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ABSTRACT The continuous advancement of wireless mobile communication necessitates an increase in
the allocated frequency bands for each generation. Consequently, higher frequency photodiodes are required
in analog radio-over-fiber (ARoF) fronthaul solutions. However, the limited available bandwidth in the
wireless domain poses challenges to efficiently utilize the capacity of these photodiodes. To overcome
this obstacle, this paper explores the utilization of a single-photodiode base station configuration to enable
hybrid digital radio-over-fiber (DRoF) and ARoF transmission. Furthermore, it proposes a straightforward
signal processing approach to effectively separate the distinct analog and digital radio-over-fiber signals.
To evaluate the feasibility of the proposed signal processing method, software simulations were conducted.
The initial findings indicate that the combination of a single-photodiode base station configuration and the
suggested signal processing approach holds promise for hybrid digital and analog radio-over-fiber systems.
It demonstrates the potential to minimize the number of required photodiodes, thus improving efficiency in
the context of limited available bandwidth.

INDEX TERMS Analog radio-over-fiber, centralized radio access network, digital radio over fiber.

I. INTRODUCTION
Within the overall framework of centralized radio access
networks (CRAN), two competing technologies exist: dig-
ital radio-over-fiber (DRoF) and analog radio-over-fiber
(ARoF) [1]. The fundamental disparity between these two
RoF technologies lies in the nature of the signal conveyed
over the fiber link connecting the central office and the
base station. Each technology possesses its distinct strengths
and weaknesses. DRoF involves the digitization of radio
signals prior to optical modulation, typically employing
amplitude modulation (AM) to modulate the optical carrier.
In contrast, ARoF directly modulates the optical carrier with
the radio signals. Consequently, the optical transmitter uti-
lized for ARoF signal transmission exhibits comparatively
higher complexity when compared to DRoF. Nonetheless, the
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base station configuration for an ARoF link can be further
streamlined due to the fact that the electrical signal obtained
after photodiode heterodyne detection is already in the form
of an RF waveform. In contrast, in the case of DRoF, the
amplitude-modulated signal is relatively less prone to non-
linear impairments stemming from the optical transmission
link, as compared to ARoF signals [2]. However, the inherent
nature of digitizing radio signals in Common Radio Public
Interface (CRPI)-based digital DRoF schemes introduces a
significant number of quantization bits and entails baseband
signal transmission. Consequently, these DRoF schemes are
not inherently spectrally efficient [3]. As a result, while
there are on going research efforts in mitigating the weak-
nesses of each technology [4], the choice between DRoF
and ARoF deployment depends on the specific circumstances
and criteria set forth by the service provider. In certain
scenarios, ARoF may be deemed more suitable, while in
others, DRoF may be the preferred option. Thus, it is highly
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probable that both technologies will coexist within an access
network.

The co-transport of baseband signals and RF signals
through fiber for hybrid optical access networks has gained
significant attention in the research community. A hybrid
optical access network has been proposed, which employs
hybrid multiplexing of multiband wavelength-interleaved
signals within an integrated dense wavelength division mul-
tiplexing (DWDM) access network [5]. However, the previ-
ously demonstrated implementation utilizes multiple optical
sources and modulators to modulate optical carriers for dif-
ferent optical access network technologies [5]. To address this
complexity, a simplified optical transmitter configuration has
been proposed and demonstrated [6], [7], [8]. This config-
uration utilizes a single dual-arm Mach-Zehnder modulator
to enable simultaneous modulation of both baseband and RF
signals [6], [7], [8]. This approach offers a more streamlined
solution for hybrid optical access networks, reducing the need
for multiple optical sources and modulators. These advance-
ments in optical transmission technologies pave the way for
more efficient and effective co-transport of baseband and RF
signals in hybrid optical access networks, ultimately enhanc-
ing the overall performance and scalability of such networks.
The utilization of polarization division multiplexing (PDM)
schemes offers the potential for more efficient bandwidth
utilization in optical communication systems. However, it is
important to note that the additional complexity associated
with polarization division demultiplexing introduces chal-
lenges in the link architecture [9]. In order to further enhance
the optical spectral efficiency, a study presented in [10]
explores the modulation of the ARoF signal within the spec-
trum of the DRoF signal. By extracting the ARoF signal
from the combined signal through subtraction, exploiting the
distinct characteristics of DRoF and ARoF signals, improved
spectral efficiency can be achieved [10]. Similar studies has
also been carried out for hybrid fixed-mobile networks, where
the wireless signals are modulated at the null point of the
baseband signal for passive optical network (PON) [11], [12],
[13]. Nevertheless, it is worth noting that the focus of the
aforementioned research studies primarily revolves around
the generation of optical tones to facilitate signal transmission
in hybrid optical access technologies. These investigations
emphasize the development and optimization of various sig-
nal generation techniques within the context of hybrid optical
access systems.

In the context of an ARoF link, the utilization of a
high-speed photodiode may face limitations in fully exploit-
ing the photocurrent output due to the restricted bandwidth
available for wireless transmission. This limitation becomes
more pronounced as higher frequency bands are being
proposed for the use of 6G and beyond wireless communica-
tion [14]. To illustrate this point, let’s consider the currently
deployed 5G frequency band as an example. If ARoF is
employed to support the 5G band n260, which has a band-
width of 3 GHz and operates within the frequency range

of 37 GHz to 40 GHz, the high-speed photodiode utilized
must have a 3-dB bandwidth of 40 GHz, even though the
wireless signal occupies less than 10 percent of the total
available bandwidth. This scenario highlights the inefficiency
of using a high-speed photodiode in terms of bandwidth
utilization. A significant portion of the available bandwidth
remains unused, leading to a suboptimal utilization of the
photodiode’s capabilities. As higher frequency bands are
being considered for future wireless communication sys-
tems, it becomes crucial to explore alternative approaches
that can better utilize the available bandwidth and maximize
the performance of the ARoF link. To address this chal-
lenge, this paper investigates the feasibility of employing a
single-photodiode to enable the detection of both ARoF and
DRoF signals within a single base station or remote antenna
site.We propose a straightforward signal processing approach
within a single-photodiode framework for the co-detection
of hybrid digital and analog RoF signals. Previous studies,
such as [11], [12], [13], have indeed demonstrated the use
of a single photodiode for the co-detection of various signals
in specific contexts. For example, in the context of PON,
some studies [12], [13] have explored the co-detection of
baseband pulse amplitude modulated (PAM) signals, while
in wireless communication networks, other studies [11], [12]
have investigated the co-detection of non-orthogonal multi-
ple access with carrierless amplitude and phase (CAP) or
orthogonal frequency division multiplexing (OFDM) based
modulated signals. However, a comprehensive investigation
of the usage of a single photodiode for co-detection across
different signal types and network contexts has not been
conducted. While previous studies have provided valuable
insights and demonstrated the feasibility of co-detection with
specific signal types, a comprehensive exploration is needed
to assess the performance, limitations, and potential ben-
efits of using a single photodiode for co-detection across
a broader range of signals and network scenarios. Such a
comprehensive investigation would contribute to a deeper
understanding of the capabilities and challenges associated
with the use of a single photodiode for co-detection, enabling
more informed design and optimization of photonic systems
for various communication networks. Furthermore, in [15],
the utilization of CAP modulation for the DRoF link was
demonstrated, enabling the use of a single-photodiode to
support the co-detection of both ARoF and DRoF signals.

The demonstration conducted in [15] effectively mitigates
the issue of baseband signal-to-signal beating interference
by shifting the CAP signal, after photodiode detection,
to a higher frequency range. This necessitates the use of
filters to modulate the CAP signal at the elevated fre-
quency. However, it is important to consider that as the
bandwidth of the beating signal at baseband, resulting
from the homodyning of both DRoF and ARoF signals,
increases, the CAP signal may need to be further shifted
to even higher frequencies. This can present challenges,
particularly in the face of escalating demands for higher

114528 VOLUME 11, 2023



G. H. Thng, S. Mikki: Single-Photodiode Framework for the Co-Detection of Hybrid Digital and ARoF Signals

data rates. In contrast, the proposed single-photodiode sig-
nal processing framework given in this paper offers greater
flexibility by accommodating various modulation formats,
rather than being limited solely to CAP modulated signals
for DRoF links. This capability allows for the explo-
ration of alternative modulation schemes that may better
suit specific requirements, including those driven by the
need for higher data rates. By enabling the use of differ-
ent modulation formats, the proposed framework expands
the design space and offers potential avenues for address-
ing the growing demand for increased data transmission
capabilities.

II. THEORETICAL ANALYSIS OF THE PROPOSED
SINGLE-PHOTODIODE FRAMEWORK
In a hybrid DRoF and ARoF system employing a single-
photodiode, it is crucial to ensure the separability of the
resultant signals after heterodyned detection for each indi-
vidual ARoF and DRoF link. The modulation format utilized
for the ARoF signal plays a significant role in determining
the separability of the heterodyned signals. After photodiode
heterodyne detection, the DRoF signal typically resides at
the baseband frequency, while the ARoF signal generates
two components: one at the desired frequency for wireless
transmission and another at baseband, corresponding to the
squared amplitude of the ARoF signal. The baseband compo-
nent acts as additive noise, which, when combined with the
DRoF signal, can degrade performance or even corrupt the
DRoF signal, depending on the signal power. To address this
challenge, we propose a simple signal processing approach
in this paper. This approach involves extracting the squared
amplitude of the ARoF signal and subtracting it from the
baseband DRoF signal. The proposed signal processing
method can be implemented in the analog domain using
components such as a square-law detector, low-pass filter,
attenuator, and a differential amplifier, thereby eliminating
the need for a digital signal processor (DSP). However, it is
also possible to implement the approach using a DSP if
desired. By adopting this straightforward signal processing
technique, the hybrid DRoF and ARoF system can effectively
separate the desired signals from the baseband noise, enhanc-
ing the overall system performance.

We first start by providing a brief theoretical analysis
which is based on the following assumptions. First, there are
three optical tones that are present at the base station before
photodiode detection, and the optical tones are assumed to
be generated using the optical transmitter shown in Figure 1.
Second, it is assumed that the received optical signals are
represented by the following equation

Er(t) = ej{2π f1t+φ1(t)} + Ad(t)ej{2π f2t+φ2(t)}

+ Aa(t)ej{2π f1t+2π fRFt+φa(t)+φ1(t)}, (1)

where Ad(t) is the amplitude modulated DRoF signal, fRF is
the RF carrier frequency for the ARoF signal, f1 and f2 are

FIGURE 1. An example of an optical transmitter configuration for
co-transmission of hybrid ARoF/DRoF signals, where MZM refers to
Mach-Zehnder modulator.

the operating frequency of the optical sources, and φ1(t) and
φ2(t) are the phase fluctuation of the optical sources. The
amplitude and phase of ARoF signal is represented by Aa(t)
and φa(t).
When the signal (represented by (1)) is detected by the pho-

todiode, the photocurrent output after photodiode detection
would be

Iap(t) = ℜ

[
Er(t) × Er(t)∗

]
= ℜ

[
1 + A2d(t) + Ad(t)ej{2π(f1−f2)t+φ1(t)−φ2(t)}

+ Aa(t)ej{−2π fRF t−φa(t)}

+ Ad(t)e−j{2π(f1−f2)t+φ1(t)−φ2(t)}

+ Ad(t)Aa(t)ej{2π(f2−f1−fRF)t−φa(t)+φ2(t)−φ1(t)}

+ Ad(t)Aa(t)ej{2π(f1+fRF−f2)t+φa(t)−φ2(t)+φ1(t)}

+ Aa(t)ej{2π fRFt+φa(t)} + A2a(t)
]
, (2)

where E∗
r (t) is the conjugate of Er(t). Simplifying (2),

we obtain

Iap(t) = ℜ

[
1 + A2d(t) + 2Aa(t) cos{2π fRFt + φa(t)}

+ 2Aad(t) cos{2π(1f − fRF)t − φa(t) + 1φ(t)}

+ 2Ad(t) cos{2π1ft + 1φ(t)} + A2a(t)
]
. (3)

Here, 1f := f2 − f1, 1φ(t) := φ2(t) − φ1(t), Aad(t) :=

Aa(t) × Ad (t). The constant ℜ is the responsivity of the
photodiode. A lowpass filter is deployed to extract signals at
baseband frequency, while a bandpass filter is used to extract
the signal at fRF. For simplicity, let ℜ = 1 and assume
that the deployed filters do not introduce any insertion loss.
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FIGURE 2. Proposed signal processing approach for single-photodiode
(PD) base station configuration.

In this case, the extracted signals can be expressed as follows:

Ib(t) = A2d(t) + A2a(t) + 1 (4)

IRF(t) = Aa(t) cos{2π fRFt + φa(t)} (5)

where Ib(t) and IRF(t) represent the filtered signal at baseband
and at RF respectively.

As indicated by (4) and (5), while the ARoF signal can be
extracted using a bandpass filter, it is not feasible to isolate
the DRoF signal solely through filtering due to the presence
of the term A2a(t), which contaminates the baseband signal.
For a single-photodiode to enable simultaneous detection of
ARoF and DRoF signals, the term A2a(t), arising from the
homodyning of the ARoF signal with its own conjugate,
must satisfy one of the following conditions: either it remains
constant, has significantly lower power than A2d(t), or it must
be completely eliminated to ensure the integrity of the DRoF
signal. Hence, in the absence of signal processing, utilizing
a single-photodiode configuration may only be viable when
the modulated ARoF signal exhibits phase variation without
amplitude changes, such as in phase shift keying (PSK) sig-
nals. However, in wireless communication networks, besides
M-ary PSK signals, M-ary quadrature amplitude modulation
(M-QAM) signals are also utilized, which can vary in both
phase and amplitude. Therefore, we propose a signal pro-
cessing approach, depicted in Figure 2, to eliminate A2a(t)
at the baseband. This ensures that the DRoF signal can
be extracted with a relatively high level of signal integrity,
enabling the utilization of a single-photodiode configuration
to support hybrid ARoF and DRoF systems. The proposed
signal processing method leverages the extracted ARoF sig-
nal to eliminate or significantly suppress the A2a(t) term at
the baseband. This can be achieved by obtaining the squared
value of (5), which yields the A2a(t) term:

I2RF(t) =

[
2Aa(t) cos{2π fRFt + φa(t)}

]2
= 2A2a(t)

[
cos{4π fRFt + 2φa(t)} + cos{0}

]
= 2A2a(t) + 2A2a(t) cos{4π fRFt + 2φa(t)}. (6)

TABLE 1. Simulation parameters.

The signal A2a(t) can be obtained by applying a lowpass filter
to I2RF(t). This signal, A

2
a(t), can then be utilized to remove or

subtract the contribution of A2a(t) from Ib(t).
The configuration shown above may be used for phase-

modulated ARoF signals and possible 4-QAM signals. Phase
modulated signals vary only in phase while having a fixed
amplitude. Hence, the lowpass filtered I2RF(t) will only be a
DC signal [8], [16]. When the ARoF signal is phase mod-
ulated, the lowpass filtered photocurrent after photodiode
detection can be represented as follows:

Ib(t) = A2d(t) + 2, (7)

while the low pass filtered and attenuated I2RF(t) will be

IRF_LP(t) = c, (8)

where c is a constant. Subtracting the DC signal, IRF_LP(t),
from Ib(t) will result in a DC offset that can be eliminated:

Ib(t) − IRF_LP(t) = A2d(t) + 2 − c. (9)

Nevertheless, the presence of fiber and filters in the link
introduces changes to the envelope of the phase-modulated
ARoF signals, causing A2a(t) to deviate from being a pure
DC signal. Consequently, the degradation of the DRoF signal
can occur even when utilizing phase modulation for ARoF.
Therefore, in such scenarios, the signal processing structure
depicted in Figure 2 could prove beneficial.

III. IMPLEMENTATION AND VERIFICATION
The proposed configuration utilizing a single photodiode,
illustrated in Figure 2, is simulated in Optisystem 20 software
using the parameters summarized in Table 1. The transmitter
employed is similar to the one depicted in Figure 1, with
its frequency spectrum shown in Figure 3. The performance
of this configuration is assessed for ARoF signal transmis-
sion employing both phase-modulated signals (QPSK) and
phase-and-modulated signals (16-QAM). To ensure that any
improvements observed in the proposed signal processing
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FIGURE 3. Optical specturm at point a of Figure 1 and RF spectrum at
point b of Figure 2.

approach are solely attributed to its ability to mitigate the
impairment caused by co-detection of hybrid digital and
analog RoF signals using a single photodiode, the optical
signal transmitted through the fiber is not further attenuated
using an optical attenuator. It is maintained at a relatively
high level, which serves two purposes: firstly, to emphasize
the severity of the impairment, and secondly, to demonstrate
the effectiveness of the proposed approach in mitigating it
(as highlighted in Table 1).

As discussed in section II, A2a(t) is an unwanted addi-
tive noise. Therefore, the power of the ARoF signal
will affect the performance of the received DRoF signal
in a single-photodiode base station. Hence, the proposed
single-photodiode configuration is evaluated by varying the
power of the ARoF signal, with δP representing the optical
power difference between the ARoF signal Pa and the DRoF
signal Pd measured before the optical coupler, i.e., δP :=

Pa − Pd. When Pa ≈ Pd, the fiber launch power is approx-
imately 0 dBm, the change in fiber launch power and the
optical receiving power, as shown in Table 1, is contributed
by varying Pa, while Pd is fixed. In other words, the power of
the optical source for the DRoF link is fixed throughout the
simulation for different δP values, and hence the DRoF signal
strength is maintained before fiber transmission and before
photodiode detection. Therefore, any performance gain or
degradation of the DRoF link is contributed by the increase or
decrease in Pa. Link performance is evaluated using error rate
obtained by using eye diagrams to estimate the bit error rate
(BER) for DRoF signal and constellation diagram by finding
the symbol error rate (SER) for ARoF signal using 217 bit
sequence length, averaged through 5 simulation runs.

Figure 4 depicts the performance of the proposed
single-photodiode configuration when QPSK modulation is
employed for ARoF. As depicted in the figure, the perfor-
mance of the ARoF link demonstrates enhancement with
the increment of δP. This increase in δP results from an
elevation in Pa, subsequently leading to an improvement
in the signal-to-noise ratio of the ARoF link. On the other
hand, the results obtained reveal that the DRoF link per-
formance is influenced by the additive noise introduced by
the ARoF signal. Surprisingly, the performance of the DRoF
link experiences a rapid deterioration as the power of the
ARoF signal increases (as shown in the figure). According to

FIGURE 4. Estimated error rate of the ARoF signal with QPSK modulation,
and DRoF signal with or without the proposed signal processing
approach.

FIGURE 5. Test configuration for DRoF link performance degradation
when phase modulated signal are used for ARoF link.

theoretical expectations, the squared amplitude of a phase-
modulated signal, serving as a DC bias, should remain
constant and have minimal impact on the DRoF link perfor-
mance. However, contrary to these expectations, the results
shown in Figure 4 indicate that an increase in ARoF signal
power leads to the degradation of the DRoF signal. This
degradation can be attributed to variations in the envelope
of the ARoF signal caused by the presence of filters and
impairments in the communication link. Such envelope fluc-
tuations disrupt the constancy of the squared amplitude of the
ARoF signal, transforming it from a constant DC signal to
one that introduces distortion in the DRoF signal. To illustrate
this effect, a similar configuration as depicted in Figure 5 is
simulated using parameters listed in Table 1, highlighting the
impact of filters and link impairments on the system. The
resulting effects are presented in Figure 6. In the absence of
filters, the squared amplitude of the phase-modulated QPSK
signal remains relatively stable, as observed in Figure 6.
However, when filters are employed, and due to impairments
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FIGURE 6. Time domain signal sampled at point (a) -(d) shown in Figure 5
for the first 10 ns.

FIGURE 7. Normalized QPSK time domain signal sampled before and
after the bandpass filter prior to point a of Figure 5.

introduced by the communication link, the low-pass filtered
squared amplitude of the phase-modulated signal no longer
remains constant. For instance, as illustrated in Figure 7,
the bandpass filter modifies the signal’s envelope, leading
to observable amplitude fluctuations at point a in Figure 5.

FIGURE 8. Eye diagram at δP = 2.91 dBm of the received DRoF signal
(a) without the proposed signal processing approach and (b) with the
proposed signal processing approach.

FIGURE 9. Estimated error rate of the ARoF signal with 16-QAM
modulation, and DRoF signal with or without the proposed signal
processing approach.

These amplitude fluctuations align with the variations in the
QPSK signal’s envelope. This phenomenon leads to perfor-
mance degradation in the DRoF link. The results presented
in Figure 4 indicate that the proposed signal processing
approach effectively enhances the performance of the DRoF
link by mitigating the effects of changes in the ARoF signal’s
envelope. Specifically, at δP = −0.09 dBm, the proposed
signal processing approach significantly improves the DRoF
link performance, reducing the estimated bit error rate (BER)
from 10−8 to an impressive 10−12. Furthermore, as depicted
in Figure 8, when δP = 2.91 dBm, the proposed signal
processing method notably enhances both the eye height and
eye width in the DRoF signal’s eye diagram. This improve-
ment is clearly reflected in the obtained estimated error rate,
as demonstrated in Figure 4. These results demonstrate the
effectiveness and value of the proposed signal processing
approach in mitigating the degradation caused by variations
in the ARoF signal’s envelope.

Conversely, when employing fluctuating amplitude and
phase modulation schemes, such as 16-QAM, for the ARoF
signal, the performance of the proposed single-photodiode
configuration is depicted in Figure 9. Just like the ARoF link
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FIGURE 10. Sample time domain signal of A2
a(t) of the 16-QAM

modulated ARoF signal at point (a)-(d) shown in Figure 5 for the first
10 ns.

employing QPSK modulation, the error rate of the ARoF
link utilizing 16-QAM modulated signals decreases as δP
increases. This decrease in error rate is attributed to the
improvement in the signal-to-noise ratio of the ARoF link
due to the increasing δP. In addtion, the obtained results
validate the analysis conducted in Section II and indicate
that the proposed straightforward signal processing approach
can enhance the detection accuracy of the DRoF signal in
the presence of additive noise from A2a(t). To visualize the
additive noise A2a(t), we conducted a simulation with a con-
figuration similar to the one illustrated in Figure 5, using
a 16-QAM signal and simulation parameters as outlined
in Table 1. The resulting sampled time-domain signal of A2a(t)
is presented in Figure 10. As illustrated in Figure 9, the
performance of the DRoF link deteriorates as the δP value
increases, which corresponds to an increase in the power of
the squared amplitude of the ARoF signal. In other words,
a higher δP value leads to a lower signal-to-noise ratio in
the DRoF link. These findings highlight the importance of
the proposed signal processing approach in mitigating the
adverse effects of increased noise levels and improving the
performance of the DRoF link under such conditions. Con-
versely, the single-photodiode configuration, when equipped
with the proposed signal processing approach, outperforms
the configuration without signal processing by a significant
margin. As shown in Figure 11, the eye diagram of the
received DRoF signal has a wider opening when the proposed
signal processing approach is used. Remarkably, at δP =

0.03 dBm, the proposed signal processing approach improves
the performance of the DRoF link from an estimated bit error
rate (BER) of 10−3 to an impressive 10−13 when utilizing
a 16-QAM modulated ARoF signal. Comparing the results
depicted in both Figure 4 and Figure 9, and the eye diagrams
in Figure 8 and Figure 11, it is evident that while an increase
in Pa, which corresponds to an increase in δP, degrades the
performance of the DRoF link for both modulations, the pres-
ence of A2a(t) has a more substantial impact on the DRoF

FIGURE 11. Eye diagram at δP = 0.03 dBm ((a) ,(c)) and δP = 3.04 dBm
((b),(d)) of the received DRoF signal with ((c)-(d)) and without ((a)-(b)) the
proposed signal processing approach.

link performance when 16-QAM modulation is employed
relative to QPSK modulation. As illustrated in Figure 4 and
Figure 9, the performance of the DRoF link without the
proposed signal processing is significantly lower when a 16-
QAM modulated ARoF signal is used, compared to a QPSK
modulated ARoF signal, for δP ∈ {−2, 3.5}. Moreover, the
eye diagrams displayed in Figure 8 and Figure 11 strongly
indicate that the proposed approach has the capability to
effectively eliminate a significant portion of the amplitude
noise introduced byA2a(t). These results highlight the superior
effectiveness of the proposed signal processing approach,
particularly in mitigating the impact of A2a(t) when utilizing
16-QAM modulation for the ARoF signal.

While the DRoF link is impacted by the A2a(t) compo-
nent of the ARoF signal, it’s important to note that the
A2a(t) additive noise has distinct effects depending on the
type of ARoF signal modulation, as evidenced in Figure 6
and Figure 10. As previously mentioned, the amplitude noise
introduced when using a QPSK signal arises from varia-
tions in the QPSK signal’s envelope. This additive amplitude
noise results in ‘‘spikes’’ at different locations within the
DRoF signal, as observed in the sampled time-domain signal
in Figure 6 and the corresponding eye diagram shown in
Figure 8. The variation in the envelope of the QPSK signal
can be influenced by factors such as the signal’s bit rate
and the bandwidth of the filter employed. Conversely, in the
case of the 16-QAM modulated signal, the A2a(t) represents
the squared amplitude of the 16-QAM signal. This squared
amplitude disturbance affects the DRoF signal whenever
there is a change in symbol amplitude, posing challenges
for threshold detection as δP increases. This effect is clearly
observable in the eye diagram of the DRoF signal presented
in Figure 11 when no signal processing is applied. Similarly
to the QPSK signal, the use of filters can also induce changes

VOLUME 11, 2023 114533



G. H. Thng, S. Mikki: Single-Photodiode Framework for the Co-Detection of Hybrid Digital and ARoF Signals

in the envelope of the 16-QAM signal, resulting in the appear-
ance of ‘‘spikes’’ at various points along the transmitted
16-QAM signal. However, as evidenced in Figure 10, the
offset caused by fluctuations in symbol amplitude exhibits
a larger amplitude compared to these ‘‘spikes,’’ potentially
leading to a more substantial impact on the DRoF signal.
Increasing δP contributes to a reduction in the eye diagram’s
height at lower δP values and leads to eye closure when δP
reaches higher levels. Upon observing the signal sampled
at point b in the case of 16-QAM modulation, it becomes
evident that there are three distinct amplitude levels present.
This is because, given

[I sin(2π ft) + Q cos(2π ft)]2, (10)

where I ,Q ∈ [−3, −1, 1, 3], at baseband, there will only be
3 amplitude levels at ∈ [1, 5, 9].
The results presented in Figure 4 and Figure 9, along

with the sampled time-domain signals depicted in Figure 6
and Figure 10, indicate that the proposed signal processing
approach is unable to completely eliminate the additive noise
contributed by the squared amplitude of the ARoF signal.
In an ideal scenario, if the extracted A2a(t) from the ARoF
signal perfectly matches the A2a(t) term present in the DRoF
signal, the proposed signal processing approach can achieve
flawless removal. This would lead to a reduced error rate for
the DRoF link across all tested δP values and minimal or
no performance degradation as δP increases. However, the
sampled time-domain signals at points c and d in Figure 6
and Figure 10 are not identical, suggesting that the proposed
signal processing approach, which involves extracting and
subtractingA2a(t) from the basebandDRoF signal, is not capa-
ble of entirely removing the effect of A2a(t) on the baseband
DRoF signal. Before extraction, the ARoF signal undergoes
a different signal path with various types and numbers of
filters, resulting in the extracted A2a(t) being non-identical
to the one present at baseband. As a result, the imperfect
extraction ofA2a(t) from theARoF signal leads to an imperfect
removal of theA2a(t) term from theDRoF signal. Although the
obtained results suggest that the proposed signal processing
approach can significantly suppress the effect of the additive
noise contributed by A2a(t), there remains a residual effect of
A2a(t) that distorts the DRoF signal, thereby causing degra-
dation in link performance with increasing δP. Furthermore,
when examining the estimated error rate of the ARoF link
and increasing the number of bits per symbol, transitioning
from 2-bits per symbol with QPSK modulation to 4-bits
per symbol using 16-QAM modulation, it becomes appar-
ent that the performance improvement with 16-QAM is less
pronounced as δP increases (by augmenting Pa) compared
to QPSK. This observation suggests that higher-order mod-
ulation schemes necessitate more power to attain equivalent
performance levels in the ARoF link compared to lower-order
modulation schemes. However, while higher-order modula-
tions like 1024-QAM or even 4096-QAM are being proposed
and demonstrated for wireless communication, the results
presented in Figure 4 and Figure 9 indicate that achieving

acceptable performance for such high-order modulations
would require δP values significantly exceeding 3 dBm,
potentially impacting the performance of the DRoF link in
the process.

Consequently, future research investigations should
explore alternative methods to further enhance the perfor-
mance of the proposed signal processing approach, enabling
the effective co-detection of digital and analog RoF signals
using a single photodiode. Several avenues can be explored
in this regard. One possibility is to investigate the appli-
cation of machine learning techniques to regenerate the
distorted DRoF signal, leveraging the power of advanced
algorithms to mitigate the residual effects of the additive
noise. Additionally, it would be beneficial to explore other
digital signal processing (DSP) equalization approaches in
conjunction with the proposed signal processing technique.
This combination may provide additional improvements
in mitigating the distortions caused by the additive noise
contributed by A2a(t). Furthermore, a comprehensive study
can be conducted to evaluate the performance of the pro-
posed signal processing method when an additional ARoF
signal is transmitted at the null-point of the DRoF signal.
Investigating this scenario would provide valuable insights
into the potential benefits and limitations of the proposed
approach under different operating conditions. By exploring
these avenues, researchers can further advance the perfor-
mance and applicability of the proposed signal processing
approach, ultimately enabling more efficient and robust
co-detection of digital and analog RoF signals using a single
photodiode.

IV. CONCLUSION
A signal processing approach has been proposed and demon-
strated for a single-photodiode base station configuration that
enables simultaneous hybrid DRoF and ARoF signal detec-
tion. The results obtained confirm that the single-photodiode
configuration, when combined with the signal processing
approach, enhances the performance of the DRoF link by
effectively addressing the undesired squared amplitude com-
ponent introduced by the homodyning of the ARoF signal
at the baseband. This improvement in performance sig-
nificantly enhances the versatility and capabilities of the
single-photodiode base station configuration. Furthermore,
the results also highlight that even when the ARoF sig-
nal is not transmitted at the null-point of the DRoF signal,
the presence and strength of the ARoF signal still con-
tribute to the degradation of the DRoF link performance.
This finding underscores the importance of considering the
impact of the ARoF signal strength on the overall perfor-
mance of the DRoF link. Furthermore, the results obtained
also indicate that enhancing the proposed signal processing
approach may be imperative when employing higher-order
modulation schemes for the ARoF link. This is due to the
increased power requirements for achieving ‘‘error-free’’
wireless transmission with higher-order modulated signals,
which could potentially impact the performance of the
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DRoF link. Therefore, future research directions encompass
exploring potential enhancements to the proposed signal pro-
cessing approach and conducting further investigations to
validate the findings of this study. It would be valuable to
compare the performance of the proposed single-photodiode
configuration with conventional multi-photodiode configu-
rations, thus providing a comprehensive understanding of
the benefits and trade-offs between these approaches. Such
research efforts will contribute to advancing the field and
enabling the development of more efficient and reliable pho-
tonic systems for hybrid DRoF and ARoF signal detection in
base station configurations.

In summary, the past demonstrations have effectively
addressed the issue of baseband signal-to-signal beating
interference by shifting the carrierless amplitude/phase
(CAP) signal to a higher frequency. However, the proposed
single-photodiode signal processing framework offers a more
versatile solution that can accommodate various modulation
formats. This flexibility is crucial in meeting the growing
demand for higher data rates, allowing for the exploration
of alternative approaches to cater to evolving communication
needs. The proposed signal processing framework provides
a practical and adaptable solution that can be readily imple-
mented in analog hardware. This contributes to the simplicity
and cost-effectiveness of the system design, making it an
attractive option for real-world applications. By enabling the
coexistence of hybrid DRoF and ARoF signals using a single
photodiode, the proposed approach offers enhanced versa-
tility and facilitates the development of more efficient and
flexible photonic systems. As communication requirements
continue to evolve, the proposed single-photodiode signal
processing framework paves the way for future advancements
in optical communication systems, offering a viable solution
to meet the increasing demand for higher data rates and
improved system performance.
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