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Abstract—Photon counting detectors such as single-photon
avalanche diode (SPAD) arrays can be utilized to improve the
sensitivity of optical wireless communication (OWC) systems.
However, the achievable data rate of SPAD-based OWC systems
is strongly limited by the nonlinearity induced by SPAD dead
time. In this work, the performance of SPAD-based OWC system
with orthogonal frequency division multiplexing (OFDM) is
investigated and compared with that of on-off keying (OOK).
We employ nonlinear equalization, peak-to-average power ratio
optimization by adjusting the OFDM clipping level, and adaptive
bit and energy loading to achieve a record experimental data rate
of 5 Gbps. The contrasting optimal regimes of operation of the
two modulation schemes are also demonstrated.

The performance of OWC systems can be significantly
degraded by occasional outages caused by low received optical
power due to channel impairments. At a low-power regime,
receiver’s sensitivity becomes crucial and the use of photon
counting detectors such as single-photon avalanche diodes
(SPAD) provides a significant advantage compared to their
linear counterparts, e.g., P-i-N photodiode (PIN PD) and
avalanche photodiode (APD) [1]. However, when an avalanche
is triggered by an incident photon, the SPAD goes through
a short period of time called dead time during which it
becomes blind to any new incident photons due to quenching
process. It is known that the SPAD’s dead time generates
nonlinear effects including a maximum power detection limit
due to saturation [2] and a bandwidth limit due to dead-time
induced intersymbol interference [3], both of which limit the
achievable data rate. In the literature, many works focused
on improving the data rate of SPAD-based receivers. The
current highest data rate of SPAD-based OWC system is
3.45 Gbps as reported in [4] where OOK modulation and
decision feedback (DFE) equalizer are adopted. To deal with
the limited bandwidth of the SPAD receiver and improve its
spectral efficiency beyond OOK, optical OFDM with QAM
modulation has also been employed in SPAD-based systems
[5], [6]. However, surprisingly the corresponding reported data
rates, e.g., 350 Mbps in [5] and 1.35 Gbps in [6], are far below
that achieved by OOK, which can be attributed to the limited
signal’s dynamic range that strongly degrades the performance
of OFDM. This observation may suggest that the effect of
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detection power limit on the performance of SPAD receivers
is the dominant factor compared to SPAD’s bandwidth limit
leading to the superiority of OOK. However, in this work,
we experimentally demonstrate that a well-designed QAMOFDM scheme adapted to SPAD nonlinearity can outperform
OOK at some power levels and achieve a data rate of 5
Gbps which is significantly higher than the highest data rate
achieved through OOK. This record data rate is achieved by
the proposed system with the mitigation of SPAD nonlinearity
through joint optimization of nonlinear equalizer based on
Volterra series model, peak-to-average power ratio (PAPR)
adjustment by controlling OFDM clipping level, and finally
the adaptive bit and energy loading algorithm.
The commercial SPAD receiver (also known as silicon
photomultiplier, SiPM) employed in this work is On Semicondutor J-30020 with NSPAD = 14410 SPAD pixels or
microcells. The total area of the detector is 3.07 × 3.07
mm2 and the fill factor is 62% [7]. The detected photon
rate of the employed SPAD receiver can be approximated
as C = PR ΥPDE / (hν + PR ΥPDE Td /NSPAD ), where PR
denotes the received signal power, ΥPDE is the photon detection efficiency (PDE), h is Planck’s constant, ν is light
frequency, and Td is the dead time which is around 66 ns
[8]. It is presented in this equation that the detected photon
rate of the employed SPAD receiver has an approximately
linear relationship with incident photon rate (or equivalently
PR ) in low incident power regime, but as the incident power
increases, the photocurrent becomes nonlinear and finally
saturates at a fixed value Cmax = NSPAD /Td [4]. Note that
such nonlinearity is induced by the dead time and for an ideal
photon counting receiver without dead time the nonlinearity
effect vanishes. After a microcell detects a photon, it has to
be recharged during the dead time. Denoting Q as the charge
needed for the microcell to get back to its original voltage,
the current needed to maintain the operational bias voltage of
the receiver is given by [4]
Ibias = QC =

QPR ΥPDE /hν
.
1 + PR ΥPDE Td /NSPAD hν

(1)

As this bias current is proportional to the detected photon rate,
one can use it to evaluate the saturation effect of the SPAD
receiver. Fig. 1(a) presents the measured bias current versus
the received optical power when a bias voltage of 27.5 V is
employed. It is demonstrated that the measured bias current
matches with that of the analytical expression given in (1).
Note that the parameters Q = 0.14 pC and ΥPDE = 0.36 are
employed to achieve the analytical result which are close to
the values selected in [4]. The nonlinear response of the SPAD
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Fig. 1. (a) SPAD bias current versus the received optical power; (b) frequency
response of the SPAD receiver.
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Fig. 2. The schematic diagram of the experimental setup. The dashed blocks
are additional steps when OFDM is employed.

bias voltage of the laser diode and the Vpp of the modulated
electrical signal are set to 4.55 V and 0.8 V, respectively, to
fully utilize the laser linear dynamic range. Finally, an aspheric
lens is used to collimate the laser beam.
For OWC systems, the received optical power normally
changes over time due to various channel effects, e.g., scintillation in FSO and random orientation in VLC. In order to
emulate the change of optical power introduced by practical
OWC channels, a variable optical attenuator is used which
comprises a neutral density filter wheel (Thorlabs FW1A) and
a wire grid polarizing film (Edmund optics 34254). By rotating
the filter wheel and the polarizer, the continuous change of
the channel path loss and hence the received signal power
can be achieved. The laser beam after propagating through the
attenuator illuminates the SPAD array receiver. The laser beam
is diffracted to avoid the excessive received optical power
which might damage the SPAD array. The output of the SPAD
receiver is amplified by the electronic amplifier (Mini-Circuits
ZX60-43-S+) and then fed to the oscilloscope (Keysight
DSA90804A) which has a bandwidth of 8 GHz. The received
waveform captured by the oscilloscope is sent to the PC for
the offline processing. The matched filtering which matches
with the signal pulse is applied and the output downsampled
signal then goes through specific equalizer which varies with
the investigated system. Additional receiver-side OFDM DSP
should be employed when OFDM is considered. Finally, the
signal decoding process is adopted to recover the transmitted
information bits.
In this work, we consider two commonly used modulation
schemes, i.e., OOK and DCO-OFDM. For the system with
OOK, two different equalization methods are considered at the
receiver, i.e., linear and nonlinear equalization. In both equalization methods, the recursive least square (RLS) algorithm
is utilized to train the tap weights. As the dead-time-induced
effects are inherently nonlinear, it is expected that nonlinear
equalization (NEQ) can result in superior performance compared to that of linear equalization (LEQ). The employed NEQ
is designed based on Volterra series model. Considering the
complexity of the higher-order Volterra filter, only the first two
orders of the Volterra series are considered [10]. The output
of NEQ can be expressed as d(n) =

receiver can be clearly observed in Fig. 1(a). Such nonlinearity
can strongly limit the performance of SPAD receiver in high
power regimes. In this work, we utilize the fast output of the
employed commercial SPAD receiver [4]. The measured 3-dB
bandwidth of the receiver is around 250 MHz as illustrated in
Fig. 1(b).
Fig. 2 presents the block diagram of the experimental setup.
The demonstration is operated in dark condition. At the transmitter side, the binary data stream is firstly generated using Nl −1
NX
nl −1 NX
nl −1
X
MATLAB in PC. After applying the modulation (OOK or DCw1 (i)x(n−i)+
w2 (m1 , m2 )x(n−m1 )x(n−m2 ),
biased optical OFDM) and root-raised-cosine (RRC) pulse- i=0
m1 =0 m2 =m1
shaping, the modulated discrete signal with desired sampling
(2)
rate is sent to arbitrary waveform generator (AWG, Keysight where x(n) denotes the signal before equalization, Nl and
M8195A) to be converted to the analog waveform. When Nnl refer to the memory length of the linear (1st order)
OFDM is considered, extra steps, i.e., transmitter-side OFDM and nonlinear (2nd order) terms, respectively, and w1 and w2
DSP and signal clipping, should be employed. The former are the corresponding tap weights. In this demonstration, in
mainly contains IFFT operation and adding cyclic prefix [9]. order to balance the complexity and performance, the memory
The output AC signal of the AWG is then combined with lengths of NEQ are set to Nl = 41 and Nnl = 21, respectively.
the DC bias from a power supply (Keysight E36313A) by
Fig. 3 presents the measured BER versus the received oputilizing a bias tee (Mini-Circuits ZFBT-6GW+). The output tical power when OOK modulation is employed. It is demonsignal of the bias tee is used to drive the laser diode (Thorlabs strated that with the increase of the received optical power the
L405P20) which has a central wavelength of 405 nm and a 3- BER firstly decreases and then increases. This is because in
dB bandwidth above 800 MHz. This laser diode is employed low received power regime, the system is signal power limited
as its central wavelength is close to the peak PDE wavelength and hence increase the signal power can improve the BER
of the SPAD receiver, i.e., 420 nm. In the demonstration, the performance; however, with a further increase of signal power,
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Fig. 3. The BER versus the received optical power under various data rates
in the presence of LEQ or NEQ when OOK modulation is employed.
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Fig. 4. The BER versus the data rate under various received optical power
PR when OOK modulation is employed.

the dead-time-induced nonlinearity come into effect which
in turn degrade the performance. Similar BER behaviour
has also been reported in many theoretical works [2], [3],
[11]. The superiority of NEQ over its linear counterpart can
also be clearly observed. However, it is demonstrated that
with the increase of the data rate, the improvement of NEQ
drops. This attributes to the fact that the increase of data rate
means higher signalling bandwidth which greatly increases the
effective noise power. Therefore, for high data rate scenario,
the performance is more dominated by the noise power and
the improvement introduced by NEQ becomes less. Fig. 4
presents the BER versus the data rate under various received
optical power. One can observe that for a specific BER target,
the transmission with NEQ can provide higher data rate than
that with LEQ. Moreover, it is again presented that larger PR
does not necessarily result in better performance due to the
SPAD nonlinearity. Based on Fig. 4, for any BER target the
achievable data rate versus the received power results can also
be achieved, as presented later in Fig. 7.
In general, OFDM with QAM modulation can be employed
to improve the spectral efficiency. Two different DCO-OFDMbased SPAD systems are investigated in this work. The first
is the traditional one with single-tap frequency domain equal-

Fig. 5. The BER of OFDM versus the data rate under various clipping levels
when the received signal power is 2.8 µW.

ization [12]. For the second system, the time-domain NEQ
shown in (2) is further employed to mitigate the nonlinear
effects. The NEQ at the receiver is applied to the signal after
matched filtering and before the Fourier transform operation.
The same memory lengths of NEQ as OOK transmission are
employed to ensure the fair comparison between the two modulation schemes. We consider that for both OFDM systems
the modulation bandwidth is 1400 MHz and the number of
subcarriers is 1024. OFDM enables the use of the adaptive bit
and energy loading algorithm to improve the achievable data
rate [9], which is also adopted in the considered systems.
The time-domain OFDM signal is approximately normal
distributed which has a high PAPR; however, in practical
communication systems with limited dynamic range, this will
lead to a significant decrease in transmitted signal power.
Therefore, signal clipping is crucial for OFDM transmission.
In the proposed systems, a normalized bipolar OFDM signal
in time domain which follows a normal distribution with
zero mean and unity variance is firstly generated. The signal
is then clipped so that the maximal and minimal amplitude
are ε and −ε, respectively, where ε denotes the normalised
clipping level. Later, the normalized electrical signal is scaled
to a desired Vpp to drive the laser diode, which is 0.8 V
in the proposed systems. The change of ε is equivalent to
the change of the PAPR of the transmitted OFDM signal. By
selecting larger ε, it is expected that the received optical signal
can occupy less dynamic range of the receiver and hence
the effect of SPAD nonlinear distortion can be reduced. In
addition, choosing larger clipping level can reduce the clipping
distortion. However, since the Vpp of the transmitted signal
is fixed, larger clipping level also results in less signal power
which in turn degrades the performance [12]. Therefore, it is
expected that the clipping level, or equivalently the PAPR, of
the transmitted OFDM signal can be optimized to achieve the
best performance.
Fig. 5 presents the BER of the OFDM transmission versus
the data rate with various normalized clipping levels. The superiority of the system with NEQ over that without NEQ can be
clearly observed. In addition, it is demonstrated that the system
performance varies with the employed clipping level due to
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considered modulation schemes.

aforementioned trade-off. Because of the stronger encountered
nonlinear effects, system without NEQ benefits more from
the increase of the clipping level. Therefore, different from
system with NEQ, the degradation of performance does not
appear even when the largest considered clipping level 4.5 is
employed, which means that the optimal clipping level for
such system could be further above this level. Fig. 5 also
indicates that in order to achieve the highest achievable data
rate, one can employ both the NEQ and clipping optimization.
The measured optimal clipping level versus the received
optical power when NEQ is employed is presented in Fig.
6. To achieve this result, a vector of clipping levels ranging
from 2 to 4.5 with a step size of 0.5 is considered. For each
received optical power, the clipping level which provides the
highest achievable data rate is recorded. It is illustrated that
with the increase of the received signal power, the optimal
clipping level also increases to account for higher nonlinear
effect.
Finally, Fig. 7 demonstrates the measured achievable data
rate versus the received optical power for both OOK and
OFDM with a BER target of 2 × 10−3 which is below the 7%
FEC limit. For OOK transmission, with the increase of the optical power, the increase and then decrease of the data rate can
be observed. It is illustrated that employing NEQ can slightly
improve the date rate. The measured highest achievable data
rates of OOK are 3.15 Gbps and 3.22 Gbps when linear

and nonlinear equalizers are employed, respectively, which are
achieved at a received power of 0.85 µW. This result is close
to the record data rate of SPAD-based system with OOK, i.e.,
3.6 Gbps, reported in [4]. To achieve a data rate of 3 Gbps, the
required received optical power is 0.28 µW which corresponds
to a sensitivity of −35 dBm. Considering that corresponding
sensitivities of the state-of-the-art PIN PD and APD receivers
are around −20 dBm and −30 dBm [13], the superiority of
SPAD receiver over its counterparts in terms of the sensitivity
is demonstrated. On the other hand, when OFDM modulation
is employed, in the absence of clipping optimization and
NEQ, the change of the data rate with the increase of optical
power is similar to that when OOK is employed. However,
different from OOK transmission, employing NEQ in OFDM
can significantly improve the data rate. For instance, when
the received power is 9 µW and the clipping level is 3.5,
the achievable data rate is 3.14 Gbps in the absence of NEQ;
however, when NEQ is employed, this data rate rises to 4.6
Gbps. This is because for OFDM the data is modulated on
the waveform rather than two amplitude levels as OOK and
hence OFDM is more vulnerable to nonlinearity which can be
effectively mitigated through NEQ. It is also presented in Fig.
7 that the clipping level optimization can further improve the
data rate performance. By employing both NEQ and clipping
level optimization, achievable data rates of 3.8 Gbps and 5
Gbps have been achieved when the received power is 2.8
µW and 9 µW, respectively. The measured SNR and bit
loading results for these two cases are shown in Fig. 8. It
is illustrated that increasing the signal power from 2.8 µW to
9 µW can introduce around 3 dB SNR improvement over the
whole considered spectrum range which strongly improves the
spectrum efficiency.
The comparison of the achievable data rates of OOK and
OFDM transmission presented in Fig. 7 further indicates
that these two modulation schemes have contrasting optimal
regimes of operation. When the received power is relatively
low, due to the low dynamic range of the received optical
signal, OOK can provide significantly higher data rates than
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OFDM which requires wide dynamic range to achieve decent
performance due to the high PAPR of its time-domain signals.
However, OFDM in turn outperforms OOK in high power
regime. Therefore, in practical implementation, OOK is preferable for applications with lower received power; whereas,
for applications with higher received power, OFDM is a
preferred choice. For links with highly dynamic channels, the
adaptive switching between OOK and OFDM based on the
instantaneous channel condition may be employed to achieve
the best performance over a wide range of received power.
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