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Synthesis of Photonic Microwave Filters Based on
External Optical Modulators and Wide-Band Chirped

Fiber Gratings
V. Polo, F. Ramos, J. Marti, D. Moodie, and D. Wake

Abstract—In this paper, the synthesis of photonic microwave
filters employing optical sources with modulation side-bands,
as multimode optical sources, and chirped fiber gratings is
addressed. A single wavelength laser externally modulated using
electrooptical Mach–Zehnder modulators and electroabsorption
modulators have been proved as optical sources with modulation
sidebands. Microwave filter features such as wide range tunability,
compactness, readily reconfigurable frequency responses and
flexibility have been achieved and demonstrated for the proposed
structure. Experimental results using both a dual-electrode
Mach–Zehnder electrooptical modulator and an electroabsorp-
tion modulator as optical sources with modulation sidebands are
provided to demonstrate the feasibility of this technique.

Index Terms—Chirped fiber gratings, electroabsorption modu-
lators, filter synthesis, photonic microwave filters.

I. INTRODUCTION

PHOTONIC microwave filters have resulted in much in-
terest primary due to their large bandwidth, wide dynamic

range and potential small packet size. Different techniques
based on dispersive fiber delay lines have been proposed,
such as a fiber optic prism fed by a tunable laser [1], a mul-
tiple uncorrelated wavelength source by combining tunable
lasers feeding a highly dispersive fiber [2] and a broad-band
spectrum-sliced optical source launched also into a dispersive
fiber [3]. Furthermore, wide-band chirped fiber gratings (CFG)
have been demonstrated as high-performance optical delay
lines [4] and their application to photonic microwave filters
using multimode optical sources [5], [6]. In [6], an optical
source with modulation sidebands (OSMS’s) was implemented
by sinusoidally modulating a DFB laser through an external
electroabsorption modulator (EAM). Such modulation scheme
produces modulation sidebands (frequency modes), which are
evenly spaced, in the optical domain, by the frequency of the
modulating signal, producing a spectral shape similar to that
of a multimode source. In order to achieve a wide tunability
range and a flexible reconfigurable filter frequency response
as well as low insertion loss and compactness, two alternative
implementations of the OSMS have been proved. A single
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wavelength optical source followed by an external modulator,
which can be either an electroabsorption modulator [6] or a
Mach–Zehnder electrooptical modulator (MZ-EOM), driven
by a local oscillator (LO) signal is used as flexible multimode
optical source.

In this paper, a generalized synthesis procedure of pho-
tonic microwave filters using wide-band CFG as dispersive
elements and a multimode optical source is presented. Prac-
tical realizations of microwave filters using EAM-based and
MZ-EOM-based OSMS are presented. It is shown experimen-
tally that the EAM configuration allows more flexibility than
that using MZ-EOM’s since by varying the EAM bias voltage
and the LO frequency different microwave filter responses may
be readily synthesized. The paper is organized as follows. In
Section II the general principle of operation of photonic mi-
crowave filters based on CFG and multimode optical sources is
addressed. This analysis is also valid if OSMS are considered,
by simply substituting longitudinal modes by frequency modes.
Due to the higher flexibility provided by the EAM-based
optical source a generalized spectral synthesis analysis using
this source is presented in Section III. Two practical realizations
of microwave filters employing MZ-EOM’s and EAM’s, both
driven by a LO signal, are implemented in Section IV providing
experimental results. Finally, in Section V the conclusions of
the paper are presented.

II. GENERAL PRINCIPLE

The general setup of the photonic microwave filter proposed
structure is depicted in Fig. 1. A multimode optical source is ex-
ternally modulated by a radio-frequency (RF) input signal and
it is further transmitted through a dispersive medium prior to
photodetection. This dispersive medium induces different de-
lays over each longitudinal mode (LM) of the optical source,
leading to a filtering of the RF signal as a consequence of the
summation of the different field components that occurs at the
photodetector.

The complex amplitude of the optical field at the output of
the MZ-EOM, , may be expressed as

(1)

where
modulation depth;
frequency of the input signal;
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Fig. 1. Setup of a photonic microwave filter employing a multimode optical source and chirped fiber gratings.

Fig. 2. Schematic about the relations between the optical parameters of the system and the obtained filter response.H (f ) is the Fourier transform of the
sequencefE g.

carrier optical frequency;
amplitude phase of theth LM;
relative phase of theth LM;
optical frequency separation between them.

Next, this field is transmitted through a CFG characterized by
a total first-order dispersion parameter, , in ps/nm and pho-
todetected to recover the RF signal. Thus, after some mathe-
matical manipulations, the overall optical processing of the RF
signal may be characterized by an electrical transfer function

(2)

where . The first term in (2) is the well-known
dispersion-induced power degradation as a result of propagation
of the RF signal through the dispersive media, which may be
compensated employing single-side band (SSB) modulation at
the MZ-EOM [7]. From now, this envelope term will be omitted
in the discussions. The second term in (2) corresponds to the
optical transversal filter impulse response, given by

(3)

The relationship between the optical parameters and the mi-
crowave filter response is shown schematically in Fig. 2. Note
that the weights of the impulse response in (3) are always posi-
tive and do not depend on the relative phases of the LM’s. There-
fore, this scheme, as is, does not allow to synthesize high-pass

Fig. 3. Filter response as a function of the normalized frequencyf /FSR
for different windowing functions of the coefficientsE . Solid line: uniform,
short-dashed line: Blackmann, dashed line: Hamming, and dashed-dotted line:
Hanning.

filters. Finally, the free-spectral range (FSR) of the filter is cal-
culated as

FSR (4)

The FSR of the filter is related to its tunability, while the field
amplitudes of the LM’s of the optical source are also related to
the shape of the filter response. Therefore, different windowing
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Fig. 4. Setup of the photonic microwave filter using and EAM for the generation of the multimode optical signal.

Fig. 5. Field spectrum for several values of the bias voltage applied to the EAM. The field amplitudes are normalized to the maximum and the harmonic order is
the indexn of (1). The inset shows the theoretical insertion loss of an EAM witha = 3 andV = 4 V, following (5).

functions for the coefficients produce different bandwidths
and sidelobe amplitudes [8]. The filter response for several win-
dowing functions is compared in Fig. 3, in which the solid line
corresponds to an uniform window, the short-dashed line is for a
Blackmann window, the dashed line was obtained for the Ham-
ming function, and finally the dash-dotted line corresponds to a
Hanning window. In all cases we have supposed a multimode
optical source with nine significative LM’s. As in electronic
digital filters [8], the sharpest selectivity response was provided
by the uniform window, while the worst selectivity was for the
Blackmann one. However, the side-lobe amplitudes are much
better for the Hanning window ( 40 dB) than for the uni-
form one ( 15 dB).

III. SPECTRAL SYNTHESIS EMPLOYING ELECTROABSORPTION

MODULATORS

The spectral output of the OSMS mainly determines the pho-
tonic microwave filter shape, as deduced in (2). Several ap-
proaches and devices have been used to generate OSMS such
as multiple tunable laser source [2], broadband optical source
with sliced-spectrum [3], Fabry–Perot (FP) laser diodes [5], and

Fig. 6. Filter responses for several values of the bias voltage applied to the
EAM and for� = 3. V = 3 V (dashed–dotted line),V = 5 V (short-dashed
line),V = 7 V (dashed line), andV = 9 V (solid line).

mode-locked lasers [9]. In this paper, an efficient and compact
approach for implementing the OSMS based on the use of an
EAM driven by a LO signal is considered. In fact, commercially
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Fig. 7. Field spectrum for several values of the�-parameter of the EAM. The
field amplitudes are normalized to the maximum and the harmonic order is the
indexn of (1).

Fig. 8. Filter responses for several values of the�-parameter of the EAM and
for V = 7 V. � = 0:5 (dashed–dotted line),� = 1 (short-dashed line),
� = 1:5 (dashed line), and� = 3 (solid line).

available distributed feedback lasers/EAM integrated modules
would be very useful. The proposed setup is shown in Fig. 4.
The output of a single wavelength laser diode is externally mod-
ulated by a millimeter-wave signal at frequency using an
EAM. The optical power at the output of the EAM, , may
be modeled as

(5)

where
effective optical power of the input light in-
cluding the insertion losses of the modulator;

and constants (typical values for are 1–2 for
Franz–Keldish modulators and 2–4 for multiple
quantum-well modulators [10]);
applied voltage which may be expressed as

(6)

Fig. 9. Needed values of the bias voltage or the�-parameter of the EAM for
a given finesse of the filter. The solid lines are for two different bias voltages
and varying the chirp, while the dashed-lines are for three different values of
the�-parameter and varying the bias voltage. Other parameters of the EAM are
a = 3, V = 4 V, andP = +20 dBm.

(a)

(b)

Fig. 10. Magnitude of E/O responses of the modulators employed in the
experiments: (a) dual-drive MZ-EOM and (b) EAM.�3-dB bandwidths are 20
and 14 GHz, respectively.
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Fig. 11. Filter response employing a tunable laser and a dual-drive MZ-EOM
operating at the minimum transmission point as multimode optical source.
The modulating frequency of the MZ-EOM was 20 GHz. The solid line is the
measurement, the dashed line is the theory including the frequency roll-off of
the modulator and photodetector, and the dashed–dotted line is the theory for
ideal SSB modulation.

being the bias voltage and the mod-
ulation index, where

input impedance of the RF electrode;

local oscillator power.

Due to the nonlinear response of the EAM, as denoted in (5), its
output optical field consists of several equally spaced spectral
components with a separation . The expression of the
optical field is [11]

(7)

where , being the chirp parameter of the
modulator [12]. The relative amplitudes of the LM’s for a given
EAM depend on the bias point, , the local oscillator power,

, and the -parameter. Moreover, a variation of will fur-
ther affect to: a) the contrast ratio of the output signal, and b) the

-parameter [13], [14]. The output of the OSMS is now mod-
ulated by the RF filter input signal employing a MZ-EOM bi-
ased for linear operation and its output impinges the CFG (dis-
persive medium) prior to photodetection. The variation of the
modulation sideband amplitudes of the EAM ( ,
V, dBm, ), obtained by simulation, as a
function of the biasing voltage is depicted in Fig. 5. The inset
shows the dependence of the insertion loss on the reverse bias
voltage of an EAM with such parameters, following (5). The
point in which the insertion loss equals has also been
remarked. The photonic microwave filter responses generated
by the EAM outputs plotted in Fig. 5 are shown in Fig. 6. From
Figs. 5 and 6 it may be observed that higher reverse bias voltages
produce narrower 3 dB filter bandwidths and sharper filter re-
sponses. Moreover, in Fig. 6 it can be seen that, in general, the
filter response contrast ratio (peak-to-valley ratio) increases for
higher reverse bias voltage, even though a change is this trend
is observed for bias voltage higher than V. It should
be noticed that by varying the EAM bias point the-parameter

would change in a realistic device. In this section, we have as-
sumed that it remains constant to isolate the influence of the re-
verse bias variation on the filter response. Experimental results
obtained for a realistic -parameter variation with reverse bias
voltage are presented later in Section IV.

In Fig. 7, the relative optical field amplitudes of the first
ten harmonics at the output of the EAM ( , V,

dBm, V) against the -parameter are
shown and their corresponding filter responses are depicted in
Fig. 8. From the results of Figs. 7 and 8 it may be deduced that
for higher -parameters narrower filter bandwidths and sharper
filter responses are achieved. As in Figs. 5 and 6, the trend of the
contrast ratio also changes for higher bias voltages, as depicted
in Fig. 8.

For a microwave filter synthesis purpose it is important to es-
tablish the relationships among the parameters of the desired
filter response (e.g., FSR,3-dB bandwidth, selectivity, etc.)
and the physical parameters of the electrooptical structure (e.g.,

, , , etc.). It has been shown that the FSR is directly
related to the modulating frequency of the EAM, as described
in (4). However other parameters such as the filter finesse, de-
fined as = FSR/( 3-dB bandwidth), do not have closed ex-
pressions. In this case, the results have been obtained by means
of simulation and are depicted in Fig. 9. In this figure, the values
of the bias voltage and the EAM-parameter to achieve a given
filter finesse are shown. The use of the results depicted in Fig. 9
is twofold. First, by fixing a -parameter (dashed lines) the re-
verse bias voltage may be obtained for a certain filter finesse.
Secondly, by fixing a reverse bias voltage (solid lines) the-pa-
rameter may be found to achieve certain filter finesse. For ex-
ample, if a microwave filter with an FSR of 5 GHz and a finesse
of eight was specified, for a CFG dispersion slope of 910 ps/nm
and a wavelength of 1550 nm, (4) gives a modulating frequency

GHz. Next, Fig. 9 provides the possible values of
the chirp and the bias voltage of the EAM: and
V or and V. Anyone of these two pairs of pa-
rameters may be used.

IV. PRACTICAL REALIZATIONS

In the previous section we have addressed theoretically the
synthesis of photonic microwave filters employing EAM’s.
For the sake of comparison, experimental results are provided
for two OSMS: one using a dual-electrode MZ-EOM and that
based on an EAM. Fig. 10 shows the measured electooptical re-
sponses of both modulators used in the experiments: a 20-GHz

3-dB bandwidth dual-drive MZ-EOM (left) and a 14-GHz
3-dB bandwidth EAM. It is important to notice that the

inevitable ripple in the electrooptical response of the modulator
will induce undesired ripple in the synthesized filter responses.
In both cases, we have measured the electrical transfer function
of the filter employing a lightwave component analyzer. A 4 nm
wide/40-cm-long CFG with a group delay slope of nearly 900
ps/nm was used. For the MZ-EOM-based source, a LO tone of
20 GHz with a power of 20 dBm was used in this experiment.
The measured filter response employing the dual-electrode
MZ-EOM and the CFG is shown in Fig. 11 (solid lines). In this
case, the MZ-EOM was biased at the minimum transmission
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Fig. 12. EAM insertion loss as a function of the reverse bias voltage for TE and TM polarization states of the input light. The inset shows the measured EAM
�-parameter versus the reverse bias voltage.

Fig. 13. Filter response employing a tunable laser and an EAM as multimode
optical source. The modulating frequency of the EAM was 16 GHz and its
reverse bias voltage was 3 V. The solid line is the measurement and the dashed
line is the simulation.

point and modulated with a RF tone of 20 GHz. This filter
response includes the effects of the roll-off of the MZ-EOM and
the photoreceiver as well as the power penalty envelope due to
the dispersion of the CFG. Theoretical results are also depicted
in Fig. 11 (dashed line) and a very good agreement with the
measurements is observed. Moreover, theoretical results of the
transversal filter response assuming an ideal SSB modulation
of the RF input signal are also shown in Fig. 11 (dashed–dotted
line). The low selectivity and high adjacent lobes of the filter

Fig. 14. (a) Measurements of the optical spectra at the EAM output for
different reverse bias voltages. (b) Frequency response of the filter for different
reverse bias voltages.

response shown in Fig. 11 is due to the contribution of only
three relevant frequency modes.

In the second type of practical microwave filter implementa-
tions an EAM-based OSMS was used. Fig. 12 depicts the mea-
sured insertion loss versus reverse bias voltage response of the
EAM, both for TE and TM input optical field polarizations. Also
the variation of -parameter with the reverse bias is shown in
the inset ( nm, TM polarization), measured using the
method proposed in [14]. The simulated (dashed line) and ex-
perimental (solid line) filter responses are depicted in Fig. 13,
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Fig. 15. Effects of the EAM modulating frequency on the FSR of the filter response. Solid lines correspond to the measured filter responses when modulating
frequency tones of (a) 8 GHz (FSR = 18 GHz) and (b) 16 GHz (FSR = 9 GHz) are employed. Dashed lines correspond to the simulated filter responses.

showing a very good agreement between them. To obtain these
results, the EAM was driven by a20 dBm/16 GHz frequency
tone leading to a filter response centered at nearly 9 GHz with a

3-dB bandwidth of 2 GHz. The EAM reverse bias voltage was
set at 3 V. The DFB laser output power was3 dBm. In Fig. 11,
it can be seen that the rejection ratio (peak-to-valley ratio) out-
side the passband of the filter is nearly 30 dB. This figure shows
a very good performance of these filters when compared with
to other techniques [2], mainly due to the correlation of the
modulation sidebands produced by the EAM-based OSMS. TM
input light polarization was chosen to minimize optical insertion
losses.

To demonstrate the impact of the spectral envelope of the op-
tical modulation sidebands generated by the EAM on the filter
response, the EAM reverse bias voltage was varied. Fig. 14(a)
depicts the measured optical spectra at the output of the EAM
for different reverse bias voltages, and the corresponding filter
responses are depicted in Fig. 14(b). In Fig. 14, it may be ob-
served that a higher frequency selectivity may be obtained by
adjusting the EAM reverse bias voltage to broaden the enve-
lope of the optical spectrum generated by the EAM, which is
consistent with the classical theory of digital filter design [8].
However, the rejection ratio of the filter may be optimized by se-
lecting a certain EAM reverse bias voltage. Finally, for a filter
tuning purpose, the relationship between the frequency of the
modulating tone and the filter FSR was experimentally demon-
strated. Fig. 15 shows the measured filter responses when the
EAM is modulated by an 8 GHz frequency tone [Fig. 13(a)]
and a 16 GHz frequency tone [Fig. 15(b)] with a RF power of

20 dBm in both cases. The obtained FSR were nearly 18 GHz
and 9 GHz, respectively. These values are in good agreement
with the predicted theoretical ones deduced from (4), 17.8 and
8.7 GHz, respectively. The EAM reverse bias voltage was set to
4 V and the output power of the DFB was3 dBm. In Fig. 15,

it can be seen that the agreement between the theoretical ap-
proach and the experimental results is quite good. However, in
Fig. 15(a) higher discrepancies may be observed for frequen-
cies above 8 GHz. This is due to the high EAM-induced optical
insertion losses (>25 dB, for V), the 14 GHz electrical
bandwith of the modulator and to the carrier suppression effect
which appears as non-SSB modulation of the RF signal is em-
ployed. Also the value of employed in (2), which does not
correspond exactly with that of the CFG, may affect these dif-
ferences. It should be pointed out that the EAM optical inser-
tion loss increases as it does the reverse bias voltage. This im-
plies that the optical power impinging the photodiode (PD) de-
creases, as shown by the optical spectra depicted in Fig. 14(a)
which implies in turn that the signal-to-noise ratio (SNR) is re-
duced, if received input power-dependent noise contributions
are not dominant. This must be taken into account in the filter
design, but is out of the scope of this paper. In addition, the de-
sign technique presented in [15] allows customizing the chirp
feature of the EAM independently of the extinction ratio, which
implies that it is possible to achieve high negative-parame-
ters with lower optical insertion loss. The insets of Fig. 15 show
the corresponding measured optical spectra. The results shown
in Figs . 13–15 demonstrate that the photonic-microwave filter
responses may be readily reconfigured by adjusting the EAM
reverse bias voltage and the separation of the optical modes gen-
erated at its output.

V. CONCLUSION

It is proposed and experimentally demonstrated a compact
photonic microwave filter structure employing an optical source
with modulation sidebands and a wide-band CFG. The tuning
feature of the filter must be accomplished by controlling the fre-
quency spacing between modulation sidebands in the OSMS or
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by varying the group delay slope in the CFG. Experimental re-
sults using a dual-electrode MZ-EOM and an EAM as OSMS
have been presented. The EAM-based structure provides better
filter performance than that employing the MZ-EOM with re-
gard to sidelobe suppression ratio due to its intrinsic higher non-
linearity as well as it provides more flexibility and a readily re-
configurable filter architecture.

It has been theoretically and experimentally shown that an
EAM could be employed as an efficient OSMS for imple-
menting photonic microwave filters. The filter response shape
and contrast ratio could be suited by varying the parameters of
the modulator ( , , and ), while the filter FSR is determined
by the frequency of the electrical signal impinging the EAM or
the group delay slope of the CFG. As recently shown in [15], it
is possible to customize the chirp characteristics of an EAM in-
dependently of the extinction ratio. This allows the fabrication
of an EAM suited to provide a desired photonic-microwave
filter response.
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