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 Abstract—Radio-frequency (RF) systems are employing 

higher carrier frequencies (into the THz bands) leading to 
more limited link budgets. Above a particular RF carrier 
frequency, optical wireless communications (OW) systems 
can have a more favourable link budget, due to the different 
frequency dependence of signal propagation. In this paper, 
we present a study that estimates the RF carrier frequency 
at which this occurs, referred to as the cross-over RF 
frequency.  The results show that there exists a cross-over 
RF frequency above which the OW system outperforms the 
RF system in terms of BER, which under LED background 
light can be as low as a few hundreds of GHz. Different 
receivers and background lighting conditions are also 
considered. A silicon photomultiplier (SiPM) detector is 
shown to outperform an avalanche photodiode (APD) 
detector in this background light conditions, while the latter 
becomes superior in higher sunlight conditions emphasising 
the crucial need for an optical filter for the SiPM.  
 

Index Terms—APD, cross-over RF frequency, mmWave, 
optical wireless communication, PAM, SiPM, SPAD, THz. 
 

I. INTRODUCTION 
HE ever-increasing demand for higher data rates is 
motivating research for new techniques to satisfy the 
needs for existing and new wireless use cases [1]. In the 

radio frequency (RF) spectrum, the channel bandwidth 
available generally increases with increasing carrier frequency. 
The mobile wireless industry (e.g., ETSI 3GPP 5G) has been 
increasing the operating carrier frequency to release more 
spectrum, starting from sub-6 GHz to around 30 GHz and 
recently up to 71 GHz [2]. In 6G systems, studies investigating 
increasing the carrier frequency to the upper millimetre wave 
(mmWave) band (e.g., 100 GHz or 300 GHz) and THz band 
(300 GHz to 1 THz) are underway, in order to achieve data rates 
up to 1 Tbps [3]. Operating in these high carrier frequency 
bands poses several challenges to the design of the RF system 
including challenging power amplifier design and reduced 
energy efficiency [4]. In addition, the link budget becomes 
more limited due to increased free-space path loss (as 
highlighted by the Friis transmission formula), increased 

 
 

penetration losses, increased attenuation (e.g., due to rain), and 
increased molecular absorption [5]. This link budget limitation 
poses additional complexity to the transceiver implementation, 
for example, by requiring narrow and highly directive beams 
implemented using antenna arrays with extremely large 
numbers of elements. This in turn introduces additional 
complexity for beam management and channel estimation 
algorithms [6]. Generally, as the operating carrier frequency 
increases, an increase in the complexity of various transceiver 
components is expected. It is critical to have a balance between 
the demand for increased data capacity and the associated 
complexity. 

Optical wireless communications (OW) is gaining increased 
research interest because of its potential advantages including 
the use of new and unregulated regions of the spectrum, higher 
available channel bandwidths, utilising less complex base-band 
modulation schemes, inherent security, and leveraging optical 
fibre technology [7].  

Several comparisons between the OW and the RF systems 
have been reported. The signal to noise ratio (SNR) and the 
noise equivalent power (NEP) were compared between various 
OW and RF system schemes in [8] and it was found that the 
OW NEP is higher by up to few tens of dBs. In [9], the receiver 
sensitivity for a basic PIN photodetector (PD) was compared to 
a RF receiver showing the OW link having reasonable 
performance in a line-of-sight (LOS) condition but having large 
path losses in an indoor diffuse channel case. A channel model 
comparison between visible light communications (VLC) and 
RF links was presented in [10] and [11] for indoor scenarios and 
in [12] for vehicular scenarios. A hybrid OW and RF system 
was presented in [13] and [14].  

From these comparisons, it can be deduced that a RF system 
has a better link budget compared to an OW system at relatively 
low operating carrier frequencies (e.g., lower mmWave band 
frequencies – around 60 GHz). However, as the RF industry 
moves into adopting higher carrier frequencies (e.g., upper 
mmWave and THz bands), the RF link budget becomes more 
limited. To improve this link budget and to reduce the 
implementation complexity, it may be advantageous to consider 
OW systems as an alternative. There is a particular carrier 
frequency (referred to as the cross-over RF frequency in this 
paper) where the OW system link budget becomes better than 
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that of the RF system. If such a cross-over RF frequency is 
understood for a certain condition, it can help influence the 
design choice between an OW and a RF system to get a more 
optimal performance. It is desirable to achieve as low a cross-
over RF frequency as possible, mainly to reduce the overall 
system complexity. 

As far as we are aware, there is not any existing work 
studying this cross-over RF frequency. In this paper we develop 
a generalised framework to understand this cross-over RF 
frequency and how it affects the performance of a link. We also 
introduce a framework to compare a silicon photomultiplier 
(SiPM) OW receiver to a RF receiver, which adds to previous 
comparisons which only use avalanche photodiode (APD) 
based OW receivers. 

The cross-over RF frequency is estimated by developing OW 
and RF link models and comparing them using the same general 
parameters, namely, transmitter and receiver field of view 
(FOV), bit rate, number of bits per modulation symbol, distance 
between transmitter and receiver, and transmit power. Several 
choices for the OW photodetector (PD) receiver [15] are studied 
including APD and SiPM.  

Section II of this paper introduces the general model 
description for the OW and the RF systems followed by 
sections III, IV, and V describing the details for the RF, APD, 
and SiPM models, respectively. The performance comparison 
among the systems is then presented in section VI by first 
developing a comparison model and defining the metrics, then 
presenting the performance comparisons. Section VII presents 
some of the main complexity and cost implementation 
considerations.  

II. GENERAL MODEL DESCRIPTION 
A common system link model for OW and RF systems is 

shown in Fig. 1. Data bits at a rate of 𝑅! bps (bit duration 𝑇! =
1/𝑅! s) are modulated and transmitted using an average power 
of 𝑃" W over a bandwidth of 𝐵 Hz. Radiation from the source 
is emitted into a solid angle ΔΩ# (in sr) which is related to the 
3-dB beamwidth Δ𝜃# (in rad) by ΔΩ# =

$
%
(Δ𝜃#)&	 [16]. The 

radiation intensity 𝑈 (in W/sr) is defined as the emitted power 
per solid angle. The received power 𝑃' (in W) available at the 
output of the receiver can be written as [16]: 

𝑃' = 𝐴())𝐿* (1) 

where 𝐴()) is the effective area (in m2) and  𝐿* (in W/m2) is the 
received signal irradiance at a distance 𝑑 (in m) from the 
transmitter written as [16]: 

𝐿* =
𝑈
𝑑& (2) 

 
Fig. 1. Common system link model 

 

III. RF SYSTEM 
 

A. Link Model 
The radiation intensity for RF can be shown to be [16]: 

𝑈'+ =
4𝑃"'+𝑔"(𝜃,-.'+ )
𝜋(Δ𝜃#'+)&

 (3) 

where 𝜃,-.'+  is the radiation direction angle, Δ𝜃#'+ is the transmit 
beamwidth, and 𝑔"(𝜃,-.'+ ) is the normalised antenna radiation 
pattern that depends on the radiation angle. 

At the receiver, the antenna effective area is a function of the 
antenna gain 𝐺''+ and the carrier frequency 𝑓/ [16]:	

𝐴())'+ = 𝐺''+
𝑐&

4𝜋𝑓0&
=
𝑔'(𝜓120'+ )
(Δ𝜓#'+)&

4𝑐&

𝜋𝑓0&
 (4) 

where 𝜓120'+  is the incident direction angle, Δ𝜓#'+ is the receive 
beamwidth, and 𝑔'(	𝜓120'+ ) is the normalised antenna radiation 
pattern that depends on the incident angle. From (2) to (4), the 
received power is: 

𝑃''+ = 𝑃"'+𝑔"(𝜃,-.'+ )𝑔'(𝜓120'+ ) 9
4𝑐

𝜋𝑓𝑑'+Δ𝜓#'+Δ𝜃#'+
:
&

 (5) 

 

B. Receiver Noise Model 
The two main sources contributing to the RF noise density 

𝑁3'+ (in W/Hz) are thermal noise and amplifier noise [16]. 
Although the thermal noise can have multiple contributors, it is 
dominated by the noise that the antenna picks up from the 
environment with temperature 𝑇4. The amplifier noise is 
described by the noise factor (𝐹5) which when expressed in dB 
is known as noise figure. Assuming a lossless connector and 
antenna, the RF receiver noise density is [16]: 

𝑁3'+ = 𝑘𝐹5𝑇4 (6) 

where 𝑘 is Boltzmann’s constant. 
 

C. RF Channel Modelling 
The channel in a mmWave/THz link is affected by several 

factors including free space propagation, molecular absorption, 
transmitter/receiver misalignment, multipath fading, and 
interference [17] and [18]. The free space propagation is 
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described in (5). As for molecular absorption, it is specifically 
caused by water vapour and oxygen leading to signal 
attenuation. However, for small distance links (e.g., few tens of 
metres), the attenuation is less than 1 dB and can be ignored 
(e.g., at 300 GHz, the degradation is 0.05 dB for a 10 m link) 
[19]. Links operating at the frequencies considered in this paper 
will require tracking as communications relies on good 
alignment between transmitter and receiver [20]. In this paper 
we assume that this tracking removes any losses due to 
misalignment. 

In order to account for the high path loss at high operating 
carrier frequencies, the link for a mmWave/THz system is 
designed to be highly directional and thus has a relatively strong 
LOS component.  However, it was shown that multipath also 
exists in these links which is caused by scatterers and reflected 
paths. This multipath small scale fading can be modelled by 
Rayleigh, Rician, Nakagami-m, or the more generalised 𝛼 − 𝜇 
distribution as shown in [20] and [21]. The study in [21] shows 
that Rician, Nakagami-m, and the 𝛼 − 𝜇 distribution have very 
good fits compared to experimental data and are were found in 
[20] to be very close to each other in terms of capacity. In this 
paper, a Rician distribution for the multipath fading is assumed, 
and an additive white Gaussian noise (AWGN) channel 
(without fading) is included to understand how fading impacts 
the results. Fading however may have a severe impact on the 
performance of the link caused by deep fades. Diversity is used 
to mitigate this effect and some commonly used techniques 
include frequency, time, space, and polarisation diversities [22]. 
In this paper, we assume receive diversity with order = 2 (i.e., 
2 receive RF chains) which is a commonly used technique in 
practice. For mmWave/THz, this is usually accomplished by 
utilising cross-polarised antenna panels, where each 
polarisation has a separate RF chain.  

Interference in a mmWave/THz system is largely determined 
by the directivity of the transmit and receive antennas. For 
highly directive antennas, which is the case for mmWave/THz, 
any interference may be directed away from the receiver and 
may not be largely in the FOV of the receiver thus limiting the 
degradations. The study in [18] shows that although directivity 
increases the interference, it also increases the signal hence 
having limited losses for directive links. In addition, practical 
mmWave system designs (e.g., 3GPP 5G NR) depend on time-
division multiplexing (TDM) of users which further limits any 
interference effects. Therefore, in this paper, the effects of 
interference are ignored. 

D. Performance Metrics 
For modulation order 𝑀6 and bit rate 𝑅!'+ bps (symbol rate 

𝑅*'+ = 𝑅!'+/ log&𝑀6), the average SNR per symbol is:  

𝛾-78'+ =
𝑃''+

𝑁3'+𝑅*'+
 (7) 

where 𝑃''+ is defined in (5) and is the average received power 
over all modulation symbols. Assuming Gray coding, the BER 
(𝑃!'+) calculations are presented in Appendix II. 
 

IV. OW RECEIVER SYSTEM WITH APD 
 

A. Link Model 
The Lambertian intensity model is widely used to model the 

radiation pattern for an optical source. The radiation intensity 
(in W/sr) for a transmitted power of 𝑃"9: can be written as [23]: 

𝑈9: = 𝑃"9:
𝑛 + 1
2𝜋 cos2 𝜃,-.9: (8) 

where 𝜃,-.9: is the radiation angle and n is the Lambertian 
emission order related to the beamwidth Δ𝜃#9: by [23]: 

𝑛 = −
1

log& Kcos
Δ𝜃#9:
2 L

 (9) 

To avoid the need for a perfect alignment with the 
transmitter, a good receiver would have a wide FOV. In 
addition, to have a high receiver bandwidth, a small detector 
capacitance is required, leading to the need for a small detector 
area 𝐴., i.e., the light needs to be focused onto as small a 
photodetector as possible. To achieve this, a concentrator with 
refractive index 𝑛( is used to concentrate the light from a larger 
collection area 𝐴06;; into the smaller detector area 𝐴. as shown 
in Fig. 2. The concentrator’s gain can be written as [23]: 

𝐺/ = 𝛼/
𝑛(&

sin& Δ𝜓#
9:

2

 (10) 

where Δ𝜓#9:is the receiver full FOV angle and 𝛼/ is a gain 
reduction factor. The effective area of the OW receiver depends 
on the collection area (𝐴06;; = 𝐺/𝐴.) and the angle of incidence 
(𝜓1209:) of the incoming radiation: 

𝐴())9: = 𝐴06;; cos𝜓1209: =
𝐴.𝛼/𝑛(& cos𝜓1209:

sin& Δ𝜓#
9:

2

 (11) 

From (1), (2), (8), and (11), the received optical power is: 

𝑃'9: = 𝑃"9:𝛼/𝑛(&
(𝑛 + 1)𝐴.
2𝜋(𝑑9:)&

cos2 𝜃,-.9: cos𝜓1209:

sin& Δ𝜓#
9:

2

 (12) 

 
Fig. 2. OW receiver concentrator 
 

B. Receiver Noise Model 
The OW APD receiver noise sources are expressed as current 

sources in shunt with the received current (𝐼<=6>6) as shown in 
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Fig. 3 [8] (𝑅? is a load resistor and 𝐶@ is the photodetector 
capacitance). 
𝐼<=6>6 consists of the signal current 𝐼*18, the dark current 𝐼., 

and the background light current 𝐼!8 and can be written as: 

𝐼<=6>6 = 𝑀&𝐹Q𝐼*18 + 𝐼.8 + 𝐼!8R + 𝐼.* (13) 

where 𝑀 is the APD amplification factor,  𝐹 is an excess noise 
factor for the APD, 𝐼*18 = 𝑅𝑃'9: (𝑅 is the responsivity of the 
photodetector (in A/W)), 𝐼!8 = 𝑅𝑃#9: (𝑃#9: is the power for 
the sum of all background light sources which reaches the PD). 
𝐼.* (surface leakage current) and 𝐼.8 (substrate current) are the 
two components of the dark current (𝐼. = 𝐼.* +𝑀𝐼.8) [24]. 𝐹 
is a function of 𝑀 and the ionisation rate ratio (𝑘1) [24]: 

𝐹 = 𝑀𝑘1 + K2 −
1
𝑀L (1 − 𝑘1) 

(14) 

 
Fig. 3. OW PIN/APD equivalent electrical model 

 
The noise sources for an APD receiver are mainly thermal 

noise, amplification noise, and shot noise. Thermal noise is 
described as the current due to the equivalent load resistor (𝑅?) 
connected to the photodetector with density expressed as 𝐽*= ≜
(Δ𝑖>=4AB)& =

%C"!"#$%&

''
 (in 𝐴&/𝐻𝑧) where 𝑇,(*4AB is the temperature 

of the resistor [25]. Amplification noise can be characterised as 
𝐽-D< ≜ QΔ𝑖-D<4ABR& = 𝑎&, where 𝑎 is the amplifier noise (in 
𝐴/√𝐻𝑧). The shot noise density can be expressed as 𝐽*= ≜
(Δ𝑖*=4AB)& = 2𝑞𝐼<=6>6 (in 𝐴&/𝐻𝑧) [25], where 𝑞 is the 
elementary charge. Due to the signal dependent nature of shot 
noise, it is often small relative to the thermal noise at room 
temperature and low to moderate received powers, while it can 
dominate at very low operating temperatures and/or for high 
received power levels. The total OW receiver noise density (in 
𝐴&/𝐻𝑧) can be written as:	𝐽4AB = 𝐽>= + 𝐽-D< + 𝐽*=. Ignoring 
the dark current (𝐼.8 = 𝐼.* ≈ 0) by assuming it is much smaller 
than the signal, the noise density can be written as a function of 
the signal and background intensities, 𝐿E9: and 𝐿#9:, 
respectively as: 

𝐽4AB =
4𝑘𝑇,(*4AB

𝑅?
+ 𝑎& + 𝐹*=6>(𝐿E9: + 𝐿#9:) (15) 

where 𝐹*=6> ≜ 2𝑞𝑀&𝐹𝑅𝐴())9: . 
 

C. Performance Metrics 
The electrical SNR calculations for OW and RF differ in the 

way the electrical power is calculated. The RF electrical power 
is the received power 𝑃''+, while for OW, it depends on the 
electrical current after the photodetector (𝐼*18& ). For bit rate 𝑅!9: 

bps (symbol rate 𝑅*9: = 𝑅!9:/ log&𝑀6), the APD electrical 
SNR for the 𝑚>= modulation symbol (𝑚 ∈ {0,… ,𝑀6 − 1}) 
with received signal power 𝑃'9:[𝑚] and noise density 𝐽4AB[𝑚] 
can be written as:  

𝛾4AB[𝑚] =
(𝑀𝑅𝑃'9:[𝑚])&

𝐽4AB[𝑚]𝑅*9:
 (16) 

For OOK, the BER as a function of SNR is [25]: 

𝑃!4AB = 	𝑄 K
1
2
f𝛾4AB[1]L (17) 

However, for higher order PAM, because of the signal 
dependent noise, the detection threshold for each symbol is 
different and using a common minimum distance between 
adjacent symbols for deriving the BER (similar to RF) cannot 
be used. Instead, a threshold based on the mean and variance of 
each two adjacent symbols is used. Assuming Gray coding, the 
BER can be approximated as [26]: 

𝑃!4AB ≈
1

𝑀6 log&𝑀6
gh i𝑄 K

𝑡D − 𝜇D
𝜎D

L
F(G&

DH3

+ 𝑄 K
𝜇DIJ − 𝑡D
𝜎DIJ

Llm 

(18) 

where 𝜇D = F'A)
*+[D]

M'#*+
, 𝜎D = f𝐽4AB[𝑚], and the maximum 

likelihood detection thresholds 𝑡D calculated by solving:  

log 𝜎D +
1
2 K
𝑡D − 𝜇D
𝜎D

L
&
= log𝜎DIJ +

1
2 K
𝑡D − 𝜇DIJ
𝜎DIJ

L
&
 

V. OW RECEIVER SYSTEM WITH SIPM 
 

A. OW SiPM Receiver 
A single-photon avalanche diode (SPAD) is an extremely 

sensitive photodetector capable of detecting a single photon 
achieved by biasing the PD to a value much higher than its 
reverse-bias breakdown voltage [27] and [28]. When a photon 
triggers a SPAD, an avalanche occurs generating very high 
current. A quenching device (active or passive) is placed in 
series with the SPAD to recover the bias voltage. It takes time 
for the bias voltage to recover during which the SPAD cannot 
detect any photons during a time known as the recovery (or 
recharge) time (𝜏). The recovery time can be derived from the 
recovery time constant (𝜏"/) using 𝜏 = 2.2𝜏"/ [29]. To mitigate 
this, an array of SPADs is used where during the recovery time 
of one SPAD, another one in the array can detect another photon 
if it arrives [28]. This array of SPADs is referred to as a silicon 
photomultiplier (SiPM). The ratio of the sum of all SPAD active 
areas to the area of the SiPM is known as the fill factor (FF). 

SPADs may have several non-ideal behaviours including 
dark counts, after-pulsing, and optical cross-talk [28]. The dark 
count rate (cps: count per sec) can be written as: 

𝐶.-,CFN45 = 𝑓.-,C𝐴EA4B (19) 

!!"#$# Δ#$"%& Δ#'(!%& Δ#)"%& $* %+
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where 𝑓.-,C is the dark count rate per m2 (kHz/m&) and 𝐴EA4B 
is the SPAD area in m&. After-pulsing can be excluded from the 
processing by implementing a pulse-height analysis or a time-
delay filtering algorithm [30]. Also, in practical SiPMs, optical 
trenches around every SPAD are implemented which 
considerably reduce the optical cross-talk [30]. Hence, for the 
purpose of this paper, after-pulsing and optical cross-talk 
effects were ignored. 

When a SiPM is used in photon counting mode, which is the 
assumption used in the paper, an amplifier, e.g., transimpedance 
amplifier (TIA), is not needed in the receiver circuitry 
eliminating the amplifier electronic noise component. This 
restricts the noise to be Poisson distributed with mean and 
variance equal to the number of photons detected (𝑁<=). As the 
light intensity increases, the SiPM response becomes non-linear 
and saturates at high intensity levels. Several non-linear 
response models for the SiPM have been studied and in this 
paper the following model was used to estimate the mean 
number of photons detected (𝑁<=) [31]: 

𝑁<= = 𝑇*𝑁EA4B*
𝛼(𝐿.-,C + 𝐿#9: + 𝐿E9:)

1 + 𝛼𝜏(𝐿.-,C + 𝐿#9: + 𝐿E9:)
 (20) 

where 𝑇* is the modulation symbol duration, 𝑁EA4B* is the 

number of SPADs in the SiPM, 𝛼 = !"!"#$
%

#&
, 𝐴EA4BO  is the 

effective SPAD area (m&) defined as 𝐴EA4BO = 𝐺/𝐴EA4B (𝐺/ is 
defined in (10)), 𝐸< is the photon energy (𝐽), 𝜂 is the photon 
detection probability, and 𝐿.-,C is the equivalent mean intensity 
(W/m&) representing the effect of dark counts defined as: 

𝐿.-,C = 𝐶.-,CFN45 𝐸<
𝜂𝐴EA4BO  (21) 

If the symbol time is shorter than the SPAD pulse width, 
inter-symbol interference (ISI) starts to occur and an equaliser 
is needed [29]. In this paper, 𝑇* is assumed to be larger than the 
pulse width and an equaliser is not needed.  

 

B. Performance Metrics 
For pulse amplitude modulation (PAM), assuming the error 

is confined to adjacent symbols (e.g., using Gray coding), the 
symbol error rate (SER) between adjacent symbols 𝑛 and 𝑚 
(𝑃(

(2,D)) is approximated by [32]: 

𝑃(
(2,D) ≈

𝑃(E1AF

𝑀6 − 1
≈
𝑃!E1AF log&𝑀6

𝑀6 − 1
 (22) 

where 𝑃(E1AF and 𝑃!E1AF are the total SER and BER, 
respectively. The probability of symbol error between two 
adjacent symbols with Poisson distributed number of photons 
detected with means 𝑁2 and 𝑁D (𝑁2 < 𝑁D) is [32]: 

𝑃(
(2,D) =

1
𝑀6

x h
𝑁2C

𝑘!

S

CH⌈2,⌉

𝑒G5- +h
𝑁DC

𝑘!

⌊2,⌋

CH3

𝑒G5.{ (23) 

where for a maximum-likelihood detector, the threshold 𝑛" is: 

𝑛" =
𝑁D −𝑁2

log𝑁D − log𝑁2
 (24) 

Assuming equal SER between all adjacent symbols, the 
received mean photon counts needed for PAM levels will not 
be equidistant due to the nature of the Poisson distribution 
where the variance increases as the mean increases, therefore 
increasing the inter-symbol distance as the power increases. An 
algorithm to iteratively calculate the PAM levels was proposed 
in [33] and is used in this paper. 

VI. PERFORMANCE COMPARISON 
 

C. Comparison Model 
To compare the performance of various system links, one of 

the typical metrics used is the average received SNR which is 
used to calculate the BER. For RF, the average SNR presented 
in (7) can be used in the BER calculations. However, for the 
OW APD case, the average SNR cannot be used for the BER 
calculations, and modulation symbol-dependent signal and 
noise were used instead as in (18). Additionally, for an OW 
SiPM system, the noise is complicated to model especially in 
the non-linear region of the SiPM response. While several SNR 
models exist [31], [34], and [35], some of them were developed 
for the linear region only and others were developed for a 
particular application or non-ideal behaviour. This led to 
developing the BER for the SiPM as in section V to be based 
on the received photon counts and not on SNR. Hence, for this 
comparison, the average SNR is not a good metric of 
comparison. 

Another consideration is the receiver effective area. The RF 
receiver typically implements a phased antenna array or a 
dielectric collimating lens [5]. The OW APD receiver in this 
paper is assumed to be a single PD while the SiPM is assumed 
to be an array of SPADs. Hence, the actual physical and 
effective areas for these receivers vary considerably. 

To compare these systems, an input that is independent of the 
effective area, i.e., receiver irradiance (𝐿* in W/m&) and an 
output that is available for all three systems, i.e., SER (𝑃() or 
BER (𝑃!) were considered. 

For intensity modulation and direct detection (IM/DD) OW 
systems [36], a PAM modulation scheme was used [37]. For the 
RF system, two modulation scheme categories were 
considered: non-coherent PAM (referred to as RF MOD1) and 
the more power efficient coherent modulation schemes 
typically used in RF systems, e.g., PSK and QAM (referred to 
as RF MOD2) [22]. The comparison assumes modulation 
schemes having the same number of bits per symbol, e.g., 2-
PAM compared to BPSK, etc.  

For the OW receivers, parameters from commercial APD and 
SiPM devices were used, namely, Hamamatsu S8664-10K [39] 
(denoted as APD) and Onsemi J-Series SiPM 30020 [40] 
(denoted as SiPM-1). An optical concentrator was assumed 
with a refractive index of 1.5, FOV of 30o, and gain factor (𝛼/) 
of 0.5. This yields a total collection area for the SiPM-1 and 
APD detectors to be 156.1 mm2 and 13.1 mm2, respectively, 
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with a gain of around 16.8.  To better understand the APD and 
SiPM comparison, an additional SiPM model was defined 
(denoted as SiPM-2), which is based on SiPM-1 but modified 
to have the same collection area as the APD (i.e., 13.1 mm2), 
leading to the same received optical power. Using the same 
optical concentrator parameters, this reduced area resulted in 
the reduction of the number of SPADs in SiPM-2 to 1209 
(compared to 14410 of SiPM-1). 

 
TABLE I 

STUDY ASSUMPTIONS 

Tx to Rx link distance (𝑑) 10 m 
Required BER 10-4 
Transmitter beam width 2 deg 
Receiver beam width 30 deg 
RF receiver noise figure 10 dB 
RF Rician channel parameter K 2 
Bit rate (𝑅!) 500 Mbps 
OW wavelength 420 nm 
OW Tx/Rx alignment Perfect alignment 
OW concentrator factor (𝛼") 0.5 
OW concentrator refractive index (𝑛#) 1.5 
OW optical filter bandwidth 1 nm 
OW LED background light 4.2e-4 W/sr/m2/nm 
OW indoor sunlight (1200lux) 8.4e-3 W/sr/m2/nm 
OW outdoor sunlight 1 1.8e-1 W/sr/m2/nm 
1 Assuming hemispherical tilt irradiance numbers from [38] 
 
To characterise the effect of background light on the OW 

receivers, the performance was studied under a range of 
background light values starting from no background light until 
a value corresponding to direct outdoor sunlight (assuming 
hemispherical tilt irradiance [38]).  

Optical filtering to reduce background light is a critical 
element of any high-performance optical wireless system. 
When using a bandpass optical filter, it is desirable to have a 
narrow bandwidth to effectively reject background light and 
increase the SNR. In this study, it is also desirable to have a 
wide receiver FOV to reduce alignment tolerance yet maintain 
narrow filter bandwidth. This is not achievable using planar 
optical filters, due to the passband shift for off-axis angles of 
incidence. Such dependence can be mitigated by  depositing a 
bandpass filter onto the outer surface of a non-imaging 
hemispherical concentrator [41]. In this study, an optical filter 
with a bandwidth of 1 nm and FOV of 30o placed in front of the 
concentrator was assumed. 

Detailed study assumptions are shown in Table I. A bit rate 
of 500 Mbps was assumed for the comparison. Both the 
Hamamatsu S8664-10K APD detector and the Onsemi J-Series 
SiPM 30020 detector can support this bit rate, where the former 
has a bandwidth of 530 MHz and the latter has a pulse width 
from the fast output of 1.4 ns capable of supporting a bit rate up 
to around 700 Mbps [29]. Device specifications are shown in 
Table IV and Table V in the appendix. 

For RF fading, both an AWGN and a Rician fading channel 
were assumed. A Rician channel parameter K = 2 was chosen 
based on the average of the experimental values shown in [21], 
where K is the ratio of the LOS signal power to the other non-

LOS signal components.  

D. Cross-Over RF Frequency 
The cross-over RF frequency is defined as the RF carrier 

frequency at which the OW system outperforms the RF system. 
The performance is defined by the required mean signal 
irradiance (𝐿* in W/m2) to achieve the same BER (1e-4 assumed 
in this comparison) assuming the same link distance and the 
same transmit and receive beamwidths.  

The cross-over RF frequency results as a function of the OW 
background light are shown for an AWGN channel in Fig. 4 for 
RF using PAM and in Fig. 5 for RF using coherent modulation 
schemes. Fig. 6 shows the same results for a RF system 
assuming a Rician fading channel with diversity order of 2.  
Table II and Table III show the cross-over RF frequencies for 
OW without background (BG) light and with BG LED light 
with irradiance of 4.2e-4 W/sr/m2/nm (typical room lighting) 
for a RF system assuming AWGN and Rician channels, 
respectively. We can summarise the key observations as: (i) 
SiPM-based receivers generally outperform APD-based 
receivers in low to medium background light conditions and 
large number of SPADs, (ii) APD-based receivers have better 
relative performance compared to RF using PAM as 
modulation order increases, (iii) as background light increases, 
supporting higher order modulations becomes more difficult for 
SiPMs, (iv) improved relative performance for the SiPM-1 case 
compared to RF using PAM with increasing modulation order 
for the cases of low levels of background light, (v) using RF 
coherent modulation schemes improves the RF relative 
performance, and (vi) significant OW system relative 
performance improvement (lower cross-over RF frequency) 
compared to RF systems when assuming Rician fading as 
compared to AWGN channel. In the remainder of this section, 
a detailed analysis is provided.  

The received optical power for the OW and RF systems is 
comparable, however, the OW electrical power is much lower 
mainly because the incoherent OW receiver detects power 
which is then converted to electric current [41]. Hence, the OW 
receiver’s detection is based on the square of the received power 
and needs much higher power to achieve the same performance 
as that of the coherent RF receiver.  

The SiPM however has the advantage of a very sensitive 
photon-counting detection operating in the Poisson limit. This 
results in much lower cross-over RF frequencies for SiPM 
compared to the APD receiver for low background light 
conditions and low modulation orders. However, increasing the 
background light degrades the performance of the SiPM-based 
systems considerably (as shown in Fig. 4 to Fig. 6) with much 
higher relative performance degradation compared to the APD. 
In high levels of background light, the APD starts 
outperforming the SiPM. 

Compared to RF using PAM, the APD performs better as the 
modulation order increases (cross-over RF frequency 
decreases) as can be seen from the results in Table II. This is 
due to the better power efficiency for higher order PAM for 
APD compared to RF using PAM mainly because the 
transmitted signal input to the OW channel is power and not 
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amplitude as in the RF case [41]. However, when compared to 
RF using the more power efficient schemes, the APD performs 
worse with increasing modulation order, as indicated by an 
increase in cross-over frequency.  

 
TABLE II 

CROSS-OVER RF FREQUENCY (GHZ) 
AWGN CHANNEL 

 
BG 
Light 

Mod 
order 

APD SiPM-1 SiPM-2 
RF 

MOD
1 

RF 
MOD

2 

RF 
MOD 

1 

RF 
MOD

2 

RF 
MOD

1 

RF 
MOD

2 
No 2 4005 5664 203 288 665 940 

4 3442 8927 221 574 1185 3073 
8 3007 9535 242 769 N/A N/A 

16 2766 14880 355 1910 N/A N/A 
Yes 
(Note 
2) 

2 4007 5667 426 603 1214 1717 
4 3443 8930 378 981 N/A N/A 
8 3008 9537 365 1157 N/A N/A 

16 2766 14881 N/A N/A N/A N/A 
§ Note 1: Number of SPADs: SiPM-1 = 14410, SiPM-2: 1209 
§ Note 2: LED lighting assumed 4.2e-4 W/sr/m2/nm 
 

TABLE III 
CROSS-OVER RF FREQUENCY (GHZ) 

RICIAN CHANNEL (𝐿 = 2, 𝐾= 2) 
 

BG 
Light 

Mod 
order 

APD SiPM-1 SiPM-2 
RF MOD2 RF MOD2 RF MOD2 

No 2 2378 121 395 
4 3747 241 1290 
8 4236 342 NaN 

16 6500 834 NaN 
Yes 
(Note 
2) 

2 2379 253 721 
4 3748 412 NaN 
8 4237 514 NaN 

16 6500 NaN NaN 
§ Note 1: Number of SPADs: SiPM-1 = 14410, SiPM-2: 1209 
§ Note 2: LED lighting assumed 4.2e-4 W/sr/m2/nm 

 
For the SiPM, the number of photons detected increases 

linearly with the number of SPADs as shown in (20), therefore, 
SiPM-1 has better performance compared to SiPM-2 due to the 
larger number of SPADs. This can be seen from the results in 
Table II and Table III. As the background light increases, the 
SiPM non-linearity becomes a major factor in degrading the 
performance. This can be noted from the significant increase in 
the crossover RF frequencies for both SiPMs as the background 
light increases (Fig. 4 to Fig. 6). Due to the smaller number of 
SPADs, SiPM-2 becomes saturated at a much lower irradiance 
and its performance degrades faster than SiPM-1. Fig. 7 shows 
the response and 4-PAM modulation symbols for both SiPMs. 
As can be seen, the third and fourth modulation symbols are in 
the saturated region for SiPM-2. 

 

  
Fig. 4. Cross-over RF frequency for AWGN channel (RF 
MOD1) 
 

 
Fig. 5. Cross-over RF frequency for AWGN channel (RF 
MOD2) 
 

 
Fig. 6. Cross-over RF frequency for Rician channel (𝑲 = 2) 
with diversity order = 2 (RF MOD2) 
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Fig. 7. SiPM number of photons detected versus irradiance 

 
From the results in Table II and Table III, it can be seen that 

it is more difficult to support higher modulation orders using 
the SiPMs. For SiPM-1, 16-PAM can only be supported in the 
case without background light. SiPM-2 can only support 
modulation schemes up to 4-PAM in cases without background 
light, and only OOK (2-PAM) in cases with some background 
light. This is because the higher order modulation symbols get 
deeper into the saturation region and thus no matter how much 
the signal irradiance for these symbols is increased, there is not 
enough difference in the number of photons counted to achieve 
the required BER. Hence, the respective modulation order 
cannot be supported.  

These observations indicate the critical need for using an 
optical filter especially for the SiPM-based detector. For 
practical design considerations, the filter needs to have a wide 
enough FOV to avoid the need for complex link alignment 
challenges and needs to have a narrow bandwidth to limit the 
background light.  

Fig. 8 shows a comparison of the mean required irradiance 
between the SiPM and RF using PAM cases. The left plot shows 
the absolute mean required irradiances, the centre plot shows 
the mean required irradiance difference between different PAM 
modulation levels, and the right plot shows the mean required 
irradiance difference between adjacent levels of 16-PAM. From 
the centre plot of Fig. 8, it can be seen that increasing the 
modulation order requires a slightly higher mean required 
irradiance for SiPM-1 without background light as compared to 
RF, hence the slight degradation in the relative performance as 
in Table II. On the other hand, the saturated higher order 
modulation for SiPM-2 decreased its performance relative to 
RF (cross-over RF frequency increasing). When compared to 
the more power efficient RF modulation schemes, the power 
advantage for the higher order RF modulation schemes leads to 
worse performance relative to RF as modulation order increases 
for both SiPM receivers. 

An interesting observation from Fig. 4 is the improved 
relative performance for the SiPM-1 case compared to RF using 
PAM with increasing modulation order for the cases of low 
levels of background light (< 3e-3 W/sr/m2/nm). This can be 
explained by the following. As the absolute mean irradiance 
level increases as modulation order increases (left plot of Fig. 
8),  the rate of this increase is almost the same for RF and SiPM-
1 without background light (centre plot of Fig. 8). However, the 
rate of this increase for the SiPM with background light is less 

compared to the RF system (centre plot of Fig. 8) leading to 
better relative performance as modulation order increases. This 
can be explained by the nature of the Poisson distribution, 
where the difference between the required irradiances of the 
adjacent PAM levels become smaller with additional 
background light (right plot of Fig. 8). However, as the 
background light increases (> 3e-3 W/sr/m2/nm), higher order 
modulations will be affected by the saturation of the SiPM-1 
hence the worse performance compared to lower order 
modulations. 

 

 
Fig. 8. Left: Mean 𝑳𝒔 Req. Centre: Mean 𝑳𝒔 Req Difference. 
Right: Mean 𝑳𝒔 Req Diff Between 16-PAM Levels. BG light 
refers to LED lighting at 4.2e-4 W/sr/m2/nm 
 

E. Power Penalty 
In addition to the cross-over RF frequency, we can also study 

the power penalty, defined as the additional average power 
needed for the OW to have the same BER performance (e.g., 
1e-4) as that of RF, as shown in Fig. 9 for the Rician fading 
channel case. The RF systems assumed to use carrier 
frequencies based on the cross-over RF frequency with no 
background light for each modulation for SiPM-1 (from Table 
III). As previously observed, the background light has a much 
higher impact on the relative performance for SiPM compared 
to APD. For SiPM-1, the power penalty can be as large as 7 dB 
for an indoor LED case. 
 

  
Fig. 9. OW power penalty for Rician channel (𝑲 = 2) with 
diversity order = 2 (RF2) 
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VII. DESIGN CONSIDERATIONS 

A. Supported Communications Bandwidth 
The study focuses on the comparative link budget for 500 

Mb/s OW and RF links, with the required bandwidth varying 
according to the modulation schemes chosen. 

The bandwidth that is potentially available for 
communications is markedly different for OW and RF, due to 
the difference in wavelength, with OW providing spectrum a 
few orders of magnitude larger than the RF spectrum  [7].  

However, both for OW and RF systems there are often 
limiting practical considerations in accessing this spectrum. 
Most OW systems, including the case considered here, use 
(IM/DD) approaches [47]. Such systems are simple, as there is 
no requirement for carrier demodulation at the receiver. For 
both IM/DD and coherent systems there is typically a 
compromise between the modulation bandwidth of the 
transmitter source and the power it emits, with faster devices 
operating at lower power levels. At the receiver, the relationship 
between bandwidth and detection area is technology dependent, 
with larger detection area typically leading to lower bandwidth. 
Achieving ‘full’ access to the available optical spectrum is 
therefore challenging (see [7] for a fuller discussion, and [15] 
for a review of the particular transmitter and receiver 
technology options. 

For RF communications, operating in the sub-THz and THz 
spectrum regions provides higher available communications 
bandwidths. However, operating at such high carrier 
frequencies with larger bandwidths poses several 
implementation challenges. Designing high resolution digital-
to-analogue (DAC) and analogue-to-digital (ADC) converters 
at very high sampling rates is a key challenge for THz RF 
systems limiting the communications bandwidth that can be 
supported. Supporting high sampling rates (e.g., 100 Giga 
sample per second) has been demonstrated but at the expense 
of resolution, power, and area [42]. A 3GPP 5G study has 
shown a linear dependency between the channel bandwidth and 
the complexity/cost of the ADC/DAC [43]. Using lower 
resolution ADCs/DACs helps mitigate some of this complexity 
but comes with its own design challenges and needs [44]. 
Another way to mitigating this complexity is by dividing the 
channel into multiple narrower sub-channels and using multiple 
ADCs/DACs [45]. In addition to the ADC/DAC design 
challenges, higher channel bandwidth increases the design 
complexity of channel linearisation techniques like envelope 
tracking and digital pre-distortion (DPD) [46]. 
 

B. Other Complexity Considerations 
For OW communications, there are generally two types of 

communications namely incoherent (IM/DD) and coherent 
[47]. The latter type is spectrally more efficient; however, it 
requires the use of local oscillators, optical mixers, and other 
components at the receiver making it more complex and costly 
compared to the much simpler IM/DD system. For the IM/DD 
systems considered here the components required are used for 
a number of different applications, making them widely 

available and reliable (albeit not always optimised for OW). 
The SiPM devices considered here are newer technology and 
are finding wide application in 3D sensing and LIDAR. These 
SiPMs consist of a large number of detectors (pixels) wired in 
parallel. In CMOS image sensors there are always a few pixels, 
known as dead pixels, which don't respond to light. However, 
these don't impact the sensor yield because their response can 
be estimated from the response of equivalent neighbouring 
pixels. This precedent suggests that a few microcells per SiPM 
won't respond to photons. If the SiPM is used in an imaging 
application these few faults can be corrected and so they will 
reduce the yield of single photon imaging sensors. However, if 
the SiPM is used in a non-imaging mode any faulty microcells 
will simply reduce the effective photosensitive area of the SiPM 
and hence its PDE. Since a typical SiPM has more than a 
thousand microcells the resulting variation in PDE will be 
smaller than the variation between PDEs of different SiPMs due 
to effects such as the variation in breakdown voltage. Cost of 
CMOS devices such as SiPMs is largely governed by device 
area, so area minimisation will likely be a concern in mass-
market applications. 

For RF, in addition to the additional complexity of 
ADC/DAC design as explained in the previous section, 
operating at high carrier frequency bands poses challenges 
related to power amplifier design and reduced energy 
efficiency, increased phase noise, and reduced link budget. The 
main challenge for power amplifier design for THz 
communications is to balance cost (e.g., by using silicon-based 
amplifiers) and performance (e.g., by using III-V compound 
semiconductor families) especially when using waveforms 
requiring high peak-to-average-power (PAPR) ratio [46]. 
Increased phase noise, caused by inaccuracies of the local 
oscillators at the transmitter and receiver, can be mitigated by 
several techniques including better (more expensive) oscillators 
and digital signal processing techniques [46].  

 

VIII. CONCLUSION 
As higher carrier frequencies are being considered for the 

RF-based systems (reaching the THz bands), it becomes critical 
to develop a framework for comparing OW and RF systems 
which can help answer questions about what system to use in 
which scenario. One of the important metrics for this 
comparison is the cross-over RF frequency after which the OW 
system outperforms the RF system in terms of BER for the same 
transmit power and link distance. It is important to have as low 
cross-over RF frequency as possible to avoid the high 
complexity of the high carrier frequency RF system design. 

In this paper, a framework was developed to find this cross-
over RF frequency. Two categories of OW receivers were 
considered in this study based on either APD and SiPM. The 
effect of the background light on the performance of the OW 
system was also studied. A SiPM-based system assuming no 
background light was shown to outperform, in terms of BER, a 
RF-based system assuming an AWGN channel using carrier 
frequencies as low as 200 GHz. This cross-over RF carrier 
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frequency decreases to around 120 GHz if a Rician fading 
channel with parameter = 2 and diversity order of 2 was 
assumed for the RF system. A typical LED indoor background 
light scenario can increase the cross-over RF frequency to 
around 300-1100 GHz for AWGN RF channel and to around 
250-500 GHz for a Rician RF channel depending on the 
modulation order and scheme. To achieve the same cross-over 
RF frequency as the no background light case, an additional 7 
dB average OW transmit power is needed. For the same 
diversity order, increasing the LOS component ratio of the 
Rician channel (increasing K) would bring the performance 
closer to the AWGN case. It was also noted the better relative 
performance of the OW system compared to RF using PAM as 
the modulation order increases for APD and for SiPM with little 
background lighting. It was also shown that higher order 
modulation schemes cannot be supported by the SiPM for 
higher background lighting conditions (e.g., sunlight) 
highlighting the critical need of using an optical filter for a 
SiPM-based receiver. 

Therefore, depending on the scenario and background 
lighting cases, OW communication systems can have a 
comparable performance in terms of BER as RF systems in the 
upper mmWave band (100 GHz to 300 GHz) and THz spectrum 
(300 GHz to 1 THz) regions. This can be used to design better 
performing and less complex systems by considering OW as an 
alternative to RF for these higher frequency regions.  
 

APPENDIX I 
 

TABLE IV 
OW APD PARAMETERS 

Commercial part Hamamatsu S8664-
10K [39] 

PD area (𝐴$) 0.78 mm2 
Amplification factor (M) 50 
Bandwidth 530 MHz 
Responsivity (R) 0.24 A/W 
Dark current (𝐼$) 0.3 nA 
Amplifier noise (𝑎) 0 
Collection area (𝐴%&'') 13.1 mm2 

 
TABLE V 

OW SIPM PARAMETERS 

 SiPM-1 SiPM-2 
Commercial part Onsemi J-Series 

30020 [40] 
N/A 

SPAD pitch 20 µm 20 µm 
Number of SPADs (𝑁()*+,) 14410 1209 
Fill factor (FF) 0.62 0.62 
Photon detection efficiency (PDE) 0.3 0.3 
Photon detection prob. (𝜂 = PDE/FF) 0.48 0.48 
Recovery time constant (𝜏-") 15 ns 15 ns 
Pulse width 1.4 ns 1.4 ns 
Dark count rate 50 kHz/mm2 50 kHz/mm2 
Collection area/SPAD (𝐴%&'') 0.0067 mm2 0.0067 mm2 
Total coll. area (𝐴.&./' =

0!"#$%*&'((
11

) 156.1 mm2 13.1 mm2 

APPENDIX II 
 
In this paper, two RF link channel models were assumed, 

namely AWGN and Rician (with receiver diversity order 𝐿 = 2 
and parameter 𝐾 = 2). Simulations were used for the BER for 
the Rician channel, while the following closed form formulae 
were used for AWGN [22]: 

 
AWGN single polarity PAM: 

𝑃!'+ ≈
2(𝑀6 − 1)
𝑀6 log&𝑀6

	𝑄 g�
3

(𝑀6 − 1)(2𝑀6 − 1)
𝛾-78'+ m (25) 

AWGN PSK modulation: 

𝑃!'+ ≈
2

log&𝑀6
Qg�2 sin& K

𝜋
𝑀6
L 𝛾-78'+ m (26) 

AWGN QAM modulation: 

𝑃!'+ ≈
4

log&𝑀6
𝑢(1 − 𝑢)

≤
4

log&𝑀6
Qg�

3
𝑀6 − 1

𝛾-78'+ m 
(27) 

where 𝑢 = K1 − J
YF(

LQK� Z
F(GJ

𝛾-78'+ L and Q(∙) is standard 

normal distribution tail function. 
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