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DPSK/FSK Hybrid Modulation Format and Analysis
of Its Nonlinear Performance
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Abstract—We propose a novel hybrid modulation format—dif-
ferential phase shift keying with frequency shift keying labeling for
optical label switching. A modulation technique based on a dual-
parallel Mach–Zehnder modulator and a label erasing scheme are
presented. The tolerance of the new format to intrachannel four-
wave mixing at high speeds is studied analytically and through sim-
ulations, which show robustness to nonlinear impairments.

Index Terms—Nonlinear distortion, optical Kerr effect, phase
modulation, photonic switching systems.

I. INTRODUCTION

OPTICAL label switching is a promising technology for
future all-optical packet-rate routing and forwarding

[1]–[3]. Hybrid modulation techniques allow adding and re-
moving label information on the payload packets. Some hybrid
formats have been proposed and experimentally demonstrated,
such as amplitude shift keying (ASK) with differential phase
shift keying (DPSK) labeling (ASK/DPSK) [4]–[7], DPSK with
ASK labeling (DPSK/ASK) [8]–[11], and intensity modulation
with frequency shift keying (IM/FSK) [12], [13]. The use of the
DPSK for long-haul transmission instead of the on–off keying
(OOK) is primarily due to the higher receiver sensitivity using
balanced detection and its better nonlinear performance, which
is partly attributed to the lower peak power of the DPSK signals
[14]. In ultra long-haul pseudolinear transmission systems,
intrachannel cross-phase modulation (IXPM) and intrachannel
four-wave mixing (IFWM) are the major nonlinear degradation
factors [15]. Although the IXPM can be almost suppressed by
using a symmetric dispersion map [16], the IFWM remains a
challenge. The DPSK was shown to be effective in suppressing
the IFWM to a certain extent in highly nonlinear transmission
regimes because of the lower peak power and partial cancella-
tion of the nonlinear phase shifts [14]. The FSK format, like the
DPSK, possesses constant energy per bit and improved receiver
sensitivity if equipped with balanced detection. Therefore, it is
of interest to explore the performance of a hybrid modulation
format using DPSK as the payload and FSK as the label. As
this hybrid format also shows constant energy in all bit slots,
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penalties that are associated with the intensity modulation
that results in poor extinction ratio, as seen in all the previous
hybrid formats [4]–[13] employing intensity modulation, are
eliminated. Furthermore, as the FSK can be viewed as a special
phase modulation format imposing a variable phase on top
of the DPSK signal, our hybrid format may improve the non-
linear properties by reducing the imaginary part of the IFWM
components that affect the signal phase [17]. Prior to this
paper, the combination of the DPSK and the FSK has not yet
been proposed and studied primarily due to unavailable device
technology for the generation and demodulation of the format.

However, the proposed format is feasible, as shown by
recent works on modulation techniques and the demonstrated
devices. In [18] and [19], a dual-parallel modulator has been
proposed. We find that this modulator can be also used to si-
multaneously generate DPSK and FSK formats. At a receiving
site, label erasing can be achieved by employing a double
sideband (DSB) modulator based on a standard Mach–Zehnder
modulator (MZM) [12], [20], [21]. After the erasure of the
FSK signal, the DPSK signal is detected using a one-bit delay
Mach–Zehnder interferometer (MZI).

We study the IFWM effects in the hybrid DPSK/FSK mod-
ulation format by theoretical analysis and numerical simula-
tions. A previous IFWM analysis of a pseudolinear subchannel
multiplexed system was presented in [22], which shows cer-
tain similarities with ASK/FSK and DPSK/FSK systems. In this
paper, the performance degradation due to the IFWM of the hy-
brid DPSK/FSK format is investigated in detail. We find that,
in addition to the fact that the IFWM-induced amplitude fluc-
tuation exponentially decreases with the increasing of the fre-
quency space as addressed in [22], the IFWM component of the
DPSK/FSK signal presents a special frequency deviation that is
different from that of the pulse where the IFWM component is
located. The above properties of the IFWM process associated
with the DPSK/FSK format imply that the nonlinear transmis-
sion performance of the new format improves upon the modula-
tion of the label information, making it attractive for long-haul
high-speed labeled transmission. We also discuss the dispersion
slope tolerance of this hybrid modulation format. We note that
the improved nonlinear performance of the format comes with
the decreased spectral efficiency because of the wider band-
width of the signal; therefore, balance between the nonlinear
transmission performance and the spectral efficiency is needed
depending on the application scenarios.

In Section II-A, we introduce the signal generation scheme,
and in Section II-B, we describe label erasing and the detection
of the label and the payload. We study the effect of the IFWM on
the DPSK/FSK format in Section III, and the dispersion slope
tolerance of the DPSK/FSK is discussed in Section IV.

0733-8724/$25.00 © 2008 IEEE
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Fig. 1. General modulation scheme and the spectrum of the DPSK/FSK signal.

II. SIGNAL GENERATION AND DETECTION

A. Modulation Principle

In general, the generation of the DPSK/FSK consists of two
phases of modulations (Fig. 1)—one is the generation of the op-
tical DPSK packet signal, and the other is to add the label infor-
mation. When the label information is “1,” the carrier frequency
of the optical DPSK signal is , whereas if the label infor-
mation is “0,” the carrier frequency becomes , where
and are the original carrier frequency and the frequency de-
viation, respectively. It should be mentioned that, for simplicity,
we use “carrier” to stand for the central frequency of the DPSK
signal, although it does not show a discrete tone. For the gener-
ation of the hybrid DPSK/FSK modulation format, one crucial
concern is to ensure that the carriers at frequency and

have consistent initial phases so as not to affect the
phase of the DPSK signal.

Here, we propose the use of a dual-parallel modu-
lator (Fig. 2), which can induce varied phases denoted by

, and [18] on the six arms to
simultaneously implement DPSK and FSK modulations. The
initial phases of the two carriers can be kept consistent by
properly driving the six phase modulators, which would be
impossible with x-cut dual-parallel modulators.

The modulator is mainly configured as an FSK modulator.
When there is no DPSK modulation, the two sub-MZMs operate
in push–pull configuration, and they are biased at null points.
Two cosine signals with a frequency of and a phase dif-
ference of 180 expressed as and

are applied to the upper sub-MZM, whereas
two sine signals with the same frequency of and opposite
phases denoted as and are added
to the lower sub-MZM. is kept to be 0 , and is con-
trolled by the FSK data. When the FSK driving signal is ,
where is the switching voltage, i.e., , the upper
sideband (USB) signal at is achieved. On the other hand,
if the FSK signal is and, correspondingly, ,
the lower sideband (LSB) signal at with the same initial
phase as that of the USB is generated [19]. If is expressed
as , the output of the modulator can be written as
[23]

(1)

where and are the outputs of the two sub-MZMs, and
is the coefficient of the first-kind first-order Bessel function.

Once the FSK data are generated, the precoded DPSK signal
data is superimposed to each of the four clock signals, where
data or ; the four paths of the sub-MZMs experi-
ence the same additional phase shift that is determined by the
DPSK signal. This “common-mode” operation is equivalent to
driving a phase modulator on top of the FSK modulation. Thus,
it achieves the same function as sending a DPSK signal into
an FSK modulator, as sketched in Fig. 1. Therefore, the out-
puts of the two sub-MZMs become data
and data , respectively. The common factor

data can be extracted out; therefore, the output
of the modulator becomes

data

data (2)

which means that the output lightwave signal is modulated by
the DPSK and FSK signals.

From (2), one can see that the modulation process is equiva-
lent to that in Fig. 1; two peaks in the spectrum can be clearly
seen at the output. Fig. 2(a)–(e) sketches the spectra and il-
lustrates the principle of the FSK modulation. The output of
the sub-MZM that is driven by the cosine signal (upper) has
two sidebands without phase difference, whereas the one from
the other sub-MZM that is driven by the sine signal (lower)
shows two sidebands with 180 phase difference relative to each
other, and the two sidebands are orthogonal to those of the upper
MZM. As the phase modulator does not provide relative
phase shift, the spectrum at point C is the same as that at point A.
However, the signal spectrum at the lower path rotates either
counterclockwise (for USB) or clockwise (for LSB) at point D.
This can ensure that there is no 90 or 180 initial phase dif-
ference between the USB and the LSB. After the sum opera-
tion of the USB and LSB components, an FSK signal is gen-
erated. A pulse carver can be cascaded to obtain return-to-zero
(RZ)-DPSK/FSK, as we will use the RZ-DPSK/FSK to analyze
the IFWM effects.

B. Label Erasing and the Detecting Scheme

A DSB modulator based on a standard MZM is used to re-
move the FSK label. It can be the same as the DSB suppressed
carrier (SC) in [12], [20], and [21]. To ensure that the two side-
bands are in phase, a cosine signal with a frequency equal to
the frequency deviation of the FSK signal is needed to drive the
MZM, whose transfer function can be expressed as [21]

(3)

where is the amplitude of the clock signal. The higher order
Bessel series are neglected. The equation shows that the USB
and the LSB of the DSB signal have the same initial phases.
Therefore, the main lobe of the output signal after the DSB mod-
ulator at the carrier contains the DPSK phase information
without additional impact induced by the FSK label, and the re-
covered DPSK signal possesses the same phase difference be-
tween neighboring pulses as the original DPSK payload.
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Fig. 2. DPSK/FSK modulation based on a dual-parallel modulator. (a)–(e) Principle of FSK modulation.

Fig. 3. Label erasing and payload/label detection. (a) Frequency shift process
by DSB modulator. Optical spectra (b) before the DSB modulator (point A),
(c) after the DSB modulator (point B), and (d) after the bandpass filter (point C).
(e) Eye diagram of the FSK label signal. Eye diagrams and spectra of (f) NRZ
DPSK payload signal and (g) RZ DPSK payload signal (point D), respectively.

Fig. 3 shows the schematic of label erasing and payload/label
detection. Fig. 3(a) illustrates the process of the frequency shift
by the DSB modulator. When the FSK label is “1,” the output
optical signal has two carrier frequencies of and ,
whereas when the FSK label is “0,” the output signal possesses
carrier frequencies of and . Thus, the optical spec-
trum after the DSB modulator shows three peaks at ,

, and , respectively [Fig. 3(c)]. By using a bandpass

filter with a center frequency of , the DPSK payload signal
can be recovered with only one carrier frequency [Fig. 3(d)]. As
the phase of the DPSK signal does not affect the frequency de-
viation of the FSK signal, the FSK label can be detected using a
simple demodulation scheme such as with a bandpass filter [12].
The electrical eye diagram of the recovered FSK signal is shown
in Fig. 3(e). After erasing the FSK label, one can either add a
new FSK label to the payload or demodulate the DPSK signal
through a one-bit delay MZI and balanced detectors. The elec-
trical eye diagrams of the recovered nonreturn-to-zero (NRZ)-
DPSK and RZ-DPSK signal with a 50% duty cycle are provided
in Figs. 3(f) and (g), respectively.

In practice, the imperfections of the modulators are issues of
concern in affecting the performance of the DPSK/FSK signal.
From the published experimental results, the dual-parallel mod-
ulator in [18] has a suppression ratio of 17 dB, and a typical DSB
modulator based on a standard MZM shows at least 25-dB car-
rier-suppression ratio. Thus, the suppression ratio of the largest
in-band crosstalk originating from the unsuppressed carrier and
the sidebands of the modulator is higher than 42 dB, which
would not cause significant impairments [24]. The number of
the label rewriting processes may be also limited by the perfor-
mances of the dual-parallel modulator and the DSB-SC modu-
lator. This problem could be solved as the device performance
improves or if a phase-regeneration scheme is employed in label
switching systems [25].

III. NONLINEAR PERFORMANCE OF THE DPSK/FSK IN

SUPPRESSING THE IFWM

In this section, we investigate the tolerance of the DPSK/FSK
to the IFWM, whose impacts to the DPSK and the FSK should
be separately treated. However, here, we only study the quality
of the recovered DPSK signal through transmission for two
reasons: 1) we find out that certain IFWM components of
the DPSK/FSK signal after the nonlinear transmission can be
filtered; therefore, they do not significantly impair the FSK



360 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 3, FEBRUARY 1, 2008

label; and 2) the transmission distance of the FSK label signal
is typically not long enough to induce significant degradation
before the old label is erased and a new label is added; however,
the DPSK payload signal will go through a number of network
nodes, and the quality of the DPSK signal may be severely
degraded by the IFWM. In Section III-A , we derive an expres-
sion for the IFWM component of the DPSK/FSK signal and
discuss some spectral properties of the IFWM components. In
Section III-B, the robustness of the recovered DPSK signal to
the IFWM is shown through simulations.

A. Expression of the IFWM Component for the DPSK/FSK
and its Spectral Properties

We use a model similar to that in [14] to investigate the IFWM
in the hybrid modulation format. In our study, we neglect non-
linear interactions between the signal and the amplified sponta-
neous emission noise [14]. A single dispersion manage span in-
cludes a piece of a dispersion compensation fiber (DCF) for pre-
compensation, a standard single-mode fiber (SSMF) for trans-
mission, and a DCF for postcompensation, where the nonlin-
earity of the DCF is neglected, and precompensation and post-
compensation are exactly one half of the total dispersion of the
SSMF. For simplicity, in Section III, we neglect the third and
higher order dispersion terms and the fiber loss. In this sec-
tion, we focus on the nonlinear transmission performance of the
DPSK/FSK format and assume an ideal DSB-SC modulation
process.

Here, we assume that the RZ-DPSK/FSK signal is a pulse
train consisting of a series of Gaussian pulses denoted as

, and the th pulse before
transmission can be expressed as

(4)

where , representing the DPSK information;
is the frequency deviation relative to the

carrier frequency (in radians per second), representing the
FSK information. is the pulse amplitude, which is equal to

, where is the initial injected pulse power,
and and are the pulsewidth and the bit period, respectively.

Similar to [22], using the perturbation method, the perturba-
tion term satisfies the following equation:

(5)

where and are the group velocity dispersion parameter
and the nonlinear coefficient, respectively. This equation con-
tains all the nonlinear effects; the IFWM corresponds to the
case when the indexes satisfy and . By taking
the Fourier transform and the inverse Fourier transform to solve
(5), we obtain a general expression of the IFWM component that
is centered at the th time slot produced by three contributing

pulses located at the th, th, and th time slots [22], respec-
tively, i.e.,

(6)

where , , ,
, , , and

are all in the normalized forms.
A similar formula for the OOK or (D)PSK signals was pre-

sented in [16]. Comparing the above equation with (6), it can be
seen that the expression for the OOK or the (D)PSK is a special
situation when the frequency deviations are all set to zero. The
term can be expanded to

(7)

The first part of the expansion
reveals that for the DPSK/FSK, the shape of the IFWM

component is still Gaussian, and the pulsewidth is broadened to
times of the signal pulse. The central temporal position of

the perturbation is located at . The second
part of the expansion , to-
gether with the term in (6),
is an attenuation term caused by the FSK. The third part, i.e.,

, combined
with the term in (6), is
a constant phase shift. The fourth part, i.e.,

, however, is not seen in the expression of the
OOK or the DPSK. It shows that unlike the DPSK, the IFWM
component has a frequency shift of . As

, the frequency shift is either or
.

In the following, we show that this frequency deviation con-
tributes to nearly the total frequency shift of the IFWM compo-
nent. If the Fourier transform of the IFWM component
can be expressed as a function of the form with its
center at , is then the frequency deviation. Fig. 4(a)
shows four typical cases by plotting of several arbi-
trarily chosen sets of ( , , ) and .
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Fig. 4. (a) Perturbations produced by three pulses whose indexes are (l;m; n) = (1; 5; 2), and the corresponding frequency deviations are as follows: (dashed)
f = f = f = 0; (solid) f = f = 80 GHz, f = �80 GHz; (circle) f = f = f = 80 GHz; (dot-dashed) f = f = f = �80 GHz. The x-axis is set
relative to the carrier frequency. (b) Upper: spectra of three pulses with frequency deviations of 
, 
, and �
. Lower: multiplication of the spectra in the upper
plot.

Fig. 5. Spectra of the kth DPSK pulse with the frequency deviation of (solid)

 and two typical IFWM components located at the kth time slot with fre-
quency deviations of (dashed) �
 and (1=3)
 (a) before the DSB modulator
and (b) after the DSB modulator, respectively. (dashed rectangle) Bandpass filter
with bandwidth less than (4=3)
. (dot-dashed rectangle) Bandpass filter with
bandwidth wider than (4=3)
.The x-axis is set relative to the carrier frequency.

can be a good approximation to the frequency shift of
the IFWM component. Note that Fig. 4(a) also reveals that the
IFWM component resulting from three pulses with the same fre-
quency deviation shows higher amplitude than that from three
pulses having different frequency deviations.

The factor of one third in the IFWM frequency term only
holds for Gaussian pulses and does not seem to follow the gen-
eral FWM process ,
which describes the energy conservation among the four waves
involved. Here, we explain the fractional factor from another
view in the frequency domain. For a DPSK/FSK pulse train, the
IFWM component resulting from three pulses at , , and

is approximately proportional to the convolution of three
functions , , and
[26], where is the initial shape of a single pulse. For
a Gaussian-shaped signal, its spectrum is still Gaussian that is
centered at . As the convolution in the time domain
corresponds to the multiplication in the frequency domain, it
is straightforward to find out that the multiplication of three
Gaussian spectra that are centered at , , and leads to a
Gaussian spectral component at . Fig. 4(b)
shows a case for three pulses having frequency deviations of ,

, and .

B. Performance Evaluations for the DPSK/FSK

Equation (6) is the expression of the IFWM component be-
fore label erasing. Here, we evaluate the quality of the demod-
ulated DPSK signal. To recover the DPSK signal, one needs to

Fig. 6. ECF histograms for (a) recovered DPSK signal from the DPSK/FSK
under the assumption that the IFWM components at ! � (1=3)
 are totally
filtered and (b) recovered DPSK signal from the DPSK/FSK under the assump-
tion that the IFWM components at ! � (1=3)
 are completely kept.

erase the FSK signal using a DSB modulator and a bandpass
filter, a process in which the IFWM components also experi-
ence the frequency shift and the filtering. Here, we assume that
the ideal rectangular-shaped bandpass filter is noise free and has
a net unit gain.

As discussed in Section III-A, the frequency shift of the
IFWM component is either or . When it is , the
spectra of the IFWM components locate at and after
the DSB modulator. On the other hand, if the frequency shift
of the IFWM component is , the spectral components
of the IFWM after the DSB modulator are at and

. Fig. 5(a) shows that two IFWM components
with frequency deviations of and are generated
at the location of a DPSK pulse having a frequency deviation
of . After the DSB modulator, the pulse is shifted to and

, whereas the IFWM component originally at
is moved to and , and that at is shifted
to and . If the bit rate of the DPSK
signal is much lower than , one can use a bandpass filter
that is centered at with a bandwidth that is smaller than

[Fig. 5(b)] to remove some of the IFWM components,
and only the IFWM terms in the DPSK/FSK format with
frequency shifts of remain in the recovered DPSK signal.
On the other side, if the bit rate of the DPSK signal is close to

, the IFWM component of may remain but to a lesser
extent. Here, we assume that the frequency deviation should be
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Fig. 7. Differential phase eye diagram of (a) recovered DPSK signal from the DPSK/FSK, (b) conventional DPSK signal, and (c) recovered DPSK signal from
the DPSK/ASK with an extinction ratio of 8 dB.

Fig. 8. Differential term after the delay-and-subtraction operation for two neighboring DPSK pulses (a) with the same polarity and opposite frequency deviations
and (b) with the opposite polarity and frequency deviations. (c) Normalized peak amplitude of the demodulated signal from two neighboring in-phase DPSK signals
versus the product of the distance and the frequency deviation with different pulsewidths.

larger than the bit rate of the DPSK signal to ease the design of
the bandpass filter and reduce the crosstalk.

In our simulations, we used a 40-Gb/s DPSK signal having
a pulsewidth of 5 ps and a 10-Gb/s FSK label with a frequency
deviation of 80 GHz. The carrier wavelength is 1550 nm, the dis-
persion parameter of the 100-km SSMF is 17 ps/ nm km

ps km , the nonlinear coefficient of the transmis-
sion fiber is rad W km , and the DCF has a dispersion
parameter ps nm km .

Here, we use the eye closure factor (ECF) similar to that
in [14] and [15] to evaluate the performance of the recovered
DPSK signal. The pattern length that is required in a simulation
is described as follows [27]:

(8)

where is the maximum accumulated dispersion, is the
wavelength of the carrier, is the bit rate of the DPSK signal,

is the bandwidth of the DPSK signal, and is the speed of
light. Substituting the corresponding parameters into (8) leads
to . Consider a sequence consisting of 14 bits. Through
calculating and , one can get the ECF of the center
bit. Assuming that , we exhaust all po-
larity combinations for the remaining 13 pulses. Here, we con-
sider two extreme cases: the IFWM components at
are totally filtered, whereas in the other case, the IFWM com-
ponents at all remain. Figs. 6(a) and (b) shows

the histograms of the ECFs of the recovered DPSK signal from
the DPSK/FSK format under these two assumptions, respec-
tively. The average launch power is set to 8.5 dBm to observe the
eye closure. The ECF is smaller under the assumption that the
IFWM components are all kept. This is mainly due to the fact
that the DPSK is a bipolar signal. The FSK signal can change
the instantaneous phase of the DPSK signal and, thus, vary the
polarity distribution of the DPSK; therefore, the IFWM com-
ponents at can cancel those at to some
extent, although the amplitudes of the IFWM components at

are much smaller than those at . In practice,
the IFWM components at cannot be completely
filtered nor totally kept. Both the filtering and the cancellation
effects may be present; the ECF could be between the two ex-
treme cases.

To further investigate the transmission performance of the
DPSK/FSK format, we use a pseudorandom bit sequence of
length to plot the eye diagram of the differential phase of
the recovered DPSK to compare it with a conventional DPSK
signal [Fig. 7(a) and (b)]. The simulation parameters are the
same as those used in the analysis except that the average launch
power is increased to 15 dBm to induce evident penalties, and
the effects of self-phase modulation and cross-phase modulation
are included. The bandwidth of the bandpass filter that is used
to recover the DPSK signals from the DPSK/FSK is 160 GHz. It
shows that the recovered DPSK signal possesses nearly the same
eye opening compared to that of the conventional DPSK signal.
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On the other hand, we provide the eye diagram of a recovered
DPSK signal from a DPSK/ASK signal with an extinction ratio
of 8 dB under the same average launch power. Fig. 7(c) clearly
shows the improvement of the FSK-labeled DPSK compared
with the ASK-labeled DPSK to combat nonlinear impairments.
Note that this phase impairment is in addition to the penalty
that is caused by the ASK modulation, which is not seen in the
DPSK/FSK format.

In practice, fiber loss should be taken into account, and
the IFWM effect is weaker as the IFWM-induced amplitude
fluctuation is proportional to the effective length of the fiber.
The optimal dispersion precompensation for the single-span
model used in our simulation should be less than half of the
total cumulated dispersion, as the power profile is no longer
symmetric with respect to the center of the fiber when con-
sidering the fiber loss [16], [26]. However, most practical
transmission systems consist of multiple spans, and each span
has inline dispersion compensation and amplification. As
discussed in [26], the simple single-span model neglecting the
fiber loss with symmetric dispersion compensation is a good
approximation for characterizing the property of a practical
multiple-span transmission system. Thus, our IFWM analysis
using this simple model is an approximation to the practical
multiple-span systems.

IV. DISPERSION SLOPE TOLERANCE OF THE DPSK/FSK

In a real system, tunable dispersion compensation is em-
ployed to accurately compensate the accumulated dispersion
at the receiver site. However, dispersion cannot be completely
compensated over a frequency band due to the dispersion
slope (or third-order dispersion parameter ) of the trans-
mission fiber. The dispersion slope should be taken into account
[28], particularly for the DPSK/FSK whose bandwidth is wider
than other nonhybrid formats. Here, we consider a simple
model to investigate the impact of the dispersion slope. Assume
that the dispersion is completely compensated at the carrier
frequency of the DPSK signal. Then, there exists small residual
dispersion at . We consider two pulses with frequency
deviations of ; thus, they have the same group velocity, and
there is no walk-off between the two pulses. However, there
may be additional phase difference between two neighboring
pulses with different frequency deviations, as the residual dis-
persions at are opposite. This may cause some penalty
since the correct demodulation of the DPSK signal depends on
the phase difference between the neighboring pulses.

With the Gaussian pulse train used in Section III, Fig. 8 shows
the results of one-bit delay and subtraction of two neighboring
DPSK bits with different FSK labels; the dispersion parameter

is 0.06 ps nm km , and ps nm km .
Other parameters are the same as those in Section III. Fig. 8
shows that when the neighboring DPSK signals are in phase, the
differential term of the DPSK signal after the delay-and-subtrac-
tion operation exhibits a small peak at the center of the pulse,
causing the eye closure penalty. As the residual dispersion is
proportional to the transmission distance and the frequency de-
viation, this term should be also proportional to the product of
the distance and the frequency deviation. Fig. 8(c) shows the

amplitude of such a small peak component at the center of the
pulse versus the product of the distance and the frequency de-
viation with different pulsewidths for the 40-Gb/s DPSK sig-
nals. In general, the dispersion-slope-induced penalty is not ex-
pected to be severe within reasonable transmission distances
(e.g., 1000 km) and frequency deviations for the FSK label
(e.g., 80 GHz in this study).

V. CONCLUSION

We have presented a new modulation scheme using a dual-
parallel modulator to generate the DPSK/FSK signal. We have
also proposed a method for label erasing and payload detection
based on a DSB modulator and an MZI.

In Section III, we have derived the IFWM term of the hy-
brid modulation format when neglecting the dispersion slope.
We have verified that this IFWM component has a frequency
deviation that is one third of the sum of the frequency deviations
of the three interacting pulses that are contributing to the IFWM
under the assumption that the pulses are Gaussian shaped. We
have evaluated the nonlinear performance of the DPSK payload
signal using the ECF and provided the eye diagram of the recov-
ered DPSK signal and compared it with that of the conventional
DPSK and the recovered DPSK payload from a DPSK/ASK
data signal. The results showed that the demodulated DPSK
payload presents similar performance to the conventional DPSK
signal without labeling and clearly outperforms the DPSK pay-
load from a DPSK/ASK format.

In Section IV, we have discussed the tolerance of the
DPSK/FSK format to the dispersion slope of the transmission
fiber. We have shown that the dispersion slope induces negli-
gible penalty within reasonable transmission distances.
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