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Abstract—In this letter, the application of differential phase-
shift keying data format in coherent optical code-division multiple-
access (DPSK-OCDMA) has been proposed and investigated the-
oretically and experimentally to combat noise in the OCDMA
system. The DPSK-OCDMA can also ease the receiver’s threshold
level setting and enhance the system confidentiality.

Index Terms—Balance detection, beat noise, differential phase-
shift keying (DPSK), multiple access interference (MAI), optical
code-division multiple-access (OCDMA).

I. INTRODUCTION

RECENTLY, coherent time spreading OCDMA (either di-
rect time spreading by superstructured fiber Bragg grating

(SSFBG) [1]–[3] and arrayed waveguide grating (AWG) [4],
or spectrally phase coding time spreading by spatial lightwave
modulator [5], [6]) has drawn a lot of attention because of
the overall superior performance over incoherent schemes.
Ten-user truly asynchronous OCDMA has been success-
fully demonstrated at 1.25 Gb/s [3]. Most recently, the total
throughput has been improved to Gb/s [4].

However, so far, the modulation format used most for pay-
load data in OCDMA is on–off keying (OOK) with power de-
tection. In a coherent OOK-OCDMA system, the most severe
issues are the coherent signal interference (SI) beat noise as
well as the incoherent multiple access interferences (MAIs) [1],
[3]–[5]. Second, with the changing of the active users’ number,
a dynamic threshold level setting is required to maintain a wider
power margin in the decoder/receiver setup [1], [7]. Third, the
OOK-OCDMA is vulnerable in terms of the security that could
be easily broken by simple power detection without any knowl-
edge of the code [8], [9].

In this letter, we for the first time propose and investigate the
feasibility of using DPSK data format and balanced detection in
coherent OCDMA to combat the beat noise as well as MAI, and
overcome OOK-OCDMA with respect to the above issues.

II. THEORETICAL MODEL OF DPSK-OCDMA

DPSK with balanced detection is an attractive modulation
format for long-haul lightwave transmission systems due to its

3-dB higher receiver sensitivity [10], larger fiber nonlinearity
tolerance [11], and better coherent crosstalk tolerance [12] as
compared to OOK modulation.
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Fig. 1. OCDMA network with DPSK modulation format. (a) Model.
(b) Comparison of DPSK- and OOK-OCDMA. (c) Theoretical calculations of
K versus �.

Unlike in the incoherent OCDMA, DPSK could be easily
realized in coherent OCDMA since the coding operations are
based on the phase of optical field as well. Fig. 1(a) shows
a simplified model of the OCDMA networks using DPSK as
data format (DPSK-OCDMA). Compared to the model of OOK-
OCDMA [1], here the data are encoded by the DPSK encoder,
the intensity modulator is replaced by a phase modulator (PM),
and the photodetector (PD) is replaced by a 1-bit delay inter-
ferometer as the DPSK decoder followed by a balance-detector.
The electrical fields and in the interferometer could be
expressed as follow:

(1)

Therefore, the received electrical signal could be expressed by
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(2)

Here, is the encoded binary data,
is the decoded binary data, is equal to the 1-bit dura-

tion of data, and other notations are the same as those in [1]. The
five terms in (2) represent data, MAI, primary SI-beat noise, sec-
ondary interference–interference beat noise, and receiver noise,
respectively. Compared to those of coherent OOK-OCDMA [1,
eq. (2)], the noise terms have the same distributions, while the
term of data changes from “0” to “ ” for marks “0”, due to
which, the threshold level is also changed to zero in the DPSK-
OCDMA accordingly. Fig. 1(b) shows a schematic comparison
of the eye diagrams and noise probability density function (pdf)
of the received DPSK- and OOK-OCDMA signals. The bit-
error rate (BER) could be easily derived from the pdf [1].

An intuitive model has shown that DPSK has 6-dB higher
crosstalk tolerance than OOK assuming OOK with fixed
threshold and symmetric noise distributions for marks “1”
and “0” [12]. In our proposed model, marks “1” and “0” have
symmetric noise distributions in DPSK-OCDMA, while they
are asymmetric in OOK-OCDMA. The pdf and the threshold
level determine the BER performance. Below, we will compare
the calculated against using this model. Here, is the
maximum number of active users that could be supported in a
network with BER equal to , and is the interference
level that is approximately equal to the inverse of the code length.
The data rate is assumed to be 10 Gb/s. For OOK-OCDMA, we
calculated the results with optimal thresholder (Opt Th) and fixed
Th (1/2 of the received “1”), respectively. Fig. 1(c) shows the
result. For a given value of , the DPSK-OCDMA can tolerate
about 4-dB higher compared to OOK-DPSK with Opt Th and
5 6 dB higher compared to OOK-DPSK with fixed Th. This
is a significant improvement for OCDMA because more active
users could be accommodated with a shorter optical code length.
For example, by using a 511-chip optical code dB ,
about six active users could be supported at this BER
for OOK-OCDMA with fixed Th, for OOK-OCDMA
with Opt Th, and for DPSK-OCDMA. Therefore,
DPSK-OCDMA could tolerate a higher level MAI and beat
noise compared to OOK-OCDMA, which allows it to accom-
modate more active users.

Second, an Opt Th level has to be found out in OOK-OCDMA
in order to obtain the lowest BER [1], while in DPSK-OCDMA,
the lowest BER could be easily obtained with a fixed Th
without any knowledge of . Therefore, there is no need for

Fig. 2. Experimental setup.

dynamic threshold level setting in DPSK-OCDMA, which will
simplify the OCDMA receiver.

Third, since the modulation is done with the phase of op-
tical signal instead of amplitude in DPSK-OCDMA, both mark
“1” and mark “0” have the same energy during transmission,
therefore, the above-mentioned security vulnerability of OOK-
OCDMA could be completely resolved.

III. EXPERIMENTS AND DISCUSSION

We have experimentally demonstrated the DPSK-OCDMA
using SSFBG E/D for the first time. Fig. 2 shows the experi-
mental setup for the demonstration and comparative investiga-
tion of DPSK-OCDMA with OOK-OCDMA. The mode-locked
laser diode (MLLD) generated 1.8-ps optical pulses at a rep-
etition rate of 10 GHz with a central wavelength of 1550 nm.
This signal was then split into two paths: The upper path is for
a target OCDMA user with 10-Gb/s DPSK or OOK modulation
using PMs or intensity modulators, respectively, while the lower
one is used to generate different number and level interferences.
In the interference path, the “MAI generator” can generate inter-
ferences with different by tuning the variable optical attenu-
ators (VOAs) and different by adjusting the optical switches.
Here, is defined as the power contrast ratio between single
interference and the target signal, and is the
number of interferences. The signal and interferences are mixed
and decoded by the decoder. At the receiver, a fiber-based inter-
ferometer followed by a balanced detector and a single PD was
used for DPSK and OOK detection, respectively.

In the experiment, both the E/D are 511-chip 640-Gchip/s
SSFBGs [3]. The durations of the encoded signal and the
decoded signal are about 800 ps and 1.6 ns, respectively.
Therefore, in the interference path, the data rate is intentionally
converted to 622 Mb/s to avoid the intersymbol interference
(ISI). However, as in the signal path, the data are transmitted at
10-Gb/s data rate, the ISI will result in the performance degra-
dation [13]. But if we focus on the performance comparison,
the ISI could be considered as a fixed level interference to the
received signal and be neglected by taking all the measurement
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Fig. 3. Measured eye diagrams of the DPSK- and OOK-OCDMA (OSO:
optical sampling oscilloscope).

Fig. 4. (a) BER performances with different K and � ; (b) K versus � at
BER = 6e � 5 for DPSK- and OOK-OCDMA.

against the relative interference level , which is proportional
to the absolute interference level [1] .

Fig. 3 shows the comparison of measured eye diagrams.
Figs. 3(a)–(d) and (e)–(h) belong to DPSK and OOK signals,
respectively. Figs. 3(a) and (e) are the modulated signals.
Figs. 3(b) and (f) are encoded signals without interferences.
The blurred waveforms in the encoded signals are due to the
ISI [13]. Figs. 3(c) and (d) are decoded OCDMA signals with
interferences. Figs. 3(d) and (h) are the electrical eye diagrams
of received DPSK- and OOK-OCDMA, respectively. The clear
eye opening in the figures verify the feasibility of the proposed
DPSK-OCDMA scheme in the presence of ISI, MAI, and beat
noises. The signals are measured at the same BER of about

. However, the interference levels are about 10.5
and 13.5 dB for DPSK- and OOK-OCDMA, respectively. The

3-dB interference level difference verifies that the DPSK can
tolerate higher beat noise and MAI than OOK-OCDMA with the
same BER. Also, in the measurement, the threshold level was
almost fixedat zero for DPSKwhile it wasvaried depending on
and in OOK-OCDMA. So, DPSK-OCDMA eases the receiver
threshold setting. Fig. 4(a) shows the BER performances of them
with different and . The improvements for DPSK- over
OOK-OCDMA are indicated by the dashed arrows. In the case
without OCDMA E/D, the sensitivity improvement in DPSK
is about 1.7 dB at BER . This is about 1.3 dB less than
in previous reports [10]–[12], mainly due to the timing jitter of
the MLLD. A low jitter pulse source is a key to overcoming this
degradation. In the single OCDMA user’s case, the improvement
becomes 7.7 dB, the addition 6-dB improvement means that
DPSK-OCDMA has larger -factor than OOK-OCDMA in the
presence of ISI. In the cases, the improvement in both the
sensitivity anderrorflooralsoshows that theDPSK-OCDMAhas
better noise tolerance than OOK-OCDMA. Fig. 4(b) shows the
measured result of maximum versus for BER .
The improvement of DPSK-OCDMA is 3 4 dB. This value is
less than the above theoretical prediction, also due to the timing
jitter of the MLLD. Since , and

[1], the DPSK-OCDMA could accommodate more active users
with a given code length.

IV. CONCLUSION

We have proposed and experimentally demonstrated the
DPSK-OCDMA scheme with DPSK data format and balanced
detection for the first time. The theoretical modeling shows
that the proposed DPSK-OCDMA could be superior over the
coherent OOK-OCDMA with advantages of: 1) improved
receiver sensitivity; 2) better tolerance to beat noise and MAI
noise; 3) no need for optical thresholding; 4) no need for
dynamic threshold level setting; and 5) enhanced security.
The comparative experimental investigation shows that the
DPSK-OCDMA is a more practical approach compared to
OOK-OCDMA. The concept could be further extended to other
advanced modulation formats in OCDMA systems.
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