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An Optical Labeling Scheme with Novel DPSK/PPM Orthogonal Modulation *
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A novel differential-phase-shift-keying (DPSK)/pulse-position-modulation (PPM) orthogonal modulation is pro-
posed for optical labeling applications, with PPM data as the high-speed payload and DPSK signal as the optical
label. The systematic setup for the proposed scheme and research on bit-error rate is presented. The results show
that at the bit-error rate of 10−9, the power penalties for 70 km fiber transmission are in the range of 1–3 dB to
DPSK label and 5–6 dB to PPM payload in our simulation system. This is under the condition that the large
extinction ratio of 18–19 dB is used for the intensity modulators of the PPM payload, with a well received DPSK
label. Thus the feasibility of the proposed scheme for all optical transmission networks is clearly verified.
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With the rapid development of optical fiber com-
munication, all kinds of technologies and devices are
emerging for optical transmitting such as fiber grat-
ings and fiber lasers.[1−3] For optical networking, Op-
tical label switching (OLS) technology, which uses
encapsulated optical label containing information for
packet routing and forwarding, has been considered
as an attractive means of implementing high speed
packet transmission in an all-optical domain. Different
labeling approaches thereby were aroused to actualize
the OLS network. Since the orthogonal modulation
technique has been proposed,[4] many new schemes
have been studied and demonstrated for the purpose
of reaching higher transmission rate and achieving bet-
ter spectral efficiency. These schemes basically involve
two independent modulation formats representing ei-
ther high-speed payload for various users and Internet
services, or label information for payload routing and
forwarding, while the two formats are orthogonally
added on the same optical carrier and separated with
respective detectors at user end. Some of the schemes
most commonly used include frequency shift keying
(FSK)/amplitude shift keying (ASK)[5] and differ-
ential phase shift keying (DPSK)/ASK,[6,7] together
with others such as polarization-shift keying (Pol-
SK)/ASK[8] and the newly proposed DPSK/FSK.[9]

In recent years, the DPSK format has been of par-
ticular research interest due to its 3 dB lower optical
signal-to-noise ratio (OSNR) requirement to reach a
given bit-error rate (BER) compared with ASK for-
mat, when balanced detection is employed,[10] and
some other merits such as smaller bandwidth com-
pared to FSK and the ability to reduce fiber non-
linearity which induces distortions like cross-phase-
modulation (XPM).[11] Meanwhile, pulse position

modulation (PPM) was introduced as an innovative
format to carry optical payload and combined with
FSK label, in order to solve the extinction ratio (ER)
dilemma in traditional FSK/ASK systems.[12] In this
Letter we propose the DPSK/PPM scheme as a novel
orthogonal modulation for optical labeling applica-
tion, investigating the feasibility and system perfor-
mance through simulation. We elaborate on the gen-
eration and detecting mechanism of the combined sig-
nal, with analysis on BER performance versus optical
power as well. We study system key parameters by
comparing different ER values and their influence on
receiver sensitivity. Simulation results verify that the
proposed system is able to provide reasonable trans-
mission performance, and the acceptable ER can be
large for the good of payload detection, without dete-
riorating the label.

Pulse position modulation (PPM) has long since
attracted considerable attention with respect to im-
plementation over optical fiber channels.[12,13] In the
PPM format, the information is represented using dif-
ferent positions of short pulses in each bit period. In
the case of binary transmission, the pulse in the first
half of a bit period denotes ‘1’ and the pulse in the
second half denotes ‘0’, as shown in Fig. 1.

PPM has usually been used to exchange band-
width for receiver sensitivity.[13] The short pulses with
constant power benefit detection, and the fact that ev-
ery time slot contains one optical pulse definitely facil-
itates the clock recovery process, compared with the
case in traditional ASK systems where the possible
long sequence of 1’s or 0’s makes it difficult for syn-
chronization. Meanwhile, as an amplitude modulation
format, PPM has kept the advantage of easy receiv-
ing as direct detection can be employed. Since data

*Support by the National Basic Research Program of China under Grant No 2010CB328300, the National Natural Science
Foundation of China under Grant Nos 60932004, 60977046 and 60702049, the National High Technology Research and Development
Program of China under Grant Nos 2009AA01A347 and 2009AA01Z220, the Teaching and Scientific Research Foundation for the
Returned Overseas Chinese Scholars (Ministry of Education), and Program for New Century Excellent Talents in University of
China under Grant No NECT-07-0111.

**Email: zhourui85@gmail.com
c○ 2010 Chinese Physical Society and IOP Publishing Ltd

094209-1

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org


CHIN. PHYS. LETT. Vol. 27,No. 9 (2010) 094209

information is conveyed only by the temporal place-
ment of pulses, the PPM signal can be combined with
phase, frequency or polarization modulated formats
for extensive use.
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Fig. 1. PPM format.
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Fig. 2. DPSK/PPM scheme. Insets: (a) DPSK signal
and spectrum, (b) pulse pattern “data”, (c) complemen-
tary pulse pattern “data”, (d) DPSK/PPM signal pattern
and spectrum.

We have established a systematic setup for the
proposed DPSK/PPM scheme, as shown in Fig. 2.
The system comprises two signal generation modules,
a transmission span consists of 50 km single mode
fiber (SMF) and 20 km dispersion compensation fiber
(DCF), and respective receivers for DPSK and PPM.
The cw laser is operated at 193.1THz, with 1 MHz
linewidth. A 2.5 Gb/s pattern generator generates
223 − 1 pseudo-random bit sequence (PRBS) with a
differentially encoded non-return-to-zero (NRZ) data
stream, and drives a phase modulator biased at trans-
mission null and twice the switching voltage. This
provides a near-ideal 𝜋 phase modulation that is crit-
ical in obtaining maximum receiver sensitivity. The
phase modulator is driven in push-pull configuration
to minimize chirp.[11] Then the DPSK modulated la-
bel is formed and forwarded to the PPM genera-
tion, which uses the same approach as in Ref. [12] as
two 40 Gb/s complementary signals with PRBS length
223 − 1. At each branch a Mach–Zehnder modula-
tor (MZM) is used for intensity modulation, and a
delay module is set in one of the branches. Then
the signals are subsequently combined to form pulse-
position modulated data. The pulse train genera-
tion here is accomplished by using the return-to-zero
(RZ) pulses with low duty cycle, where the duty cy-

cle is defined as the ratio between the pulse width 𝑇𝑝

and the total bit interval 𝑇𝑏 (duty cycle is 𝑇𝑝/𝑇𝑏).
The pulse width is 2 ps, and the time delay 𝐷 in
the data branch is set to 12.5 ps, which is half the
payload bit period at 40Gb/s. After that, the com-
bined DPSK/PPM signal is sent to fiber transmission
span, which consists of 50 km single mode fiber (SMF)
with 0.19 dB/km attenuation, 0.08 ps·nm−2km−1 dis-
persion slope and 𝐷 = 16ps·nm−1km−1, and 20 km
dispersion compensation fiber (DCF) with 0.23dB/km
attenuation, −0.28 ps·nm−2km−1 dispersion slope and
𝐷 = −40 ps·nm−1km−1. The insets in Fig. 2 de-
pict the signal patterns and optical spectrums during
DPSK/PPM combined modulation formation.

At the receiver end, the PPM payload and DPSK
label are detected separately. In a real system the
optical PPM signal can be decoded with an optical
switch by selecting pulses at different positions, or to
be differently polarized at PPM generation module
with polarization control and de-polarized into inten-
sity information at the receiver end.[12] However, high
speed operation for 40Gb/s all optical switches is dif-
ficult to implement. When electro-optical switches or
micro electro mechanical systems (MEMS) are used,
there are also serious problems like insertion loss and
complicated setup, and the cost is considerable. Es-
pecially in wavelength division multiplexing (WDM)
systems with multi-channels and multi-users, the sys-
tem expanses will be largely expanded. On the other
hand, proper polarization is unstable and hard to con-
trol. Here we take advantage of the easy timing ex-
traction of PPM signal since a pulse is contained in
every bit period, and use a clock recovery module
to extract the 40Gb/s clock signal from PPM data
stream. The regenerated clock is in RZ form, and is
electrically multiplied with the optical-electrical (OE)
converted PPM stream. The pulse in the first half of
each bit period denoting 1 is therefore kept while the
pulse in the second half representing 0 is abandoned,
reproducing the original bit sequence. The decoding
process is demonstrated in Fig. 3.
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Fig. 3. PPM detection by 40Gb/s RZ clock: (a) detection
principle, (b) electrical PPM signal, (c) signal at multiplier
output, and (d) after a low-pass-filter.

For DPSK demodulation, balanced detection is
worth mentioning. The DPSK format carries informa-
tion in optical phase changes between bits, and uses
the phase of the preceding bit as a relative phase ref-
erence for demodulation due to the lack of an absolute
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phase reference.[11] The balanced detector in the sys-
tem setup is explicitly depicted in Fig. 4. It is mainly
composed of a Mach–Zehnder delay-interferometer
(MZDI) with delay 𝜏 equal to the bit period (be-
ing 0.4 ns here for the 2.5 Gb/s label), a photodiode
and a low-pass filter (LPF) at each branch from the
MZDI output, and an electrical subtractor. In the
one-bit MZDI, the input signal is first split into two
branches, and interference occurs between two adja-
cent bits at the output port which leads to either the
presence or the absence of optical power. The cor-
responding spectra in Fig. 4 reveal the constructive
and destructive interference between the bits. The
two output signals are carrying identical but logically
conjugated information and either can be detected by
themselves through a single detection scheme. How-
ever the single-ended receiver compares a single noisy
signal against a deterministic (non-noisy) threshold
to retrieve the digital data, while the balanced receiv-
ing essentially compares two noisy signals against each
other and results in a 3 dB sensitivity improvement.[11]
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Fig. 4. Balanced detection for DPSK receiving.

In an orthogonal modulation system such as
DPSK/ASK or FSK/ASK, the intensity modulated
data (ASK) suffers from fiber nonlinearity which re-
sults in interference to the phase or frequency modu-
lation and, in turn, the fiber chromatic dispersion will
cause a phase-to-amplitude modulation conversion
which certainly degrades the intensity modulation.[6,7]
One of the major parameters affected by this interfer-
ence is the extinction ratio (ER) of the intensity modu-
lator, defined as the ratio between transmitted optical
power of symbol ‘1’ and that of symbol ‘0’. The dif-
ficulty in choosing an appropriate ER for orthogonal
modulation has existed for a long time, and is mainly
because the intensity modulation (IM) demands a high
ER for better receiving while the phase and frequency
modulation suffers from it due to the constant trans-
mitted power in these formats. More specifically, the
intensity modulation uses different optical power lev-
els to represent 1 and 0 symbols, so a high ER is re-
quired to guarantee that the receiver successfully dis-
tinguishes 1 and 0 signals apart. However, DPSK or
FSK format carries information in phase or frequency
domain, and the same signal power is sent for 0’s and

1’s. Thus the reduced signal power of IM 0’s causes
receiving degradation of DPSK and FSK. Especially
when long strings of IM 0’s are sent, the high ER es-
sential for IM leads to the fact that the transmitted
signal power is always at a low level, which causes los-
ing DPSK or FSK labeled information. Therefore, the
ER value has to be decided on a compromise. Typ-
ical ER values in DPSK/ASK systems are about 3–
4 dB.[6,7] With dc-null coding technique the acceptable
ER can be increased up to 12 dB.[7]
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Fig. 5. Receiver power versus BER under different ER
values: (a) and (b) inappropriate ER values, (c) and (d)
adjusted ER values.

Since the importance of IM ER is acknowledged,
we discuss the BER performance of label and payload
under different ER values in Fig. 5. Both back-to-
back (BTB) transmission and fiber transmission are
tested. From Figs. 5(a) and 5(b) it is obvious that
the ER plays a vital part in determining the receiver
sensitivity. Although large ER (larger than 15 dB)
can be employed in the system, inappropriate ER val-
ues severely deteriorate either label or payload perfor-
mance and therefore affect the comprehensive system
as a whole. This can be seen in Figs. 5(a) and 5(b)
with ER = 15dB and ER = 20dB, respectively. For
detailed analysis, Fig. 5(a) shows the case in which
ER is relatively low for the system and, as can be ex-
pected, the 15 dB ER is of great benefit to the received
DPSK signal for both BTB and fiber transmission but
seriously degrades the PPM signal with fiber trans-
mission as the minimum BER can only reach the level
of 10−7. On the contrary, when relatively large one
(ER = 20dB) is used as shown in Fig. 5(b), the PPM
performance achieves a satisfactory outcome while the
received DPSK is greatly distorted and can not reach
10−9 due to BER floor. These two figures demonstrate
the extreme cases of how inappropriate ER values de-
grade system performance, and clearly reveal the fact
that a trade-off is crucial for the proper detection of
both label and payload. Hence we carefully adjusted
the ER value to ensure a BER better than 10−9, as
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can be seen in Figs. 5(c) and 5(d).
Figures 5(c) and 5(d) depict the cases when ER are

18 dB and 19 dB, respectively. In Fig. 5(c), the DPSK
label with fiber transmission has a power penalty of
about 1 dB at the BER of 10−9, compared with BTB
measurement. The PPM payload has a relatively
large penalty of 6 dB. In Fig. 5(d) the power penalty
is around 3 dB for the label and 5 dB for the pay-
load. In spite of the performance better than previ-
ous ER cases, additional improvement is still needed.
We choose the value of ER = 18.5 dB to make further
amelioration on the imperfection, as shown in Fig. 6.
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Fig. 6. Optimized ER = 18.5 dB. Eye diagrams are under
the BER of 10−9.

The eye diagrams in Fig. 6 indicate good re-
ceiving since large eye opening is obtained, with
ER = 18.5dB. The power penalty at BER of 10−9 is
approximately 2 dB of DPSK label and 5 dB of PPM
payload. It can be noticed that the power penalty in-
duced by fiber transmission is much more serious in
the PPM payload than that of DPSK label, and this
is also the case that other ER values are used, as can
be seen in Fig. 5. The reason for this is because the
DPSK format modulates the optical phase in order to
enhance robustness to dispersion and nonlinearities,
while the short pulses under high-speed PPM modu-
lation is easily affected by fiber chromatic dispersion.
This can also be proofed by comparing the two eye di-
agrams of PPM in Fig. 6, where the eye of PPM signal
with fiber transmission is distorted. Another critical
thing in Figs. 5 and 6 is that over all speaking, the la-
bel performance should be better or at least not worse
than the payload in order to ensure correct routing,
which is of great importance in an optical transmitting
network.

The ER value of 18.5 dB is chosen as the opti-
mized parameter for the proposed DPSK/PPM sys-
tem in our simulation. This value exhibits the great
advantage of PPM over conventional ASK from one
aspect, as we have pointed out that the maximum ER
in DPSK/ASK can only reach 12 dB even by intro-
ducing line coding. The reason for this rests largely in
the fact that PPM brings in optical pulses of constant

amplitude and duration into every bit period, assur-
ing equalized energy. Thus less damage appears in the
DPSK detection when long sequences of IM 0’s occur
and the restriction on ER is thereby released, while
with conventional ASK the DPSK signal would expe-
rience a long period of low power and suffers from poor
detecting. Another benefit of PPM comes from the
decoding process (determining which one of the two
subintervals contains the pulse), which is performed
by picking out 1 symbols with clock signal and there-
fore the noise in 0 symbols is greatly suppressed, while
ASK signal goes directly to threshold tests with noise.
In fact, it is unsurprising that large ER can be used
since the ER in an FSK/PPM scheme can be larger
than 15 dB.[12] Thus the PPM format shows itself as a
promising candidate for carrying high-speed payload
instead of ASK.

In conclusion, we have proposed a DPSK/PPM or-
thogonal modulation scheme for next-generation all
optical label switching networks. Simulation setup has
been organized, as we generated DPSK label with a
phase modulator and used two complementary data to
realize PPM payload. Detection details of both label
and payload have been provided and systematic anal-
ysis has been conducted. The importance of crosstalk
issue between label and the orthogonally modulated
payload is discussed and given great attention, as we
compared the system performance under several ex-
tinction ratio values. The results prove that in the
DPSK/PPM scheme the ER of intensity modulators
can be increased up to 18–19 dB compared to the 3–
4 dB in the conventional DPSK/ASK, validating the
significant advantage of PPM format over ASK. The
discussion in this study has shown that with PPM
modulated ultra-short pulses for data payload and
DPSK modulated optical label for payload forwarding,
reliable transmission can be achieved. Potential issues
of the scheme are under further investigation, and it is
envisaged that the proposed DPSK/PPM scheme will
be a suitable candidate for next-generation all-optical
switching networks.
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