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OWC - Visible Light Communication –
The Use of Photodetectors

Seamless integration with lighting

Indoor & outdoor  applications:
▪ Last meter access network
▪ Underground
▪ In-chip communications
▪ Farming
▪ Industry
▪ Data centres
▪ AR, VR
▪ ITS
▪ IoT
▪ IoE

Underwater communications
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OWC - Visible Light Communication

Long 
lifespan

Environmen
tally friendly

Operation

at Low 
optical 
power

Features
Durability
(ideal for

harsh 
environments)

High
dynamic

range Good
isolation

of PD from 
external
circuits 

Issues

Integration with smart 
technologies

Heat 
management

Photodetector + Optical Rx

▪ Both use a photodiode to convert an optical signal to an electrical signal
▪ Optical Rx – is composed of a PD followed by a low noise, linear and high-bandwidth amplifier

Low bias 
voltage

Low

noise

Lower costs for APD 
and SPAD
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pn

Electron Hole

I

Depletion region

• No carriers in the I region
• No current flow Power level at a distance x from the surface of 

the depletion region is given by the Beer-
Lambert Law: 

 is the photon absorption coefficient

Random 
generation of 
electron-hole pairs

OWC - PDs - Structure

APD with gain

© Z. Ghassemlooy, 2026

•Photons absorb generate 
electron-hole pairs
• Photocurrent Ip flows through 
the diode and in the external 
circuitry  

pn

Electron Hole

I

Light (Photons)

RL (Load)

Output

Ip

Bias voltage

WD

-+

E-Field
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Performance
characterisation

Gain
G

Responsivity
ℛ External 

quantum
efficiency

Response time
(Rise and fall 

times)

Detectivity

Noise 
equivalent

Power (NEP)

EQE = ℛ
ℎ𝑓

𝑞

𝐷 = ℛ
𝐴

2𝑞𝐼𝑑

A – PD surface area

1- https://pubs.rsc.org/en/content/articlehtml/2024/ma/d4ma00934g
2-https://pubs.rsc.org/en/content/articlehtml/2024/tc/d3tc04206e

OWC - PDs

https://pubs.rsc.org/en/content/articlehtml/2024/ma/d4ma00934g
https://pubs.rsc.org/en/content/articlehtml/2024/tc/d3tc04206e


One could also show V vs. P, which could be more 
relevant to photovoltaic devices. 

0
PoPo-Sat

Ip

Ip-Sat

RMS (in)

NEP

ℛ

ቤ
𝑑𝑖𝑝
𝑑𝑃𝑜 𝑃Sat

DR

DR = 10log
𝑃𝑜−Sat
NEP
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OWC - PD – V-I-P Characteristics

V

I

-V

-I

Forward-biased
“Photovoltic” 

operation

Short-circuit
“photoconductive”

operation
Reverse-biased ✓

“photoconductive”
operation

Po

Dark current

+ -- +
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The capacitance of the depletion layer
i.e., junction capacitance

Depletion 
region width

Cross sectional area

Is proportional to 
the bias voltage

∝

Photocurrent 𝐼𝑝 = 𝜂𝑞
𝑞𝑃𝑜

ℎ𝑓
1 − 𝑒−𝛼𝑊𝐷 = ℛ𝑃𝑜

Quantum
efficiency

Incident optical
power

PD Responsivity – Measures how efficiently a PD converts light into electrical current

Electron 
charge

Plank’s
constant Frequency = c/𝜆

OWC - PDs - Photocurrent

ℛ =
𝐼𝑝

𝑃𝑜
= 𝜂𝑞

𝑞

ℎ𝑓
= 𝜂𝑞

𝜆

1.24
A/W

Note: Current Ip Po∝

ℛ𝐴𝑃𝐷 = 𝐺𝐴𝑃𝐷ℛ A/WResponsivity for APD

Responsivity for PIN PD

© Z. Ghassemlooy, 2026
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OWC - PDs - Responsivity

VLC

IR (FSO)

Type Peak 
mA/W

Bandwidth
(GHz)

Dark 
current 

(nA)

Bias 
voltage 

(v)

Si 635 @900 
nm

0.3-0.6 1-10 50-100
(APD)

Ge 500 
@1400 nm 

0.5-3 50-500 6-10

InGa
As

A broader 
response 
@ around 
1550 nm

1-10 1-20 5-6

Key features 

© Z. Ghassemlooy, 2026
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Rs = Small, (i.e., s/c)

L = Large, (i.e., o/c)

CT = Cj + CAmp

RT = Rj || RL || RAmp

The transfer function

OWC - PDs – Equivalent Circuit

Photodiode
Contact leads

Rs L

RLRj
CjIp

GAmp

RAmp

CAmp

Output
ID In

Ip: Photocurrent

ID: Dark current

In: Photocurrent

© Z. Ghassemlooy, 2026

Where 𝑠 = 𝑗𝜔 = 𝑖2𝜋𝑓
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OWC - PDs – EC – Simplified RC Model

R

CVin Vout

I

https://www.electronics-tutorials.ws/filter/filter_2.html

𝐻 𝜔 =
1

1 + 𝑗2𝜋𝑓𝑅𝐶

𝑓3dB = 𝐵 =
1

2𝜋𝑅𝐶
∅ = −arctan(2𝜋𝑅𝐶)

For large area PD

For small area PD

w = Depletion layer
s = Absorption coefficient

t

A
t

t

A

A
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The phase

The relation between the rise 
or fall time of the PD and 3-dB 
frequency is:

𝑡𝑟 =
0.35

𝐵
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OWC - Photodetectors

Types

PN/
PIN

(400-1700 nm)

APD
(800-1700 nm)

PM – Photomultiplier
CCD - Charge-coupled devices 

SPAD /
SiPM

(100-1600 nm)

IS -
CMOS
CCD

Others

CMOS - Complementary metal-oxide-semiconductor 
SPAD – Single photon avalanche diode

Solid-state Junction PDs
With gain

Solid-state array PDs with high gain

Photo-
voltaic Solid-state PDs with very low bandwidth

For 
OWC

© Z. Ghassemlooy, 2026

+ 
Organic

PDs

Flexible

Low bandwidth

Ultra-thin
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OWC - VLC – PD

Selection criteria 

Different trade-offs for given applications.

Responsivity for a given
BER and SNR

Spectral response rangeQuantum efficiency

Dark current noise

Power consumption GainBandwidth

IntegrationCost

ComplexityDynamic rang Reliability & stability

© Z. Ghassemlooy, 2026
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OWC - VLC – PDs - Features

PIN-PD - 400-1700 nm

Simple, and 
most widely 

used

High-speed
response 

(Bandwidth)

Excellent 
linearity

Moderate Sensitivity

Internal gain

Noise

Dynamic
range

SNR

Low operating 
voltage

Noise SNR BER

Could lead to

BER

cost 

Incident powerLink span
(short-to-
medium)

Data rate

Energy 
efficiency

Low dark 
current

© Z. Ghassemlooy, 2026
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OWC - VLC – PDs

APD - 800-1700 nm

High-speed
response 

(Bandwidth)

Excellent 
linearity

Noise

Dynamic
range

Noise SNR BER

Could lead to

BER

cost 

Incident power

Link span
(medium-
to-long)

Data rate

Operating 
voltage

Energy 
efficiency

Complexity

High
sensitivity

High
internal gain

SNR

© Z. Ghassemlooy, 2026
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OWC – VLC – PDs

CMOS – Image sensor - Short wavelength infrared, near infrared, visible, 
ultraviolet bands 

Simple, and 
most widely 

used

High-speed
Response 

(Bandwidth)

Excellent 
linearity

Sensitivity

Internal gain

Noise
Dynamic

range

SNR

Low operating 
voltage

Noise SNR BER

Could lead to

BER

cost 

Incident powerLink span

Data rate

Energy 
efficiency

© Z. Ghassemlooy, 2026
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Trade-offs
when 

selecting 
PDS

E.g., APD 

Responsivity

Gain

Bandwidth

Noise

Power usage

Cost

OWC - VLC – PDs

Complexity

© Z. Ghassemlooy, 2026
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Filtering Decision circuit

-Vcc

Photons
E = hf PD

GAPhoto current Ip
Regenerated
data ෣𝑑(𝑡)

• Gain
• Bandwidth
• Namp

With a limited 
bandwidth to 
limit the noise

PO-Rx(t)

yElec(t) x(t)

hf(t)

OWC - Receiver

𝑖𝑝 𝑡 = ℛ ∙ 𝑃𝑜−𝑅𝑥(𝑡)

Photocurrent Ip = Average photocurrent (DC current) Ip-DC  + Signal current ip-AC(t)

Photocurrent for:
• PIN PD

• APD 𝑖𝑝 𝑡 = ℛ ∙ 𝐺APD ∙ 𝑃𝑜−𝑅𝑥(𝑡)

Optical
filter

Clock recovery

GA

yElec(t)

Front end

Gain
control

Data recoveryAmplification and filtering

The average optical power 𝑃𝑎𝑣𝑒 =
SNR ∙ 𝑖𝑛

ℛ

For a desired BER

PO-Rx(t)= σ𝑛=−∞
∞ 𝐴𝑛 𝑝𝑜−𝑅𝑥 𝑡 − 𝑛𝑇𝑏

Pulse shape Bit duration

© Z. Ghassemlooy, 2026



OWC – Rx - Noise

A random process:
▪ Not described in an explicit function of time. In the time domain is characterized in terms of Mean and Variance 

(standard deviation)
▪ Can also be characterized in terms of the Root Mean Square (RMS) value:

Noise n(t)

I2
p

Power
spectrum

Frequency

ITsn
2

BPD or BRx0
BData

Ideal 

Real signal

© Z. Ghassemlooy, 2026

𝑛𝑟𝑚𝑠 = lim
𝑇→∞

1

2𝑇
න
𝑇1

𝑇2

𝑛(𝑡) 2𝑑𝑡

So, the use of Power Spectral Density
(W/Hz)
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OWC – Rx – Noise - Types

❖ Quantum shot noise (QSN) – Signal dependent due to random arrival of photons → Random generation of electron-hole pairs per bit

𝑖sh
2 = 2𝑞𝐼𝑝𝐵PD (A2)The mean square QSN

𝑁𝑒−ℎ =
ℛ

ℎ𝑓
න
0

𝜏

𝑃 𝑡 =
ℛ𝑃𝑜𝜏

ℎ𝑓

Poisson distribution:
i.e., probability of n-photon in 

❖ Dark current shot noise 𝑖ds
2 = 2𝑞𝐼𝑑𝐵PD (A2)

𝑖tsn−PIN
2 = 2𝑞 𝐼𝑝 + 𝐼𝑑 𝐵PD (A2)

Total shot noise current
ITs = QSN + DCSN 

𝑖tsn−APD
2 = 2𝑞 𝐼𝑝 + 𝐼𝑑 𝐺2APD𝐹𝐵PD (A2)

Noise figure F = Gx for 0 < x < 1

© Z. Ghassemlooy, 2026

❖ Thermal noise 𝑖th
2 =

4𝐾𝑇𝐵PD
𝑅𝐿

B may be treated as a post-detection 
bandwidth, amplifier or Rx bandwidth



OWC – Rx – Noise - Types

© Z. Ghassemlooy, 2026

❖ Amplifier noise = Voltage noise + current noise

𝑣𝑎
2 = 2

𝑞𝐼𝑐
𝑔𝑚

2
𝐵PD +𝑖amp

2 = 𝑖𝑎
2 = 2𝑞𝐼𝑏𝐵PD

Total noise
InT

𝒊𝐓𝐨𝐭𝐚𝐥−𝐏𝐈𝐍
𝟐 = 𝒊𝐭𝐬𝒏−𝐏𝐈𝐍

𝟐 + 𝒊𝐭𝐡
𝟐 +𝒊𝐚𝐦𝐩

𝟐

𝒊𝐓𝐨𝐭𝐚𝐥−𝐀𝐏𝐃
𝟐 = 𝒊𝐭𝐬𝐧−𝐀𝐏𝐃

𝟐 + 𝒊𝐭𝐡
𝟐 +𝒊𝐚𝐦𝐩

𝟐

hf

RL

Av

Vi

Bias voltage

Vo

❖ Thermal noise 𝑖th
2 =

4𝐾𝑇𝐵PD
𝑅𝐿

For PIN PD - At lower optical power level, thermal noise the dominant.
For APD – The shot noise could be at the same level as the thermal noise due to the internal gain → improved SNR

When using a laser diode as a source, relative intensity noise 
should be added to the total noise.
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▪ For most PDs operating at  < 3 μm, the dominated noise is the dark current or the 
thermal noise, or both.
▪ The intrinsic NEP is defined by the dark current, assuming that RL is sufficiently 

large.
▪ A high-speed PD  has a small area, thus a small dark current, but requires a small RL

→ a large thermal noise.
▪ NEP is usually limited by the thermal noise.

OWC – Rx - Noise

𝐴 = 𝜋𝑟2𝑁𝐸𝑃 =
2𝑞 ഥ𝑖𝑝 + ഥ𝑖𝑑 + Τ4𝑘𝑇 𝑅𝐿

0.5

ℛ
𝐵0.5Noise equivalent power

of a PIN  PD

ഥ𝑖𝑛
2 ∝ 𝐵

𝑁𝐸𝑃 ∝ 𝐵0.5
Note:



Thank you!
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Next series on Performance of Optical Receiver Part II.

For further information: Contact: Professor Z Ghassemlooy: z.ghassemlooy@northumbria.ac.uk
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