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Abstract: This research presents a novel approach to 28 GHz impulse radio ultra-wideband
(IR-UWB) transmission using pulse position modulation (PPM) over an analog radio-over-
fiber (ARoF) link, investigating the impact of fiber-based fronthaul on the overall perfor-
mance of the communication system. In this setup, an arbitrary waveform generator (AWG)
is employed for PPM signal generation, while demodulation is performed with a commer-
cial time-to-digital converter (TDC) based on an event timer. To enhance the reliability
of transmitted reference PPM (TR-PPM) signals, the transmission system integrates Gray
coding and Consultative Committee for Space Data Systems (CCSDS)-standard-compliant
Reed-Solomon (RS) error correcting code (ECC). System performance was evaluated by
transmitting pseudorandom binary sequences (PRBSs) and measuring the bit error ratio
(BER) across a 5-m wireless link between two 20 dBi gain horn (Ka-band) antennas, with
and without a 20 km single-mode optical fiber (SMF) link in transmitter side and ECC at
the receiver side. The system achieved a BER of less than 8.17 × 10−7, using a time bin
duration of 200 ps and a pulse duration of 100 ps, demonstrating robust performance and
significant potential for space-to-ground telecommunication applications.

Keywords: microwave communication; optical fiber communication; space communications;
microwave photonics; energy efficiency; ultra wideband technology

1. Introduction
With the advent of current 5G Advanced and future 6G networks [1], fronthaul

solutions, such as radio-over-fiber (RoF), have gained prominence as a means of enhancing
communication systems [2]. RoF employs optical fibers to create the fronthaul links for
radio frequency (RF) signal transmission, offering a sizable usable bandwidth and low
attenuation. Employment of RoF alleviates bandwidth constraints while enabling the
distribution of antenna units (AUs) over longer distances without frequent amplification [3].
Additionally, RoF technology can support centralized processing and signal generation [4],
reducing the complexity and power consumption of the entire network.

A promising RoF technology for 5G Advanced and 6G networks is ARoF [4]. In ARoF,
an analog waveform modulates the optical transmitter, generating an analog optical signal
transmitted through the fronthaul link. This approach minimizes the need for power-
hungry, high-speed analog-to-digital converters (ADCs) and digital-to-analog converters

Appl. Sci. 2025, 15, 4222 https://doi.org/10.3390/app15084222

https://doi.org/10.3390/app15084222
https://doi.org/10.3390/app15084222
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0004-5452-2733
https://orcid.org/0000-0002-9812-4057
https://orcid.org/0000-0002-8771-7391
https://orcid.org/0000-0002-9465-0164
https://orcid.org/0000-0001-9839-7488
https://orcid.org/0000-0002-5156-5162
https://orcid.org/0000-0002-0571-6409
https://orcid.org/0000-0001-6901-9787
https://doi.org/10.3390/app15084222
https://www.mdpi.com/article/10.3390/app15084222?type=check_update&version=1


Appl. Sci. 2025, 15, 4222 2 of 14

(DACs) compared to traditional digital interfaces [4], enabling the use of low-complexity
and energy-efficient AUs. For these reasons, ARoF technology offers a spectrally effi-
cient, power-efficient, and low-complexity solution. As next-generation networks plan
to utilize even higher frequency bands, this becomes particularly important [2]. Conse-
quently, ARoF technology has been explored in recent research for millimeter-wave [5,6]
and terahertz links [7,8]. Additionally, ARoF is being considered for future distributed
multiple-input multiple-output (D-MIMO) systems in 6G networks [4,9], which rely heavily
on a distributed AU architecture to enhance wireless coverage.

Applications of ARoF technology include wireless communications, distributed sen-
sor networks, radars, space communication systems, and many other applications [10].
In Figure 1, a visualization of the physical and wireless RF connections between the central
office, base station, and user equipment is provided, depicting a communication system for
remote sensing and space applications involving low Earth orbit, geostationary Earth orbit,
and deep space satellites.
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Figure 1. Usage scenarios for the proposed UWB ARoF technology.

ARoF is an increasingly popular solution for 5G Advanced and upcoming 6G telecom-
munication standards, leveraging millimeter-wave signals to support high-capacity broad-
band applications [11–13]. In [14], a hybrid architecture for 5G mobile networks based on
the ARoF technological concept is described. The authors propose a long-range wireless
communication solution with 1 km optical fiber and 20 m free-space optical communication
(FSO) fronthaul, using quadrature amplitude modulation (QAM) signal with 700 MHz
carrier, achieving 60 Mb/s data transmission rate.

The paper [15] demonstrates the seamless integration of ARoF with FSO and mm-
wave wireless communication systems and shows satisfactory performance with QAM
signals at simulated data transmission speeds exceeding 10 Gb/s.

ARoF technology can increase the performance of phased antenna arrays by using
the modulation instability phenomenon [16]. The authors have demonstrated modulation
instability gain of 38.1 dB by using 45 km long optical fiber. Another possibility is to
use a single light source at the central office to achieve full duplex communication [17].
The presented system has achieved 2.5 Gb/s data transmission over 40 km long SMF.

Ultra-wideband (UWB) technology has emerged as a promising innovation for RF that
allows for the use of ultra-short pulses for transmitting information, as well as applications
in integrated sensing and communications (ISAC), radar technology, and distributed sensor
networks [18].

Research on UWB modulation schemes [19,20] for use in ARoF communication sys-
tems has been conducted in the past. For example, paper [21] presents an UWB over fiber
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communications system based on asymmetric Mach-Zehnder interferometer for optical
modulation. It provides an overview of various UWB modulation schemes for use in ARoF
systems, such as on-off keying (OOK), bi-phase modulation, pulse amplitude modulation,
pulse shape modulation, and PPM. The authors have achieved error-free data transmission
over a 20 km long SMF and 5 GHz wireless channel. In the paper [22], authors provide
a performance evaluation of UWB signal transmission over SMF by using double-sided
UWB and quasi single-sideband UWB (QSSB-UWB) monocycle pulses and analyzing the
power spectral density of the signal at multiple transmission distances. The authors have
found that QSSB-UWB pulses are more suitable for use with OOK and PPM. In paper [23],
a low-complexity IR-UWB pulse generation method based on a linear combination of
two monocycle pulses is presented, and transmission over SMF is evaluated. Error-free
performance was achieved over 25 km long fiber at the speed of 2 Gb/s.

The PPM modulation scheme is widely used in RF and optical IR-UWB communication
systems [24,25]. This modulation scheme encodes data as a time interval and allows ultra-
short pulses to transmit data, increasing the power efficiency [26]. There are many types of
PPM, such as coherent PPM, differential PPM, TR-PPM [27,28], variable PPM [29], overlap
PPM and more [30]. Paper [31] proposes a nested PPM scheme for use in visible light
communication systems, which simplifies the transmitter and receiver structure, therefore
making nested PPM an attractive choice for a wide range of applications where energy
efficiency and low cost are crucial.

Another application of PPM is in joint radar communication, which was experimen-
tally validated with the employment of chirp sequences [32]. PPM transceiver can be set up
as a joint radar communication system, using the receiving antenna unit as a radar. In this
implementation, the transmitted signal will be locally used for symbol synchronization
of the received waveform. Depending on the received reflections and pulses from other
transmitters, distances and velocities of objects and receivers can be measured. This theo-
retical PPM communication system with radar capabilities will work as an ISAC system,
adjusting, for example, the power of transmitted pulses, depending on the distance to the
receiver, for power conservation purposes. In deep space communications, the position
of a directional antenna may be adjusted, depending on the received pulses’ power [33].
In terrestrial applications, PPM pulses may also be used for the localization of mobile
objects, essentially working as a radar on top of the PPM communication [34].

This research presents a novel, experimentally validated communication system em-
ploying TR-PPM transmission over ARoF. In this research implementation, the central
office is equipped with a local analog RoF transmitter; in turn, the base station consists
of an remote antenna unit (RAU) serving as the RF transmitter in the access network.
The demodulation of PPM signal is performed by TDC based on a commercial event timer.
The presented system functions as a testbed for the investigation of IR-UWB communication
and future use cases of UWB ISAC.

The manuscript is organized as follows: Section 2 discusses the use of PPM in ARoF
applications, Section 3 describes the experimental setup used in this research, Section 4
shows the results of the conducted experiments, and finally, Section 5 provides conclusions
about the presented research.

2. The Use of PPM
In this paper, TR-PPM is employed, where data are encoded by allocating pulses

of duration τ (s) into time bins of duration ∆ (s). Each of M = 2b positions (time bins)
represents a different symbol described by a predefined number of bits b. An additional
reference pulse at the beginning of each frame helps to calculate the value of the received
symbols. The first time bin starts after M · ∆ + Tg seconds from the reference pulse, where
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guard time, denoted as Tg (s), is introduced to ensure a safe interval between the pulses.
This interval compensates for the hardware’s inherent dead time, encompassing signal
propagation delays and the duration required for processing. An example of a TR-PPM
frame, which provides reference and symbol pulses with M = 4 positions, is shown in
Figure 2.

Figure 2. Example structure of one TR-PPM frame with M = 4.

The allocation of data symbols into the time between short pulses, measured in
picoseconds (ps), significantly enhances energy efficiency per symbol. The root mean square

(RMS) of the signal is defined as uRMS =
√∫ T/2

0 u(t)2 dt, where duration T1/2 = M ·∆+ Tg

and T = 2 · T1/2 represent frame duration consisting of two halves of a TR-PPM symbol
duration T1/2, (s). The decrease in signal RMS uRMS, achieved by using pulses with
minimal pulse duration τ, enables an increase in transmission distance while maintaining
the same mean power consumption compared to conventional modulation schemes like
OOK. By decreasing the time bins’ width ∆, more data in PPM can be allocated, increasing
data transmission speed. It is worth noticing that although in some PPM applications,
a simplified scheme with ∆ = τ is used, the information is carried solely by the timing of the
pulses’ rising edges. Hence, the pulse width ∆ is not critical from an information-carrying
perspective. However, pulse width affects both the link’s energy efficiency and the signal’s
frequency bandwidth. Consequently, the narrower pulses create more energy-efficient
transmission, whereas longer pulses require smaller bandwidth and are easier to detect.
In the latter case, the pulse width shouldn’t exceed guard time Tg to avoid overlapping
the pulses.

As PPM encodes data in the time domain, precise time-to-digital conversion is essential
for its demodulation. Ideally, each pulse has equal and constant amplitude and steep rising
edge, allowing for pulse detection with a constant threshold that triggers precisely on
one of the pulse’s edges. As demodulation is performed by TDC, the precision of TDC
significantly influences the speed of PPM communication. To avoid symbol errors, the time
interval ∆ must be adjusted according to the TDC precision, ensuring that the measured
time does not drift into adjacent pulse time bins.

Pulse threshold detection with precise time recording is what the Eventech Stream
Time Tagger (ESTT) 7 Series event timer [35] provides. This event timer was used as TDC
for PPM demodulation in previous papers [36,37], and it was also chosen as a TDC for PPM
demodulation in this research. ESTT’s time precision is around 1.5 ps with a dead time of
40 ns, which must be defined as the guard-time Tg in PPM.

Recently, a space-rated version of the ESTT–Eventech Space Ready Timing Module
(ESRTM) was developed and is available for use in space applications where precise time
measurement is needed [38]. ESRTM enables the implementation of a PPM receiver for
Earth orbit and deep space satellites without the need to develop a dedicated system. ES-
RTM was launched with the European Space Agency’s Hera mission [39] on 7 October 2024.
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3. Experimental Setup
A series of captured experimental illustrations of the setup is shown in Figure 3. At the

same time, a block diagram of the developed ARoF-based UWB communication system
employing PPM is depicted in Figure 4, where the optical part is shown in red, the electrical
part is displayed in blue, and the digital part is depicted in gray. The experimental system
mainly consists of three parts: (a) ARoF transmitter, (b) RAU transmitter, and (c) RAU
receiver. In the experimental setup, the following primary assumptions have been made:
firstly, the radio channel is exclusive to our experiment; secondly, both the transmitter and
receiver remain stationary; and, thirdly, multipath propagation effects are negligible due to
the controlled environment. These assumptions align with the experimental constraints
and ensure the system’s performance is evaluated close to ideal conditions.

Figure 3. Captured experimental illustrations of ARoF-based UWB communication system employing
PPM, (a) ARoF transmitter, (b) RAU transmitter, (c) RAU receiver.

3.1. ARoF Transmitter

The optical output (∼1550 nm wavelength) from the Cobrite DX-1 (ID Photonics,
Neubiberg, Germany) continuous wave (CW) laser, with a linewidth of 25 kHz and an
output power of +16 dBm, was first directly connected to a Mach-Zehnder modulator
(MZM)—a 40 GHz MX-LN-40 intensity modulator (Exail Technologies, Paris, France) that
has a 3.5 dB insertion loss and a 20 dB extinction ratio. The bias point was adjusted near its
zero level. A sinusoidal signal generator MG3690C (Anritsu, Vienna, Austria), producing
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a 14 GHz sinusoidal electrical signal (half of the proposed intermediate frequency), was
directly connected to the electrical signal input of the first MZM. As a result, the desired
RF of 28 GHz was achieved between the generated tones in the optical domain at the
output of the first MZM. Polarization controllers were positioned before and after the first
MZM to precisely adjust the polarization states of the optical signal during the experiment.
The output of the first MZM, comprising two equal optical tones (carriers) spaced 28 GHz
apart, was subsequently amplified using an erbium-doped fiber amplifier (EDFA) to com-
pensate for optical power loss. The optical signal was then modulated with the TR-PPM
waveform using a second MZM (Covega 10G, Jessup, MD, USA). The TR-PPM waveform
was generated using the M8195A AWG (Keysight, Colorado Springs, CO, USA) with a
25 GHz analog bandwidth and a 65 GSa/s sampling rate. Due to the limited output power
(maximum 1 V-pp) of the AWG, an RF broadband amplifier (SHF 100 BP, 17 dB gain, up to
25 GHz) was used to amplify the TR-PPM waveform before launching it into the RT input
of the second MZM.

An optical signal pre-amplification by a second EDFA with an optimized gain was
performed before launching the optical signal into a 20 km long ITU-T G.652 rec. compliant
SMF span, which has 0.02 dB/km attenuation and a 17 ps/nm/km dispersion coefficient
at 1550 nm.

CW Laser

MZM

Signal
generator

EDFA

 AWG RF
Amplifier

MZM

17 dB

EDFA

PIN
RF

Amplifier

29 dB

Horn
antenna

Polarization
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Power
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Figure 4. Experiment setup of ARoF-based UWB communication system employing PPM, (a) ARoF
transmitter, (b) RAU transmitter, (c) RAU receiver.

3.2. RAU Transmitter

As for the optical receiver, a Discovery Semiconductors DSC10H p-i-n photodiode
(PIN) with 50 GHz 3-dB electrical bandwidth with a sensitivity level +4 dBm for BER of
10−12, the dark current of 5 nA and responsivity of 0.65 A/W was used, which realized the
photodetection-based RF generation from the optical beat-note. A broadband optical power
meter and an optical spectrum analyzer were used at the end of the fiber line to measure
and optimize the received optical power, which was later disconnected and replaced by the
PIN after optimization. The optical spectra before the PIN can be seen in Figure 5. The RF
signal output power from the PIN was limited. Therefore, the RF signal is amplified by a
38 GHz and +29 dB gain broadband amplifier (SHF 810) before being transmitted to the
Ka-band (26.5–40 GHz) horn-type antenna with 20 dBi gain. Free space path loss of the
transmitted 28 GHz signal at 5 m was 35.36 dB; at 10 m, it was 41.38 dB, and at 20 m it was
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47.40 dB. As one can see from the calculations, the most critical insertion losses are at the
beginning of the transmission distance.

In Figure 5, the Kerr nonlinear optical effects (NOE), e.g., the four-wave mixing
(FWM) impact on the PPM modulated intermediate frequency optical signal, is illustrated,
which affects the signal transmission through the optical distribution network. Additional
spectrum peaks are caused by the high optical power level output (∼+15 dBm) of the
second EDFA before launching the optical signal in the 20 km long SMF optical distribution
network and are more pronounced than in the case of the back-to-back setup due to the
nonlinear coefficient and the mode effective area of the SMF. Nevertheless, this does not
significantly impact the BER, as NOE does not considerably affect PPM signals. The optical
power of the three optical tones after the 20 km long SMF is about 3 dB lower due to the
attenuation in the fiber.
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Figure 5. Optical spectrum before PIN for (a) back-to-back setup, (b) setup with 20 km SMF.

3.3. RAU Receiver

The receiver was located 5 m away from the RAU transmitter. The transmitted mm-
wave signal was received by an identical Ka-band antenna and filtered using the bandpass
filter (BPF) (Marki, Morgan Hill, CA, USA), which has a center frequency of 27.38 GHz
and a 3-dB passband of 8.3 GHz. After filtering, the signal at a central frequency of 28 GHz
was amplified by the SAGE SBL low-noise amplifier (LNA) with a gain of 40 dB, allowing
further processing in the mm-wave RAU receiver. The amplified signal was then sent to
the envelope detector (Spacek Labs, Santa Barbara, CA, USA) with 13.5 GHz bandwidth,
which performed frequency down-conversion of the 28 GHz intermediate frequency signal.
The down-converted baseband signal was then sent to the digital storage oscilloscope
(DSO) and the ESTT 7 Series [35] event timer via a custom-made low-pass filter (LPF)
with a bandwidth of up to 1.8 GHz for analysis. This specific LPF [40] was purposefully
utilized to broaden the received pulses for accurate detection with the ESTT, as the group
delay of this filter remains nearly constant for frequencies up to 3 GHz, thus reducing
pulse shape distortions. The magnitude response of the ARoF communication system,
including the custom LPF, can be seen in Figure 6. Additionally, the Keysight DSOZ334A
DSO, with a sample rate of 80 GSa/s and a bandwidth of 33 GHz, was initially used for
signal visualization and optimization after wireless transmission and was later replaced
with the ESTT for experimental measurements. The pulse waveforms for various pulse
duration values τ, captured by the DSO, for the back-to-back experimental setup and the
setup involving 20 km SMF, can be seen in Figure 7 and Figure 8, respectively.
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Figure 6. Magnitude response of the ARoF system.

As shown in Figures 7 and 8, the pulses after the LPF in the RAU receiver are broad-
ened to approximately 500 ps, facilitating their detection by the ESTT. However, the expan-
sion comes at the cost of the pulse waveform amplitude.

In the presented receiver RAU, ESTT is working as a TDC, triggering at the incoming
pulses and converting the absolute times of the events into digital numerical values in ps,
called “time tags”. ESTT uses a variable voltage threshold, which can be set by software
in a range between −2 V and 3 V with step 1.2 mV. In the case of PPM, where pulses are
transmitted with high amplitude, this device successfully works as a TDC, as presented in
Section 4 of this and our previous research [37].
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Figure 7. Pulse waveforms after the envelope detector for back-to-back experiment setup with
(a) τ = 100 ps, (b) τ = 200 ps, (c) τ = 500 ps.
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Figure 8. Pulse waveforms after the envelope detector for experiment setup with 20 km SMF with
(a) τ = 100 ps, (b) τ = 200 ps, (c) τ = 500 ps.

ESTT is connected to the PC via a USB 3.0 interface, providing fast real-time transfer
of time tags to PC. TR-PPM demodulation from time tags and forward error correction
(FEC) is done in the receiver’s software part, written in C++20 and running on the PC.

3.4. Data Preparation

The transmitted data were generated as a 1.224× 106 bit long PRBS using the Mersenne
Twister pseudo-random number generator with the order of 623, establishing a minimum
detectable BER of 8.17 × 10−7 corresponding to a single error in the demodulated data.
There data were saved for later comparison with the demodulated data. The TR-PPM
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waveforms were generated offline in MATLAB 2024a with pulse durations varying from
500 ps to 100 ps and time bin durations ranging from 200 ps to 50 ps and then loaded into
the AWG. The number of pulse positions was adjusted for each configuration to achieve
optimal data rates for the given parameters [36]. Additionally, these waveforms were
generated with and without ECC. Error correction was implemented using Gray code alone
and Gray code with CCSDS “Blue book” 131.0-B-5 Section 4 standard-compliant RS ECC,
which can correct up to 16 error bytes in the encoded data. In the case of RS encoding,
the waveform was generated with the number of positions M = 256, so that one byte of
data takes up an entire TR-PPM frame and is not split across multiple frames.

4. Experimental Results
Two sets of experiments were performed, with and without a 20 km SMF link and

BER measurements were made with and without ECC. The results are presented in
Figures 9 and 10 and summarized in Table 1. For error-free demodulation, the BER is
reported as <8.17 × 10−7, as lower BER values cannot be measured with the given data
set size.
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Figure 9. BER measurement results for TR-PPM transmission over ARoF experiments, using PRBS,
for setup with 20 km SMF. Bars shown at BER limit 8.17 × 10−7 have 0 errors in the received data.
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Figure 10. BER measurement results for TR-PPM transmission over ARoF experiments, using PRBS,
for back-to-back setup. Bars shown at BER limit 8.17 × 10−7 have 0 errors in the received data.

All measurements with a time bin duration of 200 ps demonstrate error-free transmis-
sion. Error-free transmission was also achieved with both 500 ps and 200 ps pulse widths,
using a time bin duration of 100 ps.
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It can be seen that the employment of Gray code, which ensures that only one bit
is flipped if the received pulse is located in the adjacent time bin, slightly decreases the
BER, which is further reduced by the use of RS (255, 223) code. Employment of RS
code significantly reduces the BER for measurements with the pulse width of 100 ps and
time bin duration of 100 ps. For all measurements involving the time bin duration of
50 ps, the impact of RS code is negligible, which can be attributed to the high amount of
flipped bits in the TR-PPM frames which carry the parity bytes. When considering time
bin durations smaller than the pulse width, the effect of the additive noise is especially
significant, as the detection threshold may be reached over a time span longer than the
time bin duration in systems employing a timer-based TDC.

Comparing measurements with and without the 20 km SMF, the back-to-back mea-
surements result in a lower overall BER than when the 20 km fiber is connected. BER
degradation in the latter case can be attributed to dispersion in the fiber, which causes
degradation of the pulse shape and a reduction in the steepness of the rising edge. This,
in turn, increases sensitivity to additive noise, resulting in errors in pulse position measure-
ments by the ESTT.

Table 1. Results of the TR-PPM transmission over ARoF experiments, using PRBS for back-to-back
setup and setup with 20 km SMF.

ECC Pulse Duration
τ, ps

Time Bin
Duration ∆, ps

Number of
Positions M 20 km Fiber BER Back-to-Back

BER

No ECC

500 200 128 <8.17 × 10−7 <8.17 × 10−7

500 100 256 <8.17 × 10−7 <8.17 × 10−7

500 50 512 2.578 × 10−2 9.169 × 10−3

200 200 128 <8.17 × 10−7 <8.17 × 10−7

200 100 256 <8.17 × 10−7 <8.17 × 10−7

200 50 512 3.848 × 10−2 1.068 × 10−2

100 200 128 <8.17 × 10−7 <8.17 × 10−7

100 100 256 5.936 × 10−3 3.781 × 10−3

100 50 512 7.436 × 10−2 6.931 × 10−2

Gray code

500 200 128 <8.17 × 10−7 <8.17 × 10−7

500 100 256 <8.17 × 10−7 <8.17 × 10−7

500 50 512 9.433 × 10−3 4.572 × 10−3

200 200 128 <8.17 × 10−7 <8.17 × 10−7

200 100 256 <8.17 × 10−7 <8.17 × 10−7

200 50 512 2.518 × 10−2 6.317 × 10−3

100 200 128 <8.17 × 10−7 <8.17 × 10−7

100 100 256 3.524 × 10−3 2.924 × 10−3

100 50 512 4.427 × 10−2 4.318 × 10−2

Gray code
and RS

500 200

256

<8.17 × 10−7 <8.17 × 10−7

500 100 <8.17 × 10−7 <8.17 × 10−7

500 50 9.285 × 10−3 4.356 × 10−3

200 200 <8.17 × 10−7 <8.17 × 10−7

200 100 <8.17 × 10−7 <8.17 × 10−7

200 50 1.584 × 10−2 5.267 × 10−3

100 200 <8.17 × 10−7 <8.17 × 10−7

100 100 1.514 × 10−4 1.875 × 10−5

100 50 4.226 × 10−2 3.804 × 10−2

The results strongly agree with previously published findings [40–42] in that in PPM
data transmission, pulse shape plays a vital role in the overall system performance. The pre-
sented pulse waveforms after the RF transmission show distortions not dissimilar to
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existing research on RoF systems, where waveforms were captured after the optical trans-
mission network.

5. Conclusions
This research demonstrates the use of TR-PPM for data transmission in an ARoF

system, with signal detection carried out by a commercial time tagger. The experimental
results confirm the feasibility of this approach and highlight the potential of PPM over
RoF for wireless communication applications, as well as the possibility of extending this
concept to PPM-based ISAC implementations.

The primary factor influencing the performance of the ARoF TR-PPM communication
system is the time bin duration, which directly determines the system’s tolerance to jitter.
The results validate the effectiveness of the implemented encoding algorithms, as enabling
ECC reduces the BER in both the 20 km SMF and back-to-back setups. Tests with a 20 km
SMF show only a slight BER increase over the back-to-back setup, which remains negligible
for data transmission. In both configurations, multiple combinations of pulse widths
and time bin durations resulted in a BER of <8.17 × 10−7, which is below the threshold
corresponding to a single bit error after PPM signal demodulation. Within the context of this
research, all BER values below this limit can be interpreted as error-free data transmission.
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Abbreviations
The following abbreviations are used in this manuscript:

ADC analog-to-digital converter
ARoF analog radio-over-fiber
AU antenna unit
AWG arbitrary waveform generator
BER bit error ratio
BPF bandpass filter
CCSDS Consultative Committee for Space Data Systems
CW continuous wave
DAC digital-to-analog converter
D-MIMO distributed multiple-input multiple-output
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DSO digital storage oscilloscope
ECC error correcting code
EDFA erbium-doped fiber amplifier
ESRTM Eventech Space Ready Timing Module
ESTT Eventech Stream Time Tagger
FEC forward error correction
FSO free-space optical communication
FWM four-wave mixing
IR-UWB impulse radio ultra-wideband
ISAC integrated sensing and communications
LNA low-noise amplifier
LPF low-pass filter
MZM Mach-Zehnder modulator
NOE nonlinear optical effects
OOK on-off keying
PIN p-i-n photodiode
PPM pulse position modulation
PRBS pseudorandom binary sequence
QAM quadrature amplitude modulation
QSSB-UWB quasi single-sideband UWB
RAU remote antenna unit
RF radio frequency
RMS root mean square
RoF radio-over-fiber
RS Reed-Solomon
SMF single-mode optical fiber
TDC time-to-digital converter
TR-PPM transmitted reference PPM
UWB ultra-wideband
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