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Abstract

Optical detector size is one of the critical design parameters in optical wireless communication, and achieving high
data rates with wide field of view (FoV) remains a critical bottleneck. This paper proposes a novel concept of arranging
identical high-speed top-illuminated photodiodes (PDs) in a 2D matrix instead of a single large photodetector. This
receiver architecture significantly enhances the FoV (—30° to +30°) maintaining high data rates(> 25 Gbps). Analyt-
ical modeling and extensive numerical ray tracing simulations were carried out to study beam-to-photodiode coupling
under beam steering. Simulations reveal that the beam-to-detector size ratio critically influences datarate, with each
beam radius exhibiting an optimal PD diameter beyond which excess capacitance limits performance. The novelty
of this work lies in combining high-speed 2-dimension photodiode array design and wide-FoV optics into a compact
receiver. The integrated 2D PD matrix with transimpedance amplifier circuitry enables high-speed current-to-voltage
conversion, addressing growing demands for short-reach, high-capacity indoor wireless links in Li-Fi and industrial
networks.

Introduction

Optical wireless communication (OWC) can bring powerful functionalities of optical fiber into a wireless medium
such as enhanced security, lower cost, reduced power consumption, immunity to radio frequency (RF) interference
[1]. However, practical deployment is challenged by the different design requirements of the OWC system. Optical
spectrum is unlicensed, free to use, and only limited by eye safety constraints as most of the traffic is generated indoors.
The large bandwidth and low latency achievable in optical links make OWC an attractive complement to RF systems.
We proposed a design of top illuminated PD array chip of more than 25 Gbps datarate using III-V compound materials.
An optical lens module is placed in front of the PD array so that, under partial illumination, any angular incidence
is converted by the lens into an x—y displacement of the beam at the array. This approach widens the effective FoV
while preserving high data rates, avoiding the conventional aperture-bandwidth trade-off of single-PD receivers. If
a high-speed photodetector with a large aperture is developed, a very compact OWC transceiver can be established
for indoor OWC communication applications. For example, beam-steered OWC systems have been studied in the
context of industrial automation and high-density indoor networks [1,2]. In this paper, we present the modeling of
top illuminated high-speed PD array design and analysis of beam illumination on the PD matrix. We also discuss the
modeling of single PD to achieve 25 Gbps communication using lens system.
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Figure 1: Optical signal propagation from transmitter to receiver in an OWC
system.



for robust performance. For each beam radius there exists an optimal PD diameter at which throughput peaks, beyond
which performance declines due to excess capacitance. However,we define the beam area Ag as the area of radius r,
at which the light intensity of the beam falls to of the maximum irradiance 1/e? of its on-axis peak (Fig. 2). When
the detector’s active area App is smaller than the beam footprint Ay, the total received power of the laser beam with
gaussian distribution with perfect alignment of the system is the total received power of the laser beam with Gaussian
distribution and perfect alignment of the system is shown in Eq. (1).

We will consider a lens system
placed between the transmitter and the
receiver so that the detector can cap-
ture and receive the maximum amount
of light. We assume that the trans-
mitted power from the laser Pjyge, is
ImW with beam irradiance being con-
stant within its area Ajase; and zero out-
side the beam. As the detector receives
photons over its area App from the
lens, with the constraint that App <
Ajaser, the total received power is given
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Figure 2: Bit rate of the system as a function of photo-sensitive area

by
A
Ppp :Baser(l_exp(_‘APBD)> (1)
A A
PPD = 1D1aber 2D £D
AB Alens (2)
I

72D2r2 tan?p
Here, in this optical wireless communication (OWC) link, the transmitted optical power P 5 diverges into a conical
beam that originates as a point source at the transmitter and expands into a circular footprint of radius D tany. The
surface area of that beam coverage area is D2 tan?¢. At the receiver side, a lens system before system is placed with
Ajens and PD collects the focused beam through a lens system that concentrates the optical power onto its active region.
The PD is assumed to be terminated with a matched amplifier, providing an input impedance that ensures minimal
influence on the intrinsic bandwidth of the detector. The PD has a bandwidth that is defined by its internal parameters,
in particular the source resistance R and capacitance of the p-n junction C's. The capacitance and bandwidth of the
PD can be defined as
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Considering that OWC systems often employ intensity-modulation and direct detection (IM/DD), M -ary pulse-
amplitude modulation (M-PAM) offers a favorable trade-off between power efficiency and implementation cost. In
this scheme, each transmitted symbol represents m = log, M bits. The throughput of such a system can be expressed
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which can be derived from expressions of the error probability or bit error rate (BER) of M/ -PAM [8]. In this approach,
we utilize only the frequency range available within the 3 dB bandwidth fpp of the photodiode. Alternative techniques
can also be employed, such as incorporating a transimpedance amplifier (TIA), or applying pre-emphasis and post-
equalization methods to extend the effective bandwidth [3].

Fig. 2 illustrates the PD diameter and system throughput for different beam diameter. Each curve corresponds
to a specific lens diameter where the data rate peaks. For smaller beams, the throughput reaches maximum due to
enhanced optical coupling and reduced junction capacitance. As the detector diameter increases, capacitance effects
dominate, reducing bandwidth and achievable data rate. Its optimum value depends on system parameters, such as
the intensity of the incoming light beam, its size and the noise floor. Larger beam diameters result in lower peak
throughput but a wider tolerance range. These results confirm the trade-off between optical collection efficiency and
electrical bandwidth, emphasizing that each beam size requires an optimal photodiode diameter to maximize system
performance. For example, a PD diameter of 27 pm achieves its maximum throughput of 26.17 Gbps with 20 um




beam, while mismatched detector sizes yield significantly lower rates.In further work, we plan to fabricate and test the
PD array with transimpedance amplifier (TTA) with lens system.

Theoretical analysis of beam to 8x8 Photodiode matrix
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ally cover the entire matrix area as shown in

Fig. 3, this uniform coverage can be achieved by positioning the matrix slightly in front of the focal plane of the lens,
i.e., by introducing a small defocus distance x. This defocusing marginally reduces the captured power but effectively
increases the FoV angle. Assume a uniformly illuminated beam of diameter Dyeay, an aberration-free thin lens of
diameter Djeys and focal length f(lens axis is the matrix center), and a PD matrix placed with defocus factor p = x/ f
(with 0 < p < 1). For an incidence angle « , the spot center is displaced by
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A= (f—z)tana = f(1 —p)tana. (6)

Hence, a small f is preferred to obtain a large FoV. Placing the matrix beyond the focal plane (p < 0) also enlarges D,
but decreases the FoV; therefore 0 < p < 1 is preferred. The fill factor of an N x N array with PD active diameter D
is

T](NDO)Q N
Dmauix 1+v2(N - 1)(1 4 Dio)

Maximum coupling for Dyeam > Diens. Let 1 be the matrix fill factor (active-area sum divided by circumscribed area).

The maximum beam power captured by the matrix for & < aax can be represented by using the approach presented
in [1].
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Results and Conclusions

In order to analyze the impact of uneven illumination of the photodiode matrix, the fractions of the optical beam
power captured by each photodiode have been calculated by numerical integration of the intensity profile of the beam
when the beam is being shifted across the photodiode matrix. The active area of each photodiode is 30um, and they
are spaced by 17um. The beam is captured and projected onto the photodiode matrix by a lens system. Results
show that as the beam angle varies, the active area of PDs covered by light shifts across the array, while the total
photocurrent remains sufficient for detection. For instance, at beam offsets of 0°, £10°, £20°, and +30°, the Gaussian
spot dynamically overlaps different PD positions, demonstrating the effectiveness of the PD matrix in beam-steered
OWC and highlighting the impact of receiver performance when the beam footprint shifts w.r.t. the PD.



Gaussian beam at alpha= 10 degrees, PD dia 30 um

Ptx 10.00 dBm, Prx -16.03 dBm

o
<]
=
°

062

=
S
S

Y Position(mm)
rmalized Inten:

048

00000000
00000000
00000000
Received| Powecru(w)
°
>

&

-2

Gaussian Ream Intensitv

0.2

-6 -4 -2 o 2 4 6
X Position(mm) 0

0.0

a) Gaussian beam image onto PD matrix at o = 10°
(defocus p = 0.05). b) Received power per PD at « = 10° (p = 0.05).

Figure 4: Gaussian beam imaged onto the 8 x 8 PD matrix for an incidence angle o = 10°. (Here Dpeam = 15 mm, with an ideal
thin lens of aperture Diens = 25 mm and focal length f = 5mm.)

Gaussian beam at alpha= 20 degrees, PD dia 30 um
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a) Gaussian beam image onto PD matrix at o = 20°
(defocus p = 0.05). b) Received power per PD at a« = 20° (p = 0.05).

Figure 5: Gaussian beam imaged onto the 8 x 8 PD matrix for an incidence angle oo = 20°. (Here Dpeam = 15 mm, with an ideal
thin lens of aperture Diens = 25 mm and focal length f = 5mm.)
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