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Short-Pulse Generation in Interferometers Employing
Semiconductor Optical Amplifiers

Martin T. Hill, Huig de Waardt, Giok-Djan Khoe, Fellow, IEEE, and H. J. S. Dorren

Abstract—Short light pulses can be generated by interferometer
systems commonly used as all optical switches in telecommunica-
tion applications. The method of pulse generation does not involve
lasing and transforms an optical square-wave input with slow rise
times into a short-pulse train. A mathematical model for the system
is developed. Conditions for correct operation of the system are de-
rived from the model. Simulations illustrate the system operation.
Furthermore, initial experiments are performed using a combina-
tion of fiber and free space optics. The experiments demonstrate
the controllable pulse width and obtain pulsewidths of down to ap-
proximately 1 ps.

Index Terms—Nonlinear optics, optical communication, optical
interferometry, optical pulse compression, optical pulse genera-
tion, semiconductor optical amplifiers.

I. INTRODUCTION

I NTERFEROMETERS employing semiconductor optical
amplifiers (SOAs) have been widely used as all-optical

switches [1]–[3]. Typically, these switches are driven by short
light pulses generated by mode-locked lasers. Considerable
research has been done on mode-locked lasers and very short
pulses (in the femtosecond range) can be produced [4]. How-
ever, in typical telecommunication applications, only pulses
as short as a picosecond or several hundred femtoseconds are
currently required. Pulses of these widths can be generated
with the necessary high repetition rates (tens of gigahertz) with
mode-locked semiconductor lasers.

There has also been considerable research in pulse com-
pression. In particular, interferometers or cavities which
contain nonlinear optical elements have been used to either
compress trains of short pulses or used as an external cavity
in a mode-locked laser [5]–[7]. Here, typically a Kerr-type
nonlinearity is used in the system. Successive pulses interfere
with a previous pulse that has passed through the nonlinearity.
The result of the interference can be a smaller pulsewidth.

This paper concentrates on showing how the new SOA-based
interferometers themselves can provide a new source of short
light pulses [8]. In particular, the nonlinear interferometers are
excited by an optical square-wave input. The initial output of the
interferometer is a small and broad pulse. The initial output is
fed back to the interferometer input and coincides with the next
square-wave rising edge. Orthogonal polarizations are used for
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Fig. 1. Mach–Zehnder interferometer pulse source. Square-wave modulated
light (with a finite rise time) is applied to the system to initiate the pulse build
up. The input square wave light and the fed-back pulse travel through the SOA
with orthogonal polarizations. The fed-back pulse is removed from the loop by
the second PBS after passing through the SOA. SOA: semiconductor optical
amplifier. PBS: polarizing beam splitter. PR: polarization rotation.

the incoming and fed-back signals, so no interference between
the two occurs. Successive outputs are compressed in width and
increased in height until an equilibrium pulse shape is obtained.
Note that no lasing occurs in the system.

The exploited phase nonlinearity generated by the SOA dif-
fers from the instantaneous Kerr nonlinearity used in previous
compression schemes. In the SOA, the phase derivative with re-
spect to time is proportional to the input light amplitude. Fur-
thermore, in the scheme outlined here, no interference occurs
between successive pulses, and no coherence is required be-
tween the light in the successive square-wave rising edges.

The concept and a mathematical model for the system are
explained and developed in Section II. Results on the condi-
tions necessary to obtain pulse build up are also derived. Sim-
ulation and experimental results demonstrating the system are
presented in Sections III and IV. Section V discusses some of
the features of the system. Finally, conclusions are given in Sec-
tion VI.

II. OPERATING PRINCIPLE AND MODEL

A SOA followed by a Mach Zehnder interferometer (MZI)
is shown in Fig. 1. This arrangement has been used for wave-
length conversion [2], and is a good example to illustrate the
pulse generating concept, due to its simplicity. With reference
to Fig. 1, square-wave modulated light, , (with a finite rise
time) is sent into the SOA. During the square-wave rising edge,
the SOA carrier number is reduced due to stimulated emission,
which in turn causes refractive index changes [9]. The refractive
index change causes the phase with respect to the input light,
of light output from the SOA, to change in time. Thus, a small

0018-9197/03$17.00 © 2003 IEEE
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Fig. 2. Graphs showing details of the fed-back pulses produced at various stages in the pulse build-up process.

frequency shift in the light output from the SOA occurs during
the rising edge. The SOA carrier number recovers to its original
value before the next rising edge, during the low period of the
square wave.

The MZI with time delay acts as a filter [10], with power
transmission as a function light frequency given by

(1)

The input light frequency is chosen such that the transmission
through the MZI is zero, i.e., is an integer at the input light
frequency.

During the rising edge, some light gets through the filter due
to the frequency shift, and is fed back to the SOA. For con-
venience, the time-varying phase difference between the arms
of the MZI output coupler is used in the mathematical model

(see Fig. 1). The MZI output is proportional to
, which for small is approximately .

Fig. 2 shows the MZI output from a simulation of
the system, which is described in detail in Section III. The
first pulse in Fig. 2 is small and broad due to the slow carrier
number change and hence low in the SOA. The MZI
output pulse polarization is rotated 90 degrees and fed back
into the SOA through a polarizing beam splitter (PBS). The
pulse travels through the SOA with a polarization orthogonal
to that of the input light. A second PBS after the SOA removes
the feedback light, preventing the system from lasing.

The frequency of the input modulation is chosen such that the
fed-back pulse and the next rising edge arrive simultaneously
at the SOA. The increased light into the SOA causes a greater
rate of change of refractive index, greater , and hence larger
output pulse. The pulses become increasing larger, due to the

effects of the previous fed-back pulse. The peak in the fed-back
pulse is amplified most due to the nature of the MZI output
coupler. After a number of rising edges, the pulse height is in-
creased until a of approximately radians is generated. The
pulsewidth is compressed by the nature of the coupler to
approximately (see Fig. 2). The pulse output by the system is
the fed-back pulse after it passes through the SOA. Simulations
indicate that the peak power of this pulse can be more than one
Watt.

Changes in the SOA carrier number also occur at the falling
edge of the input light. However, the rate of change of the car-
rier number is small, since the gain through the SOA has been
greatly reduced by the input light. So a pulse is not generated at
the falling edge.

The system of Fig. 1 can be modeled mathematically by the
following equations:

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)
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(10)

where is the SOA injection current, is the electronic charge,
is the carrier lifetime, is the confinement factor, is the

SOA length, is the SOA active region area, is the SOA
intrinsic losses, is the gain coefficient, is the refractive
index change per carrier pair [9], [11] (the particular value of

used in the simulations that follow is taken from [12]),
is the carrier number at transparency,is the wavelength of the
light source used, and is the energy of a photon at wavelength

.
Equations (2) and (4) model the SOA carrier numberas it

responds to the input light power and the fed-back light
power (both in watts). The equations are based on the
SOA model of [13], which assumes a constant carrier density
along the length of the SOA. The carrier density assumption al-
lows the SOA to be modeled by one differential equation, which
has no position dependence along the SOA. The model of [13]
has been simplified here by assuming the effects of spontaneous
emission and residual facet reflectivities are negligible.

The input light leaving the SOA is amplified by the SOA
gain (5), and is described by its optical power in watts
(6). Furthermore, the amplified light has a slowly time-varying
phase with respect to the phase of the input light, which is given
by (7).

The MZI is described by (8)–(10). If it is assumed that
, then is proportional to ,

as mentioned earlier. The light out of the MZI also has a time
varying phase with respect to the phase of the input light. This
time-varying phase is (10).

A. Pulse Build-Up Conditions

The power of the input square wave light must be sufficiently
large so that the amplitude of the fed-back pulse increases on
successive rising edges. Furthermore, the fed-back pulse must
eventually become much larger than it was during the first
rising edge. The power required depends on the SOA param-
eters, SOA gain, , and the rise time of the input light. If this
power requirement is not met, then the pulses produced remain
small and broad. In this section, an approximate expression for
the pulse build-up condition is derived from the mathematical
model given above. The derivation of the expression also offers
insight into how the system works.

First, the rising edge of the input light, the solid line in Fig. 3,
is modeled by a linear increase to the maximum power
in seconds, the dashed line in Fig. 3. Thus, during the rising
edge

(11)

where it is assumed in (11) that the rising edge starts at time
.

Before the rising edge enters the SOA, the SOA carrier
number is assumed to be at an equilibrium value. The SOA
gain (5) associated with is denoted . is decreased
slightly from as light enters the SOA.

Fig. 3. Modeling of the input light rising edge with a simple linear rising edge.

The time at which is maximum is now found. With
approximately equal to , the injection current and sponta-

neous emission terms in (2) cancel each other out. Furthermore,
the last term in (2), the nonlinear term, is approximated by a first
order Taylor series about giving the rate equation:

(12)

(13)

(14)

Equation (12) can be solved given that , to find
and . By setting , the time at which

is maximum, , and the value of at this time can
be found

(15)

otherwise

(16)

(17)

where the condition in (16) determines if the maximum occurs
before the rising edge has finished. For the rest of the paper,
it is assumed that the rise time is sufficiently long such that
the maximum occurs before the rising edge is finished. If this
assumption is false, then the following results can be modified
using the appropriate .

Using (17), and can be found. By assuming
is sufficiently large such that can be ignored, then

the following simplified expressions are obtained:

(18)

(19)

can be found at time for each rising edge from (2), by
again assuming the injection current and spontaneous emission
terms cancel out, and setting , i.e.,

(20)
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where is the square-wave period andis the rising edge
number. From this maximum value of , (7), and (8), the
maximum value of during the first rising edge can be found.
This value of is denoted

(21)

Assuming , then the peak of the first pulse
output can be found from (6), (9), and by approximating the
cos function in (9) with a first-order Taylor series

(22)

The proportion of photons fed back to the SOA input assuming
lossless components that actually do arrive at the SOA input is.

is used to take into account the excess losses around the system
that will occur in implementations with real components.

The fed-back pulses are now approximated by a step
function with a transition at time . The amplitude of the

th pulse is . Fig. 2 shows the step function from the first
fed-back pulse. The maximum value of for each rising
edge, denoted for the th edge, can be found using
(20) and (21) and the amplitude of the previous fed-back step
function :

(23)

Using (22) and (23), a recurrence relation for can be found

(24)

If the sequence is not bounded, then the pulse height will
build up to a significant value. Eventually, can no longer be
considered small, and the approximations used to obtain (24) be-
come invalid. Hence, approximate conditions required for pulse
build can be found by investigating if the sequence is or
is not bounded. The constants in (24) determine whether or not
the sequence is bounded.

If the monotonically increasing sequence is bounded,
then

(25)

A quadratic equation with as the variable can be
formed from (25) and (24). If no positive real root exists for
this quadratic equation, then the series is not bounded. The
condition for no positive real root is

(26)

Equation (26) can be expressed in terms of the SOA parameters,
, , and to give a minimum required to start the pulse

build-up

(27)

From (26), it can be seen that the minimum required is
proportional to and inversely proportional to the square of

.

B. Frequency Chirp

The fed-back pulse produced will necessarily have some fre-
quency shift, due to the nonzero needed to build up the
pulse. The amount of frequency shift varies with time, causing
the pulses to be chirped. The frequency shift will be greatest near
the pulse peak. An estimate of the maximum frequency shift
(in hertz) can be found by assuming that at the peak

(28)

In the wings of the pulse, the frequency of light approaches the
input light frequency, as in the wings approaches zero.
Note that the frequency of the light is red shifted from the input
light frequency. The red shift is due to the increase of the SOA
refractive index as the carrier number decreases.

The pulse output by the system, which is the fed-back pulse
after it has passed through the SOA Fig. 1, will be further shifted
in frequency. This frequency shift is due to the self phase modu-
lation of the pulses passing through the SOAs. Self phase mod-
ulation of short pulses in SOAs has been examined in detail in
[14].

The frequency shift of the fed-back pulse is given by
(10). Fig. 4 shows the simulated frequency shift for both the
fed-back and output pulses.was set to 2 ps. It can be seen
that the maximum chirp for the fed-back pulse is approximately

Hz, close to the Hz predicted in (28).
The output pulse light has passed through the SOA twice, and
so has a maximum shift of approximately .

C. Pulsewidth

The compression of the pulse continues during the build-up
process until a final pulsewidth of approximatelyis obtained.
Providing that the maximum is less than , then compres-
sion cannot occur to widths smaller than. If a fed-back pulse
is much smaller than, then due to (8), the next fed-back pulse
will have a width of approximately.

From both simulations and experiments, it was seen that the
precise pulsewidth depended on the system parameters, and at
what point during a rising edge the fed-back pulse arrived. How-
ever when the system was functioning correctly, the pulsewidth
obtained deviated from by at most 20%.

III. SIMULATIONS

Simulating the system described by (2)–(10) provides a way
to check the accuracy of the approximations made in the pre-
vious section. It also shows qualitatively how the pulse build-up
occurs and the end pulse shape.

The system described by (2)–(10) was simulated with an
input square wave that had a rise timeof 45 ps. The carrier
number was allowed to recover completely before each rising
edge. The SOA current was set such that the gain before the
rising edge was 100. The parameters for the SOA and the
input light are as follows: , cm,
cm , cm , cm , nm,
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Fig. 4. Simulation results showing the frequency shift during the pulse for
� = 2 ps. Note that the input light frequency is the zero level on the scale, and
that the frequency is shifted to the red. Furthermore the zero point on the time
scale corresponds to the peak in the particular pulse. (a) shows the shift for the
fed-back pulse, while (b) gives the shift for the output pulse, that is the fed-back
pulse after it passes through the SOA.

J, cm , ,
ns. No excess losses in the system were modeled, so

was always set to 1.
The initial simulation was performed for ps and

mW. The change in the fed-back pulse shape
over the first few rising edges is shown in Fig. 2. The build
up in the pulse height can be seen in Fig. 5. After the initial
narrowing and build up of the fed-back pulse, the height of
the pulse settles to a constant value. The final full-width at
half-maximum (FWHM) pulsewidth, , of the fed-back pulse
was 2.3 ps for this simulation.

Note that the pulse output from the system is the fed-back
pulse after being amplified by the SOA. Thus, the pulse height
is increased by a factor in the order of . In this simulation
the final output pulse height was more than one Watt. Further-
more, the output pulsewidth was reduced slightly from that of
the fed-back pulse, to 2.0 ps.

Fig. 6 shows the that occurs during the 1st, 6th, and
50th pulses. The spectral characteristics of these three pulses are
shown in Fig. 7. The spectra were normalized such that the peak
power in each spectrum equalled one. The light in the pulses is
red shifted with respect to the input light wavelength of 1550
nm. Furthermore, the spectrum of the fed-back pulse is broad-
ened as the pulse narrows. The spectrum of the 50th pulse has
a FWHM width of approximately 1.9 nm, which corresponds
to a frequency FWHM, , of Hz. The product

Fig. 5. Pulse build-up process showing the fed-back pulse. After initial
building up and narrowing of the pulse the amplitude stabilizes. The pulse
output by the system is further amplified by the SOA. In this simulation, the
final output pulse height was 1.3 W.

of the pulse temporal width and the pulse frequency width is:
. This duration-bandwidth product is approxi-

mately 25% larger than that for a transform limited Gaussian
shaped pulse, which has [15].

The spectrum of the pulse output from the system is shown in
Fig. 8. The passage through the SOA increases the red shift and
spectral broadening of the pulse. The narrow peak on the left of
the spectrum is due to the small pedestal that proceeds the pulse
for approximately 20 ps. This pedestal can be seen in Fig. 2. The
output pulse spectrum has a FWHM width of approximately 2.1
nm, giving a of Hz. The output pulsewidth was
2.0 ps, which gives a duration-bandwidth product of 0.53.

Simulations were also run for variousand to verify (27).
Fig. 9(a) shows how varies with . It can been seen that

is somewhat higher than predicted by (27); however, the
inverse quadratic relationship predicted by (27) can be clearly
seen. Fig. 9(b) shows how varies with . Again, it can
been seen that is somewhat higher than predicted by (27);
however, the predicted linear relationship betweenand
can be clearly observed.

An improved model of the SOA can be made by dividing
the SOA into a number of small segments, and modeling each
segment by a rate equation similar to (2). The segmented SOA
model can accurately model the changing carrier number and
light levels throughout the SOA, as pulses propagate through
the SOA. However, it is difficult to derive analytical results [for
example, (27)] from such a complex model. Furthermore, simu-
lations using a segmented SOA model did not give significantly
different results from (2) for either the pulse shape or build-up
conditions. Nevertheless, the improved model was used to pro-
vide the frequency chirp information of Fig. 4 and also the pulse
spectra in Fig. 7 and Fig. 8.

In the system shown in Fig. 1, light flows unidirectionally
through the SOA. However, the results between the simple and
improved SOA models do differ significantly when light flows
in both directions through the SOA. This bidirectional light flow
will occur when a Sagnac interferometer is used [16].
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Fig. 6. Graphs showing the phase difference in the MZI�� for the pulses shown in Fig. 2.

Fig. 7. Simulated spectral characteristics of the fed-back pulse at various stages in the pulse build-up process. The final pulsewidth for the fed-back pulse was
2.3 ps, and the input light wave length was 1550 nm.

Fig. 8. Simulated spectral characteristics of the pulse output from the system,
the pulsewidth was 2.0 ps, and the input light wavelength was 1550 nm.

IV. EXPERIMENT

The pulse-generation concept was experimentally demon-
strated using the setup of Fig. 10. The MZI of Fig. 1 was
replaced by a Michelson interferometer containing a polarizer
and a PBS. The polarizer was oriented at 45to the PBS.
Thus, equal amounts of light entered into both arms of the
interferometer which was implemented in free space optics.

The interference of the two beams reflected back into the
circulator had the MZI characteristic. Hence, the
Michelson interferometer was mathematically equivalent to the
MZI.

The polarizer stripped the fed-back pulse from the loop. The
particular polarizer was a Glan–Thompson calcite polarizer and
did not provide an output for the rejected polarization. Hence,
the fed-back pulse could not be measured after it had passed
through the SOA. Instead, a coupler was placed in the feedback
path to permit measurement of the fed-back pulse.

The SOAs were supplied by JDS Uniphase and had a bulk ac-
tive region. They were supplied with fiber pigtails. The coupling
efficiency from a fiber pigtail to a SOA chip facet was approxi-
mately 0.56. The SOA parametersand were approximately
as given above in the simulation. SOA 1 corresponds to the SOA
in Fig. 1. SOA 2 was introduced to compensate for excess losses
in the system. The amplification provided by SOA 2 was neces-
sary when the smallest pulses were generated.

Fiber-based polarization controllers were used to align the
polarization of the signals throughout the system. The two or-
thogonal polarizations used in the experiment were aligned to
the transverse electric (TE) and transverse magnetic (TM) polar-
ization axes of SOA 1. Thus, no polarization rotation occurred
in the SOA [17], [18].
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Fig. 9. Graphs showing the change in minimum input powerP required
to get pulse build-up. (a) showsP with respect to the pulsewidth� . (b)
showsP with respect to the rise timet . Both simulation results and the
predicted values (27) are shown. Furthermore, curves which have been fitted
to simulation results are also shown. The predicted values differ by a factor of
approximately 2.5 from the simulated values. However, the predicted linear and
quadratic relationships can be observed clearly in the simulation results.

The left-most PBS in Fig. 10 and the polarizer form a pair
of crossed polarizers for the fed-back light. These crossed po-
larizers prevent lasing in the system and remove the fed-back
pulse after it passes the SOA. The PBS used in the experiment
had an extinction ratio of more than 30 dB. However, slight er-
rors in the alignment of the signal polarization with the polar-
izer axes, limits the extinction ratio of the crossed polarizers.
Furthermore, precise alignment of the signal and polarizer axes
over a wide wavelength range is not possible, due to fiber po-
larization-mode dispersion [19]. Hence, a filter is used to pre-
vent lasing that could otherwise occur at wavelengths far from
the operating wavelength. The filter bandwidth was 4.8 nm for
pulsewidths down to 1 ps and 13 nm for pulsewidths below 1 ps.

Typically, an extinction ratio of over 20 dB was achieved for
the PBS and polarizer pair. To prevent lasing, the extra loss in-
troduced by the crossed polarizers must be greater than the gain
around the loop, which is simply .

The path length of one the interferometer arms and thuswas
controlled with a micrometer. was set to various values be-
tween 5 and 0.9 ps. Square-wave modulated light with a wave-
length of approximately 1545 nm was applied to the system.
The amplitude of the square wave could be controlled up to a
maximum peak value of 3.5 mW.

The repetition rate of the square wave was approximately 3
GHz for the pulses greater than 1.5 ps, and approximately 0.4
GHz for pulses of 1.5 ps or less. At the lower repetition rate, the
carrier number in the SOA had time between pulses to fully re-
cover to the steady-state value. The carrier lifetime in these par-
ticular SOAs has been found to be approximately 300 ps [20].

The FWHM pulsewidths obtained are plotted in Fig. 11 as
a function of . The pulses were measured with an autocor-
relator. The autocorrelator employed noncollinear second har-
monic generation to give a background-free intensity autocorre-
lation. It was assumed that the pulse shape was approximately
Gaussian. The experimental pulsewidths agree well with the
predicted pulsewidth . Three of the autocorrelator traces are
shown in Fig. 12.

It was observed that no pulses were generated without an
input square wave of sufficient power. Furthermore, to form
shorter pulsewidths required higher input square wave power
and higher gain in the SOAs, than for longer pulsewidths. For
example, for ps, a square wave with approximately
1.4-mW peak power was required for correct pulse generation,
while for ps, only 0.8 mW was required. This behavior
is consistent with the theory presented in Section II. However,
it was not possible to relate these values directly to the simula-
tion results. This is because the SOA parameters, SOA gain, and
losses in the system were not accurately known.

For the case of ps, the pulse output with the feedback
to SOA 1 disconnected was measured. The pulse produced by
the system had a width (FWHM) of approximately 20 ps. This
width is consistent with the simulation results, in particular the
first pulse in Fig. 2.

The 1-ps trace shows signs of wings in the autocorrelator
trace, indicating that the pulse is no longer approximately
Gaussian. Pulses smaller than 1 ps showed larger wings in
their autocorrelator traces. Furthermore, pulses below 1 ps
were difficult to generate. We believe that the limitation in the
pulsewidth achieved may be caused by dispersion in the optical
fiber connecting the components. From the SOA 1 output back
to the SOA 1 input, there was approximately 23 m of standard
single-mode optical fiber. The broadening of an unchirped
Gaussian pulse propagating in an optical fiber is studied in
[19]. If is the initial (FWHM) width of the pulse, then the
width of the pulse at the end ofmeters of fiber, is given
by the following:

(29)

where isthefiberdispersionparameterandisthespeedof light
invacuum.Standard fiberhasaofapproximately15ps/km-nm
at nm. After 23 m of fiber, a 1-ps-wide pulse is broad-
enedby10%,anda0.8pspulseisbroadenedby22%.Evengreater
broadeningcanbeexpectedduetothechirpinthegeneratedpulses.
Thus,thereissignificantpulsebroadeningduetodispersion,asthe
pulsewidth goes below 1 ps.

The experimental spectrum of the fed-back pulse with width
2.8 ps ( ps) is given in Fig. 13(a). Fig. 13(b) shows the
spectrum obtained when the feedback path to the SOA is broken.
Fig. 13(b) effectively gives the spectrum of the first fed-back
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Fig. 10. Experimental implementation of pulse generating concept shown in Fig. 1 using fiber optics and a free space optic Michelson interferometer.SOA:
semiconductor optical amplifier. PBS: polarizing beam splitter. PR: polarization rotation. PC: polarization controller. P: polarizer. Col: collimator. Cir: circulator.
M: mirror.

Fig. 11. Pulsewidths (full widths at half maximum) obtained in experiments
and predicted width for Michelson interferometer configuration of Fig. 10. The
pulsewidth was measured experimentally by an autocorrelator. The wavelength
of the pulse source was approximately 1545 nm and the pulse-repetition rate
was approximately 3 GHz. Note the good agreement between experiment and
predicted widths.

pulse in the pulse build-up process. The two low lumps on either
side of the Fig. 13(b) spectrum are due to the SOA amplified
spontaneous emission being filtered by the interferometer.

The precise input light wavelength was 1544.5 nm. The spec-
trum in Fig. 13(a) shows features similar to the spectrum of
pulse 50 in Fig. 7. In particular, the bulk of the spectrum is
at wavelengths longer than the input light wavelength. Further-
more, there are some oscillatory features and peaks on the left
side of the spectrum. The width of the spectrum (FWHM) was
approximately 1.67 nm, giving a of Hz. This
width was obtained by ignoring the peaks in the spectrum. The
duration-bandwidth product is thus 0.59, which is comparable
to the value of 0.55 predicted in the simulations.

V. DISCUSSION

The implementation of the pulse-generation system presented
in the last section was far from ideal. In particular, the use of

Fig. 12. Intensity autocorrelation traces for pulses produced by the setup of
Fig. 10. Three settings of� are shown: (a)� = 3 ps; (b)� = 2 ps; and (c)
� = 1 ps.

fiber pigtailed components brings with it many problems re-
lating to the polarization of the signals in the system. Dispersion
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Fig. 13. (a) Experimental spectrum of the fed-back pulse with 2.8-ps width.
(b) Spectrum of the fed-back pulse when the feedback path to the SOA is broken.

in the fiber can limit the smallest pulsewidth achievable. Fur-
thermore, long fiber pigtails and fiber-based polarization con-
trollers generally lead to a large feedback ring length, which
makes stabilization harder. Nevertheless, short pulses at giga-
hertz repetition rates were generated.

Ideally, the system should be implemented in free-space op-
tics or integrated in a photonic integrated circuit. The integrated
circuit version may make use of orthogonal waveguide modes
instead of orthogonal polarizations [21]. Indeed, all the inte-
grated optics components necessary to make the pulse-genera-
tion system using orthogonal waveguide modes have be realized
in [21] and [2].

The smallest pulsewidth obtainable with such a system
may ultimately be limited by the SOA gain bandwidth, and
intra-band effects such as two-photon and free-carrier absorp-
tion [22]. These effects produce refractive index changes which
are opposite in sign to the stimulated emission changes.

In the experiment, only the fed-back pulse was measured. The
peak powers of the measured pulses were estimated to be in the
order of a couple of tens of milliwatts. Unfortunately, the output
pulses with a predicted high peak power could not be measured,
due to the limitations of the experimental setup.

The experimental pulse-repetition rate was limited by the
source used to generate the optical square wave, and also
the SOA carrier recovery time. The low time of the input
square wave must be several carrier lifetimes long, to allow
full recovery to the steady-state carrier number. The effective
carrier lifetime was 300 ps [20] during the low time of the input

square. Thus, full carrier recovery would require approximately
1 ns, limiting the pulse-repetition rate to less than 1 GHz.
However, full recovery of the carrier number may not be
necessary. The SOA gain need only recover sufficiently so that
at the start of each input square wave, it is high enough to allow
pulse build up. In the experiments with a pulse-repetition rate
of 3 GHz, there was only 170 ps available for carrier recovery.
This incomplete carrier recovery occurs in many telecommu-
nications applications of SOA-based interferometers [3]. In
these applications, the system repetition rate can be more than
40 GHz.

It may be possible to generate pulses at rates greater than
10 GHz. Higher repetition rates could be achieved by reducing
the high time of the input square wave. The SOA then has more
time to recover, and furthermore, less SOA gain is required to
compress the smaller input pulse.

Many telecommunications transmission applications require
transform limited pulses. It was shown that the system produces
chirped pulses. It is uncertain how useful this particular source
would be for transmission, due to the chirp. The effects of the
chirp on transmission would need to be studied, and a compar-
ison done against other commonly used pulse sources. How-
ever, there are some applications were the requirements on chirp
are not so stringent. For example, the control pulses used in the
SOA-based all-optical switches [1]–[3]. It is also possible that
there is some application that may benefit from the chirp char-
acteristics of this particular pulse source.

Other interferometer configurations can be used to imple-
ment the pulse-generating concept described here. For example,
a Sagnac interferometer [16] was also used to generate pulses.
The asymmetry in the SOA placement in the loop was. How-
ever, the minimum pulsewidth obtainable was limited due to the
bidirectional propagation of light through the SOA, and finite
SOA length.

The interferometer in the system acts as a filter. It may
be possible to employ other types of filters, such as ring
or Fabry–Perot resonators, or thin-film filters, in a similar
pulse-generation system. However, it is beyond the scope of
this paper to explore these more general systems.

VI. CONCLUSION

In summary, a novel method has been presented to generate
short pulses. The method employs stimulated emission in a SOA
to reduce carrier numbers, thus causing a time-varying refrac-
tive index. An interferometer converts phase differences to am-
plitudes in a nonlinear way. Feedback in the system is used to
successively compress the pulse and increase its amplitude.

A mathematical model of the system was developed and from
this properties of the system were derived. In particular, it was
shown that sufficiently strong excitation must be given to the
system to initiate the formation of the short pulses. Simulations
illustrated the pulse build-up process. Simulations also showed
that the pulse produced is chirped. The pulse center frequency
is shifted most from the input light frequency, while the pulse
flanks are shifted less. The duration-bandwidth product of the
simulated pulses was 0.55.
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Initial experiments demonstrated that pulses with widths
down to 1 ps could be produced. The duration-bandwidth
product of the measured pulses was 0.59, which is close to
the simulation results. There was good qualitative agreement
between experiments and simulations in demonstrating the
controllable pulsewidth. Furthermore, the experiments showed
that a minimum excitation was required to form the short
pulses.

The system involves no lasing, and hence, no phase relation-
ship around the loop must be maintained. So potentially, it can
be tolerant to small changes in loop length. The system can be
implemented using different interferometer configurations. Fur-
thermore, it can be implemented in various technologies such as
fiber, free space, and integrated optics. The concept is a useful
addition to the techniques to generate short optical pulses. The
system may be particularly useful in telecommunication appli-
cations, as it can generate short pulses with high repetition rates,
it can be made with low-power components, and it has the ability
to be implemented in integrated optics.
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