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ABSTRACT

Photonic microwave filter has been a topic of interest for over two decades
because of the many advantageous features such as large time-bandwidth
product, wide tunability, high Q-factor, low loss, light weight, and immunity

to electromagnetic interference offered by photonics.

Theoretical and experimental studies of photonic microwave filters are
presented in this thesis. Three novel techniques to implement photonic
microwave filters with negative coefficients and complex coefficients are
proposed and experimentally demonstrated. In the first technique, the negative
coefficients are generated based on cross-polarization-modulation (XPolM) in
a semiconductor optical amplifier (SOA). In the second technique, negative
coefficients are generated based on phase modulation and phase modulation to
intensity modulation (PM-IM) conversion using linearly-chirped fiber Bragg
gratings (LCFBGs) with positive and negative dispersions. In the third
technique, a tunable photonic microwave filter with complex coefficients is
implemented using a wideband tunable optical RF phase shifter. A technique
to improve the dynamic range of a photonic microwave bandpass filter is also

investigated.
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ORGANIZATION OF THE THESIS

This thesis consists of six chapters. In Chapter 1, a brief introduction to the
general concepts of the transversal filters and typical structure of the photonic
microwave filters are presented, followed by a review of the recently proposed
approaches for the implementation of photonic microwave filters with
negative and complex coefficients. Then the major contributions of this
research are addressed. In Chapter 2, a photonic microwave bandpass filter
with negative coefficients based on XPolM in an SOA is proposed and
experimentally demonstrated. The impact of the SOA cross gain modulation
(XGM) on the performance of the microwave filter is also investigated. In
Chapter 3, a continuously tunable photonic microwave bandpass filter with
positive and negative coefficients using an optical phase modulator and
chirped FBGs is proposed and experimentally demonstrated. In Chapter 4, a
novel tunable microwave filter with complex coefficients using a wideband
tunable optical RF phase shifter that consists of two electro-optic intensity
modulators is proposed and experimentally demonstrated. In Chapter 5, a
technique to improve the dynamic range of the photonic microwave bandpass
filter is discussed and experimentally investigated. Finally, a conclusion is

drawn in Chapter 6 with recommendations for the future work.



Chapter 1

INTRODUCTION

Microwave signal processing in the optical domain has been a topic of interest
for over two decades, thanks to the advantageous features such as broad
bandwidth, low loss, light weight, and immunity to electromagnetic
interference, offered by optics. Among the many microwave signal processing
fuﬁctionalities, microwave filtering is of particular interest. Photonic
microwave filter is a system used to implement microwave filtering in the
optical domain, which can provide a large tunability and a high Q factor which
are usually difficult to realize through conventional electronic methods. In
addition, since the microwave signal is processed directly in the optical
domain without additional optical-electrical and electrical-optical conversions,
the photonic microwave filters are particularly suitable for applications such as
optically controlled phased-array antennas, radio-over-fiber (RoF) systems,
and other microwave-photonic links (MPLs). For these reasons, photonic

microwave filters have attracted considerable interest for a few years.

In this chapter, we will first introduce the general concepts of delay-line

transversal filters and the typical structure of photonic microwave filters. A



review on the recent approaches proposed to implementing photonic
microwave filters with negative and complex coefficients is then presented.
The major contributions and organization of this thesis will be addressed in

Sections 1.3 and 1.4.

1.1  General Concepts

1. 1. 1 Delay-line transversal filters

x(?)

()

Fig. 1.1. FIR filter structure

Finite impulse response (FIR) filters can be designed to have linear phase in

the whole frequency range, and are always stable with Bounded Input
Bounded Output (BIBO) [i-3]. As a result, the FIR filters are often highly

preferred for many applications. In this thesis, the effort is placed on the FIR



filters with bandpass functionality. Note that an FIR filter is also called a

transversal filter.

Fig. 1.1 shows the structure of a FIR filter of order N. The input signal x(¢) is
time-delayed using a delay line with N-1 taps, and each time-delayed
component is multiplied by a coefficient, and then all the time-delayed
components are added together. Mathematically, the output of the FIR filter in

the time domain is given by

N-1
y(6) = S b, x(t—kT) (1.1)
k=0

where N is the number of taps, b, is the coefficient of k-th tap, and T is the

time delay difference between two adjacent taps. The free spectral range (FSR)

of the filter is given by
1
FSR=— 1.2
T (1.2)

By applying the Fourier Transform to both side of Equation (1.1), the transfer

function of the filter can be obtained, which is given by

1
H(a)= Y be ™ (1.3)

k=0
As indicated in Equation (1.3), the filter response is determined by three

parameters: the number of taps N, the coefficients {bk}, and the time-delay



difference T. By properly choosing the values of these parameters, different

filter functionalities, low-pass, band-pass or high-pass, can be implemented.

Based on the signal processing theory [1-3], if the coefficients of a filter are all
positive, it can only function as a low-pass filter. In order to investigate the
relationship between the filter response and the values of the coefficients {b, },

we perform some simulations based on Equation (1.3). Fig. 1.2(a) shows the

frequency response of a four-tap filter with all-positive coefficients

b =41, 1, 1, 1;. The time delay difference is 125 ps. As can be seen, it is a
% y p

low-pass filter with a resonance peak at dc. For many applications, such as in
electronic counter measures (ECM) and electronic support measures (ESM)
systems, bandpass filters are highly desirable. In order to achieve bandpass
filtering, some of the coefficients have to be negative. Fig. 1.2(b) shows the

frequency response of a four-tap delay-line filter with both positive and
negative coefficients {b,} ={I,=1, 1,=1}. As can be seen, it is a bandpass

filter with a notch at dc. Therefore, the generation of negative coefficients is

essential to achieve bandpass filtering.



(gp) esuodsay Aousnbal4

(GHz)

Frequency

()

0
o) —

!
1
1
1
1
1
1
P e e
1
1
1
|
'
t
!
B e Dl
1
1
i
1
t
'
!
|

(gp) esuodsey Aousnbai

16 20

12

Frequency (GHz)

(b)

Fig. 1.2. Frequency response of a four-tap delay-line filter with a time delay

{1, 1,1, 1}, and (b)

difference of T = 125 ps, and coefficients of (a) {b,}

{1,-1, L,-1}.

{b}



Another important issue in designing a photonic microwave filter is the
tunability. For many applications, such as in scanning receivers and in
microwave test equipments [4], microwave filers with large tunability are
highly desirable. The tunability is usually achieved by adjusting the time delay

difference. Fig. 1.3 shows the simulated frequency response of a four-tap filter
with coefficients of {b,} ={1,—1, 1,~1}, and the time delay difference is T =
62.5 ps. The FSR of the filter shown in Fig. 1.3 is 16 GHz, which is different

from that in Fig. 1.2(b) with a time delay difference of T = 125 ps and an FSR

of 8 GHz.
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Fig. 1.3. Frequency response of a four-tap delay-line filter with a time delay

difference of 7'= 62.5 ps, and coefficients of {b,} ={1,—-1,1,~1}.



By comparing the filter responses in Fig. 1.2(b) and Fig. 1.3, we can see that
by changing the time delay difference from 125 ps to 62.5 ps, the central
frequency of the first mainlobe is shifted from 4 GHz to 8 GHz, and the
frequency of the second notch is shifted from 2 GHz to 4 GHz. This
characteristic enables us to tune the passband or stop-band frequency by

changing the time delay.

However, it is also shown in Fig. 1.3 that the change of the time delay would
lead to the change of the FSR, which results in the change of 3-dB bandwidth
as well as the entire shape of the filter frequency response. For many
applications, it is highly desirable that only the center frequency of the
passband or stop-band be changed while keeping the shape of the frequency
response unchanged. A solution to this problem is to use a microwave filter
with complex coefficients. Fig. 1.4 shows the frequency response of a two-tap
microwave filter with one positive and one complex coefficient. The
frequency response can be expressed as

H(@)=1+e /. .¢7 " (1.4)
where e is the complex coefficient, and & is the phase shift of the
microwave signal, which is independent of the input microwave frequency. As
can be seen in Fig. 1.4, by changing the microwave phase shift § from O to

27 , the frequency response is also shifted, while keeping the entire shape and



the 3-dB bandwidth unchanged. This property is very important because we
can design a tunable microwave filter while maintaining the shape of an
optimized frequency response. The key to generating complex coefficients is

to achieve a microwave phase shift that is independent of the input microwave

frequency.

Normalized Frequency Response (dB)

0 4 8 12 16 20
Frequency (GHz)

Fig. 1.4. Frequency response of a two-tap microwave filter with one complex

coefficient: H(w)=1+¢? .7/  where 0 = 0,—7—;—,7[,222.



1. 1. 2 Photonic microwave transversal filters

Photonic microwave filters are photonic systems designed to implement
microwave filtering in the optical domain. Compared with the conventional
electronic microwave filters, the photonic microwave filters have many
advantages, such as high time bandwidth product, low loss, light weight, large
tunability, high Q factor, and immunity to electromagnetic interference (EMI)
[5-8]. In addition, since the microwave signals can be processed directly in the
optical domain without the need of extra O/E and E/O conversions, the
photonic microwave filters are of particular interest for applications such as

optically controlled phased-array antennas and radio-over-fiber (RoF) systems.

Fig. 1.5 shows the general structure of a photonic microwave filter. Basically,
a photonic microwave filter consists of an optical source, an electrooptic
modulator, a time-delay device and a photodetector. The optical source can be
a single narrowband laser source, an array of narrowband laser sources, or a
broadband source such as ASE (Amplified Spontaneous Emission) or SLED
(Superluminescent Light Emitting Diode) source. The continuous lightwave
from the optical source is modulated by the RF input signal directly, or
through an external electrooptic modulator, which can be an electrooptic

intensity modulator (EOIM) or an electrooptic phase modulator (EOPM). The



modulated light is then fed into a time-delay device, to introduce different time
delays with usually an identical time delay difference. The time delay device
can be optical couplers, Mach-Zehnder lattices, a fiber Bragg grating (FBG)
array, a chirped FBG, an Arrayed waveguide (AWG), a length of single mode
fiber or high dispersion fiber, or other dispersive devices. The time-delayed

signals are applied to the photodetector.
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Fig. 1.5. General structure of a photonic microwave filter.

Based on the relationship between the coherence time 7., of the optical

source and the unit time delay difference T of the filter, the photonic

10



microwave filters can be divided into two categories: “coherent” and
“incoherent”. The coherent time of an optical source is defined as

1

— 1.5
e (1.5)

T, oh =

C

where Av is the source linewidth in the absence of modulation. If 7., >> T,

the filter is said to be working under coherent regime, and it is possible to
achieve negative coefficients using coherent detection [9-10}. However, under
coherent regime, the filter transfer function is dependent on the optical phase
shifts of the optical carrier, which are extremely sensitive to the environment.
Therefore, coherent photonic microwave filters are difficult to be implemented
under practical conditions. In order to avoid the optical interference and
eliminate the influence of the environment, most reported photonic microwave
filters are operating in the incoherent regime, where 7., << T . In this case
only optical intensities are added at the photodetector, and results in positive

coefficients only.

The transfer function of the system shown in Fig. 1.5 can be expressed as

H(w) = NZ_:lbke”j‘d‘T (1.6)
k=0

which is the same as Equation (1.3). The FSR of the filter is determined by the

unit time delay difference 7, and the tap weight b, is proportional to the

11



optical intensity of the k-th optical path and cannot be negative. Based on the
analysis in Section 1.1.1, a filter with all-positive coefficients can only
function as a low-pass filter. This results in a severe limitation on the
functionalities of the photonic microwave filters, such as bandpass and
highpass, etc. In order to overcome this limitation, various approaches have
been proposed to generate negative and complex coefficients under incoherent
regime. In the next section, a review of recent approaches proposed to
implement photonic microwave filters with negative and complex coefficients

is presented.

1.2 Background review

In 1976, Wilner and Van den Heuvel were the first to propose [11] that optical
fibers are promising to be utilized for delay line signal processing, because the
optical fibers have very low loss, and can provide very high time-bandwidth
products for delay lines. Since the 1980’s, extensive work has been done to
implement photonic microwave filters with different configurations. In terms
of the structure of the time-delay device, the proposed approaches can be
divided into the following categories, which are based on optical couplers [12-
14], FBGs [15-23], AWG [24-25], Mach-Zehnder lattices {26], or a length of

dispersive fiber [27-28]. To avoid optical interference, most of the proposed

12



approaches are operated in the incoherent regime, leading to all-positive
coefficients and hence low-pass filtering only. In order to overcome this
limitation, considerable efforts have been taken to achieve negative
coefficients and consequently realize bandpass filtering in the incoherent

regime.

1.2.1 Photonic microwave filters with negative coefficients

One approach to achieve negative coefficients is using differential detection
[13] [29]. As shown in Fig. 1.6, the lightwave from the optical source is
modulated by the input RF signal, and time delayed through optical fiber delay
lines. The output signals from the fiber delay lines are fed to a differential
photodetector. The output of the two matched photodetectors are combined
and subtracted electrically, leading to the generation of a positive and a
negative coefficient corresponding to the upper or the lower photodetector,
respectively. In this approach, the negative coefficient was not achieved
directly in the optical domain, instead it was achieved in the electrical domain
based on differential photodetection, which increases the complexity of the

system.
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Fig. 1.6. Photonic microwave filter with negative coefficients using

differential detection

To generate negative coefficients directly in the optical domain without extra
O/E and E/O conversions, several techniques have been proposed. One
approach is using wavelength conversion based on cross-gain saturation
modulation in a semiconductor optical amplifier (SOA) [30}. As shown in Fig.

1.7, a tunable laser source operating at A, is modulated by the input RF signal,

and then split into two parts. One part goes through a length of optical fiber,
which introduces a time delay. The other part is combined with the output

continuous wave (CW) beam from a distributed feedback (DFB) laser
operating at a different wavelength 4,, and then fed into an SOA. Due to
cross-gain modulation in the SOA [31], the CW beam A, is also modulated by

the input RF signal, but with a z phase inversion compared with the RF signal

carried by A4,, leading to the generation of a negative coefficient. Using an
optical bandpass filter, 4, is filtered out and only A, can go through. Then,

the time-delayed RF signal carried by A, in the upper route and the 7 -phase-
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inverted RF signal carried by 4, in the lower route is combined and detected
by the photodetector. Thus, a two-tap photonic microwave bandpass filter with

one negative coefficient is implemented.

6 Time Delay
>3
(- A
Tunable Photo
Laser < Detector
A
A1 non inverted

DFB Laser ) SOA Filter ) RF
A A,CW Azinverted  output

Fig. 1.7. Photonic microwave filter with a negative coefficient based on cross

1

gain modulation in an SOA.

Another technique to generate a negative coefficient is based on injection-
locked Fabry-Perot (FP) laser diode and fiber Bragg gratings (FBGs) [32]. As
shown in Fig. 1.8, the output of a tunable laser source is modulated by the
input RF signal through an electrooptic intensity modulator, and divided into
two parts. One part goes through a length of fiber, and the other part is injected
into an FP laser diode. The FP laser is biased above its threshold. Due to the

cross-intensity modulation among the longitudinal modes of the FP laser
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diode, the intensity of the injection-locked longitudinal mode is modulated by
the injected modulating RF signal, while the intensity of the unlocked
longitudinal mode is inversely modulated by the modulating signal. As a
result, the injection-locked modes can act as positive taps, and the unlocked
modes can act as negative taps. Then, the output optical signal from the FP
laser diode is fed into a tunable FBG array, and different modes are reflected
by different FBGs, to introduce time delay difference between the taps. As
shown in Fig. 1.8, for the upper part of the configuration, the modulated
optical signal from the tunable laser source can provide an additional positive

tap by properly adjusting the fiber length.

Time Delay

Photo
Detector

!

RF
output

Tunable
Laser IM

Fig. 1.8. Photonic microwave filter with negative coefficients based on an

injection-locked FP laser diode and FBGs.
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Negative coefficients can also be generated by using the carrier depletion

effect in a DFB laser diode [33].

RF output

T DFB LD

Ay
Isolator Delay Fiber

RF input

Fig. 1.9. Photonic microwave filter with negative coefficients based on carrier

depletion effect in a DFB laser diode.

As shown in Fig. 1.9, the output optical signal from a tunable laser source
operating at wavelength A, is split into two parts. One part goes directly to the
FBG with central reflection wavelength of 4, and is reflected back. The other
part goes through a length of optical fiber and then injects into the DFB laser
diode, which is biased above threshold. Due to the carrier depletion effect in
the DFB laser diode [34], the modulation is transferred from the incoming
wavelength A, to the Bragg wavelength A4, of the DFB laser diode with a

reversed polarity. As a result, the RF modulating signal is carried by 4, with a

7 phase inversion, which can be directly utilized to generate a negative

coefficient in a photonic microwave filter. The optical signal at wavelength A,
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can pass through the FBG, and the residual light at A, is filtered out by the
FBG. By using an FBG array or a chirped FBG, discrete or continuous tuning
of the filter response can be achieved through tuning the wavelength of the

tunable laser source.

More recently, a new technique based on two electro-optic intensity
modulators (EOIM) biased at opposite transmission slopes was reported for
the implementation of photonic microwave bandpass filter with negative
coefficients [35]. The principle of the RF phase inversion in the proposed
approach is shown in Fig. 1.10. As can be seen, there are two linear

modulation regions in the sinusoidal transfer function of an EOIM, centered at
Vs and Vo . When the EOIM is biased at V¢, the input RF signal is

applied to the positive slope of the transfer function. If the output of the EOIM
is detected by a photodetector, the recovered RF signal will be in-phase with

the input RF modulating signal. On the contrary, if the EOIM is biased at
Vs » the negative slope of the transfer function is utilized. Consequently, the

recovered RF signal will be 7 out-of-phase with the input RF modulating

signal.
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Fig. 1.10. Phase inversion of the RF modulating signal by changing the bias

point of the EOIM.

This characteristic can be employed to implement photonic microwave
bandpass filter with negative coefficients, as shown in Fig. 1.11. The output
optical signals from two tunable laser sources operating at different

wavelengths are modulated by the same input RF signal through two EOIMs.
The EOIMs are biased at V¢ (negative tap) and V¢ (positive tap). The

output modulated optical signals from the EOIMs are combined and fed into a

dispersive device, which can be a length of optical fiber or a chirped FBG, to
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introduce a time delay difference between the two taps. Compared with other
techniques, the advantage of the proposed approach is that it is easy to extend
to a multi-tap photonic microwave filter with positive and negative
coefficients by simply adding more tunable laser sources to the upper or lower

part of the filter, corresponding to the positive or negative taps.

DC bias
control
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)
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] ox1 l
TLS 2 <—-_—> Coupler Y
PC2
T IM2 Output
DC bias
control

Fig. 1.11. Photonic microwave filter with negative coefficients based on two

EOIMs at different bias points.

Another approach for implementing a photonic microwave filter with negative
coefficients was proposed recently [36]. As shown in Fig. 1.12, the output
signal from a broadband ASE source (EDFA) is transmitted through a uniform
FBG. The transmission spectrum of the EDFA is carved by the transmission

spectrum of the FBG, which can act as the negative tap of the filter, as shown
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in Fig. 1.12. The positive tap is provided by the output of a tunable laser
source. The two optical signals are then combined and modulated by the input
RF signal. The drawback of this technique is that there is always a DC
component presenting in the frequency response. This is because the average
optical level is nonzero. This limitation can be overcome by using a DC

blocker in electrical domain.
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Fig. 1.12. Photonic microwave filter with negative coefficients based on

broadband ASE spectrum transmitted through an FBG.

Recently, a novel method to realize a photonic microwave bandpass filter with
negative coefficients using a phase modulator was proposed [37]. By
reflecting the phase modulated optical signals from linearly chirped FBGs
(LCFBGs) with positive or negative dispersions, phase modulation is
converted to intensity modulation, with recovered microwave signals having

positive and negative polarities.
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Fig. 1.13. RF phase inversion based on PM-IM conversion through opposite

dispersions.

The fundamental concept is shown in Fig. 1.13. If the phase modulated signal
is directly detected using a PD, the modulating signal cannot be recovered and
only a dc signal can be obtained because the beating between the carrier and
the upper sideband exactly cancels the beating between the carrier and the
lower sideband. However, if the modulated optical signal passes through a
dispersive device, the phase modulation can be converted to intensity
modulation. Moreover, for different signs of the dispersions, the recovered RF
signals will have a 7 phase inversion, which can be applied to implement
negative coefficients in a photonic microwave filter. The system configuration

of the filter is shown in Fig. 1.14.
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Fig. 1.14. System configuration of a photonic microwave filter with a negative
coefficient based on PM-IM conversion in two LCFBGs with opposite

dispersions.

Another novel and simple technique to implement photonic microwave filter
with negative coefficients based on PM-IM conversion was proposed in [38].
The negative coefficients are generated through PM-IM conversion by an
optical filter serving as a frequency discriminator. As shown in Fig. 1.15, the
optical carriers from two laser sources are phase modulated by the input RF
signal, and then fed into an optical filter. The carriers are tuned at the opposite
slopes of the optical transfer function of the optical filter. As a result, the
phase-modulated signals are converted to intensity-modulated signals, with 7
out of phase depending on the carrier position at positive or negative slope of

the optical filter.
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Fig. 1.15. Photonic microwave filter with negative coefficients based on PM-

IM conversion using an optical filter.

Recently, a new and simple photonic microwave bandpass filter with negative
coefficients based on polarization modulation in an electro-optic polarization
modulator (PolM) was proposed and demonstrated [39]. As shown in Fig. 1.16
[39], the output lightwave from a tunable laser source is sent to a PolM, which
is modulated by the input RF signal. Due to the polarization modulation at the
PolM, two out-of-phase RF signals carried by two optical carriers with
orthogonal polarizations are achieved at the output of the PolM. Then, the
optical microwave signals are fed into a section or two sections of polarization
maintaining fiber (PMF) to generate time delays. A photonic microwave
bandpass filter of two or four taps with negative coefficients was

experimentally demonstrated, as shown in Fig. 1.16.
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Fig. 1.16. Photonic microwave filter with negative coefficients based on

polarization modulator (PolM).

1.2.2 Photonic microwave filters with complex coefficients

As discussed in Section 1.1.2, the tunability of the filter is usually achieved by
adjusting the time delay difference. However, the change of the time delay
difference would lead to changes in the FSR, which results in the change of 3-
dB bandwidth as well as the entire shape of the filter frequency response. For
many applications, it is highly desirable that only the center frequency of the
passband or stop-band be changed while keeping the shape of the frequency
response unchanged. A solution to this problem is to use a photonic

microwave filter with complex coefficients.
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Two configurations have been recently reported [40] [41] for the
implementation of tunable microwave filters with complex coefficients. In
[40], the complex coefficient was generated in a system using three optical

attenuators and two microwave couplers.

Out

+

%O
coupler

180°
coupler

Fig. 1.17. Photonic microwave filter with complex coefficients using three

optical attenuators and two microwave couplers.

As shown in Fig. 1.17, the transfer function of the system can be written as

b

a . .
H(f)=—(™ 47Ty —
(f) 2( ) 2/

(/7T — 72T (1.7)

If we let a = cos(¢),b =sin(¢), the transfer function can be written as

H(f)=cosQx T +¢) (1.8)
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Therefore, by changing the values of a and b, the notch frequency of the filter
can be tuned, and the FSR and 3-dB bandwidth are maintained independent of
tuning. The frequency response of the filter when the notch frequency is tuned
is shown in Fig. 1.18. Since the values of a and b is changed by using optical
attenuators, the tuning range of a and b is from O to 1, which limits the RF
phase shift from O to 180° or a tunable range of a half FSR, as shown in Fig.

1.18. Moreover, the complex coefficient is generated in the electrical domain.

Frequency Response (dB)

}
3 4 5 6 7
Frequency(GHz)
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Fig. 1.18, Frequency response of photonic microwave filter with complex

coefficients. Solid: a=1, b =0; dotted: a =0, b = 1; dash-dot: a= b =0.71.
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To achieve complex coefficients directly in the optical domain, a tunable
photonic microwave filter based on a tunable optically induced RF phase shift
was proposed [41]. In the system, the complex coefficient was generated by
changing the phase of the RF signal, which was realized based on a combined
use of optical single-sideband modulation (SSB) and stimulated Brillouin

scattering (SBS). The experimental setup is shown in Fig. 1.19 [41].
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Fig. 1.19. Photonic microwave filter with complex coefficients based on SSB

and SBS.

In [41], to stimulate the SBS, a 20-km single mode fiber was used, which

makes the system bulky. To avoid using a long optical fiber, we propose a
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novel tunable photonic microwave filter with complex coefficients with a very

simple structure, which will be discussed in Chapter 4.

1.3 Major contributions of this research

1. A photonic microwave bandpass filter with negative coefficients based on
cross-polarization-modulation (XPolM) in a semiconductor optical amplifier
(SOA) is proposed and experimentally implemented. The impact of the SOA
cross gain modulation (XGM) on the performance of the microwave filter is

also investigated.

2. A continuously tunable photonic microwave bandpass filter with positive
and negative coefficients using an optical phase modulator and chirped FBGs
is proposed and experimentally demonstrated. The positive and negative
coefficients are generated through PM-IM conversion by reflecting the phase-
modulated optical carrier from LCFBGs with positive and negative
dispersions. The tunability of the filter is realized by changing the wavelength
of the optical carrier such that it is reflected at different physical locations in
the LCFBGs. A two-tap microwave bandpass filter with an FSR tunable from

1.14 to 4.55 GHz is experimentally demonstrated.
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3. A novel tunable microwave filter with complex coefficients using a
wideband tunable optical RF phase shifter that consists of two electro-optic
intensity modulators is proposed and experimentally demonstrated. By simply
adjusting the bias voltages applied to the two intensity modulators, the filter
response can be continuously tuned, and the 3-dB bandwidth and the shape of
the filter response can be maintained unchanged. A two-tap photonic
microwave filter with one tunable complex coefficient, with a wide and

continuous tuning range, is experimentally demonstrated.

4. A technique to improve the dynamic range of a photonic microwave
bandpass filter is proposed and experimentally investigated. The bandpass
filter is implemented based on PM-IM conversion using FBGs serving as
frequency discriminators. The dynamic range of the filter is increased by
reducing the optical-carrier-induced shot noise and relative intensity noise
(RIN) at the photodetector, which is realized by placing the optical carriers at
the locations closer to the bottoms of the FBG reflection spectra. An

improvement of dynamic range of about 10 dB is realized with this technique.
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Chapter 2
PHOTONIC MICROWAVE BANDPASS

FILTER BASED ON CROSS
POLARIZATION MODULATION IN A

SEMICONDUCTOR OPTICAL AMPLIFIER

In order to avoid optical interference in optical microwave filters, a low-
coherence light source is usually used. For many applications, such as in an
RoF system, the optical sources are telecom-type laser diodes with high
coherence. In [42], an approach was proposed to implement an optical fiber
delay line filter that is free of limitation imposed by optical coherence. In the
proposed filter, the time delay difference was introduced by passing the
modulated optical signal through a high birefringence (Hi-Bi) fiber, with the
two polarization modes traveling at different velocities along the fast and the
slow axes. Due to the orthogonality of the two polarization states, no optical
interference would be generated. However, the approach proposed in [42] can
only realize a microwave filter with all-positive coefficients. Recently, an
approach implementing an optical microwave filter with negative coefficients

based on cross polarization modulation (XPolM) in a highly nonlinear fiber
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(HNLF) was proposed [43]. In the system, an optical pump that was intensity-
modulated by a microwave signal was injected with a continuous wave (CW)
probe into the HNLF, in which the two orthogonal polarization modes of the
probe were polarization modulated by the pump, with two microwave signals
that were out of phase on the two polarization modes. After traveling in a Hi-
Bi fiber, the two polarization modes would experience different time delays.
At the output of a PD, the two out-of-phase microwave signals were obtained.
Therefore, a two-tap optical microwave filter with a negative coefficient was
realized. The use of a HNLF to implement XPolM has some limitations. First,
to introduce enough XPolM the HNLF should have a long length, which
makes the system bulky. Second, the polarization states in the long HNLF
would suffer from the environmental changes, which would affect the system
stability. Third, the effect of stimulated Brillouin scattering (SBS) in the
HNLF impose a limit on the input pump power level, thus limiting the XPolM

efficiency.

XPolM can also be generated in a semiconductor optical amplifier (SOA) [44]
[45]. Compared with the HNLF-based XPolM, the SOA-based XPoIM has the
advantages of simple configuration, small package, and ease of integration.

Another key advantage of the SOA-based XPoIM is that the system will not
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suffer from the effect of SBS, which is easy to take place in a HNLF. The SBS

power threshold of the HNLF is [51]

214,
Py = d (2.3)
gOLeﬂ'

where P,

s 18 the SBS threshold, Aeﬁ. is the effective area of the light mode,

8, 1s the peak value of the Lorentzian-shaped Brillouin gain spectrum, and

L, is the effective interaction length. The typical parameters of the HNLF are
[52]: A, =12 pm’, g,=58x10"" m/W. The calculated SBS power

threshold for 1.5-km HNLF is 4.6 dBm, which imposes an upper limit on the
input power level and limits the XPolM efficiency. Since the SBS effect does
not exist in an SOA, the input powers can be higher, to increase the XPolM

efficiency.

In this chapter, we demonstrate an all-optical microwave bandpass filter with
negative coefficients based on XPolM in an SOA, as shown in Fig. 2.1. In the
proposed configuration, the polarization of a continuous wave (CW) probe
from a laser diode (LD) is modulated in the SOA by a pump light that is
intensity modulated by a microwave signal. The cross-polarization modulated
probe at the output of the SOA has two orthogonal polarization modes. One
mode carries the inverted signal compared to the input pump signal, and the

other carries the non-inverted signal. Since the two microwave signals carried
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by the two polarization modes are out of phase, the inverted and the non-
inverted signals act as the positive and the negative coefficients of the filter. In
order to introduce a time delay difference, the probe is then fed to a length of
Hi-Bi fiber. The use of an SOA will introduce XGM, which is much stronger
than XPolM and makes the inverted signal much stronger than the non-
inverted signal, leading to a significant filter coefficient difference. For a
microwave filter with many taps, some of the coefficients may be much
smaller than the others, in order to have an optimized transfer function [46].
For a microwave filter with a few taps, we may want the delay signals to have
similar contributions to the filter response. Therefore, the suppression of the
XGM in the proposed filter is an issue that needs to be examined. We find that
by increasing the pump power, both the XGM and the XPolM become
stronger, but the efficiency of the XPolM increases faster than that of the
XGM. On the other hand, by increasing the probe power, the XGM can be
reduced. By optimizing the powers of the pump and the probe, the coefficient
difference can be minimized. However, in our experiment, the inverted signal
still has an amplitude that is about 4 times higher than that of the non-inverted
signal. To further reduce the coefficient difference, we propose to incorporate
a tunable polarizer after the Hi-Bi fiber in the system. The transmission axis of
the tunable polarizer is adjusted such that the non-inverted signal has a higher

projection on the transmission axis of the polarizer compared to the inverted
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signal. By tuning the angle of the transmission axis of the tunable polarizer,
the filter coefficients can also be tuned, therefore a photonic microwave filter
that is reconfigurable is implemented. The time-delayed signals after the
tunable polarizer are detected at a photodetector (PD). Since the microwave
signals carried by the two polarization modes are out of phase, a microwave

filter with one negative and one positive coefficient is achieved.

2.1 Principles

The schematic diagram of the proposed filter is shown in Fig. 2.1. A tunable

laser source is used to generate a CW probe at 4, . The microwave signal to be

processed is carried by a pump at a different wavelength 4, . The polarization
directions between the two beams are adjusted to be 45°. Originally, the
polarization state of the probe beam is along the y-axis, as shown in Fig. 2.1.
With the injection of the pump, additional birefringence is generated in the
SOA [44], which causes the transverse electric (TE) and transverse magnetic
(TM) modes of the probe to experience a different refractive index given by

[45], [47]

Nypp(n) = Npgo + FTEn(d;vTE J (2.1a)
n

35



Ny, (n)=Np, o+ FTMn(dZTM ) (2.1b)
n

where n is the carrier density, N, is the refractive index of the waveguide for

zero carrier density, T' is the confinement factor, and (dN/dn) is the

differential refractive index. The phase shift of the TM or TE modes of the

probe due to the injection of the pump light is given by

2L

dN
Prmre = _/1‘— (NTM/TE + FTM/]“Enp %)

N 2L e (n —n, ) AN e

4 dn

2.2)

where @,,, . is the phase shift of the TM or TE mode, L is the length of the
SOA, 4, is the wavelength of the probe light, n, is the value of the carrier
concentration for zero input power at the bias current used to define the peak

gain wavelength, and n, is the transparency carrier concentration. The phase

shift is different for the TE and TM modes of the probe because of the TE/TM
asymmetry in both the confinement factors and effective guide refractive

indices of the SOA [45].
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Fig. 2.1. Schematic diagram of the optical microwave bandpass filter with a

negative coefficient based on XPolM in SOA. BPF: bandpass filter.

As a consequence, the polarization of the probe beam is rotated [48]-[50], part
of the probe is projected to the x-axis. An increase in the intensity of the pump
leads to an increase in the intensity of the probe along the x-axis, which carries
the non-inverted signal of the pump. On the contrary, an increase in the
intensity of the pump leads to a decrease in the intensity of the probe along the
y-axis, which carries the inverted signal of the pump. Consequently, the non-
inverted signal appears along the x-axis, and the inverted signal appears along
the y-axis. A photodetection of the signals would generate two microwave

signals that are out of phase.



As can be seen in Fig. 2.1, a bandpass filter (BPF) with a center wavelength at

A, is incorporated to eliminate the pump signal after the XPolM. The two

polarization modes of the probe are then sent to a delay line to generate a time
delay difference. This is realized in the proposed system by using a Hi-Bi
fiber. Due to the birefringence of the Hi-Bi fiber, the two polarization modes
would travel along the fast and slow axes with different velocities, leading to a
time delay difference. In the filter design, the time delay difference can be
controlled by changing the length of the Hi-Bi fiber, which enables the filter to

have a required free spectral range (FSR).

In addition to the XPoIM in the SOA, the injection of a high-power pump
together with a probe would lead to the generation of XGM, which transfers
the signal carried by the pump to the probe with a reversed polarity. As a
result, the inverted signal is enhanced, while the non-inverted signal is

reduced, a significant difference of the filter coefficients is observed.
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Fig. 2.2. Numerical simulation of the frequency response corresponding to
different ratios of the positive and negative coefficients (solid: ratio = 1,

dotted: ratio = 2, and dash-dot: ratio = 4).

A numerical simulation of the frequency response corresponding to different
ratios of the positive and negative coefficients is shown in Fig. 2.2. It can be
seen that the filter is reconfigurable if the coefficient ratio is tunable. To have
large reconfigurability, we expect that the ratio has a large tunable range, for

example, from a large value down to 1.
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Fig. 2.3. Tuning the ratio between the inverted and non-inverted signals using

a tunable polarizer.

To make the ratio have a large adjustable range, we have to minimize the ratio
between the powers of the inverted and non-inverted microwave signals. The
ratio can be reduced if we increase the input powers of the pump and the
probe. We find that both the XGM and the XPolM become stronger when the
pump power is increased, but the efficiency of the XPolM is increased faster
than that of the XGM. As a result, the impact of the XGM can be reduced. In
the next section, we will show that when the input pump and the probe powers
are increased, the ratio can be reduced to close to 4. To further reduce the ratio,
we propose to use a tunable polarizer after the Hi-Bi fiber. As can be seen
from Fig. 2.3, after traveling along the two axes of the Hi-Bi fiber, the time-
delayed signals will be projected onto the transmission axis of the polarizer.

The tunable polarizer is adjusted in such a way that the transmission axis is
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closer to the non-inverted signal, which is weaker than the inverted signal.
Consequently, the projection of the non-inverted signal onto the transmission
axis can be equal to the projection of the inverted signal, and thus the ratio of
the two coefficients can be adjusted to 1. By tuning the transmission axis of
the tunable polarizer, the ratio of the coefficients can be controlled. Therefore,

a reconfigurable filter with tunable coefficients can be easily implemented.

2.2 Experiments and discussions

Experiments based on the configuration shown in Fig. 2.1 are performed. A
CW tunable laser source (TL1) with a typical linewidth of 150 kHz is
employed to generate the probe. The wavelength of the probe is set at 1548.85
nm. A second tunable laser source (TL2) is used to generate the pump. The
wavelength of the pump is set at 1552.82 nm, which is modulated by a
microwave signal from a Vector Network Analyzer (VNA) using a LiNbO3
electro-optic intensity modulator (EOM). A polarization controller (PC1) is
connected between TLS2 and the EOM to align the polarization direction of
the pump light with the principal axis of the EOM. The powers of the pump
and the probe are -2 and -3.3 dBm, respectively. Two other polarization
controllers, PC2 and PC3, are used to adjust the polarization directions of the

pump and probe. The polarization direction of the probe is adjusted to align
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with the y-axis, and that of the pump is adjusted to be at 45° with respect to the
probe. The SOA (JDS-U, CQF 872) used in the experiment has a peak small
signal gain of 26.9 dB (at 1532 nm) and a 3-dB saturation power of 10.1 dBm
at 300-mA driving current. In the experiment, the bias current of the SOA is
set at 300 mA. To eliminate the pump signal after the XPolM, a BPF with a 3-
dB bandwidth of 0.2 nm is connected after the SOA. The inclusion of the BPF
also helps suppress the amplified spontaneous emission (ASE) noise of the
SOA. A fourth polarization controller, PC4, is used to align the two
polarization modes of the probe with the slow and fast axes of the Hi-Bi fiber.
In the experiment, 42-m Hi-Bi fiber (Coring PM 1550, beating length = 3.75
mm) is used, which provides a time delay difference of 57 ps. The tunable
polarizer adjusts the powers of two time-delayed signals, which are then

detected by the PD.

We first investigate the generation of the two out-of-phase signals based on
XPoIM. A 10-GHz sinusoidal signal is applied to the EOM to modulate the
pump carrier. A tunable linear polarizer is connected after the BPF. By
adjusting the transmission axis of the tunable polarizer to align it with the
polarization direction of one of the two polarization modes, we can select one
of the two modes. The recovered microwave signal at the PD is then observed

on an oscilloscope (Agilent 86100C), as shown in Fig. 2.4.
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Fig. 2.4. Generation of out-of-phase microwave signals based on XPolM.
(a) The inverted microwave signal along the y-axis and (b) the non-inverted

microwave signal along the x-axis.
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As can be seen, the two microwave signals are out of phase, corresponding to
the inverted and non-inverted signals. This experiment confirms that the
microwave signal carried by the pump is transferred to the two orthogonal
polarization modes of the probe, with one being inverted and the other non-
inverted. The detection of the two out-of-phase microwave signals with a
proper time delay difference would realize a microwave bandpass filter with a

positive and a negative coefficient.
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Fig. 2.5. Measured static output power of the probe light versus the input
power of the pump light (-e-: y-axis probe power; - A -: overall probe power;

W X-axis probe power).
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We then investigate the XPolM and the XGM in the SOA, which is performed
by measuring the powers of the probe along the x- and y-axes at the output of
the BPF while increasing the power of the pump from -30 dBm to -2 dBm. In
the measurement, the input probe power is set at -5 dBm. The probe powers at
the output of the BPF along the x- and y-axes are measured using a tunable
linear polarizer and an optical power meter. When the input pump power is -30
dBm, it is too low to generate XPolM. Therefore, the probe polarization state
is not altered, and all the probe power emits along the y axis. By adjusting the
tunable polarizer to make its transmission axis parallel to the x axis, no probe
power would be measured. We then increase the pump power. Due to the
XPolM, the polarization direction of the probe beam is rotated, leading to the
increase of the probe power along the x axis. As can be seen from Fig. 2.5, the
power is increased from O to 76 uW. The change of the probe power along the
x axis, which is induced by the XPolM, is proportional to the change of the
pump power; therefore it carries the non-inverted signal of the pump. On the
other hand, to measure the probe power along the y axis, the polarizer is
adjusted to make its transmission axis parallel to the y axis, when the input
pump power is -30 dBm. The increase of the pump power leads to the decrease
of the probe power along the y axis; therefore it carries the inverted signal of
the pump. Again, as can be seen from Fig. 2.5, the power is reduced from 1390

uW to 820 uW, with a power difference of 570 uW, which is much larger than
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the non-inverted power change of 76 uW along the x axis. To measure the
power change due to the XGM, we remove the tunable polarizer. If there is no
XGM, although the probe powers along the x- and y-axes are increasing and
decreasing, they are exactly complementary, therefore no power changes to the
overall probe power would be caused by the XPoIM. So the change of the
probe power is only caused by the XGM. It can be seen from Fig. 2.5, the
probe power is reduced from 799 uW to 440 uW. Since the XGM would
equally affect the probe powers along the x- and y-axes, and the trend of the
power change due to the XGM is the same as the XPolM-induced inverted
signal along the y axis, the overall probe power decrease along the y axis is
further enhanced. On the contrary, the overall probe power increase along the

x-axis, say, the XPolM-induced non-inverted signal, is reduced.

The ratio between the two coefficients can be obtained by calculating the ratio

between the power differences along the y axis and the x axis.

R — an - R)inv - |Aan (2'4)
[)non—inv - 0non—inv| |Aan—inv

where AP, and AP

non—inv

are the power difference with respect to the initial

power level for the inverted signal along the y-axis and the non-inverted signal
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along the x-axis, respectively. From Fig. 2.5, AP, = 570 pw, AP =76

non—iny

uw, so the ratio of the two signals is equal to 7.5.

Due to the XGM, the ratio between the coefficients is large, so the impact of
the XGM should be suppressed as much as possible. In order to investigate the
relationship between the ratio of the coefficients and the power of the pump,
we fix the power of the probe at -6.29 dBm, and increase the power of the
pump beam from -10 to -2 dBm. Fig. 2.6 (solid line) shows the ratios of the
two coefficients under different level of pump power. It can be seen that the
ratio decreases from 39.7 to 9.1 when the pump power is increased. Obviously,
keeping the power of the pump at a relatively high level is an effective way to

reduce the impact of the XGM.

To study the impact of the probe power on the ratio, a similar experiment is
performed. This time, we fix the probe power at -3.3 dBm, while increasing
the pump power from -10 to -2 dBm. The experimental result is again shown
in Fig. 2.6 (dotted line). With the increase of the pump power, the ratio of the
coefficients decreases from 4.6 to 4. Compared with the previous experiment,
the ratio is decreased dramatically with the increase of the probe power.
Therefore, using a relatively high probe power is another way to reduce the

impact of the XGM. Theoretically, we can further increase the probe power to
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get a smaller coefficient ratio; however, to avoid damaging the SOA, the probe

power cannot be increased without limit.
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Fig. 2.6. The ratio between the two coefficients at different level of pump

power, with the probe power fixed at -6.29 dBm and -3.3 dBm, respectively.

To further reduce the ratio, we propose to incorporate a tunable linear polarizer
in the system after the Hi-Bi fiber. By properly adjusting the polarization axis
of the tunable polarizer, we get two out-of-phase microwave signals with

identical powers, as can be seen from Fig. 2.4.

Finally, we investigate the frequency response of the microwave filter. To do

so, the VNA is operated to sweep the modulating frequency from 45 MHz to
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20 GHz, while keeping the microwave power constant. The filter transfer
function when the coefficient ratio is 1 by adjusting the transmission axis of
the tunable polarizer is shown as the solid line in Fig. 2.7. As can be seen, the
filter is a bandpass filter with the first resonance peak located at 8.85 GHz.
The FSR is measured to be 17.6 GHz, corresponding to a time delay difference
of 57 ps. The notch rejection level is 33.6 dB. The dotted curve in Fig. 2.7
shows a frequency response corresponding to a coefficient ratio of 4. The

reconfigurability is demonstrated.

___ratio=1

Frequency Response (dB)

_3: s 1 H 1 i 1 L
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Frequency (GHz)

Fig. 2.7. Measured frequency response of the all-optical microwave bandpass
filter corresponding to different ratios of the positive and negative coefficients

(solid: ratio = 1, dotted: ratio = 4).
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One added advantage of the SOA-based XPolM over the HNLF-based XPolM
is that the gain of the SOA can compensate for the insertion loss of the system.
The over insertion loss of the system is about 20 dB, which is completely

compensated by the gain of the SOA, as can be seen from Fig. 2.7.

In the experiment, the time delay difference is introduced by a single section
of Hi-Bi fiber, therefore a two-tap filter is implemented. To implement the
filter with more taps, we may use a polarization beam splitter (PBS) to
separate the two polarization modes, and attenuate the stronger mode using an
optical attenuator. Then the single section of Hi-Bi fiber can be replaced by
two sections of Hi-Bi fiber, with the length of the second section twice that of
the first one, and the azimuth angle between the fast axis of the two sections is
adjusted be to 45°. Therefore, each polarization mode in the first section of Hi-
Bi fiber will be projected into two polarization modes in the second section.
As a result, a four tap microwave filter with two negative coefficients and two
positive coefficients can be obtained [38]. In the same way, more taps can be

achieved by using more sections of Hi-Bi fiber.
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2.3 Summary

We have proposed and demonstrated a novel all-optical microwave bandpass
filter with negative coefficients based on the XPoIlM in an SOA. A two-tap
microwave filter with one negative and one positive coefficient was
experimentally demonstrated. The key component in the filter was the SOA,
which was used to achieve the XPolM. To make the filter reconfigurable, we
incorporate a tunable polarizer in the system after the Hi-Bi fiber. By tuning
the polarization axis of the polarizer, the filter coefficients can be adjusted.
Compared with the approach using a long nonlinear fiber to achieve XPolM,
the filter here has a smaller size and has the potential for integration using
photonic integrated circuit technology. The experimental results showed that
the filter could operate stably at room temperature without suffering from the

optical interferences.
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Chapter 3

TUNABLE PHOTONIC MICROWAVE
BANDPASS FILTER BASED ON PHASE
MODULATOR AND LINEARLY CHIRPED

FIBER BRAGG GRATINGS

In Chapter 2, we have proposed and demonstrated a photonic microwave
bandpass filter with negative coefficients based on the XPoIM in an SOA.
Recently, it was demonstrated that the phase modulation to intensity
modulation conversion (PM-IM) would have a frequency response with a
notch at dc. The baseband resonance of a conventional photonic microwave
filter with all positive coefficients would be eliminated by the PM-IM notch
[53]-[54], leading to a bandpass-equivalent filter. Although the filters in [53]-
[54] are bandpass filters, they have all positive coefficients which lead to the
filter responses with a non-flat top and high sidelobes. To design a bandpass
filter with a frequency response that has a flat top and low sidelobes, true
bandpass filter with negative coefficients should be implemented. In [37], we
proposed a true bandpass filter. The negative coefficients were generated by

reflecting the phase-modulated optical carriers from linearly chirped fiber
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Bragg gratings (LCFBGs) with group-delay responses having positive or
negative slopes. The phase-modulated signals were converted to intensity-
modulated signals at the LCFBGs with phase inversion, leading to the

generation of negative coefficients.

On the other hand, it is highly desirable that the microwave filters be tunable.
Various configurations have been reported for the implementation of tunable
optical microwave filters [27] [55]-[59]. In general, the tunability can be
achieved by using variable optical delay lines [55] [56], by tuning optical
wavelengths combined with dispersive optical devices having fixed chromatic
dispersions [27] [57] [58], or by tuning chromatic dispersions combined with
fixed optical wavelengths [59]. The filters demonstrated in [27] [55]-[59] are
tunable microwave filters, but all with positive coefficients only, making them

function as lowpass filters.

In this chapter, we propose a novel photonic microwave bandpass filter with
negative coefficients that is tunable. In the proposed filter, the microwave
signal is modulated on an optical carrier using an optical phase modulator. The
positive and negative coefficients are generated through optical phase-
modulation to intensity-modulation (PM-IM) conversion by reflecting the

phase-modulated optical carrier from LCFBGs with group-delay responses
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having positive or negative slopes. The tunability is realized by changing the
wavelength of the optical carrier which is reflected at different physical
locations in the LCFBGs, leading to the generation of different time delays.
Therefore, the LCFBGs in the proposed filter have two functions, to generate

positive and negative coefficients and to make the filter tunable.

This chapter is organized as follows. In Section 3.1, the generation of positive
and negative coefficients based on PM-IM conversion using LCFBGs is
discussed; then a tunable microwave bandpass filter with positive and negative
coefficients implemented based on PM-IM conversion using LCFBGs is
proposed and analyzed. In Section 3.2, experimental implementation of a two-
tap tunable microwave bandpass filter using two LCFBGs is presented. A

conclusion is drawn in Section 3.3.
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3.1 Principles

3. 1. 1 Generation of positive and negative coefficients based on

PM-IM conversion using LCFBGs

The schematic diagram illustrating the generation of positive and negative

coefficients based on PM-IM conversion using LCFBGs is shown in Fig. 3.1.

’
@ RF, out |

T
LCFBG 1 !/ D>0

w

LCFBG 2 '
e e \\ D<0

@ RF, out2 @
N,

Fig. 3.1. Generation of positive and negative coefficients based on PM-IM
conversion using LCFBGs. LD: laser diode; EOPM: electro-optic phase

modulator; PD: photodetector.
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In the system, the electro-optic phase modulator (EOPM) is driven by a
microwave signal. Under small signal condition, the phase-modulated optical

field E(r) can be expressed as [60]

E(t)=Jy(m,V)cos(a,t)+J,(m,V)cos {((o{. +@ )t +ﬂ

—Jl(mpV)cos[(a)C — )t —%] 3.1

where J,(m,V) is the nth-order Bessel function of the first kind, m, is the

phase modulation index, V is the amplitude of microwave modulating signal,

a, is the angular frequency of the optical carrier, and @,, is the angular

frequency of the microwave modulating signal. It can be seen that the two
sidebands of the phase-modulated signal at the output of the EOPM are 7 out
of phase (point @ in Fig. 3.1). If this phase-modulated optical signal is
directly applied to a PD, the beating between the carrier and the upper
sideband will exactly cancel the beating between the carrier and the lower
sideband. Therefore, no microwave signal other than a dc can be obtained at
the output of the PD. However, as shown in Fig. 3.1, if the phase-modulated
optical signal passes through a LLCFBG, the chromatic dispersion of the

LCFBG will change the phase relationships of the carrier and the two

sidebands. The optical field at the output of the LCFBG is given by [61]
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E@)y=J,cos(wt+6,)+J, cos [(a)c + @, )+ 12[—+ é., ]- J,cos [(a)c -t —%+ 6?_,}

(3.2)
where 6,, 6,, and 8, are the phase shifts of the carrier, the upper sideband
and the lower sideband, respectively. The phase shift induced by the

dispersion of the LCFBG can be generally written as [61]

0=z8(w)+ z,b"(a)t.)(a)—a)c)+%~ B wo-w,) + (3.3)

where z is the travel distance, B is the propagation constant, ﬁ and ﬁ are
the first- and second-order derivatives of 3, respectively. Since the group

delay response of an LCFBG is linear, the third- or higher-order derivatives of

B can be ignored. Thus, the group delay can be written as [61]
do : .
H)=—— =2 @)+ (@) w-a) (3.4)

The group delay of the optical carrier is the first term of the right side of Eq.
(3.4), which is given by 7,=zf8 (@) . The chromatic dispersion of the
LCFBG is the first-order derivative of the group delay, which is given by
D=z (®,). Therefore, the phase shifts of the carrier, the upper sideband and

the lower sideband can be expressed as

0,=zf(w,), 8, =z8(w.)+1,0, +-;-Da)3,, 0., =z8(w)-1,m, +%Dwf, (3.5)

Obviously, the chromatic dispersion of the LCFBG will change the phase

relationships of the carrier and the two sidebands. Therefore, the two
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sidebands of the phase-modulated signal can be partially or totally in phase
after experiencing the chromatic dispersion. When the optical signal after the
dispersion is applied to the PD, the microwave modulating signal can thus be
recovered. As a result, the PM signal is converted to an IM signal.

Mathematically, the electrical field of the recovered microwave signal is given
by

2 p2
Epp () o< sin[%} -cos(w,t + ) (3.6)
C

where D is the chromatic dispersion of the LCFBG, A, is the wavelength of

the optical carrier, f

n 1s the microwave modulating frequency, ¢ is the
optical velocity in free space, and @ is the phase delay of the recovered

microwave signal, which is also determined by D and f,, [60].

As shown in Fig. 3.1, two LCFBGs are employed to generate a positive and a
negative coefficients. To do so, the two LCFBGs are connected in opposite
directions. Assume that LCFBGI1 is connected such that its chromatic
dispersion D=097/0dw >0, where 7 is the group delay. In this case, the
higher optical frequency component will experience more phase shift due to
the positive chromatic dispersion. For a specific microwave frequency, say

w,, , the phase relationships of the two sidebands and the carrier may be

changed to totally in phase (point 3 in Fig. 3.1) after the chromatic
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dispersion, thus the PM signal is converted to an IM signal, which can be
detected by the PD (point @ in Fig. 3.1). On the other hand, if LCFBG2 is
connected such that its chromatic dispersion D=097/dw<0, the lower
frequency component would experience more phase shift. After the chromatic
dispersion, the two sidebands will be in phase, but are 7 out of phase with
respect to the optical carrier (point & in Fig. 3.1). After the photodetection at
the PD, the beating between the carrier and the two sidebands will recover the
microwave modulating signal, but with a phase difference of 7z (point ® in
Fig. 3.1). The use of the two out-of-phase microwave signals with a proper

time delay difference between them would achieve a two-tap microwave filter

with one positive and one negative coefficient.

The phase inversion can also be easily explained mathematically. As can be
seen from Equation (3.2), if the sign of the chromatic dispersion D is

changed, the sign of the recovered microwave signal will also be changed,

because sin(ﬂ’D/lg £l c) is an odd function of D.
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3. 1. 2 Tunable photonic microwave bandpass filter based on

PM-IM conversion

Based on the above analysis, we propose a tunable photonic microwave
bandpass filter based on PM-IM conversion using LCFBGs. To demonstrate
the concept, only two LCFBGs are used. Therefore, the filter is a two tap filter.
The filter can be extended to multiple taps, if more LCFBGs are used. The
configuration of the proposed filter is shown in Fig. 3.2. In the system, a
lightwave from a tunable laser source (TLS) is phase-modulated by an EOPM.
A polarization controller (PC1) is connected between the TLS and the EOPM
to align the polarization direction of the laser beam with the principle axis of
the EOPM, to minimize the polarization-dependent loss. The phase-modulated
optical signal is then sent to two LCFBGs through an optical circulator and an
optical coupler. The two LCFBGs are connected in such a way that one has a
positive dispersion and the other has a negative dispersion. The spacing d
between the two LCFBGs, shown in Fig. 3.2, determines the smallest time
delay difference between the two taps. When the wavelength is tuned, the time
delay difference will be changed, the free spectral range (FSR) of the filter is

thus changed. The filter is tunable.
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Fig. 3.2. Experimental setup of the proposed microwave bandpass filter

Since the two optical signals reflected by the two LCFBGs are from the same
laser source, when they recombine at the PD, optical interference would
happen. To eliminate the optical interference, in the proposed filter we use two
PCs (PC2 and PC3) to make the two reflected optical signals orthogonally
polarized. Another solution to avoid optical interference is to use an optical
source that has a low coherence, such as a sliced ASE (Amplified Spontaneous

Emission) or sliced SLED (Superluminescent Light Emitting Diode) source.

Assuming the reflection coefficients of the LCFBGs are identical, the

frequency response of the proposed filter is then given by
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2 2,2
H(w) =Y sin(MJ expljm, (n—DAT7] 3.7
n=1

C

where AT is the time delay between the two taps, which is given by

2n . 2n 2(Ay,—A )L,
AT = olf AL = eff (10+M)

c c AL ¢

(3.8)

where n g, is the effective refractive index of the gratings, L, is the length of
the LCFBGs, AL is the distance between the reflection points of the gratings,
which is a function of the carrier wavelength, [, is the distance between the
reflection points at the central wavelength 4, and A4, is the bandwidth of
the LCFBG. Assume that the lengths and the chirp rates of the two gratings are
identical, and the bandwidth of each grating is less than 1 nm, then /?.(2 = /?02

(3.7) can now be rewritten as

22 2n . 2(Ay—A,)L
H(w)ocsin[%} l—exp[ja)m R -[lo+ (o= 2) gﬂ (3.9)
C C

A

8

N

H (o) H, (@)

The frequency response of the filter is the multiplication of two frequency
responses H(w) and H,(w). H,(w) is the frequency response of the PM-IM
conversion using a LCFBG, and H,(w) is the frequency response of an ideal

two-tap bandpass filter with one positive and negative coefficient. The FSR of

the filter can be given
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1 c 1
FSR=—= (3.10)
AL

8

By tuning the wavelength A, of the optical carrier, the FSR can be changed.

The filter is thus tunable. ‘

Note that the proposed filter has only two taps, which can be extended to a

multi-tap microwave filter by adding more TLS and more LCFBGs acting as

more taps, as shown in Fig. 3.3.

LCFBGI LCFBG2 LCFBG3 LCFBG4

TLSI1 OSA
PC2 EOPM 3 l% HY90
&/ '
TLS2 ? PD
!_ ________ Network e e :
Analyzer

Fig. 3.3. Multi-tap tunable photonic microwave bandpass filter using multiple

TLSs.
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The lightwave from TLS1 will be reflected by LCFBG1 and LCFBG2, which
have the same chirp rates and opposite dispersions. The lightwave from TLS2
will be reflected by LCFBG3 and LCFBG4, also with same chirp rates and
opposite dispersions. The chirp rates of LCFBG3 and LCFBG4 are equal to 3
times that of LCFBG1 and LCFBG2. Assuming the wavelengths of the TLSs
are first tuned such that the reflection points are located at the center of each
grating, as shown in Fig. 3.4(1). By changing the wavelengths of the TLSs, the
reflection points will shift along the gratings. The shift distance is determined
by the chirp rate, and the shift direction is determined by the polarity of the
dispersion, as shown in Fig. 3.4(2). As a result, the optical path difference
between any two taps will be 4L (because of the reflection). Two more
polarization controllers (PC5 and PC6) are inserted to make the reflected
optical signals from LCFBG3 and LCFBG4 orthogonally polarized. In
addition, since TLS1 and TLS2 are incoherent sources, the optical interference
is eliminated in the system. By adding more TLSs and LCFBGs, the filter can

be extended to more taps.
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Fig. 3.4. Shift of the reflection points along the LCFBGs

Another method to extend the proposed approach to multi-tap tunable filter is

to use an optical source with low coherence, such as a sliced ASE or sliced

SLED source. The configuration is shown in Fig. 3.5.

CFBG] CFBG2 CFBG3 CFBG4

Tunable
BPF

1KY90
EOPM

ses | | |-

T
Lo Network € — — e |
Analyzer

Fig. 3.5 Multi-tap tunable photonic microwave bandpass filter using

broadband source. BBS: broadband source; BPF: bandpass filter.
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In this case, the PCs to maintain the orthogonality between the two reflected
lightwaves from one CFBG are not needed since no optical interference would
be generated when using a broadband source with low coherence. The
tunability is realized by simply tuning the wavelength of the tunable optical
filter. The chirp rates of the LCFBGs for these two methods should be
carefully designed to ensure that the time-delay differences between any two
adjacent taps are identical. The insertion loss due to a large number of taps
could be compensated by incorporating an optical amplifier in the filter before

photodetection.

3.2 Experiments and discussions

An experimental setup based on the configuration in Fig. 3.2 was built. A TLS
with a typical linewidth of 150 kHz was used as the light source. Two
LCFBGs were fabricated in hydrogen-loaded standard single mode fiber using
phase mask technique. The lengths of the two LCFBGs were 8 cm. The

chromatic dispersions of the LCFBGs were 1344 ps/nm and -1370 ps/nm.
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Fig. 3.6. Measured reflectivity and group delay responses of (a) LCFBG1 and

(b) LCFBG2

The reflection spectrum and the group delay response of the two LCFBGs are

shown in Fig. 3.6. As can be seen, the reflection spectrums of the two gratings
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have an overlap of about 0.6 nm. By tuning the wavelength of the TLS within
this overlapping region, two optical signals will be reflected by the two

gratings, with different time delay difference.

Normalized Frequency Response (dB)

1 L 1 . 1

0 2 4 6 8 10
Frequency (GHz)

Fig. 3.7. The measured (solid curve) and the simulated (dotted curve)

frequency response of the PM-IM conversion based on a LCFBG.

Before we measure the frequency response of the two-tap microwave filter, we
first investigate the PM-IM conversion using an LCFBG. To do so, we
disconnect LCFBG?2, and measure the frequency response of the system with
only one grating (LCFBG1) connected. The frequency response is measured
using a vector network analyser (VNA), which is shown in Fig. 3.7 (solid

curve). As can be seen a deep notch is observed at dc. A theoretical frequency
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response calculated based on (3.2) is also shown in the figure (dotted curve).
An excellent agreement is observed between the experimental result and the

theoretical prediction.

Based on (3.5), the overall frequency response of the filter is the multiplication

of H(w) and H,(w). Since the bandwidth of H, (w) is very wide, its impact

on the overall frequency response can be negligible, especially for a

microwave bandpass filter with many taps (narrow passband).

Then, we reconnect LCFBG2 to the system. This filter is now a two-tap filter
with one positive and one negative coefficient. The filter frequency response is
again measured using the VNA. To demonstrate the tunability, the wavelength
of the TLS is tuned at four different wavelengths. The frequency responses at
1557.83, 1557.99, 1558.20 and 1558.39 nm are shown in Fig. 3.8 (solid
curve). The dotted line shows the frequency response of an ideal two-tap
microwave filter with one positive and one negative coefficient with a time
delay difference of 879.5 ps, 458.7 ps, 302.1 ps and 219.8 ps. The FSRs for the
four different measurements are 1.14, 2.18, 3.31 and 4.55 GHz, corresponding
to a distance between the two reflection points of 17.59, 9.17, 6.04, and 4.4

cm, or a time delay difference of 879.5 ps, 458.7 ps, 302.1 ps, and 219.8 ps.
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The tunable range can be further increased if the bandwidths of the two

LCFBGs are increased.
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Fig. 3.8. The measured frequency response (solid curve) and the ideal
frequency response (dotted curve) of a two-tap bandpass microwave filter with
one positive and one negative coefficient. The FSR is (a) 1.14 GHz, (b) 2.18

GHz, (¢) 3.31 GHz, and (d) 4.55 GHz.
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3.3 Summary

A novel continuously tunable optical microwave bandpass filter with negative
coefficient implemented based on PM-IM conversion using LCFBGs was
proposed and experimentally demonstrated. The positive and negative
coefficients were generated based on PM-IM conversion by reflecting the
phase-modulated optical carriers from the LCFBGs with positive or negative
dispersions. The tunability was realized by tuning the wavelength of the
optical carrier. The major advantage of this filter is that it has a simple
structure with continuous tunability and large tunable range. A two-tap
microwave bandpass filter with an FRS tunable from 1.14 to 4.55 GHz was

experimentally demonstrated.
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Chapter 4

TUNABLE PHOTONIC MICROWAVE

FILTER WITH COMPLEX COEFFICIENTS

In Chapter 2 and Chapter 3, we proposed two photonic microwave bandpass
filters with negative coefficients. For many applications, such as scanning
receivers and microwave test equipments, it is highly desirable that the
microwave filters be tunable. Various configurations have been reported for
the implementation of tunable optical microwave filters [56] [27] [57] [59].
The tunability is usually achieved by adjusting the time delay difference,
which can be realized by directly using tunable optical delay lines [56], by
using wavelength tunable light sources in combination with a dispersive
optical device [27] [57], or by using a dispersion-tunable device in
combination with fixed wavelength light sources [59]. However, the change of
the time delay difference would lead to the changes of the free spectral range
(FSR), which results in the change of 3-dB bandwidth as well as the entire
shape of the filter frequency response. For many applications, it is highly
desirable that only the center frequency of the passband or stop-band be

changed while keeping the shape of the frequency response unchanged. A
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solution to this problem is to use a photonic microwave filter with complex

coefficients.

Two configurations have been recently reported in {40] [41] for the
implementation of tunable microwave filters with complex coefficients. In
[40], the complex coefficient was generated in a system using three optical
attenuators and two microwave couplers. The use of optical attenuators
achieves only positive coefficients, adjustable between 0 and 1, which limits
the RF phase shift from 0 to 180° or a tunable range of half the FSR [40]. In
[41], a tunable photonic microwave filter with complex coefficient that has a
tunable range up to one FSR was demonstrated. In the system, the complex
coefficient was generated by changing the phase of the microwave signal,
which was realized based on a combined use of optical single-sideband

modulation (SSB) and stimulated Brillouin scattering (SBS).

In [41], to stimulate the SBS, a 20-km single mode fiber was used, which
makes the system bulky. To avoid using a long optical fiber, we propose a
novel tunable photonic microwave filter with a very simple structure {62]. In
the proposed filter, the complex coefficient is generated based on a wideband
tunable optical RF phase shifter [63] [64], in which the phase of the RF signal

can be shifted by simply adjusting the bias voltages applied to two electro-
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optic intensity modulators (IMs), with the phase shift kept constant over the
microwave spectral region of interest. A two-tap photonic microwave filter

with one tunable complex coefficient is experimentally demonstrated.

4. 1 Principle

Optical RF
/ Phase Shifter

Fig. 4.1. Generation of a complex coefficient based on optical RF phase

shifter.

The schematic diagram illustrating the generation of a complex coefficient

based on a wideband tunable optical RF phase shifter is shown in Fig. 4.1. It is
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a two-tap filter with one tap having a real positive coefficient and the other tap
having a complex coefficient. The real positive coefficient is generated using
an intensity modulator (IM1) with an input lightwave operating at A,. The
complex coefficient is generated by the optical RF phase shifter, shown in the
dashed-line box of Fig. 4.1. In the RF phase shifter, two independent light
sources both operating at the same wavelength A,, are sent to two intensity
modulators (IM2 and IM3), which are modulated by the in-phase and the
quadrature components of the microwave signal from a 90° hybrid coupler.

The input optical intensities of the two intensity modulators (IM2 and IM3) are
I, and I, and the bias voltages are V, and V,. The output signals from the
two IMs are then combined by an optical coupler. Since the two lightwaves are

generated by two independent light sources, the optical interference at the

optical coupler is minimized, even though they are operating at the same

wavelength. If we set I,=1,=1 and V,=V_/2-V,, where V_ is the half-

wave voltage of the intensity modulators, the electrical field at the output of a

photodetector (PD) is given by [63]
Ep (1)< J,(mV,, /V,)-1-[ sin (0t +¢+6)] @.1)
where V, is the amplitude of the microwave modulating signal, J, (#V,,/V,)

is the first-order Bessel function of the first kind, @ is the microwave

frequency, ¢ is the initial phase of the microwave signal, and 8 =7V, /V_ is
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the phase shift of the microwave signal introduced by the optical RF phase

shifter. As can be seen, the RF phase shift & is a linear function of the bias

voltage V,, which is independent of the input microwave frequency, and can

be easily tuned by adjusting the bias voltages. Note that the tuning of the bias
voltages would lead to the change of the optical intensities at the outputs of the
two IMs, which can be compensated by adjusting the optical powers of the
laser sources. To eliminate the frequency-dependent phase shift, the fiber
lengths from the outputs of the three IMs to the input of the optical delay line

should be controlled to be identical [63].

To introduce a time delay difference between the microwave signal carried by

wavelength 4, and the phase-shifted microwave signal carried by wavelength
A, , a dispersive device may be used to introduce a time delay difference, as

shown in Fig. 4.1. The dispersive device can be a length of dispersive fiber. To
reduce the size, the dispersive fiber can be replaced by two cascaded fiber
Bragg gratings (FBGs) or a single chirped FBG. The time-delayed microwave
signals are then applied to the PD. The transfer function of the filter can be
written as

H(®) =1+¢ -7/ 4.2)
where A7 is the time-delay difference between the two time-delayed
microwave signals. As can be seen, the filter has two taps with one complex

77



coefficient ¢ . By tuning the bias voltages applied to IM2 and IM3, the

phase shift can be changed, leading to the tuning of the complex coefficient.

Note that the two-tap filter shown in Fig. 4.1 can be easily extended to a multi-
tap filter by adding more optical RF phase shifters with complex coefficients
or intensity modulators with real positive coefficients. The physical separation
between any two adjacent FBGs or the wavelength spacing between any two
adjacent wavelengths should be kept identical to maintain an identical time

delay difference.

4. 2 Experiments

The proposed system was experimentally investigated. To demonstrate the
concept, only a two-tap photonic microwave filter with one complex
coefficient, shown in Fig. 4.2, was built. To simplify the system, the intensity

modulator (IM1) in Fig. 4.2 is used to perform two functions, 1) to modulate

the microwave signal on the optical carrier at 4, and 2) to work jointly with

IM2 to form an optical RF phase shifter.
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Fig. 4.2. Experimental setup of the proposed filter. TLS: tunable laser source;

PC: polarization controller; and OSA: optical spectrum analyzer.

The output from a tunable laser source (TLS1) at a wavelength of

A, =1546.29 nm is injected into IM1 through an optical coupler. In the optical

RF phase shifter, two lightwaves from two independent tunable laser sources
(TLS2 and TLS3), both at the same wavelength of A, =1549.68 nm, are sent
to IM1 and IM2. The polarization controllers (PC1, PC2 and PC3) connected
between the tunable laser sources and the intensity modulators are used to
align the polarization directions of the lightwaves with the principle axes of

the intensity modulators, to minimize the polarization-dependent loss. The
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microwave signal generated by a vector network analyzer (VNA) is applied to
the two IMs via a 90° hybrid coupler, with the in-phase and the quadrature

components to drive IM2 and IM1, respectively. The microwave signal carried

by wavelength 4 and the phase-shifted microwave signal carried by A, are

combined at an 3-dB coupler and amplified by an erbium-doped fiber
amplifier (EDFA), and then time delayed by two cascaded FBGs with a time-

delay difference determined by the physical separation of the two FBGs.

We first investigate the phase-shift property of the optical RF phase shifter,
which is shown in the dashed-line box of Fig. 4.2. In this case, TLS1 is
disconnected. By sweeping the microwave frequency, we obtain the phase
shift of the recovered microwave signal, which is measured by the VNA. As
can be seen in Fig. 4.3, the phase shift of the microwave signal is from -180° to
180° by adjusting the bias voltages applied to the two IMs. The tuning range of
the bias voltages is 0~12 V, determined by the half-wave voltage of the IMs.
The phase shift is independent of the microwave frequency. Therefore, it is
possible to use this RF phase shifter to generate the complex coefficient in the
photonic microwave filter with a tunable range of one FSR. The variations of
the phase shifts are caused by the measurement errors, including the variations
of the optical fibers and the RF cables. Using the photonic integrated circuits

technology, the phase errors can be controlled to be smaller than 3° [63].
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Fig. 4.3. Measured phase shift for different bias voltages. The phase shift is

independent of the microwave frequency.

Then, we reconnect TLS1. The system now becomes a two-tap microwave
filter with one complex coefficient. The physical separation between the two
FBGs is 5.5 cm, which corresponds to a time-delay difference of 550 ps or an
FSR of 1.8 GHz. To measure the frequency response, we scan the frequency
of the microwave signal generated by the VNA while maintaining a constant
microwave power. Fig. 4.4 shows the frequency responses of the two-tap
microwave filter with the bias voltages adjusted at different values. The

tunability of the frequency response is demonstrated. It is different from the
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tuning of the time delay difference of a delay line filter, where the shape and
the 3-dB bandwidth of the frequency response are changed. In the proposed
system, since only the microwave phase is changed, the shape and the 3-dB

bandwidth of the filter response remain unchanged.

Normalized Frequency Response (dB)

70 7.5 8.0 85 9.0 9.5 10.0
Frequency (GHz)

Fig. 4.4. Measured frequency response of the two-tap photonic microwave

filter with one complex coefficient.

In Fig. 4.4, we can see that there are some deviations on the RF phase shifts
from the ideal phase shifts at some frequencies. Accordingly, there will be
some deviations from the ideal frequency response at these frequencies. This is

caused by the mismatch of the fiber lengths from the outputs of the intensity
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modulators to the input of the dispersive device, and the vibration of the RF
cables. As a result, the shape of the frequency response will be deviated. In
order to investigate the effects of the phase deviations to the filter response, we
did a simulation of the frequency response corresponding to the 90° degree
phase shift with and without phase deviations, as shown in Fig. 4.5. The dotted
curve is the ideal frequency response without phase deviation corresponding to
a phase shift of #/2, and the solid curve is the frequency response with phase
deviation, corresponding to the third curve in Fig. 4.4. As can be seen, there
are some small deviations on the frequency response. Since the phase
deviations are not significant (less than ~z/10), the frequency response agrees
well with the ideal frequency response. If we can get rid of the mismatch of
the fiber lengths from the outputs of the three intensity modulators to the input
of the dispersive device, as well as the vibration Qf the RF cables, (which can
be implemented using photonic integrated circuits technology), the accuracy

control of the RF phase shift can be achieved.
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Fig. 4.5. Simulated frequency response with a phase shift of #/2. Dotted curve:
ideal frequency response without phase deviation; solid curve: frequency

response with phase deviation.

The phase error of the optical RF phase shifter is also attributed to the non-
identical fiber lengths. The impact of the non-identical fiber lengths was
evaluated. With a length difference of 2 mm, we calculated the phase shifts at
different values, as shown in Fig. 4.6. It is clearly seen that the non-identical
fiber lengths would contribute to the nonuniformity of the phase shifts. The
nonuniformity of the fiber lengths can be compensated by using tunable

optical delay line.
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Fig. 4.6. Simulated phase shift for different bias voltages with a fiber length

difference of 2 mm.

The phase error of the optical RF phase shifter is also caused by the non ideal
response of the 90° hybrid RF coupler. To investigate the effect of the phase
response of the 90° hybrid RF coupler to the overall response of the phase
shifter, we tested the phase response of the RF coupler. Fig. 4.7 shows the
phase offset between the 0° port and the 90° port of the coupler. As can be
seen, there is an error (varying from -0.5 to +5 degrees) between the two ports,
which will contribute to the phase shift ripple of the over all phase shift

response.
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Fig. 4.8. Amplitude offset between the 0° port and the 90° port of the hybrid

RF coupler.
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We then tested the amplitude response of the hybrid RF coupler. Fig. 4.8
shows the amplitude offset between the 0° port and the 90° port of the coupler.
As can be seen the amplitude offset between the two ports also varies with the
frequency (from -0.05 dB to +0.32 dB), which will also contribute to the phase

shift ripple of the over all phase shift response.

Note that the output optical intensity of IM1 will also be changed when the
bias voltage V| is tuned to achieve the desired RF phase. In the experiment, the
variation of the amplitude response due to the tuning of V, is compensated in

two ways. One was to adjust the polarization controller (PC1) to optimize the
filter response if the tuning of V| is small and the variation of the output
optical intensity of IM1 is small; the other is to change the optical power of

TLS1 if the tuning of V, is large. Through these two methods, the variation of

amplitude response was compensated and the filter response is optimized.

We should also note that if the two FBGs are replaced by a chirped FBG, the
time-delay difference between the two taps can be easily changed by simply
tuning the wavelength of TLSI1. This property provides an additional

flexibility in the filter design.
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4.3 Summary

A novel photonic microwave filter with complex coefficient was proposed and
experimentally demonstrated. The complex coefficient was generated using a
wideband tunable optical RF phase shifter. By simply adjusting the bias
voltages applied to the two IMs, the filter response could be continuously
tuned. Since the tuning was performed by adjusting the phase shift of the
microwave signal, the shape of the filter response as well as the 3-dB
bandwidth remained unchanged. This property is important since we can
design a microwave filter that is tunable while maintaining the shape of an
optimized frequency response. Another advantage of the proposed filter is that
it has a very simple structure, which has the potential of being integrated using

the photonic integrated circuits technology.
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Chapter 5

HIGH-DYNAMIC-RANGE PHOTONIC

MICROWAVE FILTER

Photonic microwave filters have attracted great attention for many years. Most
of the effort in the last few years was focused on the investigation and
demonstration of different architectures to realize photonic microwave filters
with different functionalities [8]. The performance of photonic microwave
filters should also be investigated and improved. A key factor that limits the
performance of a photonic microwave filter is the spurious-free dynamic range
(SFDR) [65], which is defined as the difference between the minimum signal
that can be detected by the filter above the noise floor and the maximum signal

that can be filtered out without distortions.

It is known that the SFDR is limited by several noise sources, including optical
phase induced intensity noise, shot noise and relative-intensity noise (RIN).
For a photonic microwave filter that uses independent light sources with very
narrow linewidth (several tens to hundreds of kilohertz), the phase-induced
intensity noise is very small and can be neglected [66]. Therefore, the

dominant noise sources are the shot noise and the RIN, both are associated
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with the average received optical power at the photodetector (PD). The shot
noise and the RIN powers are linearly and quadratically proportional to the
received optical power. Therefore, an efficient way to increase the SFDR is to
reduce the average received optical power. The reduction of shot noise and the
RIN to improve the dynamic range of an MPL has been extensively
investigated recently, different techniques have been proposed, such as
intensity-noise cancellation [67], optical carrier filtering [68], low-biasing of a
Mach-Zehnder modulator (MZM) [69]-[70], coherent detection [71], class-AB
modulation [72], and optical phase modulation to intensity modulation (PM-
IM) conversion using an FBG-based frequency discriminator {73]. However,
few efforts have been put into the investigation of techniques to improve the

dynamic range of photonic microwave filters.

In this chapter, we propose a technique to improve the dynamic range of a
photonic microwave bandpass filter. The photonic microwave bandpass filter
is implemented based on phase modulation to intensity modulation (PM-IM)
conversion using fiber Bragg gratings (FBGs) serving as frequency
discriminators, with the optical carriers located at the left or right slopes of the
FBGs, to generate positive or negative coefficients. The dynamic range of the
photonic microwave bandpass filter is increased by reducing the optical-

carrier-induced shot noise and relative intensity noise (RIN) at the
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photodetector, by locating the optical carriers closer to the bottoms of the FBG
reflection spectra. We demonstrate experimentally that the photonic
microwave bandpass filter has an improvement in dynamic range of about 10

dB with this technique.

5.1 Principle

Circulator

' FBG1 FBG2

Fig. 5.1. Photonic microwave bandpass filter. TLS: tunable laser source; PC:
polarization controller; EOPM: phase modulator; PD: photodetector; ESA:

electrical spectrum analyzer.

The schematic diagram illustrating a two-tap photonic microwave filter is
shown in Fig. 5.1. The output lightwaves from two independent tunable laser
sources (TLSs) at different wavelengths are amplified by an erbium-doped

fiber amplifier (EDFA), and then modulated by an RF signal to be filtered
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through an electrooptic phase modulator (EOPM). Two polarization
controllers (PC1 and PC2) are connected between the TLSs and the modulator
to align the polarization directions of the laser beams with the principle axis of
the modulator, to minimize the polarization-dependent loss. The RF signal
carried by the two wavelengths is then time delayed by two cascaded FBGs, to

introduce a time-delay difference.

A

Reflectivity

Frequency

Fig. 5.2. Reflection spectrum of an ideal FBG

Fig. 5.2 shows the magnitude frequency response of an ideal FBG. For

conversional photonic microwave filters, in order to get highest signal power,
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each optical carrier is usually tuned to locate at the center of each FBG
reflection spectrum, to get the strongest reflection. However, it is known that
the shot noise at the PD exhibits a linear dependence on the average received
optical power I,, which can be expressed as
n,=2ql,B 3.
where n_ is the shot noise, g is the unit electrical charge, and B is the noise
bandwidth. The RIN at the PD exhibits a quadratic dependence on the average
received optical power,
Ry = 1B RIN (5.2)

where RIN =—-165 dB/Hz is the typical intensity noise of a laser source. In
addition, the use of an EDFA prior to the modulator would add an amplified
spontaneous emission (ASE) noise, which is resulted from the beating between

the signal and the ASE. The ASE noise power spectral density is given by [70]
Py =2n (G-1L (5.3)
where n, is the spontaneous emission factor, kv is the photon energy, G is

the amplifier gain, and L is the optical loss between the EDFA output and the

PD.

Obviously, if the received optical power is reduced, the shot noise and the RIN

at the output of the PD will be reduced. The reduction of the received optical
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power can be achieved by tuning the wavelengths of the optical carriers away
from the central reflection regions of the FBGs, as shown in Fig. 5.2. As the
optical carrier wavelength is shifted from the top to a point closer to the
bottom of the reflection spectrum, the shot noise is reduced linearly and the
RIN falls quadratically. In addition, the wavelength shift will cause higher loss
between the EDFA and the PD, which will also reduce the ASE noise.
However, the reduction of the received optical power will also substantially

decrease the RF signal power in an intensity-modulator-based system [72].

In order to increase the SFDR, it is highly desirable to lower the noise floor
without sacrificing much the signal power. This can be achieved by using the
configuration in Fig. 5.1, where an EOPM is used. Mathematically, when a
phase-modulated optical carrier @, is located at the left slope, the top, or the
right slope of an FBG reflection spectrum, the recovered RF signal is [74]
K (@, —0,)" + 2K (0, — @,)B,, f (1); (0 <@, <)
r(t) o< o (@ <0, <0,) (5.4)
K (0,-0,) —2K* (0, —0,)B,,, f (1); (@, <O <)
where K is the slope of the FBG reflection spectrum, f,, is the phase

modulation index, f’(t) is the first-order derivative of the modulating signal.

The first and the second terms in (5.4) are respectively a DC and an AC

component. Since the DC power decreases quadratically when the optical
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carrier is shifted closer to the bottom of the FBG spectrum while the signal
power decreases linearly, the noise power is significantly decreased while
maintaining a smaller decrease in the signal power. This important
characteristic enables us to choose the reflection point closer to the bottom of
the FBG spectrum, to substantially reduce the optical-power-induced noises
with slight sacrifice in the signal power, leading to an increased SFDR. For
example, in Fig. 5.2, if the optical carrier is shifted from A to B, the optical
power is reduced by nine times, while the AC power is reduced by three times.

Therefore, an improvement in SFDR of 5 dB is achieved.

In addition, when the optical carrier is located at one of the two slopes of the
FBG spectrum, the FBG is serving as frequency discriminator, to convert the

phase modulated signal to an intensity-modulated signal.

Furthermore, for many applications, such as in a RoF system, microwave
filters with bandpass functionality are highly desirable. It is seen in (5.4) that
when the optical carrier is located at the positive or negative slope of the FBG
spectrum, the amplitude of the recovered RF signal will have positive or
negative sign, which can be directly used to generate a positive or negative
coefficient in a photonic microwave bandpass filter, to achieve bandpass

functionality [38] [75].
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5.2 Experiment

The experimental setup based on the configuration shown in Fig. 5.1 was built.
Two FBGs with central wavelengths of 1548.72 and 1549.61 nm are
fabricated in hydrogen-loaded fiber. In order to investigate the improvement of
the dynamic range, we first replace the EOPM in Fig. 5.1 with an electrooptic
intensity modulator (EOIM), and tune the wavelengths of the TLSs to the
centers of the FBG spectra. Since the optical carriers are reflected at the tops
of the FBG reflection spectra, high reflecting optical powers are obtained at
the PD, which lead to high noises. The optical power at the PD is measured to
be 0.6 dBm. The frequency response of the filter, shown in Fig. 5.3(a), is
measured using a vector network analyzer (VNA, Agilent 8364A). As can be
seen it is lowpass filter with a free spectral range (FSR) of 5.05 GHz. We then
investigate the dynamic range of the filter. This is done by a two-tone test by

applying two RF signals with frequencies at f, =5.01GHz and f, =5.02GHz

to the EOIM. Since the third-order distortions are the primary concern for

most filters, we measure the third-order distortions at 2 f, — f, =5 GHz and

2f,— f, =5.03GHz, as well as the noise floor (1 Hz bandwidth). The results
are shown in Fig. 5.3(b). As can be seen, the noise floor is -150 dBm/Hz, and

the third-order SFDR is 96.33 dB- Hz*".
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Fig. 5.3. Dynamic range of a lowpass filter with the optical carriers located at

the top of the FBG reflection spectra. (a) The frequency response and (b) the

dynamic range.
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Then, the EOIM is replaced with an EOPM, as shown in Fig. 5.1. We tune the
optical wavelengths to 1548.58 and 1549.75 nm, which are located at the left
and the right reflection slopes of the FBGs, respectively. Thanks to the PM-IM
conversion at the opposite slopes, a negative coefficient is generated. The filter
is now a bandpass filter, with its frequency response shown in Fig. 5.4(a). The
optical power at the PD is reduced to —7.8 dBm, so the optical-power-induced
noises are substantially decreased, and the noise floor is reduced to -159
dBm/Hz. Again, a two-tone test is implemented, in which the input RF

frequencies are chosen f, =3.51 GHz and f, =3.52 GHz. The third-order
distortions are at 2 f, — f, =3.5 GHz and 2f, - f, =3.53 GHz. The measured

third-order SFDR is 106.05 dB-Hz”? , about 10 dB dynamic range

improvement is achieved.

Normalized Frequency Response (dB)
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Fig. 5.4. Dynamic range of a bandpass filter with the optical carriers located at
the opposite slopes of the FBG reflection spectra. (a) The frequency response

and (b) the dynamic range.

5.3 Summary

In this chapter, a technique to increase the dynamic range of a photonic
microwave bandpass filter was proposed and experimentally evaluated. The
key of the technique was to lower the optical-carrier-induced noises, to reduce
the noise floor at the output of the filter. A better dynamic range was obtained
when the optical carriers were located at the lower slopes of the FBG

reflection spectra. One added advantage to the technique is that by locating the
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phase-modulated optical carriers at opposite slopes of the FBG reflection
spectra, a microwave bandpass filter was obtained. It is believed that optimal

locations must exist to make the filters to have a maximized dynamic range.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The four objectives of this work were (1) to realize photonic microwave
bandpass filter with negative coefficients based on XPolM in SOA, (2) to
realize continuously tunable photonic microwave bandpass filter with negative
coefficients based on PM-IM conversion in LCFBGs with opposite
dispersions, (3) to realize tunable photonic microwave filter with complex
coefficients based on tunable optical RF phase shifter and (4) to investigate the
technique to improve the dynamic range of the photonic microwave bandpass

filter. All the four objectives were achieved.

In Chapter 2, a photonic microwave bandpass filter with negative coefficients
based on cross polarization modulation (XPolM) in an SOA was proposed and
experimentally implemented. Thanks to the XPolM in the SOA, two
microwave signals carried by two optical carriers with orthogonal

polarizations were out of phase, leading to the generation of a negative
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coefficient. A time delay difference between the two out-of-phase microwave
signals was introduced by passing the optical microwave signals through a
high birefringence (Hi-Bi) fiber. The impact of the SOA cross gain modulation

(XGM) on the performance of the microwave filter was also investigated.

In Chapter 3, a continuously tunable photonic microwave bandpass filter with
positive and negative coefficients using an optical phase modulator and
chirped fiber Bragg gratings was proposed and experimentally demonstrated.
The positive and negative coefficients were generated through optical phase-
modulation to intensity-modulation (PM-IM) conversion by reflecting the
phase-modulated optical carrier from linearly-chirped fiber Bragg gratings
(LCFBGs) with positive and negative dispersions. The tunability was achieved
by changing the wavelength of the optical carrier such that it was reflected at

different physical locations in the LCFBGs.

In Chapter 4, we proposed a novel tunable microwave filter with complex
coefficients using a wideband tunable optical RF phase shifter that consists of
two electro-optic intensity modulators. By simply adjusting the bias voltages
applied to the two intensity modulators, the filter response could be
continuously tuned, and the 3-dB bandwidth and the shape of the filter

response could be maintained unchanged.
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Finally, a technique to improve the dynamic range of a photonic microwave
bandpass filter was proposed and experimentally investigated in Chapter 5.
The bandpass filter was implemented based on PM-IM conversion using FBGs
serving as frequency discriminators. The dynamic range of the filter was
increased by reducing the optical-carrier-induced shot noise and relative
intensity noise (RIN) at the photodetector, which was realized by placing the
optical carriers at the locations closer to the bottoms of the FBG reflection

spectra.

6.2 Future work

First, in photonic microwave filters with complex coefficients, more work
should be done to optimize the phase response of the optical RF phase shifter,
which is the key device to generating the complex coefficients. As shown in
Chapter 4, the phase responses of the optical RF phase shifter are not totally
independent of the input RF frequency, and there are also some phase
variations. This is caused by the unequal fiber lengths of the two arms, and
also because of the measurement errors, including the variations of the optical
fibers and the RF cables. The inequality of the fiber lengths can be

compensated by using tunable optical delay line. Photonic integrated circuit
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technology is a promising solution to the problem, which can reduce the phase

error to less than 3° [63].

Another important issue that should be studied in the future is to further
increase the dynamic range of the photonic microwave filer. As discussed in
Chapter 5, the dynamic range can be increased by placing the optical carriers
closer to the bottoms of the FBG reflection spectra. However, if the optical
carriers are placed too close to the bottom, inter-modulation distortion will
take effect. Also, if the noise floor is reduced to the noise limit of the PD, it
will not reduce any more with the shift of the optical carrier. Therefore, there
must be an optimal location to make the filter to have a maximized dynamic

range, which needs to be thoroughly investigated.

Finally, in order to make the photonic microwave filter suitable for practical
applications, more efforts should be invested to realize high-performance and
low-cost multi-tap photonic microwave filters with negative and complex
coefficients. Photonic integrated circuit technology may be a promising
solution to this problem. The goal is to realize system-on-chip photonic

microwave filters.
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