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Abstract—In this paper we present and investigate a digi-
tal design and implementational details of a wireless optical
CDMA (OCDMA) system based on generalized optical orthog-
onal codes (OOCs). A detailed digital implementation analysis
and transmitter/receiver architectures in the context of the
above design are fully studied. We analyze various subsystems
for a wireless OCDMA system including detector and receiver
structure, acquisition, and tracking blocks as well as evaluating
their performance in a typical wireless OCDMA communication
system. By analyzing two main parts of the system, namely,
chip-level detector and OCDMA receiver blocks we evaluate the
performance of the overall system. Analytical and simulation
results are presented to depict system performance. Results on
the design and implementation of such systems in this paper
indicate the viability and the importance of OOC based wireless
OCDMA technology to satisfy certain applications need in a
wider communication system worldwide. Finally we describe an
experimental prototype where we highlight the main aspects of
the implementation of the system.

Index Terms—Wireless Optical CDMA, Optical Orthogonal
Codes (0O0C), Generalized OOCs, Chip-level detection, Digital
implementation, OCDMA, optical CDMA local area network
(LAN)

I. INTRODUCTION

S COMMUNICATION services mature and advanced

electronics and photonic devices become more readily
available advanced communications techniques such as op-
tical code division multiple-access (OCDMA) become more
viable and enticing for fiber based and wireless local area
networks [1-19]. In [2] we studied the performance of a
typical wireless OCDMA LAN from digital design point of
view and demonstrated that such networks once properly
designed and operated can obtain attractive performance while
offering special services suited for wireless optical commu-
nications. As we will discuss in this paper the electronic
design portion of a wireless OCDMA transmitter and receiver
can be established easily using existing and off the shelf
technology. In addition to this simplicity, a fully asynchronous
random access without a central management protocol will
be achieved by assigning an optical orthogonal code (OOC)
to each user. Hence, such systems may become of immense
interest for use in many applications such as in passenger
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plane multiaccess network, intra-spacecraft communications
network or in communications between electronic subsystems
in hospitals, where electromagnetic interferences is of utmost
concern.

In [2], detailed design concepts of a wireless OCDMA
network via OOC were studied. In a typical wireless OCDMA
transmitter each user’s information bit with 73 duration is
mapped on to an assigned optical signature sequence such as
OOCs with F' chips each with T, = T}/ F duration. Using on-
off keying (OOK) signaling, w chips from a total of F' chips
are on or pulsed with positions depending on the assigned
code pattern and the remaining, ' — w, chips remain off if
bit ‘1’ is transmitted. On the other hand all F' chips are off if
bit ‘0’ is transmitted. In [2] we considered and studied three
receiver structures for a wireless OCDMA system which were
earlier proposed for use in fiber-optic CDMA receivers [4-8].
Furthermore, we evaluated the performance of various acqui-
sition algorithms and obtained the average number of required
training bits for each of the algorithms. Considering early-late
method we found sampling rate effect on the performance
of tracking circuit and consequently its effect on the system
bit-error-rate in a digital structure. Other parameters such as
number of active users, code length and weight, and received
optical power were considered in our performance analysis.

In this paper we attempt to investigate a wireless OCDMA
LAN system from a digital implementational point of view.
The architecture of the system based on a digital design is fully
studied. A typical wireless OCDMA communication system
with a few number of stations communicating to a single base
station through the optical channel is considered.

In general, OOC codes have been designed for positive
systems. It is well-known that for incoherent (positive) optical
systems the optical pulses can only be on or off. On the other
hand every digital platform such as field programmable gate
arrays (FPGA) operation is based on binary O (off) and 1
(on) pulses. This implies that implementing the transmitter
and receiver structure of wireless OCDMA systems using
OOC codes on a digital platform is viable and feasible. We
present various structures of the system including detector,
acquisition and tracking blocks using the elements of a digital
platform. Also we present a novel analytical method to obtain
the performance of a typical indoor wireless OCDMA system
based on generalized OOCs. The simulation results are in
accordance with the analytical expression obtained for the
performance of such systems.

In section II of this paper we give an overview on the system
model to clarify the analytical approach used to obtain the

0733-8716/09/$25.00 (© 2009 IEEE



GHAFFARI et al.: WIRELESS OPTICAL CDMA LAN: DIGITAL IMPLEMENTATION ANALYSIS

Received signal
fvedsig Chip-level Detector

Equalizer

LP Filter

1677

A4
10)99)2poloyq

Il

Thresholder

TH|

Fig. 1.
on the received bits based on the detected chips

system performance. In section III we describe the design and
the implementation of digital section of the wireless OCDMA
system. We present the transmitter design schematic and also
study the implementation of the receiver with a main focus on
synchronization block. In section IV we obtain the OCDMA
receiver performance using the proposed model in section
II. The performance analysis is obtained for the generalized
form of OOCs and as a function of various system and code
parameters. Section V is dedicated to verify the analytical
expressions. To do this we consider an unequalized ceiling
bounce channel model, we evaluate the performance of chip-
detector block and obtain the overall system performance us-
ing the results of section IV. We also present simulation results
and compare the results with the analytical expression results
in order to verify the accuracy of the analytical approach
presented in section IV. Section VI is devoted to presenting the
experimental prototype of a typical OCDMA system. Finally,
section VII concludes the paper.

II. WIRELESS OCDMA SYSTEM MODEL

We consider a typical indoor wireless optical local area
network in which several terminals are communicating to one
base station. We have shown the data flow at the receiver of
such a system in Fig. 1. Each user transmits its corresponding
data by an OOC code. We consider the generalized form of the
OOCs with cross-correlation coefficient among each two codes
to be an arbitrary integer between 1 and w— 1. It is shown that
using the generalized form of OOCs improves the performance
of the system with respect to bit-error-rate while enhancing the
cardinality of codes. Power control is an important issue that
needs to be addressed in any CDMA based system especially
for the uplink direction. We assume that power control has
been employed in the system so that the optical pulses sent
by all terminals’ transmitters are received at the same power
level [15]. For a diffuse channel it is well known that received
optical pulses may stretch due to multipath distortion [9].
In this case an equalizer is needed to compensate for the
channel’s undesired multipath distortion. Several equalization
methods are studied for diffuse optical channels, and their
performance are evaluated and compared as a function of
the complexity, number of taps and the power penalty that
users need to pay in order to obtain the same performance
as in an ideal channel [3], [9-10]. Assuming that we have
the performance of the equalizer operating on the received
optical chip pulses, other conditions such as channel effect
and various sources of noise can be included to obtain the
overall performance of an indoor wireless OCDMA system.

The information bits of each user is realized as a sequence
of on and off chips in a typical OCDMA system. The sum of
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all users’ optical signals having passed through the channel
is received at the base station and is applied to the chip-level
detector block as shown in Fig. 1. We assume that the equal-
ization process is performed on the chips. In [2] it is shown
that using the structure of hardlimiter+correlator or chip-level
detector is superior to a simple correlator receiver structure
from either performance improvement or the simplicity of
implementation point of views. Performance improvement
is achieved since the multiple-access interference is further
suppressed by the above mentioned receiver. Furthermore for
the aforementioned receivers there is no need to have analog-
digital converter (ADC) in the structure of digital receiver
since the detected chips are ‘0’ or ‘1’ and this simplifies the
implementation of the digital receiver. As a consequence we
assume that the first set of decisions is made on each chip, i.e.,
at the output of the chip detector block each chip is detected
as a ‘0’ or ‘1’. Figure 2 shows the basic diagram of the chip-
level detector block where decision is made at the end of each
chip with duration T,. To validate the proposed scenario we
should indicate that we assume the on pulses of each user’s
OOC code are distributed uniformly on the code length F'.
Furthermore the relative delay between each two users has a
uniform distribution. So we can assume that the on and off
chips of the channel signal, i.e., multiple-access signal, are
distributed uniformly on the entire stream. In this case the
average probability that the chip-detector block erroneously
detects an off chip as ‘1’ is equal to €y and the average
probability that the chip-detector block erroneously detects an
on chip as ‘0’ is equal to €;. The sources of the error may
include Poisson shot noise, thermal noise, dark current or the
equalization error. Conventionally in a typical indoor optical
system, e.g., an OOK system, the performance is optimized
when €y = €;1; however we show that this assumption is not
valid for a wireless OCDMA system. The values of ¢y and
€1 could be adjusted by varying the threshold of the decision
block in order to optimize the performance of the system.
Following the chip detector block the stream is applied to
the OCDMA receiver. Based on their corresponding codes,
each user’s data is decoded by a correlator structure. The
receiver block of each user is synchronized to the transmitted
signal so it has the timing information of the corresponding
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bit duration in the received signal stream. The correlator
receiver takes w samples from the positions of the marked
chips of the desired OOC code. Each sample is equal to 0
or 1. If the summation of w binary samples is greater than
or equal to a predefined threshold, 1 < th < w, then bit
‘1’ is detected otherwise bit ‘0’ is detected. We study the
performance and present digital implementation details of such
a wireless OCDMA system as shown in Fig. 1.

III. WIRELESS OCDMA DIGITAL IMPLEMENTATION
A. Wireless OCDMA Transmitter

In an OCDMA network, using optical orthogonal codes
(OOCs), network’s active users transmit their corresponding
data bits asynchronously. But at the receiver side prior to
detecting data bits it is first essential and vital to obtain bit
level synchronization between the corresponding Tx-Rx pair.
OOC coding takes place in the physical layer, as mentioned
earlier. So by adding some redundant bits, namely training
sequence, to information data bits prior to coding, receiver
will be able to synchronize its code with its corresponding
transmitted code using the knowledge of training bits pattern.
To do this, we must first design a framing standard. However,
both frame and header sizes depend upon two important
parameters from implementation point of view. The first
parameter that needs to be considered in the header and frame
size proportionality is the limit of the fastest achievable clock
speed in the digital implementation platform such as FPGA
and its delay-locked loop (DLL) or digital clock manager
(DCM) resolution. The second parameter that must be taken
into account is the minimum number of training bits that are
required to perform synchronization action properly. In [2]
we discussed on the second parameter and its dependence on
different proposed synchronization algorithm such as simple-
serial search, multiple-shift, and matched-filter algorithms.
Following the establishment of synchronization process on
bit duration level, using training sequence, which consists of
several ‘1’ bits, an ambiguity still remains in recognizing the
start of the frame. To clarify this uncertainty, we may insert
a predefined match pattern after training bits in each frame
using a well known standard in Ethernet, i.e., IEEE 802.3,
design [20]. Similarly, bit stuffing technique is used to avoid
repetition of match pattern in the information data streams.
Finally an AND logic gate can produce the spread coded signal
with one input coming from the registered data bit and the
other from the serial output of shift-register containing the
desired OOC. The clock speed of the OOC code shift register
should be F' times faster than the clock speed of the data
bit shift register. The coded signal is then forwarded to LED
driver circuit for optical radiation. Fig. 3 shows the digital
block diagram that is used for the implementation of the
transmitter of a typical wireless OCDMA via OOCs. Data
bits are sent to a dual port block RAM after clock recovery
process. Dual port RAM is simultaneously read and written
and has a K bits memory size. The first H cells of RAM are
loaded with training and match pattern bits. Data bits will be
written to the RAM from cell number H + 1 to cell number
K, with a clock rate equal to ¢,, , and is read from the other
port from cell number 1 to cell number K with a clock rate
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equal to ¢.. So with ¢,, x K = ¢, x (K — H) we achieve
proper timing scheme to produce frames.

B. Wireless OCDMA Receiver

In the design of receiver and its implementation we en-
counter more complexity, especially in the synchronization
module. Many traditional radio CDMA receivers use surface-
acoustic wave (SAW) filters for synchronization and detec-
tion implementation. But the proper action of SAW filters
depends upon the carrier frequency of the received signal [21].
Most intensity modulation direct detection (IM/DD) optical
signalings, including OOK, are considered to be base-band. So
using SAW filters for OCDMA detectors is not viable except
when an electrical subcarrier modulation exist. It is shown
that carrier based modulations suffer from lack of energy
efficiency when they are used in optical communications [9].
However, similar to radio CDMA systems, synchronization
in OCDMA receivers is preceded in two stages namely ac-
quisition and tracking. Both stages are implemented digitally
in our system. In a typical synchronization process prior to
tracking state, the received data is first passed through acqui-
sition stage. Following acquisition, receiver is synchronized
to the spreading code with an accuracy within one-half of
chip duration. Tracking circuit performs more precise timing,
using synchronized code from acquisition block. Although
by employing analog tracking circuits such as phase-locked
loop (PLL), synchronization is achieved almost perfectly, this
precision is not obtainable in a digital tracking loop due to
system clock speed limitation. Note that acquisition circuit is
active only at the startup phase or when the receiver exits the
synchronization state while the tracking loop remains online at
all time. The correct phase code produced by synchronization
block is forwarded to detection block as shown in Fig. 4.
In [2] we analyzed and compared the operational details of
various kinds of digital receivers. We observed that a correlator
preceded by a hard-limiter or chip-level detector outperforms
receivers using simple correlator structure. Furthermore, by
inserting an analog hard-limiter before digital circuit, there is
no need to employ a separate ADC, consequently the design
and implementation of the whole receiver circuit becomes
simpler and production cost will be decreased considerably.

1) OCDMA Detection: Detection is performed by corre-
lating the received binary spread signal with the code that is
delivered from code tracking loop, and comparing the output
with an optimum threshold. We can employ an adder and
a latch to correlate incident signal with the tracked code
as shown in Fig. 5. The correct code that is received from
tracking circuit controls ‘enable’ of latch such that only the
pulsed mark positions samples of the incident spread signal
are accumulated. For example, for a system that employs a
set of OOC with weight equal to 11 and a sampling rate that
is four times the chip rate (ns; = 4) a 6-bit adder is sufficient
to perform correlation operation properly. The output of the
comparator is sampled at the end of each bit duration. For this
reason, one can use a separate signal that arrives from tracking
block. Here, we note that the optimum threshold in detection
block is not equal to the threshold of acquisition or tracking
block. The optimum threshold value for detection block is
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computed numerically in an offline condition. Detected stream
consists of data, training sequence, stuffed bits and matched
pattern. Data bits are extracted from the frames by a simple
de-framing process.

2) OCDMA Acquisition: Synchronization operation is per-
formed in two stages in an OCDMA system. In the first stage,
namely acquisition, spreading code’s correct phase is obtained
with a precision which is better than half of the chip duration
(T:). We analyzed three different algorithms for acquisition
stage in [2], namely, simple serial search, multiple shift and
matched filter. It is shown that matched filtering is superior
to simple and multiple shift search algorithms since it needs
less training bits that results in a more efficient transmission.

»
L

Verifier

Here we only investigate the matched filtering algorithm for
the acquisition circuitry. Consider k;, j € {1,2,...,w} as
the pulsed mark chip positions of the corresponding OOC.
Furthermore, we assume that spread signal enters a shift-
register containing F' flip-flops in a serial fashion. We denote
the most left hand side flip-flop (where spread stream or the
received OOC is passed into) by “F'th flip-flop”, and the most
right hand side by “First flip-flop”. If the sampling rate is
equal to the chip rate, i.e., ny = 1, we operate as follows.
We choose flip-flops #k1, #ka, . . ., #ky, fetch their outputs
and place them at the input of an accumulator or adder. If
the accumulator output is greater than an optimum threshold,
we generate “acquisition performed” signal. This signal sets
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the correct phase of the corresponding OOC code. However,
for sampling rate on the order of ns times the chip rate, i.e.,
ns > 1, the implementation remains as for n; = 1 but with a
shift-register that contains F'n, flip-flops and an accumulator
with wng input branches. Fig. 6 shows the implementation of
the matched-filter algorithm for ngy = 1.

3) OCDMA Tracking: We employ early-late technique for
tracking operation. If the reference code that comes from ac-
quisition circuit is ¢(t), tracking circuit generates two signals
namely early and late replicas of this code as c¢(t + T¢./2)
and c(t — T,./2). Correlation between the received spread
data signal with its corresponding early and late OOC codes
will take place similar to what we have discussed in the
detection block. Depending on the result of subtraction of
the two correlator outputs, i.e., early and late, tracking circuit
chooses the tracked code to be equal to the main code, c(t),
an early shift of the main code, ¢(t + T./2), or a late shift
of the main code, c(t — T./2). Furthermore, if the results
of both correlators are less than a predefined level for L
sequential bits the “synchronization out” signal will go on.
This signal restarts the acquisition block. To avoid repetition
of L sequential ‘0’ bits in data stream, we employ bit stuffing
technique at the transmitter side. The precision of the tracking
circuit operation depends upon the number of samples per chip
as discussed already in [2]. Fig. 7 shows the implementation
of the tracking circuit operation.

IV. PERFORMANCE ANALYSIS OF WIRELESS OCDMA
RECEIVER

As discussed earlier we note that the first detector block
shown in Fig. 1 decides on the received chips. €y and €; are the
error probabilities of detecting off and on chips of the received
optical stream respectively. Following the chip-level detection
block, each user’s receiver correlates the marked chips of the
corresponding code. Then the output correlation is compared
to a predefined threshold th and the data bit is detected. For
the OOK OCDMA system one can write the probability of
error as follows,

1 1
P, = 5 Pr(error|bit 0 is sent) + 3 Pr(error|bit 1 is sent)

1 1
— P — P, 1
204-21 (1)

Synchronization Out

In fact the two sources of noise that may cause the errors are
the probability of error due to chip-level detector, i.e., ¢y and
€1, and the presence of multi user interference. The interfer-
ence due to other users on the marked chips of the desired
user is a consequence of the shared multiple access channel.
So the multiuser interference occurs prior to the chip-level
detector block. We have considered the generalized OOCs
as the signature sequence with cross-correlation coefficient
1 < X< w. Let p1,pg, ..., and py denote A parameters each
defined as follows: p; is the probability that one interfering
user hits on just one specified chip pulse position of the
desired user’s OOC. ps is the probability that it hits on exactly
two specified chip pulse positions of the desired user’s OOC
and so on. With the above definition, the \ events that are
related to pi,p2,..., and p, are disjoint. Furthermore it is
shown that the inte2rference probabilities follow the equality
Sy k(;)pe = £ 18]

Let «; denote the number of contributed on pulses on the
1th marked chip of the desired OOC. And let 3; denote as the
detected chip corresponding to the ¢th marked chip. Evidently
0 can be equal to 0 or 1. Hence, the first probability on the
right hand side of (1) is as follows,

Py =
Pr(for at least th marked chips 8; = 1,1 <i < w|0) =
w—th
3 (w) Pr(fi = = B =0, fj1 = .. = fu = 1]0)
=0
)
where we can write:
Pr(ﬂl :...:ﬁj:O,ﬁjH :...:ﬂw:1|0):
Pr(f =...=f; = 0]0)—
(w—34)Pr(fr=...=0;=0,8541 =0[0)+
(‘”2‘3> Pr(1=...=f; = 0,841 = Bjsz = 00) — ---
w—j l w—j
:Z(—l) ( I )Pr(ﬁl :ﬁgz...:ﬁj+l:0|0) (3)
1=0

For the sake of notational simplicity we define fy(i) =
Pr(81 = B2 = ... = (; = 0]0). Then using (3) in (2) we
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As a matter of fact 3; can be zero iff o is zero and the chip-
level detector has detected this jth chip correctly, or «; is not
zero but the chip-level detector has detected the jth marked
chip erroneously. So we can write fy(i) as follows,

f0(2)22<,>PI‘(O&1=0,...,aj:O,Oéj_H>0,...

;> 0)x (L—e) x ™ (5)
where we can write,

Pr(alz(),...,aj:O,ozj+1>0,...,ai>0):
Pr(og = ... =0a; =0)—
Pr[(op=...=a; =0)and(aj1 =0or...or a; =0)]

(6)

From the well-known property of the probability of the union
of events with the aid of the probability of their mutually
exclusive events we can write:

PI’(Oq 0, ..,aj:O,ajH>0,...,ai>0):

Pr(ay=...=a; =0)—

i—J

Y Prio=...=0a;=a,=0)+

k=1

1

EX ZPr(alz...:aj:ozj_,_k:aj_,_k/:0)
k,k'=1

k#k'
b R(1—J

— =) (-1 ( B )Pr(alz...zaj+k:0) (7)
k=0

On the other hand we have [19],

Pr(alzagz...:aj_,_k:())

(®)

where we have defined:
o =Pr(a; = ... = q; = l|one inter fering user) =
w—1 w—1 2w -1
pt ( 1 )pz+1+---+ </\_l>pA= Z%(m—l)pm
" ©)
Using (7) and (8) in (5) we obtain,

ol :2_)0 () g(—ﬂ’“(i )
zjl(_l)l (] Jlr k) pl] o X (1= eg)? x €9

1681

The second probability on the right hand side of (1) can be
written as follows,

P, =Pr (for at least w — th + 1 marked chips
Bi=0,1<i<wll)=

Z (ZU) Pr(fy=...=0;=0,8j11=... = Bu = 1|1)
w—J;571+1
(11)
where as similar to (3) we can write:
Pr(fi=...=6; =0,0j41=...= fu =1|1)
w—j o
= Z(—l)l<w I ]> Pr(ﬂl = ﬁg =...= ﬁjJrl = 0|1)
1=0 (12)
If we define f1(i) = Pr(f1 = P2 = ... = 03; = 0|1), we can

write (11) as follows,

w w—j .
_ fw—7\ [w _
P= > > (- ( l ) (j)fl(y +1)  (13)
j=w—th+1 =0
In this case [3; can be zero if chip-level detector has detected
the ith marked chip erroneously. So we can write f1(i) as

follows,

fi(i) =€
From the above derived equations one can easily check that
the probability of error for the transmission of data bits ‘0’ and
‘1’ namely, Py and P; is not the same. The relation between
€op and €1 as well as the value of the threshold of the OCDMA

correlator receiver, th, directly affects the total probability of
eITor.

(14)

V. CHIP-LEVEL DETECTOR PERFORMANCE ANALYSIS
AND SIMULATION FOR WIRELESS OCDMA SYSTEMS VIA
oocC

To verify the model presented in the previous section we
consider a system as a real example for a typical optical indoor
channel. In fact we consider the unequalized indoor channel
with ceiling bounce model for a typical indoor environment
[9]. We obtain the operation of the chip-level detector for
OCDMA signaling in such channel, evaluate the system
performance using the method proposed in section IV and
compare the results to that of a simulation performed on such
a system. For this model we include the signal distortion
caused by the multipath effect, thermal noise, photodetector
dark current, ambient and Poisson shot noise. For this system
we also consider a simulation to verify the analytical results.

We assume the ceiling bounce model for the diffuse indoor
optical channel in which impulse response is represented as

follows [9], 6
h(t) = H (0) —2
(t+a)

In the above equation, u(t) is the unit step function, H(0)
and a are the DC-gain and spreading factor of the channel
respectively, which are evaluated in the following equations;

_ A _ 2
H(O)_?m'H2 8=

7u(t) 15)

(16)
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In the above equation A, p, H and c are the photodetector
area, ceiling reflection coefficient, the ceiling height and the
speed of light, respectively. Considering y(t) as the response
of the channel to a pulse z(¢) with a duration 7. and amplitude
P, we have,

t
P [h(t)dt t<T,

° an
[ h(@)dt t>T.

t—T.

By assuming that the amplitude of y(¢) is considerable only
in the interval [0, D x T¢] such that D is an integer number,
we define the D-element vector E = [E1, Ea, ...,ED]T as
the spreading energy vector. The elements of this vector is
evaluated as follows,

JTe

/ y(t)dt

(G-DT.

Ej = j=1,2,...,D  (18)

For the sake of mathematical simplicity, we assume that the
distance between two adjacent marked chips of the OOC codes
in use is at least D such that in a marked chip of one user, no
energy due to the other marked chips of the same user exists.
Let the integrated photodetector output in the marked chip
interval be the decision variable for the chip-level detector.
So, Yp is the number of photo-electrons for transmitting chip
0 in the desired marked chip with no interference chip in
that position and Y; is the number of photo-electrons for
transmitting chip 1 in that position. The decision variables
Yy and Y7 are obtained as follows,

Yo=nO +np+nu , Yi=nd +np4+ns (19

nyp, 18 the equivalent photo-electron numbers due to the ther-
mal noise of the electronic circuits. It is Gaussian distributed
with zero mean and the variance which is represented as
follows [22],

(20)

where, K, T} and R, are Boltzman constant, receiver equiv-
alent temperature and the resistance of the receiver load. Also,
T., and q are the chip time, and the electron charge, respec-
tively. np is the photoelectrons released at the photodetector
output due to the background light and also the photodetector
dark current. It is Poisson distributed with the mean evaluated
as follows, )

o iaTe
hv q
where, I is the irradiance of the background light on the
photodetector area, A is the photodetector area, 7, h, iq4, and
v are the photodetector quantum efficiency, Plank constant,
the photodetector dark current and the light frequency, respec-
tively. n§°>, (1) are the number of photoelectrons released in
the photodetector output for transmitting chip 0 and chip 1,
respectively. Let’s define the vector @ = [n1,n2,...,np]" as
the number of pulses in D previous chip positions related to
the desired marked chip. In fact, n; is the number of pulses in
the marked chip itself, and np is the number of the pulses in
the (D — 1)th interval prior to the marked chip position. So,

my = (I, AT.) (1)
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TABLE 1
SYSTEM PARAMETERS

F OOC Length 100
w OOC Weight 11
N Number of users 8
A Cross-correlation coefficient 2
n Photodetector quantum efficiency 0.8
A Optical wavelength 870nm
Iy Ambient light irradiance on the photodetector area | 100 uW/cm?
iq Photodetector dark current 10 nA
A Photodetector area lem?
H Height of ceiling 3m
p Ceiling reflection coefficient 0.8
Ry Bit rate per user 1Mbps
T Receiver temperature 300°K
Ry, | Load resistance 1KQ
n§°>, ng ) given 7. are Poisson distributed random variables

with means mg and m; expressed as,

D D
N - |
Z Ejnj m , m= | E1+ Z EJTLJ o
j=2 7j=1
(22)

In Appendix A we show that the joint Moment Generating
Function (MGF) of the elements of vector 7 is as,

D
Yp (31,52,...,3D)éE exp ansj =
j=1
D1 (N—-1)
P(D —
1—P(D)+ (—)) D exp(sji) (23)
=0

In the above equation P(D) is the probability that D adjacent
chip intervals are hit with an interference pulse chip so we
have, P(D) = %. The MGF of the decision variable, given
71 is evaluated as follows,

g0 (s|7) = exp [mo (® — 1)]

Mc

(ef —1)n;
Ys,1 (s]7) = exp[my (e* —1)] =

D
exp Elhv(e -1 Z hi (e —1)n;
(24)

By averaging on v, ¢ (s|77) and v, 1 (s|7) with respect to the
elements of 7, the MGF of the variables n§°> and n(l

obtained as follows in (25). Note that the random varlables
ngo), ng ), ny and nyp, are independent, so we can deduce that
the MGF of the decision variables Y;; and Y; are obtained
by multiplying s o (s|77) and 1), 1 (s|7) with the MGF of the
background noise ¥, (s) = exp[myp (e® —1)] and also with
the MGF of the thermal noise ty, (s) = exp (s%03,/2). So
the MGF of decision variables denoted by v (s) and 1 (s)

are obtained as follows,

Yo () = ¥s,0 (8) 1 (8) Pun (5)
Y1 (5) = g1 (8) Yy (5) Y ()

We assume that the threshold value of the chip-level de-

(26)
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= n
V0 (5) = Eltso ()] =E qexp |3 By (e = 1)n;
=2
_ i s _ oos _ _
=1p-1 (Ez o (ef=1),... Epo (e 1)) [1
_ (N-1)
P(D—1)\ = . n
P(D—].)-f— (ﬁ) jgoexp (EJ+2 (6 —1) %)
o (s) = E [t (s)] = E{ exp | Big-(e" = 1)+
2 n n
;Ej%(es - 1)nj] } = exp [Elﬁ(es - 1)} X
(e M o5 — M o5 —
Yp (El W (e*=1),Ey7—(e’ —1),...,Ep o (e 1))
_ N s P(D)
= exp {El o (e 1)} 1-P(D)+ ( o) *
D—1 0 (N-1)
> ew (B e = 1) %)1 (25)

tector block is equal to T'H. In this case, by defining
0o (TH,s) 2 In[wo (s)]—sxTH—In(|s|) and o1 (TH,s) 2
In 1 (s)] — s x TH — In(|s]) as the saddle-point functions
for transmitting chips O and 1 respectively, the corresponding
chip error probabilities €, €; are evaluated using saddle-point
approximation as follows [23],

egao(TH ,50)

o ———— 6 ———  (27)
V2mpi(TH, so) V2rp!(TH,sy)

where in the above equation, sg is the positive root of
equation ¢j (T'H,s) = 0 and s; is the negative root of
equation ¢} (T'H,s) = 0. In theses expressions, ¢f, (T'H, s)
, Oy (TH,s) , ¢y (TH,s) and Y (TH,s) are the corre-
sponding first and second derivatives of saddle-point functions
o (TH,s), v1(TH,s). For a typical OCDMA network we
have considered a system with 8 simultaneous active users
which are communicating asynchronously. For such a number
of users we have considered an OOC set with code length
equal to 100 and code weight equal to 11 and the cross-
correlation value A = 2. We have also considered that the
users’ chip rate is equal to 108 chips/sec. Other parameters
of the system and the channel are shown in Table I. Fig. 8
shows the error probabilities of the chip-level detector as a
function of normalized value of TH, i.e., (T H—my)/my. my
is obtained from (21) and m; is the average number of received
photons for a single on transmitted chip and is obtained as
my = 7 X ZJD:l E;. The results of simulation are depicted
along with the analytical results. €y, the probability of false
detection of chip 0, decreases when T'H increases while €,
the probability of false detection of chip 1, increases with
increase of T'H. We have performed a Monte-Carlo simulation
to confirm the precision of the saddle-point approximation in
evaluating €p and €; from (27). Fig. 9 shows the total error
probability (bit-error-rate) of the system versus the thresholds

etpl (TH781)

. .
analytical _ x
107 7770
2107}
Qo
©
Qo
[<}
E_ 3
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)
®
>
2 —4
L0}
=
o
107°}
10—5 L L L L L L
0.35 0.4 0.45 0.5 0.55 0.6
Normalized Threshold, (TH—mb)/m(
Fig. 8. € and €1, analytical and simulation results

of the chip-level detector and OCDMA receiver blocks, i.e.,
TH and th respectively. One can observe that when the
OCDMAA receiver’s threshold is equal to the code weight, i.e.,
th = w the error probability of the system is minimized.
As a matter of fact when we have th = w, the OCDMA
receiver structure is equivalent to AND logic gate structure.
However when T'H increases, for lower values of th we have
an improvement in the performance. The simulation results
do indeed capture the accuracy of the analytical expressions
given in section IV. From the above figures one could observe
that the error probability is not optimized at the point that
we have €y = €;. While at the optimum operating point we
have €; < ¢ep. This asymmetry arises from the fact that in
OCDMA systems the dominant noise is the multiple access
interference. This noise may only change chip O to chip 1.
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Fig. 9.  Performance of the system as a function of chip-level detector
threshold and OCDMA detector threshold value, analytical and simulation
results

So having €y = €; does not necessarily minimize the error
probability.

From figure 8 and figure 9 we can check that for th = w,
if we choose the threshold such that ¢; = ¢; then the error
probability will be about three orders of magnitude worse than
the optimum point. The reason is that in the case th = w or
equivalently AND logic gate structure, if the chip-level detector
erroneously detects one on marked chip, an error is occurred.
So for th = w, €; directly affects the error probability of the
system. The sensitivity of system performance to ¢; however
in the other cases, i.e., th = w—1 and th = w—2 is less than
the AND logic gate structure, since in these cases at least two
and three on marked chips respectively need to be detected
erroneously in order to make an error.

VI. EXPERIMENTAL PROTOTYPE

We have implemented our proposed wireless optical CDMA
LAN system. For our implementation we have chosen infrared
wavelengths for which low cost and yet efficient LEDs and
PIN photodetectors are available. We have employed a pair
of optical transmitter and receiver operating at 870 nm with
a relatively wide angle, i.e., 10 degrees half-angle. We have
designed and implemented the analog circuits related to trans-
mitter and receiver sides in a discrete form. For the transmitter
we have a LED driver circuit and for the receiver we have
implemented a two-stage electronic amplifier and an automatic
gain control (AGC) circuit. Figure 10 shows the electronic
board due to the base station supporting up to 4 serial data
terminals.

In our previous paper [2] we discussed various structures
and concluded that inserting a hard-limiter right after the
photodetector can improve system performance considerably
while it substantially simplifies our implementation. The rea-
son for simplification in using a hard-limiter is that it reduces
completely the need for a separate analog digital converter
(A/D). Hence, the preferred choice in designing and imple-
menting receiver structure is based on hard-limiter or chip-
level structure. We employed an FPGA (Field Programmable
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Serial Data - ey
Port 7

Fig. 10. The electronic board designed for the base station, supporting up
to four serial data terminals

Average of Recieved Power (dBm)
S
o

Distance of Tx and Rx (m)
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Fig. 11. Receiver sensitivity vs. Tx-Rx distance and mobility radius

Gate Arrays) for our digital implementation purposes. Dig-
ital codes have been written in VHDL (VHSIC Hardware
Description Language). We choose 64 MHz as the fastest
clock speed for our system. Considering four samples per
chip (ns = 4), a chip rate as high as 16 MHz, i.e., (64 MHz
/4), is achievable in our system. Considering one small room
architecture it is rational to assume that there are four active
users simultaneously. Considering both uplink and downlink
directions we need to have eight optical codes. We assign two
codes from the set to one active user’s uplink and downlink
data flow. We used On-Off keying (OOK) signaling for optical
signal modulation. We employed matched-filter method as the
fastest technique for acquisition block [2]. Using matched-
filtering acquisition method reduces the number of training
bits considerably and consequently system can obtain a very
efficient framing. Acquisition, tracking, detection and other
required processes have been digitally implemented on the
FPGA.

To analyze the power budget we consider IEC’s class A
standard to meet eye-safety conditions. The range of Tx-Rx
is 0.5 to 3 meters and we assume that the LED propagation
pattern is Lambertian with a half-angle equal to 10 degrees.
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Fig. 12.  Probability of error vs. Tx-Rx distance and mobility radius

Some experimental results are presented in the next figures.
Fig. 11 depicts receiver optical sensitivity. The x axis indicates
the distance between the transmitter and the receiver, the y axis
is the mobility radius of the transmitter station and the z axis
indicates received power of the incident light. Signals with
power greater than a few micro Watts are detected properly
by the analog circuit segment of the receiver.

As a matter of fact the structure of the optical system of
this prototype is not diffuse so the direction angle of Tx
and Rx affects on the received power and consequently the
probability of error. Figure 12 shows BER performance versus
the same parameters used in Fig. 11. We observe high BER in
regions where Tx-Rx distances and their pointing directions
are such that the received power is not adequate to ensure the
probability of error to get close to zero.

VII. CONCLUSION

In this paper we have studied a typical OCDMA local area
network from digital design and implementational point of
view. The digital implementational architecture of standard
algorithms which were recently proposed for use in synchro-
nization and detection of an OOC based OCDMA system
has been investigated. To obtain the closed form expressions
we break down performance analysis into two parts, namely,
chip-level detector and OCDMA receiver. For the chip-level
detector we consider two probabilities €y and €; as the
error probability values due to detecting off and on chips
respectively. We follow our analysis by obtaining the OCDMA
receiver probability of error as a function of OOC code
parameters as well as €g and €;. As an example we considered
the unequalized ceiling bounce model for the indoor optical
channel. We derived the needed expressions to obtain €y and €;
for this channel. The total probability of error for the assumed
OCDMA system was obtained versus the chip-level detector
and OCDMA detector threshold values. The simulation results
indicate that the analytical model proposed in this paper
reflects with excellent accuracy the performance of a typical
OOC based indoor OCDMA network.
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APPENDIX A

In this appendix the joint MGF of the elements of 7 is
evaluated. n; is the number of the on-pulses in the (j — 1)th
interval before the desired marked chip (5 = 1,2,...,D).
Assuming the extra property of the OOC codes used in the
network that the minimum distance between adjacent mark
chips is D, we can deduce that each user can hit only once
a position in the D adjacent chip intervals. Let’s denote
[ as the sum of the elements of 77, then the joint MGEF,

¥p (s1,82,...,8p), can be written as,
¢D (81,82, .. .,SD) = E[lﬁp (81,82, .. .,SD) |l] =
N-1
N -1 1
Z( z >P(D)l (1= PN pp (s1, 52, .., spll)

=0
(A1)

The conditional MGF v¢p (s1, $2, ..., sp|l) is obtained using
the conditional joint pdf of the elements of 7 as follows,

D
A
¥p (s1,82,...,8p|l) = E |exp E sing ||
j=1

N-1 D
= Z f(n1,na,...,np|l) x exp Zsjnj
ni,na,...,np=0 j=1
ni+ne+...4+np=I
(A2)
D
It is well known that the elements of 7 with [ = > n;
i=1

can be produced in (nl.ng?... nD) = nl!ngl!!...nD.
with probability % [7]. So, the conditional joint pdf,
f(ni,na, ..

.,npll), is given by,

+ ways each

I

S EE——=— A3
nllngl...nD!Dl ( )

f(nl,ng,...,nDU) =

Using (A.3) in (A.2) and then substituting the result in
(A.1), the joint MGF, 9p (s1,s2,...,8p), can be evaluated
as follows,

Yp(s1,82,...,8p) =

(77 (1) 0o
0

1=
l

{!
<Y (™)™ (e
0 nllngl...np'

niy...,Np=
ni+...+np=I

Ni <N ] 1) [Pg)) (€7 4+ 6SD>]Z [1— PN

=0

)Dl
= 1—P(D)+Tzoesﬂ+l

<
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