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Abstract—This paper proposes a photonic microwave filter
based on wavelength-divison multiplexing (WDM) of multiple
optical carriers and dispersive media. Harmonic suppression
is obtained using nonuniform tap spacing to extend the filter
free spectral range by a Vernier effect. The experimental results
presented arein excellent agreement with theory.

Index Terms—Microwave photonics, nonuniform tap spacing,
photonic microwave filters, Vernier effect, wavelength-division
multiplexing (WDM).

I. INTRODUCTION

ICROWAVE photonics makes feasible the efficient

distribution of microwave/millimeter-wave signals for
advanced broad-band access networks as well asfor processing
such signals directly in the optical domain. Photonic filters
allow processing of radio frequency (RF) signals after op-
tical modulation, avoiding costly intermediate optoelectronic
conversions. Optical processing presents many advantages,
such as low and RF-independent loss, small size, immunity to
electromagnetic interference, as well as large time-bandwidth
products that are especialy interesting at higher modulating
frequencies where wide-band electrical processing is more
difficult [1]. Different architectures have been proposed using
avariety of fiber-optic devices such as highly dispersive fibers
[2], fiber Bragg gratings (FBGs) [3], [4], fiber-optic prisms
[5], arrayed- waveguide gratings (AWGS) [6], [7], or optical
switches [8]. Among them, architectures based on commercial
optical devices, multiple optical carriers (exploiting wave-
length-division multiplexing (WDM), and dispersive media are
especialy well suited to reduce the cost of photonic microwave
filters.

Photonic microwave transversal filters present periodic
power transfer functions with their passbands (harmonics)
equally spaced. The spectral range between two successive
passbands of the filter is called free spectral range (FSR),
which is a constant in conventional filters having uniform tap
spacing. The FSR depends on the time delay (A7) between
the filter taps (FSR = 1/Ar). To increase the filter operation
bandwidth and, moreover, to reduce harmonics produced by
nonlinear devices such as amplifiers or mixers, these unwanted
periodic passbands should be eliminated.
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In this paper, we present, as far as we know, the first pho-
tonic microwave filter with harmonic suppression to increase
thefilter rejection bandwidth. Harmonic suppression isobtained
by wavelength multiplexing of several optical carriers with a
nonuniform spacing and using a dispersive medium to extend
the filter FSR by a Vernier effect.

A. Principle of Operation

The proposed architecture is based on a set of optical carriers
and a dispersive medium, as shown in Fig. 1, to obtain a set
of time-delayed electrical taps and, therefore, a transversal
filter. The dispersive medium can be standard single-mode
fiber (SSMF), highly dispersive fiber, or chirped FBGs. Unlike
previous proposals, in the proposed architecture, there is not a
constant time delay between taps, i.e., anonuniform wavelength
spacing between optical carriers has been employed. Removing
this constraint and using an appropriate honuniform spacing
distribution, the spectral filter transfer function becomes the
product of two uniform-tap-spaced transversal filters (basic
filters), according to the Vernier effect (Fig. 2). By properly
choosing the frequency shift between the two basic filters, a
nonconstant FSR can be obtained, increasing the filter rejection
bandwidth.

To derive the time delay between taps, the product of two
filter responsesis calculated as follows:

|Hr (f)l = Ha (NI |Hp () @

where H4(f) and Hg(f) are the RF filter responses of the fil -
ters with uniform tap spacing.

The filter amplitude transfer function for an equally spaced
N-tap transversal filter using a conventional optical amplitude
modulation and assuming an optimum polarization adjustment
isgiven by [3]

e (1) = cos (217

N
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where f isthe electrica frequency, 3 is the dispersion param-
eter, I is the optical power of source &, and At is the time
delay between optical carriers due to the dispersive media. The
first term in (2) is the well-known dispersion-induced carrier
suppression effect due to propagation of the RF signal through
the dispersive medium, which degradesthefilter operation. This
effect can be compensated by employing single-sideband (SSB)
modul ation at the Mach—Zehnder modulator (MZM) [9]. In this
case, the filter amplitude response is

~
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Fig. 1. Schematic diagram for the harmonic suppressed photonic microwave filter based on nonuniform tap spacing.
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Fig. 2. Vernier principle: (a) spectral response of filter a; (b) spectral response of filter b; and (c) composed spectral filter response according to Vernier principle.

Combining the filter response of two filters with different
time delays, the total transfer function is obtained

N
|Hr (/)] = <Z HC—J’[Qﬂf(vi—l)ATa]>
=1
M
. <Z Pke_j[Qﬂ'f(k_l)ATb]> @

k=1

where N and M are the number of taps of the two basic filters.
After manipulation, it can be obtained that the absolute time
delay distribution of the filter tapsis

iA7, +kA7,], withi=0---N—1k=0---M—1 (5)

so that the number of taps in the nonuniformly spaced filter is
equal to NV - M. For instance, assuming two uniformly spaced
filters of threetaps (each M = N = 3), the absolute time delay
distribution of the filter taps yields

[0, AT, ATy, 2A7,, AT, + ATy, 2A7,, 2A7T,
+AT,, A1, + 2A7,, 2A7, + 2A7,]. (6)

From (6), the relative time delay between adjacent taps can
be obtained as

[ATa, AT, — ATy, 2A71, — ATy, AT,
— ATy, ATy, — AT, 2A7, — A7y, AT, — ATy, A (7)

Therelative time delay between optical carriersin dispersive
mediais given by

A7 =Dy - AN (8)

where Dt corresponds to the total dispersion (in picoseconds
per nanometer), and A\ isthe wavelength spacing (in nanome-
ters) between optical carriers. From (7), it can be seen that a
nonuniform spacing between optical carriers results in nonuni-
form time delays between taps.

The synthesis of photonic microwave filters with harmonic
suppression involves severa steps. Once the central frequency
for the desired filter passband is fixed, the time delay (Ar, and
AT, ) between taps for the two uniformly spaced filters are cal-
culated. In a second step, to increase the filter rejection band-
width, a frequency shift (A f) has to be added between the two
basic filter responses. Due to the cumulative effect of this fre-
guency shift, the spectral response repetitions spaced multiples
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Fig. 3. Spectral filter response simulations which show the rejection
bandwidth increase using Vernier principle: (a) spectral response for filter (a)
with constant wavelength spacing (A7, = 499.1 ps); (b) spectral response for
filter b) with constant wavelength spacing (An, = 416.6 ps); and (c) spectral
filter response with increased rejection bandwidth obtained using nonuniform
tap spacing.

of FSRs from the first passband do not exactly match, being
eliminated from the nonuniform-tap-spaced filter response and
therefore increasing the rejection bandwidth.

As an example, Fig. 3 shows spectral response simulations
obtained using the nonuniform tap spacing given by (7),
assuming the same amplitude for all filter taps (rectangular
window), 25 km of SSMF with D = 16.5 ps/( nm - km) as
dispersive mediumand AX, = 1.21 nm(i.e.,, A7, = 499.1 ps)
and AA\, = 1.01 nm (i.e, An, = 416.6 ps). Fig. 3(a) and
(b) depicts the spectral response for both basic three-tap filters
(AX; = 121 nm and A), = 1.01 nm, respectively), and
Fig. 3(c) shows the spectral response of the nonuniformly
spaced tap filter using (7). It can be seen from Fig. 3 that the
product of the two basic responses is obtained.

The rejection bandwidth can be estimated as

BWrejection = (€ - 1) ISR + € : Af (9)

where £ isthe number of FSR multiples needed for equaling the
cumulative frequency shift to FSR

(FSR — BXY) 10
(=g (10)
where BW is the filter —1 dB bandwidth, and Af is the
frequency shift between the filter responses of both basic
filters. In the simulation results of Fig. 3, the rejection band-
width is 7.66 GHz. The rejection bandwidth estimation of
(9) is 7.6 GHz. At first approach, A f should be equal to the
maximum BW _; 4 of both basic filter responses (since they
present different FSRs, their BW _; 45 are dlightly different).
Thisfrequency shift hasto beiteratively optimized to maximize
the mainlobe-to-sidelobe level, since there are many degrees of
freedom in the design of the filter.
Both the secondary sidel obelevel and therejection bandwidth
depend on the number of taps and the spectral shift between
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Fig. 4. Experimental setup for a ten-taps harmonic-suppressed photonic
microwavefilter using an ODL and a second photodiode to increase the number
of filter taps by reusing the optical carriers.

basic filter responses. Therefore, they can be improved by in-
creasing the number of taps. Moreover, the secondary sidelobe
level can be increased by windowing the time samples of the
impulse response with an appropriate window as known from
digital filter design theory [10], i.e., weighting the power level
of optical carriers.

This technique to increase the regjection bandwidth does
not require specific devices and therefore can be directly
implemented in photonic microwave filter architectures based
on tunable laser arrays[3]. On the other hand, although alarger
number of optical taps than conventional uniformly spaced
filters are needed with this technique, this problem can be
partially solved by using efficient techniques to increase the
number of tapsin WDM-based filters [11].

Tuning of the nonuniformly spaced tap filter response can be
implemented by changing the total dispersion (D) of the dis-
persive medium [8] or, in filter architectures based on tunable
optical sources|[3], by recal culating the wavelength spacing be-
tween taps.

II. EXPERIMENTAL RESULTS

To demonstrate the feasibility of the proposed architecture,
experimental results are provided. The experimental setupisde-
picted in Fig. 4. The WDM nonuniform source has been imple-
mented using four narrow-tuning distributed feedback (DFB)
lasers and one wide-tuning external-cavity laser (ECL), whose
output signals were combined using a standard fiber-optic cou-
pler. The specific wavelengths of the optical carrierswere A; =
1550.77 nm, A» = 1550.47 nm, A3 = 1549.72 nm, \, =
1549.52 nm, and A5 = 1548.53 nm. A dual-drive MZM was
employed as the external modulator. To avoid the carrier sup-
pression effect, SSB modulation was used instead of amplitude
modulation, as stated in Section I1. An erbium-doped fiber am-
plifier (EDFA) was used to compensate for optical losses. A
25-km SSMF coil with D = 16.5 ps/(nm - km) was used as
the dispersive medium, which correspondsto the product of two
basic filters of FSR, = 2.5 GHz and F'SR;, = 2 GHz. Two RF
amplifiers were used to boost the RF signal from/to a vector
network analyzer used to measure the filter response. In order
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Fig. 5. Measured nonuniform-tap-spaced filter spectral response. Solid line
corresponds to experimental results, and dotted line corresponds to simulation.
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Fig. 6. Measured uniform-tap-spaced filter spectral response. Solid line
corresponds to experimental results, and dotted line corresponds to simulation.

to increase the number of taps, the technique described in [11]
has been used. According to thistechnique, asecond photodiode
has been introduced to the architecture schemeto obtain ten taps
using only five optical sources. An optical delay line (ODL) be-
tween the two photodiodes alows the reuse of the optical car-
riers, and therefore, the number of tapsis increased. The abso-
lute propagation time delay is selected dightly higher than the
total dispersion-induced time delay introduced by the five op-
tical taps, and therefore, ten optical taps (instead of nine) can be
obtained. In this way, the experimental time delay distribution
is not the one shown in (7) but a rearranged one with an extra
tap, as given by

[ATo, ATy, — ATy, 2A7, — ATy, ATy — ATy, ATy,

ATy, Ay — ATy, 2A7, — ATy, AT, — A (11)

The measured spectral response of the harmonic-suppressed
filter over the range of 2-12 GHz obtained with the time-delay
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distribution of (11) is depicted in Fig. 5. The electrical band-
width is limited by the available power combiner used to add
signals coming from both photodiodes. However, practica
wide-band power combiners to higher frequencies are com-
mercially available. The spectral response shown in Fig. 5
has a rejection bandwidth of around 5 GHz with a mainlobe
a 2 GHz in contrast to previously reported uniformly spaced
tap photonic transversal filters showing constant FSR. Fig. 5
shows that the mainlobe-to-sidelobe level has been dightly
reduced as compared with conventional uniformly spaced tap
filter. Fig. 6 depicts the experimental spectral filter response
of a uniform-tap-spaced filter of ten taps that has also been
implemented by using the technique proposed in [11]. Figs. 5
and 6 show that the rejection bandwidth can be increased
from 2 GHz of uniformly spaced tap filters to 5 GHz using
nonuniform tap spacing.

I11. CONCLUSION

A new photonic microwave filter with harmonic suppres-
sion based on nonuniform tap spacing has been proposed.
Experimental results confirming the feasibility of the proposed
scheme have been presented, showing an excellent agreement
with theory. Thisnew functionality can bedirectly implemented
in several photonic microwave filter architectures, increasing
the flexibility of photonic microwave filters based on WDM
signals and dispersive media.
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