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ABSTRACT

This thesis presents a theoretical and experimental study of optical phase modulation and its
applications in all-optical microwave signal processing, which include all-optical microwave
filtering, all-optical microwave mixing, optical code-division multiple-access (CDMA) coding,

and ultrawideband (UWB) signal generation.

All-optical microwave signal processing can be considered as the use of opto-electronic devices
and systems to process microwave signals in the optical domain, which provides several
significant advantages such as low loss, low dispersion, light weight, high time bandwidth
products, and immunity to electromagnetic interference. In conventional approaches, the
intensity of an optical carrier is modulated by a microwave signal based on direct modulation or
external modulation. The intensity-modulated optical signal is then fed to a photonic circuit or
system to achieve specific signal processing functionalities. The microwave signal being
processed is usually obtained based on direct detection, i.e., an opto-electronic conversion by

use of a photodiode.

In this thesis, the research efforts are focused on the optical phase modulation and its

applications in all-optical microwave signal processing.

To avoid using coherent detection which is complicated and costly, simple and effective phase
modulation to intensity modulation (PM-IM) conversion schemes are pursued. Based on a
theoretical study of optical phase modulation, two approaches to achieving PM-IM conversions
are proposed. In the first approach, the use of chromatic dispersion induced by a dispersive
device to alter the phase relationships among the sidebands and the optical carrier of a phase-
modulated optical signal to realize PM-IM conversion is investigated. In the second approach,
instead of using a dispersive device, the PM-IM conversion is realized based on optical
frequency discrimination implemented using an optical filter. We show that the proposed PM-
IM conversion schemes can be implemented by use of commercially available devices without
increasing significantly the system complexity compared to IM-based systems. More

importantly, the PM-IM conversions bring a number of very interesting features which would



be used to implement different signal processing functionalities. First, the PM-IM conversion
plus direct detection has a frequency response with a notch at the dc, this feature can be used to
achieve all-optical microwave bandpass filtering. Second, in the PM-IM conversion based on
frequency discrimination, the polarity of the detected electrical signal can be easily reversed by
simply tuning the optical wavelength, which provides the possibility to achieve bipolar
operation, a feature highly desirable and extremely important in all-optical microwave signal

processing.

In this thesis, the use of the PM-IM conversion features for all-optical signal processing is
investigated. Specifically,

(1) We propose and demonstrate three different filter architectures for all-optical microwave

bandpass filtering.

(2) We propose and demonstrate, for the first time, an all-optical microwave signal processor

that can realize all-optical mixing and filtering simultaneously.

(3) We propose and demonstrate a scheme to implement unipolar-bipolar phase-time

encoding/decoding for optical CDMA.

(4) UWB pulses are usually generated in the electrical domain for short-range high-data rate
wireless communications. To extend its coverage, UWB signal distributed over optical fiber is a
topic of interest recently. In the thesis, we propose and demonstrate two approaches to

generating and distributing UWB pulses in the optical domain.
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CHAPTER 1
INTRODUCTION

1.1  Background review

Nowadays many applications in the fields such as radar and communication systems are calling
for ever-increasing speed, bandwidth and dynamic range [1]-[4]. Features like small size, light
weight, large tunability and low power consumption are also required. Digital electronics has
been the most widely used approach for those purposes [5]-[6]. However, its speed is normally
less than several gigahertzes, which is limited by the fact that the required sampling speed
increases in direct proportion to the bandwidth of the signal to be processed. Being important,
the electronic bottleneck is by no means the only source of limitation on current signal
processing techniques, since electromagnetic interference (EMI) and frequency dependent
losses can also be sources of important impairments. All-optical signal processing, with several
significant advantages, such as low loss, low dispersion, light weight, high time bandwidth
products, and immunity to EMI, has been recognized as one of the promising candidates to

process high frequency and wideband signals [2]-[4].

In addition, digital optical communication systems now carry the bulk of terrestrial long-
distance communications traffic and fiber is increasingly being brought into the local access
networks. With deploying long-distance systems having minimum channel rates of 10 Gb/s and
the evolution of the Ethernet standard to encompass a transmission rate of 10 Gb/s, it is
expected that all-optical signal processing techniques will be utilized in most of future optical
digital communication systems. Moreover, in response to the demand for high-throughput
broadband wireless access networks, radio-over-fiber technologies based on the combined and
complementary aspects of RF/microwave/millimeter-wave and optical links for integrated
network operation have been attracted intensive research and development interests. This
combination of radio and fiber technologies will extend the fiber-optic backbone closer to the
end-user and more importantly, into the wireless domain. In fact, the use of photonic techniques

in radio systems has now become a commercial reality in fiber-radio access networks and there



are emerging applications in phase arrayed antennas and electronic warfare as well.
Consequently, the capability of processing high frequency and wideband signals directly in the
optical domain, without the need of inefficient and costly intermediate conversions to and from
the optical and electrical domains, is highly desired for the direct interfacing of all-optical signal
processors with high-speed optical digital communication systems and radio-over-fiber

networks [7].

Motivated by the above reasons, over the past thirty years, many research groups have been
working on all-optical microwave signal processing for a number of frequency- and time-
domain applications, such as filtering, correlation, differentiation and Fourier transformation.
The first work on fiber delay-line microwave signal processing can be traced back to the
seminal paper of Wilner and Van de Heuvel, who noted that the low loss and high modulation
bandwidth of optical fibers are ideal for broadband signal processing [8]. Following it, several
experimental investigations on all-optical microwave signal processing using multimode fibers
were performed during 1970s [9]-[10]. Between 1980 and 1990, an intensive theoretical and
experimental research work using single-mode fiber (SMF) delay lines was carried by
researchers at Stanford University [11]-[12]. With the advent of some key optical components,
including optical amplifiers, variable couplers, high-speed modulators and -electrooptic
switches, more flexible structures employing these components have been put forth [13]-[31].
Moreover, the availability of fiber Bragg gratings (FBGs) [32]-[56] and arrayed waveguide
gratings (AWGs) [57]-[60] has opened a new perspective toward the implementation of fully

reconfigurable and tunable all-optical microwave signal processors.

Among all the configurations mentioned above, an electrooptic intensity modulator (EOIM) is
mainly used to modulate a microwave signal on an optical carrier, which is partially due to the
fact that intensity modulation is a mature technology widely used in optical digital
communication systems based on on-off-keying (OOK) formats. After passing through a
specific photonic circuit or system, the intensity-modulated optical signal is then fed to a
photodiode (PD) which produces an electrical current that is proportional to the input light
intensity (this is usually called direct detection, since the PD directly detects the intensity of the
incident light); subsequently, the processed microwave signal is obtained at the output of the

PD. However, since only the intensity of the optical signal can be manipulated which is positive,



limited functions can be achieved. For instances, it is known that delay-line filters with all-
positive coefficients can only function as a lowpass filter; and in an incoherent optical CDMA
only unipolar codes can be utilized, which results in large multiple-access interference and
hence a small amount of users can access the network simultaneously. Most recently, a lot of
research interests and efforts have been focused on the development of different techniques to

achieve incoherent all-optical signal processing with bipolar operation capability [61]-[68].

On the other hand, electrooptic phase modulation has recently become a hot topic with the
renaissance of the differential-phase-shift-keying (DPSK) technique [69]-[71], which stimulates
a lot of interest in exploring the optical signal processing techniques based on optical phase
modulation. From the point-of-view of optical spectrum, phase modulation is different from
intensity modulation, in which, the two first-order optical sidebands are = out of phase while the
two sidebands are in phase in intensity modulation (under small signal condition, only the two
first-order sidebands are considered). When the phase-modulated optical carrier is applied to a
PD, no microwave signal would be generated because the beating between the optical carrier
and the upper first-order sideband will completely cancel the beating between the optical carrier
and the lower first-order sideband. Although a coherence detection scheme can be used to detect
phase modulated signal, it needs a local oscillator light with high phase stability, which makes
the system complicated and costly. To incorporate with the simple direct detection scheme,
proper schemes to perform phase modulation to intensity modulation (PM-IM) conversion are
thus essential. Meanwhile, all-optical signal processing based on electrooptic phase modulation
are required to have the capability that achieves desired processing functions and the PM-IM
conversions simultaneously, without adding extra photonic components or increasing the

system complexity.
1.2 Major contributions

Motivated by these objectives mentioned in Sec. 1.1, we perform a comprehensive study on
optical phase modulation and its applications for all-optical signal processing. To the best of our
knowledge, we are the first research group in the world who introduce the optical phase
modulation to all-optical microwave signal processing. The major contributions of this work are

listed as follows.



(1) Two different methods to realize PM-IM conversion are proposed and demonstrated. In the
first approach, the use of chromatic dispersion induced by a dispersive device, such as a length
of dispersive fiber or a linearly-chirped FBG (LCFBG), to alter the phase relationships among
the sidebands and the optical carrier of a phase-modulated optical signal to realize PM-IM
conversion is investigated. In the second approach, the PM-IM conversion is realized based on
optical frequency discrimination implemented using an optical filter, which can be a fiber-based
Sagnac-loop filter or a uniform FBG (UFBG). The proposed PM-IM conversions present some
interesting features. First, the frequency response of the PM-IM conversions has a notch at dc,
which eliminates the baseband resonance and can be directly applied for highpass microwave
filtering. Second, the PM-IM conversion based on frequency discrimination can generate
microwave signals that are out of phase by using dispersive devices with opposite dispersions or
optical bandpass filters with opposite frequency response slopes. This feature is highly desirable
since it provides the possibility to implement bipolar operations, and eventually achieve more

complex signal processing functionalities with flexible structures.

(2) Based on the PM-IM conversions, three different architectures for all-optical microwave
bandpass filtering are proposed and demonstrated. In the first structure, bandpass filtering is
directly obtained by applying chromatic dispersion based PM-IM conversion. In the second
approach, all-optical microwave bandpass filtering with multiple taps is achieved by emerging
the PM-IM conversion into a laser-array-based photonic delay-line structure. Some important
aspects of the filter performance, including the mainlobe to sidelobe suppression ratio, the
reconfigurability, tunability, and the dynamic range, are also discussed. In the third approach, a

novel method to realize negative filter coefficients is proposed and demonstrated.

(3) For the first time, an optical phase modulation based all-optical signal processor that can
perform both microwave mixing and bandpass filtering simultaneously in a radio-over-fiber link
~ is proposed and presented. First, a two-tone approach to performing an up-conversion of a
microwave signal from 3 GHz to 11.8 GHz in an SMF link is demonstrated. Then, as a
continuation of the two-tone approach, subcarrier frequency up-conversion and filtering with a

digital baseband signal on the subcarrier is investigated and experimentally demonstrated.



(4) By using the frequency discriminator based PM-IM conversion, a novel approach to
implementing unipolar-bipolar phase-time encoding/decoding in optical CDMA networks is
proposed. Two FBG arrays can be employed to perform encoding/decoding and the proposed
scheme is equivalent to a sequence inversion keyed (SIK) direct-sequence CDMA, which can
provide an improved performance compared to that of a conventional incoherent scheme using

optical orthogonal codes.

(5) UWB signal distribution over optical fiber, or UWB-over-fiber, has been considered a
promising solution to extend the coverage of UWB wireless communications. Based on optical
phase modulation, two approaches to generating UWB pulse signals in the optical domain are
proposed and experimentally demonstrated. Implementation of UWB pulse polarity and pulse
shape modulation by use of these approaches is also discussed, which provides the potential for

fully exploiting the advantages aroused by UWB-over-fiber networks.
1.3  Organization of this thesis

The thesis consists of six chapters. In Chapter 1, a brief review of the background of all-optical
microwave signal processing is first presented, and then the motivations and major
contributions of this research are summarized. In Chapter 2, a theoretical study of the
electrooptic phase modulation and its comparison to intensity modulation is presented. Two
methods to convert phase-modulated signal to intensity-modulated signal are discussed in this
Chapter. Based on the proposed PM-IM conversions, three approaches to achieving equivalent
microwave bandpass filtering and microwave filtering with negative coefficients are presented
in Chapter 3. In Chapter 4, an approach to performing simultaneously all-optical microwave
mixing (subcarrier frequency conversion) and bandpass filtering in a radio-over-fiber link is
investigated. In Chapter 5, FBG-based frequency discrimination is studied. Its applications for
unipolar-encoding/bipolar-decoding in optical CDMA and UWB pulse signal generation are

discussed. Finally, a conclusion is drawn in Chapter 6.

The term microwave will be used throughout this thesis to designate RF, microwave, or

millimeter-wave.
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CHAPTER 2
THEORETICAL BASES

Electrooptic phase modulation and its conversion to intensity modulation are the bases of the
research for all-optical microwave signal processing. In this Chapter, a review of the
mathematical expressions of an EOPM and its implementation is presented. Then, two methods
to convert a phase-modulated optical signal to an intensity-modulated signal by use of a

dispersive device and an optical bandpass filter are presented.
2.1 Electrooptic phase modulation

In this section, frequency domain analysis of a phase-modulated optical signal is presented.
Operation principle and general structure of a Lithium Niobate (LiNbO3) crystal based EOPM
are introduced. A comparison of a phase-modulated signal and an intensity-modulated signal in

terms of their spectra and detection methods is carried out.

2.1.1 Mathematical expression

The optical field of a phase-modulated optical carrier exy(f) can be expressed as

ep (t)=¢, -cos[at+Ap(t)], 2.1

where e, and @, are the amplitude and angular frequency of the optical carrier, and A¢ (¢) is the

modulating signal induced phase change. Without loss of generality, Ap (¢) can be expressed as
AQ) =y - (), (22)

where Sy is the phase modulation index, defined as the phase change of the carrier when unit

voltage is applied (rad/volt); and f'(f) represents the modulating electrical signal.
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A. A general approximation

If the amplitude of £'(¢) is small enough, we have the following approximations

{cosAqo(t) = coS[ By - f(1)] 1 (2.3)

sin Ap(t) = sin[Spy, - (O = Ber - f ).
Then, Eq. (2.1) can be written as

epy (1) =, {0801 -COS[B - f(D)] =Sin0 1 Sin[B - fO]}

_ (24
~e [cosw t — By, - f(t)-sinw,t].

Applying Fourier transform to both sides of Eq. (2.4) we obtain
E, (@) ~rme[s(w-a,)+5(@+,)] +%e¢, B [Fl@o-a,)-Flw+a,)], @5

where Epw(w) and F(w) represent the Fourier transforms of epu(f) and f{¢) respectively.
Observing Eq. (2.5), we can conclude that the spectral band of F(w—a,) has a /2 phase shift
with respect to & (w-w,) while F(@w+a,) has a - n/2 phase shift with respect to & (w+a,), which

indicates that F(@-a,) and F(w+a,) are out of phase.
B. Small-signal and one-tone modulating

To further understand Eq. (2.5) and to have an accurate description of the relationship among all
the frequency components of a phase modulated signal, we assume f (¢) is a single-frequency

sinusoidal signal with zero initial phase,
f@®) =V, -cosm,t, (2.6)
where V. and @, are the amplitude and angular frequency of the modulating signal respectively.

Then Eq. (2.1) can be expanded in terms of Bessel functions of the first kind without loss of

generality,
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€pys (t) =e,- iJn (BeyV,) - cosl(w, +nw, )t +%n7z] , 2.7

where J(.) denotes the nth-order Bessel function of the first kind. To simplify, the argument
(BemVe) will be omitted in the remainder of the text. From Eq. (2.7), we can see that the phase
modulation generates a series of sidebands with amplitude coefficients determined by the
Bessel functions. The approximation condition in Eq. (2.3) can be quantified by calculating the
coefficients in Eq. (2.7), which leads to the conclusion that for small signal modulation, only the
first-order upper and lower sidebands need to be considered and the higher-order sidebands can
be ignored. The intensities of the carrier and the sidebands, plotted as a function of FyV. in Fig.

2.1, are proportional to the square of the coefficients of the corresponding terms in Eq. (2.7).
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Fig. 2.1 Normalized intensities of the carrier and the sidebands as a function of SFppV.

Eq. (2.7) can be further simplified as
epy () =e, -{J, cosat+J cos[(w, +m,)t +%] +J_, cos[(w, — @, )t ——th—] . (2.8)

For Bessel functions, we have

J,=-J_,, whenn is odd. 2.9)
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Applying the Fourier transform to Eq. (2.8), we have

En@)=neJ[6(w-0,)+d®+0,)]
-jreJ [0(w+o,+w,)-0(0—-0,-0,)] (2.10)
~jreJ 0(w+o,-w,)-0(0-0,+0,)].

Fig. 2.2 illustrates the spectra of the modulating electrical signal and the corresponding optical
phase-modulated signal (by Eq. (2.10)). From the plots, it is interesting to note that the lower

sideband and upper sideband are exactly out of phase.

Fw)

-®m 0 +Wm

(@)

Epw(w)
A

T ~-WotWm W0 T

OO 0o 0 +0, O FOn

(®)

Fig. 2.2 Schematic diagram showing the spectra of (a) the single-frequency sinusoidal modulating signal, and (b)

the optical phase-modulated signal.
C. Large-signal and two-tone modulating

If BemV- is relatively large and the power levels of the higher-order sidebands are comparable to

or even higher than those of the carrier and the first-order sidebands, the modulation is no
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longer linear, which is the basis to achieving microwave frequency synthesis by upconverting a

low frequency tone (@) to its higher-order harmonics (2 @y, 3 @, ...).

In addition, if the input RF signal contains two frequency components @i, and @y, the phase

modulated optical field will be expressed as

E(t)= ilﬁ:J,,(mle ) J (m,V,) cos[(a, +nw,, +ko,, )t+%n7r +—;—k7r], (2.11)
where V; and V; represent the amplitudes of the modulating signal at frequencies @ and @,
respectively; n and k are integers representing the orders of the harmonics. From Eq. (2.11), the
sidebands having frequency variations from the carrier of + w1, + @2, * 2 @1, * 2@m,..., and
Om) t G2, 2Wm1 * Om2, Bm £ 20m2,... are observed, which indicates that inter-modulation
products at iwml + a)m2| ,|2a)m1 + wm2| , and |a)m1 i-2wm2| »..» May also be obtained if proper PM-
IM conversion and detection schemes are applied to this phase-modulated optical signal. This is

actually the basic operation principle of all-optical microwave mixing.
2.1.2 Physical implementation

Optical phase modulation can be realized based on electrooptic effect, i.e., an external electrical
field applied to an electrooptic material would lead to a change to the refractive index in that
material. When a light beam propagates through this material, its phase will be changed by the
applied electrical field. A Lithium Niobate (LiNbQ3) crystal is one of the materials with such
electrooptic effect. Throughout this research work, the phase modulation is implemented using

a LINbOj straight-line EOPM. The structure of an EOPM is shown in Fig. 2.3.

vV

Coplanarstr/iielectrodes /0
(]

Polarized input

Thin buffer layer

g Ti diffused waveguide

Cross-section

Fig. 2.3 Block diagram of a LiNbO; EOPM.
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As can be seen that when the modulating signal is applied to the EOPM via two electrodes, a

refractive index change is thus resulted,
1
5"(E)=——5rn E, (2.12)

where r is the electrooptic effect coefficient, » is the effective refractive index of the crystal,
and E is the applied electrical field which is given by

E=-V,/d, (2.13)

where V. is the amplitude of the modulating voltage and d is the distance between the two faces
of the crystal across which the electrical field is applied, as shown in Fig. 2.3.

The phase shift ¢ introduced to the lightwave propagating through the EOPM is given by

_ 2L 238, (E)L,

, (2.14)
/10 /10
;.V_J ;_ﬂ/__—l
@ Ay

where L is the total length of the EOPM, L, is the length of the LiNbO; crystal to which the
electrical field E is applied, 4, is the wavelength of the incident light, ¢y is the phase shift of

the light after propagating through the EOPM of length L, and A¢ is the phase shift induced by
the refractive index change within the length L,. The phase shift ¢y is constant, which is

independent of the modulating signal and can be ignored. By substituting Egs. (2.12), (2.13),
and (2.6) into Eq. (2.14), the modulating signal induced phase change is

rrn’l - f(t
A(p:-——r—n—;l—/‘i——&. 2.15)

An important parameter of an EOPM is the half-wave voltage ¥}, given by

d
V,=—- 2. 2.16
7 (2.16)
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It is the voltage by which Ag equals to . Under single-frequency sinusoidal signal modulation,

Eq. (2.15) can be rewritten as

Ap=rm- %— -cos(@,t). (2.17)
Comparing Eq. (2.17) and Eq. (2.2), we obtain the relationship between fpy (the phase

modulation index given in the theoretical analysis) and V; (the parameter given with a specific

EOPM),

T rm’L,
v, di,

0

By =

(2.18)

Being different from a phase modulator, an intensity modulator is implemented by putting an

EOPM in one arm of an MZI, as shown in Fig. 2.4.

Fig. 2.4 Block diagram of a Mach-Zehnder interferometer (MZI) based intensity modulator.

Assuming that the EOPM is located at the upper branch of the MZI, based on Eq. (2.14), the
light propagating through the upper arm will experience a phase shift ¢, given by

_2nnL, e V()

, 2.19
®, i 72 (2.19)
\__V_J \W__J
Puo Ag,
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where L, is the total length of the upper arm, ¢, is the phase shift of the light after propagating

along the upper arm, and A¢, is the phase change induced by modulating signal.
The phase shift ¢ induced by the lower arm is

_ 2nnl,
7] 1

[}

(2.20)

where L, is the total length of the lower arm.

If the input light is distributed equally into the two arms of the MZI, the electrical field ey (¢) at

the output of the modulator is

e, ()= %eo cos(w,t +¢,)+ —;-eo cos(w,t + ¢,)

=e, cos(w,t + 127 ; 1] )cos(¢“ ; 1] ) (2.21)

z SO

2 V. I

= e, cos(@w,t + 9—"—;—(/)—’) cos[%z- (L,-L)+

[}

The transmittance of the MZI mobdulator T(V) defined as the ratio between the output optical

intensity and input optical intensity is given by

T(V) = cos? [T‘i(%—i—@ + % -II;@—] . (2.22)

o

By properly choosing the length difference (L,-L;) between the upper arm and the lower arm of
the MZI, which can be fine-adjusted by tuning the dc voltage applied on the EOPM at the upper
branch, the first term at the right side of Eq. (2.22) can be set as /2. Consequently Eq. (2.22) is

written as

T(V)= %{1 —sin[7 - iVQl]} . | (2.23)

Again, under small signal condition, Eq. (2.23) can be approximated as
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T =5 [-3- 1) | (224)

where 1/ V; is the intensity modulation index, defined as f. Then we can conclude that the
MZI modulator acts as a linear intensity modulator when it is operating at the linear region of a

sinusoidal function under small signal condition.
2.1.3 Comparison with intensity modulation

In Sec. 2.1.1, the spectrum of a phase-modulated optical signal has been derived, in which the
lower first-order sideband and the upper first-order sideband are out of phase. If this signal is
directly applied to a PD, only a dc current would be generated. This can be easily understood
because a PD is actually an envelope detector. For phase modulation, the envelope is a constant.

Mathematically, the output current from a PD can be written as
2
iy =R e()f'), (2.25)

where R is the responsivity of the PD, and < ) represents the ensemble average operation.

Substituting Eq. (2.8) into Eq. (2.25), we can see that the beating between the optical carrier and
the upper sideband will exactly cancel the beating between the optical carrier and the lower

sideband; and eventually only a dc current is obtained.

In contrary, for the MZI-based intensity modulation, the modulating signal can be obtained
directly at the output of the PD, which can also be explained by using the frequency domain

analysis as follows.

The electrical field at the output of a MZI, as illustrated by Eq. (2.21), can be expanded in the

form of Bessel functions as

ey (1) =e, - cos(@, 1) cos(%"—) Ay +23 7, cos[2n (% ~ o 1]}
- (2.26)
—e, -cos(a,t)- sin(%‘l) 23T, sin[(2n ~1) (% ~o O,

n=1
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where ¢, =zn(L, - L)/ 4,.

Assuming that the modulator is operating at its linear region, i.e., ¢, = n/2. Under small signal
condition, only the first-order sidebands need to be considered. Then Eq. (2.26) can be re-

written as

e ()= g e {J,cos(w,t)~J, cos(w, + w, )t —J, cos(w, — @, )t} . 2.27)

Its spectrum is

Bz (@) =gﬂ'eo Vo lo(o-0,)+5(@+a,)]

~Jb(w-0,-v)-6(o+a,+n,)] (2.28)
~J [6(0-, +0,) -5+ o, -0,)]}.

Epu(0)
-(Du+0)m [ORS O MY T
WO 0 l 0 +0, O¢t®n
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DO -0 -0o+OL 0 DO 1O, Oyto,
()

Fig. 2.5 Spectra of (a) a phase-modulated optical signal, and (b) an intensity-modulated signal.

Fig. 2.5(b) illustrates the spectrum of the intensity-modulated signal described in Eq. (2.28). For
comparison, the spectrum of the phase-modulated signal is illustrated in Fig. 2.5(a). From Fig.

2.5(b) we can see that the lower sideband and upper sideband of an intensity-modulated signal
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are exactly in phase, therefore the beating between the upper sideband and the carrier is also in
phase with the beating between the lower sideband and the carrier. Consequently, photo current

reflecting the modulating signal could be obtained.
2.2 PM-IM conversion

To recover the information carried by the optical phase, a coherent detection (heterodyne or
‘homodyne) scheme can be used, in which the phase-modulated optical signal is mixed with a
local oscillator light. However, the construction of a local oscillator light source with high
frequency and phase stability is difficult at present. In addition, the temperature and mechanical
vibrations in the transmission line will result in phase and polarization fluctuations of the
transmitted light, which would appear as noise after photodetection. In this Section, two
methods to convert the phase-modulated signal to intensity-modulated signal are presented. In
the first method, chromatic dispersion induced by a dispersive device is applied to change the
phase relationships of the two sidebands from out of phase to in phase. The second method,
which is very similar to the detection of an optical phase-shift-keyed (PSK) signal, is to use an
optical filter that acts as a frequency discriminator. This operation can be explained that the
magnitude relationships among the sidebands and the carrier are changed, leading to the
detection of the phase-modulated signal. After the PM-IM conversions, a PD is then used to

detect the intensity-modulated signal reflecting the modulating information.
2.2.1 PM-IM conversion based on a dispersive device

Fig. 2.6 shows the principle of the chromatic dispersion based PM-IM conversion, in which a
phase-modulated signal (described by Eq. (2.8)) propagates through a dispersive device and
then is fed to a PD.
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Fig. 2.6 Diagram of chromatic dispersion based PM-IM conversion plus direct detection.

Assume the dispersive device has a unity magnitude response (which is true if the dispersive
device is a length of dispersive fiber with a very low loss) but a quadratic phase response. Then

the optical signal at the output of the dispersive device can be expressed as

epp(t)=e, -{J, cos(w,t+6,)

+J cos[(@, + @ )t + —’25 +6,,] (2.29)

~J, cos[(a, —com)t—zzz— + 6,1,

where &,, 6.1 and 6., are the phase shifts experienced by the carrier, the lower sideband and the

upper sideband, respectively.
Generally, the phase shift induced by the dispersive device can be expressed as

0=pz, (2.30)

where £ is the propagation constant and z is the distance traveled. Expanding £ in a Taylor

series and substituting it into Eq. (2.30) yields
0=25(0,)+2 (@) @-0,)+52f (@) @-0,) +, 231)

where the B’ and B" are the first- and second-order derivatives of B with respect to the optical

angular frequency w.
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We know that group delay 7 (w) is defined as df/dw, i.e.,
de ’ ” 1 " 2
T(w)= T zf(w,)+zf"(w,)@-w,) t zf" (o, N@-w,) +--. (2.32)
@

For a dispersive device with a quadratic phase response, its group delay response is linear and
the third- or higher-order derivatives of £ in Eq. (2.32) can be ignored. Then Eq. (2.32) is

simplified as

(@) =z B'(@,) +2 f'(,)@-,), 233)

%

where the first term (7,) is the group delay experienced by the optical carrier at frequency w,
and the second term describes the group delay variation as a linear function with respect to

angular frequency w.

Dispersion is defined as the first-order derivative of the group delay with respect to the angular

frequency w, it is a constant in this case,
D, =zp8"w,). (2.34)

Evaluating & at the optical carrier of a, and the sidebands of @, + w,,, we have

-

0 =zp(w,)
0, =zp(w,)~1,0, + —;—Da),f, (2.35)

0, =z f®,)+7,0, + %Dw;.

.

When the lightwave passed through a dispersive device, a photo current is generated at the PD
by using Eq. (2.25). Taking only the RF signal centered at the modulating frequency @, and

ignoring the dc current and the higher-order harmonics, we have
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0,

Ipp sin(eL-;e;1 —6,)-cos(w,, t + Qf—‘—;——:—)

= sin(% wa:u) .COS [wm (t -1, )] (236)

Hpy i (@,)

From Eq. (2.36) we can see that the proposed chromatic dispersion based PM-IM conversion

with direct detection has a frequency response given by

L 1
Hun(@,)= sm(—2— D,al). (2.37)
A / First peak
RF
power
Second notch
First notch
: >
dc Modulating RF signal frequency

Fig. 2.7 Frequency response of the chromatic-dispersion-based PM-IM conversion.

The frequency response is shown in Fig. 2.7, from which a quasi-periodic function with a notch
at the dc frequency is observed. The first peak and the second notch can be determined by
letting D @ /2=n/2and =, respectively. The frequency response between the first two
notches forms a pass band, which can be directly used to shape spectrum of the modulating
signal, as we will show in Sec. 3.2 of Chapter 3. Furthermore, if this dispersion-induced
frequency response is combined with a frequency response of a conventional all-optical
transversal lowpass filter, the intrinsic baseband resonance of the lowpass filter is eliminated,
leading to an all-optical bandpass filter. More details about the bandpass filter implemented

based on chromatic-dispersion-based PM-IM conversion will be presented in Sec. 3.3 of

Chapter 3. In addition, since sin(D_ @ /2) is an odd function, if the PM-IM conversion is

implemented with positive or negative chromatic dispersion D, the resulted RF signals will be
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out of phase. This feature can be applied to implement all-optical microwave filters with both

positive and negative coefficients, which will be discussed in Sec. 3.4 of Chapter 3.
2.2.2 PM-IM conversion based on an optical filter

Based on the theoretical analysis of a phase-modulated signal, we know that PM-IM conversion
can also be realized by changing the magnitude relationship among the carrier and the
sidebands. For instance, using an optical filter to eliminating either a sideband or the carrier
would lead to the PM-IM conversion. In this following, a more general discussion on optical-
filter-based PM-IM conversion is presented, in which an optical bandpass filter having two

linear slopes is used as a frequency discriminator.

Fig. 2.8 shows the frequency response of an ideal optical filter. It has two linear slopes, by
locating the carrier of the phase modulated signal at either slopes of the filter, PM-IM

conversion can be realized.

Normalized magnitude
response |H, (o))
A

Center

L I e

Left slope
|Hd(w)|w=w, ——————————————————————

Right slope

>0

o, -Aw , W, 0, +Aw

Fig. 2.8 The ideal frequency response of an optical filter with two linear slopes and flat top.

Mathematically, the frequency response of the optical filter shown in Fig. 2.8 can be written as

Ko - K(o,—Aw); o, - Ao <o < o, (left slope)
(i K -Aw;, o, <o, (center) 2.38)
I “'Uw)l | K(w, + Aw) - Ko, @, <o <o, + Ao (right slope) '

0; otherwise,
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where X is the slope steepness factor of the filter (K > 0), and @ is the optical frequency. From
Eq. (2.38) we can see that the frequency response of the optical filter consists of three linear
sections, i.e., the left slope, the center, and the right slope. To simplify the derivation, we
assume that within each section the phase response is linear (In Sec. 5.1 of Chapter 5, a properly
apodized FBG is used to perform the PM-IM conversion. Both the simulation and experiment
results show that under small signal condition the effect of this assumption on the proposed
frequency discriminator is negligible). In addition, if the phase-modulated optical signal has a
narrow bandwidth and the optical carrier is properly selected to make its spectrum be totally

located within each spectral section of the frequency response of the optical filter, as shown in

Fig. 2.8, the impulse response of the optical filter /,(¢) can be approximated

-K(w,-Aw)-8()— jK-6'(t); left slope
h(t) = K -Aw-56(1); center (2.39)
K(w, +Aw)-5(t)+ jK-8'(t); right slope,

where the group delay derived from the linear phase response is neglected, 6 (¢) is the unit

impulse, and 8 '(¢) is the first-order derivative of the unit impulse. Note that

(2.40)

After the phase-modulated optical signal passing through the optical filter with the carrier

located at one of the three sections, we obtain the optical field

e, (1) = epy (£) * by (1)

epy (1) [K(@w, — 0, +Aa) + K- By, - f(1)];  left slope
~ ep (1) K- Aw; center
ey (1) [K (@, + Ao =) =K - By - f'(O)];  right slope,

(2.41)

where * denotes convolution operation, and f'(t) is the first-order derivative of the modulating

signal f(¢).
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Again using Eq. (2.25), the photo current at the output of the PD is given by

K? {(w,— o, + Aa))z +[Beu 'f’(t)]z +2@, -0, +Aw)- By, - f'(1)};  left slope

ipp(2) ~ K*Aa’; center
K {(0, + A0 = @,) +[ By - [ (OF = 2@, +Aw> —@,) - By - f'(£)};  right slope.
(2.42)

The first term on the right side for each case, which equals |H, (@)|,__ , represents a dc and can

be eliminated by using a dc blocker. When the optical carrier @, is located at the left or the

right slope with an assumption of small signal modulation, the second term is much smaller

than the third term and can be neglected. Finally, we obtain the recovered RF signal,

2K (w, — @, + A®)- By, - 1(2);  left slope
r(t) ~ 0; center (2.43)
—2K* (0, + Ao —@,) By - f(t);  right slope.

Observing Eq. (2.43), we can conclude that 1) no signal can be recovered if the optical carrier is
located at the center of the optical filter passband, 2) the recovered signal is the first-order
derivative of the modulating signal when the optical carrier is located at either slope of the
optical filter, and 3) the amplitude of the detected signals have different signs when the carriers
are located at the opposite slopes which is a very important feature and would find many
interesting applications in all-optical signal processing. In Chapter 5, to implement
encoding/decoding for optical CDMA systems, and to generate UWB pulses in UWB-over-

fiber systems, will be discussed.
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CHAPTER 3
ALL-OPTICAL MICROWAVE FILTERS

3.1 Introduction

An all-optical microwave filter is a system used to implement microwave filtering in the optical
domain. The use of an all-optical microwave filter would bring many advantages such as low
loss, broad bandwidth, large tunable range, high Q factor, and immunity to electromagnetic
interference. In addition, since the signal to be processed is in the optical domain, it can be
directly incorporated into a radio-over-fiber (RoF) system without the need for an additional

electrical to optical (E/O) conversion.

A general structure of an all-optical microwave filter is shown in Fig. 3.1.1. It consists of a light
source (either narrowband or broadband, single wavelength or multiple wavelengths), an optical
modulator (either intensity modulator or phase modulator), an optical delay line module, and a
PD. To avoid optical interference which is very sensitive to environmental changes, the time

delayed signals after the delay line module should be added incoherently.

Input RF signal Output RF signal
Light » Modulator > F.lber delay- > Photo-
source line module detector

Fig. 3.1.1 General diagram of an all-optical microwave filter.
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A. Using electrooptic intensity modulator (EOIM)

Input RF signal x(t) Output RF signal y(t)
P> a9 >
- Optical R Optical v
Light Ly EOM signal 1T i signal N Photo-
source tapping combining detector
element : : element
» (N-1) > an, >

Fig. 3.1.2 Block diagram of an EOIM-based all-optical microwave transversal filter.

Traditionally, an EOIM is used to converting a microwave signal to be processed, x(¢), to an

optical-intensity-modulated signal, as shown in Fig. 3.1.2. Then the optical signal is sent to the
tapped delay-line module, where it is split into several channels with different time delays and

attenuations and then summed incoherently at a PD. The filtered electrical signal y(¢) is

obtained at the output of the PD. Provided that the nonlinear effects in the system are small and
negligible, the entire system can be considered as a linear, time-invariant system, in which the

output y(¢) can be written as
N N ’
y(t)< Y a, - x(t - kr), (3.1.1)
k=0

where T represents the time delay difference between two adjacent taps, and a, is the

attenuation index of the k-th optical path.

Applying the Fourier transforms to both sides of Eq. (3.1.1), the system transfer function is then

obtained,

N-1
Hpp (@)<Y a, e, (3.1.2)
k=0
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where the time delay unit T determines the free spectral range (FSR) of the all-optical

microwave filter, and the attenuation index a, determines the 4-th filter coefficient, which is

proportional to the optical intensity of the k-th optical path and can not be negative. So the
frequency response described by Eq. (3.1.2) is a typical transfer function of a finite impulse
response (FIR) delay-line filter with all-positive coefficients. Based on signal processing theory,
a delay-line filter with all-positive coefficients would operate always as a lowpass filter.

However, for many applications, such as RoF systems, bandpass filters are required.
B. Using electrooptic phase modulator (EOPM)

To solve the problem discussed above, in this research, the efforts are focused on optical phase
modulation. Fig. 3.1.3 shows a general architecture of an all-optical microwave filter using an
EOPM, in which the EOPM is used to modulate the phase of the optical carrier with the RF
input, and at each tap a PM-IM conversion module is added, compared to the structure shown in
Fig. 3.1.2.

Input RF signal Output RF signal
» PM-IM » a, >
Optical Optical
- Pucal L pMIM|> + P> a !
Light {1 popm |, signal ! signal | | Photo-
source tapping combining detector
element : H i element
> PM-IM P (N-1)r P> ang [

Fig. 3.1.3 Schematic diagram of an EOPM-based all-optical microwave filter with N taps.

If the frequency transfer function of the k-th PM-IM conversion is H{)_,, (@), and the time
delayed signals with different weights are combined incoherently, the transfer function of the

whole system is given by

N-1
H popy (@) oc ZHS:\}-IM (@)-a, -e™/™, (3.1.3)
k=0
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If HY) . (@) is identical for all the channels and is denoted as H,,,_, (@), Eq. (3.1.3) can

thus be written as

N-1

H gopy (@) < H pyy_py (@) - Zak e 3.1.4)

k=0
Hppp (@)
As can be seen from Eq. (3.1.4), the filter frequency response is a multiplication of the

frequency response of the PM-IM conversion ( H,,_,, (@) ) with the frequency response of the
transfer function of an EOIM-based all-optical microwave filter (H ;(@)). As discussed in

Sec. 2.2, H,, ,,(®), the frequency response of a chromatic-dispersion-based PM-IM

conversion, has a notch at dc, as shown in Fig. 2.6. Based on this property, the baseband

resonance of the microwave filter with all-positive coefficients would be eliminated by the dc

notch, with an overall frequency response H ;,,, (@) equivalent to a bandpass filter.

On the other hand, if HY , (w) is different for each tap, especially if

HS) p(@)=—HS2 | (w),Eq. (3.1.4) can be written as

N-1 .
H piy (@) | H pyy_py (@)]- Y (~D)" -1, - e (3.1.5)
k=0

In Eq. (3.1.5), m = 1 corresponds to a negative efficient, and m = 2 corresponds to a positive
efficient. Based on the analysis in Sec. 2.2, a positive or negative sign of H,,,_,, (@) can be
achieved by applying the phase-modulated optical signal to a dispersive device with a positive
or negative chromatic dispersion or an optical filter at its positive or negative frequency

response slope. Using this property, negative taps can be generated. Consequently,

implementation of bandpass filter with flat-top passband and larger mainlobe-to-sidelobe ratio
(MSR) is possible.

In this Chapter, three different architectures for all-optical microwave bandpass filtering will be
presented. In Sec. 3.2, an equivalent bandpass filter with only “one tap” (N=1) is implemented

to generate an UWB pulse signal with a spectrum meeting the regulation of the Federal
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Communication Commission (FCC). In Sec. 3.3, an all-optical microwave bandpass filter with
multiple taps is experimentally implemented by emerging the PM-IM conversions into a laser-
array-based delay-line structure. In Sec. 3.4, a method to realize negative filter coefficients is

presented.
3.2  Asingle-tap all-optical microwave bandpass filter using an EOPM

In this Section, an equivalent bandpass filter with only “one tap” is experimentally implemented.
The motivation of design and implementation of this single-tap filter is to use its bandpass
frequency response to shape the spectrum of Gaussian pulses, to generate ultrawideband (UWB)
doublets in the optical domain. The filter consists of a single-wavelength laser source, an
EOPM that performs the optical phase modulation, a length of single-mode fiber (SMF) that
acts as a dispersive device to perform the PM-IM conversion, and a PD that performs the direct
detection. By applying electrical Gaussian pulses to the proposed all-optical microwave
bandpass filter, Gaussian doublet pulses are obtained at the PD output, which can provide
several gigahertz bandwidths for applications in high-bit-rate UWB wireless communications.
In addition, owing to the use of the SMF as a transmission medium to connect a central station
to a wireless access point, UWB pulse signals are not only generated but also distributed to a

remote site.
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Abstract

We propose a novel approach to generating and distributing UWB pulse signals over optical
fiber. The proposed system consists of a single-wavelength laser source, an electrooptic phase
modulator (EOPM), a length of single-mode fiber (SMF) and a photodetector. The combination
of the EOPM, the SMF link and the photodetector forms an all-optical microwave bandpass
filter, which is used to generate a UWB signal with a spectrum meeting the regulation of the
Federal Communication Commission. Gaussian doublet pulses are obtained at the receiver
front-end, which can provide several gigahertz bandwidths for applications in high-bit-rate
UWB wireless communications. Experimental results measured in both temporal and frequency

domains are presented.

Index terms: Ultra-wideband, electro-optic phase modulation, chromatic dispersion, direct

sequence impulse radio, bandpass filter, radio-over-fiber.
1. Introduction

Ultra-wideband (UWB) wireless systems have recently attracted considerable interests for short
range high-throughput wireless communication and sensor networks thanks to their intrinsic
properties, such as the immunity to multipath fading, extremely short time duration, carrier free,
low duty cycle, wide occupied bandwidth, and low power spectral density [1-2]. Specifically,
the indoor and hand-held UWB systems must operate in the frequency range from 3.1 to 10.6

' Published in IEEE Photonics Technology Letters, vol. 18, no. 7, pp. 823-825, April 2006.

35


mailto:jpyao@site.uottawa.ca

GHz with an effective isotropic radiated power level of less than -41dBm/MHz, as required by

the United States Federal Communication Commission (FCC) [3].

However, by wireless transmission, UWB signals are only limited in short distance of a few to
tens of meters. Such short-range wireless networks can operate mainly in indoor environments
in standalone mode, with a nearly nonexistent integration into the fixed wired networks or
wireless wide-area infrastructures. To offer availability of undisrupted service across different
networks and eventually achieve high-rate data access at any time and from any place, UWB-
over-fiber technology combined with fiber-to-the-home (FTTH) topology may provide an

effective solution [4].

On the other hand, one of the most attractive technologies to generate UWB signals is based on
direct-sequence impulse radio technology. It is a carrier-free modulation scheme that does not
use the complicated frequency mixer and intermediate frequency, hence the cost can be greatly
reduced compared to that of multi-band orthogonal frequency multiplexing scheme. The
selection of the impulse signal types is one of the fundamental considerations in designing
UWRB circuits and systems because the impulse types determine the performance of the UWB
systems. As described in [5], Gaussian mono-cycle pulses and doublets can provide a better bit-
error-rate (BER) and multipath performance among different impulse signals. Basically these
desired waveforms can be created by a sort of bandpass filtering of a Gaussian pulse, i.e., the
filtering acts in a manner similar to taking the derivation of the Gaussian waveform. For
instance, a Gaussian mono-cycle is the first-order derivative of a Gaussian pulse and has a
single zero crossing; while a Gaussian doublet with an additional zero crossing is the second-
order derivative of a Gaussian pulse [2]. However, with the current stage of technology, it is
rather expensive and difficult to make such a pulse with a fractional bandwidth even greater

than 100% at the central frequency of around 7 GHz [6-8].

In fact, since UWB-over-fiber is essential to integrate the local UWB environment into the fixed
networks or other wireless-wide-area infrastructures, it is highly desirable that the distributed
UWRB signals can be created directly in the fiber link and are ready to radiate at the receiver
front-end, which can simplify the system by centralizing the operation. In this letter, we propose

a novel approach to achieving both UWB pulse generation and distribution in a simple and
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efficient way. By using an electrooptic phase modulator (EOPM), an optical carrier is phase
modulated by a Gaussian pulse train representing the data sequence to be transmitted. A length
of single-mode fiber (SMF) is then employed as transmission medium to send the information
to a remote site. Thanks to the SMF-induced chromatic dispersion, which is usually considered
a negative effect in traditional intensity-modulation and direct-detection (IM-DD) systems, in
our approach the combination of the EOPM and the SMF link forms an all-optical microwave
bandpass filter [9] that can be designed to shape the input Gaussian pulses into UWB pulses that
meet the UWB spectral requirement. In this letter, a point-to-point UWB-over-fiber connection
1s experimentally implemented. The experimental result shows that Gaussian doublet pulses are

obtained at the end of the fiber link with a spectrum meeting the FCC regulation.

2. Principle and Experiment

Antenna Y7

Data Sequence

Access Point

Fig. 1 Block diagram of the proposed UWB-over-fiber system.

The block diagram of the proposed UWB-over-fiber system connecting a central station (CS)
and an access point (AP) is shown in Fig. 1. At the CS, light from a laser diode (LD) is fiber
coupled to an EOPM which is driven by the data sequence to be transmitted. The phase-
modulated optical signal is then applied to a length of SMF that serves as a transmission
medium as well as a dispersive device. In our approach the information is carried by the optical
phase, if the phase-modulated optical signal is directly fed to a power-detection device, e.g., a
photodetector (PD), no information but a dc can be detected. Thanks to the chromatic dispersion

induced by the SMF, at the AP the phase information is converted to the optical intensity, and
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the modulating electrical signal is then obtained at the output of the PD [9, 10], which is ready

to radiate via an antenna.

Under small-signal condition, the frequency response of the proposed system with respect to the

modulating signal (between point A and B) can be written as [10]

w

2 r2
H(w) =cos(%fl+
c 2

) H gopy (@) H pp, (@)

) )
where the first term on the right side represents the dispersion-based phase-modulation to
intensity-modulation (PM-IM) conversion, ¢ is the optical wave propagation velocity in free
space, y is the accumulated dispersion of the SMF link, A, denotes the wavelength of the
optical carrier, and f, is the frequency of the modulating signal; H ..., (@) and H,,(®)
represent the radio frequency responses of the EOPM and PD, respectively. Based on Eq. (1),
some unique properties can be concluded [10]. First, a quasi-periodic change of the response
with a notch at the dc frequency is expected. Second, radio frequency responses of the EOPM
and PD are usually bandwidth limited, which have a significant degradation at high frequency.
Therefore, only the first null-to-null frequency range need to be considered and higher
frequency response can be ignored, and eventually bandpass filtering is achieved. Furthermore,

since the proposed frequency response is the function of the optical carrier wavelength A, and
the dispersion of the transmission medium, e.g., the peak and the second null are obtained by
letting 7y Al f;/c=n/2 and m respectively, it indicates that by varying A, or y , the

bandwidth and shape of the proposed bandpass filter can be tuned and hence the spectrum of the
generated UWB signals can be optimized.

The proposed UWB bandpass filter in an optical link is experimentally implemented based on
the configuration shown in Fig. 1. An LD with a wavelength of 1550 nm is used as the light
source. A 25-km standard SMF-28 fiber is employed to transmit UWB signal from the CS to
the AP. The SMF-28 fiber has a chromatic dispersion of 17 ps/nm -km at 1550 nm. 25-km of
this fiber has a accumulated dispersion of y =425 ps/nm . The frequency response between
point A and point B, as shown in Fig. 2, is measured via a vector network analyzer (Agilent

E8364A) by sweeping the modulating frequency from 45 MHz to 20 GHz while keeping the
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same output power of 3 dBm. From Fig. 2, we can see that a notch at the dc 1s observed. The
passband peak, the lower and higher -10 dB cutoff frequencies are of 10.5, 4.1 and 15.9 GHz
respectively, which provide a fractional bandwidth of about 112%. It should be noted that this
frequency response does not need to meet the spectral mask authorized by the FCC, but the

spectrum of the shaped pulses should meet that regulation.

A

&
=]

Normalized frequency response (dB)

A
(=)
Oh
\
\
7]

5 10 16 20
Frequency (GHz)

Fig. 2 Measured frequency response of the proposed UWB-over-fiber system.

To further verify the pulse shaping function of our proposed system, at the CS, a 13.5-Gb/s
pseudo random bit sequence (PRBS) 2’-1 signal is applied to the EOPM, which is generated by
use of a bite error tester (Agilent N4901B). The temporal waveform representing a single bit is
measured by use of a high-speed sampling oscilloscope (Agilent 86116A), as shown in Fig.
3(a). We can see that it has a Gaussian-like shape and a full width at half of the maximum
(FWHM) of about 63 ps. The spectrum of the pulse train is also measured by use of an electrical
spectrum analyzer (Agilent E4448A), as shown in Fig. 3(b).

After passing through the 25-km SMF-28 fiber link, the phase-modulated optical signal is then
fed to the PD located at the AP. The output of the PD is then measured in both temporal and
frequency domain as we did at the CS. Fig. 4(a) shows that a Gaussian doublet pulse is obtained
at the receiver front-end, which has an FWHM of about 40 ps. From Fig. 4(b), we can see that
the measured spectrum has a central frequency of about 7 GHz, and the lower and higher
frequencies at -10 dB points are around 3.0 and 10.9 GHz, respectively, which indicates that the
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generated UWB signal achieves a fractional bandwidth of about 113%. In particular, the FCC
assigned bandwidth and spectral mask for indoor communications is also illustrated in Fig. 4(b).
We can see that the resulting pulses in our approach not only meet the FCC’s mask, but also
optimally exploit the allowable bandwidth and power. A spectral line at 13.5 GHz is observed
in the spectrum, which is due to the use of a short code-length of the PRBS patter, i.e., 2’-1.
By employing longer code-length PRBS patterns or by using pulse position modulation or pulse

polarity modulation, this spectral line can be significantly reduced.
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Fig. 3 When a 13.5 Gb/s PBRS 27-1 signal is applied to the EOPM, (a) the waveform of a single bit, and (b) the

power spectrum of the modulating signal are measured at point A.
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Fig. 4 (a) Waveform of the Gaussian doublet pulse, and (b) power spectrum of the shaped 13.5 Gb/s PBRS 2’-1

signal obtained at the end of the fiber link (point B in Fig. 1). Dashed line: FCC spectral mask for indoor

applications.
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3. Conclusion

A novel and simple UWB-over-fiber system to generate and distribute UWB signals has been
proposed and experimentally implemented. In the proposed approach, a passband all-optical
microwave filter realized by use of an EOPM, a length of SMF and a photodetector was
implemented to generate a UWB signal with a spectrum meeting the regulation of the FCC. The
SMF in the system has two functions, as a dispersive device for all-optical bandpass filtering
and transmission medium to connect a CS to an AP. Therefore, UWB signals were not only
generated but also distributed to at a remote site. Owing to the use of the EOPM, the chromatic-
dispersion-induced power penalty existing in traditional IM-DD systems does not exist in the
proposed system. On the contrary, it is a positive effect that contributes to the generation of
UWB pulse signals. If the proposed system is only used for short distance distribution, e.g.,
hundreds of meters or a few kilometers, a linearly chirped fiber Bragg grating may be used to
generate the required chromatic dispersive. In addition, the use of the EOPM has some other
advantages over an intensity modulator, which include a lower insertion loss, no bias control,
and simpler system design. The experimental results showed that the doublet pulses generated
by the proposed system had a central frequency of about 7 GHz with the lower and higher
frequencies at -10 dB points of 3.0 and 10.9 GHz, which meets well the FCC regulation.
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3.3 A multi-tap all-optical microwave bandpass filter using an EOPM

In this Section, an all-optical microwave bandpass filter with multiple taps is experimentally
implemented. Instead of using a single laser source to achieve single-tap microwave filter, as
discussed in Sec. 3.2, we use a laser array with multiple wavelengths as the light source. By
combining the laser array with the PM-IM module, an all-optical microwave bandpass filter
with multiple taps is realized. The filter performances, including the mainlobe to sidelobe

suppression ratio, the reconfigurability, tunability, and the dynamic range, are also investigated.
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Abstract

Theoretical analysis and experimental implementation of an all-optical bandpass microwave
filter are presented. Bandpass filtering is implemented using an electro-optic phase modulator
combined with a dispersive device to eliminate the baseband resonance of a typical lowpass
filter. In addition to bandpass operation, the proposed filter also provides an improved
mainlobe-to-sidelobe ratio and a reduced mainlobe bandwidth compared to those of the
conventional microwave filters with windowing. A four-tap bandpass microwave filter with a 3-
dB mainlobe bandwidth of 2.65 GHz and a mainlobe-to-sidelobe ratio of 30-dB is
demonstrated. The filter performances, including the reconfigurability, tunability and the

dynamic range, are also discussed.

Index term: Bandpass filter, chromatic dispersion, mainlobe-to-sidelobe ratio, phase
modulation, 1-dB compression point.

1. Introduction

The use of photonic devices to implement flexible filters for the processing of microwave and
radiofrequency (RF) signals has been an interesting topic for a few years [1-2]. Compared with
the conventional electronic microwave filters, the all-optical microwave filters have many
advantages, such as broad bandwidth, low loss, light weight, large tunability and the immunity
to electromagnetic interference. In addition, all-optical microwave filters are of particular

interest for applications such as radio-over-fiber (RoF) systems and optically controlled phased

? Published in Journal of Lightwave Technology, vol. 23, no. 4, pp. 1721-1728, April 2005.
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array antennas, where the signals can be processed directly in the optical domain without the

need of optical/electrical (OE) and electrical/optical (EO) conversions.

Various configurations have been proposed for the implementation of all-optical microwave
filters [3-8]. However, most reported approaches are based on incoherent operation, in which
only the intensity of the optical signal can be manipulated and hence negative taps are difficult
to obtain. This results in a severe limitation on the functionalities of the all-optical filters. For
example, bandpass or highpass filtering cannot be implemented if only positive taps are
available. Although in a coherent system optical phase can be manipulated to achieve negative
coefficients [9-10], the implementation of such a coherent optical signal processor is hindered
by the precise control of the optical phase, which is extremely sensitive to the environment
variations. Moreover, the maximum time delay has to be shorter than the coherent length of the
light source, which further imposes difficulties in the filter fabrication based on fiber optics. To
overcome this limitation, several techniques have been proposed to realize negative coefficients
and consequently achieve bandpass filtering using incoherent sources. One approach proposed
by Sales et al. [11] is to use differential detection, which requires converting the optical signal
to electrical signal at the cost of increased system complexity. Other approaches with negative
coefficients include wavelength conversion based on cross-gain saturation modulation in a
semiconductor optical amplifier (SOA) [12], and carrier depletion effect in a Fabry-Perot (FP)
laser diode [13] or in a distributed-feedback (DFB) laser diode [14]. More recently, Capmany et
al. [15] proposed a bandpass filter that employed two electro-optic modulators (EOMs).
Negative coefficients were obtained by biasing the two EOMs at different operation points.
Mora et al. [16] presented a simple approach to realizing transversal filters with negative
coefficients. The negative taps were obtained by use of the transmission of a broadband source
through uniform Bragg gratings. Chan et al. [17] presented a two-tap notch filter with one
negative tap, in which a dual-output EOM was used. The EOM was connected in a way such
that it undergoes a double-pass modulation. In these configurations, complicated structures or

extra active or passive components are required.

In addition, the mainlobe-to-sidelobe ratio (MSR) and the mainlobe bandwidth are other two
important issues that must be considered in the filter design. Although it is known from filter

theory, uniform taps provide an MSR that increases linearly with the number of taps. This may
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be insufficient for certain applications, where the available taps are limited. Different weighting
functions have been proposed for the MSR improvement, either by adjusting the power of the
optical sources [18, 19] or by controlling the attenuation/gain of the taps. However, for a fixed
number of taps, the reduction of the MSR by use of appropriate window functions is achieved at

the cost of an increased mainlobe bandwidth, which is usually unwanted for many applications.

Recently, we have proposed a method to implement all-optical microwave bandpass filters [20].
It is different from the negative-coefficient bandpass filters discussed in [12-17]; the proposed
bandpass filter eliminates the baseband resonance of a typical lowpass filter by use of a phase
modulator combined with a dispersive device. The fundamental concept was demonstrated
based on a simple two-tap filter [20]. However, many issues such as the MSR, mainlobe
bandwidth, tunability and dynamic range were not discussed in [20]. In this paper, we present a
detailed theoretical and experimental investigation on these issues. A bandpass filter with four
taps is implemented. We show that the proposed filter provides simultaneously a lower MSR
and a narrower mainlobe bandwidth compared to the conventional negative-coefficient filters.
The performances such as the reconfigurability, tunability and the dynamic range are also

discussed in this paper.

This paper is organized as follows. In Section 2, the principle of the phase-modulation-based
all-optical bandpass microwave filter is discussed. A theoretical model based on narrow-band
phase modulation with intensity detection is developed. Issues such as the MSR, mainlobe
bandwidth are discussed. In Section 3, experimental implementation of a four-tap bandpass
microwave filter is performed to verify the theoretical analysis. Discussions on the filter

tunability and the dynamic range are presented in Section 4. A conclusion is drawn in Section 5.
2. Theory

Consider a fiber link composed of a single-frequency laser source, an electro-optic phase
modulator (EOPM), a dispersive device and a square-law photodetector. The diagram of the
link is shown in Fig. 1, where the laser is fiber coupled to the phase modulator which is driven
by a single-frequency sinusoidal electrical signal; the phase modulated optical signal is then
applied to the dispersive device and the output is detected by the photodiode. The optical

amplitude spectra at different points in the link are schematically shown in Fig. 1.
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Fig.1 Diagram of narrow-band phase modulation with intensity detection. LD: laser diode, PM: phase modulator,

DD: dispersion device, PD: photodetector.

The normalized amplitude of the phase modulated optical field E(¢) can be expressed in the

form of
E(t)=cos[wot+Ap(t)]=cos[wt+m, Vcos(w,t)], (D

where w, is carried angular frequency; @,, is modulating angular frequency; A is the phase
change of the carrier; V' is the amplitude of modulating signal; and m, = Ag,, /V is the phase

modulation index. Eq. (1) can be expanded in terms of Bessel functions of the first kind,

E(t)=iJ,,(mpV)-cos[(a)c+na)m)t+%nﬂ], 2

n=-

where J, () denotes the n-th order Bessel function of the first kind. To simplify, the argument
(m,V ) will be omitted in the following text. From Eq. (2), we can see that the phase

modulation process generates a series of sidebands with Bessel function amplitude coefficients.

The power intensity of each sideband, plotted as the function of m V' in Fig. 2, is proportional

to the square of the coefficient of the corresponding term in Eq. (2).

From Fig.2, we see that when m V' is small, only the first-order upper and lower sidebands can
be considered; and higher-order sidebands are negligible. If m V' is relative large and the power

levels of the higher-order sidebands are comparable to those of the carrier and the first-order
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sidebands; the modulation is non-linear, which imposes a crucial limitation on the dynamic
range of the proposed filter. The discussion on dynamic range will be presented in Section 4.
Here, under small signal conditions, the phase modulation can be regarded as a narrow-band

linear modulation. Eq. (2) can be further simplified as

T T
E(t)=J,cos(w,t)+J cos[(w, +m,)t +—5] +J,cos[(w, —w, )t—z]. 3
g
S. i
3
‘»
g
& T
g
s
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S
g
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Product (mpV)

Fig. 2 Normalized power intensities of the carrier and the sidebands as the function of the product pV .

Based on the property of Bessel functions, we have

Jo="J1> whennis odd. 4)

We can conclude that the two sidebands are ™ out of phase at the output of the phase
modulator, which is different from an intensity modulation where the two sidebands are in
phase. If this signal is directly detected using a photodiode, the RF signal cannot be recovered
because the beating between the carrier and upper sideband exactly cancels the beating between
the carrier and the lower sideband. However, as shown in Fig. 1, if the modulated optical signal

passes through a dispersive device, the optical field can be expressed as
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E(@)xJ cos(wt+e@,)+J cos[(w +w, )t +%+qpl ]-J, cos[(w, —w, )t—%+qu], (5)

where ¢,, ¢, and ¢, are the phase delays of the spectral components @, , @ +@, and

o, —w,, induced by the chromatic dispersion of the dispersive device. Since the phase delays
are different for the three components, which implies that the phase difference of the two

sidebands can be effectively rotated to be totally or partially in phase; then the modulating RF
signal may be recovered when this dispersed optical signal is fed to the photodetector.

It is well known that the phase delay can be given by an expansion in a Taylor series of the

frequency dependent propagation constant (o ) and light absorbed by the photodetector
generates a current proportional to the square of the optical field {21-22]. Taking only the RF

signal centered at the modulation frequency @, and ignoring the dc current and higher-order

harmonics, we obtain the amplitude of the recovered RF signal

(‘P (PZ)

E,_(t)x<cos

((P' ;(PZ -@,)-cos(m t+

; 6
xf (6)

=cos(— "~ +— ) cos(w t+6)

where c¢ is the optical wave propagation velocity in free space; y is the accumulated dispersion
of the dispersive device; 4, is the central wavelength of the carrier; f,, is the frequency of the

modulation signal; and 6 is the phase delay of the recovered microwave signal, which is also

determined by y and f, . The frequency response of this narrow-band phase modulation and

intensity-detection operation is shown in Fig. 3. As can be seen, a notch is observed at the dc

frequency; the first peak and the second notch can be determined by letting zyA, /. /c=7/2

and = , respectively.
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Fig. 3 Recovered RF power vs. RF frequency.

Now we use an array of N laser sources to replace the single laser source. Assume that the laser

sources are not correlated. The central wavelengths are 4, (n=1,2,---,N) and the output
powersare P, (n=1,2,---,N). As shown in Fig. 4, the combined outputs of the N wavelengths

from the laser array are applied to the phase modulator, and the modulated optical signal passes
through the dispersive device. The modulating RF signal is recovered at the photodetector,

which can be expressed as the summation of resulting electrical signals from the N carriers

N 2 2
Ep(t)cY cos(m+%)-ﬂ-cos(27rfmt+9n), )
C

n=1

where y, is the accumulated dispersion for the n-th carrier, and 6, is the phase delay for the n-

th recovered RF signal.

Q
I RF |, RF

Fig. 4 Diagram of phase-modulator-based all-optical bandpass microwave filter. PC: polarization controller.
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If the wavelength spacing between any adjacent laser diodes is identical and small, the first term
on the right side of Eq. (7) can be considered identical for all the wavelengths. Then Eq. (7) can

be rewritten as

— —2

. 2 N
Ee(t) occos(%—%—fﬂ—+—g—)-z P, -cos[2r f,t+6,+2x f,(n-1)T1, )
n=1

where y, and A, denote the average accumulated dispersion and the mean value of carrier

wavelength; T = Z - AA is the time interval between any two adjacent taps. Applying Fourier

transform to both sides of Eq. (8), we get the frequency response

H(w)« cos(fl——"’z"—f;—+—7—[—)-if’n-exp[j27rfm(n——1)T], ©)
\ lea)) - Hz(w) 1

where H,(w) represents the dispersion-induced frequency response; and H,(®) is nothing

but a frequency response ofa typical transversal all-optical lowpass filter. The effective transfer
function of this phase-modulation-based microwave filter can be expressed as the multiplication

of these two responses, or in other words, a conventional lowpass response H,(@) with a free

spectrum range (FSR) of 1/T is reshaped by the frequency response H,(@).

Based on the above theoretical analysis, a four-tap all-optical bandpass microwave filter is
simulated, in which four carriers with -/1:: =1570 nm and wavelength spacing AA =0.195 nm
are applied as the light sources. The accumulated dispersion y =425 ps/nm at 1570 nm is
chosen to ensure the second resonance peak of H,(@) located exactly at the same position of

the first peak of H,(@) . The frequency response of proposed microwave filter is shown in Fig.

5. As can be easily seen that the baseband resonance of the lowpass filtering function due to the
conventional intensity-modulation direct-detection (IM-DD) scheme is eliminated; and an

equivalent bandpass microwave filter is consequently achieved.
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Fig. 5 Simulation results of a four-tap bandpass microwave filter. Dash-dot line: H,( @) based on a rectangular

window {1,1,1,1}; dotted line: A 2 (@) based on a Kaiser window {0.54,1,1,0.54}; dashed line: dispersion effects

induced H, (@) ; solid line: H (® ) based on the Kaiser window {0.54,1,1,0.54}.

A rectangular window of {P,} ={1,1,1,1} and a Kaiser window of {P,} = {0.54,1,1,0.54} are
applied to show the MSR suppression due to different tap-weight apodization. Compared with
the frequency response of a lowpass filter with uniform taps, 10.3 dB MSR improvement is
obtained when the Kaiser window is applied, which is at the cost of a 0.4 GHz expansion of 3-
dB passband width. However, by use of our approach, an MSR improvement of 15.9 dB can be
achieved. Meanwhile, the expansion of the mainlobe bandwidth due to the application of the
Kaiser window is only 0.1 GHz, which means that the presented approach makes it possible to

improve the MSR and reduce the mainlobe bandwidth simultaneously.
3. Experiment

First, an experiment based on the configuration shown in Fig. 1 is carried to verify the
dispersion effects in the phase modulated optical link. A tunable laser with a tunable range from
1520 nm to 1620 nm is used as the optical source. A 25-km standard SMF-28 fiber coil is
employed as the dispersive device. The fiber shows a chromatic dispersion of 17.9 ps/(nm.km)

at 1568 nm, which provides an accumulated dispersion of y =450 ps/nm. The frequency
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response at the output of the photodiode, shown in Fig. 6, is measured by a vector network
analyzer by sweeping the modulating frequency from 45 MHz to 25 GHz at the same output
power of 3 dBm.

An excellent agreement between the theoretical and experimental results is observed from Fig.
6(a). A quasi-periodic change of the RF power with a notch always at the dc is found. The first
peak and the second notch are located at 11.2 GHz and 16.4 GHz respectively for 4, =1568.2

nm. When the central wavelength is tuned around A, by a few nanometers, no obvious change
can be observed from the measured H,(®). This verifies the approximation in Section 2 that
H,(®) can be considered identical for all the wavelengths. From Fig. 6(b), we can see that the
plot of H () is squeezed or stretched when the carrier wavelength is tuned from 1550 nm to
1620 nm or to 1520 nm respectively. This feature indicates that by varying the carrier frequency
or the dispersion of the dispersive medium at large value, the frequency response H,(®) can

be tuned. In Section 4, we will show that this feature can be used for filter tuning without

introducing any filter response distortion.

The experimental setup of a four-tap all-optical bandpass microwave filter is shown in Fig. 7.
Four tunable lasers emitting at wavelengths of A, =1567.83 nm, A4, =1568.03 nm,
A, =1568.23 nm and A, =1568.42 nm are fed to a high-speed electro-optic phase modulator
via a star coupler. The pumping current and polarization state of each laser source are carefully
adjusted to obtain a window function of {0.54, 1, 1, 0.54} at the output port of the phase
modulator, as shown in Fig. 8(a). Same fiber coil is used as the dispersive device. The
wavelength spacing between any two adjacent laser diodes is around 0.2 nm, which gives a time

delay of 90 ps or an FSR of 11.1 GHz. This FSR ensures that the resonance peak of H,(®) is

located at the same position as the first peak of H,(@).
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Fig. 7 Experimental setup of the proposed four-tap bandpass microwave filter.

The effective transfer function of the microwave filter H(® ), shown in Fig. 8(b), is measured

using the same vector network analyzer, again an excellent agreement between the theoretical
and experimental results are observed. Although the lowest measurement frequency is 45 MHz,
it can be extrapolated that the filter response has a notch at the dc frequency and the baseband
resonance of the conventional IM-DD based lowpass filter is eliminated, which indicates clearly
the function of an equivalent bandpass filter. As expected, an additional MSR decrease of 4.7
dB and a 3-dB mainlobe bandwidth reduction of 0.4 GHz are obtained. The degradation of the
magnitude response shown at higher frequencies is due to the unflat response of the phase

modulator.

Another filter with different window function of {P, } = {0.50,1,1,0.49} is also experimentally

implemented to prove the reconfigurability of the proposed bandpass microwave filter. The
measured optical power spectrum of the laser sources and the overall frequency response
H(w ) are shown in Fig. 9(a) and Fig. 9(b). A bandpass filter with the passband centered at
11.2 GHz, a 3-dB mainlobe bandwidth of 2.65 GHz, and an MSR of 30 dB is demonstrated.
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4. Further discussion

Tunability: For many applications, the filters are required to be tunable. In order to tune the
frequency response of the filter, the time delay T between adjacent taps or the FSR has to be
changed. In this approach, the immediate way to tune the filter is to tune the wavelength spacing
of the laser array, since the time delay between any two adjacent taps is proportional to the
wavelength spacing of these two taps. Fig. 10 shows the filter frequency response when the
wavelength spacing between two adjacent laser source is tuned from 0.2 nm to 0.23 nm. We can
see that the central frequency of the passband is changed from 11.2 GHz to 9.7 GHz. However,
this tuning is at the cost of the shape distortion of the filter response. As shown in Fig. 10, when
the passband is tuned towards a lower frequency, the left side MSR is further reduced but the
right side MSR is degraded by about 7.5 dB. The reason is that the small change of wavelength

spacing can only lead to the FSR change of H,(@), while H,(®) is almost kept unchanged.
But as we discussed earlier, the overall frequency response is the multiplication of H,(@) and
H,(w); and the second resonance peak of H,(®) must be located at the same position as the
first peak of H,(®) in order to obtain a maximized MSR. So the MSR is degraded when only
H,(w) is changed.
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Fig. 10 Frequency responses of the bandpass filter for AA = 0.2 nm (solid) and AX = 0.23 nm (dashed).
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The problem may be solved if a dispersive device with tunable dispersion is used, such as a
chirped grating with tunable chirping [23]. By properly changing the dispersion of the
dispersive device combined with the tuning of the wavelength spacing of the laser sources, the

peak positions of the responses H,(@) and H,(w) can be maintained co-located at the same

position; therefore the filter tuning without any MSR degradation can be achieved.

Dynamic range: Dynamic range is another important factor that needs to be addressed in the
filter design. In the earlier analysis in Section 2, a small signal condition is applied to guarantee
the linear modulation approximation, for which the second- or higher-order sidebands are
neglected. However, as shown in Fig. 2, when the modulation depth becomes large the carrier
power level decreases and the power levels of the sidebands increase quickly, which means for
a large dynamic signal the second- and higher-order sidebands need to be considered. The
dynamic range here is defined as the range from the minimum discernable signal (lower limit)
to the maximum allowable signal (upper limit). The lower limit is determined by the system-
induced noise, such as shot noise from the photodiode and the relative intensity noise from the
laser array, which will not be discussed here. The upper limit is determined by the nonlinearity
of the phase modulator. In this paper, 1-dB compression point is introduced to quantify the
upper limit. In the analysis, the upper limit is found when the passband peak of the filter
frequency response drops by 1 dB from the ideal value.

In general, the recovered RF signal at frequency w,, can be expressed as the summation of the

beatings between any adjacent sidebands [21],

Epe(t) cJyJ, cos(—;-zwa): +%ﬂ)-cos(a)mt+a)m ‘AT +%,}3wa};)

beating between the lst order sidebands and carrier

+J,J, cos(%zwa): +—;—ﬂ)-cos(a)mt+a)m -Ar+%)3wa);), (10)

beating betweenthelst and 2nd order sidebands

where y_, denotes the accumulated dispersion in s/radian ; j, denotes the first-order

derivation of y_, and higher-order derivations of y, are neglected; At is the time delay of the
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RF signal passing through the dispersive device. The beating between the first-order sidebands

generates an RF signal at 2@, , which is not important because it can be filtered out. The
Fourier transform of Eq. (10) gives the frequency response of H,(w). If J,J, <<J,J,, the

second term on the right side of Eq. (10) can be neglected; then the frequency response H, (@)
can be well approximated by Eq. (6) and has a frequency response that is independent of the
input electrical signal power. When the product J,J, increases, the power level of the
recovered RF signal becomes non-linearly proportional to the power level of the modulating
signal. In this case, the phase modulation cannot be approximated as a linear modulation, and

the frequency response H,(@) is now power dependent.

Again, the 25-km SMF-28 fiber is used as the dispersion device, which has a dispersion profile
given by

A

pe 1ps/(nm-km), (11)

S
D, = 70[ A-
where A, =1310nm is the zero dispersion wavelength, and S0>.<_O.O92 ps/(nm* -km) is the
zero dispersion slope. The phase modulator employed in the experiment has a modulation index

m, of 1 /4.8V at dc. Based on these parameters, the level at the passband peak of the filter

frequency response as a function of the input signal power is plotted in Fig. 11.

From Fig. 11, we can see that the input power corresponding to the 1-dB compression point is
about 10.3 dBm. This is the upper limit of the dynamic range of this filter. At this point, the
product J,J, is around 30 dB lower than J,J,, which means that the beating between the
carrier and the first-order sidebands is dominant and the beating between the carrier and the

higher-order sidebands are negligible. When the input signal power further increases, the filter

frequency response at the passband peak decreases quickly; and the total frequency response of

H, (o) distorts significantly as shown in Fig. 12.
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Fig. 12 Frequency responses of /1, (@) for different input signal power levels at m , =7 /4.8V".

In addition, if the input RF signal contains two frequency components w,,, and @,,,, the phase

modulated optical field can be expressed as
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E(t)= Z ZJ,,(mle)-Jk(msz)-cos[(a)c +nw, +ko,,)t +%n7z’+%kﬂ], (12)

N=—cok=—c0

where V], V, represent the amplitudes of the modulating signal at frequency @, and @,,,,
respectively. Inter-modulation products at »,, +@,,, , 20,, +®,, , ®,, +20,, as well as at the
multiples of @, and w,,, may be generated. However, based on the earlier discussion if the

power levels of the two signals are both below the 1-dB compression point, these components

can be neglected, and the proposed bandpass microwave filter is linear.
5. Conclusions

Theoretical analysis and experimental implementation of an all-optical bandpass microwave
filter were presented. In the proposed filter structure, an electro-optic phase modulator
combined with a dispersive device was employed to eliminate the baseband resonance of a
typical lowpass filter. In addition to the simple bandpass operation, the proposed filter has a
better performance in terms of the MSR and the mainlobe bandwidth compared to the
conventional microwave filters with windowing. A four-tap bandpass microwave filter with a 3-
dB mainlobe bandwidth of 2.65 GHz and an MSR of 30-dB was demonstrated. Other issues,
including the reconfigurability, tunability and upper limit of dynamic range, were also
discussed. We should mention that thanks to the employment of a length of single mode fiber,
the output of the proposed filter can be naturally distributed to a remote site, which provides an
added advantage to the proposed filter, especially for radio-over-fiber applications. On the other
hand, if the proposed filter is only used for local filtering, a dispersion-tunable linearly chirped
fiber Bragg grating may be used to replace the fiber link as a dispersive device, the compactness

of the proposed filter can be significantly improved.
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3.4 A two-tap all-optical microwave bandpass filter with one negative tap

The filters discussed in Sec. 3.2 and Sec. 3.3 are microwave bandpass filters. The bandpass
operation is realized by eliminating the baseband resonance with the dc notch of the transfer
function of the PM-IM conversion. However, no negative taps are actually generated in the
filters. Therefore, bandpass filtering with flat-top passband and larger mainlobe-to-sidelobe
ratio is not possible. In this Section, we propose a novel method to realize an all-optical
microwave bandpass filter with negative coefficients. Positive and negative coefficients are
obtained through PM-IM conversion by reflecting the phase modulated optical carriers from
linearly chirped fiber Bragg gratings with positive or negative dispersions. A two-tap

transversal microwave filter with one negative coefficient is experimentally implemented.
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Abstract

A novel all-optical microwave bandpass filter with negative coefficients is presented in this
letter. Positive and negative coefficients are obtained through phase modulation to intensity
modulation conversion, by passing the phase modulated optical carriers through chirped fiber
Bragg gratings having group delay responses with positive and negative slopes. A two-tap

transversal microwave filter with one negative coefficient is experimentally implemented.

All-optical microwave filters proposed in the last few years are mostly based on the incoherent
manipulation of optical carriers with only positive taps and only lowpass filtering functionality
can be realized. For many applications, such as radio-over-fiber systems, bandpass or flat-top
filters are required. To overcome this limitation, several techniques [1-7] have been proposed in
the last few years. Recently, we have reported a method to implement all-optical microwave
bandpass filter with a simple structure [8], in which the baseband resonance of a typical lowpass
filter is eliminated by using an electro-optic phase modulator (EOPM) combined with a
dispersive device. In the proposed approach, the effective transfer function H(w) is the
multiplication of two frequency responses, i.e., a conventional lowpass frequency response

H,(w) and a dispersion-induced phase modulation to intensity modulation (PM-IM)
conversion H,(w) . H,(®w) has a notch at the dc frequency. Consequently, by carefully
choosing the system parameters to let the second resonance peak of H,(w) locate exactly at the

same position of the first peak of H,(w), one can ensure a frequency response equivalent to a

> Published in Optics Letters, vol. 30, no. 17, pp. 2203-2205, September 2005.
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bandpass filter. It is different from the negative coefficient bandpass filters proposed in [2-7],
however, no negative taps are actually generated in this approach. Therefore, bandpass filtering
with flat-top passband and larger mainlobe-to-sidelobe ratio (MSR) is not possible with this
approach. In this letter, we propose a novel method to realize an all-optical microwave bandpass
filter with negative coefficients. Positive and negative coefficients are obtained through PM-IM
conversion by reflecting the phase modulated optical carriers from linearly chirped fiber Bragg

gratings (LCFBGs) with positive or negative dispersions.

The fundamental concept is shown in Fig. 1. Under small signal modulation condition, the
phase modulated optical spectrum is illustrated on the left side of Fig. 1, which consists of an

optical carrier (@, ) and two first-order sidebands (@, — ,,,®, + ®,,), where ®,, represents the

modulating microwave frequency). At the output of the EOPM, the two sidebands are m out of
phase. It is different from an IM where the two sidebands at the output of an intensity modulator
are in phase. If the phase modulated signal is directly detected using a photodetector (PD), the
modulating signal cannot be recovered and only a dc signal is observed because beating
between the carrier and the upper sideband exactly cancels the beating between the carrier and
the lower sideband. This behavior is expected since the PM does not alter the amplitude of the
input optical carrier and the square-law PD works like an envelope detector. However, as shown
in Fig. 1, if the modulated optical signal passes through a dispersive device, the phase
relationship between any two optical frequency components will change due to the chromatic
dispersion. When this dispersed optical signal is fed to a PD, the modulating signal can be
recovered, which implies that the PM is converted to IM by the dispersive device. More
interestingly, when D = ot /0w > 0 (the upper case in Fig. 1), the higher optical frequency
component experiences more phase shift than that of the lower frequency component; and
eventually the PM-IM conversion is fully achieved when all these three frequency components
are exactly in phase. To the contrary, when D =0t /0w <0 (the lower case in Fig. 1), the
lower frequency component will experience more phase shift than the higher one, and the PM-
IM conversion is fully obtained when the two sidebands have same phases but are © out of
phase with the carrier. Consequently, the recovered RF signals from the different dispersive
devices will have a = phase inversion, which can be directly applied to implement negative

coefficients in an all-optical microwave filter.
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dispersion.

Mathematically, the recovered microwave signal from such a PM-IM conversion followed by a
direct detection can be expressed by Eq. (1), which shows that the amplitude of the recovered

RF signal, denoted as E,.(#), is the function of the system-induced dispersion as well as the

modulating frequency [8],
E_ () sin(%Da):) -cos(a,t + @), ¢))

where D is the chromatic dispersion of the dispersive device; and ¢ is the phase delay of the
recovered microwave signal, which is also determined by D and @,,. Based on Eq. (1), some

important conclusions can be drawn to help us build a multi-tap microwave bandpass filter with
negative coefficients. First, both positive and negative coefficients can be obtained by letting the
phase modulated optical carriers experience chromatic dispersions with different signs, since

sin{Dw? /2) is obviously an odd function. LCFBGs are a good candidate to be used as the

dispersive devices since LCFBGs can provide very linear group delay (GD) profiles. The GD
slope of an LCFBG can be easily reversed by connecting the optical input to the opposite port

of the grating. Second, the PM-IM conversion efficiency reaches the maxima when
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sin(Dw? /2) = =1, which implies that the free spectral range (FSR) of the proposed filter

should be carefully designed to match the PM-IM conversion maxima; then an optimized

filtering output can be obtained.

I LD #1 l-—-) LCFBG #1
LD #2 LCFBG #2
- Optical

Combiner LCFBG #n

I LD #N '——) LCFBG #N

RFout

Network Analyzer

Fig. 2 System configuration of the proposed all-optical microwave bandpass filter with negative coefficients.

Based on the theoretical analysis, a fundamental architecture for the proposed filter is presented

in Fig. 2. Optical carriers from an array of N laser diodes (LDs) emitting at 4,,4,,-:-,4,,---, 4y

are combined via an optical combiner and applied to an EOPM. Through an optical circulator,
the modulated optical signals are de-multiplexed by an arrayed-waveguide grating (AWG) and
fed to N LCFBGs via either the short wavelength or the long wavelength port, depending on
whether the LCFBGs are employed to implement positive or negative taps. The reflected and
dispersed optical signals are then multiplexed by the same AWG and sent to a PD to recover the
modulating RF signal. The recovered RF signal can be expressed as a vector summation of the

resulting electrical signals from the N carriers and the frequency response of the proposed all-

optical microwave filter is then written as
H@) 3P, sin(; D,0?) -expljo, (2= 1)- A7), @

where P, and D, represent the optical power of the n-th LD and the dispersion of the n-th
LCFBG, respectively. Basically, P, determines the weight of the n-th tap and the sign of D,

determines whether this tap is positive or negative. The length difference between any two
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adjacent optical paths (/

n+l

-1 =Al, n=12,---,N —1) determines the central frequency of the
passband, i.e., FSR =1/A7 =c/2n,; - Al, where c is the optical wave propagation velocity in
free space and n,, is the effective refractive index. Although a multi-channel optical coupler

can be used to replace the AWG, the use of AWG can reduce the system insertion loss and at
the same time eliminate the inter-tap interference. The LCFBGs are required to have different
central wavelengths corresponding to those of the LD array. The lengths and chirp rates of the
LCFBGs should be identical to ensure that the dispersions of the LCFBGs are identical in
magnitude. The small implementation error of the delay line length of the fiber link between the
AWG and each LCFBG can be accurately compensated by slightly tuning the corresponding
LD wavelength to be reflected at different positions in the LCFBG.

To prove the fundamental concept of this approach, a two-tap microwave filter with one
negative coefficient is experimentally implemented. Two LCFBGs are fabricated through one
linearly chirped phase mask. By applying different tension to the fiber during the UV exposing
process, a central wavelength shift of 0.7 nm is achieved. A Gaussian apodization profile is
applied to flatten and smooth the reflectivity response and the group delay ripples. Both gratings
have a length of 8 cm. The measured GD and reflectivity responses for both gratings, one is
measured at the short wavelength port (denoted as LCFBG#1) and the other one is measured at
the long wavelength port (denoted as LCFBG#2), are shown in Fig. 3, from which the average
dispersion of LCFBG#1 and LCFBG#2 are calculated to be 1350 ps/nm and -1327 ps/nm,

respectively.
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Fig. 3 Measured reflectivity and GD responses of (a) LCFBG#1 and (b) LCFBG#2.

Two tunable LDs emitting at 4, and A, with identical output power levels and typical linewidth
of 150-KHz are applied as the light sources. Since no AWG is available at the time of
experiment, a 3-dB coupler is used replacing the AWG. First, the wavelengths of the two LDs
are tuned to be reflected by LCFBG#1 via the same port, as shown in Fig. 4(a), in which these
two phase-modulated optical signals are reflected from different positions of LCFBG#1 but the
experienced dispersions are identical thanks to the linearity of the GD profile. The frequency
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response of the implemented filter observed from the network analyzer is shown in Fig. 4(b).
The measured FSR is about 2.4 GHz, corresponding to a time interval of 417 ps. Comparing the
measured frequency response with the simulated lowpass response H,(®), it is clearly seen
that the baseband resonance of the lowpass ﬁlter is eliminated due to the PM-IM conversion.
This situation is the same as our approach demonstrated in [8], which can be considered as an
equivalent bandpass filter with all positive coefficients. However, by keeping A, fixed while A,
is tuned to be reflected by LCFBG#2, as shown in Fig. 5(a), which has a reversed GD slope
with respect to that of LCFBG#1. The measured frequency response of the proposed microwave
filter is shown in Fig. 5(b). In this case, the FSR is 2.25 GHz, corresponding to a time interval
of 444 ps. It is observed from Fig. 5(b) that H,(w) has a transfer function corresponding to a
bandpass filter and a negative coefficient is indeed obtained. By comparing the frequency
responses in Fig. 4(b) and in Fig. 5(b), we can see that the lowpass resonance of the bandpass-
equivalent filter is only partially suppressed by the dc notch generated by the PM-IM
conversion, a relatively high sidelobe at the low frequency is observed. For the frequency
response in Fig. 5(b), since it is a true bandpass filter with a negative tap, no lowpass resonance
exists in the frequency response; a frequency response with higher MSR (15 dB improvement)

is obtained.

In conclusion, a novel approach to implementing all-optical microwave bandpass filter with
negative coefficients were proposed and demonstrated. The proposed filter has a very simple
structure with positive or negative coefficients obtained through PM-IM conversion by
reflecting the phase modulated optical carriers from the regular LCFBGs with positive or
negative GD slopes. A two-tap microwave bandpass filter with one negative tap was
demonstrated, it has a better MSR compared to the bandpass-equivalent filter with all-positive
taps. More taps with either positive or negative weights can be easily realized by simply adding
more LCFBGs, which provides the possibility to implement microwave bandpass filters with
flat-top response and high MSR. For practical applications, the proposed filter can be
miniaturized by using matured DWDM light sources. The size can be further reduced with
better performance if the chirped gratings can be integrated with the AWG on a single substrate.
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Fig. 5 Experimental results of the two-tap filter with one negative coefficient. (a) Measured optical spectrum (solid

line), when A, is reflected by LCFBG#1 from the short wavelength port and A, is reflected by LCFBG#2 from

the long wavelength port; (b) frequency responses: measured /() (solid line) and simulated H, (@) (dotted

line) which shows a bandpass filtering with one negative tap.
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CHAPTER 4
ALL-OPTICAL MICROWAVE MIXING AND
FILTERING

In addition to all-optical microwave bandpass filtering, the use of an EOPM can also perform
all-optical microwave frequency mixing. As we have discussed in Chapter 2, if the phase
modulation depth is large, the higher-order harmonics and inter-modulation products of the
modulating signal will be obtained after a proper PM-IM conversion and a direct detection. For
example, if a two-tone (f; and f;) microwave signal is applied to an EOPM, besides the signals
at f and f5, their higher-order harmonics (2f1, 213, 3 f1, 3 /2 ...) and inter-modulation terms ( |[fi+f2],
12fitf2l, [fix2fa), ...) will also be generated. Microwave frequency mixing can find applications
for subcarrier up- and down-conversion in radar and radio communication systems. However,
usually only the up-converted signal at f; + f, or the down-converted signal at f; — fi (assume f;
> f1) is desired, proper bandpass filtering must be performed to suppress the unwanted

frequency components.

In this chapter, an electrooptic phase modulation based all-optical signal processor that can
perform both microwave mixing and bandpass filtering simultaneously in a radio-over-fiber link
will be presented. First, in Sec. 4.1, a prove-of-concept experiment to up convert a subcarrier
frequency from 3 GHz to 11.8 GHz using an EOPM-based signal processor with a local
oscillator frequency of 8.8 GHz in a 25-km SMF link is carried out. Then, in Sec. 4.2, a further
investigation of subcarrier frequency up conversion with data modulation is performed. The

system performance is also studied.
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4.1 All-optical microwave mixing and bandpass filtering

In this Section, an all-optical microwave signal processor that can perform microwave mixing
and bandpass filtering simultaneously in a radio-over-fiber link is proposed and demonstrated.
The system consists of a multiwavelength laser source, an EOPM, a length of SMF, and a PD.
Two microwave tones (f1 and f2) are mixed in the EOPM and the mixed optical signals after the
EOPM are then applied to the SMF link that serves as a dispersive device as well as a
transmission medium. The up-converted microwave tone (f1 + f2) is obtained at the output of

the PD located at the end of the fiber span. Other unwanted mixing products are rejected.
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Abstract

An all-optical signal processor that performs both microwave mixing and bandpass filtering in a
radio-over-fiber link is proposed and demonstrated. The key device in the processor is an
electro-optic phase modulator which performs all-optical microwave mixing. The microwave
bandpass filtering is realized by passing the mixed microwave signals through a length of single
mode fiber, which acts as a dispersive device. Up- or down-converted microwave signal is
obtained and other unwanted frequency components are rejected at the end of the fiber span.
The use of the proposed signal processor to perform an up-conversion of a microwave signal

from 3 GHz to 11.8 GHz in a 25-km fiber link is demonstrated.

Index terms: Electro-optic phase modulation, chromatic dispersion, all-optical microwave

mixing, all-optical microwave filtering, bandpass filter, radio-over-fiber.
1. Introduction

Radio-over-fiber technologies are of great interest for many potential applications such as
broadband wireless access networks, sensor networks, radar and satellite communication
systems, and have been extensively studied in the last few years. The key function of a radio-
over-fiber network is to distribute microwave and millimeter-wave signals over optical fiber to
take the advantages of the low loss, low dispersion and large bandwidth of optical fiber links.
On the other hand, it is also highly desired that the distributed signals can be processed directly
in the fiber link without optical/electrical (O/E) and electrical/optical (E/O) conversions, such as

% Published in IEEE Photonics Technology Letters, vol. 17, no. 4, pp. 899-901, April 2005.

79


mailto:jpyao@site.uottawa.ca

all-optical microwave mixing and filtering. Many papers have been published in the last two
decades for all-optical microwave mixing [1-4] and filtering [5-9]. However, to the best of our
knowledge, no approaches have been proposed to implement simultaneously all-optical
microwave mixing and all-optical microwave filtering over a fiber link. In this paper, we
propose an approach to perform both all-optical microwave mixing and bandpass filtering in a
radio-over-fiber link using an electro-optic phase modulator (EOPM) and a length of single
mode fiber (SMF). The first function of the EOPM is to perform all-optical microwave mixing.
The mixed signals at the output of the EOPM are then fed to the SMF link, which acts as a
dispersive device for bandpass filtering, and distributes the mixed signal to a remote site. The
combination of the EOPM, a multiwavelength laser source and the SMF link forms an all-
optical microwave bandpass filter [10], which can be designed to have a passband located at the
up- or down-converted microwave frequency. Frequency components other than the up-
converted or down-converted frequency component will be rejected. In addition to achieving
bandpass filtering, the use of an EOPM has some other advantages over an intensity modulator,
which include a lower insertion loss, no bias control and simpler system design. Experiments
are performed to evaluate the effectiveness of the proposed signal processor. The results show
that an up-conversion of a microwave signal from 3 GHz to 11.8 GHz is achieved while other

unwanted signal components are rejected at the end of the fiber link of 25 km.
2. Principle

The block diagram of the proposed signal processor is shown in Fig. 1. The signal processor
consists of a multiwavelength laser source, an EOPM and a length of SMF. The light from the
multiwavelength laser source is applied to the EOPM through a polarization controller (PC). A

microwave signal at frequency f; is to be up-converted to fg+ f,,, where f;, is the

frequency of the local oscillator signal. Both signals are applied to one port of the phase
modulator via a power combiner. The other port of the phase modulator is terminated in a load.
The mixed optical signals after the EOPM are then applied to the SMF link serving as a
dispersive device as well as a transmission medium. The up-converted (or down-converted)

electrical signal is obtained at the output of a photodetector located at the end of the fiber link.
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Fig. 1 Block diagram of the proposed all-optical microwave signal processor.
ESA: electrical spectrum analyzer.
The electrical signals applied to the EOPM have two frequencies at f; and f,,, the phase

modulated optical field can be expressed in terms of Bessel functions of the first kind,

+0  +0

E(¢) =21: >N T m(@s)Vs1-Jlm, (0,5)V,, ]-cos[(@,,; +nwg + ko, )t+%nﬂ+%kﬂ]
_ (1)

where @,; is the angular frequency of the i-th optical carrier; m,(®) represents the effective

phase modulation index, which is a function of the microwave frequency; V; and V,, are the
amplitudes of the modulating microwave signals applied to the input port of the phase
modulator at frequencies of w; and w,,, respectively; n» and & are integers representing the
orders of the harmonics; and J, [e]/J,[e] denotes the n-th/k-th order Bessel function of the
first kind. To simplify, the argument (m,(@)V") will be omitted in the remainder of the paper.

From Eq. (1), we can find that the phase modulated optical field consists of multiple carriers
and a series of sidebands with amplitudes determined by the Bessel functions. For each carrier,

the corresponding sidebands have frequency deviations from the carrier of * g, tw,,,

204, *20,,, ..., and o, * o, 205 *0,,, 20,, o, ---. Meanwhile, based on the

property of the Bessel function of the first kind,

J ==J
J, =J

-n?

wdy =—J_, when n, k are odd

@

2
Jo=J when n, k are even
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we can see that the odd-order sidebands (when In + k| is odd) of each pair is = out of phase. If

this phase-modulated optical signal is directly detected (DD) using a photodiode, no microwave
signal but a dc can be obtained. This behavior is expected since the PM does not alter the
amplitude of the input optical carrier, and the square-law photodetector works like an envelope
detector. However, if the phase modulated optical signal passes through a dispersive device, for
example, a section of SMF, the phase relationship between any two optical frequency
components will be changed due to the chromatic dispersion of the SMF. When this dispersed
optical signal is fed to a photodetector, microwave signals with different frequencies may be
obtained, which indicates that the PM is converted to IM by the dispersive SMF and a

microwave mixing function is achieved.

Furthermore, since here we use a multiwavelength laser source and assume each lasing
wavelength is independent; eventually the output RF signal at each mixing frequency is a vector
summation of all the corresponding electrical signals carried by the different wavelengths with
different delays. This summation may be constructive or destructive depending on the
frequency of the mixing product and the dispersion of the SMF: a transversal microwave

filtering function is also achieved. The frequency response can be approximated as [10]

H(w)x cos(—{&——-+—75) ZIZ P-explj2zn f(i-1)T], 3
c

i=
- ~ —

Hl(a)) H;(a))

where Z and 4, denote the average accumulated dispersion and the mean value of the optical

carrier wavelengths; P, represents the power of the i-th optical carrier; T = z, -AA is the time
interval between any two adjacent taps; H,(w) represents the effects of PM-IM conversion,
which has a quasi-periodic frequency response with a notch at the dc frequency and the first
resonance peak at f, =/c/ 27 Z, ; (let H(w)=-1); and H,(w) is a typical frequency
response of an all-optical transversal lowpass filter, which has a periodic frequency response
with the first resonance peak at the dc and the second resonance peak at f, =1/T = 1/(2 -AA)

(it is also the FSR of H,(w)). The effective transfer function H(w) of the proposed filter is
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expressed as the multiplication of these two responses. By choosing proper Z , Z., and AA to

make f, = f,, an equivalent bandpass filter is achieved, because the baseband resonance of

H,(w) is eliminated by the notch of H,(®) atdc.

Based on the above analysis, if the passband peak of the proposed microwave bandpass filter is
located at the frequency of the desired mixing product, the proposed system can perform

simultaneously all-optical microwave mixing and bandpass filtering.
3. Experiment and resuits

The signal processor based on the block diagram shown in Fig. 1 is built. The experiment is

carried in four steps.

Normalized frequency response of H.I(w) dB)

_60 | ! I |
0 5 10 16 20 25

Frequency (GHz)

Fig. 2 Frequency response of the PM-IM conversion. A notch is observed at the dc frequency.

Step 1: PM-IM conversion. Instead of using a multiwavelength laser, a single-wavelength laser
diode (LD) with a wavelength of 1550 nm is used as the light source. A 25-km standard SMF-
28 fiber is employed as the dispersive device. The SMF-28 fiber has a chromatic dispersion of
17ps/nm-km at 1550 nm. 25 km of this fiber has an accumulated dispersion of

¥ =425ps/nm . To experiment the PM-IM conversion, a single microwave signal is applied to

the phase modulator. By sweeping the modulating frequency from 45 MHz to 25 GHz while
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keeping the same output power of 3 dBm, we obtain the recovered microwave signal at the
output of the photodetector. The output signal power versus the microwave frequency is shown
in Fig. 2. We can see that the PM-IM conversion has a quasi-periodic frequency response with a

notch at the dc frequency.

Step 2. Microwave Mixing. Keeping the LD as the light source, instead of using a single
microwave signal, we use two microwave signals operating at frequencies of f; =3 GHz and
f10 =8.8 GHz to drive the phase modulator. The power level for both signals is 17 dBm. The

recovered microwave signals which consist of different frequency components are monitored
using an ESA. As can be seen in Fig. 3, a series of microwave signals which correspond to the

different frequency components of the mixing product are observed. Note that the power levels

of the signals at f; and f;, are higher than the up-converted signal f; + f,,, Also the power
levels of the higher-order harmonics ( 2fy, 3f;, 2f,5, -+ ) and other unwanted inter-
modulation products ( f,p — fo» 210 = 2S5 2f10 = fs» 205+ fr0s 3fs+ fi0» *+ ) are

comparable to that of the f;+ f;, component. Therefore, a bandpass filter with narrow

passband and high mainlobe to sidelobe ratio (MSR) must be used to suppress the unwanted

frequency components.

-30 T T T T T — - —

f o =8.8GHz

fs=3GHz //“"‘fr:f:;“\‘

power (dBm)

8 10 12 14
frequency (GHz)

Fig. 3 Electrical spectrum of the signal at the output of the mixer, which consists of different mixing frequency

components.
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Step 3: All-optical microwave bandpass filtering. To achieve microwave filtering with very
narrow bandwidth, the number of taps must be large. Many taps can be realized by using an
array of LDs, but with a complicated and costly system. To simplify the signal processor, in the
experiment instead of using an array of LDs, we use a multiwavelength fiber ring laser with
about 30 wavelengths and a wavelength spacing of 0.2 nm proposed recently by us [11]. The
key problem to be solved for achieving multiwavelength lasing with small wavelength spacing
at room temperature is the homogeneous line broadening, which leads to cross gain saturation.
Different wavelengths are competing for the gain, no stable lasing is possible. To achieve stable
multiwavelength lasing at room temperature, in the laser cavity, a semiconductor optical
amplifier (SOA) is incorporated in the ring cavity with a low-voltage low-frequency sinusoidal
signal applied to the SOA. The SOA is operating as a phase modulator, which suppresses
significantly the homogeneous line broadening. Stable multiwavelength lasing up to 30
wavelengths with wavelength spacing of 0.2 nm at room temperature is achieved. The output

power spectrum of the multiwavelength laser is shown in Fig. 4.

Power (dBm)

_45 1. 1 1 1
1555 1557 1559 1561 1563 1565

Wawelength (nm)

Fig. 4 Output power spectrum of the multiwavelength fiber laser

Using this multiwavelength laser as the light source and sweeping the modulating frequency
from 45 MHz to 25 GHz, we obtain the frequency response of the proposed signal processor, as
shown in Fig. 5. It can be seen that that the baseband resonance of the conventional IM-DD

based all-optical microwave lowpass filter is eliminated. A bandpass filter with a 3-dB
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mainlobe bandwidth of 330 MHz and an MSLR of 30 dB is achieved. The RF frequency at the
peak of the passband is of 11.8 GHz and is determined by the wavelength spacing of the
multiwavelength light source and the accumulated dispersion of the 25-km SMF link, which
agrees well with the theoretical value (11.9 GHz) calculated from Eq. (3).

Nomalized frequency response of H(w) (dB)

o} 5 10 15 20 25
Frequency (GHz)

Fig. 5 Frequency response of the bandpass filter.

Step 4: All-optical microwave mixing and bandpass filtering. Using the multiwavelength fiber
ring laser as the light source, and applying the two signals ( f; =3 GHz and f,, =8.8 GHz) to
the phase modulator, we obtain the up-converted microwave signal at the output of the

photodetector. As can be seen from Fig. 6, only the up-converted component at f + f,, is

obtained while other frequency components are efficiently suppressed. The zoom-in spectrum
with a span of 30 KHz at f + f,, is also shown as an insert in Fig. 6, which exhibits a high

quality up-converted signal. Compared with the results shown in Fig.3, a good rejection (better
than 40 dB) of the unwanted frequency components is achieved. We should also note that
thanks to the use of the SMF link as the dispersive device, the up-converted signal can be
naturally distributed to a remote station over a 25 km span, which provides an added advantage
of the proposed system. If further dispersion management is applied, the microwave distribution
distance will be flexible. It should be mentioned here that due to the poor efficiency of the O/E

and E/O conversions, a large RF conversion loss of about 70 dB is observed in our experimental
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implementation. However, we believe that this problem can be mitigated by applying either a
photodetector with a better responsivity, or a phase modulator with a smaller half-wave voltage
V,.(f). The insertion loss can also be compensated by using an erbium doped fiber amplifier

(EDFA).

-40

Zoom in at 11.8 GHz
with span 30 KHz

' wﬁ* / 11f.18'ngz
T

-50+
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-60+

Power (dBm)

8 10 12
Frequency (GHz)

Fig. 6 Power spectrum at the output of the photodetector. Only the up-converted signal at 11.8 GHz is obtained and

other frequency components are rejected.

4. Conclusion

In this paper, we demonstrated a novel all-optical signal processor that performed
simultaneously all-optical microwave mixing and bandpass filtering in a radio-over-fiber link.
Since a length of SMF was used in the system as a dispersive device, the up-converted
microwave signal was generated at a remote site. Experimental results showed the up-converted
signal was obtained at the remote site with a high rejection of other unwanted frequency
components. The proposed signal processor can be used for frequency up-conversion or down-
conversion and the converted signal can be distributed to a desired distance by properly
designing the wavelength spacing of the multiwavelength laser and properly managing the
dispersion of the fiber link, which will find many interesting applications in radio-over-fiber

systems.
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4.2 Performance investigation of subcarrier frequency up conversion

In Sec. 4.1, a subcarrier frequency at 3 GHz was successfully up converted to 11.8 GHz, with
other unwanted frequency components being rejected by an all-optical microwave bandpass
filter. In that experiment, no baseband information was carried by the subcarrier. The work to be
reported in this Section is a continuation of the work presented in Sec. 4.1, to investigate the
performance of the proposed signal processor when a digital baseband signal is carried by the

microwave tone (the subcarrier).
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Demonstration of a Phase-Modulator-Based All-optical Microwave Mixing and Filtering

System for Radio-Over-Fiber Applications’
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Abstract

In this paper an all-optical signal processor that performs both microwave mixing and bandpass
filtering in a radio-over-fiber link is proposed and demonstrated. The frequency mixing is
achieved by applying a local oscillator frequency and a BPSK modulated subcarrier to an
electrooptic phase modulator. The mixed signals at the output of the electrooptic phase
modulator are then fed to a single mode fiber link, which acts as a dispersive device for
bandpass filtering and distributes the mixed signal to a remote site. The combination of the
phase modulator, a multiwavelength laser source and the SMF link forms an all-optical
microwave bandpass filter to suppress the levels of unwanted mixing products. A subcarrier
frequency up-conversion from 3.25 GHz and 3.5 GHz to 11.7 GHz performed over a 25 km
fiber link is experimentally demonstrated, in which BPSK modulation formats with data rates of
172 Mb/s and 344 Mb/s are applied. Eye diagrams are measured at the receiver end after

demodulation, demonstrating a good up-conversion is achieved.

Keywords: All-optical microwave mixing, up-conversion, all-optical microwave filtering,

radio-over-fiber, phase modulation to intensity modulation (PM-IM) conversion.
1. Introduction

Radio-over-fiber technologies are of great interest for many potential applications such as

broadband wireless access networks, sensor networks, radar and satellite communication

* Published in Proceedings of SPIE, vol. 5971, 59711Q, September 2005.
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systems, and have been extensively studied in the last few years [1]-[3]. The key function of a
radio-over-fiber network is to distribute microwave and millimeter-wave signals over optical
fiber to take the advantages of low loss, low dispersion and large bandwidth of optical fiber
links. On the other hand, it is also highly desired that the distributed signals can be processed
directly in the fiber link without optical/electrical and electrical/optical conversions, such as all-

optical microwave mixing and filtering.

In order to efficiently use the transmission bandwidth, the baseband information is usually
modulated on a low frequency subcarrier and up-converted to a high frequency by mixing the
low frequency subcarrier with a local oscillator signal. The up-converted high frequency signal
1s then delivered to an antenna. Many papers have been published in the last two decades for all-
optical microwave mixing [4]-[7]. All-optical mixing of microwave signals at a laser diode
(LD) has been intensively investigated in [4]. However, since the modulation frequency of an
LD is usually limited to less than 10 GHz, it is not suitable for next-generation broadband
wireless access networks, in which the subcarrier frequencies would be in the millimeter-wave
range. To solve this problem, high speed external electrooptic modulators can be applied. The
use of two cascaded intensity modulators [5] and the use of an LD together with an intensity
modulator [6] have been proposed to implement all-optical microwave mixing. However, these
approaches suffer from chromatic dispersion of the optical fiber which limits the bandwidth of
the radio-over-fiber systems. All-optical microwave mixing can also be realized based on the
non-linearity of semiconductor optical amplifiers, but special care must be given to suppress the

inter-modulation distortion [7].

Before sending the frequency up-converted microwave signal to an antenna, an adequate
filtering, either in the optical domain or the electrical domain, is required to reject the unwanted
mixing products to avoid the possible interference to other radiation frequency bands.
According to the current microwave technologies, it is difficult to implement bandpass filter at
ultrahigh frequency range with narrow bandwidth and large tunability. To solve this problem,
all-optical microwave filters with the advantageous features of broad bandwidth and large
tunability are highly desirable for broadband radio-over-fibre applications. Many approaches
have been proposed in the last two decades to realize all-optical microwave filtering [8]-[11].

To the best of our knowledge, few approaches have been proposed to implement simultaneously
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microwave mixing and all-optical microwave filtering over a fiber link. Recently, we have
proposed an approach to perform both all-optical microwave mixing and bandpass filtering in a
radio-over-fiber link using an electrooptic phase modulator in combination with a length of
single mode fiber (SMF) [12]. The phase modulator performs all-optical microwave mixing and
the mixed signals at the output of the modulator are then fed to the SMF link, which acts as a
dispersive device to perform PM-IM conversion and at the same time distributes the mixed
signal to a remote site. The filtering function is realized by combining the phase modulator with
a multiwavelength laser source and the SMF link. The passband can be designed to be located at
the up-converted microwave frequency. In our earlier study [12], a continuous subcarrier signal
at 3 GHz was successfully up-converted to 11.8 GHz, with other unwanted frequency
components rejected by the all-optical bandpass filter. In that experiment, no baseband
information was carried by the subcarrier. The work reported in this paper is a continuation of
our earlier work, to investigate the performance of the phase-modulator-based all-optical
microwave processor when digital baseband signal is carried by the subcarrier. In the next
section, a review of microwave mixing using an electrooptic phase modulator and PM-IM
conversion using a length of SMF is presented, followed by a mathematical expression of the
transfer function of the phase-modulator-based all-optical microwave filter. In Section 3, we
report the experimental study of the proposed all-optical microwave processor when a baseband
signal is carried by a subcarrier at 3.5 GHz. The frequency of the subcarrier is then up-
converted to 11.7 GHz. The baseband signal has a BPSK modulation format with two different
data rates of 172 Mb/s and 344 Mb/s. A conclusion is drawn in Section 4.

2. All-optical subcarrier frequency up-conversion and filtering

The block diagram of the all-optical subcarrier frequency up-conversion and microwave
filtering system is shown in Fig. 1. The system consists of a multiwavelength laser source, an
electrooptic phase modulator, a length of SMF and a photodetector. A subcarrier at a low

microwave frequency @, and a local oscillator frequency w,, are applied to the phase

modulator via a power combiner. All-optical mixing of the microwave signals is implemented
at the phase modulator. The output signal from the phase modulator is then sent to a remote site
via the SMF, which also acts as a dispersive device to convert the phase modulated signal to an

intensity modulated signal. The up-converted electrical signal is obtained at the output of the
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photodetector located at the other end if the fiber link, where frequency components other than

the up-converted frequency wg. + w,, will be rejected.

Osc Do S()
(wc,l’ P])
WDgr + @
LD #1 | S(f) SC LO
(3. ) $ 7o SMF Erg
LD #2 » Star - '@®)))
Coupl PM — : * PD
pler I !
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LD #N = PM : Phase Modulator
(@ens Py) PD : Photodetector

Fig. 1 Schematic diagram of phase-modulator-based all-optical microwave mixing and filtering system.

A. Phase-modulator-based all-optical microwave mixing

Assume the electrical signal applied to the phase modulator is
S (@) = Ag. sin(wgt) - s(t) + A, sin(w ), (1)

where 4. and A4,, represent the amplitudes of the subcarrier with a frequency w. and local
oscillator with a frequency w,, respectively, s(¢) is the BPSK baseband signal used to
modulate the subcarrier. Usually the bandwidth of s(¢) is much smaller than the subcarrier
frequency wg.. To simplify the mathematical derivation, we still consider the baseband signal

modulated subcarrier as a single frequency sinusoidal signal. Then the optical field with optical

frequency w,, for the n-th optical carrier at the phase modulator output is

EPM”' = ’2Pn . (1 - tﬂ) A [ejwc.nt ] . [ejﬂscsin(wsct) ] . [efﬂLgsin(wwz)] i (2)

where P, is the optical power of the n-th LD, ¢, is the insertion loss of the phase modulator,
Psc and B, represent the phase modulation depths for the subcarrier and the local oscillator,

respectively.
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Using the following properties of trigonometric functions,

cos(f-sinawt) =J,(f)+ 2?’]2,c (B)-cos2kawt

{sin(f -sinwt) = 2i o (B) -sin(2k — oot 3)
k=1
e’ = cos(x) + jsin(x),

L

we can rewrite Eq. (2) as

B = 2P, (= t) [V LS Bic) €11, (Brp) €7

o e (4)

=\2P,-(1=15) - 3 3 Ti(Bec) Ji(Bo)- €/,

k=~c0]=—a

where £ and / are integers representing the orders of the harmonics; and J,[e]/J,[] denote

the k-th/l-th order Bessel functions of the first kind. From Eq. (4), we can find that the two-
frequency phase modulation will generate various optical sidebands. The frequency derivation

from the optical carrier w,, are tog. , tw, , L2004, *20,,, .., and O t@, ,

204 tw,,, 04 t20,,, ... However, based on the property of the Bessel function of the first

kind,

J, =-J_,,wh k i dd,
{k _ysWhen is o )

J,=J_,when k is even,

we can conclude that if this phase-modulated optical signal is directly detected using a
photodiode, no microwave signal can be recovered because all the odd-order sidebands are ©

out of phase at the output of the electrooptic phase modulator, which leads to a cancellation of
all microwave signals except a dc. This behavior is expected since the phase modulation does
not alter the amplitude of the input optical carrier, and the square-law photodiode works as an

envelope detector.
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B. PM-IM conversion using a dispersive device

In order to obtain the modulating signals and their mixing products by using direct detection,
the phase-modulated signal should be converted to an intensity-modulated signal. In our
proposed system, the phase-modulated optical signal passes through a length of SMF which acts
as a dispersive device; the phase relationship between all spectral lines will be changed thanks
to the chromatic dispersion of the fiber. Such a dispersive link can be modeled with a frequency

response with respect to optical frequency © as

~ ~ o 1 (00, )54 200, )]
H,(0)= |Hlink (a’)‘ @) = ﬁ ‘e 2 s ©6)

where L is the optical power loss of the dispersive link, 6,, and 7, are the insertion phase and
group delay induced by the fiber link at @ =@, , respectively, and D = 0t /dw is the first-

order dispersion term. From Eq. (6) we see that the frequency response of the dispersive link is
assumed to be flat in magnitude and parabolic in phase because the second-order and higher

dispersion terms are ignored.

As the optical signal at the output of the phase modulator passes through the fiber link with a
frequency response described by Eq. (6), the optical field at the end of the link is

- DA RIATI
Elink,n ()= \FT————(—EE [’ @'t On) . k;o:;o ¢ 0 o

. D
Jlkorge+lopo ) (t+t, W (ko +Haoy) ]
x e 2

As the optical signal is detected by an ideal photodetector with a responsivity R, the temporal
expression of the detected current can be calculated from the envelope of the incident optical

signal. In general, the expression of the recovered RF signal at frequency w,,. (can be wg -,
@0, Dge + 0, ...) is the sum of different beatings of the optical frequency components which
are separated by @, . For example, by assuming that the modulation depth is small, frequency

conversion at @y + @,, mainly comes from the beatings of the spectral lines @, , + @y with
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c.n?
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cn?

which can be expressed as

R-P,-(1-1,)
ERF,n = ——“i_’-‘[-]o Bsc o (Bro) 1 (Bsc )T (B1o)]

X {— 2005[% (@i —@])] cos[(@ge + @)t + (Wge + @,0)7, ] ®)

D
+2COS[‘:2" (Vg + @0 )2 J-cos[(@gc + @)t + (@ + @10)T, ]}

The proposed PM-IM conversion has a frequency response with respect to the up-converted

frequency wy. +w,, as

D D
Hpy (@50 + @) _COS[? (a’éc - szo N+ COS[? (Wge + @y )2 ]
©

. .D . .D
=-2 Sm[’z" (wszc + Qe @;0)] Sm[? (a’zo + Wy D)

Recall the PM-IM conversion induced frequency response when a single-frequency small signal

modulation is applied, we have [13]
Honn (@) < 005(5- 0% + ) = =sin >0 (10)

which is different from the frequency response described by Eq. (9). The simulated frequency
responses corresponding to Eq. (9) and Eq. (10) are shown in Fig. 2. The solid line shows the
PM-IM conversion when a single frequency w,, is applied, while other curves show the PM-

IM conversion as the function of the up-converted frequency wg. + ,, when two frequencies

are applied to the phase modulator. It indicates that the PM-IM conversion induced frequency
responses vary with frequencies of different mixing products, which should be taken into

account to optimize the mixing performance.
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Fig. 2 Recovered microwave signal vs. microwave frequency.

C. All-optical microwave filtering

Since in the proposed system we use a multiwavelength laser source and assume each lasing
wavelength is independent; eventually the output microwave signal at each mixing frequency is
a vector summation of all the corresponding electrical signals carried by the different
wavelengths with different time delays. This summation may be constructive or destructive
depending on the frequency of the mixing product and the dispersion of the SMF. Then a
microwave filtering function is achieved. The frequency response of the proposed all-optical

microwave filtering can be written as [13]

N
H g (@pp) =D P, -’ . (11)

n=1

When the frequency spacing Ao between any two adjacent optical carriers is identical,
7, =D-Aw is a constant and H e (@gr) 18 a typical frequency response of a lowpass filter

with a frequency spectral range (FSR) of 1/7, .

Based on the previous theoretical analysis, we can see that the overall effective transfer function

with respect to the microwave frequency of the proposed system is expressed as the
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multiplication of H ser (@) a0d H ) (@, ) . To obtain an optimized mixing performance,

i.e., maximum power of the up-converted product together with higher rejection of the

fundamentals, wy., @,, and the FSR of the proposed all-optical microwave filter should be

carefully selected to meet the following rules: 1) resonance peak of the overall frequency
response should be coincide with the un-converted frequency; 2) fundamental frequency

components, @, and ®,, , usually have high power levels and should be located at or close to

the notches of the system frequency response; 3) other unwanted mixing products should be
located far away the up-converted frequency to avoid defiling the demodulated baseband signal

at the receiver.
3. Experiment

Based on the schematic diagram shown in Fig. 1, a testbed is built in our laboratory. The

experimental system is implemented in two steps.

First, instead of using a multiwavelength laser, a single-wavelength LD is used as the light
source and the all-optical subcarrier up-conversion is experimentally implemented. A 25-km
standard SMF-28 fiber is employed as the dispersive device, which has a chromatic dispersion
of 17ps/nm-km at 1550 nm and an accumulated dispersion of 425 ps/nm. A 3.25 GHz
microwave signal with 0 dBm power is applied to a LiNbOs strait-line phase modulator. To up-
convert the subcarrier frequency, an 8.45 GHz local oscillator signal with an output power of 17
dBm is applied to the same phase modulator. Two pseudo random bit sequence (PRBS) 27-1
BPSK signals of data rates of 172 Mb/s and 344 Mb/s are respectively used to modulate the

subcarrier.

Fig. 3(a) shows the optical power spectrum at the output of the phase modulator. The electrical
spectrum at the output of the photodetector is shown in Fig. 3(b), in which a strong frequency
up-converted subcarrier at 11.7 GHz is observed. Note that other frequency components,

including the subcarrier, the local oscillator and some unwanted mixing products are also

observed. Especially, the power levels of the signals at wy. and w,, are higher than the up-
converted signal wg. +®,,; also the power levels of some higher-order harmonics and inter-

modulation products are comparable to that of the up-converted signal. Fig. 3(c) and Fig. 3(d)
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shows the baseband spectrum and eye diagram after demodulating the up-converted BPSK
signal with an 11.7 GHz local oscillator at the receiver. Fig. 3(¢) shows another eye diagram
when a 344 Mb/s PRBS signal is applied. Both the eye diagrams are clear and widely opened,

indicating that an effective up-conversion is reached.
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Fig. 3 Experimental results when a light source with a single wavelength is used: (a) measured optical spectrum at
the output of the phase modulator, (b) measured electrical spectrum at the output of the photodetector, (c) measured
baseband signal spectrum after demodulation, (d) measured eye diagram at the receiver when a 172 Mb/s PRBS 27-

1 signal is applied, and (e) measured eye diagram at the receiver when a 344 Mb/s PRBS 27-1 signal is applied.

In the second step of the experiment, we use a light source that has two wavelengths generated
from two LDs with a wavelength spacing of 0.75 nm. A two-tap notch filter is thus
implemented. Again, the optical power spectrum at the output of the phase modulator is shown
in Fig. 4(a). The corresponding frequency response of the proposed all-optical microwave filter
is measured by using a network analyzer and sweeping the modulating frequency from 45 MHZ
to 15 GHz, as shown in Fig. 4(b). The FSR is around 3 GHz, which is determined by the
wavelength spacing of the two LDs (0.75 nm) and the accumulated dispersion induced by the
SMF link. In the experiment, the frequencies of the subcarrier and the local oscillator are at 3.5
GHz and 8.25 GHz, respectively. The electrical spectrum at the output of the photodetector is
shown in Fig. 4(c). Compared with that in Fig. 3(b), the power level difference between the
local oscillator and the up-converted signal is about 10 dB, which is much smaller than that
value (22 dB) when no filtering is applied. Meanwhile we can see that the power levels of other
unwanted inter-modulation products are also significantly suppressed. Fig. 4(d) shows the eye
diagram of the demodulated 172 Mb/s PRBS 27-1 signal, which is clear and widely opened,

demonstrating that an excellent up-conversion is achieved.
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Fig. 4 Experimental results when the light source has two wavelengths generated from two LDs: (a) measured
optical spectrum at the output of the phase modulator, (b) measured frequency response of the proposed all-optical
microwave filtering, (c) measured electrical spectrum at the output of the photodetector, and (d) measured eye

diagram at the receiver when 172 Mb/s PRBS 2-1 signal is applied.
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4. Conclusions

The work presented here is a continuation of our earlier work, to investigate the performance of
the phase-modulator-based all-optical microwave mixing and filtering system when a digital
baseband signal was carried by the subcarrier. In our experimental investigation, the system
using one optical wavelength without the filtering functionality and using two optical
wavelengths with the filtering functionality were performed. In both cases, a frequency up-
converted microwave signal was obtained at the output of the photodetector afier 25-km
transmission. It was demonstrated that when two optical wavelengths were used, a filtering
function equivalent to a microwave notch filter was observed, which helped to reduce the
unwanted frequency components at the output of the SMF span. Experiments on the system
performance with data modulation for both one- and two-wavelength cases were performed.
Although from the eye diagrams, we could not see a significant performance improvement in
data recovery, the unwanted frequency components were significantly reduced when two
optical wavelengths were employed in the system. We believe that when more optical
wavelengths are used, a microwave filter with much narrower passband would be realized,
which could further reduce the unwanted frequency components, a system with significantly

improved performance would thus be realized.
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CHAPTER 5
FBG-BASED PM-IM CONVERSION AND ITS
APPLICATIONS

The approaches presented in Chapter 3 and Chapter 4 are mainly dealing with dispersive-
device-based PM-IM conversions and their applications for microwave bandpass filtering and
mixing. As we have discussed in Sec. 2.2 of Chapter2, however, PM-IM conversion can also be
achieved by us of an optical filter that performs as an optical frequency discriminator. Same as
the dispersion-based PM-IM conversion, optical-filter-based PM-IM conversion also plays a
very important role in all-optical microwave signal processing. Different optical filters can be
used to implement frequency discrimination, such as an asymmetric MZI, a Michelson
interferometer, or a fiber Sagnac filter. Although it is relatively simple to design, all these filters
have a large high-order harmonic distortion due to their sinusoidal-type transfer functions,
which would limit the dynamic range. Fabry-Perot resonator has also been investigated in the
role of frequency discriminator to improve the linearity. However, the lens system must be

carefully adjusted to overcome the effects of non ideal mode matching in free space operation.

FBGs have been widely used for all-optical signal processing due to the many advantages over
other optical filters. First, similar to a Fabry-Perot resonator, an FBG can be considered as a
multi-tap optical filter having a very high Q value, which gives an improved linearity and
dynamic range compared to those of a two-tap filter (MZI, Michelson interferometer or Sagnac-
loop). Second, very different and sophisticated filter frequency responses can be achieved by
manipulating the implementation parameters of a single FBG or an FBG array during the
synthesis and fabrication processes. Third, the interaction wavelength can be further tuned via
changing the grating pitch by applying strain or variable heating. In addition, no free space to
fiber coupling is required because the FBG is fabricated within the optical fiber. All these

features make the synthesis of wideband and tunable frequency discriminator possible.
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In this Chapter, we will focus on the investigation of FBG-based frequency discrimination and
its applications for all-optical microwave signal processing. First, in Sec. 5.1, PM-IM
conversion by use of an FBG-based frequency discriminator is presented. Both the frequency
and phase responses of the FBG are taken into account to build a numerical model in the
frequency domain. Gaussian-apodized FBGs are fabricated to carry out the experiments. In Sec.
5.2, by using the FBG-based frequency discriminator, a novel approach to implementing
unipolar-bipolar phase-time encoding/decoding in an optical CDMA system is presented. Two
FBG arrays are employed to perform en/de coding. It is demonstrated that the proposed scheme
is equivalent to a sequence inversion keyed (SIK) direct-sequence CDMA, which would
provide an improved performance compared to the conventional incoherent scheme using
optical orthogonal codes. The FBG-based frequency discriminator can also be used to generate
UWB pulses. In Sec. 5.3, two approaches to generating UWB pulses are proposed and
experimentally demonstrated. The use of the proposed all-optical signal processor to implement
UWRB pulse polarity and pulse shape modulation is also discussed which provides the potential

for fully exploiting the advantages provided by UWB-over-fiber networks.
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5.1 Frequency domain analysis of FBG-based PM-IM conversion

In this Section, PM-IM conversion implemented using an FBG-based frequency discriminator is
presented. Both the frequency and phase responses of the FBG are taken into account to build a
numerical model in the frequency domain. A Gaussian-apodized FBG is fabricated to carry out
the experiments. PM-IM conversion based on the Gaussian-apodized FBG is experimentally

implemented. The results confirm the theoretical analysis.
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Frequency Domain Analysis of Fiber Bragg Grating Based Phase Modulation to

Intensity Modulation Conversion®
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Abstract

In this paper, optical phase modulation to intensity modulation by the use of a fiber Bragg
grating (FBG) based frequency discriminator is proposed and experimentally demonstrated. In
the proposed approach, the optical carrier frequency is placed at the quadrature point of the
positive or negative slope of the reflection response of the FBG. The phase modulated light
reflected from the two opposite slopes will have a n phase difference, which makes bipolar
operation possible in an all-optical microwave signal processor or an optical code division
multiple-access system. Both the frequency and phase responses of the FBG are taken into
account to build a theoretical model in a frequency domain. Phase modulation to intensity
modulation conversion based on a Gaussian apodized FBG is experimentally implemented. The

results confirm the theoretical analysis.

Keywords: Microwave photonics, bipolar operation, fiber Bragg grating, phase modulation,

intensity modulation, frequency discriminator.
1. Imtroduction

The distribution of microwave or millimeter-wave signals over fiber is of great interest for
applications such as next generation broadband wireless access networks, radar, and satellite
communications, by taking the advantages of low loss, large bandwidth and immunity to

electromagnetic interference over traditional microwave links using copper cables. Radio-over-

® Published in Proceedings of SPIE, vol. 5971, 59712B, September 2005.
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fiber systems employing intensity modulation (IM) and direct detection (DD) have been
intensively investigated over the last few years. However, in many instances it is more desirable
that the information is carried in the optical phase instead of amplitude. Such communication
systems employing phase modulation (PM) or frequency modulation (FM) have advantages
over IM systems which are well known for radio communications. In addition, In an optical
communication system using PM or FM, the intensity of the optical carrier remains constant
which is highly tolerant to non-linear effects, such as self-phase modulation (SPM), cross-phase
modulation (XPM) or cross-gain modulation (XGM) [1].

There are in general two methods to detect a PM or FM signal. In the first method, a PM or FM
signal can be detected using a coherent detection scheme [2], [3], in which the optical signal is
mixed with a local oscillator light. The merit of the coherent optical transmission system is the
reduction in detection noise. However, the construction of a local oscillator with high frequency
and phase stability is difficult at present. In addition, the temperature and mechanical vibrations
in the transmission line will result in phase and polarization fluctuations of the transmitted light,
which would appear as noise at the receiver. Phase-locking techniques, such as light injection
locking [4] and optical phase lock loop [5] can be applied to get rid of the phase noise, but this
increases the system complexity. Alternatively, one can use a simple DD scheme with a
frequency discriminator [6], [7]. This is typically an optical filter in which the optical carrier is
placed on the steep slope of the filter spectral response, where the transmission or reflection is a
function of frequency. The steepness of the slope determines the overall gain of the proposed
system, while its linearity determines the devices dynamic range. Thus the frequency

discriminator is a crucial device in the RF photonic system.

Frequency discriminator can also be used to characterize unwanted frequency or phase
derivation imparted onto the optical carrier [8], [9], which is induced by some active
components like laser diodes or external electrooptical modulators. For example, in a
communication system using an intensity modulated DFB laser, the frequency chirp imparted
onto the optical carrier can far exceed the actual signal bandwidth and therefore would limit the
data rate due to fiber chromatic dispersion. Then an accurate characterization of the frequency

chirp as a function of injection current is required to achieve an optimum system performance.
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Frequency discriminators based on a variety of optical filters have been studied. The most
widely used technique to implement FM/PM to IM conversion is to use an asymmetric Mach-
Zehnder interferometer (MZI) [8] that is biased at the phase quadrature. While it is relatively
simple to design and fabricate, MZI has a large higher-order harmonic distortion due to its
sinusoidal transfer characteristics. This gives a limited dynamic range when a high conversion
gain is desired. Other two-arm interferometers, such as Michelson interferometer [9] and fiber
Sagnac filter [10], can also be used to achieve the same results but also suffer from the same
problem. Fabry-Perot resonator [11] has also been investigated in the role of frequency
discriminator to improve its linearity. However, the lens system must be carefully adjusted to

overcome the effects of non ideal mode matching in free space operation.

In this paper, we propose a scheme for FM/PM to IM conversion based on a uniform fiber
Bragg grating (FBG). There are many advantages of using FBGs for FM/PM to IM conversion
[12]. First, since the FBG is fabricated within the fiber, no free space to fiber coupling is
required. Second, very different and sophisticated filter frequency responses can be achieved by
manipulating the fabrication parameters during the FBG writing processes. In addition, the
interaction wavelength can be further tuned via changing the grating pitch by applying strain or
variable heating. All these features make the synthesis of wideband and tunable frequency

discriminator possible.

This paper is organized as follows. In Section 2, a theoretical model of uniform FBG-based PM-
IM converter is presented, which describes the relationship between the system transfer function
and the characteristics of the employed FBG. Based on this model, simulations are carried out
to evaluate the performance of the proposed system. The results show that FBGs with proper
apodization profiles and short lengths are preferred to achieve linear operation and high
dynamic range. Experimental implementation is carried out in Section 3. The results agree well
with the theoretical analysis. Both the theoretical analysis and experimental verification
described in this paper are commonly referred to as a frequency domain network analysis. A

conclusion is drawn in Section 4 with further discussions on future applications.
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2. Theory

Let us consider an optical carrier which is phase modulated by a single frequency electrical

signal. The normalized amplitude of the optical field £(¢) can be expressed in the form of
E(t)=cos[at+Ap(t)]=cos[a.t+Ap,,, cos(@,t)], (1)

where @, is angular frequency of the optical carrier; @, is modulating angular frequency;
A (¢) is the modulation-induced phase change of the carrier; and Ag_, is the maximum

phase shift. Eq. (1) can be expanded in terms of Bessel functions of the first kind,

E()= 3, J,(Ap ) cos[(0, 410, )1+ n7], @

n=—-wm

where J, (®) denotes the n-th order Bessel function of the first kind. To simplify, the argument

(Ag,,. ) will be omitted in the following text. From Eq. (2), we can see that the PM process

generates a series of sidebands with Bessel function amplitude coefficients. The power intensity

of each sideband is proportional to the square of the coefficient of the corresponding term in Eq.

Q).

Under small signal conditions, only the first order sidebands need to be considered and Eq. (2)
can then be simplified as
s

E(t)=J,cos(w,t)+J, cos[(w, +a)m)t+7—12—]+J_1 cos[(w, —w,, )t—;]. 3)

Based on the property of Bessel functions we have J, =—J_, when n is odd. We can therefore

conclude that the two sidebands are 7t out of phase at the output of the phase modulator, which
is different from an IM where the two sidebands are in phase. If this signal is directly detected
using a photodiode, the RF signal cannot be recovered because the beating between the carrier
and upper sideband exactly cancels the beating between the carrier and the lower sideband. As
we have demonstrated earlier [13], to achieve PM-IM conversion, we can pass the phase

modulated optical signal through a dispersive device. Subsequently the two sidebands can be
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effectively rotated to be totally or partially in phase; and then the modulating RF signal can be

recovered using DD.

In fact, introducing any imbalance to the PM signal spectrum will result in a certain degree of
PM-IM conversion. In this paper, we propose to use an FBG to implement the PM to IM
conversion. Fig. 1 shows the proposed the system which consists of an FBG-based frequency

discriminator and a square-law detector.
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Fig. 1 Schematic diagram of the proposed PM-IM converter.

An ideal frequency discriminator should have a linear frequency response as well as a linear

phase response. Its transfer function can be written as
H,(jo)=|H,(jo)-£H,(jo) = |K| o exp[-jor,], )

where K is the slope steepness factor of the magnitude response, and 7, =d[H,(jw)}/dw is

the group delay induced by the frequency discriminator.

A photodetector functions as a square-law detector, i.e., the output photocurrent is proportional
to IE P (t)l2 , where E,(¢) represents the output optical field of the frequency discriminator.

Taking only the RF signal centered at the modulating frequency @,,, and ignoring the dc and

higher-order harmonics (by using a bandpass filter), the recovered electrical signal can be

expressed as

E, ()<Ko, -cos[w, (t—7)], Q)
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where 1 is the total group delay induced by the PM-IM converter.

Recall the Fourier transform pair

' t-D)} = jow-e’ - F(jo), 6
— —
H(jw) RIFIO)

where 3{e} denotes the Fourier transform, and compare Eq. (6) with Eq. (5), we find that the

recovered RF signal is a delayed differential version of the modulating signal.

In our proposed PM-IM converter, the two slopes of the FBG reflection spectrum are employed
to implement frequency discrimination. Based on the above theoretical analysis, we know that
the steepness and width of the slopes determines the overall conversion efficiency and
operational signal bandwidth, while both the reflectivity and phase response at the slopes should
be linear and any nonlinearity will introduce distortion to the recovered electrical signal.
Therefore, to improve the performance, the FBG should be optimized. In the design, the
fabrication parameters, such as grating length, refractive index modulation depth, and
apodization profile, are properly decided to find out the best compromise between system

operation dynamics and linearity.

To evaluate the performance of the proposed frequency discriminator, FBGs with different
lengths and apodization profiles, i.e., uniform, hyperbolic tangent, and Gaussian profiles with
different taper parameters, are simulated based on standard coupled mode equations [14]. Each
grating is divided into short segments and the fundamental matrices for each segment were
multiplied to obtain its overall characteristic. The results show that if no apodization is applied,
the wings of the grating will act like a Fabry-Perot cavity and strong resonance will result in
rapid fluctuation of reflectivity and phase response. Employing Gaussian apodizatioﬁ can highly

suppress these effects. A Gaussian profile can be expressed as below

(M

2~(z—L/2)]2}
s-L ’

A(z) = exp{—-lnz-[

where A(z) represents the average index change along the grating length L as the function of

the propagation distance z along the fiber, and s is the taper parameter. Fig. 2 shows the
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amplitude reflectivity and phase response of an FBG with a length of 10 mm, an average index
change of 0.0002, and a Gaussian taper factor of 0.25. The zoom in response on the left slope is
shown as Fig. 2(b), in which the reflection spectrum shows a significant suppression of
sidelobes and very smooth rolling off slopes. Meanwhile the phase response is considerable

linear as well.

Using the chosen FBG, the normalized overall responses of the proposed PM-IM converter are
calculated and shown in Fig. 3. Thanks to the optimization of the FBG, both the magnitude (Fig.
3(a)) and phase responses (Fig. 3(b)) indicate a good linearity with respect to the modulating
frequency. It should be noticed that in order to evaluate the system tolerance to optical carrier
detuning, some different work points on the reflection slope are chosen. The results show that
regarding to the linearity and steepness, no significant changes is observed. If both the reflection
and transmission of the FBG are used to construct a balanced detection, the residual amplitude

noise induced by the carrier frequency detuning can be further rejected [9], [15].
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Fig. 2 Simulated reflectivity and phase response of a Gaussian apodized FBG:
(a) whole reflection band, and (b) zoom-in left slope.
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Fig. 3 (a) Normalized overall magnitude and (b) phase responses of the proposed PM-IM converter, employing the
FBG shown in Fig.2. Optical carrier is placed at three different locations on the FBG reflection slope, where the
amplitude reflectivity is 60% (dashed line), 70% (solid line) and 80% (dotted line) of the maximum amplitude
reflectivity, respectively.

3. Experiment

Based on the theoretical analysis in Sec. 2, an FBG is fabricated and a PM-IM converter based
on the fabricated FBG is experimentally implemented. The FBG has a length of 10 mm, a peak
power reflectivity of 90% and is Gaussian apodized with s=0.45 . Additional inverse
apodization is applied during the FBG fabrication process to further suppress the sidelobes on
short-wavelength side. Its reflectivity spectrum is shown in Fig. 4, which has a central

wavelength at 1536.12 nm and a 3-dB bandwidth of 0.23 nm.

A tunable laser with typical linewidth of 150 KHz is applied as the light source. The single
frequency RF signal is generated using an Agilent signal generator (E8254A). PM is performed
by using a LiNbO3 straight-line phase modulator. An Agilent spectrum analyzer (E44484A) is
used to monitor the output of a photodetector. An erbium-doped fiber amplifier is used to

compensate for the power loss in the system.
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Fig. 5 Measured frequency responses of the proposed PM-IM converter when different modulating signal power

levels are applied.

At first, the carrier wavelength is tuned at of 1536.00 nm, which lies on the left slope of the
FBG. Sweeping the modulating signal from 1 to 10 GHz while keeping the power level at a
specific value, we obtain a frequency response of the proposed PM-IM converter. The

measurements are performed three times with the power level of 3 dBm, 6 dBm and 10 dBm,
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respectively. The corresponding frequency responses are shown in Fig. 5. Comparing with an
ideal linear response which is plotted as a reference on the same figure, a good agreement
between the measured and the ideal frequency responses is observed. The residual variations are
due to the non-linearity of the FBG slope response. In addition, the unflat responses of the phase
modulator and the photodetector also contribute to these errors. When the modulating signal
power level is increased from 6 to 10 dBm, we cannot obtain an expected 4 dB output
increasing. The reason is that when the modulation depth becomes higher, more modulating
power is transferred to the higher-order harmonics, which implies that the dynamic range of the

proposed system is limited by the PM depth as well.

To further verify the theoretical analysis presented in Sec. 2, we tune the carrier wavelength and
make it be reflected at different locations of the grating reflection spectrum, i.e., the left slope,
the middle, and the right slope. In this experiment, an oscilloscope is used to observe the
waveforms of the recovered signal. Modulating frequency is set at 4 GHz, which is limited by
the bandwidth of the oscilloscope. Fig. 6(a) shows the reflection spectra for different carrier
wavelengths and Fig. 6(b) shows the waveforms of the corresponding electrical outputs. It is
interesting to notice that when the carrier wavelengths are located at the opposite slopes of the
FBG reflection spectrum, the detected RF signals will have a © phase difference, and no RF
signal can be recovered if the carrier is located at the center of the reflection band. These
interesting features can be directly applied to achieving bipolar operation in all-optical signal

processing, e.g., synthesis of all-optical microwave filters with negative coefficients.
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Fig. 6 (a) Measured spectra of the phase modulated optical signals reflected at different points, solid line: center of
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corresponding to different optical spectra shown in (a).
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4, Conclusions

A PM-IM converter was proposed by the use of an FBG based frequency discriminator, in
which the optical carrier frequency is placed on the slope of the reflection response of the FBG.
A frequency domain theoretical analysis showed that using an FBG with proper Gaussian
apodization can realize relatively high linearity and wideband operation, but at the cost of lower
conversion gain. An experiment was carried out and the experimental results showed a good
agreement with the theoretical analysis. In addition, by locating the carrier wavelength at the
opposite slopes of the FBG reflection spectrum, the detected RF signals will have a © phase
difference, which makes bipolar operation possible in all-optical microwave signal processing
and optical code division multiple-access system. For further considerations when a high
performance frequency discriminator is required, the combination of transmitted and reflected

signals in a balanced detection scheme may be an appealing solution.
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5.2  Unipolar-Encoding/Bipolar-Decoding for Optical CDMA

In this Section, a novel approach to implementing unipolar-bipolar phase-time
encoding/decoding in an optical CDMA system using the FBG-based frequency discriminator is
proposed and demonstrated. Two FBG arrays are employed to perform the encoding and
decoding. The proposed scheme is equivalent to a sequence inversion keyed (SIK) direct-
sequence CDMA, which would provide an improved performance compared to the

conventional incoherent scheme using optical orthogonal codes.
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Abstract

In this paper, we propose a novel approach to implementing unipolar-bipolar phase-time
encoding/decoding for optical code division multiple access (CDMA) networks. In the proposed
approach, an electrooptic phase modulator and two fiber Bragg grating (FBG) arrays are
employed to perform En/De coding. At the transmitter, a low-bit-rate data sequence modulates
the optical phase and is then mapped to a high-bit-rate optical sequence via the encoder FBG
array in a unipolar way. At the receiver, an identical FBG array that functions as a matched
filter is used. Bipolar decoding is achieved by locating the optical carriers on either the positive
or the negative slopes of the reflection responses of the decoder FBG array. The proposed
encoding/decoding scheme is equivalent to a sequence inversion keyed direct sequence CDMA,
which can provide an improved performance compared with the conventional incoherent
scheme using optical orthogonal codes. In addition, compared with bipolar decoder applying
balanced detection, this approach has a simpler architecture. A proof-of-principle experiment is

demonstrated.

Keywords: Code division multiple-access (CDMA), phase modﬁlation, sequence inversion

keying (SIK), fiber Bragg grating (FBG), matched filter.

1. Introduction

" Published in Proceedings of SPIE, vol. 5971, 59712A, September 2005.
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In a local-area network (LAN) environment where the traffic is usually bursty, an efficient
multiple access protocol that allows many users to access the network asynchronously at all
times is essential. In contrast to contention-based protocols, such as token passing or carrier
sense multiple access with collision detection (CSMA/CD), code division multiple access
(CDMA) permits a destination receiver to capture a packet rather than the whole
communication bandwidth "2 In addition, a system employing CDMA offers better security

than a system using other multiple access schemes.

CDMA is one of the spreading spectrum techniques that transmits data signal over a much
larger bandwidth than a conventional transmission system, thus it is particularly suited for
optical fiber transmission networks where bandwidth is no longer a limited resource. However,
for this resource to be utilized effectively, all-optical processing, such as all-optical encoding
and decoding, is desired, to avoid electrical to optical conversions. In addition, optical networks
using all-optical processing can maintain a high data rate, which could eliminate electrical

processing bottlenecks.

Optical CDMA can be implemented based on incoherent or coherent operation. For an
incoherent optical CDMA, unipolar codes are utilized, with matched ﬁlter‘ing and direct

detection >

. These so-called incoherent implementations provide the impetus for the
development of unipolar pseudo-orthogonal codes (0, 1). Compared with conventional
electronic bipolar codes (-1, +1) such as Gold sequences, the cross-correlation function of
unipolar codes is high and the number of codes in the family is very low. Thus, long, sparse
codes and narrower pulses have to be employed to support a larger number of users and higher
transmission capacities, which is traded off against the complexity of the implementation. In a
coherent optical CDMA, both channel and refefence sequences are required to be mapped to a

bipolar format, signal processing elements that are capable of distinguishing phase information

should be used, . The systems using coherent matched filters to manipulate optical phase have
been reported by some researchers ®®. Foschini and Vannucci ® proposed to achieve optical
phase encoding and decoding using a pair of electrooptic phase modulators; one is at the
transmitter and the other is at the receiver. However, the sequences employed to drive the
modulators have to be electrically generated; therefore, the maximum achievable bit rate is

limited by the speed of the electronic circuitry. Simpson et al 7 proposed a coherent temporally
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coded optical CDMA system based on ladder encoder/decoder. Limited by the geometry of
ladder encoders, few codes are available. Encoding and decoding of femtosecond pulses has
also been reported for the implementation of coherent ultra-high-speed CDMA networks* '°. In
these approaches, basically, an ultrashort light pulse is spatially decomposed by a diffraction
grating and pseudorandom phase shifts for the diffracted spectral components are induced to
achieve the encoding. At the destination receiver, decoding is performed by a similar
arrangement that induces the complex conjugate phase shifts of the encoder. The major
disadvantage of the coherent approaches is the environmental influence and the polarization

drift, rendering the coherent approach difficult to implement.

A new family of optical CDMA systems based on bipolar modulation/balanced detection has
been developed to improve a signal-to-noise ratio (SNR) !'"*. Basically, the bipolar operation is
realized by separating a bipolar sequence into two complementary unipolar sequences which is
performed unipolar-unipolar correlation in a pair of parallel correlators. The optical output of
each correlator is differenced at the detector by a balanced photodiode receiver. Although such
a scheme can perfectly cancel out the multiple-access interference (MAI) under an ideal
situation, it brings a challenging implementation issue: additional complexity and cost at both

the transmitter and receiver.

In this paper, we propose a novel approach to implementing optical CDMA encoding/decoding
using an electrooptic phase modulator, a photodetector and two identical FBG arrays. At the
transmitter, a low-bit-rate data sequence modulates the optical phase and is then mapped to a
high-bit-rate optical sequence via an FBG-array encoder. At the receiver an identical FBG array
that is reversely connected functions as a matched filter. The bipolar decoding is achieved by
placing the optical carriers at either the positive or the negative slopes of the reflection
responses of the decoder FBG array. Since the encoding is unipolar and the decoding is bipolar,
the proposed scheme is equivalent to a sequence inversion keying (SIK) CDMA. Theoretical
analysis and experimental results show that this approach has the potential to provide better
performance than an incoherent implementation, and a simpler architecture than bipolar
modulation/balanced detection scheme. In the next section, the principle and performance
comparison of optical CDMA systems using different encoding/decoding schemes are presented,

followed by a discussion of our proposed approach. In Section 3, a proof-of-principle
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experiment using a single FBG to achieve phase modulation to intensity modulation (PM-IM)

conversion is presented. Finally, Section 4 summarizes the findings of this study.
2. Principles

A. Coherent and incoherent CDMA systems

Input data

Te

s to decoder

(a) Encoder

Encoded data

L—> Correlator output

(b) Decoder

Fig. 1 Schematic diagram of an encoder/decoder pair. (a) An encoder, (b) a decoder. T, is the chip width.

Coefficients @, can be either 1 or 0 for a unipolar correlator and -1, or +1 for a bipolar correlator.
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To clearly distinguish the difference between a bipolar operation and a unipolar operation, the
fundamental structures of an encoder and a decoder are shown in Fig. 1. At the transmitter, the
encoder typically maps a low-bit-rate electrical signal to a high-bit-rate sequence, either in a
bipolar way that pseudo randomly shifts the phase of the optical carrier, or in a unipolar way
that alters the intensity of the optical carrier. At the receiver, a correlation is performed by a
delay line matched filter which has an impulse response that is the time reversed complex
conjugate of the input sequence. The resulting signal is then threshold detected for auto-
correlation peaks. In traditional radio or copper-based direct-sequence CDMA systems,
detection is achieved via coherent correlation of a bipolar channel sequence (-1, +1) with a
bipolar reference sequence (-1, +1). It takes into account phase information in the sequence
since the receiver is able to track the phase information. However, in an optical CDMA system,
typically an intensity modulator, fiber-optic delay line matched filters, and a square-law
photodetector are utilized, both encoding and decoding are constrained to be unipolar. Although
optical CDMA with bipolar encoding and decoding can be implemented, the systems are
usually very complicated and costly. As a compromise, a scheme called sequence inversion
keying (SIK) is proposed. In the SIK scheme, a unipolar channel sequence (0, 1) is correlated
with a bipolar reference sequence (-1, +1), which provides better performance than an

incoherent CDMA system, but with a simpler architecture than a coherent CDAM system.

To compare the correlation performance of these three schemes, Gold codes of length 31 are
employed since they are a popular choice in conventional CDMA systems. As shown in Fig.
2(a), two orthogonal Gold sequences are generated from a pair of maximum-length sequences.
Fig. 2(b) shows the auto-correlation and cross-correlation functions obtained for coherent, SIK,
and incoherent system respectively. From Fig. 2(b), we can see that the difference between the
auto- and cross-correlation peaks for a unipolar-unipolar system is much smaller than that
obtained in the bipolar-bipolar system. Although sparse optical orthogonal codes (OOCs) can be
applied to reduce that difference, they are only pseudo-orthogonal and long code length and
small code weight must be utilized, which reduces the spectral efficiency of the systems. SIK
scheme shows a scaled-down version of those obtained by bipolar-bipolar system with an offset
depending on the number of simultaneous users, which is a good compromise between the

system complexity and performance.
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Fig. 2 Performance comparison among the three optical CDMA schemes (a) Two Gold sequences of length 31:
Code A and Code B. (b) Comparison of auto- (solid line) and cross-correlation (dotted line) functions for the two
Gold codes. Upper: in a bipolar-bipolar system; middle: in a unipolar-bipolar system (SIK); lower: in a unipolar-

unipolar system.

B. FBG based PM-IM conversion

Before introducing the proposed unipolar-bipolar CDMA encoder and decoder, we first discuss

the principle of an FBG based PM-IM converter proposed by us 15, which is the key element in
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the proposed CDMA system. In the proposed PM-IM converter, PM-IM conversion is achieved
by using a uniform FBG serving as a frequency discriminator and a photodetector. In [15], a
frequency domain analysis was carried out under a small-signal single-frequency modulation
condition. In this situation, only three frequency components, i.e., the optical carrier and the two
first-order sidebands were taken into account. We also showed that the reflection slopes of a
properly designed FBG can be considered having a linear frequency response with a linear
phase response. By using the properly designed FBG and a photodetector, a signal which is the
delayed first order derivative of the modulating signal could be obtained. In addition, by
locating the optical carrier at the opposite slopes of the FBG reflection spectrum, the detected
electrical signals had a &= phase difference. Note that no signal could be recovered if the carrier
was located at the centre of the reflection band. However, in a digital communication system,
the modulating signal is no longer a single frequency sinusoidal tone, but a mapping of binary

data sequence to analog waveforms, e.g., square waves. In this case, the modulating signal s(¢)

can be expressed as

S0y =6 Bt-1-T), )

I=-

where b, is the binary data sequence that takes on 0 or 1 for each /, and F,(¢) is a rectangular

pulse of duration T'. We know that such a signal can be considered as a summation of infinite
frequency components and it will be very difficult to do the frequency domain analysis, because
when this multi-frequency signal is used to phase modulate an optical carrier, the number of the
cross-modulation products is usually very large. Instead, a time domain analysis can be easily

executed.
The normalized modulated optical field can be written in a general form of
Epy (1) =cos[wt+ Ap(2)]=cos[w i+ Bpy -5() ], @

where @, is the angular frequency of the optical carrier; Ag (¢) is the modulation-induced
phase change of the carrier; and f,,, is the phase modulation index. After passing the optical

signal described in Eq. (2) through an ideal frequency discriminator having an impulse response
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of 6 (), where 8 (¢) is the unit impulse and & '(¢) is its first-order derivative, we obtain the

differential optical field
Eep(1)=Kpp Epy (8)=—Kpp [0, + Bpy 5" (O] -sin[@ t + B, -5(2)], 3

where E ., (t) represents the optical field at the output of the frequency discriminator, E},, (¢)
and s'(¢) represent the first-order derivatives of E,, (¢) and s(r) respectively. K, is the slope

steepness factor of the frequency discriminator.

A square-law photodetector functions as an envelope detector having an output proportional to

|E D (t)!2 , then the recovered electrical signal can be expressed as

r(t) < o, +20, - oy 5" )+ [ By 5" (OF, @)

where the first term on the right side, a)c2 , represents a dc and can be eliminated by using a dc

blocker. Compared to the second term, the third term is much smaller and can be neglected.
Then we can conclude that the output of the proposed PM-IM converter is proportional to the
differential of the modulating signal s(¢), which implies that if the modulating signal is pre-

processed to be the integral of s(¢) before driving the electrooptical phase modulator, the

original information will be exactly recovered.
C. Unipolar-bipolar optical CDMA

A point-to-point link of the proposed unipolar-bipolar optical CDMA network is shown in
Fig. 3. At the transmitter, an array of laser diodes (LDs) is employed as the light source.
Through an optical star coupler, the combined light beams are fed to an electrooptical phase

modulator which is driven by the pre-processed electrical signal that is expressed as

o) = [_s(odt. (5)

An array of N FBGs used as mirrors will perfectly reflect the N optical carriers at their

reflection peaks to achieve code spreading. Either the input light wavelengths or the center
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wavelengths of the FBGs are able to be shifted relative to each other; hence the individual
chips of the coding sequence can be programmed to be either ‘1’ (reflection) or ‘0’ (no

reflection), and can also be reconfigured. The encoded optical field is then written as

N
Eencoded (t) = zcos[wc,nt + IBPM ) U(t - nTc )] ‘a,, (6)

n=1

where @, , represents the angle frequency of the n-th carrier, a, is the n-th chip that takes on

O or 1, and 7, is the chip width, which is determined by the turn around optical path length

between two adjacent FBGs. In a real system, the number of LDs can be less, which is

determined by the weight of the coding sequence.

Chip “+1” Chip “0”
R R Chip “4”
1 i
[} I
1 1
[} 1
] ] I
| 1
] .y 1‘ 1 J‘L
A, A, 1 A
2
LD "
To decision circuit
LD Star Phase Photo-
** *| Coupler Modulator detector
Chip “+1”
LD~ R P
j\\
I
Pre-processed data i

ln

Fig. 3 Block diagram of a point-to-point link in the proposed unipolar-bipolar optical CDMA system.

At the receiver, an identical FBG array reversely placed is used as a matched filter. More
importantly, as shown in Fig. 3, instead of reflecting the carriers at the reflection peaks in the
encoder, the up or down slopes of the decoder FBGs are employed to reflect the

corresponding carriers to achieve unipolar-bipolar correlation. The output of the photodetector

can be written as
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N
Viecoder (I) o« ZS(I - n]-;:) ‘a, - bN—n 4 (7)

n=1

where a, (0, 1), and b,_, =2a,_,—1, e(~1, +1). It has the same expression as the

correlation output of an SIK CDMA system, which has been discussed in Sec. A. Compared
to a unipolar-unipolar operation, the bipolar decoding presented in Eq. (7) has the same auto-
correlation performance, but is able to significantly reduce cross-correlation peaks, and

eventually suppresses the MAI induced by other user pairs.
3. Experiment

Based on the theoretical analysis in Sec. 2, we can see that the key element in the proposed
unipolar-bipolar optical CDMA system is the FBG based PM-IM converter. Both the
reflectivity and phase response at the slopes of the decoder FBGs should be linear and any
nonlinearity will introduce distortion to the recovered electrical signal. However, this
requirement may not be very critical since the electrical limiter and decision circuit after the
photodetector can help the system tolerate signal distortion to some extend. The overall
conversion efficiency and operational bit rate are determined by the steepness and bandwidth of
the FBG slopes, which is an issue that needs to be addressed. In addition, at the transmitter, the
encoder FBGs are desired to have flat top and broad bandwidth in reflection spectra to approach
unaffected encoding. Therefore, both the encoder and decoder FBGs should be optimized. In
[15], we have shown that by carefully choosing the FBG fabrication parameters, such as grating
length, refractive index modulation depth and apodization profile, the system requirements can
be met. In the following, a proof-of-principle experiment using a single FBG to achieve PM-IM

conversion is presented.

The FBG fabricated in this experiment has a length of 10 mm, a peak power reflectivity of 90%
and a Gaussian apodization profile. Additional inverse apodization is also applied during the
FBG fabrication process to further suppress the sidelobes on short-wavelength side. Its
reflectivity spectrum is shown in Fig. 4, which has a central wavelength at 1536.12 nm and a 3-
dB bandwidth of 0.23 nm. A tunable laser with typical linewidth of 150 kHz is applied as a
single wavelength light source. A 622 Mb/s electrical signal is generated using a bit-error-rate

tester (BERT). Phase modulation is performed by using a LiNbO; straight-line phase
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modulator. A digital communication analyzer is used to monitor the output of the photodetector.
An erbium-doped fiber amplifier is incorporated in the system to compensate for the power loss

in the system.
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Fig. 4 Measured power reflection spectrum of the FBG used in the experiment.

To verify the theoretical analysis presented in Sec. B, we tune the carrier wavelength and make
it be reflected at different locations of the grating reflection spectrum, i.e., the left slope, the
middle, and the right slope. Fig. 5 shows the waveforms of the corresponding electrical outputs
when the 622 MHz clock signal is applied to the phase modulator. Fig. 6 shows the eye diagram
obtained when the carrier is tuned at the left slope of the FBG with a 622 Mb/s pseudo random
bit sequence (PRBS) 2’-1 signal is applied. The experimental results clearly show that 1) the
output of the proposed FBG based PM-IM converter is the first derivative of the modulating
signal, 2) the amplitude of the detected signals have different signs when the carrier
wavelengths are located at the opposite slopes, 3) and no signal can be recovered if the carrier is
located at the center of the reflection band. These features agree very well with the theoretical
analysis and can be directly employed to achieving unipolar encoding and bipolar decoding in

our proposed optical CDMA network.
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Fig. 5 Measured waveforms of the photodetector outputs when the wavelength of the optical carrier is tuned at

different reflection points. The modulating signal is plotted as a reference {upper).
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Fig. 6 Measured eye diagram when 622 Mb/s PRBS 2’-1 signal is applied.

4. Conclusions

A pair of all-optical encoder and decoder having equivalent performance as an SIK CDMA

system was proposed in this paper. An electrooptical phase modulator and two fiber Bragg
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grating (FBG) arrays are applied to manipulate the optical code signature. At the transmitter a
low-bit-rate data sequence phase modulates the optical carriers and is then mapped to a high-
rate optical sequence via the encoder FBG array in a unipolar way. At the receiver a similar
FBG array functions as a matched filter and bipolar decoding is achieved by placing the optical
carriers on either positive or negative slopes of the reflection responses of the decoder FBG
array. The proposed encoding/decoding scheme can provide improved performance than the
conventional incoherent scheme using optical orthogonal codes. In addition, compared with
bipolar decoder applying balanced detection, this approach has a simpler and more compact
architecture. Moreover, the proposed encoder/decoder can be quickly reconfigured by tuning
either the wavelengths of the LDs or the FBGs. A proof-of-principle experiment using a single
FBG to achieve PM-IM conversion was demonstrated. The experimental results showed

excellent agreement with the theoretical analysis.
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5.3 UWB pulse generation using an FBG-based frequency discriminator

UWB pulses are usually generated in the electrical domain for short-range high-data-rate
wireless communications. To extend its coverage, UWB signal distributed over optical fiber is a
topic of interest recently. Therefore, to fully exploit the advantages provided by optics, it is
highly desirable that the distributed UWB pulse sighals can be generated directly in the optical
domain without the need of extra optical-electrical and electrical-optical conversions. In
addition, with the current stage of technology, it is rather difficult to generate UWB pulses with
a fractional bandwidth even greater than 100% at the central frequency of around 7 GHz. Hence,

UWRB pulse generation in the optical domain can also find application in instrumentations.

In this Section, two approaches using the FBG-based frequency discriminator for UWB pulse
generation in the optical domain are presented. The use of the proposed all-optical signal
processor to implement UWB pulse polarity and pulse shape modulation are also discussed
which would provide the potential for fully exploiting the advantages provided by UWB-over-
fiber networks.

5.3.1 UWB pulse signal generation based on EOPM

In this Section, we propose a hybrid system fo generate UWB pulses. A Gaussian-shaped pulse
train from an electrical pulse generator is applied to an EOPM to perform electrical to optical
conversion. UWB monocycle or doublet pulses are generated at the output of a PD by
performing PM-IM conversion using an FBG-based frequency discriminator, in which the

optical carrier is located at the linear or the quadrature slopes of the FBG reflection spectrum.
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Abstract

We propose a novel approach to generating UltraWideBand (UWB) pulse signals in the optical
domain. The proposed system consists of a laser source, an electrooptic phase modulator
(EOPM), a fiber Bragg grating (FBG), and a photodetector (PD). The light source is phase
modulated by an electrical Gaussian pulse train via the EOPM. The optical phase modulation to
intensity modulation conversion is achieved by reflecting the phase modulated light at the
slopes of the FBG that serves as a frequency discriminator. Electrical monocycle or doublet
pulses are obtained at the output of the PD by locating the optical carrier at the linear or the
quadrature slopes of the FBG reflection spectrum. The use of the proposed configuration to
implement pulse polarity and pulse shape modulation in the optical domain is discussed, which
provide the potential for fully exploiting the advantages provided by UWB-over-fiber networks.

Experimental measurements in both temporal and frequency domains are presented.

Index terms: microwave photonics, radio over fiber, UWB over fiber, all-optical signal

processing, fiber Bragg grating, frequency discriminator
1. Introduction

UltraWideBand (UWB) impulse technology has been known for a few decades, but its
applications for broadband wireless communications has been explored only recently. A lot of

research efforts are being directed to the enhancement of the operational capabilities and the

8 IEEE Photonics Technology Letters, vol. 18, no. 19, pp. 2062-2064, Oct.1, 2006.
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cost-effectiveness of UWB systems for high-throughput wireless communications and sensor
networks. Basically, the impulse signal in a UWB wireless system needs to achieve a fractional
bandwidth larger than 20% or a 3-dB bandwidth of at least 500 MHz in the frequency range
from 3.1 GHz to 10.6 GHz, as defined in pait 15 of the Federal Communication Commission
(FCC) regulations [1-3]. However, by wireless transmission, UWB signals are only limited in
short distance of a few to tens of meters. To avoid such short-range networks operating only in a
standalone mode, UWB-over-fiber technology can provide a very promising solution to
integrate local UWB environment into the fixed wired networks or wireless wide-area

infrastructures [4, 5].

Therefore, to fully exploit the advantages provided by optics, it is highly desirable that the
distributed UWB pulse signals can be generated and modulated directly in the optical domain
without the need of extra optical-electrical (O/E) and electrical-optical (E/O) conversions. In
addition, using optical techniques to generate UWB pulses has many other advantages, such as
light weight, small size, large tunability and the immunity to electromagnetic interference.
Recently, we have proposed a method to generate and distribute UWB doublet pulses over a
single-mode fiber (SMF) link. In the system, electrical Gaussian pulses were modulated on an
optical carrier using an electrooptic phase modulator (EOPM). The optical phase modulation to
intensity modulation (PM-IM) conversion was realized by changing the phase relationships
among all the frequency components of the optical phase-modulated signal. The chromatic
dispersion of the fiber link of a length of 25 km is used to achieving the desired phase changes.
The PM-IM conversion has a transfer function equivalent to a microwave bandpass filter, by

which the input Gaussian pulses were converted to UWB doublet pulses [6].

In this letter, we propose an approach to generating monocycle or doublet pulses in a structure
without using a long optical fiber. In the proposed system, an optical carrier is phase modulated
by a Gaussian pulse train via an EOPM. Instead of using a 25-km SMF to perform PM-IM
conversion [6], the PM-IM conversion is achieved here by use of a fiber Bragg grating (FBG)
that serves as a frequency discriminator [7]. By locating the optical carrier at the linear slope or
the quadrature slope of the FBG reflection spectrum, monocycle or doublet pulses can be
obtained at the output of a photodetector (PD). In addition, UWB pulses with opposite polarities

can be generated by locating the optical carrier at the right (positive slope) or the left (negative
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slope) side of the FBG reflection spectrum. This property is important, because the proposed

system can be used to implement two different UWB pulse modulation schemes by shifting the

optical carrier, the pulse shape modulation (PSM) (monocycle - doublet) and the pulse polarity

modulation (PPM). Experiments are carried out to investigate the proposed UWB pulse

generation system. Experimental measurements in both temporal and frequency domains are

presented, which have good agreement with theoretical analysis.

2. Principle

The block diagram of the proposed UWB pulse generator is shown in Fig. 1. Light from a laser

diode (LD) is fiber coupled to an EOPM which is driven by a sequence of Gaussian pulses.
phase-modulated optical signal is then applied to a uniform FBG via an optical circulator.
PM-IM conversion is achieved by using the FBG serving as a frequency discriminator.

PM-IM converted signal is then detected at a PD, which serves as an envelope detector.

r— - T T T T T T T T T T T T T T |
| | a Aa
|
| UFBG l
1 V
| i ! ¢
1 pC 1 A B
: o I Output
I TLD O PM PD —f> a Aa
| Circulator : f \
!— ______________________ | t t
Input C g D g
" TLD: Tunable Laser Diode PM: Phase Modulator
¢ PC:  Polarization Controller PD: Photodetector

Fig. 1 Block diagram of the proposed UWB pulse generator.

The
The
The

The normalized optical field being phase-modulated by the Gaussian pulse train can be

expressed in the form of

Epy (1) =expljo t + Bpy - s()], ¢))

where @, is the angular frequency of the optical carrier, 5,,, is the phase modulation index,

and s(¢) is the pulse train represented by
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where T, is the pulse repetition interval, and Q(f) represents an ideal Gaussian pulse
waveform. It is known that the energy spectral density of Q(z) is large at dc and low-frequency
region, which makes wireless transmission of such a signal impractical. Monocycle and doublet
pulses that can be generated by performing the first-order and second-order derivatives of
Gaussian pulses have a spectrum profile that can satisfy the FCC specified spectrum mask.
Pulse waveforms for UWB applications can also be created by employing a high-pass filter to
modify the spectrum of the Gaussian pulse, which is similar to the implementation of different
orders of derivative of Q(¢) [1, 10]. For example, a Gaussian monocycle and a Gaussian
doublet, that have very low spectral power at low-frequency region, can be respectively
generated by performing the first-order and second-order derivatives of Q(z). The approach
proposed in this letter is to convert the Gaussian pulses into UWB pulses in the optical domain,
which can be employed as UWB pulse source in a UWB-over-fiber network. In addition, in the
proposed approach since the UWB signal is already modulated on optical carriers, optically
controlled true time-delay beamforming structures [8] can be directly applied at the receiver

front-end to improve the operational capabilities of the UWB impulse systems.

Based on the configuration shown in Fig. 1, when the phase modulated light is located at the
linear region of the FBG reflection slopes, as shown in Fig. 1 at A, the ac part of the recovered

signal at the output of the PD can be written as [7]
r(t) ~RPB,, K -s'(2), 3

where R is the responsivity of the PD, P is the optical power reflected from the FBG, X is

the slope steepness factor of the FBG power spectrum, and s'(¢) is the first-order derivative of
the modulating signal s(z). Then the UWB monocycle pulses are obtained, which is denoted as
Q'(1).

Furthermore, when the optical carrier is located at the opposite slope of the FBG reflection

spectrum, as shown in Fig. 1 at D, the output pulses will have a & phase difference. This
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property is important, which has the potential to realize PPM when two optical carriers
corresponding to these two out-of-phase pulses are employed and switched by the data sequence
to be transmitted. More interestingly, if the optical carrier is located at the quadrature slopes of
the FBG reflection response, as shown in Fig. 1 at B and C, doublet pulses will be generated.
Therefore, by locating the optical carrier at different locations, UWB pulses with different
shapes can be generated in the same configuration, and eventually the implementation of

another pulse modulation scheme, i.e., PSM, is possible.
3. Experiment

The proposed UWB pulse generation system is experimentally implemented based on the
configuration shown in Fig. 1. A tunable laser source with typical linewidth of 150 kHz is
employed as the light source. The Gaussian-like pulse train is generated by a bit-error-rate tester
(BERT). The temporal waveform representing a single input pulse can be found in Fig. 3(a) of
[8], which has a full-width at half maximum amplitude of about 63 ps. Phase modulation is
performed by using a LiNbO; straight-line phase modulator. An FBG with a length of 10 mm
and a peak power reflectivity of 90% is fabricated and used as the frequency discriminator in
the experiment. A proper Gaussian apodization is applied during the FBG fabrication process to
suppress the reflection sidelobes. Its reflection spectrum is shown in Fig. 2, which has a central

wavelength of 1536.12 nm and a 3-dB bandwidth of 0.23 nm.
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Fig. 2 Measured power reflection spectrum of the FBG used in the experiment.
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First, the carrier wavelength A, is tuned at of 1536.032 nm, which is located at the left linear
slope of the FBG. The signal at the output of the PD is then measured in both temporal and
frequency domains by use of a high-speed sampling oscilloscope and an electrical spectrum
analyzer, respectively. Fig. 3(a) shows the generated Gaussian monocycle pulse, which has an
FWHM of about 52 ps. Fig. 3(b) shows the power spectrum of the Gaussian monocycle pulse
signal, which has a central frequency of about 3.45 GHz, and a 10-dB bandwidth of about 7.94
GHz.

Then, the carrier wavelength is tuned at 1536.098 nm, which is located at the left turning corner
(quadrature slope) of the FBG reflection spectrum, the output pulse turns to be a doublet with a
negative mainlobe and two equal-time sidelobes having positive values, as shown in Fig. 4(a).
Its FWHM is of about 42 ps. From its power spectrum shown in Fig. 4(b), we can see that the
central frequency is increased to be about 7.14 GHz and the 10-dB bandwidth is about 8.8 GHz.
These results are expected according to the mathematical definition of a Gaussian pulse with
different orders of derivatives [9]. We then further tune the carrier wavelength and make it be
reflected at the right turning comer and the right linear slope, respectively. As can be seen from
Fig. 5, the generated pulses are actually the inverted versions of the ones shown in Fig. 4(a) and
Fig. 3(a), respectively. These interesting results agree well with the theoretical analysis in Sec.

2.
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Fig. 3 When a 13.5 Gb/s PBRS 2'-1 signal (generated by the BERT) is applied to the EOPM, the wavelength of
the optical carrier lc =1536.032 nm, (a) the waveform showing a monocycle pulse, and (b) the power spectrum

measured at the output of the PD.
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Fig. 4 (a) Waveform of the Gaussian doublet pulse, and (b) power spectrum of the shaped 13.5 Gb/s PBRS 2'°-1

signal obtained at the output of the PD. The wavelength of the optical carrier is A, =1536.098 nm.
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(b)
Fig. 5 Waveforms of the output pulses when the optical carrier is located at the opposite slope of the FBG: (a)
A, =1536.272 nm, (b) A, =1536.210 nm.

4, Conclusion

An optical UWB pulse generator that can shape the input Gaussian pulses into monocycle or
doublet pulses has been proposed and experimentally demonstrated. The proposed system was
based on the optical PM-IM conversion that was realized by use of an EOPM and an FBG
serving as an optical frequency discriminator. By locating the optical carrier at different
locations of the FBG reflection spectrum, UWB pulses with inverted polarity or different shapes
were obtained. This feature makes PPM and PSM schemes possible. In addition, since the
UWB pulse signals were obtained directly in optical domain, the proposed approach can be well
incorporated into UWB-over-fiber networks and eventually simplifies the entire networks by
centralizing the operations at the central offices. In the proposed system, an electrical pulse
source was needed. The system can be made all optical, if the electrical pulse source is replaced

by an optical pulse source, such as a mode locked laser source.
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5.3.2 All-optical UWB pulse signal generation based on XPM

In Sec. 5.3.1, a hybrid system to generate UWB pulses was presented, in which a sophisticated
electrical pulse generator to generate the short Gaussian pulse train and a wideband EOPM to
perform electrical to optical conversion are required. In this Section, we propose an all-optical
system to generate UWB monocycle and doublet pulses in a structure without the need of either
a high speed EOPM or an electrical short-pulse generator. In this approach, a CW optical probe
is cross-phase modulated (XPM) in a nonlinear fiber by a pulsed light, which can be the output
of a Q-switched or a mode-locked laser. UWB monocycles and doublets are generated by

applying the XPM signal to an FBG-based frequency discriminator.

The investigation is performed by a two-step experiment. In the first step, we focus on the XPM
effect in a nonlinear fiber. A CW light being intensity-modulated by an electrical pulse train is
applied to a length of nonlinear fiber (25 km non-zero dispersion shifted fiber (NZ-DSF)) as a
pulsed pump to perform XPM. UWB monocycles and doublets are then generated by applying
the XPM signal to an FBG-based frequency discriminator. In the second step, we make the
system all optical. An optical pulse train from a femtosecond pulse laser with proper spectrum
slicing is used to generate the pulsed pump. The phase modulation is then realized in a length of
nonlinear fiber (400 m dispersion shifted fiber (DSF)) to create XPM. Again, UWB monocycles
and doublets are obtained by applying the XPM signal to the FBG-based frequency

discriminator.
A. Operation principle

The block diagram of the proposed all-optical UWB pulse signal generator based on XPM is
shown in Fig. 5.3.2.1. When a pulsed pump light is combined with a CW probe light and sent
through a fiber, the optical pump pulses impose a phase modulation onto the CW light due to
XPM. After the nonlinear fiber, an FBG combined with an optical circulator is used as an
optical bandpass filter to eliminator the pump light. More importantly, its reflection slopes are
used to perform frequency discrimination, to convert the cross-phase modulated probe light to
intensity-modulated signals. When the optical carrier is located at the opposite slope of the
FBG reflection spectrum, the output pulses will have a m phase difference, by which pulse

polarity modulation can be realized. Furthermore, if the optical carrier is located at the
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quadrature slopes of the FBG reflection response, as shown in Fig. 5.3.2.1 at B and C, doublet

pulses will be also generated.
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Fig. 5.3.2.1 Block diagram of the proposed UWB pulse generator.
B. An experiment using the intensity-modulated light as the pump- first step

In this step, we focus on the XPM effect in a nonlinear fiber. The optical pulses are generated
by applying a 13.5 Gb/s bit sequence with a fixed pattern as 10000000000000001 (15
consecutive “0”’s between two “17s) to a CW LD at 1556.29 nm via an EOIM. The temporal
waveform representing a single optical pulse can be found in Fig. 3(a) in Sec. 3.2, which has an
FWHM pulse width of about 63 ps. The pump light is then combined with a CW light from a
tunable laser source and amplified by an EDFA before being injected into 25 km NZ-DSF,
which serves as the NLF shown in Fig. 5.3.2.1. The NZ-DSF has a chromatic dispersion of
5.6ps/nm/km at 1556 nm, a nonlinear refractive index ny of 2.3x10°m?/km, and an effective
mode-field area (MFA) of 72um’. The optical spectra measured after the NZ-DSF with and

without intensity modulation of the pump LD are shown in Fig. 5.3.2.2.
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Fig. 5.3.2.2 Spectra measured at the output of the nonlinear fiber when the intensity modulation of the pump light is
off (dashed line) and on (solid line). SBS: stimulated Brillouin scattering.

From Fig. 5.3.2.2, the spectrum of the probe light is broadened significantly when the pump
light is being intensity modulated by the electrical pulses. This is due to the XPM, which makes
the CW probe light be phase modulated, leading to an increased spectrum width. The stimulated
Brillouin scattering (SBS) power level at the input side of the NZ-DSF is also monitored. A 20-
dB SBS power reduction is observed when the electrical pulses are modulated on the pump
light. It is known [1] that SBS could be suppressed if the spectrum of the light is broadened. In
this system, the modulation of the pump light by the Gaussian pulses produces a broadened
optical spectrum, which leads to a reduction in the stimulated Brillouin amplification. Thanks to

the 20-dB SBS reduction, the SBS effect can be ignored in this system.

An FBG is applied as the frequency discriminator, which has a length of 10 mm and a peak
amplitude reflectivity of 66%. A proper Gaussian apodization is applied during the FBG
fabrication process to suppress the reflection sidelobes. Its reflection spectrum is shown in Fig.

5.3.2.3, which has a central wavelength of 1556.6 nm and a 3-dB bandwidth of 0.35 nm.
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Fig. 5.3.2.3 Measured amplitude reflection spectrum of the FBG used in the experiment.

First, the wavelength of the probe light, Apobe, is tuned at 1556.781 nm, which is located at the
right linear slope of the FBG. The signal at the output of the PD is then measured by use of a
high-speed sampling oscilloscope. Fig. 5.3.2.4(a) shows the generated Gaussian monocycle
pulse, which has a null-to-null of about 110 ps. A small asymmetry between the positive and the
negative part of the pulse is observed, which is due to the dispersion walkoff between the pump
light and the probe light. By using a highly nonlinear fiber [2], it is possible to decrease the
required optical pulse power, or use a shorter fiber, where the dispersive walkoff would be

much less significant.

Then, the carrier wavelength is tuned at 1556.717 nm, which is located at the right turning
corner of the FBG reflection spectrum, the output pulse turns to be a doublet with a negative
mainlobe and two equal time sidelobes having positive values, as shown in Fig. 5.3.2.4(b). We
further tune the carrier wavelength and make it be reflected at the left turning comer and the left
linear slope, respectively. As can be seen from Figs. 5.3.2.4(c) and (d), the generated pulses are
actually the inverted versions of those shown in Figs. 5.3.2.4(b) and (a), respectively. These
interesting results agree well with the theoretical analysis in Sec. 5.3.1, and can be directly

applied to implement different pulse modulation schemes.
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Fig. 5.3.2.4 Waveforms of the output pulses, when the wavelengths of the probe light are (a) 1556.78 Inm, (b)
1556.717nm, (c) 1556.479nm (d) 1556.402nm.

C. An experiment using a femtosecond pulse laser as the pump- second step

In the previous experiment, a CW light was intensity-modulated by an electrical pulse train to
serve as the pump light; therefore an electrical short pulse generator was still required. In
addition, the use of a long NZ-DSF fiber (25 km) led to a significant walk off between the pump
and the probe. Since in a dispersive fiber, the frequency response of XPM index is
approximately inversely proportional to the product of frequency, fiber dispersion, and
wavelength separation between the pump and the probe [3]. So when the wavelength separation
(AL) between the pump and the probe is large (that is the case always required for suppressing
the pump in the processing of the probe signal), only a smaller fraction of the frequency
components of the pump pulse will generate XPM efficiently, i.e,, the low frequency
components induce stronger XPM than that from the high frequencies. Conseduently the shape
of the pump pulse cannot be preserved in the phase change of the probe light, which eventually
reflects as distortion of the generated UWB pulses.

In this step, a fully all-optical UWB pulse generator is experimentally implemented to solve

these problems. Instead of using an electrical short pulse generator and a high-speed optical
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intensity modulator to create the optical pulse train, a femtosecond pulse laser (FSPL) is
applied. The output of the FSPL has a pulse width of 475 fs with a repetition rate of 48.6 MHz,
which has a 3dB spectral bandwidth of 7.9 nm. However, such pulses are too short for UWB
wireless applications. To obtain a proper pulse width, a tunable grating filter (TGF), which has a
3dB bandwidth of 0.23 nm and a tunable range covered the entire C band, is used to slice the
spectrum of the FSPL and broaden the pulse width. The comparison of the spectra and temporal
waveforms representing a single optical pulse measured before and after the TGF can be found

in Fig. 5.3.2.5. We can see that after the spectrum slicing, the pulse width extends to 20 ps.
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Fig. 5.3.2.5 (a) spectrum and (b) autocorrelation trace measured at the output of the FSPL, (c) spectrum and (d)

temporal waveform measured at the output of the TGF.

The pump light is then combined with a CW light from a tunable LD and amplified by an
EDFA before being injected into a length of 400m DSF, which has a chromatic dispersion of -
3.4ps/nm/km at 1558nm, a nonlinear coefficient y of 2.7W'km™, and an effective MFA of
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51.5um’. Compared to the 25km NZ-DSF used in the previous experiment, the length of the
fiber to achieve sufficient XPM depth is significantly reduced, mainly due to two reasons: 1) the
pump pulse obtained from the FSPL has short duration, very small duty cycle, and higher
extinction ratio; and 2) the deployed DSF has a smaller effective MFA which leads to a larger

nonlinear coefficient.

The central wavelength of the TGF is tuned at 1561.5 nm, which is about 5 nm away from the
peak of the FBG reflection spectrum. The average optical power of the pump light measured
before being injected into thé DSF is 8 dBm, and that of the probe light is about 4 dBm. For the
wavelength separation AA of 5 nm, the DSF gives a walk-off of 6.8 ps, while this value will be
around 620 ps if the 25 km NZ-DSF is used. Thanks to the large A) applied in this experiment,
after the DSF, the pump can be easily filtered out with high suppression ratio by the FBG.
Again, by tuning the wavelength of the probe, Ayrobe, at four different locations of the FBG
reflection spectrum, we obtain four different UWB pulses, as shown in Fig. 5.3.2.6. UWB
monocycles are generated by locating the probe at the linear slopes of the FBG reflection
spectrum and UWB doublets are generated by locating the probe at the quadrature slopes of the
FBG reflection spectrum. In addition, the two monocycles or the two doublets are out of phase.
For the four pulses, a slight asymmetry is observed, which is mainly due to the self phase
modulation (SPM) of the pump pulse in the DSF, which leads to the pulse broadening and

distortion.

In this experiment, since the optical pulse is generated using an FSPL, no sophisticate electrical
pulse generator is required. In addition, thanks to the use of the ultrafast optical pulse source
and the DSF with a larger nonlinear coefficient, a much shorter fiber length (~ 400m) is
required which reduces significantly the wavelength walk off effect during the XPM and the

system stability is improved as well.
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Fig. 5.3.2.6 Temporal waveforms of the output pulses, when the probe wavelength is located at different locations
of the FBG reflection spectrum (A, B, C and D shown in Fig. 1)
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this thesis, a theoretical and experimental study of optical phase modulation and its
applications in all-optical microwave signal processing were presented, which include all-
optical microwave filtering, all-optical microwave mixing, optical CDMA coding, and UWB

pulse signal generation.

In Chapter 2, a comprehensive study on optical phase modulation and its comparison with
intensity modulation were made. Then, two differeht methods to realize PM-IM conversions
were proposed. In the first approach, a dispersive device, such as a length of dispersive fiber or
a LCFBG was used to alter the phase relationships among the sidebands and the optical carrier
of a phase-modulated optical signal, leading to the PM-IM conversion. In the second approach,
an optical filter, such as a fiber-based Sagnac-loop filter or an FBG, served as an optical
frequency discriminator to achieve the PM-IM conversion. We showed that the PM-IM
conversions would present some interesting features which are useful for all-optical signal
processing: 1) the frequency response of a PM-IM conversion has a notch at dc, which would
eliminate the baseband resonance and can be directly used to achieve microwave bandpass
filtering; 2) a PM-IM conversion can generate two microwave signals that are out of phase by
using two dispersive devices with opposite dispersions or an optical bandpass filters with
opposite frequency response slopes. This feature was proved to be very useful that it would
provide the possibility to implement bipolar operations, to achieve more complex signal

processing functionalities with flexible structures.

In Chapter 3, three different approaches based on the proposed PM-IM conversions to achieving

all-optical microwave bandpass filtering were presented. In the first approach, an equivalent
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bandpass filter with only a single tap was experimentally implemented. The filter was used to
shape the spectrum of a Gaussian pulse train to generate UWB doublet for UWB radio over
fiber applications. In the second approach, all-optical microwave bandpass filter with multiple
taps was experimentally implemented. It was different from the single-tap microwave bandpass
filter where a single wavelength laser source was employed. In the second approach, a laser-
array was used to generate multiple taps. The filter performances, including the mainlobe to
sidelobe suppression ratio, the reconfigurability, tunability, and the dynamic range, were also
investigated. In the first two approaches, the bandpass operation was realized by eliminating the
baseband resonance with a dc notch of the PM-IM conversion. No negative coefficients were
actually generated. In the third approach, a microwave bandpass filter with negative coefficients

was proposed and experimentally demonstrated.

In Chapter 4, an electrooptic phase modulation based all-optical signal processor that could
perform both microwave mixing and bandpass filtering simultaneously in a radio-over-fiber link
was presented. First, a prove-of-concept experiment to up convert a subcarrier frequency from 3
GHz to 11.8 GHz using an EOPM-based signal processor with a local oscillator frequency of
8.8 GHz was implemented. Then, a further investigation of subcarrier frequency up conversion

with data modulation was performed. The system performance was also studied.

In Chapter 5, an extensive investigation of an FBG-based frequency discriminator and its
applications for all-optical microwave signal processing were performed. First, PM-IM
conversion by use of an FBG-based frequency discriminator was presented. Both the magnitude
and phase responses of the FBG are taken into account to build a numerical model in the
frequency domain. A Gaussian-apodized FBG was fabricated to carry out the experiments. By
using the FBG-based frequency discriminator, an approach to implementing unipolar-bipolar
phase-time encoding/decoding in an optical CDMA system was presented. Two FBG arrays
would be employed to perform the en/de coding and the proposed scheme was equivalent to a
sequence inversion keyed (SIK) direct-sequence CDMA, which would provide an improved
performance compared to the conventional incoherent scheme using optical orthogonal codes.
The use of the FBG-based frequency discriminator to generate UWB pulses was also

investigated. Two UWB pulse generation systems were proposed and experimentally
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demonstrated. The first system was a hybrid system which required using an electrical pulse
generator to generate the Gaussian pulse train. The optical phase modulation was realized using
an EOPM. The second system was all optical, no electrical pulse generator and EOPM were
used. In the second system, the optical pulse train was generated by a femtosecond laser source
and the phase modulation was implemented in the optical domain based on XPM in a nonlinear
fiber. The use of the proposed all-optical signal processor to implement UWB pulse polarity and

pulse shape modulation was also discussed.

We should note that the proposed optical phase modulation based approaches present a general
form of all-optical microwave signal processing using external electrooptic modulation. The
approaches based on an MZI intensity modulator can be considered as a special case, because
an EOPM is located at one of the two branches of the MZI and PM-IM conversion is achieved
by using the MZI itself as an optical filter. However, in the approaches presented in this thesis,
the PM-IM conversions are achieved by using two different methods (chromatic dispersion
based and frequency discriminator based) with different architectures, which provide much
more flexibility in implementing all-optical signal processing systems with various

functionalities.
6.2 Future work

First, the impact of phase noise of the light source on the performance of the proposed systems
needs to be studied. Since the phase of the laser source itself varies randomly with time and the
photonic circuits also introduce additional random phase fluctuations due to the temperature and
mechanical vibrations, the proposed PM-IM conversions will convert the phase noise to
intensity noise, which would introduce additional noise to the system output. A theoretical and
experimental study on the noise generated by PM-IM conversion and its impact on the system

performance would be investigated.

Optical phase modulation based on XPM and SPM for all-optical signal processing needs to be
further investigated. By using optical XPM and SPM techniques, no broadband EOPM is
required, which is highly desirable for all-optical applications. For instance, in the UWB signal
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generator presented in Sec. 5.3.2, neither an electrical pulse generator nor a high-speed EOPM
was required, which made the system all optical. An all-optical system has the potential for
integration using photonic integrated circuit technology. However, to fully exploit the

advantages brought by XPM and SPM, more research work needs to be carried out.

Another important issue that should be tackled in the future is to reduce the overall system loss.
Although the state-of-the-art optical fibers have extremely low loss, the overall system loss is
still very high because of the poor efficiency of the E/O (using an electro-optic modulator) and
the O/E (using a PD) conversions. A solution to this problem is to use optical amplifiers to
compensate for the loss. An ultimate solution is to develop opto-electronic devices with higher

conversion efficiency.

Finally, for practical applications, extensive research efforts need to be invested to improve the
system performance and to reduce the cost. A promising solution is to use integrated photonic
circuits to realize the functionality of the systems. The ultimate goal is to design a complete
system on the same substrate thus realizing the system-on-substrate or system-on-chip for

microwave photonic applications.
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ASE
AWG

BERT
BPSK

CDMA
CS
Ccw

DD
DFB
DPSK
DSF

EDFA
EMI

LIST OF ACRONYMS

Access Point

Amplified Spontaneous Emission

Arrayed Wave Guide

Bit-Error-Rate Tester

Binary Phase Shift Keying

Code Division Multiple Access
Central Office

Continuous Wave

Direct Detection
Distributed-Feedback
Differential Phase Shift Keying
Dispersion Shifted Fiber

Erbium Doped Fiber Amplifier

Electromagnetic Interference
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E/O
EOM
EOIM
EOPM
ESA

FBG
FIR

FP
FSK
FSPL
FSR
FTTH
FWHM

GD

Electrical to Optical
Electro-Optic Modulator

Electro-Optic Intensity Modulator

Electro-Optic Phase Modulator
Electrical Spectrum Analyzer

Fiber Bragg Grating

Finite Impulse Response
Frequency Modulation
Fabry-Perot

Frequency Shift Keying
Femtosecond Pulsed Laser
Free Spectral Range
Fiber-to-the-Home

Full Width at Half Maximum

Group Delay

Intensity Modulation



LAN  Local Area Network
LCFBG Linearly Chirped FBG
LD Laser Diode

LED  Light Emission Diode
LiNbQO; Lithium Niobate

M

MAI  Multiple Access Interference
MFA  Mode Field Area

MSR  Mainlobe-to-Sidelobe Ratio
MZI Mach-Zehnder Interferometer

N

NZ-DSF Non-Zero Dispersion Shifted Fiber

o

O/E Optical to Electrical
OOC  Optical Orthogonal Code
OOK  On-Off-Keying

OSA  Optical Spectrum Analyzer
P
PC Polarization Controller

PD Photodetector

PM Phase Modulation

PPM  Pulse Polarity Modulation
PRBS Pseudo-Random Bit Sequence

PSK Phase Shift Keying
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PSM

RoF

SBS
SIK
SMF
SNR
SOA
SPM

UFBG

XGM

Pulse Shape Modulation

Radio Frequency

Radio over Fiber

Stimulated Brillouin Scattering
Sequence Inversion Keying
Single Mode Fiber
Signal-to-Noise Ratio
Semiconductor Optical Amplifier
Self-Phase Modulation

Uniform Fiber Bragg Grating
Ultraviolet
Ultra-Wideband

Cross-Gain Modulation

Cross-Phase Modulation



