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Abstract: An optical microwave filter architecture which cdre continuously tuned is
proposed and demonstrated. The architecture islhmsa nematic liquid crystal spatial light
modulator in parallel configuration and has theeptial to control a large number of taps.

Proof-of concept experimental results are provided.
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1. INTRODUCTION

Since the early 80’s the study of photonic microgvéilters has attracted the interest
of many research groups [1] due to its advantagels as large time-bandwidth products, low
weight, immunity to electromagnetic interferencel aaspecially, tuning and reconfiguration
capabilities not shown by traditional microwaveeiilimplementations. The research has been
focused on the implementation of high performanterfresponses [2-4], techniques to
obtain positive and negative taps [5-6] as well amshitectures showing tunable and

reconfigurable microwave optical filters [7-8].



To obtain high-Q filter responses a large numbertagfs is needed. Many filter
architectures use as many optical carriers ag tiffies to avoid coherent interference. Since
using independent sources practically limits thenber of taps, the use of multiwavelength
sources or the spectrum slicing of broadband seunes been proposed [9]. Using this kind
of sources, discrete tuning of the filter resporese be obtained but continuous tuning is more
difficult [1]. In this Letter, a photonic microwavéter which allows the continuous tuning of
the response using a spatial light modulator ippsed. Additionally, the architecture has the

potential to control a large number of taps.

2. PRINCIPLE OF OPERATION

The electrical frequency response of a transvéditsal can be expressed as
N .
H(fre) =Y ape  (WHIRET 1)
n=1
where, N is the number of taps, ia the amplitude of the n tapfthe electrical frequency
and T the basic delay between taps [1]. From (&t be deduced that a progressive phase
between elements leads to a frequency responske whith can be used to tune the RF
bandpass position and also to achieve negative taps
The proposed architecture is based on providingaagbhift at each sample by means
of a nematic liquid crystal spatial light modulaior parallel configuration PA-NLC SLM
[10]. The polarization component of light parallel the optical axis of the PA-NLC SLM
experiences a different refraction index dependinghe applied voltage. On the other side,
the polarization component of light perpendiculartiie optical axis undergoes a constant
refraction index. Therefore, if the optical carrisraligned with one axis and the sideband

with the other one, the phase of the RF signalbmanontinuously controlled. Moreover, this
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feature can be used to control the amplitude ofirlsglent signal [11-12]. This amplitude
control provided by the PA-NLC SLM can be used thiave continuous tuning in some
architectures [13].

Due to the pixelated PA-NLC SLM structure a cormgpence between each pixel of
the PA-NLC SLM and each tap can be achieved allgwire control of filters with large
number of samples.

A differential group delay module (DGD), which prdes group delay between two
linear orthogonal polarization states, can be ueettoss-polarize the optical carrier and its
sideband. It can be explained mathematically inftlewing way: if light is launched to a
birefringent material, the optical phase of therbeat the output of the device depends on

wavelength,

p=2e=To), @

Therefore, the phase shift between two wavelengplaged a certain frequendy:]
when they are travelling through a birefringent eniad is given by
Ag = 2rfre DGD, (3)
where DGD is the differential group delay introddidey birefringence. Depending on the
wavelength of the incident beam the birefringenttenial provides different polarization
states at the output. Taking into account (2) &edfact that this device can be represented by

the Jones formalism as

1 0
M=(O eiq,,j, @

it can be deduced that in order to obtain lineéinagonal polarizations between the optical
carrier o) and the sidebandytfre), i.e. to obtain a phase shift equalntothe polarization

state of the amplitude modulated optical carries tabe linear at 45° with the material axis
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and the DGD needed is 1f§2). From (3) it can be seen that the phase shifeigged by the
DGD is proportional to frequency. Therefore, atrewaultiples of the design frequency, the
optical carrier and its sideband are parallel d&fiiter response reminds unchanged around
this frequency.

A polarizer at 45° has to be placed after the PAGNELM in order to combine the
carrier and the sideband in the same state ofipataom since two orthogonal signals do not
beat at the photodiode.

The range of phase control of the electrical sigrps) is the same provided by the
PA-NLC SLM if single sideband amplitude modulati(8SB) is used (i.e. a PA-NLC SLM
with a phase control range ot provides microwave phase shifts up t9,3f dual sideband
is used instead of SSB the control of the microwageal phase is very limited.

Taking into account the state of polarization @& #ignal at the DGD output, the phase

shift as a function of frequency can be calculdtgdneans of the Jones formalism as

- 2EJEYSn (9P - p2)sin (8)2 + [ EJEZSN (92 - p gy ) + EXEZSn (8° - p qu ) BN (25)).
2EXELCos (B)% + 2EJEJCos (92 - pP)Sin (B)% + (EJEZCos (92 - pqm ) + ELEJCos (02 -9 au ) pn (28)

[} ge = arctan

(5)

where, qoSDC and ¢g )y are the phase introduced by the DGD and the PA-ISL® to the

carrier and its sideband, respectivel:}ré’g’; is the amplitude of the optical carrier and the

sideband; anf is the polarizer angle.
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Fig. 1.- Block diagram of the filter proposed basea PA-NLC SLM.

The block diagram of the filter architecture is w#gd in Figure 1. Firstly, a
multiwavelength laser (MWL) is amplitude modulatesing a dual-drive MZM to generate
SSB modulation [14]. Secondly, the signals are ¢aed to a DGD module, which cross-
polarizes the optical carriers and the sideban@st,Nhey are demultiplexed using a demux
and are split in branches of different length idesrto achieve the progressive time delay
between taps. By means of fiber collimators, theieas and its sidebands are launched to
free-space where a PA-NLC SLM is used to contrel pfhase of each sample. Then, the
beams are coupled from free-space into single-nfibde and the amplitude of each channel
is controlled by a Variable Optical Attenuator (VDA inally the signals are photodetected.
Polarization controllers are used to provide theem state of polarization to the MZM, the
DGD, and the PA-NLC SLM.

After the PA-NLC SLM used for phase control, a setanodulator and a polarizer
could be used to control the amplitude of the @btgignal of each pixel (instead of the
VOAs), allowing the optical tapering of the amptles of the samples. Another option is the
use of a single spatial light modulator with theoadaility of phase and amplitude control
simultaneously (which are commercially available).

Using this technique, coarse discrete tuning offilter response can be achieved, by

varying the length of the branches, for instandagiprogrammable optical delay lines [15].
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Once a certain filter response is chosen by salgthie corresponding progressive time delay
between taps, it is possible to introduce dynaimnie €ontinuous tuning capabilities by means

of the PA-NLC SLM [16].

3. EXPERIMENTAL RESULTS

Several measurements were carried out to showethsbility of the architecture. The
experimental set-up is depicted in Figure 2. Thdtimavelength source was implemented
using four independent lasers (1550.92, 1550.129.82, and 1548.51 nm), a coupler and
four polarization controllers.

The signals were amplitude modulated using a DD-M@dM= 9 dB at QB) fed by the
signal generated by a RF vector network analyseixéd DGD module (IL = 2 dB) with a
differential group delay of 62.5 ps was used ineortth obtain linear orthogonal polarizations
between two wavelengths spaced 8 GHz correspondirtge optical frequency separation
between the optical carrier and the sideband {@.eprovide the filter tunability around 8
GHz). Next, the signals were amplified by an ErbiDoped Fiber Amplifier (EDFA) and an
optical demultiplexer (IL = 1 dB) was used to sgiie signals in four channels. Then, optical
delay lines (ODL) were introduced in each one of flour branches to generate the
progressive time delay between samples. After ti®lO(IL = 1.5 dB), polarization
controllers were placed to adjust the polarizatitate of the optical signals to the axis of the
PA-NLC SLM. To control the phase of the RF signal®A-NLC SLM (IL = 3 dB, including
collimation loss) and a polarizer were used. Thentewere collimated up to 11 cm by means
of a set of 4x4 collimators. To control the ampliguwof the optical signals a set of VOAs (IL =

1 dB) was included in the setup.
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Fig. 2.- Experimental setup using four optical mas.

In Figure 3, the filter tuning capability is demtnased. Several filter responses corresponding
to a progressive time delay equal to 250 ps arfdrdiiit progressive phase shifts between taps
(0°, 10°, 25°, 45° and 90°) are depicted. As caseba the amplitude response of the filter can

be tuned around 8 GHz as predicted by the theory.
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Fig. 3.- Comparison of the filter responses fofadd#nt values of phase shift: solid 0°, cross

10°, dashed 25°, dot-dashed 45°, dotted 90°.

Figure 4 shows a good agreement between the exgaiainresults and the theoretical

predictions for a phase shift equal to 10°.
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Fig. 4.- Filter response for a phase shift of T0fe dashed curve corresponds with

measurement and the solid one with theory.
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Fig. 5.- Filter response when the phase of thedingl third tap were 0° and 180° for the
second and fourth one. The dashed curve correspatiusneasurement and the solid one

with theory.

Finally, in order to show the feasibility of implemting negative taps, the filter response
was measured when the phase shift introduced bi?ABILC SLM was 0° for the first and
third tap and 180° for the second and fourth one. @orresponding to the amplitude
distribution of the taps [1 -1 1 -1]). The expermtad result agrees quite well with theory as

can be seen in Figure 5.

4. CONCLUSION

A microwave filter implemented optically and whasaplitude response can be continuously
tuned has been proposed. Tunability is achievethésns of a PA-NLC SLM. On the other

side, the technique has the potential to contfatge number of samples as well as providing
reconfiguration capability if spatial light modubas with amplitude and phase control are
used. Preliminary experimental results validating teasibility of the technique have been

provided.
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