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Abstract
Optical free space communication system faces the major challenge because of the atmospheric
condition. Signals receive in the ground station using two different types of receivers (Coherent
detection and Intensity Modulation and Direct Detection (IM/DD)). Coherent detection uses PIN
photo detector in the receiver end to attain the more sensitivity of the receiver. It receives the
input data as a carrier signal and the local oscillator signal is mixed with the received signal and
down convert the carrier signal to an intermediate frequency signal. The Intensity Modulation
direct detection uses the Avalanche photo detector in the receiver end to attain the more
sensitivity. This detection receives the input signal as a carrier signal and it is directly
demodulated at the receiver back into the original signal. Signals receive in the ground station
from the aircraft will be affected by the various types of noise like shot noise, thermal noise, etc.
The occurrence of noises in the coherent detection is not exactly same as the IM/DD. Some noise
get varies according to the electrical circuit noise produced in the receiver side. By deriving the
signal-to-noise ratio, the background noise occur in the desired signal can be calculated. One of
the main goals would be to derive a Probability Density Function (PDF) of the Signal-to-Noise
Ratio (SNR) of the each type of receiver to check the efficiency of the receivers. Transmitting
the optical signal from aircraft will face some data loss problem due to atmospheric turbulence
disturbances, to identify the loss arises in the transmitting signal will be done by using the
probability error method. Bit Error Rate (BER) derivation will take place to calculate and to
identify the data loss occurs in the received signal. The project deals with measuring the
efficiency and sensitivity among those two optical receivers and to check the robustness between
those receivers against scintillations (power fades and surges) effects. In this work performance
of the coherent receiver and IM/DD receiver using APD is compared with the different system
characteristics. Sensitivity and performance of both the receivers are calculated with the same
fading vector. Signal to noise ratio and bit error rate are theoretically derived and numerically
analyzed in the case of atmospheric turbulence. Numerical results predict the performance of
both the receivers.
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Chapter 1 - Introduction
1.1 Introduction
Free Space Optical is the feasible technology for transmitting a signal with high data rate
and security [1]. But the major mission in FSO system is to overcome the impact of atmospheric
turbulence. The effect of atmospheric turbulence will result in the intensity fluctuation of the
received optical signal known as fading [2]. In analyzing the Optical receivers some of the
receiver parameter value into account. In the system model the internal parameters include
received optical power, receiver sensitivity, receivers lens diameter, wavelength, bandwidth,
BER and receiver field of view and the external parameters are related to the atmospheric
condition. The internal parameter values are different for coherent detection and IM/DD
receivers [3]. This project deals with finding and comparing the sensitivity and performance of
the coherent and IM/DD receivers in different receiver characteristics. Comparing the coherent
and IM/DD receivers with the noise component under atmospheric condition. SNR is
numerically calculated with the same fading vector for the IM/DD system using APD receiver
and the coherent detection system using PIN photodiode. SNR is related to the receiver
sensitivity and the sensitivity of the receiver should be high enough to attain the robustness. The
impact of total receiver noise is taken into account for both the receivers to check the
performance of the receiver. BER is one finest way to identify the performance of the receiver.
Expression of the BER theoretically derived and numerically values are tabulated, and are also
discussed.
1.2 Motivation
In real time scenario the signal transfer from the aircraft to optical ground station has an
impact of an atmospheric turbulence. In optical receivers, evaluation of receives are done with
different detection techniques, different photo detectors, different fading vectors and different
noise levels, but evolution and comparison of the optical receiver using same distribution fading
vector to check the performance of the optical receivers are never handled. By comparing this
two receivers one can easily get to know the performance and sensitivity of coherent and IM/DD
receivers with the same fading vector.
1
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1.3 Research Question
1. How to calculate probability density function of the SNR with the different receiver
characteristics?
2. How to examine and compare the sensitivity and performance of two different receivers
under the impact of atmospheric turbulence and its fading vector?

2

Chapter 2 - Theoretical Background of Optical Receivers
2.1 Intensity Modulation Direct Detection
In commercial FSO systems, IM/DD using APD receiver is used since the implementation
of the direct detection receiver is easy and it can be designed easily [1]. The function of the
IM/DD receiver is to convert the optical signal into electrical signal. Intensity modulation direct
detection receiver can transmit the signal in the form of intensity or power [4]. Intensity
modulation carries the information signal as intensity or power and not by its frequency or phase
[4]. In a direct detection optical receiver, photodiode is act as a detector and it converts the input
optical light wave electric field into an electrical current at the receiver side [5]. Intensity
modulation technique using APD receiver is used to modulate the source signal and then it
transmits from the modulator as a laser signal to the ground station [1]. The laser signal is
transmitted from aircraft through the atmospheric fading channel to the optical ground station,
see Figure 2.1

Figure 2.1Transmission of laser optical signal from aircraft to optical ground station
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2.2 Responsivity of the APD
BER of the direct detection system has been derived with its K-distributed atmospheric
turbulence channel model in [6] and outage probability was mentioned in [7]. In [6] and [7] the
FSO system was done using the PIN photo detector. Since PIN photodiodes are too insensitive
for an IM/DD system only use of APD makes sense for higher performance systems. Hence an
Avalanche Photodiode (APD) provides higher sensitivity than a normal photodiode. An
avalanche photodiode is shown in Figure 2.2. The use of APDs instead of PIN Photo detectors
will result in improved sensitivity in the IM/DD receiver. In a direct detection receiver,
responsivity of the avalanche photodiode is comparatively higher than the responsivity of the
PIN photodiodes [2]. Characteristics of avalanche photodiode devices and performance of APDbased receivers have been studied extensively in the literatures [8], [9].

Figure 2.2 An avalanche photodiode
2.3 Distributions for Atmospheric Fading Condition
Performance of the APD receiver with taking the shot and thermal noise into account is
presented in [2]. In the mentioned paper the log normal distribution is used for the week-tomoderate and gamma-gamma distribution is used for the moderate-to-strong atmospheric
condition. The Gaussian distributed fading vector is also one of the simplest way to use it
4
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numerically and it is simple to calculate the performance of the receiver. There are two types of
photodiodes used; the PIN photodiode which is shown schematically in Figure 2.3 and the
avalanche photodiode. Both operated according to the same basic principles. PIN photodiode
converts photons to electron hole pairs with efficiency η.

Figure 2.3 Schematic representation
2.4 Heterodyne Detection
The function of the coherent receiver is to convert the optical signal to an electrical signal by
means of heterodyne detection [10]. The coherent optical receiver is shown in Figure 2.4.
Evaluating the performance of the coherent optical receiver under atmospheric turbulence
condition is challenging. Received signal is to be added with the mixer i.e. local oscillator, has
attained the various types of noise by optical to electrical conversion process and atmospheric
turbulence [11].

Figure 2.4 Coherent Optical receiver
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Receiver front end consists of collecting lens and PIN photo detector and the output signal from
the receiver is used to conclude the performance of the receiver by solving the bit error rate
expression [12]. Atmospheric channel model is Gaussian rather than the log normal distribution
after the turbulence takes place [12]. In the above mentioned paper Gaussian distribution is
observed after the atmospheric turbulence takes place.
2.5 Noise Component in the Optical Receiver
In the optical receiver the received optical signal is converted into electrical signal with the
help of photo detector, and during the conversion takes places the different kind of noise will
affect the received signal which is in the form of electrical signal. Different kind of noise present
in the optical receivers are shot noise and thermal noise and these are modeled as an additive
white Gaussian noise [1].
2.5.1 Shot Noise
Primary photocurrent ܫ is directly proportional to the optical power level is given by [5]
ܫ ൌ ܴܲோ

(2.1)

where ܴ is the responsivity and ܲோ is the received optical power.
The shot noise is because of the random fluctuation of the electric current of the number of
photons respectively. The shot noise was first investigated by Schottky in 1918. In time domain
the instantaneous current ܫሺݐሻ of the photo detector can be written as [5]
݅ሺݐሻ ൌ ܫ  ݅௦ ሺݐሻ

(2.2)

where ݅௦ ሺݐሻ is the current fluctuation due to the shot noise and ܫ is the primary photocurrent.
The noise variance of the shot noise becomes [13]
ߪ௦ଶ ൌ ݅ۃ௦ଶ ሺݐሻ ۄൌ ʹܫݍ ο݂

(2.3)

where q is the electronic charge and ο݂ is the effective noise bandwidth of the receiver.
The effective noise bandwidth is given as [5]
ஶ

ο݂ ൌ ʹܫݍ  ȁܪሺ݂ሻȁଶ ݂݀

(2.4)

where ܪሺ݂ሻ is the transfer function of the filter.
Since dark current ܫௗ also has a shot noise the total variable of the shot noise is given by [5]
ߪ௦ଶ  ൌ ʹݍሺܫ  ܫௗ ሻο݂.

(2.5)
6
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2.5.2 Thermal Noise
The thermal noise is because of the random thermal motion of the electrons in a conductor
[5]. The thermal is added in the load resistor connected to the photo diode. This noise component
has been first studied by Johnson and Nyquist and is therefore known as Johnson-Nyquist noise
[13].
Taking the current fluctuation through thermal background noise by modifying the equation 2.2
݅ሺݐሻ ൌ ܫ  ݅௦ ሺݐሻ   ்ܫሺݐሻ

(2.6)

where ܫ is the primary photocurrent, ݅௦ ሺݐሻ is the current fluctuation due to the shot noise and
 ்ܫሺݐሻ is the current fluctuation induced by thermal noise.
The variance of the thermal noise is given by [13], [14]
ߪ்ଶ ൌ ሺ

ସಳ ்
ோಽ

ሻο݂ܨ

(2.7)

Where
݇ is the Boltzmann constant
ܶis the receiver temperature
ܴ is the APD’s load resistor
ܨ is the amplifier noise and
ο݂is the effective noise bandwidth
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3.1 Sensitivity and performance of the direct detection receiver
Sensitivity of the IM/DD system is attained by calculating the SNR of the receiver.
Different kinds of noise which are presents in the IM/DD system are divided with the signal
power to calculate the SNR of the receiver. Performance of the system is identified by
calculating the bit error rate of the received signal. The received signal has attained various types
of noise by optical to electrical conversion processes and atmospheric turbulences which result in
data loss occurs. Data loss of the received signal is calculated by using the conditional
probability distribution function. This is one of finest method to identify the data loss occurs in
the received signal.
3.2 IM/DD System using APD
PIN photodiodes are too insensitive for an IM/DD system, so only use of APD makes sense
for higher performance systems. SNR of the APD receiver is higher than the PIN photodiode for
same level optical power [5]. An electron with enough kinetic energy can knock a bound electron
out of its bound state and promote it to a state in the conduction band, creating an electron-hole
pair and it is called as impact ionization [15]. In Figure 3.1 the receiver front end consists of
optical preamplifier and avalanche photodiode. At the receiver, an optical signal is converted to
an electrical signal by using photo detector [1].

Figure 3.1 Front end of an Optical IM/DD system
Impact ionization will give the photocurrent gain if the multiplication factor M gives the high
electric field [16]. The total shot noise for the APD is given by [17]
8
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ߪ௦ଶ ൌ ʹܨܯݍ ሺܴܲோ  ܫௗ ሻο݂

(3.1)

where ܨ is the excess noise factor of APD, q is the electronic charge, M is the multiplication
factor, ܴ is the responsivity, ܲோ is the received optical power, ܫௗ is the dark current and ο݂ is the
effective noise bandwidth of the receiver.
In [18], the excess noise factor model is calculated. ܨ is a function of carrier ionization ratio ݇ .
Excess noise factor is given by
ଵ

ܨ  ൌ ݇  ܯ ሺͳ െ ݇ ሻ ቀʹ െ ቁ

(3.2)

ெ

where ݇ is the ratio of hole-electron ionization rate to that of electrons, M is the multiplication
factor.
SNR of the IM/DD receiver is not influenced by the shot noise and the thermal noise dominance
will give the better result, since the multiplication gain will not play a role here [5].
ூమ

ܴܵܰ ൌ  ఙುమ  ൌ 

ሺெோೃ ሻమ
రೖಳ 
൰οᇀி
ೃಽ

ଶெమ ிಲ ሺோೃ ାூ ሻοᇀା൬

(3.3)

By substituting the various hole-electron ionization rate from 0.01 to 0.5 in the excess noise
factor to check the effect of the AMF gain. Figure 3.2 shows the plot between excess noise
factors with the function of AMF.

9
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Figure 3.2 Excess noise factor with different ionization coefficients
3.3 Background Noise in the IM/DD system
Additional source noise had to be taken into account to calculate the SNR of an IM/DD
system. Optical receiver that enhances the background radiation is just because of the
dependency of the field of view and bandwidth. Since the background noise present because of
the field of view of the receiver has mixed up with the incoming source signal. The SNR of the
above calculated equation is to be added up with the background noise. The variance of the
background noise is [19]
ଶ
ൌ ʹܴ ଶ ܵఒǡீ ሺʹܲோ  ο݂ ܵఒǡீሻ ο݂
ߪீ

(3.4)

where
ܵఒǡீ is the optical power spectral density of the background noise, ο݂ is

the

optical

filter bandwidth limiting the background noise, ܴ is the responsivity, ܲோ is the received optical
power and ο݂ is the effective noise bandwidth of the receiver.

10
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Attaining the large incident power will influence the shot noise to be high and it makes the
performance of the receiver to be worse. APD shot noise is influenced by the background shot
noise and the background APD shot noise becomes as [5]
ଶ
ൌ ʹܯݍଶ ܨ ሺܴܲோ  ܫௗ  ܴο݂ ܵఒǡீሻ ο݂
ߪீ௦

SNR of the IM/DD system including the background noise is given by
ܴܵܰ ൌ 

మ
ூು

ఙమ

ൌ

ሺெோೃ ሻమ
రೖ

ಳ
൰οᇀி ାெమ ிಲ ଶோ మ ௌഊǡಳಸ ሺଶೃ ାο ௌഊǡಳಸሻ οᇀ
ଶெమ ிಲ ሺோೃ ାூ ሻοᇀା൬
ೃಽ

(3.5)

SNR equation in equation (3.5) is compared with the noise and signal power of the system to
calculate the SNR value of the IM/DD receiver. Comparison will be done with the received
power of -40dBm. This is shown in Chapter 5 - Figure 5.3 and Sensitivity of the IM/DD receiver
is calculate by plotting the PDF curve with the function of SNR value with the same fading
vector and with received power of -40dBm. This is shown in the Chapter 5 - Figure 5.9. The
values of the system parameters and constants are given in Table 1. These values are used to
numerically calculate the SNR value. SNR of the IM/DD system including the background noise
derived in the equation (3.5) is calculated numerically and implemented in the Figure 5.1, Figure
5.2, Figure 5.3 and Figure 5.4 using the system parameters and constants given in the Table 1.
Table 1: IM/DD System input parameter values to numerically analyze the SNR
Parameter Name

Parameter Value

Unit

Wavelength

݈ܾܽ݉݀ܽ ൌ ͳͷͷͲ ൈ ͳͲିଽ

m

Load Register

ܴ ൌ ͲǤͳͷ ൈ ͳͲସ

Ohm

Circuit Temperature

ܶ ൌ ʹ͵Ǥͳͷ  ʹͶ

K

Bandwidth

݈݀݁ ݂ܽݐൌ ͳǤʹͷ ൈ ͳͲଽ

Hz

Dark Current

 ݀ܫൌ ͵Ǥ͵ ൈ ͳͲିଽ

-

Quantum Efficiency

݁ ݄ܽݐൌ ͲǤͻͶ

-

Ionization coefficients

݇ ൌ ͲǤͲʹ

-

Radiance

ܴܽ݀ ൌ ͵ ൈ ͳͲ

Bandwidth of optical filter

 ܾ݈ܽ݀݉ܽܦൌ ͳͲ ൈ ͳͲିଽ

M

Receiver Telescope Diameter

ࡰࡾ࢞ ൌ Ǥ 

m

Field of View

 ܸܱܨൌ ʹͲͲ ൈ ͳͲି

ߤ݀ܽݎ

11
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3.4 Optimum APD Gain
The optimum value depends on a large number of receiver parameters such as dark current,
the responsivity R and the ionization coefficient ratio݇ , however it is independent of receiver
bandwidth. Figure 3.3 shows the variations of ܯ௧ with ܲ for several values of ݇ . The results
are numerically implemented using the values of system parameters and constants that are given
in Table 2. The optimum APD Gain is quite sensitive to the ionization coefficient ratio ݇ Ǥ
Table 2: Optimum APD Gain Specification
Parameter Name

Parameter Value

Units

Wavelength

݈ܾܽ݉݀ܽ ൌ ͳͷͷͲ ൈ ͳͲିଽ

M

Load Resister

ܴ ൌ ͲǤͳͷ ൈ ͳͲସ

Ohm

Noise Figure of Amplifier

ܨ ൌ ͷ

Quantum efficiency

݁ ݄ܽݐൌ ͲǤͻͶ

Electron charge

 ݍൌ ͲǤͳͲʹ ൈ ͳͲଵ଼

C

Planks Constant

݄ ൌ ͲǤʹ ൈ ͳͲିଷଷ

Js

Speed of light

ܿ ൌ ʹͻͻͻʹͶͷͺ

m/s

Optical frequency

݂ൌ

ܿ
݈ܾܽ݉݀ܽ

Hz

Responsivity

ܴ ൌቀ

௧ൈ
ൈ

A/W

ቁ

12

CHAPTER 3. IM/DD SYSTEM USING APD

Figure 3.3 Optimum APD gain with a function of received optical power
Figure 3.3 is calculated by applying the various electron ionization value ݇ in the excess noise
factor ܨ .
3.5 Gaussian Noise
Noises present in the channel may be neither Gaussian nor independent of the signal. The
statistics of the signal should be known to make a decision error by calculating its probability.
Exact statistics should be evaluated numerically, since the APD output statistics are complicated
and different compromises have to be made to calculate accurately. The easiest way of
calculating the bit error rate is called Gaussian approximation. In [20] it explains that the
Gaussian approximation differs from the exact statistics is no more than 0.5db when used to
estimate the signal strength required to obtain a bit rate ofͳͲିଽ.
3.6 Analyze the BER of IM/DD system
In this section the performance of the IM/DD receiver is discussed by deriving the BER
calculation, and the numerical implementation values are also tabled with the exact measured
parameters of this receiver. Though the SNR calculation is to identify the performance of the

13
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receiver this is not sufficient enough. Considering the performance of the IM/DD system with
the BER calculation should be accurate enough.
For an IM/DD system the received optical current is expressed as [5]
ܫ  ൌ ܴܲܯோ

(3.6)

where
M is the average APD gain
R is the responsivity and
ܲோ is the received power
Gaussian approximation and exact statistics are the two ways to calculate the output signal.
Exact statistics should be evaluated numerically, even though it provide a good result the APD
output statistics are complicated and different compromises have to be made to calculate the
signal accurately. Difference between Gaussian approximation and exact statistics is not more
than 0.5db to calculate the output signal [20]. Since in Figure 5.9 the PDF of the input signal is
considered as Gaussian distribution vector with the noises consider in the mark state is shot
noise, thermal noise, shot noise due to the dark current and background noise and noise consider
in the space state is only the shot and thermal noise [21], [22]. Expression of the mark state is
ܲ ൌ 

ଵ
ఙೞ ξଶగ

 െ

൫ூିூ ൯

మ

మ
ଶఙೞ

൨ for the mark state

(3.7)

ଶ
In IM/DD receiver, we express the variance of the noise in the receiver as ߪ௦
when the signal is

in the mark state, this can be calculated as
ଶ
ଶ
ଶ
 ൌ  ߪ௦ଶ   ߪீ
 ߪீ௦
 ߪ்ଶ
ߪ௦
ଶ
ଶ
is the variance of background noise, ߪீ௦
is the background
whereߪ௦ଶ is the total shot noise, ߪீ

shot noise and ߪ்ଶ is the thermal noise.
Expression of the space state is
ܲ௦ ൌ 

ଵ
ఙೞೞ ξଶగ

 ቂെ

ሺூିூబ ሻమ
మ
ଶఙೞೞ

ቃ

for the space state

(3.8)

ଶ
when the signal is
In IM/DD receiver, we express the variance of the noise in the receiver as ߪ௦௦

in the space state, this can be calculated as
ଶ
 ൌ  ߪ௦ଶ   ߪ்ଶ
ߪ௦௦

where ߪ௦ଶ is the total shot noise and ߪ்ଶ is the thermal noise.
14

CHAPTER 3. IM/DD SYSTEM USING APD
In [17] the complementary error function is given by
 ሺሻ  ൌ 

ଶ ஶ
 ሺെ ݐଶ ሻ  ൌ
ξగ ௫

ͳ െ ሺሻ

(3.9)

Since it is easy to calculate the BER numerically using the function erfc in Matlab. We can write
the mark state and space state as
ூ ିூಹ

ଵ

 ܴܧܤൌ  ସ ቂ ቀ ఙ

ೞ ξଶ

where

ூ ିூಹ
ఙೞ ξଶ

ൌ

ூಹ
ఙೞೞ ξଶ

ூಹ

ቁ   ቀ

ఙೞೞ ξଶ

ቁቃ

(3.10)

 ൌ ܳ(Qualification factor), since the above equation depends on threshold

value ்ܫு . We optimized it and the BER of IM/DD can be written as
ூ

ଵ

ܴܧܤூெȀ  ൌ  ଶ ቂ ቀ

ቁቃ

ξଶሺఙೞ ାఙೞೞ ሻ

(3.11)

For estimating the performance of the IM/DD system we can use qualification factor as [31].
Qൌ 

ூ

(3.12)

ఙೞ ାఙೞೞ

The BER of IM/DD systems is then written as
ଵ

ொ

ܴܧܤூெȀሺொሻ ൌ  ଶ   ቀ ቁ

(3.13)

ξଶ
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Chapter 4 - Heterodyne Detection
4.1 Sensitivity and Performance of the Coherent (Heterodyne) Receiver
Robustness of the coherent receiver is identified by deriving the sensitivity and
performance of the receiver. Sensitivity of the coherent receiver is calculated by deriving the
signal-to-noise ratio with the system parameters. We can attain the high sensitivity for the
coherent receiver by increasing the received optical power, but getting the high sensitivity with
the low power is good. Then the robustness of the system will be very high.
For coherent detection system the received optical current ܫ is expresses as [5]
ܫ  ൌ ʹܴ ଶ ܲ ܲோ

(4.1)

where ܴ is the responsivity, ܲ is the local oscillator power and ܲோ is the received optical
power.
4.2 Signal to Noise Ratio
The total noise variance of the heterodyne receiver is by adding the shot noise and thermal
noise and it becomes
ߪ ଶ  ൌ ʹݍሺܫ  ܫௗ ሻο݂   ሺ

ସಳ ்
ோಽ

ሻο݂ܨ

(4.2)

where q is the electronic charge, ܫ is the primary photocurrent, ܫௗ is the dark current, ο݂ is the
effective noise bandwidth of the receiver, ݇ is the Boltzmann constant, ܶis the receiver
temperature, ܴ is the APD’s load resistor, ܨ is the amplifier noise and ο݂is the effective noise
bandwidth.
The ratio of the signal power (Eq. 4.1) and noise power (Eq. 4.2) is then written as [5]
ܴܵܰ௧ௗ௬ ൌ 

ଶோ మ ೃ ಽೀ
రೖಳ 
൰οᇀி
ೃಽ

ଶሺூು ାூ ሻοᇀା൬

(4.3)

Shot Noise that are present in the IM/DD system will differ in the Coherent receiver. The shot
noise dominates with the local oscillator power and will get the mixed up noise with the local
oscillator power influence in it. So the dominant local oscillator power variable is replaced in
equation (4.3) and the SNR becomes
ܴܵܰ௧ௗ௬ ൌ 

ଶோ మ ೃ ಽೀ

రೖಳ 
ሻοᇀி
ೃಽ

ଶሺಽೀ ோାூ ሻοᇀାሺ
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By neglecting the influence of the shot noise due to the dark current will made a difference in
performance of the SNR [5].
ோ

ఎ

ೃ
ೃ
ܴܵܰ௧ௗ௬ ൌ  ଶο
ൌ ଶ˶ο

(4.5)

where ߟ is the quantum efficiency, ݄ is the planck’s constant and ˶ is the frequency.
Sensitivity of the heterodyne detection receiver is calculate by plotting the PDF curve with the
function of SNR value with the same fading vector and with received power of -40dBm. This is
shown in the Figure 5.9
4.3 Background Noise in the Heterodyne System
Additional source of noise has to be taken into account to calculate the SNR of a heterodyne
system. Optical receiver that enhances the background radiation is just because of the
dependency of the field of view and bandwidth. Since the background noise present because of
the field of view of the receiver has mixed up with the incoming source signal the SNR of the
above calculated equation is to be added up with the background noise [19]. The variance of the
background noise is given by
ଶ
ൌ ʹܴ ଶ ܵఒǡீ ሺʹܲோ  ο݂ ܵఒǡீሻ ο݂
ߪீ

(4.6)

where
ܵఒǡீ is the optical power spectral density of the background noise, ο݂ is the optical
filter bandwidth limiting the background noise,ܴ is the responsivity, ܲோ is the received optical
power and ο݂ is the effective noise bandwidth of the receiver.
SNR of the heterodyne system is influenced by the background noise and it is given by [5]
ܴܵܰ௧ௗ௬ ൌ 

ଶோ మ ೃ ಽೀ
రೖಳ 
൰οி ାଶோ మ ௌഊǡಳಸ ൫ଶೃ ାο ௌഊǡಳಸ ൯ο
ೃಽ

ଶ൫ಽೀ ோାூ ାோο ௌഊǡಳಸ ൯οା൬

(4.7)

The SNR equation we attained here is compared with the noise and signal power of the system to
calculate the SNR value of the coherent receiver. Comparison will be done with the received
power of -40dBm. This is shown in Figure 5.7. The values of the system parameters and
constants are given in Table 3, and these values are used to numerically calculate the SNR value.
SNR of the coherent detection system influenced by the background noise derived in the
equation (4.7) is calculated numerically and implemented in the Figure 5.5, Figure 5.6, Figure
5.7 and Figure 5.8 using the system parameters and constants given in the Table 3.
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Table 3: Coherent System input parameter values to numerically analyze the SNR
Parameter Name

Parameter Value

Unit

Wavelength

݈ܾܽ݉݀ܽ ൌ ͳͲͶ ൈ ͳͲିଽ

m

Load Register

ܴ ൌ ͲǤͳͷ ൈ ͳͲସ

Ohm

Circuit Temperature

ܶ ൌ ʹ͵Ǥͳͷ  ʹͶ

K

Bandwidth

݈݀݁ ݂ܽݐൌ ͳǤʹͷ ൈ ͳͲଽ

Hz

Dark Current

 ݀ܫൌ ͵Ͳ ൈ ͳͲିଽ

-

Noise Figure Amplifier

ܨ ൌ ͷ

-

Quantum Efficiency

݁ ݄ܽݐൌ ͲǤͻͶ

-

Ionization coefficients

݇ ൌ ͲǤͲʹ

-

Radiance

ܴܽ݀ ൌ ͵݁ͳ

Bandwidth of optical filter

 ܾ݈ܽ݀݉ܽܦൌ ͳͲ ൈ ͳͲିଽ

m

Receiver Telescope Diameter

ܦோ௫ ൌ ͲǤͷ

m

Field of View

 ܸܱܨൌ ͳͲͲ ൈ ͳͲି

ߤ݀ܽݎ

ௐ
మ ൈ௦ൈ

,1mW: 1550nm

4.4 Analyze the BER of the Coherent System
Performance of the coherent receiver is done by calculating the BER method and the
numerical values have been tabulated under this topic. Using the system parameter values in
Matlab to compare the coherent detection system with IM/DD to compare the performance
among the receivers.
For and coherent detection system the received optical current is expresses as [5]
ܫ  ൌ ʹܴ ଶ ܲ ܲோ

(4.8)

where
R is the responsivity
ܲோ is the received power and
ܲ is the local oscillator power
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The noise in the receiver is considered to be the narrow receiver bandwidth of the coherent
receiver, and it is given by [21], [24]
݊ሺݐሻ ൌ ݔሺݐሻܿ߱ݏூி  ݐെ ݕሺݐሻ߱݊݅ݏூி ݐ

(4.9)

where ߱ூி is the angular frequency, ݔሺݐሻand ݕሺݐሻ are the input signal.
Noise components in the coherent system are controlled by a shot noise due to the influence of
the local oscillator. Since the noise components are controlled by a local oscillator the noise
becomes equal in the mark state and space state. Therefore we assume [21]
ଶ
ଶ
ߪ௦̴
ൌ ߪ௦௦̴
 ൌ  ߪଶ

(4.10)

ଶ
In coherent receiver, we express the noise in the receiver as ߪ௦̴
when the signal is in the mark
ଶ
state and ߪ௦௦̴
when the receiver is in the space state.

Variance of ݔሺݐሻand ݕሺݐሻ are
ݔሺݐሻଶ ൌ ݕሺݐሻଶ ൌ ߪଶ
In coherent detection light wave system noises considered in the PDF of an input signals are the
shot noise and thermal noise. Various kind of noise that is influenced while transmitting the
signal are the background noise. In coherent receiver, we express the variance of the noise in the
ଶ
when the signal is in the mark state, this can be calculated as [24]
receiver as ߪ௦̴
ଶ
ଶ
ଶ
ߪ௦̴
ൌ  ߪீ
 ߪ௦
 ߪ்ଶ

(4.11)

ଶ
ଶ
is the background noise,ߪ௦
is the total shot noise and ߪ்ଶ is the thermal noise.
where ߪீ
ଶ
In coherent receiver, we express the variance of the noise in the receiver as ߪ௦௦
when the signal is

in the space state, this can be calculated as [24]
ଶ
ଶ
ߪ௦௦̴
ൌ ߪ௦
 ߪ்ଶ

(4.12)

ଶ
where ߪ௦
is the total shot noise and ߪ்ଶ is the thermal noise.

The SNR of the signal ܴܵܰ௧ௗ௬ can be expressed in terms of ݅ௌǡ and ߪ as
మ

ܴܵܰ௧ௗ௬ ൌ  ଶఙೄǡమ

(4.13)



The BER can be obtained as [5]
ଵ



 ܴܧܤൌ  ଶ   ቀఙೄǡ ቁ

(4.14)

 ξଶ

ଵ

ܴܧܤ௧ௗ௬ ൌ  ଶ  ඥܴܵܰ௧ௗ௬
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BER equation we got here is used to find out the performance of the Coherent receiver. BER is
plotted with the SNR value to check the performance of the receiver. BER for ͳͲିଽ is plotted in
the graph which is shown in Figure 5.11. Monte Carlo method was handled to target a very low
BER curve [6].
4.5 Monte Carlo method
Monte Carlo method is particularly used where analytical methods are tough to apply [25].
This method is a broad class of computational algorithm that relies on repeated random number
sampling to obtain numerical results [25]. This method is used to attain a very low BER. The
BER of the Receivers can be checked to the minimum extend using this method. The low BER
can targets from ͳͲି ͳͲିଽ [6]. Monte Carlo simulation is one of the finest alternative
analytical tools for less time consuming [25].
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Chapter 5 - Experimental Result
5.1 Comparison of Noise and Signal Power of IM/DD System
The noise signals which are present in the optical IM/DD receiver are derived in the chapter 3.
There is no need of including all the background noises, we consider some of the noise signals
during the comparison of noise and signal power as well as the SNR of the IM/DD receiver.
Figure 5.1 shows the performance of the SNR curve and the noise signals dominant in the
receiver. In IM/DD receiver the SNR value is not stable, we can see it clearly in the Figure 5.1.
The SNR curve is gradually decreasing once it reaches to the maximum value of 30.4dB which is
also shown in the Figure 5.1. SNR value of the IM/DD receiver should be calculated at the
steady state of the SNR curve. In Figure 5.1 we got the high SNR value at the steady state of the
SNR curve but the AMF value become very less for the received optical power of -30dBm. By
taking the AMF value into account the received optical power of -30dBm is not considered to
evaluate the performance of the IM/DD receiver.

Figure 5.1 SNR, Signal and Noise Power of IM/DD receiver with received power of -30dBm
Figure 5.2 shows the received optical power of -50dBm. SNR value of the IM/DD receiver
should be marked or calculated at the steady state of the SNR curve. In Figure 5.2 steady state of
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the SNR curve is attained at the maximum value of an AMF. The value of an AMF for the
received optical power of -50dBm becomes high to evaluate the performance of the IM/DD
receiver but the SNR value of the IM/DD system for the received optical power of -50dBm
become very less. High sensitivity and performance of the receiver can be achieved only with the
high SNR value. SNR value of the IM/DD receiver is attained for the received optical power of 50dBm is only 6.543dB which is in the Figure 5.2 and this SNR value will reduce the sensitivity
of the receiver. Even though the AMF value is high to evaluate the performance of the IM/DD
receiver by taking the SNR value into account the received optical power of -50dBm is also not
considered.

Figure 5.2 SNR, Signal and Noise Power of IM/DD receiver with received power of -50dBm
5.2 Comparison of Signal and Noise using Received Power of -40dBm for IM/DD
Comparison of noise signals and signal power with the received optical power of -40dBm in
Figure 5.3 gives the perfect solution to get a considerable AMF and SNR values. SNR value
should be marked at the steady state of the SNR curve. In Figure 5.3 steady state of the SNR
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curve is attained for the AMF value of 52.5. SNR value attained at the steady state of the SNR
curve for the received power of -40dBm is 19.11dB which is in Figure 5.3. Compare to the
Figure 5.1 and Figure 5.2 in Figure 5.3 for the received optical power of -40dBm the SNR value
and the AMF value is perfect and by taking this both values into account we considered the
received optical power of -40dBm to evaluate the performance of the IM/DD receiver.
Considered the SNR and APD gain values in Figure 5.3 to calculate the PDF and to compare the
sensitivity of the coherent and IM/DD receivers.

Figure 5.3 SNR, Signal and Noise Power of IM/DD receiver with received power of -40dBm
Figure 5.4 is plotted using the AMF value of 52.5 which is obtained in the Figure 5.3 for the
received optical power of -40dBm. Figure 5.4 shows the performance of the SNR curve of an
APD receiver using an AMF value of 52.5. In Figure 5.4 noise signals, signal power and the
SNR curve of an APD receiver are plotted against the received optical power for the achieved
AMF value of 52.5 in Figure 5.3. SNR value of an APD receiver is marked in the Figure 5.4 at
the received optical power of -40dBm gives the exact SNR value which is attained in the Figure
5.3. Figure 5.4 is plotted to check the SNR value of the IM/DD receiver for the given AMF value
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of 52.5 and it gives the exact SNR value is 19.11dB in the Figure 5.4 which is already achieved
in the Figure 5.3.

Figure 5.4 SNR, Signal and Noise power of IM/DD receiver with M of 52.5

5.3 Comparison of noise and signal power of Coherent Detection system
Dependency of the received optical power and noise presented in the receiver with the
received optical power of -30dBm and -50dbm are shown in the Figure 5.5 and Figure 5.6. The
system parameter values and the noise which are present in the coherent receivers are explained
in the Chapter 4 - . In Figure 5.5, Figure 5.6 and Figure 5.7 graph includes all types of noise
signals presents in the coherent detection system. . Figure 5.5 will briefly shows the attained
value of all the noise signals, signal power and the SNR for the received optical power of 30dBm. Figure 5.5 also shows the performance of the SNR curve and the noise signals dominant
in the receiver. In coherent receiver the SNR value is stable, we can see it clearly in the Figure
5.5 the SNR curve is maintaining the stable value once it reaches the maximum SNR value of the
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curve. SNR value of the coherent receiver should be calculated at the maximum value of the
SNR curve, since the system is stable the SNR value is constant once the SNR curve reaches the
maximum value in the coherent receiver. In Figure 5.5 the SNR value of the coherent receiver is
36.1dB.

Figure 5.5 SNR, Signal and Noise Power of Coherent receiver with received power of 30dBm
SNR value of the coherent receiver should be marked at the maximum value of the SNR curve.
Figure 5.6 shows the SNR value of the coherent receiver for the received optical power of 50dBm is 16.1 dB. Even though the received optical power of -30dBm in Figure 5.5, and 50dBm in Figure 5.6 gives the good SNR values to evaluate the performance of the coherent
receiver. We consider only the received optical power of -40dBm in Figure 5.7 to evaluate the
performance of the coherent receiver, because Figure 5.3 is calculated with the received power of
-40dBm gives the perfect solution to get the considerable AMF and SNR values for the IM/DD
receiver. In order to evaluate and to compare the performance of Coherent and IM/DD receivers
we need to consider the same received optical power in both the receivers.
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Figure 5.6 SNR, Signal and Noise Power of Coherent receiver with received power of 50dBm

5.4 Comparison of Signal and Noise using Received Optical Power of -40dBm for Coherent
Detection system
SNR values of the Coherent detection system are calculated with the system parameter values
which are mentioned in the Chapter 4 - . System parameter values of the Coherent detection
system are not same as that of the IM/DD system but the fading vector and the received optical
power are same. Figure 5.7 shows clearly, that the SNR value of the coherent detection system is
higher than the IM/DD system for the received optical power of -40dBm. SNR value attained at
the maximum value of the SNR curve is 26.1 dB which is in the figure 5.7. Considered this SNR
value of the Coherent detection system obtained in the Figure 5.7 to plot the PDF curve in
comparison with the SNR value of the IM/DD system attained in the Figure 5.3 to check the

26

CHAPTER 5. EXPERIMENTAL RESULT
sensitivity of both the receivers and to check the performance of both the receivers. In Figure 5.9
the PDF curve is plotted.

Figure 5.7 SNR, Signal and Noise Power of Coherent receiver with received power of 40dBm
SNR value attained in the Figure 5.8 is 26.1dB. In Figure 5.8 noise signals, signal power and the
SNR curve of the coherent receiver are plotted against the received optical power. SNR value of
the coherent receiver is marked in the Figure 5.8 at the received optical power of -40dBm gives
the exact SNR value which is attained in the Figure 5.7. Figure 5.8 is plotted to check the
performance of the coherent receiver and it gives the exact SNR value of 26.1dB which is
already achieved in the Figure 5.7.
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Figure 5.8 SNR, Signal and Noise Power of Coherent receiver
5.5 SNR comparison of IM/DD and coherent detection receiver
Probability of IM/DD system is broader than the coherent detection system. Though the same
fading vector is used in both receivers. The PDF curve of the coherent receiver system is sharp
and looks good under the atmospheric condition. Probability of attaining the SNR of the coherent
receiver is more sensitive than the IM/DD system. The optical mean received power used in the
system is -40dBm. SNR value of the coherent receiver which is attained from the Figure 5.7 is
mentioned here in blue color and the SNR value of IM/DD system which is attained from the
Figure 5.3 is mentioned is black color. The SNR value of the coherent receiver is 26.1 for the
given optical power of -40dBm and the SNR value of the IM/DD receiver is 19.11 for the same
optical power used in the Coherent receiver. Sensitivity of both the receiver is clearly seen from
the Figure 5.9, it proves that the Sensitivity of the coherent receiver is more than the sensitivity
of the IM/DD receiver in terms of fading vector.
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Figure 5.9 Sensitivity Comparison of Coherent and IM/DD receiver curve with the received
power of -40dBm
5.6 Integration of PDF curve
Cumulative distribution function is calculated by integrating the probability density function
of both the coherent and IM/DD systems with the same parameter values used in the system
models. Figure 5.10 shows that both the curve attains here reach the value one.

Figure 5.10 Cumulative distribution function
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5.7 Bit Error Rate analysis of the IM/DD system
BER of the IM/DD is done with considering the additive white Gaussian distribution vector
with the noises present in both systems. The Bit rate of ͳͲିଽ is aimed, which is the very low
BER targets to achieve a very less data loss. To achieve the target Monte Carlo method was used
to extend the curve to the minimum possible point ofͳͲିଽ.

Figure 5.11 BER performance comparison of Coherent and IM/DD receiver
Figure 5.11 shows that the BER curve of the Coherent detection system becomes sharper at some
point than comparing to the BER of IM/DD system. Figure 5.11 shows that the performance of
the coherent detection system is better than the IM/DD system.
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Chapter 6 - Conclusion
In this project, I have compared the sensitivity and performance of the coherent detection
and IM/DD receivers. The probability was analytically derived by taking into account the
atmospheric turbulence and receiver noise, which includes the shot noise and thermal noise and
it is modeled as additive white Gaussian noise. The atmospheric turbulence is modeled by
Gaussian distribution.
Unlike the previous works, I have derived the signal-to-noise ratio of the heterodyne
detection and IM/DD receivers to analyze the sensitivity of both the receivers. In Figure 5.9, it is
clearly shown that the sensitivity of the Coherent receiver provides a better PDF curve than the
sensitivity of the IM/DD receiver.
Solving the bit error rate simulation of coherent and IM/DD receivers is the main target
of the project. Bit error rate simulation to achieve the low BER value likeͳͲିଽ was extremely
time-consuming and not possible for regular method to achieve tillͳͲିଽ, so the alternative
method is handled in the project to achieve the very low bit error rate target was the Monte-Carlo
simulation.
Bit error rate performance of both the receivers using Monte-Carlo simulation is obtained
in Figure 5.11. In the Monte Carlo simulation graph it is clearly shown that improvement of the
BER curve in the coherent detection system provides a better performance than the BER curve in
the IM/DD system.
In comparison to the coherent and incoherent receivers with the same fading vector under
atmospheric turbulence, sensitivity of the coherent receiver gives the best result and it is proven
in the sensitivity comparison Figure 5.9 and the performance of the coherent receiver gives the
best result at the target BER rate ofͳͲିଽ and it is proven in the BER performance comparison
Figure 5.11.
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