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SUMMARY Control scheme for accurately optimizing (and
also automatically stabilizing) the interferometer phase bias
of Symmetric-Mach-Zehnder (SMZ)-type ultrafast all-optical
switches is proposed. In this control scheme, a weak cw light
is used as a supervisory input light and its spectral power ratio
at the switch output is used as a bipolar error signal. Our ex-
perimental result at 168-Gb/s 16:1 demultiplexing with a hybrid-
integrated SMZ switch indicates the feasibility and the sensitivity
of this control scheme.
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ferometer, phase bias

1. Introduction

Ultrafast all-optical demultiplexing has successfully
been demonstrated at 168–336Gb/s with Symmetric-
Mach-Zehnder (SMZ) -type semiconductor switches
[1]–[5]. The response times of these switches are not
limited by the semiconductor’s carrier relaxation times
[6], [7]. It has also been demonstrated that the SMZ-
type all-optical-switch structure is applicable to ultra-
fast wavelength conversion [8]–[11] and 3R regeneration
[12]–[14] as well as the all-optical demultiplexing.

The principle of the original SMZ switch is
schematically illustrated in Fig. 1. The SMZ switch
consists of two identical semiconductor optical ampli-
fiers (SOA’s) and a symmetrical Mach-Zehnder inter-
ferometer. Without the optical control pulses, all the
optical data pulses go through the interferometer and
reach the first output port. Each time we input a pair
of control pulses, this switch is all-optically opened for
a specific time ∆t, as follows. When the switch-on con-
trol pulse is amplified by SOA1, the refractive index
of SOA1 quickly jumps up and slowly recovers due to
the band-filling effect. The optical phase of the co-
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Fig. 1 Principle of operation of the Symmetric-Mach-Zehnder
(SMZ) all-optical switch [6].

propagating data pulses in arm1 quickly jumps up (i.e.
nonlinear phase shift), and then slowly recovers as is
schematically illustrated in the inset. The switch-off
control pulse is amplified by SOA2 at a time ∆t later,
so that the optical phase of the data pulses in arm2
jumps up and recovers at a time ∆t later. As a result,
the data pulse inside the ∆t switch window is switched
to the second output. The rise and fall times of the
switch window are determined by the width of the con-
trol pulses. Those times can be ultrafast because the
slow recovery components in the two arms are cancelled
with each other at the interference.

Figure 2 shows our hybrid-integrated SMZ switch
[15]. As schematically shown in Fig. 2(a), an SOA array
chip having spot-size converters [16]–[18] is precisely
mounted on a deep groove of a silica-based planar-
lightwave-circuit (PLC) platform with self-aligned as-
sembly technique [19], [20]. Four MZ interferometers
are integrated in one PLC platform, as are seen in the
top view (Fig. 2(b)). Figure 2(c) shows a detailed view
at around the SOA-array chip.

One of the important operating conditions of the
SMZ switch is the optical phase bias between the two
arms. For specific applications that require a large
switch-extinction ratio, the interferometer’s phase bias
has to be accurately optimized and also automati-
cally stabilized for guaranteeing long-term operation.
One example of such applications is N:1 demultiplex-
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Fig. 2 Hybrid-integrated SMZ switch [15], [19].

ing where N is relatively large. Recently, we proposed
a control scheme for such purposes [21], [22]. In this
paper, we report our research results in more details,
including some of the latest results.

2. Principle of the Phase-Bias Control Scheme

In our control scheme, we input a weak cw light to the
SMZ switch as a supervisory light. The modulated cw
light at the switch output is then used as a bipolar er-
ror signal in optimizing the phase bias (Fig. 3). The cw
wavelength is chosen to be sufficiently longer than the
gain peak wavelength so that the cw-light-induced car-
rier recombination inside the SOA’s is negligibly small
as compared with that induced by the control pulses.

In principle, the cw supervisory light reaches the
switch output only when the switch is all-optically
opened by each control pulse. Consequently, the switch
generates short pulses from the cw light in a manner
similar to a SMZ-type wavelength convertor [9], [23].
As a result, the spectrum of the cw light at the switch
output is broadened as is schematically shown in Fig. 4.
The spectrum is composed of equally-spaced discrete
components, where the spectral envelope has a width
of the order of (∆t)−1 (∆t: the width of the switch win-
dow). The spacing of the spectral components exactly
matches the switch repetition frequency.

Fig. 3 Experimental setup for demonstrating the phase-bias
control scheme that we proposed in Ref. [22]. The feed back sys-
tem drawn with dashed lines is proposed only in this work.

Fig. 4 Schematic view of the role that the cw supervisory light
plays in the control scheme.

Fig. 6 The hybrid-integrated SMZ switch module with
thermo-optic phase shifters [25] used in this work. The length
of the PLC platform was 36 mm. The injection currents to the
two SOA’s were set to 70–90 mA. The ribbon cable at the right
end includes the three input fibers to the respective input ports.
The clear cable at the left end is the output fiber. (In this device
sample, only one of the four SMZ switches on the PLC platform
was both optically and electrically wired.)

The shape of this spectrum in the region around
the original cw wavelength changes dramatically when
the interferometer’s phase bias wanders slightly away
from its optimum value, as was experimentally observed
and understood in an earlier work [23]. We explain
the origin of this dramatic change with referring to
Fig. 5. The difference between the optical phases of the
two-split interference components as a function of time,
∆Φ(t) ≡ ∆Φ2(t)−∆Φ1(t), is shown in the left column
of Fig. 5. Each pair of the ultrafast phase shifts forms
an ultrafast rectangular switching window with a width
of ∆t [6], [14], [15], [21], [24]. In Fig. 5, the width of the
control pulses (and therefore the rise and fall times of
each switching window) was assumed to be negligibly
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Fig. 5 Schematic view of the correlation between the interferometer phase bias and the
supervisory light spectrum at the switch output. The phase bias is assumed to be (a)
over-biased, (b) optimized, and (c) under-biased.

small. When the interferometer’s phase bias is opti-
mized (Fig. 5(b)), the phase difference at outside the
switching windows remains +π and consequently the
two split components of the cw supervisory light are
destructively interfered at outside the windows. When
the phase bias wanders from its optimum value, the
center component of the respective spectra hops up or
drops down as are schematically shown in the right col-
umn of Fig. 5. The center component hops up when the
phase bias is over-biased, because a weak cw component
leaks out the switch (Fig. 5(a)). The center component
drops down or even disappears, when the phase bias
is slightly under-biased [23]. This is because a weak
cw component leaks at outside the switch window and
also it interferes destructively with that spectral compo-
nent of the rectangular-shaped pulses (Fig. 5(c)). Based
on this phenomenon, we have proposed the use of the
power ratio between two specific spectral components
as an error signal, for adjusting the phase bias to its
optimum value [21], [22].

3. Experimental Results

We have tested the feasibility and the sensitivity
of this control scheme by applying it to the all-
optical demultiplexing of 168-Gb/s pseudorandom data
pulses to 10.5Gb/s (16:1) with our hybrid-integrated
SMZ switch (Fig. 3). Thermo-optic optical phase
shifters were incorporated into the silica-based planar-
lightwave-circuit (PLC) part of the SMZ switch [25].
Figure 6 shows a photo of the hybrid-integrated SMZ
switch module that was used in this work. The length
of this PLC platform on which the SMZ switch was
integrated was 36mm. The maximum power required
for operating one of the two phase shifters was 300–
400mW. The injection currents to the two SOAs were
set to 70–90mA.

The 168-Gb/s 1.5-ps 1564-nm pseudorandom data
pulses were generated with a 10.496-GHz actively-
mode-locked fiber ring laser (Pritel, Inc.), a 10-GHz
LiNbO3 modulator, and a 16x fiber multiplexer (Pri-
tel, Inc.). The 10.496-GHz 1.5-ps 1546-nm control
pulses were generated with a synchronized actively-
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mode-locked fiber ring laser.
The wavelength of the cw supervisory light was

set to 1580.09 nm with a single-mode external-cavity
tunable laser. The input power of the cw light was
sufficiently suppressed so that the cw power at the
SMZ output under the demultiplexing operation was
less than −20 dB of the control pulse power (Fig. 7).
This cw power suppression assures that the cw-light-
induced carrier recombination inside the SOA’s is suf-
ficiently reduced.

Figure 8 is a set of examples that show the correla-
tion between the (averaged) demultiplexed data-pulse
waveform and the spectrum of the cw supervisory light
at the switch output. The waveforms of the demul-
tiplexed data were measured with a 82-MHz synchro-
nized streak camera that has a time resolution of less
than 1 ps (Hamamatsu Photonics, C6860). The spec-
tra were measured with an optical spectrum analyzer
that has a spectral resolution of 10 pm= 1.3GHz (Ad-
vantest, Q8384). The dashed lines in the spectra indi-

cate the original cw wavelength. The injection currents
to the two SOA’s were optimized to 77mA (SOA1)
and 94mA (SOA2) for effectively balancing their gains,

Fig. 7 Spectrum observed at the SMZ output. The peaks at
1546, 1564, and 1580 nm indicate the 10.5-GHz control pulses,
the 168-GHz input signal pulses, and the supervisory light, re-
spectively.

Fig. 8 Demultiplexed data-pulse waveforms (averaged) and the corresponding
supervisory-light spectra at the SMZ output. The relative phase bias determined with
one of the phase shifters was (a) 1.24π (under-biased by −0.13π), (b) 1.37π (the optimum
value for this particular device), and (c) 1.58π (over-biased by +0.21π). The insets show
the eye diagrams of the demultiplexed random data pulses.
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while the control pulse energies to the two SOA’s were
optimized to approximately 250 fJ (SOA1) and 160 fJ
(SOA2) for balancing their nonlinear refractive-index
changes. When the interferometer phase bias was opti-
mized, we achieved the maximum output extinction ra-
tio (22 dB) and the spectrum formed a smooth envelope
(Fig. 8(b)). At this point, we obtained a bit error rate of
less than 1×10−9. The effect of the input of the cw su-
pervisory light on the bit error rate was not detectable.
Its effect on the received-power penalty was not de-
tectable, either. When we increased the phase bias by
0.21 π, we paid attention to the ratio between the inten-
sities of the +10-GHz sideband (I+10GHz) and the −10-
GHz sideband (I−10GHz). The ratio, I+10GHz/I−10GHz,
rapidly decreased while the level of the output ex-
tinction was significantly degraded (Fig. 8(c)). On the
other hand, the value of I+10GHz/I−10GHz rapidly in-
creased when the phase bias was decreased by 0.13π
from its optimum value (Fig. 8(a)). The insets in Fig. 8
show the respective eye diagrams of the demultiplexed
random data pulses observed with a 30-GHz optical
sampling scope. The decrease in the extinction ratio
as measured with the streak camera in Figs. 8(a) and
(c) was not so visible in the respective eye diagram. In
these eye diagrams, only slight increases in the zero-
level noise in average were observed because of the lim-
ited bandwidth of the scope.

Figure 9(a) shows the optical spectrum of the
supervisory output light obtained with the optimum
phase bias in a wider spectral range. The dashed curve
in Fig. 9(a) shows a calculated spectrum of a 6-ps-
wide rectangular pulse, for comparison. Figure 9(b)
show calculated spectra of a hyperbolic secant pulse
(dashed curve) and a Gaussian pulse (dotted curve) for
comparison with that of the rectangular pulse (solid
curve), where all of the pulses were assumed to have
the same full width at the half maximum (6 ps). As
seen in Fig. 9(b), the spectral width of a rectangular
pulse is 2.8 times broader than that of a hyperbolic-
secant pulse as are tabulated in Table 1. With these
results in Figs. 9(a) and (b), we have confirmed that
the spectral behavior in Fig. 8 was originated from the
supervisory-light component that was sliced by 6-ps-

Table 1 Theoretical spectral full-widths at the half maximum.

wide rectangular-shaped all-optical switching windows.
The experimentally observed spectral behavior in

Fig. 8 was, however, obviously different from the orig-
inal idea that was schematically illustrated earlier in
Fig. 5. So, we numerically calculated the spectral be-
havior with our all-optical switch simulator that has
successfully reproduced or predicted our experimental
results [23], [26]–[28]. The simulator that we have devel-
oped is based on the simplest assumptions (Appendix),
i.e., the dependency of the refractive index change on
the carrier density due to the semiconductor’s bandfill-
ing effect was assumed to be linear. The rate equation
for the carrier density consists of only the lowest-order

Fig. 9 Comparisons between measured spectrum of the super-
visory light at the switch output and calculated spectra of rect-
angular [dashed curve in (a) and solid curve in (b)], hyperbolic
secant [dashed curve in (b)], and Gaussian [dotted curve in (b)]
pulses having the same full width at the half maximum (6 ps).
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Fig. 10 Calculated behavior of the supervisory-light spectrum
at the SMZ output. The interferometer phase bias was assumed
to be (a) 0.935π (under-biased by −0.13π), (b) 1.065π (opti-
mum), (c) 1.275π (over-biased by +0.21π). This calculation,
done with our all-optical switch simulator [23], [26], has success-
fully predicted the asymmetric behavior of the observed spectrum
(Fig. 8).

terms. Figure 10 shows the numerically predicted be-
havior of the spectrum, where the asymmetric behavior
of the spectrum in Fig. 8 was successfully reproduced.
Detailed studies are going on, for clearly understand-
ing the origin of the asymmetric behavior. It should
be noted here that no fitting parameter was used in the
above calculation. The experimentally obtained param-
eters in Refs. [23] and [26] were used in the calculation.

4. Bipolar Error Signal

Observing the asymmetric spectral behavior in
Fig. 8, we have chosen the spectral intensity ratio
I+10GHz/I−10GHz for monitoring the interferometer’s
phase bias. The correlation between the output
pulses’ extinction ratio and the spectral intensity ratio
I+10GHz/I−10GHz is summarized in Fig. 11(a). These

Fig. 11 The correlation between the switch extinction ratio
and the spectral power ratio of the supervisory light at the switch
output. The error signal (Ierr ) obtained from the spectral power
ratio is sensitive to the phase bias and crosses zero when the
phase bias drifts across its optimum value. The definition of Ierr
is described in the text.

Fig. 12 The correlation between the switch extinction ratio
and the average demultiplexed-signal power at the switch output,
for comparison. The average output power is also effective as an
error signal. It is, however, unipolar and less sensitive to the
phase bias.

results indicate that Ierr ≡ I+10GHz/I−10GHz − γ (γ ≡
2.1 in the present example) is effective as a bipolar er-
ror signal. The value of Ierr is sensitive to the phase
bias and crosses zero when the phase bias drifts across
its optimum value, as indicated in Fig. 11(b). The ad-
vantage of such a bipolar error signal is that the feed-
back control system can track the optimum conditions
without introducing any intentional error. (In contrast,
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feedback systems with using unipolar error signals have
to introduce intentional errors, that causes noise to the
optical output signals.)

For comparison, the average power of the demulti-
plexed output signal is also effective as an error signal
as is indicated in Fig. 12. It is, however, unipolar and
is less sensitive in terms of optimizing the phase bias.

5. Conclusion

We have proposed a new control scheme for accurately
optimizing the interferometer phase bias of an ultrafast
SMZ-type all-optical switch. A cw supervisory light is
input to the switch and generates a bipolar error signal
at the output. This control scheme does not require any
high-speed opto-electronics. The error signal derived as
a result of this work, Ierr ≡ I+10GHz/I−10GHz − γ, ap-
peared to provide a feasibile and sensitive means for the
phase-bias control. We confirmed that the input of the
weak supervisory cw light does not affect the received
power penalty at a bit-error-rate level of 1×10−9. This
scheme will be useful for building a feedback circuit that
automatically optimizes and stabilizes the interference
phase bias in the SMZ-type all-optical switches. We
believe that this scheme will also be effective for other
functions with these all-optical switches, such as wave-
length conversion and optical 3R regeneration.
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Appendix: Rate Equation and Other Basic
Equations for Our Numerical Sim-
ulation

The generation of the supervisory light output from a
SMZ switch was modeled in exactly the same manner
as that of an output signal from a delayed-interference
signal-wavelength converter (DISC) [23], [26], as fol-
lows. The carrier density was assumed to obey a rate
equation,

d

dt
nc(t) =

Iop

qV
− nc(t)

τc
− 1

V
·
(
G

{
nc(t)

}
− 1

)

· |Econtrol(t)|2 + |Ecw|2

h̄ω
, (A· 1)

where nc(t) is the excess carrier density averaged over
the SOA length,

nc(t) ≡
1
L

∫ L

z=0

nc(z, t)dz, (A· 2)

and

nc(z, t) ≡ n(z, t)− ntr. (A· 3)

L is the SOA length, n(z, t) is the carrier density, ntr

is the transparency carrier density, Iop is the operating
current, q is the elementary charge, V is the volume of
the SOA’s active layer, τc is the carrier lifetime, and G
is the temporal chip gain. Econtrol(t) andEcw(t) are the
electric fields of the input control pulses and the input
supervisory cw light, respectively. The temporal chip
gain, G, was modeled with assuming a linear material
gain as,

G(t) ≡ exp
[
dg/dnc · nc(t) · ΓL

]
, (A· 4)

where dg/dnc is the differential gain and Γ is the op-
tical confinement factor. The nonlinear optical phase
shift Φ(t) that the supervisor cw light receives after
propagating through the SOA was assumed to be pro-
portional to the carrier density change,

Φ(t) = k0 · dnr/dnc ·
{

n0c − nc(t)
}
· ΓL, (A· 5)

where k0 is the wave vector in vacuum and dnr/dnc is
the nonlinear coefficient in refractive index. The equi-
librium excess carrier density, n0c , is defined as the ex-
cess carrier density of the SOA when it does not receive
any input lights. Finally, the electric field of the super-
visory light at the SMZ switch output is obtained as,

Eout
sup ervisory(t)

=
1
2

(√
G(t) exp[iΦ(t) + ∆Φb]Ecw(t)

+
√

G(t −∆t) exp[iΦ(t −∆t)]Ecw(t)
)

,

(A· 6)

where ∆Φb is the optical phase bias between the two-
split interference components.
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