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Abstract—We demonstrate the application of optical combs to
implement tunable programmable microwave photonic filters. We
design well-known multi-tap microwave photonic filters; however,
the utilization of an optical comb with a dispersive medium
enables scaling of these filters to a large number of taps. We use
optical line-by-line pulse shaping to program tap weights, which
allows us to shape the filter’s bandpass. Our scheme is simple
and easily implementable, which provides filters with arbitrary
tap weights. As an example, we implement filters with Gaussian
apodized tap weights, which achieve more than 35-dB sidelobe
suppression. Our experiments provide usable bandwidth, free of
sampling spurs, over a Nyquist zone of 5 GHz, equal to half of our
10-GHz comb repetition frequency. Furthermore, we introduce
a simple new technique, based on a programmable optical delay
line, to uniformly tune the passband center frequency across the
free spectral range (FSR) of the filter, ideally without changing the
bandpass shape. We demonstrate this scheme by tuning the filter
over a full FSR, equal to 10.4 GHz in our experiments.

Index Terms—Finite impulse response filters, microwave pho-
tonics, optical combs, optical processing, programmable filters,
tunable filters.

I. INTRODUCTION

M ICROWAVE photonics has been investigated for the
past three decades to enhance radio frequency (RF)

systems performance. In early years, microwave photonics
focused on delay lines [1], followed by microwave photonic
filters [2][3]–[13], and finally with microwave photonic wave-
form generators [14]–[18]. The idea of microwave photonic
filters is based on optical processing of wideband analog RF
signals. As Fig. 1 depicts, the RF signal is modulated onto an
optical signal and processing of the signal takes place in the
optical domain, followed by optical to electrical conversion
[2]. The complexity of the implemented filters depends on the
complexity of the optical processing.

In contrast to recent work on microwave photonic filters
based on Fourier transform optical pulse shaping [5], most
microwave photonic filters are based on the multi-tap delay
line concept. The multi-tap delay line concept is the basis of
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Fig. 1. Photonic processing of analog RF signals.

two most common categories of microwave photonic filters.
In the first scheme, the RF signal is modulated onto an optical
source and then demultiplexed into a number of physical op-
tical delay lines. The outputs are multiplexed together and fed
into a photodiode to convert the optical signal to an electrical
signal. In order to have a configuration free from environmental
effects and thus stable and repeatable performance, the source
coherence time is chosen much smaller than the differential
delay between taps, resulting in an incoherent regime in which
the photodetector output is the sum of the optical powers of the
filter samples [2]. Although the shape of the filter transfer func-
tion can be programmed by adjusting the tap weights, generally
the bandpass peak is set by the differential delay between taps
and may not be tuned. In the second scheme, which has been
explored more recently, the optical source comprises multiple
optical frequencies which are modulated and passed through
a dispersive medium. Because the dispersion introduces a
differential delay between optical frequencies, the multiple
optical frequencies act as multiple taps. The multiple frequency
source has been implemented by using a mode-locked laser [6],
by combining a few continuous-wave (CW) sources [7]–[10],
or a spectrally sliced broadband source [11], [12]. Due to cost,
it is difficult to reach a large number of taps by combining
CW lasers. Slicing the spectrum of a broadband source was
proposed in [11] and [12] to resolve this problem; however, this
technique still does not a provide means to tune the filter.

Much effort has been made in the past couple of years to
implement tunable filters free of baseband response [6]–[11].
Some of these techniques have been based on adjusting the
filter free spectral range (FSR) to achieve tunability; however,
these schemes still suffer from the baseband response, and filter
tuning alters the bandpass shape [6]. Some other techniques
can achieve tunability without the baseband response, but their
tunability is in discrete steps [7]. Techniques based on stimu-
lated Brillouin scattering can obtain complex tap coefficients,
resulting in tuning. However, such schemes are complicated by
the need to generate multiple interacting optical waves and re-
quire rather high optical powers to pump the nonlinear interac-
tion [8]. Most recently, a narrowband optical filter implemented
by a phase-shifted fiber Bragg grating has been used to impose
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Fig. 2. Configuration of tunable programmable microwave photonic filter. The dashed lines shows portions included only in our second scheme.

a variable phase on the optical carrier with respect to the side-
band by controlling the carrier frequency [9], or cross-polariza-
tion of the sideband and the carrier has been used to impose a
programmable phase on the sideband by a spatial light modu-
lator [10]. Thus far, these schemes have not been shown to scale
to a substantial number of filter taps.

Here, for the first time to our knowledge, we demonstrate
microwave photonic filtering based on an optical comb source
and a dispersive medium. Essentially, an optical comb consists
of an evenly spaced set of narrow linewidth optical tones, in
which both the frequency spacing and the absolute frequencies
remain approximately constant. By using an optical comb, we
are able to exploit line-by-line pulse shaping [19] to manipulate
the intensities of individual frequency tones. This enables pro-
grammable apodization of the tap amplitudes, which allows us
to achieve clean bandpass shapes with more than 35-dB side-
lobe suppression.

Furthermore, we demonstrate a new scheme, based on
passing the comb through an interferometer into which the
modulator is embedded, that makes possible tuning of the
RF passband frequency while maintaining independent pro-
grammable apodization capability. Both apodization and RF
frequency tuning exploit the narrow optical linewidth, hence
long coherence time, of optical comb sources, which is in
sharp contrast to many traditional microwave photonic filtering
approaches based on short coherence time sources. A summary
of preliminary results obtained using this scheme was reported
in [20]. Here, for the first time, we present a complete theoret-
ical analysis, as well as substantially improved tuning results,
including 12 dB higher tunable filter sidelobe suppression and
tuning over most of 10-GHz filter free spectral range.

It is also worth comparing our scheme with a different ap-
proach to programmable RF filtering previously demonstrated
in our group [5]. In the previous scheme using a single contin-
uous-wave laser, a hyperfine-resolution Fourier transform pulse
shaper provides programmable optical filter functions which are
mapped directly into the RF domain. In other words there is a
direct mapping between the spectral amplitude response of the
optical filter (with respect to the laser carrier frequency) and
the spectral amplitude response of the resulting RF filter (ref-
erenced to baseband). However, in our current scheme, using
a comb of optical frequencies, the shaped optical power spec-
trum is mapped into the time domain by utilizing a dispersive
element; hence, the spectral response of the realized RF filter is
related to the Fourier transform of a scaled optical filter func-
tion. The sidelobe suppression in [5] is limited by the line shape
of the virtually imaged phased array device and the extinction

of the spatial light modulator device used in the hyperfine pulse
shaper. Here, the sidelobe suppression is limited primarily by
the precision with which the optical spectrum is apodized. As a
result, here we achieve 10 dB higher sidelobe suppression com-
pared to [5].

II. CONCEPT AND THEORY

Fig. 2 shows our experimental setup. An optical comb gener-
ated by a strongly phase modulated CW laser based on the tech-
nique shown in [21] is passed through a line-by-line pulse shaper
in which we control the intensity of the comb lines. The optical
line-by-line pulse shaper is based on Fourier transform pulse
shaping [22]. Here, we pursue two related schemes: first, we
demonstrate apodization (allowing control of the filter shape)
and then tunability.

In the first approach, the components shown in dashed lines
are not present. The comb through path 1 is single-sideband
modulated in a dual-drive Mach–Zehnder (MZ) modulator bi-
ased at quadrature point (half power point or in other words at

) and driven by a pair of RF signals with 90 phase dif-
ference [23]. The modulator output is sent through a dispersive
fiber. The output optical signal is detected using a photodiode
and measured by a network analyzer.

We assume an optical comb consisting of lines and write
its electric field as

c.c. (1)

where , , and are the optical intensity, angular fre-
quency, and phase of the th line, respectively, and c.c. stands
for the complex conjugate of the first term on the right side. For
a comb, the optical frequencies satisfy , and the
intensity of the comb source is periodic at repetition frequency

. Later, we will see through derivations that the initial phases
of the lines do not affect the RF filter function, which is also
verified by an experiment. The RF electrical signal is split into
two equal RF signals with 90 phase difference using a broad-
band 90 hybrid splitter. The RF outputs are applied to the two
arms of the MZ modulator. Each of the comb lines undergoes a
single sideband modulation [23]. The output electric field cor-
responding to the th line can be written as

c.c. (2)
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where is the voltage amplitude of driving RF signal into
90 hybrid splitter, and is the half-wave voltage of the MZ
modulator. Assuming , we can approximate (2)
as

c.c. (3)

where the first term in brackets is the output optical carrier, and
the second term is the higher frequency sideband generated at

. After propagation through a dispersive medium, the
electric field can be written as

c.c. (4)

where is the quadratic phase introduced by the chromatic
dispersion [23] given by

(5)

where the coefficient relates to the dispersion parameter
(in ps/nm/km) as

(6)

At the photodiode, the total optical electric field can be
written as

c.c.

(7)

The photodiode output current is given by

(8)

where is the responsivity of the photodiode, and stands for
averaging over the optical oscillations [25].

After working out the math, we can see that will have
terms at frequencies of and , where is
an integer. are RF frequencies representing beating be-
tween comb lines, and are RF frequencies rep-
resenting beating between comb lines and sidebands. In order
to operate the filter in a spur free regime (we have neglected
the nonlinearity of the modulator by the approximation made
in (3)), the usable frequency span should be limited to a single
Nyquist zone, which runs from through ,
where is a nonnegative integer. We note that, in network an-
alyzer measurements, these spurs do not appear. If desired, a
low pass filter with a cut-off frequency of may be used
to limit operation to the lowest Nyquist zone . Alter-
nately, a bandpass filter centered at frequency

and bandwidth may be used to limit operation to a single
Nyquist zone for .

After simplification, we can show that the component of the
current with frequency is given by

c.c.

(9)
By substituting in the quadratic phase from (5), we find

c.c. (10)

Therefore, we can write the filter transfer function as

(11)

We notice that the filter spectral amplitude response is peri-
odic in frequency with a free spectral range (FSR) of

FSR (12)

where is the differential delay between taps. By
taking an inverse Fourier transform of (11), we can write the
time domain response function as

(13)

We note that while is negative for a dispersion compen-
sating fiber resulting in negative , is the total group
delay of dispersive fiber and always large enough to guarantee
that satisfies causality. The response function is a scaled
version of the comb spectrum, which is the consequence of fre-
quency-to-time mapping in a dispersive medium. The response
function written in (13) is valid, assuming operation within a
single Nyquist zone. For , the filter bandpass is at ,
where is an integer. We can shape the filter function by
apodizing the ’s.

The microwave photonic filters that we implement are based
on the concept of multi-tap delay line filters that can be modeled
by finite-impulse-response (FIR) filters. These filters have been
fully studied in digital signal processing as discrete-time finite
response filters [26].

In our second scheme, all the components in Fig. 2 are
present. The modulator output is connected to a periodic optical
filter in which we suppress the comb lines and instead mostly
transmit the sidebands. We implement this periodic filter by an
interferometer with 100-ps relative delay, which has a transmis-
sion with periodic nulls in frequency. This device is commonly
used for differential phase-shift keying (DPSK) demodulation
at 10 Gb/s. We tune the interferometer so that its frequency
nulls match the comb carrier frequencies. The unmodulated
comb in path 2 is passed through a controllable optical delay
stage. The two paths are coupled back together, and we align
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their polarization by using a polarizer controller in one arm. In
this scheme, we show how the bandpass location can be tuned
by programming the optical delay.

In order to tune the filter in frequency, we need to apply a
phase that increments linearly with tap number. This has been
done in [8]–[10]; however, these techniques are complicated and
limited to small number of taps. Here, we demonstrate a tech-
nique that is intuitive and simple to implement. For an equally
spaced set of frequencies, as with an optical comb, a phase
linearly incrementing with tap number corresponds to a linear
delay. The RF signal generated at the photodiode is a result
of beating between sidebands and their corresponding carriers.
Therefore, applying a delay on sidebands or on carriers will re-
sult in the introduction of the desired linear phase into the taps.

Before modulating the optical comb with an RF signal, we
split part of the comb and pass it through a delay line. The rest of
the comb is single sideband modulated with carrier suppressed.
This can be obtained by dual-parallel MZ modulators in a nested
configuration, which is available commercially, or a dual-drive
MZ modulator followed by a periodic optical filter to suppress
the carriers [23]. Thus, by combining the output of the modu-
lator and the delayed version of the comb with an aligned polar-
ization, we can write the output electric field corresponding to
the th line as

c.c. (14)

where is the amount of delay that the delayed path is delayed
more than the modulated path, is the ratio of the modulated
path intensity to the delayed path intensity after the final op-
tical coupler. Here, we assumed that the carriers are ideally sup-
pressed in single sideband carrier suppressed modulation. After
propagation through a dispersive fiber, the electric field can be
written as

c.c. (15)

Similarly we can show that the filter transfer function will be
given by

(16)
The most important point is that the transfer function can be

tuned in the frequency domain by controlling the relative delay
between two paths. The RF frequency shift is given by

(17)

Therefore, a programmable tuning can be achieved by a pro-
grammable optical delay stage. We also note, although the op-
tical phase shift referenced to the carrier frequency is trans-
ferred directly into the RF domain, it does not affect tuning of

the filter. That is, the spectral amplitude response of the filter in
(16) is independent of this phase.

From a practical point of view, obtaining a single sideband
carrier suppressed modulation is a difficult task. Errors in fab-
rication of dual-parallel MZ modulators, imbalance of the RF
signals’ strength, and imbalance of 90 hybrid splitter result in
non-deal operation and presence of residual carrier after modu-
lation. Also, the thermal drift and sensitivity to biasing voltages
lead us to a controlling circuitry with a feedback loop for bi-
asing the modulator. Here, we briefly explain what will happen
in the presence of residual carrier. The beat between the side-
bands from modulated path and the carriers through the delayed
path will result in a tunable filter as (16), but also the beat be-
tween the sidebands and the carriers through the modulated path
results in a nontunable filter, which is given by (11). By ne-
glecting the common multiplicative spectral phase factor pre-
ceding the summation sign in (11) and (16), we can write the
overall filter frequency response as

(18)

We point out a few assumptions that we have made in our
analysis above. First, we have assumed the coherence time of in-
dividual optical comb lines is large compared to the small delay
between modulated and delayed paths. This is easily satisfied
for practical comb sources. Note, however, that spectral sliced
amplified spontaneous emission (ASE) sources, used in [11], for
example, do not meet this coherence time criterion and cannot
be employed in our scheme. Also, we assume that the polariza-
tions are aligned and that there are negligible polarization ro-
tation fluctuations. Finally, note that when the intensity in the
modulated path is much less than the intensity in the delayed
path, in other words, for small values of , we can ignore the
first term on the right side of (18), and it will be simplified to
(16).

Here, we briefly explain what coupling ratio should be chosen
for the optical splitter and coupler in our scheme. For the given
optical power input to the splitter, we can show that the desired
RF signal with a frequency of (or, in other words, the filter
transfer function) generated at the photodiode is also propor-
tional to

(19)

where and are the splitter and coupler coupling coefficients
in terms of power. As we can see, the above expression is maxi-
mized when and are chosen equal to 0.5, or in other words,
we choose 3-dB splitter and couplers.

We note that the DPSK demodulator interferometer that we
use for carrier suppression also alters the frequency response
of our implemented filters; however, this change is irrelevant
when a single sideband carrier suppressed modulation is used.
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The filter transfer function in presence of DPSK demodulator
interferometer is given by

(20)

where is the ratio of the nulls’ amplitude to the peaks’ am-
plitude of demodulator interferometer in terms of power trans-
mission, or in other words dB is the degree of ex-
tinction with which the demodulator interferometer suppress the
carriers. Here, we assumed a 3-dB splitter and coupler. For small
values of , the first term in brackets on the right side vanishes,
and (19) will simplify as

(21)

III. EXPERIMENT

A. Filter Programming

Here, we demonstrate the first approach in Fig. 2 to shape the
filter bandpass using apodization of the comb. We use a 90 hy-
brid splitter with a bandwidth of 1–12.4 GHz and a phase imbal-
ance of 7 . A CW laser with 1-kHz linewidth is sent through
a phase modulator driven at 20 GHz, followed by an intensity
modulator driven at 10 GHz to generate an optical comb [21]. A
dual-drive MZ modulator with a half-wave voltage of 4.5 V at
1 kHz and a 3-dB optical bandwidth of 12.2 GHz is used. Unless
otherwise noted, we use a dispersion-compensating fiber with a
specified chromatic dispersion of 1259.54 ps/nm at 1550 nm
and relative dispersion slope (the ratio of dispersion slope to
dispersion at 1550 nm) of 0.00455/nm, resulting in a delay dif-
ference of 96 ps between adjacent 10-GHz-spaced comb lines
(taps). The photodiode has a 3-dB bandwidth of 22 GHz with
a responsivity of 0.6 A/W. We measure the filter transfer func-
tions using a network analyzer over a span of 300 kHz–20 GHz.

In order to compare our experimental results with simulation,
we make some assumptions. We run our simulations based on
(11); however, this relation does not include some of the fac-
tors affecting the overall frequency response of our filter. The
cable loss, the modulator transfer function, and the photodiode
response are all frequency dependent and roll off for higher fre-
quencies. Since we do not have an accurate measure of all these
frequency responses, we introduce a way to subtract these ef-
fects from experimental results, so that we end up with plots
that can be compared with simulation results. In order to mea-
sure the frequency roll-offs, we remove the dispersive fiber from
our setup and connect the output of modulator directly to the
photodiode. Thus, we do not have the filtering response due to
tapped delay lines. Then, we measure the transfer function and

Fig. 3. The link frequency response without the dispersion compensating fiber.

also record the optical power measured at the photodiode. Fig. 3
shows the filter transfer function, plotted in RF gain units, when
we remove the dispersion compensating fiber and the optical
power into the photodiode is about 5.5 dBm. Although Fig. 3
is measured using the optical comb source, a similar curve is
obtained using the CW laser directly provided that the optical
power is held constant. Most of the roll-off up to 12 GHz arises
from the frequency response of the modulator (since 3-dB op-
tical bandwidth of the modulator translates into a 6-dB drop in
the RF gain). The measured transfer function includes all the
losses and roll-offs. In comparing our experimental results with
simulation, we subtract this transfer function from our measured
filter transfer functions while correcting for optical power ap-
plied to the photodiode.

Fig. 4(a) shows the optical comb at the photodiode when there
is no programming applied to the spatial light modulator in the
line-by-line pulse shaper. As we notice, the comb is not uniform,
and the intensity of the lines has a large variation from one to the
other. This is a characteristic common to many comb sources,
such as ours [21], based on strong periodic phase modulation of
a continuous-wave source. Fig. 4(b) shows the normalized filter
transfer function as a solid line, and the simulated filter transfer
function as a dashed line. The filter has a 3-dB bandwidth of

510 MHz, and the main sidelobe suppression is 9 dB. The
location of the filter bandpass gives us the FSR of filter, which
is 10.4 GHz, which is in accord with the 96-ps tap delay. As we
see, there is a close agreement between simulated and measured
filter functions. The vertical dashed lines separate the Nyquist
zones; the filter can be used in a regime free of sampling spurs
over the span of any one of these zones. This statement also
holds for following plots in Figs. 5(b), 6(a), 6(b), 7(b), 7(c),
8(b), and 8(c).

Next, we apodize the optical comb with a Gaussian apodiza-
tion, which is shown in Fig. 5(a) using the line-by-line pulse
shaper. Due to the Fourier transform property of the Gaussian
function, we expect the filter transfer function also to have a
Gaussian profile in which the sidelobes are highly suppressed.
Fig. 5(b) shows the normalized filter transfer function as a solid
line, and the simulated filter transfer function as a dashed line.
As we see, there is a close agreement between simulated and
measured filter functions. The filter has a 3-dB bandwidth of



3274 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NOVEMBER 2010

Fig. 4. (a) Non-apodized optical comb. (b) Normalized (blue) and simulated
(red) filter transfer functions. The vertical dashed lines depict individual Nyquist
zones, where� refers to the zone number, explained earlier in the text. The filter
can be used in a spur free regime within the span of any one of these zones.

630 MHz, and the sidelobes between 1–12 GHz are sup-
pressed by more than 35 dB and close to 40 dB, in agreement
with the simulation. We attribute the higher noise levels for
frequencies above 12 GHz both to our normalization process,
in which the negative slope plot in Fig. 3 is subtracted from
the experimental results, and to the higher noise floor of our
network analyzer above 10 GHz.

The improvement of the apodized filter compared to the un-
apodized case is striking. Note, however, that although the comb
in Fig. 5(a) has been apodized for a target Gaussian profile,
the actual profile has small deviations compared to an ideal
Gaussian. Fig. 5(a) deviates from a quadratic profile by 0.37
dB in terms of root mean square. According to our MATLAB
simulations, the 30-line ideal Gaussian which is the best fit to
our actual comb spectrum would exhibit a sidelobe suppression
of more than 63 dB! Therefore, extremely clean filter shapes
should be possible via our technique, although very accurate
apodization will be essential for achieving the highest quality
filters.

Here, we remind the reader that as we pointed out in
Section II, a variety of tones, at frequencies and

, are present at the output of our filter. However, in
a network analyzer measurement, which is based on coherent
mixing with a reference tone, only a signal with frequency
equal to that transmitted from the network analyzer is acquired.

Fig. 5. (a) Gaussian apodized optical comb. (b) Normalized (blue) and simu-
lated (red) filter transfer functions.

In other words, a network analyzer measures the scattering pa-
rameters that correspond to the linear response of filter. Mixing
tones resulting from the periodic sampling process inherent in
our optical comb based filter implementation are not recorded.
We note that , due to the limited length of dispersion compen-
sating fiber available, the filter bandpass in the experiments
of Figs. 4 and 5 occurs at 10.4 GHz, close to the beat term at
the comb repetition frequency 10 GHz as well as the
sampling spur at frequency .

By using comb sources with larger repetition frequency, un-
wanted beat terms and spurs can be pushed to higher frequen-
cies. Alternately, with increased dispersion, the bandpass can
be shifted to lower frequency to avoid the beat terms. Fig. 6
shows normalized and simulated filter transfer functions for ex-
periments in which we added additional DCF to increase the
dispersion by about 32.5%. The filter bandpasses are shifted to
7.85 GHz, as expected, near the center of the Nyquist
zone. Therefore, if these filters are operated near their band-
passes, the nearest spurs will be a few gigahertz away. The filter
corresponding to the unapodized comb has a 3–dB bandwidth of
394 MHz, and the main sidelobe suppression is 12.5 dB. The ap-
pearance is qualitatively similar to Fig. 4(b), although the details
differ due to different details in the unapodized comb spectrum.
The filter for Gaussian apodized comb has a 3-dB bandwidth of
567 MHz, with sidelobes between 1 and 12 GHz suppressed by
more than 37 dB.
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Fig. 6. (a) Normalized (blue) and simulated (red) filter transfer functions for
unapodized comb. (b) Normalized (blue) and simulated (red) filter transfer func-
tions for apodized comb.

It is also worth discussing the role of the phase of the optical
comb lines out of the comb generator. Generally, the output of
a comb generator such as ours, based on strong phase modula-
tion of a CW laser, is NOT a train of bandwidth limited pulses.
However, when desired, we can use the line-by-line pulse shaper
to correct the phases of the comb lines, which does produce a
train of bandwidth limited pulses (in other words, a phase-com-
pensated comb) [21]. As predicted earlier by (11), the spec-
tral phase of the optical comb source, , used as the sampling
signal does not affect the RF filter response—a prediction that
we now verify. Instead of the dual-drive MZ modulator depicted
in Fig. 2, for this experiment, we used a standard Mach–Zehnder
intensity modulator with a half-wave voltage of 4.75 V at 1 GHz
and a 3-dB bandwidth of 35 GHz. Intensity modulation results
in double sideband modulation rather than single sideband mod-
ulation. Also for this experiment, we employed a single-mode
fiber with a length of about 70 km as the dispersive medium. No
apodization is employed in these experiments.

Fig. 7(a) shows the optical comb measured at the photodiode.
Fig. 7(b) shows the normalized and simulated transfer func-
tions of the filter as solid and dashed lines respectively when the
phases of the comb lines are compensated using the line-by-line
pulse shaper. In this case we verified by intensity autocorrela-
tion measurements that the comb consisted of a train of pulses,
periodic at 10 GHz and with approximately bandwidth-limited
pulse durations. This corresponds to at most linear phase across
the comb lines. We note that, in this experiment, the filter fre-
quency response is affected by the well-known frequency-de-

Fig. 7. (a) Optical comb. (b) Normalized (blue) and simulated (red) filter
transfer functions for compensated comb. (c) Normalized (blue) and simulated
(red) filter transfer functions for uncompensated comb.

pendent fading effect due to dispersion acting on double side-
bands; this effect has been included in our simulation [27].

Fig. 7(c) shows the normalized and simulated transfer func-
tions of the filter as solid and dashed lines, respectively, when
the line-by-line pulse shaper is in a quiescent state; in other
words, the phases of the comb lines are not compensated. Here
the time-domain intensity profile of the comb source, although
periodic, consists of only a weak modulation on a nearly con-
stant background. The spectral phase, i.e., the comb line phases

vary strongly from line to line. Measurements giving further
details on the phases and temporal behavior of compensated and
uncompensated combs may be found in [28] and [29]. The im-
portant point is that the data of Fig. 7(b) and 7(c) are nearly
identical. This close agreement verifies our prediction that the



3276 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 11, NOVEMBER 2010

Fig. 8. (a) Gaussian apodized optical comb. (b) Normalized (blue) and simu-
lated (red) filter transfer functions for��100–20 ps relative delay. (c) Normal-
ized (blue) and simulated (red) filter transfer functions for��100–50 ps relative
delay.

phases of the input comb lines do not influence the RF filter
transfer function.

B. Filter Tuning

Now, in order to demonstrate filter tunability, we configure
our setup as given by the second approach in Fig. 2. As we
discussed earlier, we use a 3-dB splitter and coupler to obtain
the minimum loss. To measure the Gaussian apodized optical
comb at the photodiode, shown in Fig. 8(a), we disconnect the
modulator path. The normalized filter transfer function is plotted
in Fig. 8(b) in a solid line. The filter bandpass occurs at 2.1 GHz,
which corresponds to a relative delay of 100–20 ps, where

is an integer. We use (21) to simulate the filter transfer function,
which is shown in Fig. 8(b) in a dashed line. In order to show
tuning, we reduce the delay in the delayed path by 30 ps, and
we measure the transfer function. We expect the filter bandpass
shifts by 3.12 GHz to a higher frequency. Fig. 8(c) shows the
normalized and simulated transfer functions in solid and dashed
lines, respectively, where the bandpass occurs at 5.25 GHz. The
frequency shift is very much as expected given the change in
relative delay. The filter in Fig. 8(c) has a 3-dB bandwidth of

720 MHz and 36-dB sidelobe suppression over 0–10 GHz.
These results confirm our prediction that filter tuning is possible,
without baseband response and without significant change in
passband width, by varying delay in an interferometric setup.

Compared to Fig. 5(b), Fig. 8(b) and (c) shows higher noise
and some spurious peaks, which we discuss briefly in the fol-
lowing. First, we believe that the spurious peaks around 8.5 and
11.4 GHz in Fig. 8(b) and (c), respectively, arise due to unde-
sired reflection in our setup. In effect, this could lead to an un-
wanted weak interference component with a different delay, cor-
responding to a different passband frequency. Therefore, for fu-
ture experiments, care should be taken to reduce reflections, pos-
sibly taking advantage of optical isolators. On the other hand,
the degradation of the 90 hybrid splitter above 12.4 GHz, not
included in our simulations, results in unbalanced double side-
band modulation, which can also produce undesired filter re-
sponses for frequencies above 12.4 GHz, to which we attribute
the spurious peak at 18.7 GHz in Fig. 8(b). This is further inves-
tigated in [30].

Finally. we attribute the very weak peaks at 10.4 GHz in
Fig. 8(b) and (c), which are more than 40 dB down compared
to 5.25-GHz passband peak in Fig. 8(c), to finite extinction of
the carrier in the modulator path. As in Fig. 5(b), any remaining
carrier is expected to contribute a peak at the filter FSR, 10.4
GHz. We also notice from (21) that the use of a filter for car-
rier suppression in our tuning experiments of Fig. 8 leads to a

frequency-dependent attenuation factor that is
not present for the data of Fig. 5; this effect has been taken into
account in our simulation.

Also as predicted in (19), for fixed input optical power, the
interferometric filter configuration provides lower RF gain com-
pared to the single path (noninterferometric) configuration. For
a 3-dB splitter and coupler, the theoretical decrease in RF gain
is 12 dB. Hence, we expect that our bandpass filter tuned to 5
GHz has 12 dB lower RF gain compared to Fig. 5(b). The band-
pass filter at 5.25 GHz in Fig. 8(c) has 15 dB higher loss. which
agrees closely since the DPSK demodulator interferometer has
an additional insertion loss of about 2 dB. In the future, it should
be possible to restore some of the reduced RF gain by using a
complementary modulator configuration with differential detec-
tion [31].

Finally, we scan the delay stage in increments of 0.9375 mm
(round trip delay of 6.25 ps) and measure the filter transfer func-
tion. The center of filter’s bandpass as a function of the relative
delay is plotted in Fig. 9. The solid circles show the measured
filter’s bandpass center, and the solid line shows a linear fit to
the experimental results. The fit has a slope of 0.1025 GHz/ps.
This corresponds to a 10.25-GHz frequency shift for a relative
delay of 100 ps, which introduces a incremental phase shift
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Fig. 9. Filter’s bandpass center versus relative delay � . The horizontal dashed
line depicts the boundary between � � � and � � � Nyquist zones.

between adjacent taps; this closely agrees with the measured
FSR of 10.4 GHz. The maximum deviation of the linear fit from
the experimental results is 117 MHz. This clearly confirms the
linear frequency tuning with respect to the programmable delay
predicted by (17).

IV. CONCLUSION

We demonstrate a novel scheme based on optical frequency
combs and dispersive propagation to implement microwave
photonic filters scalable to large number of taps. By using
line-by-line pulse shaping, we are able to individually program
the tap weights in order to apodize the filter response and sup-
press the sidelobes. In the current experiments, we implemented
filters composed of 30 comb lines apodized for a Gaussian
profile, which enabled sidelobe suppression to below 35 dB. We
also demonstrated a very simple technique to uniformly tune
the filter bandpass across the filter free spectral range without
altering the filter shape or the free spectral range and without
introducing baseband response. With further development we
believe it should be possible to implement filters with 100 taps
or more and with even stronger sidelobe suppression.
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