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Abstract

The optical front end (OFE) is a critical part in most Optical Wireless Communica-
tion (OWC) systems. It captures the incoming light flux, converts it and amplifies it into
an electrical signal. Its photodiode (PD) and transimpedance amplifier (TIA) can limit the
throughput, determined by the noise levels and the (gain-) bandwidth. This paper starts with a
refined model of the PD and the TIA, in order to analyze in detail the strength and frequency
characteristics of the relevant noise sources. At high frequencies signal-to-noise ratio (SNR)
degrades due to the capacitance of the PD. This limits the useful modulation bandwidth,
though equalization and and frequency–dependent power and bit loading can mitigate this.
To some extent, SNR can be traded for bandwidth by choosing an appropriate PD size. We
investigate different optical receiver design strategies, where single PD is segmented into
pieces, and connected to one or more TIAs. Numerical analysis on channel quality is carried
out to compare between various design strategies.

I. INTRODUCTION

The increasing demand for wireless data in mobile and Internet-of-Things services
puts pressure on the Radio Frequency (RF) spectrum. Optical Wireless Communication
(OWC), is drawing great research attention as an alternative to RF in tackling the
spectrum congestion challenge. In earlier work we studied limitations caused by the LED
[1], where its low-pass frequency characteristics restricts the bandwidth. If increasingly
lasers are used, the optical receiver may start to limit performance. In the OFE, which
usually consists of a PD and TIA, several noise sources exist. The spectral power density
of these noise sources differ [2]. Moreover, these noise contributions are amplified and
filtered by the TIA, which changes the output noise spectral power density. Also, the
capacitance of the PD significantly influences the signals and noise, particularly at high
frequencies [3].

We study various noise sources at the OFE, especially their spectral characteristics
and amplification effect of TIA, referenced to the noise input. Together with all the
noise sources, an equivalent input noise model with both current and voltage noise
sources is built that helps to compute the total output noise power spectral density.
Next, we investigate the trade-off of PD capacitance by PD segmentation, in the means
of dividing one PD into N pieces, thus decrease the capacitance of each PD. In this case,
total output noise spectral density that is amplified by TIA and capacitance of PD is
compared between the segmented and non-segmented scenarios. The paper ends with a
brief discussion on throughput optimization by means of different modulation strategies
based on the channel spectral information, which we will elaborate later. While previous
papers describe the impact of the PD area on signal bandwidth, we focus on the impact
on the noise.

II. SYSTEM DESCRIPTION

An OFE with PD and TIA is illustrated in Fig. 1. Photons that arrive at the PD are
converted into a current, which is fed into the TIA, which converts it into a voltage



output. RS , CS are the parasitic source resistance and capacitance of the PD, which in
parallel are responsible for the source impedance Zs = Rs||1/jωCS . The resistor RF

and capacitor CF of the TIA create the feedback impedance ZF = RF ||1/jωCF .
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Fig. 1. Optical Receiver Front End

Noise is generated by different sources within the optical receiver front end, from
the PD, from the amplifier and from the discrete character of photons. Specifically, five
types of input noise sources are identified:

1) Shot noise originates from the statistical nature of light as a statistical arrival
of photons. The generated current will also fluctuate with time. It is mostly
considered as white noise over the relevant modulation spectrum. However, it
is not additive but signal dependent. Its power spectral density is expressed as
(q is the electron charge) [4]: Ssh(f) = 2qiin(t), where iin denotes the incoming
current in time-domain.

2) Dark current noise, which is a relatively small current Id exists when even no
photon is detected by the PD. It is also treated as white and its power spectral
density is calculated by [4].

3) Thermal noise for resistors RF , RS , generally treated as white noise with power
spectral density: Sth(f) = 4kT/R where T is the absolute temperature, and k is
the Boltzmann’s constant.

4) Input current noise of the amplifier. There are number of noise sources in the
amplifier. These noise are modelled as an input current and voltage (see below)
externally to a noise-free amplifier. The frequency spectrum of the input current
noise is colored, where at low frequency it is 1/f noise and white noise at high
frequency [5].

5) Input voltage noise of the amplifier. The spectrum is similar to input current noise.
The noise power spectral density of the input current and voltage noise is denoted
as [5]: Sein,iin(f) = kfc/f where k is the rms input noise power at high frequency,
fc is the corner frequency of the 1/f noise.

The above noise sources are illustrated in Fig. 2. Summing up the input noise, Fig. 3
shows the noise analysis model for the optical receiver front end. in includes shot noise,
dark current noise, thermal noise, and input current noise of the amplifier. en denotes
the input voltage noise. The total output noise can be derived via

VNout(f) = Ge(f)en(f) +Gi(f)in(f) (1)

where the amplification of current and voltage noise are

Gi(f) =
A(f)ZF (f)

1 + A(f)
, Ge(f) =

A(f)

1 + A(f)β(f)
=

A(f)(Zs + ZF )

(Zs + ZF ) + A(f)Zs

. (2)
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Fig. 2. Noise Sources in OFE
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Fig. 3. Noise Model for OFE

where A(f) = Aamp

1+f/famp
is the open loop gain for the op-amp, and β = ZS

ZF+ZS
is the

feedback factor of the TIA.

III. PD SEGMENTATION

High capacitance of the PD increases the voltage noise at high frequency because
with higher CS , the voltage noise en will be amplified more. As ZF is fixed, we can
expect a degradation of SNR at high frequency. Since the capacitance of PD is in good
approximation proportional to the PD area, an effective approach to reduce the noise
at high frequency will be to decrease the size of the PD. However, a smaller PD also
has a decreased detection area. To maintain a large total detection area while mitigating
high frequency noise, one possible solution is to divide the PD into several segments, to
connect each segment to its own dedicated TIA, while all the outputs of all amplifiers
are summed together.

This section quantifies this effect. One motivation for such study is that as the number
of amplifiers increases, more noise contributions will be added. Even if the noise at high
frequency is less amplified, the total noise may still be higher than the case without
segmentation. In order to address this problem, we consider to use a lens to focus the
light on one or several of the PDs, and turn off the receivers with no signal received.
Multiple segments are nonetheless needed if the angle of arrival is unknown during
design. We consider a number of scenarios for different PD designs:

1) Single PD Only one large PD is used, connected with one TIA;
2) Segmented, non-imaging The PD is divided into N pieces, each connected to one

TIA; All segments receive light, in an equal amount as scenario Single PD;
3) Segmented, imaging: The PD is segmented similar to scenario 2), but a lens

is deployed to focus optical signal to one of the PD segments. PDs and their
connected TIAs that do not receive optical power are switched off;

IV. CALCULATION & DISCUSSION

To quantify the noise levels, we model the op-amp AD8099 with a gain bandwidth
= 3.8GHz (Aamp = 85dB, famp = 0.2MHz), and PD s-5980-10 with source capacitance
CS = 40/N pF and source resistance RS = 5MΩ. The feedback circuit for TIA is
set as RF = 1kΩ. Fig. 4 shows the noise power spectral density from different noise
sources in scenario Single PD. Op-amp noise dominates over PD and thermal noise due
to the significant amplification of en at high frequencies. With the finite gain-bandwidth
of op-amp, beyond a certain frequency f = |ZSAamp−1|famp the noise level decreases.
Fig. 5 shows the total output noise power spectral density for three PD segmentation



configurations, with segmentation factor N = 1, 4, 9, 16. Although Segmented, non-
imaging shows the highest noise level over the spectrum due to the application of
several TIAs, the total noise is less amplified at high frequency compared to Single
PD since CS decreases. Segmented, imaging has the lowest noise level, since redundant
TIAs are switched off as well as the decreased PD capacitance.

In this paper, we did not describe the frequency dependant signal gains, which
we include in future work to derive gain-noise ratios and throughput. The frequency
characteristics of noise versus size of PD, as addressed here, in combination with signal
amplification models give insight in how to design an OFE for best link quality. This
allows an optimization of the throughput, for example optimization of OFE design
topologies [6], [7], in combination with the modulation scheme including adaptive
bandwidths and adaptive bit loading [8]–[10].

Fig. 4. Output Noise from Different Noise Sources Fig. 5. Total Output Noise Under Different PD Segmen-
tation Scenario
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