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Abstract—We present methods for obtaining high-repetition-rate full duty-cycle RZ optical pulse trains from lower rate
laser sources. These methods exploit the memory properties of the
Fabry–Perot filter for rate multiplication, while amplitude equalization in the output pulse train is achieved with a semiconductor
optical amplifier or with a second transit through the Fabry–Perot
filter. We apply these concepts to experimentally demonstrate rate
quadruplication from 10 to 40 GHz and discuss the possibility of
taking advantage of the proposed methods to achieve repetition
rates up to 160 GHz.
Index Terms—Fabry–Perot resonators, optical transmitters,
semiconductor optical amplifiers.

I. INTRODUCTION

T

HE expectation that new broad-band services will become
available and useful for the end user has driven optical
fiber telecommunications equipment manufacturers and, more
generally, the research community to focus on the development
of concepts to improve the data throughput in optical fiber network systems, and increasing the transmission capacity of optical fiber has been one of the key research themes. As such,
repetition-rate upgrade of experiments is a universal and recurring step in the development process which is, however, associated with expense in terms of time and cost. A major contribution to this expense is related to the replacement of laser
sources and their microwave drivers and amplifiers. This difficulty becomes apparent for experiments that are performed
at very high data rates and use the return-to-zero modulation
(RZ) format, where the laser source must generate a high-repetition-rate pulse train before modulation with the data signal.
In the case of wavelength division multiplexing (WDM) experiments, the upgrade expense increases dramatically since it
scales directly with the number of channels to be employed. Due
to this cost scaling, advanced, multichannel, WDM transmission
and networking experiments at high repetition rates can only be
performed in the very best endowed laboratories of the world.
To address this difficulty, several techniques have been proposed in the past to optically multiply the repetition rate of laser
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sources so as not to require changes in the microwave driver circuits. These techniques have included rational harmonic mode
locking of fiber lasers [1]–[8] including its application to a multiwavelength source [9]–[11], the temporal fractional Talbot effect [12]–[14], the utilization of arrayed waveguide gratings [15]
or fiber Bragg grating [16], and the use of Fabry–Perot (FP) filters with a free spectral range (FSR) that equals the desired line
rate [17]–[19]. Even though mode-locked fiber lasers have provided impressive results, they have been confined to laboratory
uses primarily due to the environmental sensitivity that they display. The rate multiplication process through the temporal fractional Talbot effect does not work by suppression of the lower
frequency components, and as such it relies critically on dispersion compensation of the transmission line. This may place
substantial constraints by amplitude-modulated data signals in
network environments where data-originating sources and destinations are dynamically changing and so is the distance of
dispersion between them. Additionally, the temporal fractional
Talbot effectt assisted by the cross-gain modulation of a CW
signal in a semiconductor optical amplifier (SOA), is able to
generate real, rate-multiplied, amplitude-modulated free pulse
trains [14] and so comprises a useful solution that can be used in
real transmission systems. Arrayed waveguide gratings (AWGs)
can also produce bursts of pulses at extremely high repetition
rates, reaching 1 THz, but the multiplied pulses suffer from severe amplitude modulation and each burst of pulses lies at different wavelength. Fiber Bragg gratings can be used to emulate
the transmission function of the FP filters, and they are an alternative technique which offers the advantage of simple writing
on a fiber without high positioning accuracy. Rate multiplication with FP filters has the advantage of simplicity and robustness since commercially available FP filters may be used. However, unless the FP filter used has very high finesse and/or the
rate multiplication factor is low, this technique results in periodically amplitude-modulated pulse trains. High-finesse FP filters
have narrow bandwidth and consequently require fine matching
with the repetition frequency of the initial pulse train.
In this work, we describe and demonstrate two techniques for
the deployment of rate multiplication using FP filters of modest
finesse that result in, practically, amplitude-modulation-free RZ
pulse trains. The first method uses a modest finesse FP filter,
which is followed by an SOA operated under heavy saturation
and takes advantage of the amplitude equalizing properties of
the SOA. The experimentally demonstrated circuit achieved a
repetition rate multiplication from 10 to 40 GHz with a resulting
amplitude modulation of 0.25 dB and a timing jitter of about
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650 fs. The second technique uses only a single FP filter of
modest finesse, used in a double-pass arrangement to extend
its lifetime and to produce modulation-free pulse trains. This
circuit achieved a four-time rate multiplication factor and resulted in pulse trains with 0.12-dB amplitude modulation and
500-fs timing jitter, equal to the timing jitter of the original
gain-switched diode.
Both configurations are simple to implement and cost-effective and proved ultrastable under laboratory conditions, since
they could run for many hours without any adjustments. Additionally they can be used to simultaneously upgrade the repetition rate of several low-rate RZ-pulsed laser sources at different
wavelengths without the need for any high-speed electronics,
dividing thus the total cost of the circuit to many channels.
The rest of the paper is arranged in two main sections, each
presenting the corresponding rate-multiplication technique. The
principle of operation and the experimental implementation are
presented along with the experimental results for both circuits.
Furthermore, the underlying theory for each technique is described in detail, and the theoretical results are discussed toward
the extension to higher rates.

II. RATE MULTIPLICATION WITH FP FILTERS AND SOAS
A. Principle of Operation and Experimental Implementation
Rate multiplication with Fabry–Perot filters that have an FSR
equal to a multiple integer of the initial rate of the laser source
and equal to the desired final rate has been reported previously
[17]–[19]. The method relies on the property of an FP filter
that its time-domain impulse response is an exponentially decaying sequence of pulses at a repetition frequency equal to its
FSR and whose decay constant is determined by the filter finesse (F). Equivalently, in the frequency domain, the initial RZ
pulse train has harmonics at multiple integers of its repetition
rate and the FP filter allows only those harmonics present within
its resonant peaks to be transmitted. The degree of suppression
of the unwanted harmonics is determined by the finesse of the
FP filter, and, for lower finesse FP filters or high multiplication
factors, this suppression is only partial, resulting in an amplitude-modulated pulse train. Use of very high-finesse FP filters
is not desirable because their sharp resonance peaks result in
very narrow ranges of frequency operation, they incur higher
power losses and will lead to loss of coherent addition in the
filter for pulses temporally delayed beyond the coherence time
of the initial signal. For rate multiplication, it is therefore desirable to use low-finesse FP filters, but arranged so as not to
compromise the quality of the pulse train in terms of amplitude
modulation. In this section, we show that use of an SOA operated in heavy saturation following the FP filter can produce
nearly modulation-free pulses. For an SOA operated in heavy
saturation, pulses with high energy receive less gain than pulses
with lower energy so that deviations of their amplitude at the
output of the amplifier are minimized. Even so, a single pass
through the amplifier is not enough to suppress fully the amplitude modulation from the FP filter. It was found however, that
reintroduction of this pulse train into the SOA for a second time

Fig. 1. Experimental setup. ODL: optical delay line; FRM: Faraday rotator
mirror.

can result in nearly complete amplitude modulation elimination.
This concept was utilized for four-times rate multiplication from
10 to 40 GHz.
The experimental setup is depicted in Fig. 1. The initial lower
rate pulse train was produced by a gain-switched DFB laser operating at 1549.2 nm. The laser yielded 8.8-ps pulses at a repetition rate of 9.97 GHz, after linear compression through dispersion compensation fiber (DCF) with total negative dispersion
of 54.27 ps/nm. The laser output pulses were then amplified in
an erbium-doped fiber amplifier (EDFA) and had their temporal
width reduced in a two-stage nonlinear fiber compressor comprised of alternating sections of DCF and single-mode fiber. By
filtering the compressor output with a 2-nm filter, 3.2-ps nearly
transform-limited hyperbolic secant pulses were obtained. The
pulse train was further amplified and fed into the FP filter. The
FP filter was an AR-coated fused quartz substrate with an FSR
equal to 39.88 GHz and a finesse of 50. The FP filter partially
suppresses the 10-, 20-, and 30-GHz harmonics while leaving
the 40-GHz component unattenuated. After exiting from the
FP filter, the signal was re-amplified and inserted into a 3-dB
coupler used for monitoring and to provide the output of the
source on its return path from the SOA amplitude equalization
stage. Following the 3-dB coupler, the signal was introduced
into a commercially available 1.5-mm-long SOA that exhibited
a small-signal gain of 24 dB at 1549.2 nm, 3-dB polarization
gain dependence, 10%-90% gain recovery time of 65 ps, and
10-fJ saturation energy, when driven at a 700-mA dc current.
After passing once through the SOA, the pulse train entered
the second pass arrangement where it was filtered in a 2.8-nm
band-pass filter and was reflected back again into the SOA by
a Faraday rotator mirror (FRM). In order to further reduce the
amplitude modulation after the second pass, it was found that
for best operation two conditions must be met.
1) The energy of the second pass pulses should be significantly lower, so as the first pass pulses dominate the gain
dynamics of the amplifier. In this case the pulses coming
from the feedback arm provide a small correction, which
is time dependent, in the gain of the SOA.
2) To exploit this time dependency, optimum operation of
the circuit can be achieved by nearly synchronizing in
the SOA the counter-propagating pulse trains, so that the
highest energy pulses from each pulse train transit the
SOA at the same time.
To fulfill these conditions, variable optical attenuators were used
at the two ports of the SOA and temporal synchronization between the counterpropagating pusle trains was achieved with a
variable optical delay line (ODL).
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Fig. 2. Oscilloscope traces and corresponding RF spectra at the (a) compressor output, (b) Fabry–Perot filter output, (c) output after first SOA pass, and (d) output
after second SOA pass. Oscilloscope trace time base is 50 ps/div. Microwave spectra amplitude scale is 5 dB/div and frequency scale is 4 GHz/div.

B. Experimental Results
Fig. 2 shows the experimental results obtained using a
40-GHz sampling oscilloscope and a 50-GHz microwave
spectrum analyzer. Fig. 2(a) illustrates the oscilloscope trace
and the corresponding microwave spectrum of the initial
10-GHz clock signal. Fig. 2(b) displays the signal at the output
of the FP filter, showing a 40-GHz clock pulse train with
1.65-dB amplitude modulation. Fig. 2(c) and (d) depicts the
pulse trains after the first and second passes through the SOA
and show that the amplitude modulation reduces to 0.8 and
0.15 dB, respectively, as seen on the sampling oscilloscope.
The microwave spectrum of the pulse train after the second
pass through the SOA shows suppression in excess of 26 dB for
the 10-GHz component while the 20- and 30-GHz frequency
components are suppressed by approximately 35 dB. Analysis
of this spectrum with inverse Fourier series indicates that the
amplitude modulation of the signal is below 0.25 dB, which
is in close agreement to the measurements made with the
sampling oscilloscope. Spectral analysis shows also that the
timing jitter is less than 650 fs. Adjustment of the optical
power and relative timing of the signals for the two passes in
the SOA is required in order to obtain the results shown in
Fig. 2(d). The input powers of the pulse trains before entering
the SOA were 850 W for the first pass and 80 W for the
second pass, corresponding to average energies per pulse of 25
and 2 fJ, respectively. With these powers, the SOA is operated
under deep saturation and the degree of saturation is primarily
determined by the first pass signal. By arranging the temporal
adjustment of the second pass signal with respect to the first
pass using the ODL, it is possible to enhance the amplitude
equalization properties of the SOA for the second pass pulse
train. For the best performance, the second pass pulses had to
enter the SOA delayed by approximately 5 ps with respect to
their equivalent from the first pass.
Fig. 3 shows the autocorrelation trace and optical spectrum
of the output pulse train. Assuming a hyperbolic squared-secant profile, the output pulses have a full-width at half-maximum (FWHM) of 3.8 ps. This is marginally increased from
3.5 ps at the input of the SOA primarily due to birefringence
of the SOA and polarization dependence of its gain. The 3-dB
bandwidth of the optical spectrum was 90 GHz and the resulting
time–bandwidth product was 0.342, which is in close agreement to the value for a hyperbolic squared-secant profile. The
output power of the source was 680 W. The arrangement was
found to be stable in time and the characteristics of the output

Fig. 3. (a) Second-harmonic autocorrelation trace. The white dots indicate
the fitted hyperbolic secant periodic autocorrelation profile. The time base is
2.74 ps/div. (b) Optical spectrum trace. The amplitude scale is 5 dB/div and the
frequency scale is 0.4 nm/div. The resolution 0.08 nm.

pulses would remain unchanged without requiring adjustment
for many hours.
C. Theory of the Principle and Extension to Higher Rates
A simulation tool was developed to investigate the optimization of the proposed rate-multiplication scheme and the feasibility of extending its operation to higher rates, up to 160 GHz.
The FP filter is described both in the time and frequency domains by analytical expressions. The impulse response function
of a single FP filter with mirror reflectivity is given by the
following sum:
(1)
In order to achieve -times rate multiplication, the sum over
the series of overlapping pulses at time intervals equal to multi, when the output reaches the steady state, must
ples of
be calculated. Provided that the pulse duration is very short compared to the inverse FSR, the power of the th pulse inside the
period of the pulse series can be expressed as

(2)
Therefore, -times rate multiplication imposes an amplitude
modulation of
(3)
The time dependence of the SOA gain saturation and its recovery for picosecond pulses is described by the equations in
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Fig. 4. Amplitude modulation versus SOA small-signal gain for various
recovery times.

Fig. 5. Calculated filter finesse versus desirable pulse repetition frequency
under the constraint that amplitude modulation remains close to 0.2 dB, for
SOAs with recovery time equal to 20 ps, 65 ps, or no SOA.

TABLE I
SIMULATION VALUES

[20], and these were modified to take into account that the signal
transits the amplifier twice. Assuming an amplitude modulation
of 1.65 dB for the pulse train at the output of the FP filter and
a small-signal gain of 24 dB and 65-ps gain recovery time for
the SOA, the simulated output pulses have 0.17-dB amplitude
modulation. This theoretical result is very close to the experimentally obtained value of 0.25 dB from the microwave spectrum at the output of the source. The optimization performed
with the aid of this simulation tool is depicted in Fig. 4, where
the amplitude modulation has been plotted as a function of the
small-signal gain of the amplifier for four sets of recovery times.
The parameters for the simulation were derived from the experimental setup and are depicted in Table I.
The curves indicate that the amplitude modulation decreases
rapidly as the small-signal gain of the SOA increases and beyond a value of approximately 23 dB remains constant to a value
defined by the recovery time. Small variations of the gain parameter within this regime cause no significant changes to the
amplitude modulation. On the other hand, the crucial parameter
which significantly contributes to the minimization of the amplitude modulation is the recovery time of the semiconductor.
From Fig. 4, it is apparent that a SOA with a 20-ps recovery
time and 20-dB gain can reduce the amplitude modulation to
less than 0.1 dB. Therefore, low amplitude modulation (less than
0.15 dB) can be achieved either using conventional SOAs with
fast recovery time (65 ps) that can provide a small-signal gain
that exceeds 23 dB or SOAs with very fast recovery times (20 ps)

TABLE II
SIMULATION VALUES

Fig. 6. Experimental setup. PBS: polarization beam splitter; FRM: Faraday
rotator mirror.

and small-signal gain less than 20 dB as quantum dot SOAs [21],
[22] or SOAs with reduced recovery time by optical pumping
[23] or beam holding [24].
Furthermore, these devices could be utilized to achieve higher
rates up to 160 GHz and this is shown in Fig. 5, which was obtained using the simulation values summarized in Table II. Fig. 5
shows the required filter finesse so that the output pulse train
achieves a given rate-multiplication factor with amplitude modulation equal to 0.2 dB for SOAs with different recovery times.
In order to achieve a 16-times multiplication factor to produce
160-GHz pulse trains, a stand-alone FP filter of an impractically
high finesse of 2000 is required. If, however, a regular SOA with
65-ps recovery time is used, an FP filter with a finesse of 800
is needed, and if an SOA with 20-ps recovery time is available,
then an FP filter with a finesse of 280 can ensure multiplication to 160 GHz with 0.2-dB modulation. Given that FP filters
can operate over broad wavelength ranges and that SOAs have
broad amplification spectra, this method can, in principle, be
extended to multiply the repetition rate of several laser sources
simultaneously.

YIANNOPOULOS et al.: PULSE REPETITION FREQUENCY MULTIPLICATION WITH SPECTRAL SELECTION IN FABRY–PEROT FILTERS

161

Fig. 7. Oscilloscope traces and corresponding microwave spectra (a) at the compressor output, (b) after the first pass through the FP filter, and (c) after the second
pass through the FP filter. The oscilloscope trace time base is 50 ps/div. The microwave spectra amplitude scale is 5 dB/div and the frequency scale is 4 GHz/div.

III. RATE MULTIPLICATION WITH A SINGLE
FABRY–PEROT FILTER
A. Principle of Operation and Experimental Implementation
In this section, we show an alternative method to achieve
modulation-free repetition-rate multiplication of a low-rate RZ
laser source using a single FP filter. This technique requires
the application of the multiplication transfer function of the FP
filter, consecutively, twice, as if two identical FP filters are cascaded. In this way, the rate-multiplied and amplitude-modulated
output from the first is used as the input to the second. In order
to avoid the use of two filters, the output from the filter may
be re-introduced in a counter direction by the use of an FRM
instead. The double pass through the filter modifies its time-domain impulse response function so that it is no longer the regular
decaying tail, but consists of a fast rising edge and a slow decaying tail with an enhanced
lifetime. In the frequency domain, the transfer function of the filter is also modified and its
resonance peaks become sharper, thus resulting in an enhanced
nominal finesse and greater suppression of out-of-band spectral
components while its bandwidth is reduced to about half. These
attractive features of the double-pass configuration lead to lower
amplitude modulation when a multiplication rate process is realized, in comparison with the single-pass case.
This technique has been applied to a four-times line rate multiplication from 10 to 40 GHz. Fig. 6 shows the experimental
setup. The initial pulse train was produced from a gain-switched
DFB laser at 1549.4 nm. The laser diode operated at 10.05 GHz
and produced 8.8-ps pulses after linear compression in a DCF
fiber of total negative dispersion of 55.58 ps/nm. This pulse
train was amplified, driven to the two-stage nonlinear fiber
compressor, and then again amplified and fed into the FP
filter through the ordinary axis of a fiber polarization beam
splitter (PBS) so that only a single state of polarization entered
the double-pass arm. The FP filter was an AR-coated fused
quartz substrate with an FSR equal to 40.2 GHz and a finesse
of 50. For optimum performance, the polarization state of
the incident beam was adjusted with a polarization controller
before the FP filter. At its output, an FRM was used to reflect
the rate-multiplied pulse train back into the FP filter. Finally,
the output of the setup was obtained at the extraordinary axis
of the PBS due to the 90 polarization rotation at the FRM.

Fig. 8. (a) Second-harmonic autocorrelation trace. The white dots indicate
the fitted hyperbolic secant periodic autocorrelation profile. Time base is
2.74 ps/div. (b) Optical spectrum trace. The amplitude scale is 5 dB/div and the
frequency scale is 0.4 nm/div. Resolution 0.08 nm.

B. Experimental Results
The performance of the source was evaluated with a 40-GHz
sampling oscilloscope and a 50-GHz microwave spectrum
analyzer. Fig. 7(a) illustrates the oscilloscope trace and the
corresponding microwave spectrum of the initial 10.05-GHz
signal. Fig. 7(b) displays the signal after its first pass through
the FP filter and shows the 40.2-GHz pulse train with amplitude
modulation 1.65 dB as recorded on the sampling oscilloscope.
Fig. 7(c) shows the pulse train after its second pass through
the FP filter, and its amplitude modulation is now reduced to
0.11 dB. The corresponding microwave spectra reveal that
double passing through the FP filter results in the suppression
of the 20-GHz component in excess of 47 dB, while the 10and 30-GHz components are suppressed by approximately
40 dB. Inverse Fourier analysis of the microwave spectrum
of the output pulse train indicates that, with this harmonic
suppression, the amplitude modulation of the signal is below
0.12 dB, and this value compares very well with the amplitude modulation measured with the sampling oscilloscope.
Spectral analysis has also shown that the timing jitter of the
rate-multiplied pulse train was less than 500 fs, and this was
found to be equal to the timing jitter of the gain-switched
diode pulse train. Fig. 8(a) and (b) shows the second-harmonic
generation autocorrelation and optical spectrum of the 40-GHz
pulse train, assuming a hyperbolic secant profile the output
pulses have 3.2 ps and 100 GHz temporal and spectral widths
(FWHM). These values yield a time–bandwidth product of
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Waveform of the output 40-GHz pulse train. The time base is 10 ps/div.

0.32, which is very close to the theoretically expected value for
a hyperbolic squared-secant profile. Finally, Fig. 9 shows the
40.2-GHz pulse train on the sampling oscilloscope after clock
recovery, indicating a clear, open-eye signal, which, using the
oscilloscope’s built-in-measurement suite, has a timing jitter
of 500 fs. The pulse train was found to be stable in time under
laboratory conditions. Even though the FP filter was a bulk
device, the arrangement required only minimal re-adjustment
from day-to-day for best performance for the duration of the
experiment.
C. Theoretical Analysis and Extension to Higher Rates

Fig. 10. (a) Calculated impulse response 1=e lifetime versus FP filter finesse.
(b) Calculated amplitude modulation versus FP filter finesse, in the single and
double pass cases.

The transfer function of a single-pass FP filter is
(4)
and a double pass through the same filter yields
(5)

and consequently the
lifetime of the double-pass filter is
, where is the solution of the equation
(8)

is reThe bandwidth of the double-pass transfer function
lated to the bandwidth of the single-pass transfer function
by

Correspondingly, the single-pass
, where is the solution of

lifetime is given by

(9)
(6)
The approximation normally holds, as finesse values are
usually larger than 10. This relation shows that the double-pass
through the FP filter results in a relatively small decrease in
the bandwidth of the resonance peaks of the filter. Specifically,
the double-pass FWHM bandwidth is
or 64% of the
FWHM bandwidth of the single pass. The single-pass FWHM
bandwidth of the FP filter in our experiment was measured to
be 800 MHz and its double-pass bandwidth was 510 MHz.
The time-domain analysis provides analytical results for the
double-pass impulse response function. This is derived by
performing a double sum on the impulse response function (1)
of the stand-alone FP filter. The resulting analytical expression
is
(7)

Equations (8) and (9) verify that
and so the lifetime
of the double-pass case is larger, explaining the lower amplitude modulation as far as repetition-rate multiplication is concerned, but the degree of enhancement can only be assessed after
solving (8) and (9) numerically. The solutions of (8) and (9) are
lifepresented in Fig. 10(a), where the impulse response
time of the single- and double-pass cases, respectively, is plotted
against the filter finesse. Double passing through the FP filter
clearly improves the impulse response duration as compared
to the single pass case, while the duration improvement ranges
from three to nine times for finesses between 10 and 1000. The
time domain analysis relies on the impulse response function of
the double pass which is derived by taking the sum over the series of overlapping pulse at time intervals equal to multiples of
, when the output reaches the steady state. If the pulse
duration is very short compared to the inverse FSR, the power
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0.14-dB amplitude modulation for the single- and double-pass
arrangements has been plotted in Fig. 11. To obtain pulse trains
at 160 GHz with the single-pass arrangement, the FP filter must
have a finesse of 3000. If, however, the double-pass arrangement
is used, then an FP filter with a finesse of 200 is adequate.
Given that FP filters operate over broad wavelength ranges are
determined by their dielectric coatings, a single FP filter may be
used to rate multiply a number of lower rate pulse trains coming
from different laser diodes. As such, this technique may be applied in rate multiplication of several sources simultaneously for
use in WDM experiments, sharing thus the already low cost between them and thus containing rate upgrade costs.
Fig. 11. Required filter finesse versus desirable pulse repetition frequency for
the single- and double-pass cases under the constraint that amplitude modulation
remains under 0.14 dB.

of the th pulse inside the period of the pulse series, can be expressed as

(10)
.
where
In this case, there is no simple relation for the amplitude modulation; however (3) is transformed to

(11)
For the sake of comparison, (10) and (11) are plotted versus
the filter finesse in Fig. 10(b) for the specific case of
,
which is the multiplication process from 10 to 40 GHz. By curve
fitting, the amplitude modulation in the single and double-pass
is given by the following simple equations:
(12)
(13)
Setting
in (13), the amplitude modulation is calculated as 0.14 dB, a value that is almost identical to the one
measured experimentally by the sampling oscilloscope and the
microwave spectrum analyzer, which thus confirms the theory.
Equations (12) and (13) show that, as far as the amplitude modulation is concerned, the filter finesse is effectively squared in
the double pass configuration, even though the filter bandwidth
, as (6) indicates.
is reduced only by
Equations (3) and (13) provide a design tool to calculate the
necessary finesse of the FP filter so that the circuit at the output
),
provides pulse trains at various repetition rates (
under the condition that the amplitude modulation is restricted
to a predefined value. Starting with an input pulse train at a
10-GHz repetition rate, the necessary finesse of the FP filter
to achieve multiplication factors in the range of 2 to 16 with

IV. CONCLUSION
We have presented two methods to achieve rate multiplication
at various repetition rates. The first method employs an FP filter
followed by an SOA and the second method uses a single FP
filter in which the pulse train passes through twice. In comparison, the first method has the advantage of higher power at the
expense of an active SOA element, while a 16 multiplication
factor might be hard to achieve with conventional SOAs. The
second method has the advantage of simplicity and lower cost
as well as easier multiplication to higher rates at the expense
of output power. Both methods have been theoretically studied
and experimentally verified for rate quadruplication from 10
to 40 GHz. The output pulse trains presented very low amplitude modulation and low jitter, while their waveforms remained
stable for many hours under laboratory conditions. The circuits
are relatively simple to implement and of low cost. In principle
they could provide a solution to repetition rate upgrades of existing optical sources, without the need for their replacement or
their driving electronics.
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