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Abstract: The orthogonal frequency division multiplexing (OFDM), which has high spectral efficiency,
is an attractive solution for silicon photomultiplier (SiPM)-based optical wireless communication
(OWC) systems to boost data rates. However, the currently available SiPMs are not optimized for
implementing the OFDM receiver. Incorporating different types of SiPM at the OFDM receiver results
in different data rates at the same condition. Therefore, the receiver designer requires a method for
predicting the performance of SiPMs and then selects the best one to build the optimum receiver.
In this paper, we first investigate the origin of SiPM’s power-dependent frequency response. The
investigation outcome is then used to create a method for predicting the subcarrier SNR. Combining
the estimated subcarrier SNR with the bit-loading scheme, we finally propose a general approach for
estimating the fundamental OFDM data rate an SiPM chip can support at a given received power.
Results are then presented that can be used by the future receiver designer as a guideline to find the
best type of SiPM to build the optimum OFDM receiver.

Keywords: silicon photomultiplier; optical wireless communication; OFDM

1. Introduction

Optical wireless communication (OWC), which uses the unlicensed spectrum to pro-
vide high-speed wireless communication, is expected to play an important role in the 6G
network [1]. The OWC system requires a highly sensitive photodetector [2]. The P-i-N pho-
todiode (PIN PD) and avalanche photodiode (APD) are the commonly used photodetectors
in OWC. Unfortunately, the PIN has no internal gain, and the APD generates excess shot
noise, which limits their sensitivity. SiPM is an array of single-photon avalanche diodes
(SPAD) with an internal gain larger than 10® and without excess noise [3,4]. Results show
that the sensitivity of SiPM can approach the Poisson limit, which is significantly more sen-
sitive than the two commonly used PDs in OWC [4,5]. With this advantage, incorporating
SiPM in the OWC receiver can significantly improve the OWC system’s achievable SNR at
the same received power. However, SiPM suffers from dead time, during which the fired
SPAD microcell is unable to detect another incident photon [3,4]. The dead time generates
a nonlinear output response and a bandwidth limit, both of which limit the data rate that
the SiPM-based receiver can achieve [5].

OFDM, which modulates the quadrature amplitude modulation (QAM) symbols on
the orthogonal subcarriers, has a high spectral efficiency [6]. Using OFDM in an SiPM-
based OWC system can maximize its achievable data rate. It has been demonstrated that
the data rate that the SiPM-based OFDM-OWC system can support varies from 500 Mbps
to 5 Gbps [7]. Although different signal optimization algorithms result in different data
rate enhancement, the fundamental performance of an SiPM-based OFDM-OWC system
is primarily determined by the SiPM chip used to build the receiver. A receiver designer
has to be able to select the best type of SiPM from those that are available. Moreover, if
SiPMs become an integral part of OWC receivers, their manufacturers will be interested in
optimizing their performance for this sizeable potential market. To help future SiPM and
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receiver designers, this paper proposes a general approach to estimate the performance of
OFDM receivers that incorporate an SiPM and points out a guideline to select and design
the best type of SiPM for implementing the optimum OFDM receiver.

In Section 2, the origin of SiPM’s power-dependent frequency response is investigated.
A method for estimating the subcarrier SNR is then described in Section 3. In Section 4, an
approach developed to estimate the data rate of the SiPM-based OFDM system is presented.
The results obtained using this approach to estimate the performance of SiPMs with various
numbers of SPADs, recovery time constant, and photon detection efficiency (PDE) are
discussed in Section 5. Finally, conclusions are drawn in Section 6.

2. Power-Dependent Frequency Response of SiPM

SiPM has a power-dependent frequency response [8], and hence the frequency resource
of an SiPM-based OFDM system can use changes with the received power. To build an
accurate approach for estimating SiPM’s performance within an OFDM system, the origin
of SiPM’s power-dependent frequency response has to be understood.

SiPM is a solid-state photon counter which consists of a number of parallel-connected
photon-counting microcells. Each microcell includes a SPAD and a quenching resistor. All
the microcells within SiPM share a common output. Once a photon is detected, a current
pulse generated by the fired microcell is added to the common output. Hence, the total
output signal of an SiPM is a sum of the current pulses associated with different fired
microcells. At an incident light intensity L, the average number of fired SPAD microcells Nf
within observation time T is given by [9]:

N xTxAy
Nf_ 1+ A, XT )
)\in:M @)
ph

where N is the total number of SPAD microcells within SiPM, Agpap is the total area of a
single SPAD, E,, refers to the single photon energy, A;, is the arrived photon rate, 77 refers
to the PDE, and 7 is the dead time which is 2.2 times the recovery time constant of a single
SPAD microcell, T4 [9].

The most commonly used equivalent circuit model of an SiPM is illustrated in
Figure 1 [10,11]. According to the status of each microcell, the SiPM is divided into
active and passive components. In the active part, each fired SPAD is modeled as a resistor
R, in parallel with a capacitor C;. The resistor represents the internal resistance of the
diode space-charge and quasi-neutral region, and the capacitor represents the junction
capacitance of the inner depletion layer [10,11]. In the passive part, the inactive SPAD is
modeled as a capacitor only. The integrated quenching resistor is modeled by a resistor R,
associated with its parallel stray capacitance C;. The recovery time constant 74 is given
by g = Ry(Cq + Cy). A further parasitic capacitance Cq across the two-pixel terminals
is also introduced in the equivalent model, accounting for the presence of the metal grid
paths spanning over the entire surface of the semiconductor device [10]. When Ny photons
are detected by an SiPM with N microcells, the resistor and capacitor values in Figure 1
are [10]:

R
Cd,Nf = Cd X Nf/ Rq,Nf = ﬁj, Cq,Nf = Cq X Nf

R
Cd,Np = Cd X (N— Nf)/ Rq,Np = ﬁ, Cq,Np = Cq X (N— Nf) (3)
R
Rang = wf
where Ny in the subscript represents the number of fired SPADs corresponding to the active

components and N, in the subscript refers to number of inactive SPADs corresponding to
the passive components.
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active passive
Figure 1. The equivalent circuit of an SiPM chip [10,11].

The transfer function of the SiPM can be modeled by an exponential decay [12]:

1

h(t) = ?se T (4)
The frequency response of the SiPM, 1/ (jwts + 1), is therefore determined by the RC
time constant 7s. For OFDM transmission, the incident light power over the SiPM has to
make SiPM’s output pulses overlap to form a signal envelope for accurate signal detection.
The envelope is proportional to the incident light level which makes the SiPM behave like
a highly sensitive APD [3]. Since the output signal is contributed by the fired microcells,
no current passing through R, n, and hence the passive microcells can be regarded as a

parasitic capacitor C,y. The RC constant 75 can therefore be expressed as:

o Rq,Nf X Rd,Nf
s = ——————

Rgng + RaN; X (ConHCan; + Cep + Cg) ©)

where C, is given by C,; = (Cder X Cq,Np) / (Cder + Cq,Np)-

The accuracy of Equation (5) has been validated using an off-the-shelf SiPM (On
semiconductor 30035). The RC time constant of the tested SiPM was measured using LD
LP520-SF15 and an oscilloscope (MSO7104B). The bandwidth of the tested LD is larger
than 1 GHz. In the measurement, the LD is modulated using a rectangular waveform
with a frequency of 100 kHz. The purple spots are the measured RC time constant of the
tested SiPM at the standard output against different received powers, and the blue curve
is the estimated RC time constant based on Equation (5). The detailed parameters of the
tested SiPM are listed in Table 1, obtained from [13,14]. Results in Figure 2 suggest that
Equation (5) can accurately estimate the power-dependent RC constant. In addition, since
Ts in Equation (4) is a function of the number of fired SPAD microcells, the frequency
response of SiPM is power-dependent. With the number of fired SPADs increasing, more
diode resistors become parallel and the number of diode parasitic capacitors is reduced,
which makes the RC constant become reduced with the increased optical power.
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Table 1. Key parameters in simulation [13,14].

Parameters Value Parameters Value
Cy 160 {F Cq 10 fF
o 11.6 fF N 5676
R, 200 kO T4 45ns
Ry 50 Q) 7 22%@520 nm
Chast 25 fF AspAD 3.07 x 3.07 mm?
107

—— Standard Output Estimated
2o 4 Standard Output Measured
——Fast Output Estimated
Fast Output Measured

RC time constant (s)
o

1079 : ' :
0 0.5 1 15 2

Optical Power(W) %107

Figure 2. The measured RC time constant of the tested SiPM at different incident optical power using
the standard output and the fast output.

According to the relationship between the 3 dB bandwidth and the RC time constant,
Bsgg = 1/(2715) [12], the maximum 3 dB bandwidth of the tested SiPM is limited to
~10 MHz. To improve the time resolution, the manufacturer added a series-connected
capacitor Cgg; at the output, as shown in Figure 3. Because the equivalent diode capacitance
is reduced by an order of magnitude, the SiPM using the fast output has a much smaller
RC constant than using the standard output. The equivalent diode capacitance is:

Ca Cfast
Coppg==——"75 6
4. Ci+ Cfast ©
>
Fast
Output
Cfast Cfast Cfast Cfast
Standard
Output

Figure 3. Schematic of SiPM with fast output [13].
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The yellow spots in Figure 2 are the measured RC time constant of the tested SiPM
using the fast output and the green curve shows the estimated RC time constant calculated
by Equation (5) after substituting C,, 4 into Equation (3). The agreement between the esti-
mated results and the measured data indicate that Equations (4)-(6) can be used to estimate
the frequency response of the tested SiPM when fast output has been used. Additionally,
compared with the standard output, the 3 dB bandwidth was improved by a factor of 10
when fast output was used.

3. Method of Predicting Subcarrier SNR

For estimating the OFDM data rate, the SNR at each subcarrier is required. The
estimated frequency response, which shows the signal power at different frequencies, can
be used as prior knowledge for the SNR estimation.

The OFDM signal is a superposition of the modulated subcarriers. Without performing
power loading, the transmitted power is equal across subcarriers. Regarding each subcarrier
as an independent single carrier transmission, the number of photons detected by SiPM at
an individual subcarrier within a sample duration can be estimated by Equation (1). The
dominant noise source in an SiPM-based receiver is shot noise [3]. Assuming the channel
response is flat, the SNR at each subcarrier can be expressed as [15]:

Ns
v Ns + N,

where N; is the number of detected signal photons and Nj, is the number of detected
background photons. However, in practice, the SNRs at different subcarriers degrade with
the increase in frequency due to the channel response. Therefore, Equation (7) can only be
valid for estimating the maximum subcarrier SNR.

The frequency response shows the signal power at different frequencies, which is
related to the signal counts N at the SiPM-based receiver. When the background counts (Np)
are negligible, the SNR at the SiPM-based receiver is close to a square root of N, according
to Equation (7). Therefore, the normalized SNR at the SiPM-based receiver is a square root
of the normalized channel gain in frequency response. For generating the optical OFDM
signal, the clipping process is required to prevent the negative intensity and the nonlinear
distortion at the cost of introducing the clipping noise and distortion, which also affects
the subcarrier SNR [16]. Combining the maximum subcarrier SNR, the normalized SNR,
and the correction factor caused by clipping, the SNRs at all the subcarriers SNR(f) can be
estimated, which is given by:

SNR = (7)

SNR(f)= 10 x log;y SNRmax+10 x logy, / F(f) + a(f) (8)

where SN Rmax refers to the maximum subcarrier SNR. F(f) is the normalized frequency
response of the whole system which takes the frequency response of all the devices within
the system into account. The frequency response of the SiPM at different received power
can be estimated using Equations (4) and (5), and the frequency response of other devices
can be obtained from the datasheet provided by the manufacturer; «(f) is the correction
factor which is related to the impact of clipping. The fundamental performance of an
SiPM-based OWC system is determined by the SiPM chip incorporated in the receiver.
Optimizing the clipping level will provide additional SNR gain for a given SiPM [7]. Since
this work concentrates on figuring out the SiPM chip design and selection guideline instead
of investigating the signal optimization method, for simplicity, the clipping level that makes
the signal distortion and clipping noise negligible is used in this study. Therefore, a(f) is
set to 0 in this work.

In order to verify the accuracy of using Equation (8) for predicting the subcarrier
SNR, an experiment was performed. The experimental setup is shown in Figure 4. For
simplicity, the DC-biased optical OFDM (DCO-OFDM,) is used in this work. Compared
with the asymmetrically clipped optical OFDM (ACO-OFDM), DCO-OFDM has higher
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spectral efficiency. The DCO-OFDM signal with 512 subcarriers and a cyclic prefix (CP)
length of 16 was generated in MATLAB. This signal was conditioned for transmission by
clipping any values outside the allowed operating range. The clipping level was set to
+2.50 to minimize the signal distortion and noise from clipping [16,17]. The conditioned
digital signal was then converted to the analog signal through AWG (AWG5202). The
maximum amplitude of the output signal from the AWG was limited to 500 mV. A Mini-
circuit ZHL6A+ amplifier with a 3 dB bandwidth of 500 MHz was used to maximize the
transmitted signal. Combining with a DC bias (50 mA) at the LD mount, the amplified
signal drove a 520 nm LD LP520-SF15 to generate the optical signal. An adjustable optical
attenuator was placed after the LD to change the transmitted optical power. To reduce the
impact of ambient light, this experiment was conducted in the dark, and a 1 nm optical
filter with a 3 mm x 3 mm aperture was placed over the SiPM. The ambient light measured
after the optical filter was less than 2 nW. The output signal from the SiPM’s fast output
was captured by an oscilloscope (MSO7104B). The captured signal was recovered back to
the binary bits after synchronization, fast Fourier transform (FFT), equalization, and M-
QAM demodulation. SNR estimation was implemented using the reference pilot symbols
modulated in binary phase-shift keying (BPSK). The SNRs at different frequency subcarriers
were obtained based on error vector magnitude estimation (EVM) [18].

T
LD LD Mount
Controller
7y
Collimator
( \ ( \ Optical )
AWG > Amplifier Attenuator
_A_/ —
Optical
— PN Filter
PC «— OSC |« SiPM
—

%1073

N

Power (W)

0 0.02 0.04 0.06 0.08
Current(A)

(b)

Figure 4. (a) Experimental setup (AWG: Arbitrary Waveform Generator, LD: laser diode, OSC:
oscilloscope). (b) Measured optical power from the tested LD at different bias currents.
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The discrete spots in Figure 5 are the measured maximum subcarrier SNRs achieved
at various received optical powers. The solid curve in Figure 5 is calculated based on
Equation (7). The good agreement between the estimated results and the measured data
suggests that Equation (7) can be used to estimate the maximum subcarrier SNR when the
clipping levels make the clipping noise and clipping distortion negligible.

14 . ' x -

12

10

SNR(dB)

—— Estimated Maximum SNR| |
¢ Measured Maximum SNR

0 1 1 I
0 0.5 1 1.5 2

Optical Power (W) %1078

Figure 5. The maximum subcarrier SNR against various received optical power using a clipping level
of £2.50.

The dashed curve in Figure 6 shows the estimated SNRs of the tested system at
different frequency subcarriers, which are calculated based on Equation (8). In order
to obtain an accurate estimation of the tested system’s channel response, the frequency
response of the amplifier G,(f) and other electronics G,(f) used in Figure 4 was also taken
into account. The fitting function for the tested amplifier and other electronics is given by:

Ga(f) = ap + a1 x cos(wf) + by x sin(wf)
+ap x cos(Qwf) + by x sin(2wf) )
+az x cos(3wf) + bz x sin(3wf)

Go(f) =ax fP+c (10)

where f is the frequency and the best fitting values to the measured G,(f) and G,(f) in
dB are listed in Table 2. The correction factor a is set to 0 since the signal distortion and
noise introduced by clipping can be ignored at the clipping level of £2.50 [16]. Results in
Figure 6 show that the estimated subcarrier SNR approximately matches the measured
results, which suggests that Equation (8) can be used to predict the subcarrier SNR.
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Figure 6. Subcarrier SNR measured at a received optical power of 2 pW using a clipping level
of +£2.50.

Table 2. Fitting parameters.

Parameters Value Parameters Value
ag —30.76 bs —3.961
a 22.15 w 1.618 x 1077
ap 18.11 a —61.55
as 10.08 b —0.1706
by —0.5856 C 3.275
by —2.362 - -

4. Data Rate Estimation and Verification

After applying the bit-loading algorithm to the estimated subcarrier SNR, the achiev-
able OFDM data rate using an SiPM-based receiver can be predicted. The bit-loading
process allocates different numbers of bits to the subcarriers according to the subcarrier
SNR [18]. The SNR required to obtain a target BER at different QAM sizes is calculated
based on Gaussian distribution. After the DFT process, the signal-dependent noise within
the SiPM-based receiver becomes signal independent over the frequency subcarrier, making
the QAM constellation diagram at each subcarrier also follow the Gaussian distribution [19].
Therefore, the typical bit-loading scheme can be directly used in the SiPM-based OFDM
system. In this paper, the Levin-Campello (LC) algorithm is used for bit loading [18].
Table 3 lists the SNRs required by M-QAM to obtain a BER of 3.8 x 1073, considering an
FEC overhead of 7% [20].

Table 3. SNR required by M-QAM to obtain a BER of 3.8 x 1073.

M-QAM Required SNR (dB)
2-PSK 6.8

4-QAM 9.8

8-QAM 144

16-QAM 16.5
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The spectral efficiency of the DCO-OFDM system after performing bit loading is given
by [17]:
Nppr/2-1
kZO sgn(My) log, My
E = = 11
Nrrr + Nep b
where Nrrr is the FFT size, M is the constellation size on the kth subcarrier after bit loading,
Ncp is the size of the CP in the time domain, and sgr(x) is the sign function. Then, the
system’s data rate is:

D=2xBxE (12)

where B is the single-sided bandwidth of the system which can be calculated as B = ZXl—TS
and T is the sampling period.

A flow chart representing the approach used to estimate the data rate that an SiPM
can support at a given received power with OFDM is shown in Figure 7. This approach
starts with inputting the incident light intensity L, sample time T, the specification of a
given SiPM of interest, and the frequency response of other devices within the system.
Then, the number of SPADs fired within SiPM at a given received power is calculated based
on Equations (1) and (2). The frequency response of the SiPM-based receiver achieved
at a given received power can then be estimated using Equations (4) and (5). Combined
with the maximum subcarrier SNR, the subcarrier SNR is calculated by Equation (8). After
applying the bit-loading algorithm, the spectral efficiency and hence the data rate can be
predicted based on Equation (12).

Start

!
InpUt: LI/\/I Td, N, 7; ASPAD’ Cd’ Cq’ Rd! qu Go(f)
|

Calculate the number of fired SPADs based on equation (1) and (2)

!

Estimate the frequency response of SiPM based on equation (4) and (5) |

!

Estimate the subcarrier SNR based on the estimated frequency response and equation (8)

!

Apply bit-loading according to the estimated subcarrier SNR

!
Estimate the Date Rate based on equation (12)

Figure 7. A general approach to estimate the achievable OFDM data rate using a SiPM-based
OFDM receiver.

The dashed line in Figure 8 shows the estimated data rates at different received optical
power calculated based on the data rate estimation approach shown in Figure 7. Due to
that the number of allocated bits at a given subcarrier do not increase linearly with SNR,
the dashed curve is not linear. The red spots are the measured results achieved by the
tested system shown in Figure 4. The good agreement between the estimated and the
measured results suggests that this approach can estimate the OFDM data rate achieved by
an SiPM-based receiver at different received optical power.
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Figure 8. Data rate achieved at different received optical power with bit loading. The inset shows the
bits assigned to each subcarrier achieving a data rate of 1.4 Gbps at the received optical power of
2 uW.

5. Discussion

Since SiPMs are a relatively new technology, the newly released product has signifi-
cantly better characteristics than their predecessors, which offers the prospect of achieving
even higher data rates at the same received power. The approach validated in Section 4 is
used in this section to investigate the possible performance of SiPMs with a higher number
of SPADs, shorter recovery time constant, and higher PDE. In the simulation, the same
parameters and system configuration in Figure 4 are used.

Due to that each SPAD microcell is inactive during its dead time, SiPM has a nonlinear
response. This nonlinear response limits the subcarrier SNR of the SiPM-based receiver
according to Equations (1) and (7). An SiPM with a larger number of SPADs will have more
available SPADs to detect the incident photons and hence will be less impacted by the dead
time. Increasing the number of SPADs within SiPM can therefore increase the SNR at each
subcarrier. However, this approach also reduces the bandwidth of the SiPM due to the
increased number of passive microcells and their associated passive capacitance. Figure 9
shows the estimated data rate at a PDE of 22% with various recovery time constants against
different numbers of SPADs. Results suggest that the bandwidth reduction is negligible
compared with the SNR increment. For example, the SNR is improved by 3 dB at the
reduction in the bandwidth by 1% when the number of SPADs increases from 5000 to
20,000. Consequently, increasing the number of SPADs within SiPM eventually boosts the
data rate, as shown in Figure 9.

The recovery time constant, which determines the length of dead time, is a function of
Ry, C4, and Cy. Reducing the recovery time constant can therefore reduce SiPM’s nonlinear-
ity and increase SiPM’s bandwidth simultaneously, according to Equations (1) and (5). At
present, the typical recovery time constant of a commercially available SiPM varies from
15 ns to 50 ns [13]. Results in Figure 9 show the possible data rates can be achieved with
typical recovery time constant values [13], which confirms that the data rate increases with
the reduction in the recovery time constant.
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Data Rate (Gbps)
N
(&)}

—4&—recovery time constant 15ns
——&—recovery time constant 30ns||
———recovery time constant 45ns

recovery time constant 50ns

1 2 3 4 5
Number of SPADs within SiPM 104

Figure 9. The data rate can be achieved with a larger number of SPADs and a shorter recovery time
constant at a PDE of 22% with a received optical power of 2 uW.

Figure 10 shows the estimated data rate against different numbers of SPADs at a
recovery time constant of 15 ns with different PDEs. Equation (7) suggests that increasing
the number of received signal photon counts can improve the SNR. As a result, increasing
SiPM’s PDE improves the SNR and hence the achievable data rate at the same received
power, as shown in Figure 10. In [7], a commercially available SiPM, which has a peak PDE
of 48%, recovery time constant of 15 ns, and contains 1.5 x 10* SPADs, achieved a data
rate of 3 Gbps at a received power of 2 uW operated at a PDE of 36% using DCO-OFDM.
This experimental result is quite close to our prediction shown in Figure 10. The validated
performance improvement confirms that the SiPM with a larger number of SPADs, shorter
recovery time, and higher PDE can achieve a higher data rate. When the number of SPADs
is higher than 4 x 10%, at a recovery time constant of 15 ns and a PDE of 48%, the data rate
of the SiPM-based OFDM-OWC system can be higher than 4 Gbps with the same received
power. Under the same condition, the data rate that can be supported by conventional
PIN is below 500 Mbps, and the typical APD is 3 Gbps [21]. This result suggests that the
increased sensitivity made available by the use of SiPM can be exploited to boost the OWC
system’s data rate.

45 :
——PDE 22%
4| |4 PDE 36% 4
——PDE 48% 4
Data in [7]

w
&)

Data Rate (Gbps)
& o

PN

N
&

1.5

1 2 3 4 5
Number of SPADs within SiPM «10%

Figure 10. Data rate can be achieved by the SiPM with different PDEs at the received optical power
of 2 uW [7].
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6. Conclusions

In an SiPM-based OFDM-OWC system, the SiPM chip used at the receiver dominates
the achievable data rate. The electrical property of SiPM determines the frequency resource
used for transmitting the OFDM symbol, and the nonlinearity of the SiPM determines the
subcarrier SNR.

In this paper, a model for estimating the power-dependent RC constant and hence
the frequency response of the SiPM was derived according to SiPM’s equivalent circuit
model and showed to agree with results obtained from a commercially available SiPM.
Since the normalized SNR at the SiPM-based receiver is a square root of the normalized
channel gain in frequency response, a method for predicting the subcarrier SNR was then
presented based on the estimated frequency response and the maximum subcarrier SNR.
The subcarrier SNR estimation method validated in the paper was then used to create a
general approach for predicting the achievable OFDM data rate using a given SiPM. Results
presented in this paper show that this approach accurately predicts the OFDM data rate
using an SiPM-based receiver.

The validated estimation approach was then used to predict the performance of SiPMs
with a higher number of SPADs, shorter recovery time constant, and higher PDE. The
results show that the best type of SiPM to use in OFDM receivers is one with a large number
of SPADs, short recovery time constant, and large PDE. An SiPM with 4 x 10* SPADs, 15
ns recovery time, and 48% PDE should be possible to support a data rate of 4 Gbps. Further
work is needed to confirm these predictions and to explore the possibility of achieving even
higher data rates.
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