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Abstract—This paper presents a theoretical and experimental
analysis of saturated semiconductor optical amplifier (SOA)-based
interferometric switching arrangements. For the first time, it is
shown that such devices can provide enhanced intensity modula-
tion reduction to return-to-zero (RZ) formatted input pulse trains,
when the SOA is saturated with a strong continuous-wave (CW)
input signal. A novel theoretical platform has been developed in
the frequency domain, which reveals that the intensity modulation
of the input pulse train can be suppressed by more than 10 dB at
the output. This stems from the presence of the strong CW signal
that transforms the sinusoidal transfer function of the interfero-
metric switch into an almost flat, strongly nonlinear curve. This
behavior has also been verified experimentally for both periodi-
cally and randomly degraded, in terms of intensity modulation,
signals at 10 Gb/s using the ultrafast nonlinear interferometer as
the switching device. Performance analysis both in the time and
frequency domains is demonstrated, verifying the concept and its
theoretical analysis.

Index Terms—All-optical signal processing, intensity modula-
tion, interferometric switches, nonlinear transfer function, optical
packet switching, optical regeneration, semiconductor optical
amplifier (SOA), wavelength conversion.

I. INTRODUCTION

WHILE raw point-to-point transmission capacity has in-
creased dramatically in the past years, the advantages

offered from it still cannot be fully exploited as the performance
of switching and processing technology still lags behind [1]. This
has pushed efforts toward the implementation of optical devices,
subsystems, and network architectures that will be able to handle
high-data-rate optical signals. Within this frame, significant re-
search effort has been invested in all-optical switching and signal
processing techniques. As such, highly improved, optically
controlled, high-speed interferometric arrangements [2]–[4]
have emerged and have been used in hero experiments [5]–[8].

The maturity of semiconductor technology has contributed
to this effort [2], [4] and lead to a whole new class of compact
circuits that can be potentially integrated on a chip module [9],
[10]. To this end, the deployment of high-speed optical gates
allowed for the demonstration of key functionalities such as
bit-wise Boolean logic [8], [10], [11], demultiplexing [12], [13],
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wavelength conversion [7], [14]–[16], regeneration [5], [17],
[18] and data processing and routing [19], [20], directly in the
optical domain. The speed advantage of these devices mainly
owes to the exploitation of the ultrafast cross-phase modula-
tion (XPM) phenomenon in semiconductor optical amplifiers
(SOAs).

Despite these achievements, it is doubtful whether the po-
tential of SOA-based optical switches, in terms of improved
performance characteristics and their contribution to the real-
ization of key network functionalities, has been fully utilized.
Several techniques such as the optical holding beam technique
[21] and optical pumping at transparency [22]–[24] have been
proposed for enhancing the switching capabilities of already
developed technology, emphasizing its speed characteristics.
Recently, we have proposed the use of deeply saturated optical
gates to demonstrate a clock recovery circuit ideal for short
optical packets [25], even in the asynchronous traffic regime
[26]. This work has indicated that SOA-based optical gates can
offer improved pulse amplitude equalization characteristics
under certain operational conditions; however, no detailed
analysis has been presented so far. This novel circuit has also
lead to the demonstration of several functional subsystems for
optical packet switching applications [27]–[29].

In this paper, a detailed theoretical and experimental inves-
tigation of deeply saturated SOA-based interferometric gates
is presented and, for the first time to the authors’ knowledge,
the improvement in the intensity modulation reduction (IMR)
properties of such devices is shown. The theoretical model
was developed based on the Mach–Zehnder interferometric
(MZI) configuration using simplified analytical expressions
for the semiconductor response [30], [31]. Analysis in the
frequency domain revealed that the operation of the device
in the deeply saturated regime, by means of a strong con-
tinuous-wave (CW) input signal, provides increased IMR to
return-to-zero (RZ) input data signals, compared with the
conventional mode of operation in low or moderate saturation.
The output-versus-input-power transfer function of the device
for several saturation levels of the amplifier is also examined
in order to investigate this behavior. It is shown that as the
saturation level of the SOA increases, the regular sinusoidal
response of the interferometer transforms into an almost flat,
strongly nonlinear curve. Following this analysis, experimental
verification is provided for 10-Gb/s pulse sequences with both
periodical and random intensity modulation, using a typical
ultrafast nonlinear interferometer (UNI) switch. The experi-
mental evaluation has been performed in the frequency and
time domains and has shown good agreement with the theory.
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Fig. 1. MZI configuration.

It is therefore expected that this technique can offer improved
regenerative properties, when applied to conventional wave-
length conversion and switching schemes, or even lead to novel
functional concepts for packet switching applications.

The remainder of the paper is organized as follows. Sec-
tion II presents the theoretical analysis in detail, and Section III
provides the experimental verification for both periodical and
random intensity modulated 10-Gb/s pulsed signals. Finally,
Section IV discusses the possible applications of the proposed
scheme and outlines its advantages.

II. THEORETICAL ANALYSIS

Fig. 1 depicts the basic elements of an SOA-based MZI
switch arranged in a counterpropagating configuration. The
interferometer consists of two separate optical paths, each one
having an SOA as the nonlinear, optically controlled active
element. The input signal is inserted into the gate and split
into two spatial components via a 3-dB fiber coupler. Optically
controlled operation of the switch is achieved by means of
a second optical signal, hereinafter called the control signal,
which is inserted into the upper branch SOA via a fiber coupler
and propagates in the opposite direction of the input signal. For
the purposes of our investigation, a CW signal and a pulsed
optical beam are considered to be the input and the control
signals in the switch, respectively, whereas the two SOAs are
assumed to be two identical devices. The two CW components
travel through the corresponding branches of the interferometer
and recombine in a second 3-dB fiber coupler placed at the
output. In this way, the two input CW signal parts are forced to
interfere and, in the absence of any control pulse, the incoming
input signal exits the gate through the one output port of the
coupler, hereinafter called U-port (unswitched).

In the presence of a control pulse, the nonlinear interaction
between the injected photons and the SOA carriers imposes a
refractive-index change in the semiconductor. This is perceived
by the CW signal component that temporally coincides with the
control pulse in the SOA, as a phase variation, which in turn re-
sults in a total differential phase shift between the two CW spatial
components. To this end, their interference at the output coupler
forces part of the incoming CW power to emerge at the second
port of the coupler, hereinafter called the S-port (switching), and
the control signal is imprinted on the CW optical beam.

The following analysis aims to provide a theoretical insight
into the switching mechanism of the gate in order to investigate
the intensity modulation of the switched waveform, when an
intensity modulated RZ pulse train is used as the control signal.
Defining as the incoming CW signal power and, as
and the power gains experienced by the CW signal in each

SOA in the upper and lower branch of the switch, respectively,
the switched optical power at the S-output port is expressed as

(1)

In (1), represents the phase difference between the two
CW components and is expressed as [31]

(2)

with denoting the linewidth enhancement factor of each SOA.
For the adopted MZI configuration, the gain of the lower branch
SOA will always remain in a time-independent equilib-
rium value, since there is no input for control signal injection
available. This equilibrium value is determined by the CW input
power and is below the SOA small-signal gain . Considering
the amplifier as a spatially concentrated device and following
the approaches described in [21] and [30], is given by

(3)

where is the saturation power parameter of the SOA and
represents the power of the CW signal component at

the input of the lower branch amplifier. Given that the SOA is
regarded as a spatially concentrated device, it should be men-
tioned that the counterpropagating configuration of the MZI
switch shown in Fig. 1 is just indicative, and the following theo-
retical analysis applies also to the copropagating configuration.

is equal to , as given by (3), as long as no control
signal is present, since we have regarded both SOAs as two iden-
tical devices. When a short optical control pulse with a power
of is inserted into the upper branch SOA, the gain
saturates below its steady-state value according to the ex-
pression [30], [31]

(4)

Hence, the time integral of represents the accumulated
injected pulse energy and is the well-known saturation en-
ergy of the device. Equation (4) shows that the gain saturates to a
minimum value until the whole pulse energy has passed through
the semiconductor. From this time which we denote hereinafter
as , the gain recovers back to its steady-state value until the
next control pulse enters the gate [31], with the stimulated car-
rier lifetime constant . This constant is related to the SOA car-
rier lifetime and the CW power level by ,
where , relying on the principle of the op-
tical holding beam technique [21].

For the case of intensity-modulated control pulse trains, the
power of the th individual control pulse can be expressed as

(5)

where represents the pulse waveform, is the average
peak power value across the whole control signal sequence, is
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the modulation depth index, is the modulation frequency, and
is the bit period. In what follows, the bit period is assumed to

be greater than the stimulated carrier recombination time. This
assumption can be valid even up to 40-Gb/s data rates, since
current semiconductor technology can achieve carrier recovery
times in the order of some picoseconds [32], which can be fur-
ther reduced due to the presence of the strong CW signal [21]. In
this way, will recover back to the initial value after
each control pulse, allowing for the validity of (4) for the whole
bit sequence. To this end, the switched waveform that appears
at the S-port of the MZI gate is obtained by using (5), (4), (3),
and (2) into (1), resulting in

(6)

where is given by (3) and is provided by

(7)

as the result of the insertion of (5) into (4).
Equations (6) and (7) provide a complete description of the

interferometer’s response to an injected intensity-modulated
control pulse. In order to investigate the intensity modulation at
the output of the gate, the calculation of the peak power of the
switched pulse is required. Optimized switching performance
is achieved when the average phase shift caused by the control
pulses with average peak power is . Moreover, in order
to avoid pulse-shape distortions in the switched signal, the
maximum value of must temporally coincide with the
minimum value of for every respective control pulse,
which in turn corresponds to the moment , where the whole

control pulse energy has been inserted into the SOA. This
condition allows for the replacement of the time-dependent
integral contained in (7) with a time-independent,
constant value , which represents the total area covered by the
pulse waveform . This value corresponds to the limit of the
integral at infinity. As a result, the peak power of the switched
pulse is obtained by using (7) into (6), and it is only a function
of the control pulse peak power , the

value, and the saturation energy .
Expanding this switched pulse peak power expression into a

Taylor series around the zero value of , it can be written as a
sum of a dc component, given by

(8)

and an oscillating term at , given by (9), shown at the bottom
of the page where the first derivative of is given by (10),
shown at the bottom of the page.

By dividing the modulating power at , given by inserting
(10) into (9), to the dc optical power, given by (8), the intensity
modulation depth index at the output of the gate can be
obtained as (11), shown at the bottom of the page.

By applying the requirement for an average phase shift
to (2), the average minimum value of the gain is found to be

and the required average op-
tical control pulse power

(12)

Using the average minimum gain value expression, (10) and
(12) into (11), the intensity modulation depth index at the output
is expressed as

(13)

(9)

(10)

(11)



PLEROS et al.: SOA-BASED INTERFEROMETRIC SWITCHES 2837

Fig. 2. Theoretically calculated (solid line) and experimentally measured
(black dots) IMR at the output of the MZI gate for various G values.

Equation (13) is the basic formula derived in this paper and pro-
vides the transfer function characteristics of the gate for the in-
tensity modulating signal frequency components. It shows that
the intensity modulation at the output is linearly related to the
intensity modulation at the input and that the constant of propor-
tionality depends on the gain and the linewidth enhance-
ment factor of the SOA. Furthermore, this proportionality con-
stant is less than 1, and the intensity modulation of the signal
decreases at the output of the gate.

The IMR is defined as

IMR (14)

Given that the intensity modulation depth indexes and
of the control and the corresponding switched pulse sequence,
respectively, are in principle the amplitudes of the slowly
varying frequency component at that is responsible for the
power fluctuations on the pulses, (14) denotes the amplitude
suppression of this frequency component obtained at the output
of the switch. More specifically, the power level of the
frequency component at the output of the gate will be reduced
from its respective power level at the input of the gate by
an amount equal to the IMR value. To this end, (14) provides
the frequency-domain transfer function of the gate with respect
to the intensity modulating frequency components, for every
possible saturation level of the SOA.

Fig. 2 shows the graphical representation of (14) for different
values of in log scale, which in turn correspond to
levels that can be calculated by making use of (3). It can be seen
that when the SOA operates in the high-gain region A, corre-
sponding to gain values between 10–30 dB, a nearly constant
IMR of about 6 dB is obtained. However, as the gain decreases
below 10 dB and the SOA is forced to operate in a low-gain re-
gion B of the graph, the IMR can exceed 10 dB. This reduction
becomes even more pronounced as the value approaches
the limit , which is dictated by the require-
ment for phase shift. For the graph of Fig. 2 the linewidth en-
hancement factor was chosen to have a typical value of 6. Dif-
ferent values of would just change the limit and would
simply shift the graph along the gain axis without altering its
shape.

The discrimination between the two regions on the graph of
Fig. 2 aims to provide a clear comparison between the prop-
erties of the SOA-based gate. Region A covers a broad SOA

Fig. 3. Graphical representation of the theoretically calculated output-
versus-input-power transfer function of the MZI gate for variousG values.

operational range, corresponds to the low or moderate satura-
tion regime of the SOA, and is the region usually employed in
switching schemes up to now. In contrast, region B is narrower,
corresponds to the heavy saturation regime of the SOA, and of-
fers enhanced intensity modulation suppression at the output of
the gate.

In order to appreciate this behavior of optical gates in a better
way, it is useful to investigate the output-versus-input-power
transfer function of the interferometer for different values.
This transfer function is obtained by inserting (7) into (6), ne-
glecting the oscillating term at forcing to be zero, and re-
placing the integral with A. The graphical illustration of this
transfer function for various values is shown in Fig. 3.
Fig. 3(a) and (b) depicts the normalized output power of the
gate for linear gains and , re-
spectively, both values lying within the operational regime in-
dicated by region A in Fig. 2. These two graphs have almost
the same, well-known near-sinusoidal form that is responsible
for the 6-dB IMR. The normalized switching power increases
with the control pulse energy up to its maximum value that cor-
responds to a phase shift and then decreases since the phase
shift becomes greater than . The main difference between the
two graphs is that different pulse energies are required for the
switching operation.

However, as the value of approaches its linear gain limit
of , the normalized switched power curve takes a
strongly nonlinear form that is almost parallel to the axis, as
shown in Fig. 3(c) and (d). This corresponds to the case of oper-
ating the SOA in the saturated regime of region B in Fig. 2, pro-
viding low gain. In this case, the output power increases again
with the control pulse energy until a phase shift is obtained,
but then greater control pulse energies cause again an almost
phase shift, since the semiconductor is forced to operate near
the material transparency and does not allow for gain values
lower than unity. Fig. 3(c) is plotted for a value of 2.85,
while Fig. 3(d) illustrates the switched power for three
values, namely 2.85, 3, and 3.5. For both figures, the linewidth
enhancement factor was again 6, resulting in a linear gain limit
of .
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Fig. 4. Experimental setup.

The “flat” form that the switched power curve takes beyond a
control pulse energy threshold explains the improved IMR prop-
erties of the gate, which may exceed 10 dB when the SOA is op-
erated in the deeply saturated regime. However, this is achieved
with control pulse energies much greater than those used in the
cases described in Fig. 3(a) and (b). In Fig. 3(c) and (d), it is ev-
ident that control pulse energies greater than are required,
and this is also dictated by (12).

III. EXPERIMENT AND RESULTS

A. Experimental Transfer Function Derivation

The scope of this section is to provide experimental veri-
fication of the theoretically obtained “flat” transfer function.
Fig. 4 shows the experimental setup used. A distributed feed-
back (DFB) laser diode (LD1), gain switched at 1.290 75 GHz,
was used to provide 8-ps pulses at 1549.2 nm, after linear com-
pression. This clock stream was then inserted into a Fabry–Pérot
filter (FPF) with a free spectral range (FSR) of 10.326 GHz and
a finesse of 20.7. The role of the FPF was to fill the time inter-
vals between consecutive 1.290 75-GHz pulses with pulses at a
repetition rate equal to the FSR of the filter, providing in this
way a clock signal at 10.326 GHz with controllable intensity
modulation. This pulse stream was then amplified in EDFA1
and launched via a 70:30 fiber coupler as the control signal into
an UNI gate, powered by a CW signal at 1545 nm (LD2). The
CW signal was amplified in EDFA2 and entered the UNI via
the input polarization beam splitter (PBS1) to produce two or-
thogonal polarization components. The UNI gate was optimized
for operation at 10.326 Gb/s and used polarization-maintaining
fiber (PMF) at the input and output ports of the SOA to induce
50 ps of differential delay between the two orthogonal polar-
ization components of the CW signal [29]. The active element
was a 1.5-mm bulk InGaAsP/InP ridge waveguide SOA with
27-dB small-signal gain at 1550 nm, 24 dB at 1545 nm, 3-dB
polarization gain dependence, and a recovery time of 100 ps,
when driven with 700-mA dc current. After exiting the SOA,
the polarization components of the CW signal were filtered in
a 2-nm filter, had their relative delay removed, and were made
to interfere in PBS2. The interferometer was biased so that, in
the absence of the control signal, the CW signal appeared at its
unswitched U-port while in the presence of the control it ap-
peared at its switching S-port [3], [29]. Attenuators and polar-
ization controllers were used in order to adjust the power level

Fig. 5. (a) Control pulse sequence at the output of the FPF. (b)–(d) Corre-
sponding switched pulse trains at the output of the gate for a control power of
(b) 200 �W, (c) 600 �W, and (d) 800 �W. The time base is 100 ps/div.

Fig. 6. Experimentally obtained transfer function of the UNI gate. The
normalized output power is provided in arbitrary units.

and polarization states, respectively, of both the CW and control
signals.

For the purposes of measurement, the SOA has to operate
in the deeply saturated regime by means of strong CW input
power level. After setting the SOA gain at the desired value, the
energy of every switched pulse is measured and related to the
corresponding control pulse energy. By repeating this procedure
for various power levels of the injected control signal in order to
cover the required range of control pulse energies, the output-
versus-input-power transfer function is obtained.

Fig. 5(a) shows the control pulse sequence as it appears at the
output of the FPF. The intensity modulation on these pulses has
a period of 8 b, can be easily calculated as it originates from
the memory properties of the filter, and has a maximum value
of approximately 9 dB, if defined as the highest to the lowest
pulse ratio. This provides a controllable way of measuring the
energy of every individual pulse for a given average power of the
control signal inserted into the SOA. Fig. 5(b)–(d) illustrates the
corresponding switched signal for three indicative control signal
powers inserted into the SOA, namely 200, 600, and 800 W, re-
spectively. It is evident that the intensity modulation imposed on
the switched pulses reduces to 7, 2.4, and 0.8 dB, respectively,
as the control signal power increases. The CW power level that
was used for saturating the SOA was 1 mW, and the pa-
rameter of the amplifier was found to be approximately 10 fJ.

Using the same CW power level, this measurement procedure
was repeated for different control signal power values inside the
SOA in order to cover a broad control pulse energy range. Fig. 6
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shows the graphical representation of the experimentally ob-
tained normalized output-versus-input-power transfer function,
after correlating the output pulse energy to the respective con-
trol pulse energy for every injected control signal power. The
output pulse peak power increases until it reaches a constant
level, providing the expected “flat” transfer function. Compar-
ison between Figs. 6 and 3(c) and (d) confirms the good agree-
ment between theory and experiment. Minor variations between
the two curves, like the threshold for obtaining the
“flat” response, which is 3 in the experimentally obtained graph
instead of the theoretically calculated one, are presumably due
to the nonnegligible internal losses of the semiconductor.

The experimental setup of Fig. 4 was also used in order to ex-
perimentally verify the IMR graph shown in Fig. 2. By varying
the CW power level inserted into the SOA in order to cover a
broad operational SOA gain regime and by properly adjusting
the control signal average power so as to obtain the optimum
switching performance for every respective SOA steady-state
gain, the intensity modulation of the switched pulse train, de-
fined again as the highest to the lowest pulse ratio, was measured
at the output of the gate. By calculating the difference between
this value and the 9-dB intensity modulation of the initial control
signal before entering the UNI gate, the experimental data for
the IMR for every different SOA steady-state gain are obtained.
These data are illustrated in Fig. 2 by the black dots, showing
very good agreement between theory and experiment. For SOA
gain values above 10 dB, the IMR was always approximately

5.5 dB, whereas for a SOA steady-state gain equal to 5 dB,
which is very close to the linear gain limit of 2.85, the experi-
mentally obtained IMR was 8.2 dB, as already mentioned be-
fore and confirmed by comparing Fig. 5(a) and (d). Although
this measurement procedure was restricted by the FPF’s finesse
that allowed for a maximum intensity modulation of 9 dB on the
initial control pulses, the experimentally obtained data confirm
the improved amplitude equalization properties of the gate as
the SOA is driven into deeper saturation.

It should be mentioned that the use of a single SOA UNI
gate for the experimental study instead of the dual SOA MZI
gate of the theoretical analysis in Section II does not impair
the conclusions of this study or the validity of the agreement,
since both switches rely on the same principle of operation due
to their interferometric arrangement. Moreover, in the present
concept of IMR, the key parameter is the degree of saturation
of the SOA, rather than the specific architecture of the interfer-
ometer. As such, the MZI configuration was chosen for the the-
oretical analysis for simplicity purposes. The same analysis for
the UNI gate would require consideration of the nonlinear in-
teraction between different polarization states inside the SOA,
increasing the degree of complexity without offering additional
information.

The most important assumption that has been made in the the-
oretical model concerns the SOA gain experienced by the CW
input signal component that, in principle, should not be affected
by the injected control signal. In the MZI structure shown in
Fig. 1, the lower branch CW component has been assumed to
perceive the steady-state SOA gain , whereas in the UNI
gate, the time-delayed CW polarization component experiences
the recovered SOA gain at a time instant of 50 ps after the con-

Fig. 7. Experimental setup.

trol pulse has passed through the SOA. However, this assump-
tion does not affect the consistency between the theoretical and
the experimental analysis when the SOA is biased in the deeply
saturated regime, which is the region of prime interest in this
paper, since in this case the recovered SOA gain experienced by
the time-delayed polarization component in the UNI gate will
be equal to the steady-state gain . In the saturated regime,
the gain recovers back to its initial value with the stimulated car-
rier recovery time, which is much shorter than the corresponding
small-signal gain recovery time and also shorter than 50 ps for
the specific SOA used in the experiment, due to the injection of
the strong CW signal [21].

B. Performance Analysis With Random Modulation

In a real network system environment, optical pulse trains
may suffer from a variable degree of intensity modulation, and
in this section, we provide experimental data for the switch
output in both the time and frequency domain for such cases.

The experimental setup used for this analysis is shown in
Fig. 7. It is similar to the configuration used in part A of the
same section and is depicted in Fig. 4, with some modifica-
tions for producing statistically random intensity modulation on
the control signal. To this end, the 1.290 75-GHz clock pulse
train provided directly by LD1 was modulated into a
pseudorandom bit sequence (PRBS) using a LiNbO modulator
driven by a PRBS generator. This data signal was launched into a
fiber-based three-times bit interleaver and had its repetition rate
multiplied by eight times, resulting in a 10.326-Gb/s pseudodata
sequence. This sequence was then inserted into the FPF, pro-
ducing in this way a randomly intensity-modulated clock pulse
stream that was used as the control signal into the UNI gate. The
FPF as well as the UNI gate arrangement were the same as in
the experimental setup described in part A.

Fig. 8 illustrates the signal evolution as it propagates through
the experimental configuration, both in the time and frequency
domain. Fig. 8(a) displays a typical window of the produced
10.326-Gb/s data sequence, and Fig. 8(b) shows the corre-
sponding electrical spectrum. At the FPF, the data stream is
convolved with the exponentially decaying response function of
the filter so that an intensity-modulated clock resembling signal
is obtained, as illustrated in Fig. 8(c). For this time window, the
imposed intensity modulation is approximately 9 dB. Fig. 8(d)
shows the corresponding electrical spectrum at the output of the
FPF where the data frequency components outside the 500-MHz
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Fig. 8. Oscilloscope trace and electrical spectrum at the output of the (a) and
(b) 8� rate multiplier, (c) and (d) Fabry–Pérot etalon, and (e) and (f) UNI
optical gate. The time base of the oscilloscope traces is 500 ps/div. In the radio-
frequency (RF) spectra, the span is from dc-11.2 GHz, and the amplitude scale
is 5 dB/div.

Fig. 9. Eye diagram of (a) the data pulses at the output of the FPF and (b) the
switched pulses at the UNI output, respectively. Time base is 20 ps/div.

band of the filter have been suppressed. The imposed intensity
modulation is due to the remaining data modes that remain
within the filter band, around the 10.326-GHz clock component.

By inserting this intensity-modulated signal as control into
the UNI, copolarized with one of the CW components in the
SOA, a nearly equal amplitude clock pulse stream is obtained at
the S-port. The switched output signal is depicted in Fig. 8(e),
revealing an intensity modulation (highest to lowest pulse ratio)
of less than 1.3 dB. The corresponding radio-frequency (RF)
spectrum is shown in Fig. 8(f), where it is evident that all the
intensity-modulating frequency components are suppressed in
excess of 35 dB compared with the 10.326-GHz clock compo-
nent. The switching power and mean energy per pulse for the
CW and the control signal were 1 mW and 120 fJ, respectively.

Finally, in order to determine the quality of the switched
signal at the output of the device, we have also performed
eye measurements using a 30-GHz digital oscilloscope. Fig. 9
shows representative results, revealing the regenerative proper-
ties of the configuration. Fig. 9(a) illustrates the eye diagram
of the incoming original data stream after their pass through
the FPF. The severe intensity modulation on the data pulses
arise from the memory properties of the filter (see also Fig. 8(c)
and (d)) and result in a closed eye. The switched data at the
output of the UNI are presented in Fig. 9(b), and its eye shows

significant improvement, revealing the increased amplitude
equalization properties of the gate. The extinction ratio of the
switched pulse sequence eye diagram was calculated, using the
sampling oscilloscope, and was found to be 17 dB.

IV. DISCUSSION

The technique described here for IMR can provide enhanced
performance characteristics to a variety of optical subsystems
that incorporate interferometric gates. As an example, we can
consider the configuration used in this paper for both the the-
oretical and experimental investigation of the IMR properties
of the gate, which is actually a wavelength conversion device.
In this scheme, the inserted control data stream is imprinted
on the new wavelength provided by the CW signal that inputs
the gate. Experimental demonstrations reported so far make use
of wavelength converters either as data-routing elements [33]
or as reamplification and reshaping (2R) regenerative devices
[16]. The regenerative properties of SOA-based interferometric
switches with the SOA operating in the small-signal gain regime
clearly stem from the nonlinear sinusoidal transfer function of
the gate. Within this frame, the described technique can def-
initely enhance the 2R regeneration capability of wavelength
conversion devices as this can benefit from the endlessly non-
linear “flat” transfer function provided by the gate when the
SOA is deeply saturated.

The increased tolerance to intensity-modulated control sig-
nals can also be useful to subsystems employing interferometric
structures that require an optical clock pulse stream as the
input signal. These subsystems mainly regard optical switching
and signal processing applications, such as reamplfication,
reshaping, and retiming (3R) regeneration; demultiplexing; and
Boolean logic functionalities. In these schemes, the CW signal
can be considered as an additional third input optical beam
whose role is to determine the operating regime of the switch. To
this end, the clock input signal can be used as a low-input power
probe beam that will perceive the gain and phase variations
caused by the control signal. As a result, the switched clock
pulses will exhibit the enhanced IMR capabilities of the gate.
The separation of the CW and the clock signal at the output of the
gate can be easily achieved by using different wavelengths for
the two beams and a wavelength-selective filtering element.

Apart from the increased intensity equalization capabili-
ties of saturated optical gates, the presence of the CW signal
in principle provides improved signal-to-noise ratio for the
switched signal, a very important parameter for the subsystems
mentioned previously. The strong saturation of the SOA will
limit the noise level imposed on the signal to be switched since
it will reduce the amplified spontaneous emission (ASE) of the
amplifier compared with the case where no CW beam is used.

Although this technique offers significant advantages to
already adopted and demonstrated switching concepts, its im-
portance becomes more pronounced in a recently demonstrated
novel clock recovery device for optical packets [25]. This circuit
achieves synchronization within a few bits on a packet-by-packet
basis and can also operate in the asynchronous traffic regime re-
quiring very small guard bands [26]. This configuration exploits
the immediate response of a low finesse FPF for transforming
the data packets into intensity-modulated packet clock signals
and then employs a CW-powered optical gate for equalizing
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the amplitudes of the packet clock pulses. This scheme clearly
utilizes the switch capability to recognize and suppress the inten-
sity-modulating frequency components, while the information
carrying packet frequency harmonics remain unaffected, and
the packet format of the extracted clock signal is retained. It
should be noted that the packet clock recovery circuit has been
the critical element in a variety of recently demonstrated novel
optical subsystems for packet switching applications [27]–[29],
highlighting the advantages offered by the presented technique
to the inteferometric structures.

V. CONCLUSION

In conclusion, a detailed theoretical and experimental inves-
tigation of deeply saturated SOA-based interferometric gates
has been demonstrated.Such devices have been shown to pos-
sess improved IMR properties. Analysis in the frequency do-
main revealed that the operation of the device in the deeply
saturated regime provides increased IMR to RZ input data sig-
nals in excess of 10 dB, due to the almost flat, strongly non-
linear response. This concept has also been experimentally ex-
amined using 10-Gb/s pulse sequences with both periodical and
random intensity modulation, and it has been shown that the
experiment has verified the concept and its theoretical analysis.
This scheme can be particularly applicable in several well-estab-
lished switching and processing optical subsystems enhancing
their performance characteristics or can even lead to novel func-
tional subsystems for packet switching applications.
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