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Abstract—-We described a novel optical label swapping (OLS)
technique for optical packet systems using frequency-shift-keying
(FSK) optical labeling. High-speed optical FSK signal can be gener-
ated by using an external FSK modulator consisting of four optical
phase modulators. The FSK modulator was based on optical single-
sideband (SSB) modulation technique, and comprised of traveling-
wave electrodes for high-speed frequency switching. We demon-
strate 10 Gbps FSK transmission, and simultaneous modulation by
FSK and intensity modulation (IM). OLS using double-sideband
modulation was also demonstrated, where this technique can be
used for a bundled wavelength-domain-multiplexing (WDM) chan-
nels without using an array of pumping light sources.

Index Terms-Frequency-shift-keying, label swap, optical mod-
ulator, optical packet.

I. INTRODUCTION

combination of intensity modulation (IM) and frequency
A shift keying (FSK) is a promising technique for optical
label switching in optical packet systems [1], [2]. In this tech-
nique. payload signals are in IM format. while label informa-
tion is written by FSK signal. The merit of this FSK labeling
is that an FSK transmitter generates the label information on
the optical canicr frequency without affecting its intensity. Si-
multaneously modulated IM and FSK signals are independently
demodulated by using an optical filter, so that the label informa-
tion can be extract without affecting the payload signal. For this
purpose, fast and wideband external FSK modulation technique
is required, which has never developed. In previous works, FSK
signal was generated by direct modulation of electric current in
a laser light source [3], [4]. Thus, FSK bit rate is limited by the
response of the laser [5], [6]. Parasitic intensity modulation in
the direct modulation should be compensated by using an addi-
tional intensity modulator.

Recently, however, we reported wavelength conversion by
using an optical single-sideband (SSB) modulator consisting of
four optical phase modulators [7], [8]. The output optical fre-
quency depends on RF-signal frequency and dc-bias voltage fed
to the modulator, which can be electronically controlled. In this
paper, we investigate an optical FSK modulator based on the
SSB modulator, and demonstrate high-speed FSK transmission
[9], [10]. By using this modulator, we can generate IM/FSK
signal with a simple setup. Moreover, we also demonstrate a
novel optical FSK label swapping technique having no pumping
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Fig. 1. Optical SSB modutator.

light sources, which can be also used for WDM signals. Op-
tical label swapping (OLS) is a promising technique for im-
plementing packet routing and forwarding functions over op-
tical packet networks. Previously reported OLS systems used
cross modulations between optical spectral components, such
as cross-phase modulation in an optical amplifier, to generate a
new label signal. Thus, the OLS system should have additional
light sources for the cross modulation. In an OLS system having
wavelength-domain-multiplexing (WDM) channels, we have to
use a pumping light source and a cross modulation device for
each WDM channel, so that the setup for the OLS with WDM
becomes extremely complicated.

This paper is organized as follows. In Section II, the prin-
ciple of optical SSB modulation is described briefly. In Sec-
tion III, by using an optical network simulator, we investigate
optical frequency (wavelength) shift in WDM systems. We can
shift bundled WDM channels simultaneously by an optical SSB
modulator. The performance and structure of the FSK modulator
are described in Section IV. High-speed optical FSK transmis-
sion was demonstrated where the FSK signal was demodulated
by using an optical filter. Section V gives the principle of OLS
using double-double sideband modulation. We experimentally
demonstrated IM/FSK simultaneous modulation where bit rates
of IM and FSK are, respectively, 10 and 1 Gbps. OLS for the
IM/FSK signal was also demonstrated and pure IM channel was
successfully restored by using LiNbO, (LN) Mach-Zehnder in-
tensity modulator. Our conclusion is presented in Section VI.

II. OpTICAL SSB MODULATOR

As shown in Fig. 1, the SSB modulator consists of parallel
four optical phase modulators [7], [8]. The electric field of the
output can be expressed by
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J, expresses the first kind nth-order Bessel's function. ¢;" an.
¢V denote the phases of RF-signal and lightwave in Path Jj.
AQRT and A@jY are the deviations of the phases from the ideal
condition for the SSB modulation. AR" is the induced optical
phase due to the RF-signal in Path j , and is proportional to the
amplitude of the RF-signal applied to the electrode. AjV de-
notes the amplitude of lightwave in Path j . f; and f;, are the fre-
quencies of input lightwave and RF-signal, respectively. When
ARF = AW = 0, the phases are 0, /2, &, and 37/2 (0, 90,
180, and 270° ). The SSB modulator has a pair of Mach-Zehnder
structures on an x-cut LN substrate, so that we can apply RF-sig-
nals of 0, 90, 180, and 270° by feeding a pair of RF-signals with
90° phase difference at two RF-ports (RF,, RF;) [8]. The op-
tical phase differences are also set to be 90°, by using dc-bias
ports (dc, , dc, , dc,). The output optical spectrum defined by
(2) can be expressed by
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where N and U are defined by
N=Ux(2n+1)x (-1)" ®
U=SxT. (10)

When the intensity of the electric field is so small that we can ne-
glect high-order harmonic generation at the optical phase mod-
ulation, the output for U = 1 can be approximately expressed
by

E ~ ALWEZHEfUt [Jl(ARF)eﬂwfmt _ Ja(ARF)e—S.Qﬂifmtl

(11)
Because J, > J;, the dominant component in the output is the
first-order upper sideband (USB), which corresponds to the fre-
quency shifted component, Fig. 2 shows the principle of the SSB
modulation. Each sub-Mach-Zehnder structure (the pair of Path
1 and 3, or that of Path 2 and 4) is in null-bias point. Thus, the
input lightwave component (¢*™") is vanished and lower and
upper sidebands are generated. Due to the 90° phase differences
in the RF-signal and the lightwave, the polarity of lower side-
band (LSB) component at point "P" is the opposite of "Q." The
LSB would be vanished at the output port, so that the SSB mod-
ulated signal consisting of USB can be obtained. On the other
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Fig. 2. Principle of optical SSB modulation.
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Fig. 3. Conversion efficiency and SNR ot wavelength shifter using SSB
modutation.

hand, in the case of U = —1 , LSB can be generated instead
of USB. We can easily switch the polarity of 7, by changing
the dc-bias voltage applied on the port dc.. The signal-to-noise
ratio (SNR) and conversion efficiency of the frequency shift by
the modulator are given by J,(ARF)/J,(ARF) and J,(ARF),
respectively (see Fig. 3). The conversion efficiency has a max-
imum of 0.582 (-5.36 dB) when the induced phase ARF is
equal to 1.84 rad. As shown in (8), the output lightwave has
undesired high -order sideband components whose orders are
-3, +5, .for U=+1,and 3, -5, +7, . . . for U = —1.
Thus, the frequency difference between the generated spectral
components equals 4f,, . We note that the dominant high-order
component ( J5 ) can be suppressed by using a predistortion tech-
nique [11].

III. NUMERICAL ANALYSIS OF OPTICAL FREQUENCY SHIFT IN
WDM SYSTEMS

We investigated the optical frequency shift with the SSB mod-
ulator in WDM systems, by using a lightwave network simu-
lator, Optisystem™ 2.2. As shown in Fig. 4, the WDM system
has 9 channels with 25 GHz spacing. The bit rate and the optical
frequency of the nth channel were, respectively, 2.5 X [(n —
5) X (#/100 + 1)] Gbps and 193.5 + (n — 5) X 0.025 THz,
where r = 2.0. Thus, the bit rate of the fifth channel was 2.5
Gbps. Those of neighboring channels were 2% higher or lower
than that of the fifth, to suppress unphysical crosstalks which are
due to the finite time windows in this simulation. The sampling
rate in the simulator was 160 Gbps, while the time window was
40.96 ns, which was limited by the memory size and the pro-
cessor speed of the computer we used. The nonreturn-to-zero
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Fig, 5. Input and output opticat spectra of the SSB modutator. Fig. 6. Q-factor ot the firth channel measured by an electric signal monitor,

(NRZ) signals were generated by LN optical intensity modu-
lators. We used a model for the SSB modulator consisting of
four optical phase modulators as shown in Fig. 1. The light-
wave signals were fed to the SSB modulator via a WDM multi-
plexer. To compensate the loss at the wavelength shift, an EDFA
was put at the output lightwave port of the modulator, where
the output power was controlled to be 10 dBm by tuning the
pump laser power. The noise figure of the EDFA was assumed
to be 4 dB . We calculated the optical spectra at the input and the
output port of the SSB modulator with the resolution of 0.01
nm. As shown in Fig. 5, optical frequency shift (25 GHz) of
WDM channels was successfully demonstrated in this simula-
tion. The undesired third-order sideband components were also
generated in the output spectra. The frequency difference be-
tween the desired frequency shifted component (the first-order
USB) and the undesired sideband was 4f,,, so that there were

and the total optical power at the output port of the SSB modulator, Q-factor of
the reference signal was 18.8, where an attenuator was placed at the output port
of the WDM muttiplexer instead ot the SSB modutator.

four peaks of them in the spectrum. The other third-order com-
ponents were overlapped with the desired components. In the
case of AR =0.92, the fifth-order sidebands were also gener-
ated, in addition to the third-order sidebands which were domi-
nant in undesired components. Fig. 6 shows Q-factors of the fifth
channel at the electric signal monitor in Fig. 4, and the total op-
tical power at the output port of the SSB modulator. The electric
output of the photodetector was fed to the monitor via a tran-
simpedance amplifier whose impedance was 600 Q and noise
figure was 6 dB. Q-factor of the reference signal. where an at-
tenuator was placed at the output port of the WDM multiplexer
instead of the SSB modulator, was also shown in Fig. 6. The
output power was an increasing function of the induced phase
AR However, the SNR of the output signal was an decreasing
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function as shown in Fig. 3. Due to this tradeoff relations, the
Q-factor had a peak around AR" = 0.5. Fig. 7 shows the eye-di-
agrams of the reference signal and the fifth channel. In the fre-
quency shifted signal, the deviation of the mark level was larger
than that of the reference. We deduce that this is due to interfer-
ence between the desired channel and the high-order harmonic
components of the other WDM channels.

IV. FSK MODULATOR

The FSK modulator consists of parallel four optical phase
modulators as shown in Fig. 8. The device structure is almost
the same in the SSB modulator, but the FSK modulator has
an electrode (RF.) for high-speed FSK signal, instead of an
dc-bias electrode (dc.) in the SSB modulator. When we apply
a pair of RF-signals, which are of the same frequency f,, and
have a 90° phase difference, to the electrodes RF, and RFy,
frequency shifted lightwave can be generated at the output port
of the modulator. A sub-Mach-Zehnder structure of path 1 and
3 should be in null-bias point (lightwave signals in the paths
have 180° phase difference), where the dc-bias can be con-
trolled by RF, . The other sub-Mach-Zehnder structure of path
2 and 4 are also set to be in null-bias point by using RF,. To
eliminate USB or LSB, the lightwave signal in each path also

0.3 06 0.9
Time (bit period)
Eye-diagrams of the reference signal (right) and the frequency-shifted fifth channel (left), where induced phase was 0.46 rad.
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Fig. 11. Bit-error-ratio curves and eye-diagrams of 9.95 Gbps FSK.

should have 90° phase difference each other, as described in
Section II. When the phase difference induced by RF. is +90° ,
we can get carrier-suppressed single sideband modulation com-
prising one of the sideband components (USB or LSB). Thus,
the optical frequency of output lightwave can be switched by
changing the induced phase at RF.. In the SSB modulator, the
electrode for optical phase control dc. was not designed for
high-speed operation, so that the switching time was limited
by the response of the electrode. On the other hand, the FSK
modulator has the electrode RFC for high-speed optical phase
switch at the junction of a pair of sub-Mach-Zehnder structures.
The amplitudes of USB and LSB are, respectively, described by
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[1+iexp(idps)]/2 and [= 1 + i exp(iQps)]/2, Where Qg o0 et
is the induced phase difference at RF., and @gx = —90° cor- ’ FSK mod *
responds to an optimal condition for USB generation (U = 1) . '
Thus, by feeding an NRZ signal, whose zero and mark levels fi f2 f3 y é') T
correspond to ¢pex = —90, +90°, to RF., we can generate s Label
an optical FSK signal, without any parasitic intensity modula-
tion. The bandwidth for the FSK signal should be smaller than FSK labeled fi 2 f3
WDM channels H : 5

the RF-frequency f,, , when the FSK signal is demodulated by
optical filters.

We fabricated an optical FSK modulator having a LiNbO,
lightwave circuit with traveling wave electrodes to obtain high-
speed response. Fig. 9 shows the frequency responses of the
modulating electrodes. The rise time was around 100 ps, which
was limited by driver and receiver circuits, and 3 dB band-
widths of the electrodes (RF,, RF,, and RF.) were around
18 GHz. Thus, the wavelength switching time of the optical
FSK modulator would be less than 100 ps. We also measured
the FSK response by feeding a sinusoidal signal to RF.. The
FSK signal was demodulated into an IM signal by an optical
filter. As shown in Fig. 9, 6 dB bandwidth was 17 GHz, where
the FSK response over 10 GHz Was diminished, because some
part of the FSK signal becomes out of the passband of the op-
tical filter, whose bandwidth was about 20 GHz. We also mea-
sured bit-error ratio (BER) performance of FSK transmission.
As shown in Fig. 10, a 9.95-Gbps NRZ (23! — 1 pseudorandom
binary sequence (PRBS) signal was applied to RF. of the FSK
modulator, where a fiber Bragg grating (FBG) was used to con-
vert an FSK signal into an IM signal for demodulation. Fig. 11
shows BER curves and eye-diagrams of 9.95 Gbps FSK for

»

FSK labeling on bundled WDM channels.

uUsB

LSB USB LSB USB LSB

Fig. 13.

back-to-back, and after transmission through a 60-km single-
mode fiber (SMF). The RF frequency f,, was 12.5 GHz. The
results show that the eyes are clearly open and that error-free
transmission of 10 Gbps FSK-60 km SMF is possible. Power
penalties of 60 km transmission with reference to back-to-back
at — log(BER) = 9 was —0.8 dB. We deduce that the negative
penalty was due to the dispersion of the FBG.

V. IM/FSK MODULATION AND OLS USING DOUBLE-SIDEBAND
MODULATION

Fig. 12 shows the principle of OLS using double-sideband
modulation technique. IM/FSK signal has a pair of optical car-
riers whose frequencies f, — f,, and f, + f,, , where f; is the
optical carrier frequency at the output port of the light source.
f,» denotes the frequency of modulating signal fed to the electric



92

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 1, JANUARY 2005

IM/FSK transmitter FSK label swapper
1’ ___________ = - - - - - - -
Optical FSK Optical intensity | | Optical intensity Optical FSK
IL diod modulator modulator modulator(DSB-SC) modulator IM/FSK optical
I aser diode | I |signal with label 2
I . ] e
| m Optical filter
| T I ) T
FSK input fm IM input i fm FSK input fm
| (label 1) (payload) | (label 2) |
IM/FSK receiver
| Photo detector |
\ D IM output
| (payload) |
f Photo detector FSK output|
| Optical filter (label )
Fig. 14.  Setup and experimental results of IM/FSK modulation and OLS using DSB-SC.
input ports RF, and RF; of the FSK modulator. When the FSK 9.95Gb pé OOK
switching signal fed to RF. is in "1" state where the modulator 3 )
generates USB (@psx = —90°), the output carrier frequency 4 - :
is fy + f,, . That of "0" state, where the modulator generates 5 OOK m
LSB (¢psx = +90°), is fy — f,,. The IM/FSK signal is fed ) <> .
to an intensity modulator which is in null-bias point to obtain E 6 Y 100ps
double-sideband suppressed carrier (DSB-SC) modulation. The & 7] FsK
modulating signal is a sinusoidal wave whose frequency is f,,. e g 1Gbps FSK
The output has three optical spectral components whose carriers 10 _
are fy — 2 f, , f» and fy + 2 f,, . When the FSK switching signal 11 D N G
is in "1" state, the output of the intensity modulator has two car- >3 BT 10 |€>
riers of fy and f; + 2f,,. On the other hand, the output of "0" “Received Power [dBm] Ins

has two carriers of f, and f, — 2 f,, . The output always has the
f, component regardless of the FSK switching signal. Thus, by
using an optical bandpass filter whose center frequency is f,,
we can remove the FSK signal from the IM/FSK signal, and re-
store a pure IM signal which does not have an FSK signal. The
output of the DSB-SC modulation has only one optical carrier
of f, , so that we can add a new FSK label by using another FSK
modulator.

As shown in Fig. 13, the FSK modulator can be used for a
WDM signal which has many IM channels. We can simultane-
ously shift the carrier frequencies of the channels by one FSK
modulator, as described in Section III. For an FSK-WDM signal,
an optical filter which has a periodic optical frequency response,
such as an interleaver, an arrayed-waveguide, and so on, can be
used to demodulate the FSK signal. The proposed label swap-
ping technique is also applicable to WDM systems by using an
optical filter having the periodic response.

The setup for IM/FSK modulation and our proposed OLS
system is shown in Fig. 14. We experimentally demonstrated si-
multaneous transmission of IM (9.95 Gbps) and FSK (1 Gbps),
which are NRZ PRBS (2*! — 1 ) signals. The frequency deviation
of FSK (f,, ) was 12.5 GHz. The extinction ratio of the IM mod-
ulation was 3.9 dB. Residual IM in the FSK modulation was so
small that the IM output which can be generated just by feeding
the IM/FSK signal to a high-speed photodetector has a clearly
opened eye-diagram. The FSK signal was demodulated by using
an optical filter which can discriminate between USB and LSB.

Fig. 15. BER curves and eye-diagrams for FSK and IM signals.
0+
& 201
=
]
,,40 .
2
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T {2 fo for 2fm
3 -204
40
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Fig. 16. Opticat spectra at the output port ot the DSB modulator (tower) and
at the output port ot the optical bandpass filter (upper).

Fig. 15 shows BER curves and eye-diagrams of the FSK and IM
signals, where error-free transmissions for FSK and IM were
obtained. By using DSB-SC modulation, we demonstrated the
restoration of a pure IM signal which has one optical carrier.
Fig. 16 shows the optical spectra at the output port of the DSB
modulator and at the output port of the optical bandpass filter.
The spectral components of f, -2 f,, f, and f+2 f,, were gen-
erated at the DSB modulator. The restored pure IM signal having
the fo compopent was extracted by the bandpass filter. We also
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100ps

Fig. 17. Eye-diagram of restored pure OOK signal at the output port of the
optical bandpass filter.

obtained clear eye-opening and error-free transmissions for the
restored IM, as shown in Fig. 17. An IM/FSK signal with a new
FSK label can be generated by another FSK modulator placed at
output port of the optical filter, so that we can construct a simple
OLS system consisting of a DSB-SC and an FSK modulators.

VI. CONCLUSION

In summary, by using an optical modulator consisting of four
phase modulators, we have demonstrated FSK transmission
with a record high bit rate of 10 Gbps. IM/FSK modulation was
also demonstrated, where we can get error-free transmission
for the payload in 10 Gbps IM and the label in 1 Gbps FSK.
In addition, we proposed a novel label swapping technique
without using optical cross modulation, which can be also
applicable to WDM systems by one DSB-SC modulator.
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