multiple Access (TDMA) fashion. The light intensities
are significantly enhanced by optical beamforming, leading to
more reliable communication and much more accurate device
sensing and tracking.

Numerical and simulation results confirm the superior perfor-
mance of the proposed O-ISAC framework. Compared with a
separate communication and sensing system, the source layout
optimization in phase 1 yields a remarkable improvement in
both communication bit error rate (BER) and sensing mean
squared error (MSE). In phase 2, the introduction of optical
beamforming further optimizes the radiation patterns of LEDs,
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Fig. 1: The system model of the proposed O-ISAC framework.

yielding substantial performance gains. The communication
BER performance is improved by 66.05 dB, and the sensing
MSE is improved by 43.45 dB, thanks to the greatly concen-
trated light.

II. PROBLEM FORMULATION

We consider an indoor optical system with p distributed
optical access points (O-APs), where each O-AP is equipped
with an optical source (LED) and an optical sensor (pinhole
camera) as a pinhole camera, as shown in Fig. 1. The dimension
of the room is W x L x H. The O-APs are arranged in a
circular pattern, with the ceiling’s center serving as the center
and a radius of e. Therefore, the coordinates of the O-APs
(hence the LEDs and pinhole cameras) can be written as
Poap.m = (ecos&m,esiné,,, H), m = 1,2,..., u, where &,
denotes the angle between the m-th O-AP and the positive x-
axis. Let there be v devices in the room, and each device is
equipped with a square photodiode (PD) array containing x
PDs as the optical receiver.

A. Propagation model of light source

The radiation patterns of LED light sources are starkly
different from those of RF antennas. Hence, our initial step
models LED propagation patterns to analyze received signal
strength at devices effectively. Considering the m-th O-AP
with Lambertian model [5], the LED has a semi-angle at half
power @5, and the angle of emission (AoE) of light beams
0 < ¢m < ®q/5. The angle of departure (AoD) of a light beam
is denoted by ¢,,, and we have ¢,,, = ©,,,.! Consider a specific
device. We index the xk PDs by {k : k = 1,2, ..., k} and denote
the coordinates of these PDs by pp i = (xpk, ypk,0). Each
PD has a half-angle field-of-view (FOV) Wggy, and the angle
of arrival (AoA) ¥p,: 0 < 9, < Uggy. When the O-APs and
PDs are vertically oriented, we have ¥, = .

Suppose the effective area of a PD is Ay, the received light
intensity of the k-th PD from the m-th O-AP is

IwrrxL,k- (mP,k’v YPk,E, fmv R(‘pm))

Later in Section 1V, ©m will differ from ¢, due to the introduction of
collimating lenses, which are employed to alter the direction of the light beam.

1 Auni m
:I"‘~/Mcosm°(¢m (@m;A))X(A)dA'BLS?/}; 1)
2 a: .
—_———
R(me) Q(&Em)

where I™ is the total light intensity emitted from the LED.
Without loss of generality, we set I* = 1. R(¢m) is the
radiation pattern of the LED considering all wavelengths
emitted by a single light source, and x()) is the distribution
of wavelength A.mg is Lambert’s mode number, and we set
mgo = 1 as the typical value. In the absence of the collimating
lens, we have ¢,, ((pm, /\) = ¢m, and R (y,,) can be refined as
R(pm) = %cos Om- Q (¢y,) is the solid angle, in which Ay
is the unit area both for optical communication and optical
sensing, and d,, ; represents the distance between the m-th
O-AP and the k-th PD (zpk,ypk,0).

B. Optical communication

Consider an OFDM-enabled O-ISAC system with N orthog-
onal subcarriers. Let U = [uy,us,...,uy] € CWN/2-DxL
be a matrix to be transmitted to the devices. For intensity
modulation, we impose the Hermitian symmetry constraint [15]
on the input of inverse discrete Fourier transform (IDFT) to
perform OFDM modulation. That is, we construct a matrix
X = [z1,22,...,x] € CVN*E, where @, = [0,u1,¢,u2y,
--~7UN/2—1,2707U7\//2_17@7---7U§74,UT,¢]T, ¢ =1,2,...,L, and
perform an N-point IDFT to obtain IM/DD-compatible real-
valued OFDM samples V' € RV*E,

Recall that we use lowercase bold letters to represent the
column-wise vectorized form of a matrix, e.g., * £ vec (X)
and v £ vec (V). The transformation from x to v is expressed
as v = \/—lﬁ (IL ® Fil) @, where Fy denotes the N-point
discrete Fourier transform (DFT) matrix (hence FII\}{ is the
IDFT matrix), ® is the Kronecker product, and Iy, is the L-
dimensional identity matrix. The transmitted signal after pulse
shaping can be written as [16]

L-1N-1

s(t) = Z Z v[n 4+ (N]g(t — nTam — {Tym),

=0 n=0

2

where ¢(-) is the shaping pulse, Ty is the sample duration,

and Ty, is the OFDM symbol duration, Ty, = NTgm.
Without loss of generality, we consider one device in the
system. The signal received by the k-th (k = 1,2,...,k) PD
can be written as
ri(t) = (3)

- dm k
Z S (t — Cy) h/m,k’ +wk(t)7
m=1

where d,, . is the distance between the m-th O-AP and the k-
th device, and wy(t) is additive white Gaussian noise (AWGN)
added to the electrical domain signal.According to (1), the

channel gain between the m-th O-AP and the k-th PD is
I:«z,k (xP,kW YP k€, §m7 R(‘Pm))

hm’k = Jtx
(a) Aunil Aur1it7'[2
N Wd?n k €08 Pm €05 wm N Wdfn k 7 (4)
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where (a) follows from (1) in the absence of optical beam-
forming. At the receiver, we sample 7(t) and perform DFT,
yielding

yr[n + EN] = z[n + (N]A] hy +wi[n+ (N],  (5)

_io-mn Mk _io-mn T2k _ioom Gk T

Where Ak = [6 JQWN cTsam ,€ J27TN cTsam sy € JQTrN cham:I 1S
. T .

a phase matrix, hy = [h1k,ho g, ...,k is the channel

coefficient vector, and wy[n + ¢N] ~ N(0,0%). Compared
to radio frequency communication, IM/DD exclusively relies
on measuring the intensity of light rather than its phase.
Consequently, optical carriers do not introduce extra phase
shifts at the baseband due to time offsets. Overall, the signal
received by all x PDs can be written in a compact form
as y= [y1,Y2,...,Yx). To decode the transmitted signal, we
employ the maximum ratio combining (MRC):

H
ymrc =Y [A{hy AJhy Alh.]", (6)
from which an estimate of x is given by
7= YMRC %

Ykt 1A R

With X £ devec(z), the transmitted message can be recon-
structed as

~

Uln, ] = % (X\[n+ 1,0+ X*[N +1 —n,@]) C®

C. Optical sensing

Assuming the PD array is positioned at the center of the
target device, the coordinate of the target device in the real-
world coordinate system, pp = (zp,¥yp, 2p), corresponds to
the center of the PD array. The pinhole camera of each O-AP
also maintains a 3D coordinate system — camera coordinate
system, wherein the pinhole is the origin with the coordinate
(0,0,0). Without loss of generality, we design the u camera
coordinate systems with a shared orientation, meaning that
the 3D coordinate of the target device in the m-th camera
coordinate system Dcom = (CCC,my Yyc,m, ZC,m) satisfies

TCm = Te,1+ Ozms YC,m = Yo,1+ Oym, Z2Cm = 2,1, (9)

where ¢; ,, and g, ,, are constants since the relative positions
among cameras are fixed. The above transformations facilitate
us to represent pc,,, Vm using pc,i. For the target device,
Pc,m and pp can be transformed to each other via [17], [18]

|:pC,m:| — |:Qm tm:| |:ij|
1 0 1 11’
where {Q,, : m =1,2,...,u} are 3 X 3 rotation matrices and
{tm :m =1,2,...,u} are 3 x 1 positional vectors.

Each film plane has a 2D plane coordinate system. We denote
by pm = (Tm, Ym) the coordinate of the target device on the
2D plane coordinate systems. According to the pinhole imaging

principle, p,, can be obtained from either p¢,,, or pp. Their
relationships can be written as

(10)

where f; ., and f, . are interior parameters (focal lengths)
of the pinhole camera and K, denotes the interior orientation
parameters (IOPs); the matrix [Qm tm] denotes the exterior
orientation parameters (EOPs). In particular, we assume the
IOPs of the cameras are the same and define K, £ K.
Using sensed images, we employ image processing for
target coordinate estimation, where accuracy depends on light
intensity and contrast ratio. Estimation errors, influenced by
AWGN, follow Gaussian distributions for small pixel sizes.
Therefore, we can write the estimated coordinates as
ﬁm =DPm t+ e, = |:zm:| + |:6:E,m:| )

- Com 12)
where the variance of the estimation error is inversely pzroposi—
tional to the light intensity, i.e., €z m, €y m ~ N(O,n%), and
n is a scaling factor determined by the related size of the film
plane to the environment and the distance of the film plane to
the pinhole; o7 is the variance of AWGN in the received light;

I is the reflected light intensity given by

n
COs
I:Z{k = Z Ivrr);,k : prefAunit#. (13)
m=1 m,k

In (13), Ifq’;,k is defined in (1), and the first term (i.e., the
summation) represents the superposition of the intensities of all
light sources on the reflectors; ps is the reflection coefficient
of the reflector; Ay, represents the area of the reflector; ¢,,
is the angle of incidence (Aol) of the reflected signal, which
is equal to the AoD of the m-th O-AP.

From (9), (11) and (12), we have

zo [’ﬂ = Kpcm+ {‘ﬂ =K (po+vm)+ [‘ﬂ . (14)
where m = 1,2, ..., u. After some manipulations, (14) can be
reorganized into a more compact form as

0 fw 0 _/-fl +€a:,1
0 0 fy —Uitey xe
_ | N Yo
—Jxlzxm x 0 —Tm +ezm ’
fu0q, f e (15)

_nyy,m 0 fy ~Ym + €y,m
2 v=3Zpc,.

Note that v is a constant vector. From the sensed P I
(12), we can construct an estimated X, which is analogous
to the form presented in (15). Then, pc,; is estimated by
pe1 = (ETE)"'ET~T. Finally, the 3D coordinates of the
target device in the real-world coordinate system are calculated
from (10).We use the MSE of the coordinates to measure the
sensing accuracy, giving

MSEp = E {||1BD —pDH2} .

It is worth noting that at least 2 pinhole cameras are
necessary to ensure the row rank of matrix ¥ in (15) exceeds

(16)

fem 0 0 3, aligning with our intuition. Additionally, expanding the
chm{ lm}: 0 Fom 0|PCm =K [Qm tm]|:p1D:|v (11) matrices in (15) and (16) allows for the simultaneous estimation
0 0 1 of multiple targets at arbitrary positions.
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Fig. 2: The workflow of the proposed two-phase O-ISAC
system.

III. SYNERGIES BETWEEN OPTICAL SENSING AND
OPTICAL COMMUNICATION

Sec. II details the signal processing of both sensing and
communication in our O-ISAC system. Expanding upon the
signal flow, this section will uncover the connections between
the factors that impact the performance of optical sensing and
optical communication.

For optical communication, (7) reveals that the decoding
performance is reliant on the equivalent channel gain at the
baseband. In particular, it can be further refined as

K K ) ” d) 1%
S a2y [e—ﬂmﬂéﬂ Z hm,k] 17

k=1 k=1

, fﬂmcnmzhmk :Zthk (iz S, 2
l R

m=1 k=1mn=1 k=1Lm=1

where (a) follows thanks to IM/DD - decoding relies on
amplitude, causing only the baseband subcarrier to induce
phase shifts on received symbols. As time delays are relatively
small compared to the OFDM symbol duration, similar phase
shifts occur on different subcarriers. (b) follows from (4).
Overall, the equivalent channel gain is proportional to the
received light intensity Zm 113, at each PD.

When it comes to optical sensing, the performance relies
also on the intensity of the light received by the target PD,
as indicated in the first term of (12). This underscores the
interconnected nature of optical communication and optical
sensing. Essentially, we can work towards optimizing the O-
ISAC system with a shared objective, i.e. Zm 115, 1> without
sacrificing the performance of either the optlcal communication
or optical sensing aspects. This synergy between our goals
makes the optimization process more efficient and beneficial
for the overall functionality of O-ISAC.

In I”‘ e (@ZPk, YPks € &m, R(m)), we can only maximize

b _ 1%, by finding the optimal €, &,,, and R(y.,). Specif-
ically, optlmlzmg light source distribution is crucial for broad
device detection in broadcast scenarios, while concentrating
light intensity suits targeted scenarios. The O-ISAC system is
divided into two operation phases, as shown in Fig. 2.

o Phase 1 (directionless O-ISAC): The O-APs broadcast a
control message to all devices periodically, and sense the
devices’ states globally based on the reflected light. In
this phase, the system’s performance within the region is
primarily determined by the light source layout to enhance
the area within the room where the superimposed optical
intensity exceeds a predefined threshold.

e Phase 2 (directional O-ISAC): The O-APs serve the
devices in a TDMA fashion. Given the sensed states in
the first phase, the communications between the O-APs
and devices are improved by optical beamforming. In
phase 2, our optimization objective is to improve the
radiation pattern R(¢,,) of the light sources to achieve
the convergence of optical intensity and concentrate it on
the target object as shown in Section IV later.

In the first phase of O-ISAC, the received light intensity is
determined by the distribution of optical sources. Therefore, we
formulate the following source layout optimization problem to
maximize the received light intensity. Specifically, we establish
a threshold p; that corresponds to an acceptable communication
and sensing performance. The optimization objective is to
maximize the area within the room where the received signal
strength surpasses the threshold, giving (P1):

L w
1 2 2 1
Ef?gi{} Wﬁ/—g/—vg 2 [sgn(

Aunit €08 Y,
3 »
dm,k

Z Iy e—p1) —I—l} dxzdy, (18a)

s.t. Iy o = R(om) - (18b)

1
R(pm) = — cosom, (18¢)

i :\/(5 cos&m—xpk)?+(esiné, —ypr)?+H?, (18d)

As can be seen, the optimization goal lies in enabling accept-
able light intensity from a broader range of regions.

Theorem 1. In the first phase of O-ISAC, the optimal source
layout that maximizes the proportion of areas exceeding the
threshold pj, i.e., the optimal solution to (P1), can be approx-

imated by Py sp. . = (e* cos&r,, e sin g, , H), where
5AwiH? _ 942
\ “2mpr 2r(m—1) =
e* = T el T & = M + (19)

PI

To conserve space, the proof of Theorem 1 is presented in
our technical report [19].

IV. OPTICAL BEAMFORMING

In phase 2, we put forth the concept of optical beamforming
for O-ISAC using collimating lenses to achieve spatial selectiv-
ity. Designing collimating lenses modifies the radiation pattern
R(¢m) directing light to the target receiver.

As shown in Fig. 3, a light ray with an AoE of ¢ is emitted
from the light source, directly enters the lens, and intersects
with the lens surface on point A with normal vector T ¢. The
entry angle into the lens is the incident angle 3, and the angle
upon exit from the lens surface is the exit angle 6. The angle
between the refracted light ray after leaving the lens surface and
the y-axis is the AoD defined earlier in Sec. II. Geometrically,
the relationship between these angles is ¢ = ¢ — 3 + 6.

Considering a specific target device located at pp =
(zp,yp,2p). Suppose the length and width of the target are
L, and W;, respectively. The radiation pattern optimization

2062

Authorized licensed use limited to: Weizmann Institute of Science. Downloaded on December 25,2024 at 13:35:43 UTC from IEEE Xplore. Restrictions apply.



WS29 IEEE ICC 2024 10th Workshop on Integrated Sensing and Communications for 6G

Ao

Fig. 3: The cross-section of a collimating lens.

problem can be formulated as maximizing the sum of light
intensities falling on the target device, yielding

yDJr% wD+%
max / / g I dxdy,
{R(em)} Jyp— Lt W ’

D= m

(20)

where I}, is defined in (1), and R(om) in (1) is denoted
by R(¢m) = [ £ cos (¢m)x(A)dA. In (20), the parameters
*p, Yp, W, and L; depend on the position and size of the
target device. Since we have aligned all the O-APs towards
the target device in Phase 2, the optimization objective in
(20) is equivalent to maximizing the light intensity I} , at
the target device. Since the radiation of the optical source is
independent, we can optimize the radiation pattern of the LEDs
independently. Without loss of generality, we consider the m-th
LED for simplicity and omit the subscript m henceforth.

Ideally, we desire that for any AoE ¢, the light ray after
collimation has an AoD ¢(A|¢) = 0, VA. This maximizes
R(p = 0). Therefore, we can equivalently transform the
optimization problem in (20) into seeking a design solution
for a lens that allows the light to be collimated, and thus we
introduce optical beamforming using as shown in Fig. 3 in the
following way: 1) For the light rays traveling in the direction
of OAy, they enter the air perpendicular to the prism surface
along the positive y-axis. Without loss of generality, we denote
the coordinates of Ay by (0,1). 2) For the light rays emitted
in any other direction ¢, their normalized direction vector is
(sin ¢, cos ¢). Our objective is to ensure that the refracted light
from these rays remains parallel to the y-axis. To achieve
this, we calculate the normal direction vector 77 ;(\) at the
point where refraction occurs on the lens. The corresponding
tangential direction vector w 7,1 () at that specific point can
also be determined. 3) We draw a tangent line from Ay,
extending along the tangent of the lens. This line intersects
the bisector of the angle ¢ at point B. The coordinates of point
B are given by (tan g, 1). Then, we draw a line from point B
in the direction of 7/ 7,1 (A) intersecting the light ray in the ¢
direction at a point A(¢p, \).

For every value of ¢, we repeat steps 1) to 3) to determine
the corresponding point A(¢, A). The set of these points collec-
tively defines the contour of the lens, as shown in Fig. 3. The
entire surface profile of the lens can be obtained when the cross-
section is rotated around the axis of revolution symmetry. The

above design solution yields the lens that collimates divergent
light from each LED, thereby maximizing the light intensity
incident on the target object in (20).

V. NUMERICAL AND SIMULATION RESULTS

This section assesses the effectiveness of the proposed O-
ISAC system through numerical and simulation results. We
conduct evaluations for both directionless and directional O-
ISAC, comparing with a setup where sensing and communica-
tion operate independently, each with half the power.

Our initial focus centers around determining the optimal
light source distribution in the first phase. For the proposed
criterion in (18) maximizing the area in which the light inten-
sity surpasses a threshold, we use the approximated optimal
solution given in Theorem 1, and the threshold of the received
light intensity is set to p; = 0.8 x 10~%. Fig. 4 presents the
achieved performances of this criteria: (a) is the light intensity
distribution across the entire room, (b) is the achieved BER,
and (c) is the achieved MSE. To quantitatively analyze Fig. 4,
we set a reference value for both communication BER and
sensing MSE at 10—, The optimization goal proposed in (18)
demonstrates favorable performance in all three metrics, as
illustrated in Fig. 4. The proportions exceeding their respective
thresholds are 89.12%, 70.98%, and 89.12%, respectively.

Optical beamforming is the most significant feature of the
second phase to concentrate the light emitted by O-APs onto
the target device, and hence the performances of both optical
sensing and communications are improved. Compared with
the separated system, directionless O-ISAC exhibits a 2.70 dB
gain in BER performance, while directional O-ISAC exhibits a
63.35 dB gain as shown in Fig. 5a. Fig. 5b presents the MSE of
position estimation in optical sensing that directionless O-ISAC
outperforms the separate system by 3.03 dB, and directional O-
ISAC outperforms the directionless system by 40.42 dB.

Overall, in our O-ISAC system, the O-APs periodically use
a large power (e.g., 80 dB in Figs. 5a and 5b) to broadcast the
control information and sense the devices globally. The BER
can be kept to 10~* and the sensing MSE is lower than 10~%
(corresponding to a localization accuracy of 1 cm). Then, in
the second phase, the O-APs use a relatively low power (e.g.,
18 dB) to serve the users and keep track of the users’ locations.

VI. CONCLUSION

This paper presented and evaluated a new O-ISAC paradigm
tailored for commercial LEDs. The primary goal of O-ISAC is
to integrate optical communication and optical sensing capabil-
ities within a single framework to improve both communication
efficiency and device localization accuracy. Our approach em-
ploys a two-phase strategy, utilizing high-power transmission
in the phase 1 for global device localization and broadcast,
and transitioning to lower-power transmission in the phase 2
to serve users and maintain precise device tracking.

Overall, our O-ISAC framework’s ability to provide robust
and efficient indoor optical communication while simulta-
neously enhancing device localization accuracy makes it a
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Fig. 4: The light intensity, BER, and MSE distributions under the proposed optimization methods: (a) the distribution of light
intensity; (b) the distribution of BER performance; (c) the distribution of MSE performance.
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(b) MSE of position estimation.

Fig. 5: Numerical and simulation results with BPSK-OFDM
in directionless O-ISAC and 16QAM-OFDM in directional O-
ISAC under various SNR.

promising solution for next-generation indoor wireless com-
munication and sensing applications. Moving forward, we will
focus on practical implementation and deployment considera-
tions to further validate the system’s real-world feasibility.
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