JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 44, NO. 9, MAY 1, 2026

3513
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Abstract—With the rapid advancement of optical communica-
tion technology, radio over free space optical (RoFSO) communi-
cation has demonstrated considerable potential in communication
applications due to its high bandwidth and low latency characteris-
tics. A free space optical (FSO) receiver with high optical alignment
robustness configured by a single optical lens is presented. The
10-element photodetector array (PDA) offers an expansive active
detection area with a responsivity of 1.01 A/W at 1550 nm wave-
length. In a 0.35 m FSO demonstration, the z-axis optical alignment
tolerance on the condenser lens is evaluated to be as large as 65
pm without crosstalk, demonstrating the robustness of the receiver
design. The multiple output signals from the receiver are used in
space diversity. A receiving rate of up to 100 Gbps (10 x 10 Gbps)
NRZ with a bit error rate (BER) below 1012 is demonstrated
after 25 km long distance single mode fiber (SMF) transmission.
The system design and alignment tolerance without a mechanical
beam tracking system are presented which verifies its feasibility in a
high speed RoFSO communication system. It further demonstrates
the potential for applications in space division multiplexing (SDM)
systems.

Index Terms—Radio over free space transmission, photodetector
array, space division reception.

1. INTRODUCTION

HE exponential growth of global data traffic, driven
by emerging applications such as artificial intelligence
(AI) [1], high definition data streaming [2] and the Internet
of Things (IoT) [3], has created unprecedented demand for
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higher transmission capacity in wireless communication sys-
tems. To accommodate heavy data traffic, wireless technolo-
gies [4], [5] require ultra high data rates (~20 Gbps), low
latency (<1 ms) and massive connectivity [6]. Space division
multiplexing (SDM) has emerged as a key technology to ad-
dress the challenges by exploiting parallel spatial channels in
multicore fibers (MCFs) [7] or few mode fibers (FMFs) [8] and
thus simultaneous data streams are supported and transmission
capacity is multiplied. A critical component in SDM systems
is the receiver, which must efficiently demultiplex and detect
multiple spatial channels simultaneously.

Conventional implementations require complex fiber-splicing
processes to separate signals from multicore or multimode fibers
into individual single mode fibers (SMFs), each connected to a
discrete photodetector [9]. The method introduces significant
challenges including increased system complexity, higher in-
sertion losses, larger footprint and elevated costs, particularly as
the number of spatial channels increases [10], [11].

To overcome the limitations of conventional detection meth-
ods, alternative techniques have been explored. Visible light
communication (VLC) [12] using LED-based systems [13], [14]
offers a wireless alternative with moderate data rates (~ 1 Gbps),
but LED bandwidth constraints limit performance. Free space
optical (FSO) systems achieve high speeds through precision
beam tracking and spatial multiplexing, which enabled trans-
mission rates exceeding 100 Gbps [15]. Since light has a higher
frequency than microwaves, it can carry much more informa-
tion [16], [17]. In the Radio over free space (RoFSO) com-
munication system [18], it can enable flexible, high speed and
cable free interconnections with aggregate rates above 400 Gbps
through multiple parallel spatial channels [19]. Such systems
have demonstrated 1-m free space links with QPSK, 4APSK
and 8QAM optical signals at 1 Gbaud [20].

As a key component of RoFSO systems, photodetector
arrays (PDAs) offer an elegant solution. By integrating multiple
photodetector elements in a planar array, PDAs can directly
couple with spatial channels without intermediate fan-out
devices [21]. Each element detects a distinct spatial channel,
enabling parallel data reception, which become increasingly
impractical with fan-out devices at higher core counts. Despite
these promising developments, several challenges remain in
optimizing PDA performance. These include achieving high
responsivity and bandwidth for each photodetector element,
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minimizing crosstalk between adjacent elements, ensuring
uniform performance across the array and developing cost ef-
fective fabrication processes compatible with existing photonic
integration platforms. Addressing these challenges is essential
for realizing the full potential of PDA-enabled SDM systems us-
ing space division reception in next-generation optical networks.
In this work, we focus on the development and characterization
of novelty PDA technologies for RoFSO applications, with
emphasis on high speed operation, high responsivity and
compatibility for scalable RoFSO communication systems.
We combine direct PDA based space diversity reception with
a hybrid fiber and FSO transmission. By integrating 25 km
SMF analog fiber transmission with a 0.35 m free space optical
link, we target practical deployment scenarios with both fiber
infrastructure and wireless flexibility. We demonstrate 100 Gbps
(10 x 10 Gbps) transmission with direct free space coupling
to a novel high speed PDA which was reported in our previous
work [22] and features 50 pm photosensitive elements.

II. FREE SPACE TRANSMISSION SIMULATION

To realize a simple, low cost FSO receiver for short range
wireless links, we adopt a streamlined architecture consisting of
a PDA and a condenser lens, without any active optical beam
tracking module. The PDA integrates 10 elements, each with
a 50 pum photosensitive diameter. With this arrangement, tight
pointing control is unnecessary, as long as the received beam
footprint lies within the PDA’s active aperture, efficient cou-
pling is achieved. Even in the presence of lateral displacement
misalignment, the PDA maintains stable reception, providing
robust optical alignment tolerance in previous work.

At the transmitter side, the optical signal first propagates
through 25 km of single mode fiber (SMF) and is then colli-
mated into free space by a fiber collimator. After free space
propagation, a condenser lens collects and focuses the beam onto
the PDA. To ensure full illumination of the photosensitive area,
the interplay between free space propagation distance and the
Gaussian beam waist must be considered. According to Gaussian
beam propagation theory, the transverse field distribution of
the Gaussian mode follows a Gaussian profile. The beam waist
radius w(z) is defined at the position where the intensity drops
to 1/e? of the on axis maximum. The complex beam parameter
is given by

RS B "

a(2)  R(z)  mu?(z)
where R(z) is the radius of curvature of the wavefront and A
is the optical wavelength. Beam propagation through an optical
system is modeled via the ABCD matrix. For an input parameter
qo, the output beam parameter is:

_Ag+ B

C](Z) N Cqo+ D

2
where A, B, C, D are the elements of the optical transfer matrix.
By cascading multiple optical elements, the output beam waist
radius and position can be calculated from the overall transfer
matrix. When the beam passes sequentially through multiple
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Fig. 1. (a) The effect on the beam waist radius for beam spot size on the

PDA surface when moving the collimator to condenser lens distance d and the
condenser lens to PDA distance z. (b) The ranges of d and z that keep the focused
spot in the PDA valid photosensitive area (w<25 pm). The z axis displacement
1892 pm. (¢), (d), (e) Normalized intensity on the PDA at different z. Illustrating
the Gaussian beam spot before focus, at focus and post focus point.

optical elements, the overall transfer matrix is:

AB]
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where wy is the input waist radius and ny is the refractive index
of the incident medium. We use the theory to set tolerances
for both the free space and focusing parts so the focused spot
fits the element photosensitive area. Since the collimator and
focusing optics are aspheric, the optical system was modeled and
simulated in Ansys Zemax OpticStudio [23]. In the simulation,
the collimated incident beam diameter was set to waist radius
1.5 mm and a focusing lens with a focal length of 30 mm was used
to direct the beam onto the PDA surface. The distance between
the collimator and the condenser lens d and the distance from
the condenser lens to the PDA z are swept to quantify their
impact on the output waist. The simulation results are shown
in Fig. 1. When d was varied from Omm to 50mm, the output
waist radius only changed from 10.8886 pm to 10.88862 um, a
difference too small to significantly affect system performance.
In contrast, the distance z predominantly governs the beam waist
at the photodetector.

Ray tracing simulations were further conducted to analyze
beam spot size at different incident positions on the PDA. With
an initial beam waist radius of 5.2 um at the collimator, the
condenser lens focused the beam on the PDA. As the beam
position z was shifted from 0 mm (close to the condenser lens)
to 28 mm (near the focus) and up to 50 mm (far from focus), the
Gaussian spot profile was tracked. To ensure proper illumination,
the spot radius on the PDA must be less than the element
radius. The simulation results shown in Fig. 1(b) indicate that
this condition is satisfied within a tolerance window of z from
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27.57 mm to 28.49 mm. The spacing z directly affects the spot
position on the PDA, as shown in Fig. 1(c), (d), and (e). At the
z =27.57 mm, the beam has not fully converged but the Gaussian
waist radius is 24.5 pm, which is below the 25 um element
radius, the spot lies entirely within the photosensitive area, so
the incident light is collected and converted to photocurrent. At
z = 28.03 mm, the spot reaches its minimum gaussian waist
with the highest energy density, which waist radius is 10.9 pm.
Increasing to z = 28.49 mm places the photodetector after focus,
so the spot size expand and the peak intensity drops. But the
gaussian waist radius is still 24.4 ym, which remains inside the
photosensitive area.

The spot size varies almost symmetrically about the focus
and the nearly circular equal intensity contours indicate small
aberrations and good focusing quality. The trend matches the
waist versus z curve. As long as z stays within this range, the
spot radius remains smaller than the element radius of 25 pm.
Therefore, the energy is collected and the photocurrent remains
essentially constant. It achieves practical robustness against z
axis displacement. The results revealed that the 92 um positional
offset of the beam center was still fully contained within the 10-
element PDA photosensitive region, thereby confirming robust
coupling tolerance.

III. THE OPTICAL ALIGNMENT TOLERANCE MEASUREMENTS

When the PDA is positioned near the focal plane of the con-
denser lens and the focused spot lies within the photosensitive
area, the incident optical power is collected efficiently and the
photocurrent reaches its maximum. The photodetector does not
need to be located exactly at the point of minimum spot size. The
PDA has a relatively large photosensitive area, the incident opti-
cal power is effectively collected and the photocurrent reaches its
maximum. If the PDA is moved outside this range, the spot will
grow and the irradiance at the surface will decrease, causing
the photocurrent to drop accordingly. It provides a practical
rule for setting the optimal coupling position. During z axis
displacement, if the spot diameter remains below 50 pm, the
photocurrent is essentially unchanged. The photodetector does
not need to be located exactly at the point of minimum spot size.

Therefore, to ensure correct PDA position in the practical
experiment, we evaluated the optical alignment tolerance of
the PDA to highlight the advantage of receiving the beam in
RoFSO communication system. We measured the z axis optical
alignment tolerance across the 10 elements. A tunable laser
source (Santec TSL-510), a power meter (Newport 1936-R),
a semiconductor parameter analyzer (Keithley 4100) and a mi-
crostage were used to illuminate the PDA, record the generated
photocurrent and estimate alignment tolerance. In the RoFSO
design, we first focus on the optical unit excluding the RF
setup. The fiber collimator and the condenser lens focused the
beam onto the central 10 elements matrix of the PDA. Adjacent
elements along z axis were spaced 100 um (edge to edge) and
the PDA exhibited no response when the beam illuminated inter
element insensitive regions. Guided by ray trace simulations,
we setup the PDA based optical module and characterized key
optical metrics. The photocurrent varied and the corresponding
location was recorded.
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Fig. 2. (a) The z axis optical alignment profile for the 10-element PDA.

(b) The responsivity between each element in the PDA. Inset: The P-1 (power-
photocurrent) characteristics of Element No.1 at —5 V bias.

The z axis photocurrent distribution profile was measured
at the center of the PDA under beam spot conditions shown in
Fig. 2(a). The photocurrent remained constant as long as the spot
diameter on the PDA was smaller than its 50 ym photosensitive
area. It creates a broad flat region in the /—z curve, indicating
strong tolerance to axial misalignment. The optimal operating
point should therefore be set near the center of the region.
The z-axis alignment tolerance varies across the array, with a
maximum of 76 pm and an average of 65 pm for the 10 elements.
This measured tolerance is slightly lower than the theoretical
value of 92 pm obtained when the PDA is positioned at the
ideal focus plane. The discrepancy is attributed to mechanical
imperfections in the setup. A small pitch angle error in the
lens mount causes lateral beam offset at the receiver and the
micro stage exhibits slight unintended motion when switching
between elements during alignment, shifting the PDA away from
the optimal focus plane. These mechanical limitations can be
minimized in the implementations through improved mounting
precision and more stable positioning systems. Despite minor
mechanical imperfections, the measured spot sizes and positions
indicate reliable RoFSO reception within the PDA and high
tolerance to small axial offsets. Overall, the designed FSO
receiver efficiently couples the focused Gaussian spot onto the
PDA while maintaining robustness to position variations.
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Fig. 3. (a) Experimental setup for RoOFSO communication using PDA as
receiver. The blue, green and orange lines represent the electrical, optical and
free space optical links, respectively. (b) The free space light direct coupling
in the receiver. (c) The different elements in the PDA measured at the same
time. TSL: tunable laser; PC: polarization controller; LN MZM: lithium niobate
Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier; OBPF: optical
band pass filter; 25 km SMF: 25 km single mode fiber; VOA: variable optical
attenuator; AWG: arbitrary waveform generator; RF Amp.: RF amplifier; OSC:
oscilloscope.

We measured the responsivity via P-I (optical power-
photocurrent) curves of every photodetector over 1510-1600 nm
at a reverse bias of 5 V and compared the results across
wavelength, using beam conditions optimized for maximum
photocurrent. The responsivity is the ratio between input op-
tical power and output photocurrent. The average responsivity
exceeds 1.01 A/W under free space reception, indicating that
each photodetector in the array operates properly. Fig. 2(b) also
shows the photocurrent response of Element No.1 as the input
optical power is varied from 0.03 mW to 0.88 mW, confirming
the expected P-I scaling under operating conditions.

IV. TRANSMISSION EXPERIMENTS: RESULTS AND DISCUSSION

In RoFSO systems, minimizing crosstalk is critical for pre-
serving a high signal to noise ratio (SNR, Q-factor), a low
bit error rate (BER) and manageable digital signal processing
(DSP) complexity at the receiver. The challenge is particularly
pronounced in high frequency, multi-channel optoelectronic sys-
tems, where interference risks are exacerbated by close channel
spacing and compact packaging. After the optical signal is
converted into a high frequency electrical signal by the pho-
todetector, additional electrical crosstalk may still occur during
transmission within the packaging circuitry. Fig. 3(a), (b) and (c)
show the experimental setup for a ROFSO communication sys-
tem using the PDA as receiver for space diversity reception. It
employs a single optical input with multiple electrical outputs
and demonstrated its effectiveness for short distance RoFSO
communication. On the transmit side, high data rate pseudo
random bit sequence (PRBS) of 2!° —1 non return to zero (NRZ)
and PAM-4 signals were generated by an arbitrary waveform
generator (AWG), then converted to the optical domain using a
lithium niobate intensity modulator driven by a 1550 nm laser.
The optical signal was sent through 25 km of fiber to emulate
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Fig. 4. The wavelength dependent crosstalk between Element No.5 and the

nearest and secondary neighboring elements were measured at different wave-
length: (a) 1510 nm; (b) 1550 nm; (c¢)1600 nm. Inset: The arrangement of the
10 selected elements in the PDA.

an analog long communication transmission and then launched
into a short range FSO path of 0.35 m (limited by the rail
length). The transmitter used an aspheric objective collimator
(f = 15.58 mm), which transmits a 3.0 mm beam. A condenser
lens (f = 30 mm) at the receiver focused this beam to a spot
size below 50 pm on the PDA surface. The mechanical functions
like beam tracking and an active alignment system were ruled
out. At the receiver, the PDA was packaged with RF coaxial
connectors. The 10 selected elements in the center were fan out
with a small through hole for back illumination. The electrical
output from the selected PD was passed through a bias tee and
amplified by an amplifier (23dB SHF S807). Finally, the output
was observed on a high speed oscilloscope (Keysight DCA-X).

A. Small Signal Radio Frequency Measurements: Crosstalk

The relative opto-electrical frequency response (S21) of the
central channel (No.5) was characterized using a vector network
analyzer (VNA), with its nearest (No.1, No.2, No.4, No.6, No.8
and No.9) and secondary (No.3, No.7 and No.10) adjacent
channels serving as the test subjects for crosstalk assessment,
as shown in Fig. 4. The measurement results indicate that
both the nearest and secondary neighboring channels fall to
the noise floor, at levels comparable to the baseline noise. It
was estimated to be approximately —30 dB below the main
signal (No.5) at 2.8 GHz (3 dB bandwidth). This confirms that
crosstalk is negligible and that multiple channels can reliably
transmit signals in parallel. Although some response peaks
around 1.8 GHz, 4.1 GHz and 6.4 GHz can be observed in
the frequency response, it might be caused by impedance mis-
match. Fig. 4 shows the opto-electrical frequency response of
Element No.5 and the crosstalk from its neighboring elements
at 1510 nm, 1550 nm and 1600 nm. The results demonstrate that
both the main channel response and the crosstalk characteristics
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Fig.5. (a) Measured 100 Gbps (10 x 10 Gbps) NRZ eye diagrams at —5 V for
10 elements in the ROFSO transmission. (b) Measured 100 Gbps (10 x 10 Gbps)
PAM-4 eye diagrams at —5 V for 10 elements in the RoFSO transmission.

remain unchanged across this 90 nm bandwidth. The crosstalk
from nearest and secondary neighboring channels consistently
reaches the measurement noise floor at approximately —30 dB
below the main signal at 2.8 GHz (3 dB bandwidth), independent
of wavelength. The consistent —30 dB crosstalk level across
the C-band validates the robustness of our PDA design for
broadband RoFSO applications. However, we confirmed that
they have no impact on the high data rate ROFSO communication
demonstration presented in eye diagram and bit error rate as-
sessments. In the RoFSO systems, the beam required alignment
within a 10-element PDA area via an optical condenser lens
already demonstrating high alignment robustness. The perfor-
mance of the receiver was further verified by measuring large
signal eye diagrams. Transmission was measured for various
space diversity combining configurations with the optical beam
spot positioned at the center of the array to ensure uniform
illumination.

B. Eye Diagram and Bit Error Rate Assessments

Fig. 5 shows the schematic for high speed NRZ and PAM-4
eye diagram measurements. Each element was measured inde-
pendently to demonstrate individual channel performance and
uniform array characteristics. With a photocurrent of —0.3 mA,
clear open eye diagrams for 10 Gbps NRZ modulation were
obtained at —5 V. The minimum output amplitude exceeded
15 mV and was amplified to approximately 100 mV, average
eye height is 84 mV. For the 10 Gbps NRZ signals at —5 'V,
the PDA elements achieved the following Q-factors: 7.14, 7.43,
7.23,7.58, 7.88, 7.39, 7.40, 7.48, 7.45, 7.03, respectively. The
relatively consistent Q-factor values across the array indicate
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Fig. 6. Channel isolation performance measurement of the RoFSO system.
The eye diagrams of channels No.1, No.2 and No.5 in individually worked, with
signal amplitudes of 97 mV, 100 mV and 92 mV, respectively.

uniform responsivity and stable optical coupling among the PDA
elements. Although the initial free space transmission experi-
ment was limited to 0.35 m due to the rail length limit, the system
is intended for indoor applications. Extrapolation based on the
fiber collimator parameters suggests that extending the transmis-
sion range beyond 1 m is feasible with the current collimator.
Its low beam divergence maintains a compact spot size over
meter scale propagation thereby ensuring stable transmission
quality. For indoor short transmission path length, atmospheric
turbulence is negligible, the primary practical considerations are
mechanical alignment stability and high data rate transmission
performance. The employed collimator provides a sufficiently
small beam divergence, maintaining a compact beam spot size
over 1 m longer distances and thus ensuring stable transmission
quality. The BER was subsequently measured for each PDA
element to quantitatively evaluate the transmission quality and
verify consistency across the array. To further verify the system’s
potential for RoFSO applications, eye diagram measurements
were also performed using the PAM-4 modulation format. A
10 Gbps PAM-4 signal was applied to the 10-element PDA
and processed with transmitter equalization. The resulting eye
diagram is shown in Fig. 5(b). The eye diagram measurement
results indicate that the proposed PDA is qualified as the receiver
ofa 100 Gbps (10 x 10 Gbps) communication system at 1550 nm
wavelength.

The primary challenge facing RoFSO systems lies in the
effective suppression of inter-channel crosstalk, which directly
affects system signal integrity and scalability. To verify the
performance of the designed RoFSO using PDA as receiver,
crosstalk was measured in the eye diagrams for three indepen-
dent spatial channels transmitted simultaneously. The three RF
output signals were measured using a four channels high speed
oscilloscope. Based on the measurement results of the RoFSO
shown in the Fig. 6, the three spatial channels (No.1, No.2 and
No.5) demonstrated excellent signal transmission performance
and channel isolation characteristics. As shown in Fig. 6(a),
when the No.1 channel was activated and transmitted a 10 Gbps
NRZ signal, the eye diagram presented a clear eye opening with
an eye height of 97 mV, eye width of 77.36 ps, minimal jitter and
root mean square (RMS) jitter of 3.772 ps. Similarly, in Fig. 6(b)
and (c), the No.2 and No.5 channels transmitted signals and both
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TABLE I
THE COMPARISON OF DIFFERENT INDOOR ROFSO SYSTEMS

Ref. Channel number  Bit rate (Gbps)  Fiber link distance (km)  Free space distance (m)  Modulation format Tracking required
[24] 1 10 — 0.1 OOK no mechanical tracking
[25] 3 10 — 0.15 OOK no mechanical tracking
[26] 2 10 5.6 2 OOK MEMS-based steering mirrors
[27] 12 40 e 2.1 PAM4 Active tracking
[28] 2 10 0.053 0.5 BPSK No beam tracking
[20] 4 2 5 1 QPSK No beam tracking
This work 10 10x10 25 0.35 OOK&PAM4 No beam tracking
exhibited good signal integrity, with eye heights of 100 mV (a)
and 92 mV, eye widths of 75.08 ps and 75.58 ps, RMS jitter 1F
of 4.152 ps and 4.070 ps, respectively, when different channels r —#—No.1 —8—No.2
were activated. It is worth noting that during the individual oper- 0.01 ¢ No.3 —¥—Nod
ation of each channel, the crosstalk level of the other two inactive 1E—4 ; I Eo‘i ::__ 11:0.2
channels was effectively suppressed below approximately 6 mV, E 0 0-
demonstrating the excellent inter channel isolation of the RoOFSO =2 1E—6 | —#*—No.9—#—No.10
system. The results showed that the RoFSO system maintained g r
stable eye diagram patterns over a transmission SMF distance 1E-8F
of 25 km. 1E-10 i
The BER performance of the space diversity system was 4
evaluated across different receiver elements to investigate the 1E-12}
relationship between BER and output photocurrent. Fig. 7(a) :
shows the BER measurement re§ults for the. 10 selected cen.tral 1E 1‘:}. P 01 09 v 0 b
elements operating at 10 Gbps with a —5 V bias. The mechanical
positioning errors during beam realignment, combined with the Photocurrent (m A)
Gaussian beam intensity profile will result in different received (b)
optical power and signal to noise ratio (SNR) for each element. 0.01 )
As the input optical power varies, the photocurrent changes r 9 No.l .
proportionally and BER performance degrades accordingly. The 1E-4F o ©
element to element variations in frequency response lead to 4 °
varying degrees of signal distortion. For element No.1, a mini- 1E-6
mum optical power of —4.6 dBm corresponds to a photocurrent 5 4 °
of —0.35 mA. All 10 elements achieved a BER <1 x 10712, gn 1E-8F ®
confirming uniform and reliable detection performance of the 4 ° % 2
receiver. To assess the bandwidth limitation and highest speed 1E-10 9 E B N
transmission capability of the receiver, a PRBS signal of 2% ] 9 §;Z
—1 was applied over a range of data rates from 8 Gbps to 1E-12 o . %-so
20 Gbps using an externally modulated laser operating at 1550 {E—14 rl . . 2 Freqhency (GHz) °
nm. Fig. 7(b) shows the in plane BER distribution of Element 8 10 12 14 16 18 20
No.1. The receiver frequency response indicates that the ability .
of the receiver to transmit high frequency components sharply Bit rate (Gbps)

declines around 8 GHz. The BER experiences a sudden rise at
16 Gbps because the frequency component of the NRZ signal
exceeds the receiver’s bandwidth limit. This bandwidth-limited
regime makes reliable bit detection impossible even at higher
optical power. The attenuated high frequency components result
in pulse broadening and severe inter-symbol interference (ISI),
where energy from adjacent bits overlaps and degrades the eye
opening. The BER experiences a sudden rise at 16 Gbps. When
the bit rate exceeds the bandwidth, the high frequency compo-
nents are attenuated, causing high BER. This provides a reliable
technical solution for high density optical interconnection com-
munication systems. The system ensures signal quality of each
independent channel while increasing transmission capacity,
with a total system capacity reaching 100 Gbps. To the best of our
knowledge, as summarized in Table I, this work demonstrates

Fig. 7. (a) The performance of 10 elements in the receiver at 10 Gbps NRZ
for bit error rate measurement. (b) BER of Element No. 1 measured at different
bit rates and corresponding bandwidths.

one of the highest aggregate transmission capacities for short
range RoFSO systems under comparable free space and fiber
link conditions. While this work demonstrates NRZ and PAM-4
modulation formats, the proposed PDA-based receiver architec-
ture is inherently compatible with coherent detection schemes.
Each PDA element can serve as the input to an independent
receiver. The optical alignment robustness and space diversity
capabilities demonstrated herein would equally benefit coherent
RoFSO implementations.
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V. CONCLUSION

In this work, the implementation of RoFSO communica-
tion using space diversity reception based on a PDA receiver
with high optical alignment robustness was demonstrated. The
receiver was configured with a single optical condenser lens and
a newly developed PDA, exhibiting —30 dB crosstalk between
elements. A large alignment tolerance of 65 psm along the z axis
of the receiver was achieved without mechanical beam tracking
or active alignment functions. In the total 100 Gbps NRZ and
PAM-4 PDA demonstrations, a BER <1 x 10712 was obtained
for the selected 10 elements when the beam was aligned to the
center of the PDA. Clear and open eye diagrams of NRZ and
PAM-4 were shown. To verify the RoFSO application, three
channel transmission was demonstrated with space diversity for
single input and multiple outputs over a 25 km distance. The
aligned multi element design in the receiver proves suitable not
only for mitigating optical alignment challenges but also for
enabling multiple output digital signal processing in RoFSO
receivers. This high performance provides a reliable solution
for indoor short range optical transmission networks and shows
strong potential for applications including 5G and 6G fronthaul
and backhaul in indoor deployments, data center interconnects
and high performance computing systems to address future ultra
high capacity transmission requirements.
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