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ABSTRACT 
 
 
 

 
In  this  thesis,  we  present  the  impact  of  backscattering  induced  crosstalk  on  the  
bit-error-rate  (BER)  performance  of  a  corner  cube  retro-reflector  (CCR)  based  
distributed  sensor  network  system  which  is  based  on  optical  wireless 
communication.  A  CCR,  which  consists  of  three  flat  glass  plates,  can  send 
information  back  to  the  base  transceiver.  We  study  the  BER  for  different 
transmitted  optical  powers.  The  photodiode  at  the  global  transceiver  combines  all  
the  received  signals  and  following  that  a  decision  circuitry  makes  a  hard  decision 
based  on  an  adaptive  decision  threshold.  It  is  observed  that  the  BER  decreases 
with  the  increment  of  the  number  of  CCRs.  This  thesis  also  reveals  that  there  is  
a  power  penalty  suffered  by  the  system  due  to  the  type  of  transceiver  used  in  
this  system.  The  limiting  values  of  the  link  range (horizontal distance  between  the  
global  transceiver  and  the  CCRs)  and  the  imaging  receiver pixel  sensitivity  factor  
are  determined  at  a  BER  of  10-9.  Mathematical  results  show  that  the  power  
penalty  increases  for  about  2  watts  for  a  decrement  in  the  pixel  sensitivity  factor  
of  about  0.5.  It  is  also  found  that  the  system  will get  an  improved  BER  by  
increasing  the  number  of CCR. 
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CHAPTER 1

Introduction

Wireless sensor networks (WSN) and free space optical (FSO) communication [1]

both have gained significant attraction in 21’st century’s communication era be-

cause of their cost-effective nature and high bandwidth access technique. Despite

the major advantages of wireless sensor networks like distributed control, network

scalability, simple setup, its widespread use is being hampered by several chal-

lenges like limitations in power, memory, throughput, fading problem, wireless

channel noise etc. Specially power efficiency has become an important challenge

while deploying this type of sensor network in some places like battle field, remote

areas. The sizes of wireless sensors are also a major drawback. In order to over-

come these issues Teramoto et al. [2] first proposed corner cube retro-reflector

(CCR) based distributed sensor network system which employs passive free space

optical wireless communication. In this type of system, the transmitting optical

laser is housed only in the global decision node/ global transceiver station. The

sensor nodes are equipped with very tiny CCRs, first introduced by a group of

researchers at the University of California, Barkley [3],[4]. This type of passive

optical communication seems to be more attractive than the active optical com-

munication not only for negligible power consumption but also for the reason that

they do not need any physical layer beam-steering protocol.

1.1 Objectives of the Thesis

In this thesis, we study a CCR based distributed sensor network (CDSN) em-

ploying passive optical wireless transmission medium. In this type of system,

the global decision center/global transceiver station contains an active optical

laser which actually acts as an interrogating laser beam source to the system.
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The transceiver station also has a receiving lens followed by the image sensor

array which is used to receive the reflected beams from the CCRs. At the

global transceiver the transmitted laser beam from the active laser can become

a crosstalk factor to the received signal at the imaging receiver, being backscat-

tered by the aerosol or molecules in the atmosphere. In the presence of fog and

haze the received signal power decreases and the backscattered crosstalk factor

becomes more dominant [8]. This has driven us to derive the analytical model of

bit-error-rate (BER) of this type of sensor system accounting the backscattered

crosstalk. The limiting parameters of the link range and the pixel sensitivity

factor of the imaging receiver, to achieve a tolerable BER, have also been investi-

gated. Another important objective of this thesis is find out how multiple CCRs

help the receiver to have a low bit-error-rate.

1.2 Thesis Overview

The remaining chapters of this thesis are organized as follows:

In chapter 2, the literature review for this thesis is presented.

In chapter 3, the concepts of corner cube retro-reflector (CCR) and the ar-

chitecture of the CCR based distributed optical wireless sensor network are de-

scribed. The mathematical model of the bit-error-rate (BER) of a particular

CCR based distributed sensor network system is also analyzed in this chapter.

The typical parameters used in the simulation are also presented in this chapter.

In chapter 4, simulation results are presented with detail discussion. Perfor-

mance results are compared for different link ranges and pixel sensitivity factors.

Chapter 5, summarizes the results of the research works and gives further

research directions.

In Appendix A, the mathematical model for the average received optical power

and backscattered optical power is presented.
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CHAPTER 2

Literature Review

In [5], Karakehayov presented a low power design technique for CCR based dust

motes which was mentioned as ”Zero power technique”. In [6], Deng et al. showed

a free space optical communication system with a transmitter and receiver array.

It was shown in that research that as the number of laser transmitter increases,

the BER decreases. The major disadvantage of this approach is that in this

model the receiving end will also have to have transmitting laser array to trans-

mit signals. Navidpour et al. [7] investigated the bit-error-rate performance of a

conventional FSO link with spatial diversity over log-normal atmospheric turbu-

lence fading channels. Arnon et al. [8][9] first showed the bit-error-rate of a FSO

link considering the backscattering induced crosstalk. The conventional active

optical transmission system was used in their study to find out the detail BER

nature. Mutaz et al. [10] first proposed an LDPC like wireless sensor network

where a sum-product like algorithm is designed to exchange information between

sensor nodes and to reach a global decision in binary hypothesis testing. Tanner

graph is utilized in their model to implement message passing between sensor

nodes. An irregular structure of the parity check matrix is used to model the net-

work structure in their work. However, though this type of network is efficient in

achieving a credible global decision , still it has the impairments of typical wire-

less sensor networks. Moreover, as in this type of network, some sensor nodes are

supposed to send the sensed signal to multiple decision centers/ fusion centers,

power budget might be a major constraint to deploy this type of topology.
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CHAPTER 3

Architecture and BER
performance of the system

In this chapter, the architecture of a CCR based distributed sensor network

(CDSN) is presented. A mathematical model, to evaluate the bit-error-rate

(BER) performance of this system, is also developed in this chapter by con-

sidering the backscattered noise sources.

3.1 CCR based distributed sensor network

The network structure which has been studied in this work is a CCR based

distributed wireless sensor network (CDSN). In a typical CDSN, the sensor nodes

contain CCRs and the transceiver station contains both the active laser and the

imaging receiver. The communication medium between the sensor node and the

transceiver is optical wireless.

The CCRs normally occupy cubic-millimeter area and consume power in the

µ watt range. In this model, each transceiver is equipped with one active optical

laser which is used to transmit an on-off-keyed (OOK) signal and also with an

optical receiver. The receiver at the transceiver contains one optical lens which is

chosen to have a large entrance aperture to increase the captured power from all

the CCRs. This lens is followed by a CMOS image sensor array. The transmitting

laser is pulsed periodically in synchronization with the image sensor frame clock.

The laser is situated at a vertical distance of d0 above the imaging receiver axis

of the global transceiver as shown in Fig. [3.1]. In this work, the imperfection in

the CCR has been neglected, also the atmospheric attenuation and ambient light

from the atmosphere have not been considered . The transmitting laser which
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is housed at the virtual fusion center continuously emits an interrogating laser

beam which has a power Pt and uniformly illuminates at a semi-angle of θf . The

horizontal distance between the interrogating transmitting laser and the sensor

nodes is denoted as Z. The transmitting laser illuminates a field with a diameter

df . The CCR has effective diameter dc when it is aligned with respect to the link

axis. In the case where the capture area is not aligned with respect to link axis,

the corresponding irradiance becomes proportional to the cosine of θc which is

the angle between the incident axis and plane of sensor node. The lens of the

imaging receiver has an effective diameter dL and a transmission TL. The imaging

receiver has a total of 105 image pixels but not all of them are light sensitive.

The fraction of light sensitive region to light insensitive region is denoted as fact,

which is actually an indicator of the sensitivity of the camera pixel to the light

intensity. The imaging receiver is followed by an optical bandpass filter, which has

a bandwidth of ∆λ and a transmission Tf , to filter out the required bandwidth

from the noise. The responsivity, R of the photodetector can be defined as the

ratio between the photocurrent and the incident optical power. It is assumed that

the optical axis of the transmitted laser beam and the axis of the receiver field of

view are in parallel to each other and φT > φR. The receiver field of view (FOV)

and the transmitter’s transmitting cone intersect each other at a distance z0 from

the global transceiver. The intersection is totally overlapped from a distance zf to

infinity. The receiver telescope aperture diameter and field of view are expressed

as DR (DR = dl) and φR respectively. For the distance z0 < z < zf , there is some

region where the receiver can receive some portion of the transmitted beam.

A large number of sensor nodes can be reached by the transmitting laser beam

by making the FOV of the transmitting laser fairly large enough. The sensor

nodes consists of dust motes which are nothing but CCRs. CCRs do not have any

active optical laser power. CCRs, consisting of three orthogonally placed mirrors

as shown in Fig. [3.2], mainly operate in two manners. When the CCRs have

a signal bit ”1” to send to the global transceiver the mirrors are kept as they

are, so that the entering light bounces off each surface and eventually reflects

back to the global transceiver parallel to the direction it entered the CCR. In

case of a ”0” bit to send to the global transceiver, the mirrors are turned slightly

(consuming a power lower than 1nJ/bit) so that no light is reflected back to the

global transceiver [5]. This is the the reason for which in this type of system
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Fig. 3.1: Typical structure of CCR based sensor network system.

the laser is only situated in the transmitting system which continually emits the

interrogating laser. The CCR reflectivity can be modulated by actuating one of

the mirrors. The reflected laser beam is received by an optical telescope and after

receiving it is pre-amplified by an amplifier and converted to the electrical signal

by a photodiode. The central transceiver can transmit data to the CCRs at a bit

rate of several kbps. One important specification for this type of system is the

line of sight (LOS), a non-line-of-sight can make the transmitted and reflected

beam to be scattered over a wide range of area.

3.2 Bit-error-rate (BER) performance

In this section, the major noise sources that impact the received signal at the

receiver are discussed. The optical preamplifier amplifies the received signal with

gain, G. After amplification, the optical signal is converted into electronic current

by a photodiode with responsivity R which is expressed as, R = eη
hv

, where η

denotes the quantum efficiency of the photodiode, e defines the electron charge,

h defines the Plank’s constant and v is the optical frequency of the received power.

The expected received signal power is defined as PR, which might be degraded
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Fig. 3.2: Typical structure of corner cube retroreflector (CCR).

due to additive noise components. An optical bandpass filter with a width of

∆v is applied between the optical image receiver and the preamplifier to narrow

down the bandwidth of the received optical power.

At the optical receiver, which is located at the global transceiver, the received

signal power from the dust mote CCR is degraded by the backscattering-induced

crosstalk which is coming from the transmitting laser located also at the global

transceiver. The optical preamplifier also adds some other noise factors like sig-

nal shot noise, dark current noise, background noise, thermal noise and amplified

spontaneous emission (ASE) noise etc to the received signal. It is assumed that,

these noise sources are not correlated and they are independent of each other.

The expected received signal as well as the backscattered signal can be either a

”0” or a ”1”. The noise associated with the two possibilities is different in the

presence of the backscattered signal. For simplicity, the backscatter channel is

assumed to have a memory of one symbol. The backscattered symbol, scattered

from the transmitter, is actually scattered from the previous symbols and could

be significantly attenuated while propagating through the intersection cone. The

combination of desired received symbol and the backscattered symbol can be de-

scribed as four different choices: 1)signal=”1” and backscatter=”0” 2)the reverse
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3)both ”1” and 4)both ”0”. The noise variances which correspond to these four

combinations can be defined as σ2
m n, where m can take either a bit ”0” or ”1”

and n can also take either a bit ”0” or ”1”. The noise variance σ2
m n actually

represents the variance when a bit m or bit n gets interfered with each other.

Substitution of practical values for all noise terms shows that optical amplifier

noise dominates all other sources.

In clear weather, the radiated signal power should be significant and as a

result the interference of amplified spontaneous emission (ASE) and background

noise is significant. In this case, the interference of ASE and backscattered noise

is negligible. During fog and haze, the backscattered signal power should be dom-

inant making the interference of ASE and backscattered power to be dominant.

In this case, the interference of ASE and background noise becomes negligible.

After receiving the optical power by the imaging receiver lens, it is converted

to an electronic signal s(t) by the photodiode. At this point, the decision cir-

cuitry decides whether the transmitted was either ”1” or ”0” with a decision

threshold. It is assumed that the apriori probabilities of bit ”1” and ”0” are to

be equiprobable that is, P (1) = P (0) = 1
2
.

The received optical signals, which are reflected from all the CCRs and which

are in the field of view of the active laser, are received by a single photo-detector at

the transceiver. After receiving the combined reflected beam, the photo-detector

takes a hard decision based on an adaptive decision threshold, iD total. The princi-

ple behind this hard decision is, if the total received power (reflected laser power

along with the backscatterd optical power from the transmitting laser) at the

photo-detector is lower than the adaptive decision threshold then the received bit

is assumed as ”0”, otherwise it is assumed as ”1”.

Then the bit-error-rate (BER) of a CCR based optical wireless communication

link can be expressed as:

BER = P (0)P (s|0)P (PR total ≥ iD total|0, N) + (3.1)

P (1)P (s|1)P (PR total ≤ iD total|1, N)

Here PR total is the total received power at the imaging receiver. The con-

ditional probability of bit ”0” and ”1” are expressed as, P (s|”0”) and P (s|”1”)

respectively. The adaptive decision threshold for the total received power is ex-

pressed as, iD total. Eq.[3.1] can further be expanded as,
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BER = P (0){P (s = 0|bs = 0) + (s = 0|bs = 1)}P (PR total ≥ iD total|0, N) (3.2)

+P (1){P (s = 1|bs = 0) + (s = 1|bs = 1)}P (PR total ≤ iD total|1, N)

Here P (s = 0|bs = 0) represents the conditional probability when the received

signal is ”0” and the backscattered bit is ”0”, P (s = 0|bs = 1) represents the

conditional probability when the received signal is ”0” and the backscattered bit

is ”1”, P (s = 1|bs = 0) represents the conditional probability when the received

signal is ”1” and the backscattered bit is ”0” and P (s = 1|bs = 1) represents the

conditional probability when the received signal is ”1” and the backscattered bit

is ”1”.

After simplifying the BER can be expressed as,

BERworstcase =
1

8
[{Q(

1√
2

isig1 + ibs0 − iD
σ1 0

) ∗Q(
1√
2

N − iD total

σ1 0 total

)}

+{Q(
1√
2

iD − ibs0 − isig0

σ0 0

) ∗Q(
1√
2

iD total

σ0 0 total

)}

+{Q(
1√
2

isig1 + ibs1 − iD
σ1 1

) ∗Q(
1√
2

N − iD total

σ1 1 total

)}

+{Q(
1√
2

iD − ibs1 − isig0

σ0 1

) ∗Q(
1√
2

iD total

σ0 1 total

)}] (3.3)

Where Q(x) is a complementary error function expressed as, Q(x) = {1/
√

2π∫∞
x

e−(u2/2)du}, ibs1 is backscattering crosstalk current for bit ”1” given by, ibs1 =

{R Pbs}, isig1 is the photocurrent for received bit ”1” where isig0 is the photocur-

rent for received bit ”0”. The total adaptive decision making threshold current

iD total can be expressed as:

iD total =
σ0 1 total(N ∗ isig1) + σ1 1 total(N ∗ isig0)

σ0 1 total + σ1 1 total

(3.4)

The total four noise variances received at the receiver can be expressed as :

σ2
1 0 total = σ2

th + 2eR{N ∗ (PR + Pbs0)}B (3.5)

σ2
0 0 total = σ2

th + 2eR(N ∗ Pbs0)B (3.6)

σ2
1 1 total = σ2

th + 2eR{N ∗ (PR + Pbs1)}B (3.7)

σ2
0 1 total = σ2

th + 2eR(N ∗ Pbs1)B (3.8)
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Here e represents the electronic charge and σ2
th is the variance of the thermal

noise in the detector which can be expressed as [15]:

σ2
th =

4kTB

RL

(3.9)

In (3.9), T denotes the receiver temperature, B denotes the electrical bandwidth

of the receiver and RL denotes the receiver front end load.
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CHAPTER 4

Experiments, results and
discussion

Following the mathematical model presented in section 3.2, the BER of a CCR

based optical wireless communication system is presented in this section taking

into account the effect of backscattering induced crosstalk. We analyze the BER

of the global transceiver for several values of input power. For simplicity, it is

assumed that all the CCRs experience the same environment and there is no

roughness in the glass planes of the CCRs. The parameters used in the numerical

evaluation are listed in Table. 4.1.

Fig. 4.1: BER versus transmitted powers in watts for different values of link
range, Z (m)

The plots of BER versus transmitted power for different values of link range,

Z are shown in Fig.4.1 where the number of CCR is three. The transmitting

power was varied from 10 to 43 watts. It is observed from the plots that the

system suffers significant power penalty due to the increment in the link range.
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Fig. 4.2: BER versus transmitted power in watts for different values of sensitivity
of the camera pixel to the light intensity, fact

Fig. 4.3: BER versus transmitting powers in watts for different number of CCRs

It is noticeable from the plots that due to an increment in the link range of

about 0.5 m the transmitting laser will require an extra power of ∼ 10 watts.

It is also seen from the plots that to keep an bit-error-rate always below 10−9,

the link range should not be chosen beyond 6 m. In Fig. [4.2], the BERs are

plotted as a function of the light sensitive fraction of each pixel, fact for different

transmitted powers with a link range of 5 m and for three CCRs. It is observed

from the plots that the system faces a power penalty of ∼ 2 watts when the

pixel sensitivity factor decreases by 0.5. These plots also demonstrate that the

BER decreases as the pixel sensitivity factor increases and becomes abruptly

high for fact ≈ 0.4. We can also see the transmitting power increases, as the pixel

12



sensitivity factor decreases, to achieve a specific bit-error-rate. Fig. 4.3 shows

BER versus transmitted power for different number of CCRs for a link range of

5 m and for a pixel sensitivity factor of 0.75. The plots demonstrate that the

BER improves as the number of CCR increases. From the plots it is also evident

that the transmitter can get a power gain of ∼ 10 watts by increasing the number

of CCR as one to obtain a specific bit-error-rate. It is also observed that to get

a bit-error-rate always lower than 10−9 the system should be chosen with more

than one CCR.

4.1 Numerical values used in the simulation

Table 4.1: Values used for variables used in the numerical example

Variables Typical Value

dc 5× 10−4 m
dl 0.1 m
Rc 0.85
Tl 0.8
Tf 0.8
fact 0.75
R 0.995 A/W
φR 7 degree
φT 1 degree
λ 1550 nm
Z 1000 m

pbg 0.8 w/m2. nm
Rbg 0.3
∆v 1 nm
e 1.602× 10−19 coulombs
h 6.6261× 10−34 J.s
η 0.8
v 1.9355× 1014 Hz

Fn 4 dB
G 30 dB
d0 0.52 m
DT 0.008 m
α 7× 10−3 m−1

DR 0.762 m

β̂A ≈ 6× 10−4m−1sr−1

K 1.380658× 10−23 m2kgs−2k−1

T 3000 K
RL 60 Ω
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CHAPTER 5

Conclusions and Future Work

This chapter summarizes the thesis works and gives future research directions in

CCR based opto-wireless sensor network systems .

5.1 Conclusions

In this thesis, we present the architecture of a corner cuber retro-reflector (CCR)

based distributed sensor network system and then we present a theoretical analy-

sis to evaluate the bit-error rate (BER) performance considering the backscatter-

ing induced crosstalk. The impact of some parameters like link range and pixel

sensitivity factor, considering the backscattered induced crosstalk, on the BER

performance are evaluated. Some limiting values of link range and pixel sensi-

tivity factor have been investigated to acquire a BER always lower than 10−9 for

multiple CCRs. Results indicate that the system can have an improved BER by

employing multiple CCRs as the sensor nodes. The results presented in this thesis

will find applications in designing an optical-wireless distributed sensor network

employing CCR based passive optical wireless communication link.

5.2 Future Work

Some possible future research works related to the performance analysis of a CCR

based distributed sensor network system are as follows.

1. In remote and hazardous locations, where the CCRs might be deployed in

a networked fashion, line of sight might not be guaranteed. A non-line-

of-sight can severely degrade the BER performance a CCR based sensor

network system. Research can be carried out to find out the detail impact
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of non-line-of-sight on the BER performance of this type sensor network

system.

2. In this thesis we have considered the atmospheric molecules and gases to

be the only possible source of backscattered power. This backscattered

power might be increased in the presence of dense fog and heavy rainfall.

Extensive research need to be done to find the impact of heavy rainfall and

dense fog on the backscattered power which might eventually degrade the

BER performance.
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APPENDIX A

Mathematical expression for
received photocurrent and
backscattered optical power

A.1 Average received photocurrent

The irradiance Ir at a distance Z from the interrogating laser can be expressed

as [12],

Ir =
Power of the CW beam

Area
=

Pt

π(
df

2
)2

=
Pt

πZ2tanθf
2 (A.1)

Then the captured power on the CCR can be expressed as [12],

Pcap = Irradiance× effective capture area (A.2)

= Ir × π(
dc

2
)2 × cosθc

=
Ptdc

2cosθc

4Z2tanθf
2

=
Ptdc

2fcap

4Z2tanθf
2

The CCR reflects an average power Pc (by assuming that the probabilities of
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ones and zeros to be equal) which can be expressed as [12],

Pc = Pcap ×
1

2
Rc (A.3)

=
PcapRc

2

=
Ptdc

2cosθc

4Z2tanθf
2

Rc

2

=
PtRcdc

2cosθc

8Z2tanθf
2

=
PtRcdc

2fcap

8Z2tanθf
2

Considering Fraunhofer’s diffraction theory, the average intensity at the lens

of the imaging receiver can be expressed as [12],

IL =
Pcπ(dc

2
)2

Z2λ2
× fdif (A.4)

=
Pcπd2

c

4Z2λ2
fdif

=
πPtRcd

4
c

32Z4λ2tan2θf

fcapfdif

Thus the average received photocurrent at the imaging receiver can be ex-

pressed as,

Isig = ILTLπ(
dL

2
)2factTfR (A.5)

=
π2Ptd

4
cd

2
LTLTfRcRfcapddiffact

128Z4λ2tan2θf

A.2 Backscattered optical power

The backscattered optical power can be expressed as [11],

Pbs(z) = Aζ(λ)[β̂M(H) + β̂A(H)].Pt

∫ ∞

z0

exp(−2α(H)z)
ξ(z)

z2
dz (A.6)

Here ξ(z) is the transmitter/receiver overlap function which takes a value between

0.00 to 1.0. This overlap starts from z0. This overlap function can be described

as [11],
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ξ(z) =
1

π
{cosh(

xT

dT

)− (
xT

dT

)[1− (
xT

dT

)2]0.5 + (
dR

dT

)2cosh(
xR

dR

)− (A.7)

xRdR

d2
T

[1− (
xR

dR

)2]0.5

where dT and dR are the laser beam diameter and field of view diameter

respectively which can be expressed as [11],

dT = DT + ztan(φT ) (A.8)

dR = DT + ztan(φR) (A.9)

and,

xT =
[(dT

2
)2 − (dR

2
)2 + d2

0]

d0

(A.10)

xR =
[(dR

2
)2 − (dT

2
)2 + d2

0]

d0
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