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Abstract: We propose and experimentally demonstrate new architectures to
realize multi-tap microwave photonic filters, based on the generation of a
single or multiple dynamic Brillouin gratings in polarization maintaining
fibers. The spectral range and selectivity of the proposed periodic filters is
extensively tunable, simply by reconfiguring the positions and the number
of dynamic gratings along the fiber respectively. In this paper, we present a
complete analysis of three different configurations comprising a microwave
photonic filter implementation: a simple notch-type Mach-Zehnder
approach with a single movable dynamic grating, a multi-tap performance
based on multiple dynamic gratings and finally a stationary grating
configuration based on the phase modulation of two counter-propagating
optical waves by a common pseudo-random bit sequence (PRBS).
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1. Introduction
The interface between microwave engineering and optical signal processing is designated as
Microwave Photonics (MWP) [1-2], an emergent area of research which enables the
generation, transport and processing of radio frequency (RF), microwave and millimeter-wave
signals directly in the optical domain [3-4]. One of the exciting motivations within the MWP
field is attributed to its potential application to implement wideband reconfigurable filters [4].
One architecture for MWP filters that is prevalent in the literature relies on discrete-time
processing [3-5]: delayed replicas of an optical wave, which is modulated by a microwave
signal, are weighed and summed to obtain a desired finite impulse response. Discrete time
processing is often restricted to an incoherent summation of intensities, due to phase
instabilities in optical paths, which would limit the attainable filter responses to those of
positive coefficients only. Variable optical delay elements are key components in MWP filter
implementations. Aiming at developing reliable MWP based filtering implementations, the
efficient design of broadband and tunable delay lines is of key importance [5]. Among the
wide diversity of optical delay line schemes that have been reported over the last decade [68], slow and fast light (SFL) has proved to be one potential approach to generate continuously
tunable signal delays. However, the maximum achievable time delay in all SFL systems is
essentially restricted by the delay-bandwidth product [9].
Recently, a novel method to generate long variable optical delays of broadband signals has
been proposed [10-11]. It makes use of stimulated Brillouin scattering (SBS) interaction
between two pumps that are co-polarized along one principal axis of a polarization
maintaining fiber (PMF) [12-14]. The interaction generates a so-called dynamic Brillouin
grating (DBG), which in turn could reflect incoming probe signals that are polarized along the
orthogonal principal axis. DBGs are essentially optical wave reflectors that can be created at
any preset position along the entire PMF. The phase of the reflected waveform is inherently
stable, since Brillouin reflections are phase conjugated [15]. Therefore, variable-position
DBGs are an attractive platform for the construction of MWP filters.
In this work, we demonstrate three different schemes for the realization of MWP filters
using DBGs. The location of the dynamic gratings along a PMF is controlled by proper
temporal coding on the pump waves. The first configuration is a simple notch-type MachZehnder (MZ) approach, whereby the delay imbalance between the two arms is tuned using
one movable grating along the PMF. A multi-tap performance is demonstrated in the second
configuration, where the combined reflections from multiple DBGs along a PMF are
employed. In both these approaches, local DBGs are introduced using pulsed pumps.
However, such gratings decay according to the finite acoustic lifetime [14] and must be
periodically refreshed. To overcome this limitation, a novel technique for the generation of
localized and stationary DBGs has been used in the third implementation of MWP filters. The
method relies on phase modulation of the two pump waves by a common, high-rate pseudorandom bit sequence (PRBS) [16].
2. Experimental setup and principle
A generic experimental layout of a DBG-based MWP filter is illustrated in Fig. 1. A
distributed-feedback laser diode (DFB-LD 1) is used to generate the two pump waves. The
laser source is split into distinct fiber channels. The power in the upper channel is boosted
using an erbium-doped fiber amplifier (EDFA) up to ~200 mW, polarized along the slow axis
of the PMF, and hereafter designated as Pump 1. Light in the other channel is modulated by
an electro-optic intensity modulator EOM1 driven by a microwave signal at the Brillouin shift
frequency vB (~11 GHz). The EOM1 is biased in order suppress the optical carrier. The upper
sideband is selected using a narrow-band fiber Bragg grating (FBG) and then amplified by a
second EDFA to ~200 mW to be used as Pump 2. This way the stability of the frequency
difference between the two pumps is automatically secured. The polarization of Pump 2 is
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also aligned along the slow axis before entering the opposite end of the fiber. The signal wave
source of a second DFB laser (DFB-LD 2) is modulated by an RF tone from the output port of
a vector network analyzer (VNA) using EOM2, amplified and polarized along the fast axis of
the PMF. According to the high birefringence of the PMF, the dynamic grating resonance
appears at 73 GHz above the frequency of Pump 2, hence the optical frequency of DFB-LD 2
has to be precisely placed at the center of the DBG using temperature and current controls.
The reflected signal is finally detected and measured by the input port of the VNA.
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Fig. 1. Experimental setup to realize MWP filters, using a single or multiple dynamic Brillouin
grating reflectors.

Three distinct filter configurations have been accomplished by successively implementing
different variations in the setup. In configuration nº 1 and nº 2, both Brillouin pump signals
are pulse shaped using the EOM3 and EOM4, as shown in Fig. 1(a). The relative time delay
between the two pumps is accurately set to place the DBG at any desired position along the
PMF. In configuration nº 1, a single grating is generated along the PMF, playing the role of a
simple reflector delaying the signal. Thus, a fixed delaying arm in the signal channel must be
added to build up the filter in a MZ configuration, as shown in Fig. 1 (b).
In configuration nº 2, multiple dynamic gratings are generated along the PMF and each
grating reflection is equivalent to an individual tap. So, the fixed arm used as a second tap is
no longer required. In addition, in this configuration the DFB-LD 1 is externally modulated
by the EOM5 (Fig. 1(c)) at an RF frequency of νRF, with its bias set to completely suppress the
carrier. This way, double dynamic gratings can be generated at a same position in fibers,
reflecting signal optical frequencies that are separated by 2νRF. This arrangement helps to
increase the bandwidth of the filters, as will be discussed later.
In configuration nº 3, the laser output is modulated through a phase modulator (PM)
driven by a common pseudo-random bit sequence (PRBS) generator as shown in Fig. 1(d),
and the building blocks of insets 1(a), 1(b) and 1(c) are removed for this implementation.
DBGs are generated at periodic discrete locations, in which the modulated pumps are
correlated. A path imbalance is added in Pump 1 arm (Fig. 1(e)), so that high-order
correlation peaks are obtained along the PMF [16]. The correlation peaks are scanned by
changing the clock rate of the PRBS generator [16].
The transfer function of a Finite Impulse Response (FIR) filter can be expressed as [5]
N −1

H (ω ) = ∑ ar e− jωr ∆T ,
r =0

where ar denotes coefficient of each filter tap that can be real or complex, ω the angular
frequency and ∆T the basic delay. The response period or free spectral range (FSR) is
inversely related to that elementary delay between adjacent filter contributions (FSR = 1/∆T).
Thus, the FSR tunability in a transversal filter implementation relies on dynamic control of
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∆T, and the reconfigurability can be also accomplished simply by increasing the number of
coefficients, hence the number of dynamic grating reflectors.
3. Experimental results
3.1 MWP filter configuration nº 1
The DBG is generated through interaction between two counter-propagating Brillouin pump
pulses. The acoustic wave builds up at the crossing point as long as the pulses physically
overlap and then gradually decays [12]. It means that the dynamic grating needs to be
periodically regenerated at the same position. The repetition rate of both Brillouin pumps is
adjusted at 5 ns, which is shorter than the acoustic lifetime (~10 ns) [12] to be sure that the
grating is refreshed before it vanishes. According to this repetition rate, the gratings are
periodically created along the fiber with a periodicity of 2.5 ns due to the crossing counterpropagative configuration. This periodicity is longer than the 2 ns transit time through the 40
cm PMF used in this configuration. It assures that only one dynamic grating is present along
the fiber. The spectral bandwidth of the DBG is determined by its physical length, and hence
by the pulse duration of the Brillouin pumps [11]. The pumps pulses were Gaussian shaped
with a full width at half maximum (FWHM) of 400 ps, corresponding to a DBG reflectivity
bandwidth that is far broader than 1 GHz. This figure is of importance since the bandwidth of
the grating acts as an actual limitation in terms of instantaneous bandwidth of the MWP filter.
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Fig. 2. (a) Basic filter layout and (b) frequency response of the two-tap filter implementation in
configuration nº1.

Figure 2(a) depicts the basic layout of the filter in configuration nº 1. The original RFmodulated signal from the fixed arm is combined with the reflected replica from the moveable
dynamic grating to generate a two-tap filter response. Changes to the DBG position modified
the relative delay ∆T between the two paths, and the FSR of the filter response. Since the
optical carrier and both sidebands are reflected by the same grating, the operating frequency
of the filter is limited to the half of the grating bandwidth, on the order of 500 MHz in this
case. A ~80 m-long optical fiber is introduced as a fixed delay in one branch of the layout to
compensate the fiber length of several optical components, such as EFDA, circulator and
couplers. The fixed path also provides a length imbalance of ~1 m between the two taps.
Figure 2(b) shows the measured notch-type frequency response of the filter obtained for
different grating position. The experimental filter responses (symbols) are in good agreement
with calculated estimations (solid lines). We attribute the small deviation observed at high
frequencies to the finite bandwidth of the dynamic grating, since the reference tap, i.e. the
fixed path, exhibits a constant frequency response. The relative delay between the fixed and
variable paths was changed from 4.2 ns to 6.8 ns, corresponding to continuous FSR variation
of up to 62%. The maximum delay variation is limited by the PMF length. The response can
be reconfigured with additional parallel taps, however such scaling is rather complicated. In
addition, both the bandwidth and central frequency of this filter configuration are restricted to
the order of 1 GHz.
3.2 MWP filter configuration nº 2
Configuration no. 2 is based on the generation of multiple dynamic gratings along the fiber.
Thus, the spectral response of the filter results from the combination of multiple reflections
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with different time delays, which is ideally equivalent to a multi-tap filter configuration with
identical and positive weights [3]. The number of taps comprising the filter is readily
reconfigurable by simply changing the number of dynamic grating reflectors generated in the
fiber. Due to the unique feature of phase conjugation in Brillouin scattering [15], all delayed
RF signals from different gratings remains in phase, resulting in no coherence restraints. To
enhance the RF baseband frequency response, and to demonstrate the high flexibility of the
configuration, Brillouin pumps were modulated to eventually consist of two different optical
frequencies separated by 2νRF (see Fig. 1(c) and Fig. 3(a)). This way the carrier wave of the
signal matches the resonance of one DBG, whereas one of its sidebands is in resonance with a
second DBG which is overlapping in position. While the filter bandwidth remains on the
order of 1 GHz, its central frequency is arbitrarily adjusted through νRF. The central frequency
is only restricted by the bandwidth of the modulators and driving equipment.
The relative frequencies of the Brillouin pumps and the modulated signal are shown in
Fig. 3(a), while a simplified layout of the filter architecture is illustrated in Fig. 3(b). The
frequency responses of different number of dynamic gratings (2, 3 and 4) created along 110
cm-long PMF are demonstrated in Figs. 3(c), 3(d) and 3(e), respectively. The power
reflectivity of the DBGs was on the order of −35 dB. Our filter thus works in low reflectance
regime, and hence the interfering contribution due to multiple reflections is negligible. In this
particular type of implementation, the Q factor only depends on the number of taps
comprising the filter and the grating reflectance has no impact on this quality factor [3]. For a
two-tap configuration, we could change the repetition rate of pump pulses from 4 ns to 6.6 ns,
corresponding to a 65% change of the FSR, while preserving the bandwidth. The length of the
PMF restricted the FSR variations of the higher-order filters: 17% for three DBGs, and
practically none for four. Birefringence uniformity along the PMF is critical to achieve equal
taps, since the signal frequency of maximum reflectivity varies with birefringence. We
believe that birefringence non-uniformity explains the mismatch between experimental results
and theoretical calculations, especially when the number of coefficients is increased.
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Fig. 3. (a) Optical frequencies location, (b) basic filer layout and (c)-(e) frequency response of
the two-tap, three-tap and four-tap MWP filter in configuration 2.

3.3 MWP filter configuration nº 3
Unlike the previous configurations, here the two Brillouin pumps are shaped to deliver
constant power, but their optical phases are externally modulated through an electro-optic
phase modulator driven by a PRBS generator. In this configuration, the stimulated Brillouin
scattering interaction between the two pumps is efficiently restricted to narrow regions where
their phases are steadily correlated. This way stationary DBGs are obtained, whose length
matches the spatial extent of a single modulation bit [16]. However, stationary gratings appear
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with a periodicity that equals half the PRBS word length, hence multiple gratings can be
implemented along a single PMF to realize multi-tap MWP filters, as shown in Fig. 4(a).
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Fig. 4. (a) Generation of stationary dynamic gratings using PRBS phase modulation. (b)
Spectral response of two-tap MWP filter.

In this experiment, a 2m-long PMF was used as a delaying medium and the modulation
frequency of PRBS was varied between 6 and 10 GHz with 127 bits word length, which is the
lowest available in our generator. Two correlation peaks could be created along the PMF with
a relative delay in the range of 12.7 – 21 0.1 ns. The FSR of the resulting MWP notch filter
ranged between 47 and 78 MHz, a variation of 66%, as shown in Fig. 4(b).
The DBGs obtained using this methods are stationary and do not require periodic
refreshing every τ. Therefore, the restriction of the relative delay to the order of τ is removed.
On the other hand, the continuous power of the pumps used in this technique is much lower
than the peak power of the pump pulses that were used before. Since the strength of the DBG
reflection scales quadratically with the pump power, the stationary DBGs tend to be
considerably weaker than pulsed ones.
4. Conclusions
We have designed and experimentally demonstrated three different configurations to realize
multi-tap MWP filters, based on dynamic Brillouin grating reflectors in polarization
maintaining fibers. The spectral responses of the proposed novel variety of filters can be
dynamically tuned and reconfigured, by simply changing the characteristics of single or
multiple DBG generations, showing a FSR variation larger than 60% in a two-tap filter. The
first configuration allows for any spectral range tunability, however the number of taps and
the central frequency could not be scaled. MWP filters based on configurations nº 2 and nº 3
were based on multiple grating reflectors successively created along the same fiber, and the
need of a reference tap with a fixed optical delay line could be eliminated. The filter FSR is
governed by the number of taps and the fiber length: large FSRs require short and precise
fiber lengths. In these configurations the birefringence uniformity along the fiber must be
carefully inspected for a consistent frequency response. Some stability issues were found
related to changes in the physical properties of the fiber. Yet, the fiber can be properly
isolated. In the second configuration, two distinct dynamic Brillouin gratings were localized
at the same position, so that the resonance frequency of one grating could match the incident
optical carrier and another could reflect one of the two modulation sidebands. This way we
could extend the central operation frequency of the filter beyond that of configuration nº 1.
Lastly, the correlation technique based on the external PRBS optical phase modulation
proposed in configuration nº 3 enables the generation of stationary DBGs. These alleviate the
need for periodic refreshing, help extend the range of attainable FSRs, and improve the
tunability and the scalability of the filter response.
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