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SUMMARY This paper proposes and theoretically evaluates two dif-
ferent schemes of code acquisition for pulse-position modulation (PPM)
and overlapping PPM (OPPM) fiber-optic code-division multiple-access
(CDMA) systems, namely threshold-based and demodulator-based code
acquisition. Single-dwell detector and serial-search algorithm are em-
ployed for both schemes. Theoretical analysis is carried out for shot-noise-
limited photon-counting receiver. Discussions upon effects of various pa-
rameter settings on the performance of code acquisition for PPM/OPPM
fiber-optic CDMA systems, such as index of overlap, PPM/OPPM multi-
plicity, average photon counts per information nat, and darkcurrents, are
presented. It is shown that when the threshold is properly selected, the
threshold-based code acquisition system offers better performance, in terms
of mean number of training frames, than the demodulator-based one.
key words: fiber-optic CDMA, PPM, OPPM, optical orthogonal codes,
code acquisition and synchronization, serial-search algorithm, multiple-
access interference, shot-noise-limited receiver

1. Introduction

With the explosive growth of on-demand and multimedia
services, high-speed connections are nowadays required up
to last-mile access networks. The fiber-optic, with its clear
advantages over metallic wire, has been considered an in-
evitable choice for wired access networks. In order to
save cost and to make use of vast bandwidth provided by
fiber-optic, optical multiplexing methods have been con-
sidered for multiple-access, such as wavelength-division
(WDMA), time-division (TDMA) and most recently code-
division (CDMA).

In the TDMA system, the total throughput is limited by
the product of number of users and their data rates. More-
over, management and coordination regarding slot assign-
ment cause significant latency penalties [1]. The WDMA
system allows user to transmit at its peak speed since sep-
arate wavelengths are used, it however wastes significant
bandwidth to implement complicated schemes for chan-
nel control and collision detection to secure a dynamic
multiple-user set [2]. Meanwhile, in fiber-optic CDMA sys-
tems, neither time nor frequency management is required.
Moreover, asynchronous access for a dynamic and possible
large number of users, much larger than number of wave-
lengths, could be provided with inherent security by fiber-
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optic CDMA. In the access network environment, flexible,
less-maintenance system for a dynamic and large multiple-
user set is preferable, fiber-optic CDMA is therefore con-
sidered better choice in comparison with traditional TDMA
and WDMA.

Several approaches to fiber-optic CDMA have been
introduced, of which time-domain encoding system is the
most attractive one because of its simplicity and compat-
ibility to the present intensity-modulation/direct-detection
(IM/DD) optical systems [3]. In time-domain encoding
fiber-optic CDMA systems, transmitted signals are formed
by imprinting an unique spreading sequence onto optical
pulses. At the receiver end, transmitted information is re-
covered by correlating received signal with the local replica
of the desired user’s spreading sequence. Code synchroniza-
tion between transmitter and receiver is strictly required so
as peak auto-correlation value could be obtained. Gener-
ally, code synchronization can be performed in two steps.
First, in initial synchronization, or acquisition, the coarse
alignment between the incoming spreading sequence and its
local replica within a small fraction, e.g. half chip duration,
is located. Once the coarse alignment is found, the system
enters lock mode where the fine alignment is achieved and
maintained by tracking system [14]. Of these two, code ac-
quisition is the most challenging task.

Our present research focuses on code acquisition meth-
ods for time-domain encoding fiber-optic CDMA systems.
Particularly in this paper, we work on code acquisition sys-
tems using single-dwell detector and serial-search algorithm
for PPM and OPPM fiber-optic CDMA systems. The PPM
fiber-optic CDMA is considered as a special case of OPPM
when the index of overlap equals one.

1.1 Related Works

Code synchronization for wireless CDMA communications
has been heavily studied [14]. Serial-search algorithm has
been proposed and intensively studied by Polydoros and
Weber [13]. It has been shown that serial-search algorithm
is better than other search methods, such as maximum-
likehood and sequential estimation, because it offers the
trade-off of simplicity and performance in the low signal-
to-noise environment [14].

In the domain of fiber-optic CDMA, particularly time-
domain encoding fiber-optic CDMA, several works has been
documented so far. First, Yang [4] showed degradation in
the system performance when synchronization is not ideal,
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and proposed a simple synchronization method for on-off
keying (OOK) fiber-optic CDMA systems. Mustapha and
Ormonroyd introduced serial-search synchronizer with sin-
gle and dual-threshold sequential detector [5] and [6]. Later,
Keshavarzian and Salehi investigated serial-search synchro-
nizer for fixed single-dwell detector [7]. Our research group
also proposed fixed multiple-dwell detector [8], which of-
fers better performance in comparison with the single-dwell
one. Nevertheless, all of these works are devoted to OOK
fiber-optic CDMA systems. Regarding PPM/OPPM fiber-
optic CDMA systems, there have been works highlighting
the importance of code synchronization [9] and [10]; how-
ever, to our knowledge, no investigation on code acquisition
has been appeared in literature so far.

1.2 Main Contributions

First, this work proposes and theoretically analyzes code
acquisition for PPM/OPPM fiber-optic CDMA systems.
Two schemes of code acquisition are proposed, namely
threshold-based and demodulator-based code acquisition.
Second, we obtain the optimal threshold values for
threshold-based code acquisition for different parameter set-
tings. Moreover, we find out that when threshold value is
properly selected, threshold-based code acquisition system
offers better performance than that of demodulator-based
one. Finally, we provides an insightful discussions and in-
vestigation of the effects of various system parameters, such
as index of overlap, PPM/OPPM multiplicity, spreading se-
quence weight, photon counts per information nat, and dark-
currents on the performance of both proposed code acquisi-
tion schemes.

2. System Models

PPM/OPPM are the optical block encoding techniques, by
which an optical pulse is placed in one of M timeslots to
represent the data block. Data word is determined by the lo-
cation of the pulse in the frame. In PPM, timeslots are com-
pletely separated while overlapping is allowed in OPPM. In
comparison with OOK modulation, PPM/OPPM are easier
for implementation because they do not require any infor-
mation about signal and noise power.

Fiber-optic CDMA systems employing PPM and
OPPM were proposed in [11] and [12], respectively. It
has been shown that the system employing PPM has better
power efficiency in comparison with the one with OOK, it is
however no advantage in using PPM under fixed through-
put and chip pulsewidth [11]. Alternatively, as overlap-
ping between timeslots is allowed in OPPM signals, OPPM
could improve the system’s throughput while keeping chip
pulsewidth unchanged [12].

The principle diagram of PPM/OPPM fiber-optic
CDMA system with code acquisition system is shown in
Fig. 1. From data source, M-ary data symbols are gener-
ated. These data symbols are used to modulate the posi-
tion of laser pulses to form the PPM/OPPM signals. The

Fig. 1 Principle diagram of a PPM/OPPM fiber-optic CDMA system
with code acquisition.

Fig. 2 Sample of encoder for wrapped OPPM fiber-optic CDMA signal;
M = 4, γ = 2, L = 12, and ω = 3, the spreading sequence {010000010100}
is used.

PPM/OPPM fiber-optic CDMA signals are formed by im-
printing a spreading sequence, with good correlation prop-
erties, onto the PPM/OPPM signals. An example of OPPM
fiber-optic CDMA signal format is also depicted in Fig. 1
with multiplicity M = 4, and index of overlap γ = 2; the
spreading sequence has length L = 12 and weight ω = 3; T
denotes the frame width. The allowable spreading interval
of each OPPM† timeslot is τ, and Tc denotes the width of a
OPPM fiber-optic CDMA chip pulse. The relation between
these parameters is as follows.

T = M
τ

γ
= M

LTc

γ
. (1)

It is important to note that the cyclic shifts are allowed
for forming OPPM signals. It means when pulses are ap-
peared in some last slots where the overlapping with the next
frame might happen, the spreading interval is wrapped to the
beginning of the OPPM frame. A special technique, as de-
picted in Fig. 2, is used for OOC encoder so that wrapped
signal could be formed [12].

At the receiving end, before any data transmission be-
tween the receiver and the transmitter, switch S is at position
1 so that the acquisition process can be performed. Once the
acquisition state is achieved, a control signal that indicates
the end of acquisition is generated by the acquisition sys-
tem to switch S from position 1 to 2. From here system

†Note that when γ = 1, OPPM becomes PPM, from here we
therefore consider PPM as a special case of OPPM.
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enters lock mode, where the fine alignment is achieved and
maintained by a tracking loop, e.g. delay-locked loop or tau-
dither loop.

To perform the acquisition process, a training pattern
of OPPM frames that always have signal in a specific slot,
e.g. in the first slot, is sent by the transmitter to the receiver.
At the OOC decoder, which is fabricated of parallel opti-
cal tapped delay-lines [3], the local replica of spreading se-
quence at some chip position, or “cell” as it is usually called
in serial-search parlance [14], is correlated with the received
signal plus noise. The correlated signal is then passed to a
photodetector, where optical signal is converted into elec-
trical signal. The cell correctness is then tested. If the test
result is a “hit,” i.e. the system initially determines that the
correct cell is being observed, the system will go to verifi-
cation mode to verify that test result; otherwise it shifts the
local spreading sequence replica to the next cell for a new
test. The acquisition state is declared only when a “hit” test
result is successfully verified.

Basically, observed cell’s correctness can be tested by
using an OPPM demodulator. The diagram of the code ac-
quisition system using OPPM demodulator, or demodulator-
based code acquisition, is described in Fig. 3(a). The cell
correctness is tested by comparing the photon counts over
the M timeslots of OPPM frame. If the first slot has the
greatest photon counts, test result is a “hit,” otherwise it is
a “miss.” The major advantage of using the demodulator-
based code acquisition is that no information about sig-
nal and noise power is required. We also propose another
scheme to test a cell’s correctness by using a threshold, the
diagram of threshold-based code acquisition system is de-
scribed in Fig. 3(b). With this scheme, the correctness of
a cell is decided upon whether photon counts over the first
slot is higher than a preset threshold level. The major issue
in the threshold-based code acquisition is consequently the
determination of optimal threshold levels.

Fig. 3 (a) Demodulator-based code acquisition and (b) Threshold-based
code acquisition.

3. Theoretical Analysis

In this section, we theoretically analyze two above-
mentioned code acquisition schemes. Multiple access in-
terference (MAI), darkcurrents and shot-noise (shot-noise-
limited photon-counting receiver is assumed) are taken into
consideration. Optimal optical orthogonal codes (OOCs),
whose off-peak auto-correlation and cross-correlation are
bounded by only one [3], are assumed for the spreading se-
quence. The comparison between two schemes will be made
in averaging approach, by which the distributions of users’
delay as well as of interfering pulse chips are considered as
random variables.

3.1 SS/SD Code Acquisition and Markov Chain Model

In investigation of code acquisition systems, acquisition
time, i.e. the time required to complete the acquisition oper-
ation, is the most important parameter. Especially in fiber-
optic CDMA systems, because spreading sequences are usu-
ally exceedingly long, the task to locate the correct cell is
thus very challenging. The exceeding acquisition time re-
sults in large overhead that is unacceptable in the practical
communications. Noting that as acquisition time is a ran-
dom variable, which is difficult to quantify, its mean value
is usually used instead.

In the single-dwell serial-search (SD/SS) code acqui-
sition system, all cells are serially tested until the correct
one is found; and a single fixed interval, called dwell time,
is required to check the incorrectness of a cell. In this pa-
per, we assume the correct cell is the one corresponding to
a coarse alignment of within a half code chip, and the dwell
time equals to an interval of OPPM frame. We also assume
that there is one test per spreading sequence chip, i.e. the
uncertainty region in acquisition consists of L cells (with L
is spreading sequence length). With these assumptions, the
acquisition time can be represented by the required number
of training frames, which is denoted as NACQ. It is impor-
tant to note that due to the nature of serial-search algorithm,
the mean number of training frames, which is equivalent to
a half spreading sequence length, could be achieved; this is
considered as the optimal performance of fiber-optic CDMA
systems using serial-search algorithm.

The flow graph representing L-state Markov chain tran-
sition diagram of the SD/SS acquisition system can be il-
lustrated in part in Fig. 4. The acquisition state (ACQ) can
be directly reached only from the L-th state, whereas the
false alarm state can be directly reached from any of remain-
ing L − 1 states. Let U(z) be the moment generating func-
tion (MGF) for the flow graph, the mean number of training
frames can be obtained by [14].

E{NACQ} = dU(z)
dz

∣∣∣∣∣
z=1
. (2)

Assuming that there is no prior information about the
correct cell, i.e. the probability to begin acquisition process
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Fig. 4 Part of state diagram of SD/SS code acquisition system.

at any cell is the same and thus equals to 1/L, the MDF
U(z), with help of flow graph reduction technique, can be
expressed as [14]

U(z) =
1
L

HD(z)
1 − HM(z)H1(z) . . .HL−1(z)

L∑
i=1

L−1∏
j=i

H j(z),

(3)

where,

• HD(z) = PDz is the gain of branch from L-th cell to
ACQ, here PD is probability of detection;
• HM(z) = (1−PD)z is the gain of branch connecting L-th

to 1st cell;
• Hi(z) = HNFAi(z) + HFAi(z)HP(z) is the gain for con-

necting from i-th to (i + 1)-th cell;
• HFAi(z) = PFAiz is gain for false alarm occurrence in

i-th cell, with PFAi is probability of false alarm at i-th
cell;
• HNFAi(z) = (1−PFAi)z is the gain from i-th to (i+ 1)-th

cell without false alarm;
• and, HP(z) = zK is gain for penalty after false alarm

occurrence, here K is the penalty caused by false alarm
in the verification.

From (2) and (3), after simplification the mean number
of training frames can be obtained as

E{NACQ} = L
PD
− L − 1

2
+

K(1 − PD)
PD

L−1∑
i=1

PFAi

+
K
L

L−1∑
i=1

iPFAi. (4)

3.2 Probabilities of False Alarm and Detection

In this section, we derive the probabilities of false alarm
and detection for OPPM demodulator-based and threshold-
based SD/SS code acquisition. Frame synchronous for all
users is assumed. This assumption, while make mathemati-
cal analysis simpler, does not affect much to the final result
[12].

3.2.1 Demodulator-based Code Acquisition System

In the demodulator-based code acquisition system, “hit” is
the event when the photon counts over the first slot is the

Fig. 5 OPPM fiber-optic CDMA system’s BER upper and lower bounds
as [12], and BER lower bound due to inequality (5). Number of users
N = 50, OPPM multiplicity M = 32, darkcurrents are neglected.

highest. Let Pc be the probability of “hit,” Pc can be given
as

Pc ≡ Pr{
M−1⋂
m=1

(Y0 ≥ Ym)|b0 = 0}

≤
M−1∏
m=1

Pr{Y0 ≥ Ym|b0 = 0}

≤
M−1∏
m=1

Pr{Y0 ≥ Ym|νm = 0, b0 = 0}

≤ Pr{Y0 ≥ Y1|, ν1 = 0, b0 = 0}M−1, (5)

where, Ym denotes the photon counts over m-th slot of train-
ing frame of the evaluated user, b0 = 0 indicates that there
is always signal in the first slot of OPPM frames, νm denotes
the number of pulses that causes self-interference to slot m-
th due to the signal sent in slot 0 by the desired user. As
the optimal OOC was assumed, νm could be either “0” or
“1”; and when νm = 0, there will be less optical power in
Ym. This validates the second transformation in inequality
(5). The first transformation can be verified using Fig. 5 that
shows the upper and lower bounds of BER in OPPM CDMA
systems derived in [12] and the BER’s lower bound due to
(5).

Denote l and k as the number of interfering optical
pulses in the first and second slots, Pc(l) could be derived
as

Pc(l) ≤ Pr{Y0 ≥ Y1|, ν1 = 0, b0 = 0, l}M−1

=

N−1−l∑
k=0

Pr{k|l}

Pr{Y0 ≥ Y1|, ν1 = 0, b0 = 0, l, k}M−1, (6)

where,

Pr{k|l} =
(
N − 1 − l

k

)
qk(1 − q)N−1−l−k, (7)
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here, q = γω2/(M − 1)L [12]. And

Pr{Y0 ≥ Y1|, ν1 = 0, b0 = 0, l, k}

=

∞∑
j=0

Pos( j, E[Y0])
j−1∑
i=0

Pos(i, E[Y1]), (8)

where,

E[Y1|ν1 = 0, b0 = 0, l, k] = kλs + λd, (9)

E[Y0|ν1 = 0, b0 = 0, l, k] = (I0 + l)λs + λd, (10)

Pos(x, y) = e−y
yx

x!
. (11)

here, λs and λd are the average photon counts generated
from a code chip and darkcurrents, respectively. I0 repre-
sents the number of optical chip pulses from the desired
signal to the first slot. Noting that the correct cell is cor-
responding to a coarse alignment of within a half code chip,
I0 then can be given by

I0 =

{
ω/2 the correct cell is observed
1 incorrect cell is observed

(12)

here, ω is OOC’s code weight. PD and PFA are Pc when
the correct cell or an incorrect cell is observed, respectively.
It is seen that both PD and PFAi are conditional on li, the
number of interfering chips within the first slot of OPPM
frame when i-th cell is observed. Moreover, li depends on
the distribution of users’ delays as well as distribution of
code chips in each user, which, in the most general case,
could be considered random variables. The E{NACQ} thus
could be computed with averaged PD and PFAi, from (4) we
have

EAve{NACQ} = E
{ 1

PD

}
L − L − 1

2

+ K
L−1∑
i=1

E
{PFAi

PD

}
− K

L−1∑
i=1

E{PFAi}

+
K
L

L−1∑
i=1

iE{PFAi}, (13)

Under the assumption that users’ delays have uniform
distribution, li could be obtained as a binomial random vari-
able [12], which is expressed as

Pr{l} =
(
N − 1

l

)
pk(1 − p)N−1−l, (14)

where, p = γω2/ML [12]. Furthermore, assuming lis are
mutually independent we have

E
{PFAi

PD

}
= E{PFAi}E

{ 1
PD

}
. (15)

Therefore, we can have the average of E{PFAi} and
E
{ 1

PD

}
over li as follow.

E{PFAi} ≡ Eli {PFA|l = li} =
N−1∑
l=0

Pr{l}

·
N−1−l∑

k=0

Pr{k|l}Pr{Y0 ≥ Y1|b0 = 0, k, l}M−1, (16)

E
{ 1

PD

}
≡ E

{ 1
PD|l

}

=

N−1∑
l=0

Pr{l} 1
N−1−l∑

k=0

Pr{k|l}Pr{Y0 ≥ Y1|b0 = 0, k, l}M−1

.

(17)

Employing (16), (17) to (13), we can finally compute
the average of E{NACQ} for the OPPM demodulator-based
code acquisition system.

3.2.2 Threshold-based Code Acquisition System

The threshold-based code acquisition has been proposed for
OOK fiber-optic CDMA systems [7]. Though the similar
structure is used, the threshold-based code acquisition is em-
ployed for different systems in this paper, i.e. PPM/OPPM
fiber-optic CDMA systems. Accordingly, new analysis on
effects of PPM/OPPM’s special parameters, such as index of
overlap γ, PPM/OPPM’s multiplicity M, will be presented.

In the threshold-based code acquisition system, “hit” is
the event when the photon counts in the first slot is higher
than a preset threshold, which is denoted as Th. Also let Pc

be the probability of “hit,” we have

Pc ≡ Pr{Y0 ≥ Th} =
∞∑

i=Th

Pos(i, E[Y0]), (18)

where, E[Y0] is as (10) with I0 is also decided as (12). Us-
ing the similar approach that used to analyze the OPPM
demodulator-based code acquisition system, we can com-
pute the average value of E{NACQ} for threshold-based code
acquisition as (13) where the average of E{PFAi} and E

{ 1
PD

}
over li are as follows.

E{PFAi} ≡ Eli {PFA|l = li}

=

N−1∑
l=0

Pr{l}
∞∑

i=Th

Pos(i, (l + 1)λs + λd), (19)

E
{ 1

PD

}
≡ E

{ 1
PD|l

}

=

N−1∑
l=0

Pr{l} 1∑∞
i=Th Pos

(
i,
(
ω
2 + l

)
λs + λd

) . (20)

Replacing (19) and (20) to (13), the average of
E{NACQ} for the threshold-based code acquisition can be
computed.

4. Numerical Results

For the numerical calculation, a fixed OOC code length
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Fig. 6 Probability of false alarm and detection for different cases
of C ≡ {γ,M,N, ω, λd}; case 1: C = {16, 64, 30, 10, 0}, case 2:
C = {16, 64, 30, 10, 1000}, case 3: C = {16, 64, 30, 7, 0}, case 4:
C = {16, 64, 10, 10, 0}, case 5: C = {16, 32, 30, 10, 0}, case 6: C =

{8, 64, 30, 10, 0}. Other parameters: µ = 50,K = 10, and L = 2000.

L = 2000 is used so as the number of states in Markov
chain model is kept unchanged. The mean number of train-
ing frames is evaluated against normalized threshold (for
threshold-based code acquisition system only) defined as
ThN =

Th−λd

wλs
, and average photon counts per information

nat, µ, with which the average photon counts per code chip
can be obtained as λs =

µ log M
ω

.

4.1 Mean Number of Training Frames versus Normalized
Threshold

From Figs. 7–11, we analyze the effects of index of overlap
γ, PPM/OPPM multiplicity M, number of users N, OOC
code weight ω and darkcurrents λd on the performance of
threshold-based code acquisition versus normalized thresh-
old. For this analysis, average photon counts per informa-
tion nat µ = 50 is selected, and number of penalty frames K
is taken to be 10.

First, it is seen in these figures that there exists a range
of optimal normalized threshold, where a mean number of
training frames equivalent to a half code length, i.e. 1000
frames, is required to locate the correct cell. When normal-
ized threshold is either decreased or increased outside this
range, the mean number of training frames is exceedingly
increased. The existence of this range of optimal threshold
can be explained using Fig. 6 that shows PFA and PD versus
normalized threshold ThN . It is seen that when ThN is at
low level (ThN < 0.4), PD ≈ 1 because photon counts over
the first slot is always higher than threshold when the correct
cell is observed. The increase of ThN results in lower PD be-
cause the possibility that photon counts over the first slot is
higher than threshold is decreased with the higher threshold.
Similarly, PFA is also decreased as ThN increases. However,
as false alarm happens when an incorrect cell is observed,

Fig. 7 Mean number of training frames versus normalized threshold ThN

for different γ. Threshold-based code acquisition with number of users
N = 50, PPM/OPPM multiplicity M = 64, λd = 0, K = 10, average photon
counts per information nat µ = 50, OOC length L = 2000 and weight
ω = 10.

PFA is at low level and is decreased quickly to 0 at low level
of ThN ; for example at ThN = 0.15 for case 4 in Fig. 6. Ac-
cordingly, there exists a range of ThN where PD ≈ 1 and
PFA ≈ 0. At this range, the optimal performance is achieved
due to the nature of equation (13). Outside this range, ei-
ther PD < 1 or PFA > 0 will result in the mean number of
training frames higher than a half code length.

Furthermore, as also shown in Figs. 7–11, the range of
optimal normalized threshold is depended on the selection
of other system parameters. Following is our detail investi-
gation. Note that in Fig. 6, we present six different cases of
system parameter selections. By these selections, the trends
of PD and PFA can be observed when one of five system
parameters (γ,M,N, ω, λd) varies.

Figure 7 shows mean number of training frames versus
normalized threshold for different γ. The number of users
N = 50, PPM/OPPM multiplicity M = 64, λd = 0 are used.
It is seen that the increase of γ degrades the code acquisition
performance in the sense that the range of optimal normal-
ized threshold becomes narrower. This is because higher γ
results higher possibility of overlapping between users, i.e.
higher MAI. Consequently, PFA is increased as shown Fig. 6
(case 1 vs. case 6). Therefore, as ThN decreases from 0.4,
where PD ≈ 1, higher γ results in higher mean number of
training frames. This makes the range of optimal normal-
ized threshold narrower.

Figure 8 shows the mean number of training frames
versus normalized threshold for different M. The number
of users N = 50, index of overlap γ = 8, λd = 0 are used.
It is seen that the increase of M improves the code acquisi-
tion performance as the range of optimal threshold becomes
wider. Similar settings with M = 64 are also used for differ-
ent number users N in Fig. 9. We also see the wider range
of optimal threshold when the number of user decreases.
Noting that lower M or higher N results in higher MAI, i.e.
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Fig. 8 Mean number of training frames versus normalized threshold ThN

for different PPM/OPPM multiplicity M. Threshold-based code acquisition
with number of users N = 50, index of overlap γ = 8, K = 10, λd = 0,
average photon counts per information nat µ = 50, OOC length L = 2000
and weight ω = 10.

Fig. 9 Mean number of training frames versus normalized threshold ThN

for different number of users N. Threshold-based code acquisition with
PPM/OPPM multiplicity M = 64, index of overlap γ = 8, K = 10, λd = 0,
average photon counts per information nat µ = 50, OOC length L = 2000
and weight ω = 10.

higher PFA (see Fig. 6, case 1 vs. case 5, and case 1 vs. case
4, respectively), these two arguments can also be explained
similarly to that of Fig. 7.

In Fig. 10, the performance of threshold-base code ac-
quisition is analyzed for different ω. Actually, higher ω re-
sults in higher number of interfering optical pulses. How-
ever, higher ω also causes higher threshold with a particu-
lar ThN . Therefore, the change of ω does not affect much
to PFA at the optimal performance, as it is shown in Fig. 6
(case 1 vs. case 3). As a result, it is seen in Fig. 10 that
the range of optimal normalized threshold is almost sim-
ilar when ω varies. Actually, with normalize threshold
ThN ∈ {0.25 − 0.4}, similar performance of code acquisi-

Fig. 10 Mean number of training frames versus normalized threshold
ThN for different ω. Threshold-based code acquisition with number of
users N = 50, PPM/OPPM multiplicity M = 64, index of overlap γ = 8,
K = 10, λd = 0, average photon counts per information nat µ = 50, OOC
length L = 2000.

Fig. 11 Mean number of training frames versus normalized threshold
ThN for different λd . Threshold-based code acquisition with number of
users N = 50, PPM/OPPM multiplicity M = 64, index of overlap γ = 8,
K = 10, average photon counts per information nat µ = 50, OOC length
L = 2000 and weight ω = 10.

tion system can be seen for ω = 5, 7, 9, and 11.
Finally, Fig. 11 presents the effect of darkcurrents on

the performance of threshold-based code acquisition versus
normalized threshold. It is shown that darkcurrents degrade
the system performance in terms of both optimal normal-
ized threshold range and optimal performance itself. As λd

increases, the range of optimal normalized threshold is de-
creased, and the required mean number of training frames
increases significantly. For example, when λd = 5000, at
least 3000 training frames are required to achieve the ACQ
state, about 3 times higher than that of the case when λd = 0.

Actually, as it is seen in Fig. 6, when there is no dark-
currents (λd = 0), PD can approach 1 when the normal-
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ized threshold is at low level, and PFA reaches 0 when the
normalized threshold is high enough. Optimal performance
exists where PD ≈ 1 and PFA ≈ 0; and mean number of
training frames is as low as 1000. This scenario however
does not happen in the presence of darkcurrents (case 2).
At low normalized threshold, high darkcurrents overwhelm
MAI that results in lower PD. Since there are fewer opti-
cal pulses in the first slot when an incorrect cell is observed,
high darkcurrents result in higher PFA as it is shown in Fig. 6
(case 1 vs. case 2). As a result, the optimal performance in
the presence of darkcurrents, which is resulted from PD < 1
and PFA > 0, is degraded.

4.2 Mean Number of Training Frames versus Average
Photon Counts per Information Nat

In this section, we compare the performance of the two code
acquisition schemes versus average photon counts per infor-
mation nat µ for different index of overlap γ, multiplicity
M, and darkcurrents λd. For this analysis, the OOC code
weight ω = 10 and the number of users N = 50 are used,
the number of penalty frames K is also taken to be 10; for
threshold-based code acquisition system, an optimal nor-
malized threshold, ThN = 0.4, is selected.

First, Figs. 12 and 13 present the mean number of train-
ing frames versus average photon counts per information nat
with different γ. For this analysis, we use M = 64, and
λd = 0. It is seen that when µ increases, while better perfor-
mance can be achieved in the threshold-based code acqui-
sition, the performance of demodulator-based code acqui-
sition is degraded. Moreover, the threshold-based code ac-
quisition offers much better performance, in terms of mean
number of training frames, than the demodulator-based one
does. Actually, when µ > 40, which is considered the
minimum requirement for the acceptable performance of
OPPM fiber-optic CDMA systems [12], the demodulator-
based code acquisition requires about 7 to 10 times more
training frames than threshold-based one does.

In fact, for a fixed γ, the increase of µ results in higher
PD in both systems as photon counts over the first slot be-
comes higher. On the other hand, when µ increases in the
threshold-based system, threshold becomes higher accord-
ingly as ThN is fixed. This results in lower PFA. Meanwhile,
when an incorrect cell is observed in the demodulator-based
system, higher µ results in higher possibility that photon
counts over some slot is higher than that of the first one.
This causes higher PFA. Consequently, we have results as
mentioned.

Moreover, it is also seen that the effect of γ is differ-
ent in two schemes. Actually, for a fixed µ, higher γ results
in higher MAI in both systems. However, in the threshold-
based code acquisition system, as the first slot is compared
to the threshold lever to decide a “hit,” PFA and PD be-
come higher. In contrast, a “hit” is decided upon a com-
parison between the first slot and all the remaining ones.
Therefore, higher MAI in all slots results in lower PFA and
PD in the demodulator-based system. Noting because there

Fig. 12 Mean number of training frames versus average photon counts
per information nat µ for different γ. Threshold-based code acquisition
system with optimal normalized threshold ThN = 0.4, number of users
N = 50, PPM/OPPM multiplicity M = 64, λd = 0, K = 10, OOC’s length
L = 2000 and weight ω = 10.

Fig. 13 Mean number of training frames versus average photon counts
per information nat µ for different γ. Demodulator-based code acquisition
with number of users N = 50, PPM/OPPM multiplicity M = 64, λd = 0,
K = 10, OOC’s length L = 2000 and weight ω = 10.

will be fewer optical pulses in the slot 1 when an incor-
rect cell is observed, the effect of MAI on PFA due to a
change of γ is higher than that on PD. Consequently, in the
threshold-based code acquisition system, higher γ degrades
the system performance. In contrast, the performance of the
demodulator-based system is improved with higher γ.

Next, the comparison between the performance of two
code acquisition schemes versus µ for different M is pre-
sented in Figs. 14 and 15. We use λd = 0, and γ = 8 for the
analysis. It is seen that while the increase of µ improves the
performance of threshold-based code acquisition system, it
degrades the demodulator-based system. This argument can
also be explained similarly as in Fig. 12 and 13. Moreover,
effects of M in the two code acquisition systems are also
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Fig. 14 Mean number of training frames versus average photon counts
per information nat µ for differnt PPM/OPPM multiplicity M. Threshold-
based code acquisition system with optimal normalized threshold ThN =

0.4, number of users N = 50, index of overlap γ = 8, λd = 0, K = 10,
OOC’s length L = 2000 and weight ω = 10.

Fig. 15 Mean number of training frames versus µ for different
PPM/OPPM multiplicity M. Demodulator-based code acquisition system
with number of users N = 50, index of overlap γ = 8, λd = 0, K = 10,
OOC’s length L = 2000 and weight ω = 10.

different. When M is increased in the threshold-based code
acquisition system, interfering pulses are more distributed,
i.e. lower MAI. We therefore have lower PFA that results in
better performance. On the other hand, with the same γ,
higher M results in higher MAI in every slot. This results
in higher PFA in the demodulator-based system, i.e. system
performance is degraded.

Finally, Fig. 16 shows the performance comparison of
two schemes versus µ for different λd. For this analysis,
we use M = 64, and γ = 8. It is seen that the increase
of λd degrades the threshold-based code acquisition. How-
ever, when µ increases, mean number of training frames is
continuously decreased. When µ is relatively high, effect of
darkcurrents becomes minor because it is overwhelmed by

Fig. 16 Mean number of training frames versus average photon counts
per information nat µ for different λd . Demodulator-based code acquisition
versus threshold-based one with optimal normalized threshold ThN = 0.4.
Number of users N = 50, PPM/OPPM multiplicity M = 64, index of over-
lap γ = 8, K = 10, OOC’s length L = 2000 and weight ω = 10.

Fig. 17 Probability of false alarm and detection versus µ in demodulator-
based code acquisition for different λd . Other parameters: similar to
Fig. 16.

MAI. As an optimal threshold is selected, the optimal per-
formance therefore can be achieved when µ is high enough.

Nevertheless, the effect of λd is quite different in
demodulator-based code acquisition. We investigate this
with help of Fig. 17. It is seen that when µ becomes higher,
both PD and PFA increase accordingly. When λd is small
(λd = 0 for example), there is only effect of MAI; and PD

can quickly reach 1 as µ increases. However, as PFA is
also increased quickly, the mean number of training frames
increases when µ increases. However, when λd becomes
higher, higher µ is required so that MAI can overwhelm
darkcurrents. When incorrect cell is observed, even higher
µ is required because there are fewer optical pulses in the
first slot. As a result, PD is increased faster than PFA, as it



PHAM and YASHIMA: ON THE CODE SYNCHRONIZATION OF PPM/OPPM FIBER-OPTIC CDMA SYSTEMS
2701

is seen in Fig. 17. This situation results in the phenomenon
that the mean number of training frames is first at high level,
corresponding to both low PD and PFA. The mean number
of training frames is then decreased because PD is increased
and PFA is still at low level. When µ is high enough to over-
whelm darkcurrents, PFA starts increasing; and this results
in the increase of the mean number of training frames, as
shown in Fig. 16.

5. Conclusions

This paper has proposed and theoretically analyzed two
code acquisition schemes for PPM/OPPM fiber-optic
CDMA systems, namely threshold-based and demodulator-
based code acquisition. The mean number of training
frames is derived taking into account MAI, shot-noise and
darkcurrents.

It is shown that optimal performance of threshold-
based code acquisition system is sensitive to normalized
threshold. The range of optimal normalized threshold is de-
cided upon the selection of system settings, however, nor-
malized threshold should not be less than 0.15 or higher than
0.4. While higher index of overlap or higher number of users
results in narrower the range of optimal normalized thresh-
old, the increase of multiplicity widens this range. The
change of code weight does not affect much to the range of
optimal normalized threshold whereas the increase of dark-
currents significantly degrades threshold-based code acqui-
sition both in terms of range of optimal normalized thresh-
old and optimal performance. Notably, when normalized
threshold is properly selected, it is shown that the threshold-
based code acquisition system offers much better perfor-
mance than demodulator-based one.
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