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Abstract: This review concentrates on the state-of-the-art hardware-oriented receiver aspects for
optical wireless communication (OWC), and points to the importance of BER performance analysis
and modeling in presence of non-perpendicular light incidence. Receivers in OWC networks for
6G applications have to work for strongly different light incidence angles, to allow the formation
of connections to locally separated transceivers without the need for rotation units and accurate
adjustment. In turn, and in combination with fully integrated optical receivers, reduction of cost
and increased comfort can be achieved. Fully integrated [bipolar] complementary metal-oxide-
semiconductor ([Bi]CMOS) receivers with on-chip avalanche photodiodes (APDs) and single-photon
avalanche diodes (SPADs) are presented and their performance in optical wireless communication is
summarized. Impressive data rates up to 2 Gbit/s and free-space transmission distances up to 27 m
at bit error ratios (BER) below 10−9 are reached with linear-mode APD receivers. The importance
of optical interference in the isolation and passivation stack on top of the integrated photodiodes
is illuminated. To be able to predict the dependence of the BER of single-photon avalanche diode
(SPAD) receivers on the light incidence angle, a model, which includes a model for the photon
detection probability and a standing-wave model for the isolation and passivation stack, is extended.
The dependence of the BER on the light incidence angle onto the photodiodes is investigated by
electromagnetic simulation for optical transmission of the layers on top of the photodiode, device
simulation for the avalanche triggering probability and BER modeling with MATLAB. It is found
that incidence angles up to 30◦ have moderate influence on the BER and that the BER degrades
significantly for incidence angles larger than 50◦.

Keywords: avalanche photodiode; single-photon avalanche diode; optical receiver; optical wireless
communication; BER model; light incidence angle

1. Introduction

Data traffic steadily increases and there is also a large growth in radio wireless com-
munication. Optical wireless communication (OWC) [1–4], visible light communication
(VLC) [5–7] and light fidelity (LiFi) [8,9] can take over part of the data traffic, especially
indoor within rooms and offices. An advantage is a gain in comfort, when devices do not
have to be connected by wires or cables. To achieve true comfort, accurate adjustment
and alignment of transmitters and receivers has to be avoided and, therefore, the optical
incidence angle on the receivers comes into the play. Considering the postulated need
of beam steering to obtain compact and cheap devices for wireless networks [10], a wide
receiver acceptance angle is also required. Receiver field-of-views between 10◦ and 25◦

are mentioned in [11]. A receiver field-of-view (FoV) of 90◦ was reported to be best for
positioning [12]. Indeed, for practical applications of OWC and VLC, the incidence angle
has large effects on the data transmission [13,14]. The importance of wide-FoV receivers for
the deployment of OWC was also mentioned in [15]. However, OWC, VLC and LiFi can
replace radio wireless communication in addition to homes and offices in electromagnetic
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interference (EMI)-sensitive environments like airplanes, hospitals, and industrial produc-
tion halls [16]. Due to eye-safety reasons, the emitted optical power is quite limited and
highly sensitive optical receivers with a large light-sensitive area are required for optical
free-space communication.

Pulse amplitude modulation (PAM) and other efficient modulation methods for data
rate enhancement were suggested [17–20]. However, according to [21], if positioning
is implemented, orthogonal-frequency-division-multiplexing (OFDM) and optical code-
division-multiplexing-access (OCDMA) with optical orthogonal codes [22] reduce the
data rate, and the bandwidth of the photodiode limited the data rate to 2.5 Gb/s at
a transmission distance of 2 m [22].

Astonishing results with respect to transmission distance were already achieved with
binary pin-photodiode receivers (19 m at 3 Gb/s) exploiting a lens at the receiver [23].
The receiver lens, however, limited the total receiving angle to 9◦. To compensate for
the optical gain of a receiver lens, the pin-photodiode can be replaced by an avalanche
photodiode (APD). Discrete APDs are optimized with respect to low excess noise. However,
due to this noise reduction, they need very high reverse bias voltages (e.g., 230 V) [24].
Therefore, we investigated the possibilities of integrated APDs with thick absorption
zone, so-called reach-through APDs, with respect to breakdown voltage, excess noise, and
receiving angle. The results obtained with such integrated linear-mode APD receivers will
be summarized below.

Since APDs were exploited excessively also as single-photon avalanche diodes in
the Geiger mode for many applications including optical receivers [25–27] and optical
free-space communication [28,29], because of their very high gain, we will also summarize
the properties and results of SPAD receivers in OWC. Especially, since SPAD receivers
suffer from a much larger bit-error ratio, as APD receivers, and since the bit error ratio
(BER) increases with the incidence angle, the dependence of BER on the light incidence
angle will be investigated.

2. Integrated APD Receivers

The thick absorption zone of the integrated pin photodiode in 0.35 µm (Bi)CMOS [23] was
exploited for an integrated reach-through APD [30], by adding the p-well as a multiplication
zone (see Figure 1a). Fortunately, the p-well of the process can be already completely
depleted below the breakdown voltage, so that the thick absorption zone (p- epitaxial layer)
is also fully depleted in the linear APD mode. The thickness of this intrinsic absorption
zone was about 10 µm. The breakdown voltage of this pin-photodiode-(Bi)CMOS APD
was about 35 V. Another possibility to obtain a thick absorption zone in a high-voltage (HV)
CMOS technology was the partial compensation of the doping concentration of a deep
p-well and of the p epitaxial layer, by implementation of an additional deep n-well [31]
(see Figure 1b). The breakdown voltage of this HV-CMOS APD was about 68 V, which is,
however, well within the isolation capability of the transistors of 100 V in this process. In
contrast to the APD in pin-photodiode CMOS, the APD in HV CMOS can be equipped
with an anti-reflection coating (ARC).

Via pin-photodiode APDs, with diameters of 200, 400 and 600 µm, we ended up with
an 800 µm-diameter APD integrated in a 0.35 µm BiCMOS receiver [30]. A segmentation
of the large-area APDs for high data rates as it was used in [32] was not necessary.

The capacitance of the 800 µm-diameter APD was 7 pF. Modulation doping of the
p-well was applied in [30] to extend the bandwidth of the APD at the expense of a higher
breakdown voltage. The excess noise of the HV-CMOS APD was the smallest and modula-
tion doping increased the excess noise of the pin-photodiode APD [30]. The 200 µm-pin-
APD BiCMOS optoelectronic integrated circuit (OEIC) reached a sensitivity of −32.2 dBm
at a BER of 10−9 for a data rate of 2 Gbit/s (λ = 675 nm, PRBS31) [30]. The 400 µm pin-
APD, accomplished −30.6 dBm [30] and the 600-µm-pin-APD BiCMOS OEIC showed
a sensitivity of −29.7 dBm at 2 Gb/s (BER = 10−9).
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Figure 1. Cross sections of integrated APDs. (a) Pin-photodiode (Bi)CMOS APD. (b) high-voltage CMOS APD. 
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an 800 µm-diameter APD integrated in a 0.35 µm BiCMOS receiver [30]. A segmentation 
of the large-area APDs for high data rates as it was used in [32] was not necessary. 

The capacitance of the 800 µm-diameter APD was 7 pF. Modulation doping of the p-
well was applied in [30] to extend the bandwidth of the APD at the expense of a higher 
breakdown voltage. The excess noise of the HV-CMOS APD was the smallest and modu-
lation doping increased the excess noise of the pin-photodiode APD [30]. The 200 µm-pin-
APD BiCMOS optoelectronic integrated circuit (OEIC) reached a sensitivity of −32.2 dBm
at a BER of 10−9 for a data rate of 2 Gbit/s (λ = 675 nm, PRBS31) [30]. The 400 µm pin-APD, 
accomplished −30.6 dBm [30] and the 600-µm-pin-APD BiCMOS OEIC showed a sensitiv-
ity of −29.7 dBm at 2 Gb/s (BER = 10−9).

The block-diagram of the 800 µm-APD receiver is shown in Figure 2a. The dummy 
transimpedance amplifier (TIA) adjusts the reference voltage for the differential limiting 
amplifier and, together with the operational transconductance amplifier (OTA) in propor-
tional integral (PI)-controller configuration, elimination of offset voltages and of photo-
current from background light is achieved. Noise of the dummy TIA is reduced by CB, 
which limits its bandwidth (for details refer to [30]). The TIA uses a cascode transistor Qcas

to reduce the Miller effect, not to increase the input node capacitance further (see Figure 
2b). The resistor Rcas increased the current in the input transistor Qin and thereby its trans-
conductance for reduced input noise current. This technique allowed to keep the voltage
drop across Rload low. The 3 dB bandwidth and the amount of the peaking was made tun-
able with the switchable capacitance Cfb (0.35 fF, 70 fF and 105 fF). A fabricated 800 µm-
APD receiver chip is shown in Figure 3. The sensitivities of this 800 µm-pin-APD BiCMOS 
OEIC for BER = 10−9 were −33 dBm at 1 Gb/s and −29.3 dBm at 2 Gb/s [30]. It should be 
mentioned that, with error correction (BER = 2 × 10−3), the sensitivity improves by about 6
dB to −35.3 dBm at 2 Gb/s and by 5.5 dB to −38.5 dBm at 1 Gb/s [30]. 

Figure 1. Cross sections of integrated APDs. (a) Pin-photodiode (Bi)CMOS APD. (b) high-voltage CMOS APD.

The block-diagram of the 800 µm-APD receiver is shown in Figure 2a. The dummy
transimpedance amplifier (TIA) adjusts the reference voltage for the differential limit-
ing amplifier and, together with the operational transconductance amplifier (OTA) in
proportional integral (PI)-controller configuration, elimination of offset voltages and of
photocurrent from background light is achieved. Noise of the dummy TIA is reduced by
CB, which limits its bandwidth (for details refer to [30]). The TIA uses a cascode transistor
Qcas to reduce the Miller effect, not to increase the input node capacitance further (see
Figure 2b). The resistor Rcas increased the current in the input transistor Qin and thereby
its transconductance for reduced input noise current. This technique allowed to keep the
voltage drop across Rload low. The 3 dB bandwidth and the amount of the peaking was
made tunable with the switchable capacitance Cfb (0.35 fF, 70 fF and 105 fF). A fabricated
800 µm-APD receiver chip is shown in Figure 3. The sensitivities of this 800 µm-pin-APD
BiCMOS OEIC for BER = 10−9 were −33 dBm at 1 Gb/s and −29.3 dBm at 2 Gb/s [30]. It
should be mentioned that, with error correction (BER = 2 × 10−3), the sensitivity improves
by about 6 dB to −35.3 dBm at 2 Gb/s and by 5.5 dB to −38.5 dBm at 1 Gb/s [30].
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Receivers with the HV-APD were realized with APD diameters of 200 and 400 µm
and showed for 675 nm, 1 Gb/s, BER = 10−9, and PRBS31 sensitivities of −35.5 and
−34.7 dBm [31], respectively.

3. OWC with APD Receivers

The OWC experiments were performed with a 680 nm vertical cavity surface emitting
laser (VCSEL) driven with a MAX3740A chip at an optical power of 0.85 mW, and a cheap
lens (MPG-95 from Roithner) for collimation of the transmitted beam to a divergence of
0.057◦ (full width at half maximum, FWHM) [30]. The measured transmission distances
for the realized integrated APD receivers are listed in Table 1. No receiver lens was used.
No 600 and 800 µm-diameter APD receivers in HV CMOS were investigated, but thanks to
the anti-reflection coating (ARC), the HV CMOS APD receivers with APD diameters of 200
and 400 µm reached somewhat larger transmission distances than the pin-photodiode APD
BiCMOS receivers at 1 Gb/s. The bandwidth of the HV CMOS receivers was not sufficient
for 2 Gb/s. Compared to MOSFETs, bipolar transistors possess a larger transconductance
at the same operating current and, therefore, the BiCMOS receivers achieved twice the data
rate. With increased APD diameter, the transmission distance rose to 27 m at 1 Gb/s and to
16.5 m at 2 Gb/s.

Table 1. Transmission distances of integrated APD receivers for BER < 10−9.

APD Diameter
(µm)

HV CMOS 1 Gb/s
(m)

BiCMOS 1 Gb/s
(m)

BiCMOS 2 Gb/s
(m)

200 12.2 11 6.5
400 22 20 12.2
600 22 15.5
800 27 16.5

Transmission distances up to 1.5 m and data rates reaching 3 Gb/s were published [33].
With a combination of a wire-bonded, segmented APD with an area of 10,000 µm2 in
0.35 µm technology, an ac-coupled amplifier, a transmitter lens and a receiver lens with
diameters of 5–7 cm, a transmission distance of 72 m was reported for 1–2 Gb/s [34].
The sensitivity for BER = 3.8 × 10−3 at 680 nm was given with −30 dBm. In [35], the
transmission distance was 2 m with a VCSEL as transmitter, a photodiode being 65 µm in
square and a data rate of 50 Mb/s. With visible and infrared LED for down- and up-link,
respectively, 400 Mb/s was transmitted via 2 m at a BER of 10−8 using discrete multi-tone
(DMT) [36]. A data rate of 11.1 Gb/s was transmitted over 1.2 m free-space distance with
a 682 nm, 1 GHz VCSEL, a 2 GHz APD using OFDM and a parallel beam [37].

The bit error ratio (BER) was also investigated in dependence on the light incidence
angle. Compared to the pin-photodiode receiver with receiver lens, the receiving angle for
a BER < 10−9 was doubled to 18◦ for the pin-photodiode 400 µm-APD receiver without
receiver lens at a data rate of 2 Gb/s and a distance of 11 m [38]. The “oscillations” of the
BER, in dependence on the light incidence angle, and the increase of the BER, with the
incidence angle for the APD receiver without ARC [38], actually were the motivation to
investigate the BER of SPAD receivers in dependence on the light incidence angle. The
maximum light receiving angle was 76◦ (±38◦, 200 µm-APD at 11 m distance) and 74◦

(±37◦, 400 µm-APD at 20 m distance), both at 1 Gb/s, thanks to the ARC being disposable
in the 0.35 µm HV CMOS process [31]. If error correction is used, the BER can raise up
to 2 × 10−3 [39,40] and the total receiving angles are larger than 124◦ and 144◦ for the
HV-CMOS APD receiver and the pin-photodiode CMOS APD receiver [30], respectively.

4. SPAD Receivers

The first SPAD receiver was introduced in 2013 [25]. This receiver contained 1024 thin
p+/n-well SPADs and its sensitivity for 100 Mb/s and 450 nm was −31.7 dBm. The next
one implemented 100 SPADs and achieved 20 Mb/s at a wavelength of 860 nm without
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reporting a sensitivity [41]. For 100 kb/s, the reported sensitivity was −64 dBm [17]. In [18]
the data rate was raised to 200 kb/s and at 1 kb/s the sensitivity was −107 dBm.

The APD in pin-photodiode CMOS (see Figure 1a) can also be operated in the Geiger
mode, and four SPADs of this type were implemented together with active quenching
circuits in 0.35 µm CMOS for an excess bias of 6.6 V [42]. A low avalanche detection
threshold and a fast quenching reaction time were achieved by a sensitive comparator
and pre-biasing, respectively, in order to keep afterpulses low. There are also dark counts
in SPADs. Both, afterpulses and dark counts lead to a high BER, if only one SPAD is
used in an optical receiver. In order to reduce the probability of bit errors, a coincidence
principle can be used, however, at the expense of detection of a photon each in a few
SPADs. But within arrays of SPADs, there is another parasitic effect, namely optical
crosstalk, which is also relevant for the BER. The first guess for our SPAD’s dark count
rate (DCR) and afterpulsing probability (APP) behavior was that four SPADs should be
sufficient to push the BER below the forward error correction (FEC) limit of 2 × 10−3.
The measured sensitivity of this 4-SPAD receiver for this BER was −54 dBm in NRZ and
−55.7 dBm in RZ, both for 50 Mb/s, using analog postprocessing in MATLAB [42]. The
data rate of the 4-SPAD receivers is mainly limited by the dead time, which is necessary to
keep BER caused by afterpulses low enough for error correction.

Since experiments on the few-photon level are very complex and time consuming,
we developed a BER model for SPAD receivers [43], considering the measured parasitic
SPAD noise [44]. The BER model can help us to better understand the contribution of
different SPAD intrinsic parasitics to the receiver performance and identify the bottleneck
to enable further circuit and device structure optimizations. In fact, even by complex and
time consuming experimental investigation it is hard to distinguish between the bit errors
caused by dark count, afterpulsing and crosstalk noise mechanisms. A very important
result of a sensitivity analysis using the BER model was that the optical crosstalk influences
the BER more severely, as compared to the afterpulsing and dark count mechanisms [43].
Therefore, BER models that describe single-SPAD receivers [45] or neglect the crosstalk
effect in SPAD arrays [25,46] are not applicable here.

The BER model presented in [43] is based on the calculation of error probabilities
assuming equally likely bits “0” and “1,” where the receiver decides for a logical bit “0”
or “1” by comparing the number of triggered SPADs to a decision threshold during each
bit time. Our experimental investigation on the 4-SPAD receiver (Figure 4) showed that
a decision threshold of four (triggered) SPADs can overcome the parasitic effects to provide
an acceptable BER (<2 × 10−3) [43].
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A wrong decision with regard to a logical “1” bit happens when less than four SPADs
fire during the bit time. At a given optical power, the error probability can be decreased by
increasing the excess bias voltage on the SPADs to increase the photon detection probability
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(PDP). However, this will also increase the noise (i.e., the avalanche probabilities associated
with the background light, dark count, afterpulsing, and crosstalk), which increases the
possibility for incorrect decisions with respect to logical “0” bits. Therefore, there is
an optimum excess bias voltage level corresponding to a minimum total error probability
(for both of logical “0” and “1” bits) at a specific optical power level.

The BER model can capture the contribution of photon absorption, dark-count, after-
pulsing, and crosstalk avalanche triggering mechanisms to the total detection and error
probabilities in all SPADs as explained in detail in [43]. The model assumes that the SPAD
intrinsic noise is independent of the optical signal (i.e., receiving a logical “0” or “1”), as the
noise avalanche triggering probability in a ready-to-fire SPAD during a given bit time does
not depend on the current incident optical power. Therefore, in order to extend this model
to incorporate the effect of a deviation in the light incidence angle from the surface normal
on the BER performance, we only need to modify the photo-count statistics. In order to
apply this modification, we need to characterize the dependency of the photon detection
probability (PDP) on the light incidence angle at any specific wavelength, and this requires
a PDP model that carefully characterizes the dependency of the PDP on different optical
and electrical parameters. We presented a comprehensive PDP model in [47] that can
capture the dependency of the PDP on the angular deviation of the incident light, and in
Section 6 we explain how these models can be used to predict the BER performance of
SPAD receivers.

5. OWC with SPAD Receivers

We should also be aware that background light acts like dark counts in SPAD receivers
during OWC (i.e., it increases the BER). Therefore, it is indispensable to use an optical
interference filter for OWC with SPAD receivers. What is more, SPAD receivers are charac-
terized by much higher BERs than APD receivers. APD receivers can be used in error-free
operation (BER < 10−9). SPAD receivers; however, have BERs being orders of magnitude
larger, although a coincidence principle is used. Nevertheless, the SPAD receiver presented
in Figure 4 was tested in OWC. A 650 nm 1.1 mW resonant cavity (RC) light emitting diode
(LED) from Firecomms and a collimating lens were used [48]. In non-return to zero (NRZ)
with the 4-SPAD receiver, the maximum distance at 50 Mb/s for a BER below the forward
error correction (FEC) limit was 5 m. The influence of the return-to-zero (RZ) duty cycle
on the BER was investigated in [48]. It was possible to increase the data rate to 75 Mb/s
at a distance of 3 m. Lowest BERs were obtained at duty ratios of about 50%. When we
compare SPAD receivers with APD receivers with respect to transmission distance, SPAD
receivers are inferior, although they possess a better sensitivity.

To come back to the high BER of SPAD receivers: When we envision the dependence
of the BER of linear-mode APD receivers on the light incidence angle (i.e., the increase
of the BER with the incidence angle), such a behavior can become a severe problem for
SPAD receivers. Since the BER of the SPAD receivers is not far away from the FEC limit,
the receiving angle of SPAD receivers may be severely limited. To investigate this issue, we
developed a BER model also in dependence on the light incidence angle for SPAD receivers.
Since DCR, APP and optical crosstalk of SPADs are independent of the light incidence
angle, only the dependence of the PDP on the incidence angle is needed for the usage of
the BER model reported in [43].

6. PDP and BER of SPAD Receivers in Dependence on Light Incidence Angle

As it was mentioned before, in order to consider the effect of the deviations in the light
incidence angle from the surface normal on the BER performance, we need to modify the
photo-count statistics by characterizing the angular dependency of the PDP. The BER model
presented in [43] assumes that, similar to the SPAD noise detection probability, the photon
detection probability is only a function of the SPAD biasing condition. This is a reasonable
assumption if the modeling is used to characterize the BER at perpendicular light incidence
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condition. However, the effect of the deviations in the light incidence angle cannot be
captured unless the BER modeling approach is extended to take this effect into account.

In order to characterize the PDP performance of SPAD devices, a physics-motivated
approach can be used based on the characterization of the avalanche triggering proba-
bility inside the silicon [49–52]. However, here we need a comprehensive PDP modeling
approach that accurately considers the photon absorption profile inside the silicon region
in presence of angular deviation as is presented in [47]. Therefore, we employ this PDP
model and extend the BER model according to Figure 5, where a flow chart of the proposed
methodology for accurate modeling of the BER performance of a SPAD array receiver is
presented. In this extended mode, different electrical and optical effects including the
angular deviation of the incident light from the surface normal are taken into account.

Electronics 2021, 10, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. Flow chart of the extended BER model for accurate performance modeling of SPAD-based OWC receivers in 
presence of non-perpendicular light incidence (PDP model: [47], SPAD noise model: [44], BER model: [43]). 

Here, the SPAD biasing condition and the photon incidence angle are provided to 
the PDP model to obtain avalanche triggering probability and photon absorption proba-
bility profile inside the silicon, using TCAD (ATLAS from Silvaco [53]) and electromag-
netic simulation (optical simulation) with CST [54], respectively. Accordingly, the photon 
detection probability of the SPAD is obtained and, therefore, the photon-count statistics 
in presence of the light incidence angle can be determined to allow the BER model to take 
this effect into account. In fact, an angular deviation of the light incidence (θ) from the 
surface normal affects the photon absorption probability profile, as it changes the photon 
transmission into the silicon as well as the absorption depth of the transmitted photons 
inside the silicon. However, the TCAD simulation results to obtain the avalanche trigger-
ing probability are independent of θ, as θ only affects the photon transmission into the 
silicon, but not the electric field profile inside the silicon. In order to obtain the photon 
transmission as a function of θ using electromagnetic simulations, we need to know the 
optical properties of the silicon and of the layers above as they have a significant influence 
on the photon transmission. In this SPAD technology, the silicon is covered with isolation 
and passivation stacks and it is important to note that the PDP model requires electrical 
and optical calibration, where unknown parameters are extracted by fitting to measure-
ment data. For example, in [47] it is explained how the exact values of the thickness and 
the refractive index of these layers are extracted using a calibration of optical properties 
of the structure to conduct accurate optical simulations. Furthermore, an accurate BER 
model requires careful SPAD noise characterization and modeling, where the probability 
of noise detection due to each noise mechanism is modeled as a function of the SPAD 
excess bias voltage. In [44], an extensive empirical study is presented to model dark-count, 
afterpulsing, and crosstalk for SPAD arrays based on experimental data acquired in dark 
condition. We employ this approach to accurately introduce the noise contribution into 
the BER performance. This allows to distinguish the individual contribution of different 
noise mechanisms at different receiver operation conditions. 

In general, we expect that the PDP deceases with increasing θ as the reflection in-
creases and less photons are transmitted into the silicon. Figure 6 shows the dependency 
of the photon transmission and photon detection probabilities on the light incidence an-
gle. Here, we see that the transmission spectrum shows a decrease with θ but also some 

Figure 5. Flow chart of the extended BER model for accurate performance modeling of SPAD-based
OWC receivers in presence of non-perpendicular light incidence (PDP model: [47], SPAD noise
model: [44], BER model: [43]).

Here, the SPAD biasing condition and the photon incidence angle are provided to the
PDP model to obtain avalanche triggering probability and photon absorption probability
profile inside the silicon, using TCAD (ATLAS from Silvaco [53]) and electromagnetic sim-
ulation (optical simulation) with CST [54], respectively. Accordingly, the photon detection
probability of the SPAD is obtained and, therefore, the photon-count statistics in presence
of the light incidence angle can be determined to allow the BER model to take this effect
into account. In fact, an angular deviation of the light incidence (θ) from the surface normal
affects the photon absorption probability profile, as it changes the photon transmission
into the silicon as well as the absorption depth of the transmitted photons inside the silicon.
However, the TCAD simulation results to obtain the avalanche triggering probability are in-
dependent of θ, as θ only affects the photon transmission into the silicon, but not the electric
field profile inside the silicon. In order to obtain the photon transmission as a function of θ
using electromagnetic simulations, we need to know the optical properties of the silicon
and of the layers above as they have a significant influence on the photon transmission. In
this SPAD technology, the silicon is covered with isolation and passivation stacks and it
is important to note that the PDP model requires electrical and optical calibration, where
unknown parameters are extracted by fitting to measurement data. For example, in [47] it
is explained how the exact values of the thickness and the refractive index of these layers
are extracted using a calibration of optical properties of the structure to conduct accurate
optical simulations. Furthermore, an accurate BER model requires careful SPAD noise



Electronics 2021, 10, 2731 8 of 14

characterization and modeling, where the probability of noise detection due to each noise
mechanism is modeled as a function of the SPAD excess bias voltage. In [44], an extensive
empirical study is presented to model dark-count, afterpulsing, and crosstalk for SPAD
arrays based on experimental data acquired in dark condition. We employ this approach
to accurately introduce the noise contribution into the BER performance. This allows to
distinguish the individual contribution of different noise mechanisms at different receiver
operation conditions.

In general, we expect that the PDP deceases with increasing θ as the reflection increases
and less photons are transmitted into the silicon. Figure 6 shows the dependency of the
photon transmission and photon detection probabilities on the light incidence angle. Here,
we see that the transmission spectrum shows a decrease with θ but also some fluctuations
with θ. The fluctuations are due to the formation of standing waves in the isolation and
passivation stack caused by destructive and constructive interference of multiple reflections
of light at the interfaces. Therefore, at smaller θ (<10◦ as shown for λ = 635 nm in Figure 6),
the PDP is increasing with θ as it corresponds to a small increase of the length of the light
trajectory inside the isolation layer, reaching a local maximum of the transmission into
silicon at about 10◦.
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Figure 6. Photon transmission through the isolation and passivation stack and PDP of
a pin-photodiode CMOS SPAD as a function of the light incidence angle.

The results of the angular-dependent BER modeling for the SPAD receiver are shown
in Figure 7 as the upper curve assuming a non-return to zero (50% duty cycle) optical
signal of an average power equal to 5 nW (i.e., ~320 photons per bit at 50 Mbit/s) on the
4-SPAD receiver with a decision threshold of four-out-of-four for logical “1”. To provide
a vivid comparison of the BER of SPAD receivers to that of APD receivers, the BER profile
of the APD from [38] is plotted into Figure 7 as the lower curve. This comparison indicates
that the BER of the SPAD receiver is several orders of magnitude larger than the BER of
the APD receiver, with the same isolation and passivation stack in the pin-photodiode
CMOS technology.

According to the simulation results shown in Figure 6, both transmission and PDP
are decreased by around 50% when the angular deviation is increased to θ = 60◦, and this
corresponds to a degradation of around one order of magnitude in the BER performance
as is shown in Figure 7 (upper curve). That means, in order to have a maximum detection
angle of θ = 60◦, one needs to keep the BER smaller than 2 × 10−4 at θ = 0◦ to provide a BER
of 2 × 10−3 at θ = 60◦. The results shown in Figure 7 indicate that an angular deviation
below θ = 30◦ shows a moderate effect on the BER performance of the 4-SPAD receiver,
while incidence angles θ > 50◦ will impose significant degradations.
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7. Discussion

There are APDs consisting of p+ and n-well or deep n-well [55,56] and consisting of n+
and p-well inside a deep n-well [57,58] in the literature. However, for red and near-infrared
wavelengths, due to the small thickness of the wells, only a (small) part of the photogen-
erated carriers can be multiplied by impact ionization, and their responsivity is much
lower than that of the thick pin-photodiode and high-voltage CMOS APDs introduced
in Section 2. Spatially-modulated-light detectors [59,60] were applied to eliminate the
effects of slow carrier diffusion. They, however, suffer also from a low responsivity of the
photodetector in 0.18 and 0.13 µm CMOS, respectively.

There are receivers with integrated photodiodes for operation in the Gb/s-regime
in advanced CMOS [61–67]. However, they achieve low sensitivities (−10.65 dBm at
0.6 Gb/s [61], −3.87 dBm at 4 Gb/s [62], −3.67 dbm at 5 Gb/s [59], −5.5 dBm at 4.25 Gb/s [63],
−4.4 dBm at 4.5 Gb/s [60], −3.2 dBm at 8.5 Gb/s [64], −4 dBm at 10 Gb/s [65], −6 dBm
at 10 Gb/s [66], and −2 dBm at 12.5 Gb/s [67]), because of the small responsivities of the
shallow photodiodes and wells in these technologies. The sensitivities of the integrated
APD receivers in 0.35 µm (Bi)CMOS are two to three orders of magnitude better due to
their thick absorption zone, however, at the expense of the data rate limitation to 1 or
2 Gb/s. These APD receivers cannot reach the data rate of the pin-photodiode receiver of
3 Gb/s in the same technology node [23] because of the avalanche build-up time.

The sensitivity of a linear-mode large-area APD receiver was −38.5 dBm at 155 Mb/s [68].
A receiver with a discrete 1.95 mm-diameter APD needed an optical power of −38 dBm at
280 Mb/s [1]. It is important to mention that a 20 dB better sensitivity translates to a factor
of 10 in OWC transmission distance. Compared to [1,68] with comparable sensitivities, the
data rate of the integrated APD receivers in 0.35 µm technology is enhanced considerably.
An imaging receiver consisting of seven InGaAs MSM (metal-semiconductor-metal) flip-
chip bonded photodiodes (with a responsivity of 0.4 A/W) and an amplifier in 0.18 µm
CMOS showed a sensitivity of −16.8 dBm at 5 Gb/s [69], whereby the seven photocurrents
were added by current mirror circuits. With a 4 × 4 photodiode matrix (each photodiode
with a diameter of 215 µm) packaged in a TO−5 can and a commercial TIA, a sensitivity
of about −34 dBm at 1 Gb/s and a BER of 10−3 with a receiver field of view of 10◦

was reported [70].
In 0.13 µm CMOS image sensor (CIS) technology, a 64 × 64 SPAD receiver was

reported [26]. The large amount of SPADs enables dead times longer than a bit duration to
reduce the afterpulsing probability and in turn the bit error ratio at higher data rates. Pas-
sively quenched, thin SPADs and digital signal processing were implemented. A sensitivity
of −49.9 dBm at 400 Mb/s with 450 nm light and on-off keying was reported. A 500 Mb/s
data rate was achieved with 4-PAM transmission at an optical power of −46.1 dBm. This
SPAD receiver realized a remaining gap to the Poisson limit (quantum limit) of 11.1 dB for
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50 Mb/s and 13.4 dB for 100 Mb/s and 450 nm [27]. There were also silicon photomultiplier
(SiPM) receivers published [71,72], where sensitivities of −53.4 dBm at 400 Mb/s and
−49 dBm at 1 Gb/s with 405 nm light were reported. These approaches may be further
developed for OWC applications.

A receiver with 60 SPADs reached 200 Mb/s over a very short distance [17]. A 2 m
transmission distance at a data rate of 60 Mb/s exploiting three 128 × 32 SPAD array
receivers for 20 Mb/s each was suggested [18]. Compared to these OWC experiments, the
4-SPAD receiver performs quite well in OWC with transmission distances of up to 5.3 m.

It should be mentioned that not only the oxidation and passivation stack or the ARC
layer on top of the SPAD are important for the light incidence angle. To reduce photon
detections from ambient light, an optical narrow band filter (interference filter) is necessary
in front of the SPAD receiver. Since the transmission band of interference filters depends on
the light incidence angle, an additional limitation for the incidence angle on SPAD receivers
in OWC applications exists.

8. Conclusions

The linear-mode APD receivers in 0.35 µm HV CMOS and 0.35 µm BiCMOS discussed
above achieve high data rates (1 and 2 Gb/s, respectively), with BER = 10−9 at distances
to the quantum limit of 19.6 dB [31]. When allowing a BER of 2 × 10−3, their sensitivities
improve by about 5 dB (the gap to the quantum limit stays the same, because the quantum
limit changes also by 5 dB). In OWC, these APD receivers work over transmission distances
of 12.2 and 11 m, respectively, both at 1 Gb/s, with a 200 µm diameter of the APD and
BER = 10−9. The SPAD array of the 4-SPAD receiver in 0.35 µm CMOS also had a diameter
of 200 µm, but the fill factor was about 50% [42]. However, this does not completely explain
the maximum transmission distance of the 4-SPAD receiver of 5 m at 50 Mb/s. The dead
time of about 9 ns of the SPADs in the SPAD receiver explains another part of the difference
in transmission distance. The light-sensitive area of SPAD receivers cannot be increased to
enable larger transmission distances with SPAD receivers, because more bit errors for the
logical zero will be generated by photons from ambient light and because an interference
filter in front of the receiver has already been used. A larger light-sensitive area of SPAD
receivers also increases the DCR, APP and optical crosstalk, which all increase the BER. In
contrast, the diameter of the APDs in linear-mode APD receivers was increased to 800 µm
and indoor OWC was verified up to about 2 klx ambient light at transmission distances up
to 16.5 m at 2 Gb/s and up to 27 m at 1 Gb/s without receiver lens and without optical
filter at the receivers [30].

Another very large difference between APD receivers and SPAD receivers is the very
large difference of the possible data rates. The data rate of the 4-SPAD receivers is mainly
limited by the dead time, which is necessary to keep bit errors from afterpulses low. A way
out of this limitation was presented in [26] with a 64 × 64-SPAD receiver, which allows
shorter bit periods than the dead time, since enough SPADs are still available for detections
at low light levels. However, the data rates published for this multi-SPAD receiver of 400
and 500 Mb/s are still two to four times lower than the data rate of 0.35 µm (Bi)CMOS
APD receivers, although it was realized in 0.13 µm CMOS. The gap to the quantum limit
of the multi-SPAD receiver of [26] was about 12.2 dB. These results show that there is still
a long way to high-data rate SPAD receivers. The SiPM receivers of [71,72] should also be
further developed and investigated in OWC applications.

After experimental determination of DCR, APP and optical crosstalk for the SPADs in
the receiver array, the BER model for SPAD receivers describes the measured dependency
of BER on optical input power very well. The needed PDP can be determined quite reliably
by electromagnetic and TCAD simulation. Since DCR, APP and especially optical crosstalk
between the SPADs depend strongly on the geometrical arrangement of the SPADs (size,
pitch and gap between the SPADs), they are less accurately predictable. For DCR and
APP it may be an acceptable approach to assume these effects proportional to the area of
the p/n-junction of the multiplication region. However, a model for the light emission
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spectrum and the total number of photons being emitted during a Geiger mode event in
dependence on doping and excess bias voltage to calculate the probability of the optical
crosstalk is missing for an a priori modelling of the BER of SPAD receivers.

The models and simulation results are limited to room temperature characterization.
Taking the temperature effect into account will need considerable extra effort and con-
sideration (temperature dependence of PDP, DCR, APP, and crosstalk) and will affect the
simulation results; however, the same simulation approach can be employed.

The PDP model for SPADs and the BER model for SPAD receivers represent further
steps to the improvement of SPAD receivers. The advancement of these models by consid-
ering the light incidence angle can save much time and costs for developing SPAD receivers
which are easy to arrange in practical OWC settings. The isolation and passivation stack
of the pin-photodiode CMOS SPAD receiver limits the light incidence angle to about 30◦.
Therefore, we recommend an anti-reflection coating especially for OWC SPAD receivers to
allow also for larger incidence angles.
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