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Abstract Orthogonal ASK/DPSK labeling, which

encodes label information on optical carriers in a modu-

lation format, is regarded as a competing scheme to sub-

carrier multiplexed optical labeling. However, the inherent

cross-talk limits the extinction ratio (ER) of the payload

and label sensitivity. In this paper, two optical coding meth-

ods–Manchester coding and 8B10B coding–which can

remarkably improve the system quality to obtain acceptable

ER are discussed. A novel optical packet encodingmethod–

mark-insertion coding–is demonstrated to significantly

reduce cross-talk between the amplitude shift keying

(ASK) payload and the differential phase shift keying

(DPSK) label through spectrum shaping. The perform-

ance of mark-insertion coding depends on the number of

inserted ‘marks’. Finally, the transmission over a 40 km

single mode fiber (SMF) is compared with optical label

swapping for a 40 Gbit/s ASK payload and 2.5 Gbit/s

DPSK label under these coding schemes. The experi-

mental result is consistent with the theoretical analysis.

Keywords orthogonal modulation, amplitude shift key-

ing (ASK), differential phase shift keying (DPSK), mark-

insertion coding

1 Introduction

Orthogonal modulation techniques, which can improve

processing ability in the switching node, have been pro-

posed as efficient labeling schemes in all-optical label

switching [1]. Several approaches have been studied for

labeling optical packets, including serial-bit labeling [2]

and sub-carrier multiplexing [3,4]. Simultaneously

exploiting two dimensions of the light field, such as the

intensity and the phase or frequency, has been suggested

to modulate both payload and label on the same optical

carrier [5]. Such an ‘‘orthogonal modulation’’ labeling

method is currently gaining more interest [6]. The modu-

lation formats explored in optical packet switching could

be amplitude shift keying (ASK), differential phase shift

keying (DPSK), frequency shift keying (FSK) or polariza-

tion shift keying (PolSK). Recent experiments [5,6] show

that at 40 Gbit/s, the DPSK and PolSK modulation for-
mats are promising techniques to overcome nonlinear

impairments and to extend the transmission distance [7].

The orthogonal modulation encodes label information
on the optical carrier of the payload. One example is orthog-
onal ASK/DPSK labeling, which means that the payload is
modulated on the amplitude and the label is achieved by
modulating the phase of the optical carrier [8–11]. In pre-
vious demonstrations [9–11], orthogonal ASK/DPSK label-
ing revealed its superiorities in having a compact spectrum,
simple label swapping and remarkable scalability. However,
to satisfy DPSK detection, the inherent cross-talk between
the two modulations leads to a limitation in system per-
formance. This results in the deteriorating extinction ratio
(ER) of the ASK [11], which significantly confines network
scalability. Thus, it is necessary to seek effective methods to
reducemodulation cross-talk and provide the properDPSK
detection with preferable ER of ASK.

Applying special coding on the ASK payload can alle-
viate the ER requirement. These methods are basically
divided into two kinds: according to the principle focused
on the basis of spectrum shaping and that of the time
domain [12–15]. In this paper, these two schemes are com-
pared in terms of system performance. A novel coding
method based on the inserted ‘mark’, namely mark-inser-
tion coding, is put forward. The principle of each modu-
lation is proposed and the comparison of different coding
methods is also given.

2 Principle

When changing the payload and label bit rate, the

required ASK/DPSK labeled signal on the ER can be
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obtained according to the analysis of transition theory.

Figure 1 shows the configuration of the transmitter and

receiver of the ASK/DPSK labeling scheme. The laser

source is intensity-modulated to generate the ASK pay-

load. The DPSK label is impressed by the subsequent

phase modulator driven by the electrical pre-coded label

signal. For the receiver, the labeled signal is split by using

a 3 dB optical coupler. The output of one arm is directly

detected by a photodiode, thus the optical payload is con-

verted into the electrical domain. For the second output of

the coupler, the DPSK label is either directly detected by a

Mach-Zehnder delay interferometer (MZDI), which is

followed by a photodiode connected to one of the output

ports and forms a single-ended receiver, or by a dual

detector connected to both output ports that implement

a balanced receiver as shown in Fig. 1.

The performance limitation of ASK/DPSK labeling

stems from the cross-talk between the two modulation

formats that is induced by the simultaneous amplitude

and phase modulation on the same optical carrier [1].

Since the sensitivity of the DPSK signal would be deterio-

rated with an increasing value of ER due to the reduced

signal power when an ASK ‘0’ is transmitted, a limited

value of ER has to be applied for the payload [10]. In the

frequency domain, the cross-talk between the payload and

label is generated by the overlap of the payload spectrum

with the label spectrum. Because the label bit rate is much

lower than the payload bit rate due to the limited control

information and the required compatibility with low cost

electronics for label processing, the label signal is a nar-

row-band signal. If the payload spectrum is shaped to

have a null at direct current (DC), the cross-talk will be

suppressed significantly as shown in Fig. 2. Several line

coding techniques can generate a DC-null spectrum,

including Manchester-coding [12] and 8B10B coding [13].

Besides spectrum reshaping, a new coding scheme rea-

lized in the time domain is proposed to eliminate limita-

tion to the ER, hereafter referred to as mark-insertion

coding. This coding method, interleaved DPSK label, is

better understood on the basis of time domain. The prin-

ciple of this method is depicted in Fig. 3. Assuming that

the DPSK bit rate is N times lower than the payload bit

rate, m bit of ‘marks’ are inserted for every N +m bit-

stream of the payload with equal time spacing. The demo-

dulated DPSK data can then be achieved over these

inserted ‘marks’. In the conventional interleaved DPSK

label scheme, 2 bit of ‘marks’ are added within one label

period. These twomark bits have to be precisely located at

the rising and trailing edge of the label period. Therefore,

the payload and label alignment is constrained to bit-level

synchronization. In our new scheme, the DPSK label can

be detected under a time slot and synchronized coarsely

with the payload, totally eliminating the need for bit-level

synchronization. Mark-insertion coding ensures the

DPSK demodulation even when continuous zeros of the

payloads are transmitted, and the requirement on the ER

is thereby alleviated.

3 Experiment set-up

In this section, 8B10B coding and mark-insertion coding

are both proposed, as they can alleviate the inherent cross-

talk between the payload and label.

3.1 8B10B coding

8B10B coding, which owes its popularity to the Ethernet

environment, has a relatively high bandwidth efficiency of

80%. It compounds 8 bit code into 10 bit code, including

Fig. 1 Configuration of optical ASK/DPSK transmitter and receiver (LD: laser diode; IM: intensity modulator; PM: phase modu-
lator; MZDI: Mach-Zehnder delay interferometer; LPF: low-pass filter; XOR: exclusive OR; T: time required for 1 bit transmission)
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256 data character codes and 12 control character codes.

The coding on different plans can achieve various

optimum system performances. Its application in an

optical link to ASK/DPSK labeling is shown in Fig. 4.

The signal source is a wavelength-tunable external cavity

laser (ECL) working at 1550 nm. The 2.5 Gbit/s DPSK

signal, pseudo-random binary sequence (PRBS) 22321, is

impressed through a phase modulator. Since the test sig-

nal is a PRBS pattern, the pre-coder circuit for the DPSK

format is not applied. Two push-pull type Mach-Zehnder

modulators (MZM) are used to generate the return-zero

(RZ) payloads at 40 Gbit/s. 8B10B coding is directly gen-

erated by encoding a 2721 PRBS by programming the

data pattern generator, which corresponds to a periodical

data pattern of 160 bit. In this way, an optical ASK/

DPSK signal comes out.

3.2 Mark-insertion coding

The set-up of the ASK/DPSK labeling and transmission is

shown in Fig. 5. Similar to Fig. 4, the ECL works at

1550 nm to produce a proper tunable laser. The 2.5

Gbit/s or 622 Mbit/s DPSK signal (PRBS 21521) is

impressed through a phase modulator. A subsequent

MZM is driven by a 40 or 10 Gbit/s coded data-stream.

One mark is inserted for every 15 bits of payload; every

label bit time has one inserted ‘mark’ for a label at

2.5 Gbit/s and 4 ‘marks’ for a label at 622 Mbit/s. After

transmission through a 40 km spool of standard single

mode fiber (SMF) and a matching 6 km spool of disper-

sion compensating fiber (DCF), the labeled signal arrives

at the receiver, split by a 3 dB optical coupler. The output

of one arm is directly detected by a photodiode so as to

convert the optical payload into the electrical domain. For

the other output of the coupler, the DPSK label is directly

detected by an MZDI, followed by a photodiode con-

nected to one of the output ports and forming a single-

ended receiver. The MZDI has a delay of approximately

8 cm corresponding to 1-bit duration (400 ps) of the

DPSK signal at 2.5 Gbit/s. A 1.8 GHz electrical low-pass

filter (LPF) is used to suppress high frequency noise.

4 Experimental results

In the 8B10B coding scheme, Fig. 6 clearly shows a trade-

off between the ER requirements on payload and label

with nearly 7 dB ER when the payload is a 2721 PRBS.

Due to the increased length of the continuous ‘marks’ and

‘spaces’, the optimum value can be greatly decreased when

a longer PRBS sequence is used for the payload.When the

payload is coded by a PRBS 2721 sequence, the ER of the

payload can exceed 8.6 dB, and the desirable DPSK label

detection cannot be obtained. However, for the 8B10B

coded signal, acceptable ER as high as 12 dB can be

Fig. 2 Principle of spectrum reshaping scheme. (a)
Randomly coded payload; (b) DC-null coded payload

Fig. 3 Principle of mark-insertion coding for ASK/DPSK
labeling

Fig. 4 Configuration of 8B10B coding labeling on optical ASK/DPSK transmitter and receiver (ECL: external cavity laser; PM:
phase modulator; MZDI: Mach-Zehnder delay interferometer; LPF: low-pass filter; BERT: bit-error ratio test set)
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achieved. This results in a 15 dB enhancement of the label

sensitivity compared to the PRBS case, as well as an

improvement of 3.5 dB for the payload. Hence, the lim-

itation on the ER is overcome by employing 8B10B cod-

ing to the payload, and the system performance is

significantly improved.

For mark-insertion coding, Fig. 7 shows the relation-

ship between the measured receiver sensitivities of the

40 Gbit/s payload and the label. The received eye-dia-

grams of the DPSK label are shown in Fig. 8 for a label

at 2.5 Gbit/s. As expected, a good trade-off is observed

between the sensitivity of the payload which degrades

while that of the label enhances. For a payload coded with

a 2721 PRBS sequence, an optimum value of 7 dB ER is

obtained, with which the payload and label have the same

sensitivity. It should be noted that this optimum value can

be greatly decreased when a longer PRBS sequence is used

for the payload due to the increased length of the continu-

ous ‘marks’ and ‘spaces’. Additionally, this optimum

value can be enhanced to more than 9 dB when mark-

insertion coding is applied to the payload. For the

DPSK label at 2.5 Gbit/s, the optimum ER value is

around 9 dB, and enhancement on the payload and label

sensitivity is about 6 dB.

The system performances of 8B10B coding and the pro-

posed mark-insertion coding are evaluated back-to-back

for the ASK/DPSK signal consisting of a payload at

40 Gbit/s and a label at 2.5 Gbit/s. 8B10B coding is directly

generated by encoding a 2721 PRBS. This is done by pro-

gramming the data pattern generator corresponding to a

periodical data pattern of 160 bit. For mark-insertion cod-

ing, one mark is inserted for every 15 bits of payload. Every

label bit timehasone inserted ‘mark’ for a label at 2.5 Gbit/s,

and 4 ‘marks’ for a label at 622 Mbit/s. The DPSK demo-

dulator has a delay of 8 cm corresponding to 400 ps. The

label bit sequence is a 22321 PRBS.

Comparing Fig. 7 with Fig. 8, it is clear that for the

8B10B coded signal, the ER can rise from 7 to 10.3 dB,

and the improvement of 3.3 dB for the payload results in

an enhancement of the label sensitivity around 8 dB. In the

mark-insertion coding scheme, the ER of the payload is

improved from 7dB to more than 9 dB and the label sen-

sitivity enhancement exceeds 6 dB. Figure 9 clearly demon-

strates that the 8B10B scheme achieves a better system

performance compared to the mark-insertion coding

method. According to the results above, it can be concluded

that under the condition of 40 Gbit/s payload and different

coded label, poor label information can be well added and

transmitted through distant routes inmark-insertion coding

packets. Among these two coding methods, 8B10B scheme

offers the largest ER of payload and the best enhancement

of the label sensitivity of transmission link.

Fig. 5 Configuration of optical ASK/DPSK transmitter and
receiver in mark-insertion labeling (ECL: external cavity laser;
PM: phase modulator; DCF: dispersion compensating fiber;
MZDI: Mach-Zehnder delay interferometer; LPF: low-pass
filter; SMF: single mode fiber)

Fig. 6 8B10B coding: measured receiver sensitivity for pay-
load and label vs input ER of payload (the insets show eye
diagrams of the 40 Gbit/s RZ payload and the demodulated
2.5 Gbit/s DPSK label for an 8B10B encoded payload with 10.3
dB ER)

Fig. 7 Mark-insertion coding: measured receiver sensitivity
for the payload at 40 Gbit/s and label vs input ER of the payload
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In consideration of bandwidth efficiency, it can be seen

that 8B10B coding has a relatively high bandwidth effi-

ciency of 80% and therefore has its popularity in the

Ethernet environment. In mark-insertion coding, m bit

of ‘marks’ are inserted for every N +m bit-stream of the

payload. The DPSK label can be coarsely synchronized

with the payload; the delay of the label demodulator is

equal to 1/m times of the label bit-duration. Since 1/m,1,

the delay of the demodulator is reduced, and a more stable

and practical DPSK demodulator can be realized. The

payload bandwidth efficiency of this scheme is given by

N/(N +m). The bandwidth efficiency as a function of the

label bit rate and m is illustrated by Fig. 10. For instance,

if one 1-bit ‘mark’ is inserted for every 15 bit of the pay-

load, the coded payload is 40 Gbit/s ASK and the label is

2.5 Gbit/s DPSK. The bandwidth efficiency of the pay-

load would then be 93.75%. For an ASK payload at 40

Gbit/s and DPSK label at 2.5 Gbit/s, mark-insertion cod-

ing can outperform 8B10B coding by means of the band-

width efficiency when m is less than 4.

5 Conclusions

In conclusion, the performance of ASK/DPSK labeling

requires the ER of the payload to be limited to allow

detection of the ASK/DPSK signal. To increase the ER

of the payload while simultaneously ensuring DPSK

reception, two kinds of coding methods have been pre-

sented: 8B10B coding and mark-insertion coding. By

employing these two coding schemes on a 40 Gbit/s

ASK payload and a 2.5 Gbit/s DPSK label, the acceptable

ER can be increased up to more than 9 dB, which results

in a significant enhancement exceeding 6 dB in label sensi-

tivity. It is also found that the performance improvement

of the mark-insertion coding depends on the number of

the inserted ‘marks’.
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Fig. 8 Mark-insertion coding with received DPSK label at 2.5 Gbit/s and 500 ps/div. (a) ER5 12 dB; (b) ER5 5 dB

Fig. 9 8B10B and mark-insertion coding: measured receiver
sensitivity for the payload and label vs input ER of the payload

Fig. 10 Bandwidth efficiency as a function of label bit rates
and number of inserted marks
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