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ABSTRACT

This thesis presents.the study of a frequency-discriminator-aided optical phase-lock loop
(OPLL) and its application to a fiber-Bragg-grating-based true-time delay (TTD) module
for the purpose of phased-array antenna (PAA) beamforming. The TTD module uses
uniform fiber Bragg gratings (FBGs) to form the delay lines of an FBG prism. The
wavelengths from two external cavity laser diodes are phase-locked by the OPLL and

applied to the FBG prism to achieve tunable time delays.

The performance of the system is evaluated using a time-delay measurement experiment.
The experimental time delays generated are compared with the theoretically designed
values and are found to be in close agreement. Simulations of the radiation patterns
generated from the measured time delays are found to closely match the steering angle
designed for the system. To the best of our knowledge, this is the first time an OPLL has

been used in conjunction with an FBG-based TTD beamforming module.
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Chapter 1

INTRODUCTION

1.1 Background

Photonic true-time delay (TTD) beamforming has been extensively investigated as a
promising technique for wideband phased-array antenna (PAA) systems [1]-[11]. High
performance radar and broadband wireless access systems place ever increasing demands
on the sensitivity, portability, resolution, bandwidth and degree of angular scan that these
antenna systems can achieve [4], [5], [12], [13]. Array antennas are an attractive solution
to meet these demands because they offer high directivity, low visibility, beam pointing

agility and dynamic beam patterning capabilities [3], [14].

Steering the mainlobe of the radiation pattern of a PAA can be achieved by applying a
linear phase shift to the drive signals feeding each antenna element. Since an array
antenna is composed of electrical radiating elements, the most intuitive means of phase-
shifting the drive signals is to use electrical microwave phase shifters. However, such
methods suffer from some notable disadvantages: high loss associated with distributing
high-frequency electrical signals, unavoidable cross-coupling of feed signals associated
with electrical transmission lines, limited bandwidth and relatively heavy vweight [1].
Another important disadvantage of an electrical phase-shifting scheme is the beam-squint

problem that corrupts the radiation pattern for broadband operation, leading to significant



signal degradation and broadening of the overall antenna beam. This effect is the result of
maintaining a fixed phase shift regardless of the output frequency [1], [6]. Electrical true-
time delay techniques based on microwave delay-line systems, that avoid the beam-squint
phenomenon, are possible. However, they still suffer from the other disadvantages listed

above.

The generation of a linear phase shift can also be done in the optical domain through the
use of an optical delay-line arrangement [1]. This solution has the advantage of avoiding
the beam-squint problem by making the phase shift proportional to the output frequency.
In addition, an optical solution offers other advantages, such as small size, light weight,
immunity to electromagnetic interference between optical feed lines, and, perhaps the
most important, the low-loss distribution of signals over optical fiber to remote antenna

sites [4], [5].

The implementation of a photonics-based module to control PAAs also has difficulties
associated with the higher cost involved and the technical challenges of implementation.
Due to the relatiﬂle immaturity of the field of photonic TTD beamforming, fabricating a
precise and reliable photonic TTD module is more difficult technologically, leading to
higher costs than electrical implementations. As the technology develops, however, the
limiting factors of photonic implementation will become less significant and the

advantages can be more fully exploited [15].



Many optical architectures have been investigated to generate the required electrical
phase shift for PAA beamforming. Early implementations were based on bulk optics [12],
[16], [17], however, these systems are highly sensitive to mechanical vibration and
temperature change. Another method involves the use of serial or parallel delay lines of
varying lengths [7], [13], [18]. However, this type of architecture can lead to high losses
and interchannel interference due to cross-coupling within optical switching devices,
degrading the performance of the system. A more recent implementation is to use fiber
Bragg grating (FBG) delay lines to achieve the required time delays [2], [6], [19]-[23].
Several different FBG configurations are possible, some allowing continuous beam
steering [20]-[23] and others allowing only discrete steering angles [2], [6]. The method
to be studied here uses discrete, uniform FBG delay lines. On each delay line, FBGs are
written at different physical locations with different center wavelengths. By tuning the
wavelength applied to the FBG delay lines, the reflection position along the delay lines is
changed, varying the time delay of the optical signals, and thus, the phase of the

recovered electrical signals at the array elements.

The TTD beamforming system can be fed optically in a variety of ways depending on the
architecture. FBG-based approaches are usually fed by a single wavelength optical source
that is externally modulated by an RF signal [6]. For some applications, TTD
beamforming systems have to operate at higher frequencies, which require expensive
high-speed external modulators. In addition, conventional intensity modulation generates

a signal with two sidebands plus a carrier, which suffers from chromatic dispersion,



leading to a power penalty. An alternative optical technique for genérating this high

frequency output is to use optical heterodyning.

Optical heterodyning involves the beating of two wavelengths at a photodetector (PD)
producing a microwave output with a frequency determined by the wavelength spacing.
This technique offers the advantages of very high frequency generation (limited only by
the bandwidth of the PD), large tuning range [24], high output power, and minimization

of the chromatic-dispersion-induced power penalty [25].

Thé major disadvantage of this method is that the two optical wavelengths must be phase
correlated in order to generate a microwave output with low phase noise. The individual
phase noise of each optical source contributes directly to the phase noise in the generated
microwave signal, so some technique must be used to reduce this output phase noise and
produce a high-quality microwave signal. One such technique is an optical phase-lock
loop (OPLL) that uses an electrical feedback circuit to phase-lock the two laser diodes, to

help reduce the phase noise of the beat signal.

This research project investigates a novel approach to achieve tunable time delays using a
frequency discriminator-aided OPLL in combination with a uniform FBG-delay line TTD

beamforming module.



1.2 Objectives

In an effort to economically increase operating frequency and minimize the chromatic-
dispersion;induced power penalty associated with double-sideband modulation, an
optical-heterodyne microwave source, for input to a photonic TTD beamforming system,
will be developed. The microwave output signal quality will be characterized on the basis

of its 3-dB bandwidth and frequency stability.

A TTD delay beamforming module incorporating FBG-based delay lines will be
designed and fabricated to the proper specifications relating to spectral width, reflection
strength, and FBG spectral spacing. These delay lines will be characterized on the basis

of these parameters.

Finally, an experiment will be developed to investigate the accuracy of the time delays
generated by applying the optical-heterodyne source to the FBG-based TTD

beamforming module.



1.3 Major Contributions

1.

An optical-heterodyne source based on a frequency-discriminator-aided optical
phase-lock loop is implemented in collaboration with the Microwave Photonics
Group at the Communications Research Centre (CRC). A previously developed
system is modified by the addition of a frequency down-conversion module, and the
frequency discriminator is redesigned to accommodate this modification. The effects
of these changes are studied and the source is characterized on the basis of microwave

signal quality and frequency stability.

A uniform FBG-based TTD beamforming module is designed and fabricated. The
module consists of four FBG delay lines. The FBGs are fabricated by the phase mask
technique, using a frequency-doubled argon ion laser operating at 244 nm. The fibers
are hydrogen-loaded to increase the photosensitivity and tension is applied during the
exposure process to control the FBG center wavelength. The delay lines are

characterized on the basis of spectral width, reflection strength, and spectral spacing.

The discriminator-aided OPLL is applied to the FBG-based TTD module. A time
delay measurement setup is devised and the relative time delays, generated from the
reflection of the OPLL signal by each delay line FBG, are recorded. These results are
compared with the theoretically designed time delays and a simulation of the
generated radiation pattern is carried out. To the best of our knowledge, this is the

first time an OPLL has been tested in an FBG-based TTD beamforming module.



1.4 Organization

This thesis contains a total of six chapters. Chapter 1 reviews some of the background of
photonic TTD techniques and presents the motivations behind using an OPLL as the
input to this type of system. The objectives and the major contributions of this research

project are also presented.

Chapter 2 discusses the theory associated with PAAs and FBGs, and further details the
benefits of using a photonic TTD module as the feed network for a PAA. First, the
theoretical model for a linear PAA is presented, beginning with a two-element linear
array and extending this to the more general case of an N-element linear array. This
chapter also discusses several FBG fabrication techniques and introduces the concept of

photosensitivity.

Chapter 3 introduces several techniques for optically generating microwave signals and
gives the theoretical derivation of optical heterodyning, along with its advantages. The
theoretical operation of an OPLL is presented. The operation of a delay-line frequency
discriminator, as part of an OPLL, is also explored and the effects of laser linewidth on

the system performance are discussed.

The frequency down-conversion module implementation is presented in Chapter 4, along
with an analysis of its contribution to the phase noise of the system. The frequency

discriminator redesign and calibration are also outlined and its performance is analyzed.



This chapter also presents the performance achieved by the discriminator-aided OPLL

with down-conversion.

Chapter 5 presents the TTD beamforming module. The physical spacing between
adjacent FBGS on each individual delay line is calculated, the FBG fabrication is
outlined and the optical delay line transmission and reflection spectra are given. Some
problems encountered during this process are also presented. Finally, the measured time

delays are reported, along with simulations of the generated antenna radiation patterns.

Chapter 6 draws conclusions on the results obtained in the overall project and gives

recommendations for future work in this area.



Chapter 2

THEORY OVERVIEW

This chapter looks at the theory associated with PAAs and FBGs, and further describes
the benefits of using a photonic TTD module as the feed network for a PAA. Several

techniques of FBG fabrication are discussed, along with the concept of photosensitivity.

2.1 Phased Array Antennas

An array antenna is a group of simple antennas linked together in a special electrical or
geometrical configuration. These simple antennas, termed the array’s elements, can be
one of many types including dipole, loop, or microstrip patch antennas. In many
applications, such as point-to-point terrestrial links, satellite communications or air-borne
radar, there is a need to have a highly focused radiation pattern. Array antennas offer this
capability through the control of several of the array’s parameters. The. number of
elements, their geometrical layout, their relative spacing, and their excitation ainplitudes
and phases can all be adjusted to allow the designer to shape the radiation pattern of the
overall array [26]. This allows versatility in the design of antenna arrays since these
parameters can be used to control the location of the main radiation lobe, the maximum

sidelobe levels and the location of the nulls [27].



The fact that the excitation signal parameters can be used to dynamically control the
radiation pattern shape and direction is of particular importance. This property means
that, through simple electronic control, the mainlobe of the radiation pattern can be
steered without physically moving the antenna. This is the main concept behind phased

array antennas (PAAs).

2.1.1 Two-Element Array — Free Space Analysis

Let us first consider the case of a two-element array consisting of two infinitesimal
dipoles oriented along the z-axis as shown in Fig. 2.1. To simplify the analysis, it is

assumed that there is no coupling between the two elements [26].

Z
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Fig. 2.1. Two-element antenna array.
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It can be shown that for an infinitesimal dipole in the far-field, i.e. when r>>¢, the

electric field can be expressed as

E=[M}Eo<a, %) @1

4y

where 7 is the intrinsic impedance of the medium, =27” is the wave number, / is the

length of the dipole, I is the excitation current, and EO (0,9) is a direction-dependent

factor.

For the two-element array considered in Fig. 2.1, the total electric field in the far-field
region is the sum of the two individual array elements. Each element has an excitation

current of equal magnitude, I, , and a relative phase difference of 5.

- - . inkl /. e_j(krl_ﬁ/z) - e-]'(h2+ﬂ/2) -
E=ETE,= ﬂiﬂo { E01(01,¢)+_—'—E02(92:¢)j|- (2.2)

4 7

At the observation point, O, the vectors from the elements appear virtually parallel. This

allows the following approximations to be made:
6,~=0,=0 (2.3a)

Anen~r for the amplitude terms (2.3b)
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and

4 zr—%cose (2.4a)

ryRr+ % cosf ‘ for the phase terms. (2.4b)

Using these approximations, (2.2) becomes

—j(k(r—dcosﬂ)—ﬂ/Z) —j(k(H—‘icose)+,B/2)

- inkl 4 =
F=L Eo(e,«;s)[e
47

. (2.5)
_ Jmklyte™ £ (9’¢)(2008(kdc0s9 + [ID
dnr 2

Comparing this result to (2.1), it is apparent that the first part of the expression is simply
the pattern of a single radiating element and is known as the element pattern. The second
part of the expression is dependent on the array geometry and is known as the array
factor. Therefore, the far-field pattern is a product of the individual element pattern and

an overall pattern determined by the array of elements:

Array Pattern = (Element Pattern) x (Array Factor).
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2.1.2 The N-Element Linear Array

The array factor derivation for a two-element linear array can be extended to the more
general case of N identical elements. Fig. 2.2 shows a linear array of N uniformly-spaced

elements located at positions (n — 1)d forn =1, 2, 3, ..., N along the z-axis.

A
r
0
N4
[ r
[ r
3‘ .
d) 2
"¢
d
1 >y

Fig. 2.2. N-element antenna array with uniform spacing.

For a constant spacing of d, and an excitation current of I,, then, in the far field the

contribution of a single element to the total field at the observation point can be written as

E@0) =L " (0,9). 2.6)
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As before, some simplifying assumptions can be made. First, for the amplitude in the far
field,

r,Rr (2.7a)

and, secondly, for the phase in the far field,

r,=r—(n—1)d cos@. (2.7b)

Also, assume the elements are driven by currents with equal magnitudé and a linear phase

progression, f, =(n—1)f , such that

I =Ie". (2.8)

Therefore, using (2.7a), (2.7b), and (2.8) in (2.6), the total field is, again, the summation

of the contributions of all the individual elements. This can be expressed as

- N 3 ~jkr  _, )
Ey0)= 3 LT E g, grereens 29

n=1

Again, this resultant pattern consists of an element pattern multiplied by an array factor.

Extracting the array factor (AF) we have

AF(¥P) = ieﬂ""’“’ (2.10)

n=l1

where W is defined as W =kd cos@+ .
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The right hand side of (2.10) can be seen to be a geometric progression whose first term
is one and whose constant ratio is e’* . Therefore, the magnitude of the array factor can
be shown to be

sin(N¥Y /2)

AF (¥ = sin(¥ /2)

@2.11)

The maximum value of this expression is N and is obtained when ¥ = 0. Therefore, a

normalized expression for the array factor can be written as

JAF()|  |sin(N¥/2)]
|[AF(¥ =0)| |Nsin(¥/2)|

laf ()| = (2.12)

By controlling the parameters of the array, the radiation direction of the antenna array can
be steered. The array concept may also be extended to the case of planar arrays, where
the elements are arranged in some geometric pattern, e.g. rectangular or circular.

However, this thesis will focus only on the theory and behaviour of linear array antennas.

2.1.3 Array Radiation Patterns

The normalized array factor for a linear phased array antenna was given in (2.12) where

Y =kdcosO+p. (2.13)
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Based on these equations, the shape and direction of the main beam of the antenna can be
controlled by changing the distance between elements, d, the number of elements in the
array, N, or the phase progression, f. The following figures show the effects of changing

each of these parameters while the others are held constant.

150

180;

Fig. 2.3. Radiation pattern for various element spacings (8 = 0°, N = 8 elements). Shown

in the y-z plane.
This illustration shows the effect of changing the element spacing while holding the other

parameters constant. Varying the spacing affects the width of the radiation pattern lobes.

A wider spacing results in a narrower, more direct beam.
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Fig. 2.4. Radiation pattern for different numbers of array elements (f = 0°, d = A/4).

Shown in the y-z plane.

Fig. 2.4 shows the effect of using different numbers of array elements. The number of

elements affects the shape of the radiation pattern, including the number of sidelobes

present, as well as the width of the main beam.
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180

Fig. 2.5. Radiation pattern for different phase progressions (N = 12, d = A/4). Shown in

the y-z plane.

This figure illustrates that the phase progression directly influences the radiation direction
of the array. Thus, by varying the phase progression of the feed signal to the array the

direction of the radiation pattern can be steered.

2.1.4 The Beam Squint Effect

The most intuitive method of varying the phase progression, f, for a PAA is to use an
electrical phase shifter, since an array antenna is composed of electrical radiating

elements. However, it is possible for an array antenna system to contain thousands of
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antenna elements, with a feed system requiring thousands of phase shifters, connection
cables, power splitters, and so on. This would make the system so bulky, heavy, and

expensive that it is practically infeasible for many applications [1].

Another important problem arises when we consider wideband PAAs. In many cases it is
desirable to tune the output frequency of the array. However, if phase shifters, that
provide a constant phase shift from element to element, are used, the beam pointing
direction will actually be different for different signal frequencies [1]. This phenomenon
is known as “beam squint”, and means the steering angle, 8, of the mainlobe of the array

pattern will be oriented in different directions for different signal frequencies.

Recall from Section 2.1.3 that the principal maximum of the array factor is obtained
when ¥ =0. Therefore, by setting (2.13) equal to zero, the expression for a particular

beam pointing direction, 8;, becomes

— cos”| 22
90—005( dj (2.14)

27

where the expression for k& has been substituted into the equation. The frequency
dependent nature of the steering angle becomes evident when we substitute frequency for

wavelength in (2.14)

00=cos_][ cp J (2.15)
d2n f

where ¢ and 1 are the propagation velocity and frequency of the signal, respectively.

19



The following figure illustrates the beam squinting phenomenon for a wideband phased
array of 6 elements with a bandwidth of 10 GHz. The center frequency is taken as fp = 15

GHz, and the simulation is carried out for a frequency range from 10 to 20 GHz.

f=10 GHz
f=12GHz
f=14 GHz
f=16 GHz
f=18 GHz
s £= 20 GHz

LT

o

Fig. 2.6. Beam squinting of a PAA operating from 10 - 20 GHz (d = 0.75 cm, N = 6).

Shown in the y-z plane.
Fig. 2.6 clearly illustrates that the direction of the radiation pattern varies with the

operating frequency. This undesirable effect greatly degrades the performance of the

antenna for wideband operation.
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(2.15) illustrates that a change in frequency will result in a change in 6, however, it also
provides the solution to this problem: make the phase-shift proportional to the frequency,
i.e. use a time delay rather than a phase shift between individual array elements. This
method is known as true-time delay and provides a constant time delay, A7, for all
frequencies, which translates into a variable phase progression with respect to frequency.

This phase shift can be expressed as
B=2x fAT (2.16)

and illustrates that, for a fixed time delay AT, the phase progression will change as the

frequency is changed.

The following figure shows the simulation of the same phased array example used to
illustrate the constant phase shift effect (N = 6 elements, d = 0.75 cm, fo = 15 GHz). This
time, however, TTD components are used instead of electrical phase shifters. Again, the

frequency is varied from 10 - 20 GHz. The TTD elements introduce a time delay

progression of AT = 16.67 ps which corresponds to the same phase shift of % at the

center frequency of 15 GHz.
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Fig. 2.7. Beam squint-free operation of PAA with TTD operating from 10-20 GHz (N =

6, d = 0.75 cm). Shown in the y-z plane.

Fig. 2.7 clearly shows that the orientation of the antenna pattern does not change with the
operating frequency. Thus, TTD can be used to improve the performance of the antenna
for wideband operation. The slight variation in shape of the pattern with frequency is due

to the relative change in the electrical spacing of the elements as the wavelength changes.

In this arrangement, the direction of the beam pattern can be steered by varying the time

delay appropriately. The magnitude of this time delay can be expressed as [1]

ATzicost%. 2.17)
c
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2.1.5 Photonic True-Time Delay

As discussed, the feed networks and phase shifters for PAAs have traditionally been
implemented in the electrical domain using microwave components. These systems are
limited by the high loss associated with electrical distribution lines, such as coaxial cable,
as well as the large size and heavy weight of the electrical feed network. These
constraints limit their usefulness, especially in applications such as airborne radar where

weight and size are critical parameters.

A photonic solution offers the possibility of alleviating the key disadvantages of electrical
implementations. The size and weight of an optical component feed network is orders of
magnitude less than that of the microwave equivalent. The low loss of optical fiber places
virtually no restriction on the length of feed cables. In fact, an optical system introduces
the possibility of centrally locating the signal generation equipment and optically
distributing the signal to a remote antenna site. This would greatly reduce the cost and
complexity associated with the remote site. Another benefit is the immunity to
electromagnetic interference of optical fiber. This is a key drawback in electrical

networks where care must be taken to reduce all signal coupling effects.

One of the current disadvantages, however, of an optics-based system is the
photodetector used to convert a signal from the optical domain to the electrical domain.
This component can have issues with linearity over its entire operation range and it can

also impose power restrictions on the input signal to avoid saturation of the device.
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The TTD beamforming module studied in this research project uses optical delay lines
consisting of uniform FBGs to achieve the variable time delay progression required to
steer the antenna beam pattern. The following section describes FBGs in more detail and
introduces the theoretical model used in their design and fabrication, while the TTD

module itself will be discussed in Chapter 5.

2.2 Fiber Bragg Gratings

2.2.1 Background

An FBG can be defined as a periodic perturbation of the refractive index along a section
of optical fiber, which is formed by exposure of the core to an intense optical interference
pattern [28]. Hill and his coworkers at the Communications Research Centre, Ottawa,
Canada first demonstrated the formation of gratings in an optical fiber in 1978. These
first gratings were formed by launching intense argon ion laser radiation, at 488 nm, into
a germanium-doped fiber, which, after several minutes, showed an increase in the
reflected light intensity. This reflected light intensity grew until almost all the light was
reflected from the fiber [28]. While demonstrating the potential for exploiting the
photosensitivity of Ge-doped fiber, these first experiments had an important limitation:

the grating reflection only functioned at wavelengths close to that of the writing light.
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About ten years later, in 1989, this limitation was overcome by Meltz [29] who showed
that UV radiation, at 244 nm, could be used to form gratings that would reflect any
wavelength, by illuminating the fiber through the side of the cladding with two
intersecting beams of UV light. This technique, known as the transverse holographic

technique, can be seen in Fig. 2.8.

Beam Splitter | UV Beam

UV Mirror | ] | UV Mirror

Fig. 2.8. Transverse holographic method of writing fiber Bragg gratings.

This technique allows the period of the grating and the index change to be set by the
angle between the beams and the UV wavelength, and produces gratings that have a
much higher reflection efficiency [28]. Thus, even though UV light is used to fabricate
the grating, they can be made to function at any wavelength, and in spectral regions of

interest for devices in optical communications and fiber sensors.

Some advantages of FBGs over competing technologies include an all-fiber geometry,

low insertion loss, high return loss, and potentially low cost [30]. The greatest advantage
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of FBGs though, is the flexibility they offer for achieving desired spectral characteristics.
Physical parameters, including induced index change, length, apodization, period chirp,
and fringe tilt, can all be changed. Varying these parameters can produce grating
spectrums with widely ranging bandwidths, sharp cut-offs, low sidelobe levels, and

specifically designed dispersive characteristics [30].

2.2.2 Mathematical Model

FBGs are formed by exposing the fiber core to a spatially varying pattern of UV light that
creates a periodic perturbation of the refractive index along a section of optical fiber.
Each individual corrugation of the grating reflects a small amount of light which all add
up in-phase to produce a strong back-reflected wave. Only those wavelengths which
satisfy a specific requirement will be reflected, all others will be transmitted through the
grating. This requirement is known as the Bragg condition, and is defined as [31]

Ay =2n,A (2.18)

eff

where A, is the Bragg reflection wavelength, n.4 is the effective refractive index of the

fiber, and A is the period of the grating perturbation.
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The perturbation to the effective refractive index itself can be described by [30]
- 2z
on gz (2) = Sneg(z)g1+veos TZ +¢(2) (2.19)

where &eﬁ” is the “DC” index change averaged over a grating period, v is the fringe

visibility of the index change, and ¢ describes the grating chirp.

Coupled-mode theory [30], [32], [33] is a good tool for obtaining quantitative
information on the spectral and dispersive characteristics of an FBG. For an FBG,
interaction near the Bragg wavelength will see a mode of amplitude A(z) coupled into a
counter-propagating mode of amplitude B(z). The coupled-mode theory equations may be
simplified by retaining only terms that are related to the amplitudes of the two counter-
propagating modes and neglecting terms that contribute little to the growth and decay of

the amplitudes [30].

The resulting equations can be written as

IR _ j6R(z)+ jxS(2) (2.20a)
dz
“s__ j68(z) - jK"R(z) (2.20b)
dz
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where R(z) = A(z)e”’**? and S(z) = B(z)e**"*'*, k is the “AC” coupling coefficient,

and & is a general “DC” self-coupling coefficient defined as

. 1d¢
c=6(w)+c——— 2.21
(@) 2 d (@20
o 1d¢g . . . .
where the derivative — % describes possible chirp in the grating.
z

O(w) is the detuning away from the Bragg frequency and is defined as

6(w) = p(w)— P (2.22)
Since B(w) = 2”—/{“‘1 (2.23)
/4
and By = " (2.24)
(2.22) becomes
o(w)=27n 11 (2.25)
= 2\ 277 ) .
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The simplified “DC” and “AC” coupling coefficients are given by

o= Sng (2.26a)

K=K ==vn. (2.26b)

. : = . d
For a uniform grating along z, dn.s 1s a constant and —} =0, therefore, o and x are
Z

. constants. Thus, (2.20a) and (2.20b) are coupled first-order ordinary differential
equations with constant coefficients, for which closed-form solutions are readily
attainable when appropriate boundary conditions are applied. The amplitude reflection

coefficient, p, of a uniform grating of length L can then be shown to be [30]

_ —Ksinh( K2—6'2L) , \
i 6’ sinh(\/rc2 —&ZL)+ K2 —6? COSh(\/K2 —6'2L).

(2.27)

The following figures illustrate the effect of the length of a uniform, non-apodized

grating on its reflectivity and group delay.

29



0.8

0.6+

0.5-

04

Reflectivity, | p |

0.3-

0.1

N 2 ; N NS i
1?54.2 1554.4 1554.6 1554.8 1555 1555.2 15554 1555.6 1555.8
A (nm)

(2)

300 r ; , x :

L =20 mm
250+ ’ —_— =5 mm |

N
[=]
[=]
T
1

Group Delay (ps)
@
[=]

-
o
o
T
L

50+ i

1354.2 15544 1554.6 1554.8 1555 1555.2 1555.4 1555.6 1555.8
A (nm)

(b)

Fig. 2.9. Simulation of two uniform, non-apodized FBGs with different lengths. (a)

? ; (b) Group Delay.
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Looking at the reflectivity plot in Fig. 2.9(a), the longer grating achieves full reflection
around 1550 nm while the shorter grating’s reflection is less than 100%. In addition, the
shape of the longer grating’s reflection spectrum closely matches an ideal box-like shape,
whereas the shorter grating’s spectrum is more rounded. The longer FBG also exhibits a
substantially greater amount of group delay, as shown in Fig. 2.9(b). The appearance of
sidelobes, in both the reflection spectrum and the group delay, is also more prominent in

the case of the longer grating.

Most FBGs designed for practical applications are actually apodized gratings.
Apodization is a technique that can be used to shape the spectral characteristics of an
FBG. This technique consists of profiling the refractive index modulation in an optical
fiber [28], [34]-[37]. Usually, the main reason for choosing a particular apodization
profile is to reduce the undesirable sidelobes prevalent in non-apodized grating spectra.
The index modulation of a non-apodized FBG begins and ends abruptly forming an
approximately rectangular function of space. Since the Fourier transform of a rectangular
function is a sinc function, a non-apodized grating exhibits substantial sidelobes in its

reflection spectrum with a distinct sinc-like pattern.

Many apodization profiles, e.g. Gaussian, raised-cosine, or sinc, can be used to reduce the
sidelobes on either side of the main reflection peak of the grating spectral response. The
Fourier transforms of these apodized profiles do not exhibit substantial sidelobes, and,

thus, this characteristic can be used to produce FBGs with suppressed sidelobes.
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Another consideration when using apodization is the average refractive index over the
length of the grating. If the refractive index modulation amplitude is simply changed
without considering the average refractive index, a noticeable effect becomes present on
the short wavelength side of the spectral response. Specifically, substantial sidelobes are
formed that can be attributed to a Fabry-Perot effect [38]. In order to prevent this
problem, the average refractive index should be kept constant over the entire length of the
FBG. The following figure shows examples of the refractive index modulation profiles of

a non-apodized FBG, a Gaussian-apodized FBG and a “constant average-dc index” FBG.

x10™

Refractivfe Index Modulation Amplitude

i

Fig. 2.10 (a). Refractive index modulation profile for a non-apodized FBG.
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Fig. 2.10. Refractive index modulation profile for (b) a Gaussian-apodized FBG; and (c)

a Gaussian-apodized FBG with a constant average refractive index.
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When simulating gratings that have arbitrary apodization profiles or that are chirped, a
closed form solution to the coupled-mode equations does not exist. There are, however,
two standard approaches for calculating the reflection and transmission spectra for these
types of FBGs. The first is direct numerical integration of the coupled-mode equations.
Although this approach is straightforward, it is usually not the fastest method and will not
be considered further. The second approach, and the one used in the simulation of FBGs
in this project, is a piecewise-uniform approach, or the transfer matrix method (TMM). In
this method, the grating is divided into a number of uniform sections and the closed-form
solutions for each uniform section are combined using matrix multiplication [30]. This

method is sufficiently accurate, simple to implement, and usually the fastest.

In the TMM, the grating is divided into M uniform sections of length L and a 2 x 2
matrix is identified for each of these sections. Over this short section of grating, the

period, A(z), and the coupling coefficients, o(z) and «(z), are assumed to be constant.

Thus, this short section of the grating can be considered to be uniform.

Fig. 2.11. Diagram illustrating the transfer matrix method for a uniform grating.
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The propagation through each uniform section is represented by a transfer matrix, 7T},

R R
;: 5L/z}=Tili -auz:l (2.28)
Ssr S_sr

defined such that

- where the transfer matrix, 7;, for the uniform section of length 4L can be expressed as

cosh(QSL) ~ j%sinh(QéZ) - j%sinh(ﬂél)

T = (2.29)

j-g—’;—sinh(Qél) cosh(QSL) + jg—sinh(Q&)

where Q=+vx’ -6 .

The transfer matrices for each uniform section are then multiplied together to obtain the

overall transfer matrix for the entire non-uniform Bragg grating of length L.

Fig. 2.12. Diagram illustrating transfer matrix method for a non-uniform grating.
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This overall transfer matrix can be expressed as

R R
[ L/z}zTMTM_l-...-TZ-]]-[ ‘“2] (2.30)
SL/Z S—L/Z

When using the TMM, the number of sections used, M, is determined by the required
accuracy. Usually, M = 100 sections is sufficient. It is also important to note that M
cannot be arbitrarily large, since the slowly varying approximation requires that the
amplitude of the mode change slowly over the distance of a wavelength of the light.
Thus, the derived coupled-mode equations are not valid when a uniform section is only a
few grating periods long [30]. Therefore, it must be ensured that 6L >> A, which leads to

the condition on M that

2neﬁL

<< (2.31)

The following figures show examples of the reflection spectra of a uniform, non-

apodized FBG, a Gaussian-apodized FBG and a “constant average-dc index” FBG.
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Fig. 2.13. Reflection spectra and group delay of (a) a uniform, non-apodized FBG; and

(b) a Gaussian-apodized FBG with a varying average refractive index.
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Fig. 2.13(c). Reflection spectra and group delay of a Gaussian-apodized FBG with a

constant average refractive index.

2.2.3 Fabrication of Fiber Bragg Gratings

The two earliest techniques of fiber Bragg grating fabrication — internal writing and the
holographic technique — have been described in Section 2.2.1. These have largely been

superseded by the phase mask technique [28].

This technique uses a phase mask to “imprint” the grating into the fiber core. The phase
mask is fabricated on a flat slab of silica glass which is transparent to UV light. On one
surface, a one dimensional periodic relief pattern is etched using photolithographic

techniques [28]. The optical fiber is placed almost in contact with one side of the mask
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and UV light, incident normal to the phase mask, passes through and is diffracted by the
periodic corrugations of the phase mask. Most of the diffracted light is contained in the 0,
+1 and -1 diffracted orders and the phase mask is designed such that minimum radiation

is transmitted in the 0™ order and maximum radiation is transmitted into the two first-

order beams [39], [40]. This arrangement can be seen in Fig. 2.14.

UV Beam

+1 Order

0" Order
(minimized)

Fig. 2.14. Zero-order-nulled phase mask technique using a UV beam.

The period of the FBG is related to the Bragg wavelength by the following relation

Ay =1 pyy (2.32)

where A,,, is the period of the corrugation etched into the phase mask. Thus, the period

of the grating is exactly one half the period of the phase mask corrugation and this period

is independent of the ultraviolet wavelength used to expose the grating,

39



The phase mask technique has the advantage of simplifying the exposure process while
still yielding gratings with a high performance. It offers easier alignment, higher stability
and lower coherence requirements for the exposure beam in comparison to the
holographic technique [28]. A drawback of the phase mask technique is that it requires a
separate phase mask for each different Bragg wavelength. However, some wavelength
tuning is possible by applying tension to the fiber during the exposure process. This

technique will be discussed further in Section 5.1.5.

2.2.4 Photosensitivity

Photosensitivity refers to a permanent change in the refractive index of a material
induced by exposure to light radiation [31]. Many techniques exist to photosensitize
optical fibers, including the use of codopants, hot hydrogenation, and high-pressure, cold

hydrogenation.

High-pressure, cold hydrogen-loading (or hydrogenation) can be used to make a standard
single-mode fiber more photosensitive. Hydrogen in-diffuses into the fiber core until an
equilibrium state is reached. After hydrogen-loading, exposure to UV radiation leads to
the formation of defects within the fiber that increase the refractive index. Loading the
fiber requires only a suitable high-pressure chamber to store the fibers for a period of
time. Normally, storing the fiber in a hydrogen environment at 200 atm at room

temperature for a period of two weeks is sufficient to load a standard diameter fiber [31].
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Exposure of hydrogen-loaded fibers using this technique has yielded refractive index

changes of 0.011 in standard single-mode fiber [31], [41].

This research project uses a high-pressure, cold hydrogen-loading process to

photosensitize all fibers used in the fabrication of FBGs.

2.3 Summary

This chapter introduced the theory associated with phased-array antennas and presented
the theoretical model for an N-element linear array, including the derivation of its
normalized array factor. Simulation results were presented highlighting the effects of
changing certain physical parameters of the array, such as element spacing, number of
elements and magnitude of the phase progression. The beam squint effect was also
illustrated, along with the benefits of using a photonic TTD module as the feed network .
for a PAA. The FBG theoretical model, based on coupled mode theory, was also
introduced in this chapter. Several methods of apodization were presented, along with
three FBG fabrication techniques, including the phase mask technique used in this
project. The concept of photosensitizing an optical fiber through hydrogen-loading was

also discussed.
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Chapter 3

THE OPTICAL PHASE-LOCK LOOP

This chapter introduces several techniques for the optical generation of microwave
signals in radio-over-fiber (RoF) systems. It describes the principle of optical
heterodyning and presents the transfer function equations of an optical phase-lock loop.
The function of a delay-line frequency discriminator, as part of an OPLL, is explored, as

well as the effects of laser linewidth on system performance.

3.1 Radio-over-Fiber

Radio-over-fiber is a technology in which microwave and millimeter-wave (mm-wave)
signals are distributed over optical fiber. RoF is a cost effective method for distributing
these signals since it allows expensive, high-frequency signal generation equipment to be
centrally located and the generated microwave/mm-wave signals to be distributed over
optical fiber to remote antenna sites. This greatly reduces the cost and complexity of the
equipment required, since now a high precision microwave oscillator is no longer

required at each remote location [42], [43].
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Many advantages come with the use of such an arrangement. They include the following:

1)

2)

3)

Low loss — Electrical distribution of high frequency microwave signals in free
space or via transmission lines, such as coaxial cable, is difficult and expensive
due to the prohibitively high transmission losses. An alternative is to exploit the
low transmission loss associated with standard single-mode optical fibers. Losses
on the order of 0.2 dB/km in the 1.5 ym transmission window allow optical
signals to be transmitted over long distances with low loss, enabling the high-

frequency microwave signals to be economically distributed to remote sites.

Immunity to electromagnetic interference — This is also a very attractive property
of optical fiber, especially in PAA applications which involve the close proximity
of many connections in an antenna feed network. Since the optical signals are

transmitted in the form of light, electromagnetic cross-talk is non-existent.

Ease of installation and reduced power consumption — By centrally locating the
complex, expensive signal generation equipment, remote sites are much simpler.
This leads to reduced installation and maintenance cost and also much lower
power consumption, as now most components at the remote site can be operated

in a virtually passive configuration.
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4) Other benefits — Some other benefits include advanced radio system functions in
the optical domain, such as filtering, and signal processing at high frequencies;

and large available bandwidth.

3.2 Optical Techniques for Generating Microwave Signals

The techniques for optically generating microwave signals generally fall into two main
categories: Intensity Modulation — Direct Detection (IM-DD) and Remote Heterodyne

Detection (RHD) [24].

3.2.1 Intensity Modulation — Direct Detection

This technique involves modulating the intensity of an optical source with the desired
microwave signal. There are two ways to accomplish this intensity modulation (IM). The
first involves directly modulating the laser bias current with the microwave signal. The
second uses an external modulator such as a Mach-Zehnder modulator (MZM) to
modulate the laser output with the microwave signal. In each case the RF signal is
intensity modulated onto a single optical Acarrier, which is then transmitted through an
optical fiber. The RF signal is recovered at the other end by direct detection. Fig. 3.1

shows the two IM schemes.



I

________ ] |
S » —=—| |

RF Signal | [ * = >
? : *)" —> [ MZM |
L= k o |
RF Signal | |
Bias I >(+ |
o |
Bias
(a) (b)

Fig. 3.1. IM-DD signal generation by (a) direct modulation of a laser diode; and (b)

external modulation.

Any data that has been modulated onto the microwave signal will also be recovered by
this scheme. The advantages of this type of link are its simplicity and its transparency to
the modulation format used. The disadvantages of these techniques are that they are
limited to relatively low microwave frequencies since the modulating signal must be as
high as the microwave output frequency. Direct laser modulation is simply not possible at
higher microwave frequencies due to lack of bandwidth. External modulators exist for
frequencies up to about 100 GHz but the drive voltage at those levels is very high,

leading to costly drive amplifiers, and linearity issues.
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3.2.2 Remote Heterodyne Detection

Remote heterodyne techniques are based on the principle of optical heterodyning — the
coherent mixing of two frequency-offset optical carriers on a photodiode to produce a

microwave output.

The optical carrier electric fields can be represented as

e (t)=E, cos(wt +¢,) (3.1a)

e,(t) = E, cos(w,t +¢,) (3.1b)

where E; and E; are the amplitudes (V/m), @, and w, are the angular frequencies (rad/s)
and ¢, and ¢, are the instantaneous phases (rad) of the two optical carriers, respectively.

When both fields impinge on the surface of a PIN photodiode the resulting photocurrent

is given by the following expression:

Ippy () = '31 (D) +e, (t)l2

(3.2)
:%0E1|2 +|E2|2)+|E1E2|cos[(a)1 —@,)t +¢, -, 1+|E,E, |cos[(@, +@,)t + ¢, + ]

where the first term on the right hand side is a DC term and the last term is a very high

frequency term that is outside the bandwidth of the PD. The term of interest then, is the
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middle term, |E1E2|cos[(a)1 —w,)t+¢, —¢,], which indicates that a microwave output can

be generated simply by controlling the spacing between the two optical carriers.

The advantages of this technique include:

1) - Very high frequency generation — limited only by the PD bandwidth.

2) High output power — almost all the power in the two optical carriers contributes to
the power of the generated microwave signal.

3) Minimization of the chromatic dispersion-induced power penalty [25]

4) Low-frequency data modulation — the microwave signal is generated by the
optical wavelength spacing, so the data can be modulated at a baseband or
intermediate frequency. Thus, modulation can be done at lower cost and at a

lower drive voltage, ensuring the process is within the modulator’s linear region.

The main disadvantage of this optical heterodyning technique is the requirement for the
two optical carriers to be phase-correlated. As indicated by (3.2), any phase noise in the
optical sources will translate directly into phase noise in the generated microwave signal.
Therefore, some technique must be used to reduce the phase noise normally present in

semiconductor lasers if they are to be used as the optical sources.

Several techniques exist for implementing RHD. They include both single and dual laser

methods.
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3.2.2.1 Single Laser Methods

a) Single-Laser Heterodyne

The first method is a single-laser technique that involves modulating the optical source
with an electrical signal of frequency, fj, to generate a series of optical spectral lines
(sidebands around the carrier) spaced by the applied frequency. Two sidebands of interest
are then selected, spaced by the desired microwave frequency, and the others are filtered
out by some type of optical filtering technique. The microwave signal is recovered by
heterodyning the two remaining sidebands on a PD. This configuration is shown in Fig.
3.2. The advantage of this configuration is that the two sidebands are already phase-
correlated since they are produced by the same optical source. Therefore, very narrow
linewidth microwave signals can be produced using very large linewidth optical sources.
The disadvantage, however, is that the sideband filtering system must be very selective,

due to the narrowly spaced sidebands.
PR
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Fig. 3.2. Single-laser heterodyne technique.
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b) Dual-Wavelength Laser

Another single-laser technique is the dual-wavelength laser. In this technique two
separate wavelengths are generated within the same laser cavity with a certain frequency
offset between the two wavelengths [44], [45]. They are then heterodyned on a PD to
produce a microwave output. Phase-locking of the two wavelengths is accomplished by
electrical sub-harmonic injection [46], and can be used to produce a high-quality, low-
phase noise output. The main advantage of this technique is that it does not require a
complex feedback setup to phase-lock the two wavelengths. It is, however, difficult to

tune the frequency.

3.2.2.2 Dual Laser Methods

In dual-laser techniques two optical sources emit light at frequencies separated by the
desired microwave frequency. Due to the very high frequencies (THz) of the optical
signals any small variations in drive current or temperature can result in a very large
change in the microwave output frequency since the two sources are not phase-correlated.
Therefore, efforts must be made to track the frequency and phase fluctuations that occur

in each optical source.

a) Optical Injection Locking (OIL)
This technique involves modulating a master laser with a low frequency electrical signal,

fp, which is a sub-harmonic of the round trip cavity length of a slave laser. As in the
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single-laser heterodyne technique, this produces a spectrum of sidebands around the
master laser frequency. Part of this output spectrum is then fed directly into the cavity of
the slave laser and, since f; is a harmonic of the slave laser resonant frequency, the slave
laser locks onto one of the sidebands. A schematic of this setup is shown in Fig. 3.3. By
keeping f constant, the slave laser will track this master laser sideband and follow any

frequency and phase fluctuations that take place in the master laser output [47].

The microwave output frequency will be determined by the spacing between the master
laser central frequency and the sideband to which the slave laser is locked. Therefore, the
output frequency will be a multiple of f5. The ability to generate high-frequency stable

microwave outputs using this technique has been demonstrated in [48]-[50].

Master Optical

Coupler Output
x
Master Slave
S
x '
i’ RN
Slave i~ <
o

Fig. 3.3. Optical Injection Locking

One advantage of this technique is the ability to use cheaper, broad-linewidth

semiconductor lasers while still producing a narrow linewidth microwave output with

good phase noise performance. Another benefit comes from the fact that the slave laser
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locks to a sub-harmonic of the modulating frequency. This means that a lower frequency

reference signal can be used to produce a higher frequency output.

The disadvantage of this technique is its small detuning range. The microwave output

cannot be tuned very far before the lasers lose the lock established by the injection.

b) Optical Phase-Lock Loop (OPLL)
The OPLL technique is another dual-laser arrangement; its schematic is shown in Fig.
3.4.

Optical

Output
Coupler >

*7}' Photodetector
&

*’5' Phase
Detector

Loop
,L Filter
N\

Fig. 3.4. Optical Phase-Lock Loop

Master

Reference
Oscillator

The output from the master and slave laser is combined by an optical coupler with part of
this signal being taken as the source output and the other being fed back into the system.
The portion used for feedback is heterodyned at a PD, producing a beat signal at a
frequency corresponding to the offset between the two optical wavelengths. A phase

detector then compares the recovered beat signal with a microwave reference source that
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is operating close to the beat frequency. This comparison produces a phase error signal
that is proportional to the phase difference between the beat signal and the reference. The
loop filter processes this error signal, removing any high frequency components, and
produces a DC feedback to the slave laser. In this way, the feedback loop allows the slave

laser to track any phase changes that occur in the master laser [47], [51], [52].

One of the advantages of this technique is the high-quality, low phase noise microwave
signals that can be produced since the feedback loop tracks the small phase variations in
the optical sources. Another benefit is the large detuning range that can be achieved.
Simply by tuning the reference source, the microwave output of the OPLL can be widely

tuned.

This technique, however, requires that the slave laser have a sufficiently high tuning rate
to track the very fast phase fluctuations of the master laser. This also implies that the loop
must have a sufficient feedback bandwidth. One of the parameters that determines the
necessary feedback bandwidth is the summed laser linewidth. If distributed feedback
semiconductor lasers are used, with typical linewidths of about 2 MHz, the feedback
bandwidth must be very wide. This indicates that a short loop propagation delay (on the
order of a few nanoseconds) is required. This short propagation delay is only feasible
using integrated or micro-optic solutions for semiconductor lasers [53]. In the case of a
fiber-based solution with discrete components, a laser with a much narrower linewidth is
required, such as an external cavity laser (ECL), and careful attention must bé paid to all

connection lengths and component delay times.
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©) Optical Injection Phase-Lock Loop (OIPLL)
As its name implies, this dual-laser method is a hybrid of the two previous techniques.

The schematic is shown in Fig. 3.5.

Master Optical
* B : } OutpL;
Slave (4 \
3
)
Phase
Detector \ 4
L
F?Itoerl)* \ % ** Photodetector
()
Reference
Oscillator

Fig. 3.5. Optical Injection Phase-Lock Loop

This OIPLL combines the advantages of both the previous arrangements. It can produce
narrow linewidth signals with a wide detuning range. At the same time, the short loop
propagation delay required by an OPLL is less important which allows the use of
ordinary, broad linewidth semiconductor lasers [47] [54]-[58]. An obvious disadvantage,

however, is the increase in complexity.
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3.3 Optical Phase-Lock Loop

This research project incorporates an optical phase-lock loop into a TTD beamforming
module to optically generate the microwave signals required. Therefore, the theoretical
operation of this configuration will be explored in greater detail than the other

implementations. Much work has been done over the last decade to further develop this

technology for practical applications [59]-[72].

3.3.1 Transfer Functions of the OPLL

Consider the block diagram of the optical phase-lock loop shown below.

Master

E,(0)=f1¢,®)]

Photodetector

*av

E. ()= fl¢.(0)]

,*4,

Slave

J.
2<.:%oupler

7.(2)

Loop
Filter

Amplifier

N\

Lx—>

Reference

Oscillator
C 53 Detector
v, (?)

Ty

Phase

v, () = f16(0)]

Fig. 3.6. Optical Phase-Lock Loop with signal expressions.
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It consists of a master laser, a slave laser, a photodetector, a microwave amplifier, a phase
detector, which, in this case, is a double-balanced mixer, a loop filter and a loop delay
element. The slave laser for an OPLL is analogous to the VCO (voltage-controlled
oscillator) of a conventional phase-lock loop.

Since the phase detector is a double-balanced mixer its output can be written as

v, (t) =K, sin6(z) (3.3)

where K is the phase detector gain factor, measured in volts per radian (V/rad), and the

phase error, €(7), is defined as

0(t) = 4,,() - 4.() . (.4

We define

s (1) = 8, (1) = 9,(1) (3.3)

as the difference between master and slave laser phases at the output of the PD. The error
voltage, v4(?), is then processed by the loop filter, whose impulse response is denoted as
A¢). The filter output is a control signal, i.(f), that controls the frequency output of the

slave laser. In the time domain, the output of the filter is described as
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(=K, () f(2) (3.6)
where K is a transconductance term, measured in mA/V, that represents the voltage-

current conversion required to provide a current feedback signal to the slave laser, and *

denotes convolution.

In the Laplace transform domain, the output of the filter is described by
I1.(s)=K,V,(s)F(s) (3.7
where I_(s) =L{i (¢)} represents the Laplace transform of the signal i.(f).

This signal controls the output frequency of the slave laser and, since frequency is the

derivative of phase, f =d¢/dt, the control of the slave laser can be described by

do. () _ o .
di = Kyi (2) (3.8)

where K is the slave laser gain factor, and is measured in rad/ S-mA.

Taking the Laplace transform of this expression and noting that L{d / dt} = s, we obtain
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g, (s) = 5%“—) : (3.9)

Assuming that the phase detector output can be linearized, i.e the phase error, 6(¢), is

assumed to be small enough to allow the approximation siné(¢) = 6(¢), the Laplace

transform of (3.3) becomes
V,(s)=K,0(s). (3.10)

The final component in the OPLL feedback circuit is a loop delay element 6(z—17,)

where 7, represents the propagation time delay of the correction signal around the entire
feedback loop. This loop delay is not negligible for OPLLs and, therefore, must be
included in the transfer function derivation. Further effects of this loop delay will be

presented in Section 3.5.

Combining these individual expressions, the overall control equation, in the Laplace

domain, for the slave laser output phase is

KK K, F(s)8(s)e™"

g, (s) = (3.11)

where e =L{d(t —7,)} is the Laplace transform of the loop delay component.
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This can be rearranged to give the open-loop transfer function for the loop

G(s) = 4.(s) _ KOKdeF(s)e_""
8(s) s ’

(3.12)

This open-loop transfer function is simply the cascade of the transfer functions of the

individual elements.

The system, or closed-loop, transfer function can be expressed as

G(s) = o(s) KoKdeF(S)e_w

H(s) =

In addition, the error transfer function can be expressed as

E(s)=—— =1~ H(s) = a
1+ G(s) s+K.K K, F(s)e ™"

T1+G(s)  O(s)+4,(s) s+KK K F(s)e

(3.13)

(3.14)

The expression 1 + G(s) = 0 is the characteristic equation of the OPLL. The roots of this

expression, the values of s that satisfy the equation, are the poles of the closed-loop

transfer function. The pole locations are important in determining properties of the loop,

such as stability [73].
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3.3.2 Loop Filtef Design and OPLL Parameters

The loop filter implemented in this research project is a passive lead-lag filter. The

schematic of this filter is shown in Fig. 3.7.

x(t)

Fig. 3.7. Passive lead-lag loop filter

The transfer function, F(s), of this type of loop filter is given by

Fs) =357 (3.15)
l+s1
where the time constants of the filter can be expressed as
7, =(R, +R,)C (3.16a)
7, =R,C. (3.16b)
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Re-expressing (3.13) to include the actual filter transfer function gives

KKK, gy Rk
H(s) = 'y ! (3.17)
E +{1 +K0Kderz)+ KK K,
7 T,

where the loop delay component, e™** , has been neglected for simplicity, to highlight the

other basic properties of OPLL operation.

This transfer function represents a second-order type 1 phase-lock loop (PLL). The order
of a PLL circuit is determined by the order of the denominator polynomial of the closed-
loop transfer function [73]. The loop filter has added a pole to the transfer function,

giving the s term in the denominator and making the OPLL second order.
The PLL #ype is determined by the number of integrators in the loop [73]. The OPLL is a

type 1 circuit, since the VCO, or, in this case, the slave laser contributes the only

integrator. The loop filter is a passive filter; therefore, it does not add a second integrator.

3.3.2.1 Natural Frequency and Damping Coefficient

The two most commonly used parameters to specify the operation of a second-order type

1 PLL are the natural frequency, w, (rad/s) and the damping factor, ¢, which is
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dimensionless [73], [74]. For the transfer function specified in (3.17), these parameters

can be expressed as .

/K K.K
w, = [—L 12 (3.182)
3t

1+ K K K7,

G = — .
2 /KK K 7,

(3.18b)

They allow the simplification of the closed-loop transfer function to

2 2
7,0, + o,

H(s)= (3.19)

s’ 42605+

“The error transfer function can also be re-expressed in a similar fashion as

s
st 4=
7

s*+ 20,5+

E(s) = (3.20)

3.3.2.2 Loop Gain

For the second-order loop presented above, the loop gain can be defined as

KK Kz,

K="0042 (Hg) (3.21)
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which can be seen to be the open loop gain around the OPLL circuit minus the 1/s factor

contributed by the integration of the slave laser.

Using this definition of X, the closed-loop transfer function from (3.17) becomes

K (s + ij
H(s)= b2 (3.22)

and the error transfer function becomes

(3.23)

These expressions can be used to explore the amplitude responses of both the closed-loop

transfer function and the error transfer function. Fig. 3.8 - 3.11 show the amplitude

responses |H ( ja))l and 'E( ja))| for several values of ¢ [73].
The frequency axes of Figs. 3.8 and 3.9 have been normalized to the natural frequency,

®,, while the frequency axes of Figs. 3.10 and 3.11 have been normalized to the loop

gain, K.
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For values of ¢ < 0.707 the poles of the transfer function are near the imaginary axis of
the s-plane which can lead to resonance effects and overshoot in the transient response. A
value of ¢ > 1 produces an overdamped loop leading to sluggish behaviour of the
transient response. A value of ¢ = 0.707 has been used in the loop design for this project

to ensure a reasonable trade-off between overshoot and rise time of the response.

3.3.2.3 Loop Bandwidth

It can be observed from the amplitude responses that H(s) performs a low-pass filtering
operation on the phase modulation of the input signal and E(s) performs a high-pass
filtering operation. This behaviour makes sense if we consider the limitation of the OPLL
circuit. The loop can only respond to phase changes up to a certain rate, i.e. it has a
limited bandwidth. This means that the loop will track phase changes that occur within
the loop bandwidth and adjust the slave laser accordingly, and will fail to track phase
changes that occur outside the loop bandwidth, that is, changes that occur too quickly for
the loop to respond. The error response is the opposite. Phase changes inside the loop
bandwidth are tracked with little error, and changes outside the loop bandwidth are not

tracked at all, i.e. the error is extremely large.

The bandwidth of the loop can be defined in a number of ways. The most obvious might

seem to be to simply take the natural frequency, w,, as the loop bandwidth. However, a

look at Fig. 3.8 shows that the bandwidth actually has a strong dependence on the
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damping factor, ¢. Fig. 3.10 shows that K is actually a good indicator of the corner

frequency of H(s). Therefore, K is taken as the definition of the loop bandwidth [73].

3.4 Frequency Discriminator

Achieving both a large loop bandwidth and wide capture range in an OPLL places strict
requirements on the feedback loop design. If it were possible to use a simpler circuit to
provide the initial pull-in of the beat signal and track the center frequency, this would
greatly reduce the demands on the phase-lock circuit and allow a simplified, moderate
bandwidth PLL circuit to be used [75]. One method to minimize the frequency deviations

between two free-running laser diodes is to use a frequency discriminator [76].

The schematic of a delay-line frequency discriminator applied to two heterodyned lasers

is shown in Fig. 3.12.
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Fig. 3.12. A delay-line frequency discriminator applied to two heterodyned laser diodes.

The outputs of the master and slave laser are combined and a PD recovers the
heterodyned beat signal in the feedback path of the setup. This microwave signal is then
amplified and applied to the frequency discriminator which produces a DC correction
signal proportional to the difference between the beat frequency and a fixed reference
frequency, with the reference value being dependent on the discriminator 'design. This
error signal is then filtered and fed back to the slave laser to adjust its output frequency

and, thus, track the frequency changes that occur in the master laser.

The frequency discriminator implementation used in this research project has a
microwave delay line configuration. The beat signal, v;, after recovery by the PD and
amplification, is split into two equal parts, v; and v,, by a microwave power divider. The

signal, v;, is sent directly into a microwave mixer, while the other half, v,, experiences a
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time delay, 7, after propagation along a delay line, before entering the mixer. This setup is

depicted in Fig. 3.13.

Fig. 3.13. Frequency discriminator configuration.
The signals, v; and v,, can be represented as

v, =V, cos ot (3.24a)

v, =v,cos(t+7). (3.24b)

The output of the mixer, vy, can be expressed as

vy =k, vy, = ]%"‘vf (cos w7 + cos(2at + wr)) (3.25)
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where k,, is the mixer loss. The 2w term in the expression is eliminated by the feedback
filter, therefore, the term of interest is coswr , a sinusoidal DC feedback signal with nulls

occurring as defined by
. N
ot =(2i+ 1)5 , (3.26)

wherei=...,-1,0,1, ....

Considering any two consecutive nulls, the frequency spacing between these nulls can be

shown to be
27
W, —W,_ =,
: 2T
2
27(f; - fia)="7—> (3.27)
2t
1
Af =—.
Y 27

(3.27) illustrates that changing the time delay, 7, i.e. changing the length of the delay line,
will vary the position and spacing of the nulls. Fig. 3.14 shows the simulated shape of a

delay-line discriminator response.
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Fig. 3.14. Sinusoidal frequency discriminator response.

The operating point of the discriminator can be selected to be either of the nulls.
Assuming a null on a positive-going slope is selected — if the incoming beat frequency is
above the null, then a positive DC signal is produced proportional to the magnitude of the
displacement from the null frequency; if the beat frequency is below the null a negative
DC signal is produced. Sending this control signal back to the slave laser compensates for
any master laser frequency deviations and maintains a stable microwave output.
Operation on a negative-slope null simply requires a polarity change of the feedback,

either by directly inverting the signal or sWitching the feedback to the other laser.

The null spacing of the frequency discriminator characteristic can be seen as its capture
range. When the incoming signal frequency is above one of the extrema (peak or trough),
the output is pulled to the higher null, if it is below an extrema, the output is pulled to the
lower null. A long delay line has closely spaced nulls and many possible operating points,

whereas a short delay line has widely spaced nulls and a large capture range.
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3.5 Delay and Linewidth Considerations

The linewidth of an optical source used in an OPLL plays a key role in the
implementation. The coherence time, 7., of a laser is related to its linewidth, Av, by the

following relation [77]

T Av 2 :11_ . (3.28)
4

Coherence time is, basically, the duration over which the phase of a laser does not
change; the broader the linewidth, the shorter the coherence time. This directly affects the
architecture of an OPLL since the loop must detect the phase difference between the
lasers and propagate the corrective feedback signal through the opto-electronic path to the
slave laser before a change in coherence occurs [77]. As stated earlier, this makes the
loop propagation delay, 74, a critical parameter. As an example, consider a semiconductor
laser with a linewidth of 2 MHz. Its coherence time is approximately 40 ns. The feedback
loop must respond in a shorter time than this if the loop is to maintain a phase-lock.

In fgct, the maximum delay allowed for reliable phase-lock loop operation is much
shorter than the coherence time of the laser [47], [78]. Fig. 3.15 shows the relationship
between the loop propagation delay and the summed laser linewidth. This figure indicates
that to avoid degradation in loop performance with a summed laser linewidth of 2 MHz,

the maximum delay time allowed is approximately 1 ns.
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Fig. 3.15. Maximum summed linewidth versus time delay for a second-order type 2

OPLL [47].

3.5.1 External Cavity Lasers

One way to ease this very stringent requirement on the loop delay then, is to use laser
diodes with very narrow linewidths. An ECL, which has an inherently narrow linewidth,

is one possible light source that can be used.

An ECL is a laser that has an inline grating placed outside the cavity of a conventional
laser diode. An anti-reflection coating is applied to the laser output face to suppress the
normal cavity resonance. A longer cavity is now formed between the gain medium and
the grating. The longer cavity and frequency selective nature of the grating form a laser

diode with significantly narrower linewidth than a conventional laser diode [79]-[81].
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Fig. 3.16. External cavity laser with an inline fiber Bragg grating.

3.6 Summary

This chapter introduced several techniques of optically generating microwave signals for
RoF applications, including direct detection and remote heterodyning techniques. It also
presented a theoretical overview of the concept of optical heterodyning. The transfer
functions of an OPLL were derived, along with its operating parameters. This chapter
also introduced the operation of a delay-line frequency discriminator. It discussed the
effects of laser linewidth on OPLL performance and the use of an ECL to ease the

restrictions that loop delay places on OPLL operation.
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Chapter 4

OPLL DESIGN AND PERFORMANCE

The frequency down-conversion module implemented in the discriminator-aided OPLL is
presented in this chapter, along with an analysis of its contribution to the phase noise of
the system. The frequency discriminator redesign and calibration are outlined and the
performance is analyzed. This chapter also presents the performance achieved by the

discriminator-aided OPLL with down-conversion.

4.1 Frequency Discriminator-aided Optical Phase-Lock Loop

The modules discussed in Chapter 3 — the OPLL, the frequency discriminator and the
external cavity lasers — are the constituent components of the frequency discriminator-
aided OPLL implemented in this research project. The original system was developed at

CRC by the Microwave Photonics Group. Its performance was presented in [77].
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Fig. 4.1. OPLL implemented at CRC.

The goal of this system is to maintain a specific frequency difference between the master
and slave lasers, a function provided by the delay-line discriminator, as well as narrow
the inherent linewidth of the laser diodes, a function realized by the phase-lock portion of

the circuit. A graphical illustration of this is shown in Fig. 4.2.
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Fig. 4.2. Frequency stabilization and linewidth reduction by a discriminator-aided OPLL.

Several factors led to the eventual redesign of the original system configuration. The first

was the desire to further integrate the feedback electronics. The original system was built

using mainly discrete components, as can be seen in Fig. 4.3.
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Fig. 4.3. Original OPLL configuration using discrete components.

The only components that had been integrated on a dielectric circuit board were the loop
filters and the transconductance amplifiers (whose operation will be discussed in Section
4.1.3.4). One of the reasons for this was the fact that the operating frequency of the loop
was 11.2 GHz. At this frequency it is difficult to find the surface mount microwave
mixers, power splitters and amplifiers required. It is also difficult, at this frequency, to
properly implement the microwave delay line required by the delay-line discriminator on
a circuit board. For these reasons, discrete components, including a coaxial delay line,
were used. A method for operating these .components at a lower frequency would allow

them to be integrated onto a single circuit board, as well as reduce the cost of the system.

Another factor that led to the changes of the original OPLL system was the discrete

operating nature of the frequency discriminator. As discussed in Section 3.4, the delay-
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line discriminator is limited to operate at discrete points, corresponding to the nulls
determined by the delay line length. The best result possible for such a system, with
regard to the number of operating points available, is a series of very closely spaced nulls
created by using a long delay line. However, this still excludes the possibility of true
continuous tuning of the microwave output frequency. For these reasons it was decided to

modify the OPLL system with the addition of a frequency down-conversion module.

4.1.1 OPLL with Frequency Down-Conversion

Master

*g, Output
Signal
Photodetector

Reference
Source S2 M1

: Phase-Lock Loop Reference

Amp 2 Source S1
Low-Pass
Filter LP1
% ]é Splitter

Mixer M2 Splitter

Low-Pass

Filter LP2 Delay

Line

Frequency Discriminator

Fig. 4.4. Discriminator-aided OPLL with a frequency down-conversion module.
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The frequency down-conversion module, added to the system after the photodetector,
consists of a high frequency reference source S1, an electrical mixer M1 and an

additional amplifier [82]. The entire circuit is shown in Fig. 4.4.

The inclusion of the down-conversion module allows both the PLL and the frequency
discriminator to operate at a much lower, fixed frequency of the designer’s choice. The
down-conversion module mixes the input beat frequency down to a lower value
determined by its offset from S1. For example, in order to generate a microwave signal at
11.2 GHz, S1 can be chosen to operate at 12 GHz, which will reduce the feedback signal
down to 800 MHz. This allows the phase-lock circuit, the low-frequency reference source
S2, and the frequency discriminator to operate at 800 MHz where relatively inexpensive,
surface-mount components are readily available. S2 also now has the potential to be

implemented on-board as a low-noise crystal oscillator.

Another benefit offered by this design is the ability to continuously tune the microwave
output frequency. In the new configuration, by simply changing the frequency of S1, the
frequency discriminator and the phase detector work together to change the wavelength
spacing between the two laser diodes to maintain the fixed frequency of 800 MHz at the
output of the frequency down-conversion module. Thus, in this setup, tuning S1 will

result in an equal shift in the output frequency.
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One disadvantage of adding the high-frequency source is the introduction of additional
phase noise to the system. Following a similar derivation as in [47], the additional phase

noise contributed by S1 can be theoretically determined.

4.1.2 Phase Noise Analysis

The purpose of this analysis is to determine the nature of the contribution of the added
source S1 to the overall phase noise of the system. In this analysis it is assumed that the
frequency discriminator does not contribute significantly to the phase noise at the output.
This assumption is justified by the fact that the discriminator is designed to act only on
the frequency error between the incoming signal and its set point and does not respond to
the more quickly varying phase error [83]. Also, once the system is phase-locked the
frequency is highly stable, under this condition, the frequency discriminator design

indicates that its output is practically zero and therefore, will not affect the beat signal.

Using the expressions derived in Section 3.3.1 and referring to Fig. 4.4, the slave laser

output can be expressed, in the time domain, as

L0 _ KKK [sinb(0)+ 0] 105t -7,) (4.1
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where f(¢) represents the impulse response of the loop filter, (¢ —7,) represents the
loop propagation delay, and #'(¢) is the photodetector shot noise [47]. K, Ky, and K4 are
as defined in Section 3.3.1. 6(¢) =¢, (1)—¢,(t)—¢,(?) is the phase error at the output of

the phase detector, and ¢, (¢) =¢,,(£)—¢,(¢).

It is assumed that the master laser electric field, E,(7), the slave laser electric field, E(),

S2’s output voltage, v,(¢), and S1’s output voltage, v,(¢), are given by, respectively

E, () = E, e/l =) (4.2a)

E.(t)= E, /') (4.2b)
v.(t) =4, cos[w,t +¢,(1)] (4.2¢)
v, (t) = 4, cos[w,t + ¢,(t)] (4.2d)

where E,,, (V/m), E;, (V/m), A, (V), and 4, (V) are the amplitudes, o, @, ®,, and @,
are the angular frequencies (rad/s) and ¢, (), ¢, (¢), ¢,(¢), and ¢,(¢) are the phases (rad)

of the master and slave lasers, and S2 and S1, respectively. The phase terms can be

expressed as

G () = Do + ¥ (D) (4.33)
¢, () =9, +7,(®) (4.3b)
8, () =8, +7,(t) (4.3¢)
04 (D) = sy +74(0) (4.3d)
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where ¢mo’ ¢:o’ ¢ro’ and ¢do are the quiescent phases and Vm (t)a Vs (t)a Ve (t)a and Va (t)

are the phase fluctuations of the master laser, slave laser, and S2 and S1, respectively.

Assuming that the phase error, 6(¢), is small enough to allow linearization of the system

(i.e. sin@(¢) = 6(t) ), the closed-loop transfer function, as in (3.13), is given as

H(s)= o.(s) KoKdeF(S)e_STd

- - -sT, (4-4)
O(s)+9,(s) s+KK K, F(s)e™"

where the photodetector shot noise term, n'(z), has been neglected.

The phase difference between the master and slave lasers and the phase error at the

output of the phase detector are, respectively

O () = B = oo + 7 () =7, (D) (4.5)
OO) =0 =0, =0, ()=, (D+7, (O =7,(D). (4.6)

In (4.5) and (4.6), ¢,, is controlled by the loop, according to (4.1), to compensate for the

phase fluctuations in the system. Therefore, using the closed-loop transfer function, H(s),

the Laplace transforms of ¢, (¢), and 6(¢) are

s (8) =[1= H()IIT, () — T, ()] - H($)[N'(s) = (¢, (5) +¢,(5))] 4.7)
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0()=[1-HOIT,(5)-T ()= (¢ )+, (NI-H(SN'(s) - (4.8)

where T, (s), T,(s), and N'(s) are the Laplace transforms of y,(¢), ¥.(¢) and n'(?),

respectively.

From (4.7) and (4.8), we see that the phase term from S1 simply combines additively
with the phase term of S2. Therefore, the addition of the down-conversion module results

in an additive phase noise contribution by S1 to the overall phase noise in the system.

4.1.3 Frequency Discriminator Redesign

With the down-conversion module in place, the frequency discriminator can be
redesigned to take advantage of the lower operating frequency and integrate more of the
components onto a single circuit board. A delay-line discriminator is still used, except,
instead of an external, coaxial delay line, an on-board microstrip delay line is used. Even
though this discriminator design is still limited to discrete operating points, as discussed

above, the down-conversion module provides the continuous tunability desired.
At the reduced operating frequency, it was possible to incorporate the power splitter, the

delay line, the microwave mixer, the active low-pass filter and the transconductance

amplifier onto a single circuit board.
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4.1.3.1 Power Splitter

In the first iteration of the new frequency discriminator circuit design, a simple surface
mount, packaged power splitter was used (Model #: LRFPX). There were indications
during the initial testing of the circuit that the splitter did not interact well with the other
components on the circuit board and oscillations appeared in the output. In addition, the

response of the splitter rolled off very close to 1 GHz as shown in Fig. 4.5.

Magnitude (dB)

0 051 15 2 25 3 35 4 45 5 55 6 65
Frequency (GHz)

Fig. 4.5. Forward transmission response (S21) for one output port of the packaged

surface-mount splitter (LRFPX).

Ideally, the design requires a splitter response with roll-off in the 1.5-2 GHz range, since
the upper operating frequency limit of the mixer is 1.3 GHz. This would ensure that the

splitter did not impose an additional bandwidth restriction.
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A resistive splitter implementation was then considered. However, this type of design has
at least 6 dB of loss — 3 dB from the power splitting itself and an additional 3 dB from the
resistive nature of the network. A reactive splitter, however, has, in the ideal case, only a
3 dB splitting loss. Therefore, it was decided to implement the microwave power divider
as a Wilkinson reactive power splitter using surface mount components. The schematic of

this design is shown in Fig. 4.6.

PN
va:I: OUT1
—D .
L
m -
—  Em
L,
OUT2
Wt
p
N N

Fig. 4.6. Wilkinson reactive power splitter.

The component values can be calculated by the following relations

1
C = 4.9
P 2r £z, (4.92)
[ =% (4.9b)
27 f,

where Z, is the characteristic impedance at the output, and fj is the cut-off frequency.
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In this case, the circuit is designed for a characteristic impedance of 50 Q and a cut-off
frequency of 1.5 GHz. This leads to calculated values of C, = 2.12 pF and L; = 5.31 nH.
The actual inductor value was chosen as L; = 5.6 nH, since this was the closest standard
value available near 5.31 nH. The actual capacitor value was chosen as C, = 1.5 pF to
compensate for the slightly different inductor value and, also, to push the splitter cut-off
frequency as high as possible while maintaining a smooth passband. The designed

splitter’s magnitude and phase responses are shown in Figs. 4.7 and 4.8.
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Fig. 4.7. Magnitude response of Wilkinson reactive splitter.
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Fig. 4.8. Phase response of Wilkinson reactive splitter.
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It can be seen that this power splitter performs very well. The magnitude response of each
port shows little ripple with a splitting loss very close to the ideal 3 dB, and the passbands
roll off smoothly at about 1.5 GHz as designed. The phase response of each port shows a
linear phase within the passband region. Comparing this with Fig. 4.5, it can be seen that

the Wilkinson splitter exhibits a better response than the LRFPX packaged model.

4.1.3.2 Microstrip Delay Line

The microstrip delay line is designed such that the spacing between nulls is 1 GHz. Based

on the design formula from (3.27), the time delay required to give this null spacing is

7= ﬁ =0.5ns. The circuit board used to implement the microstrip line is a standard

FR-4 board with a dielectric constant of ¢, = 4.0 at 1 GHz. The length of microstrip
required to give this amount of delay is

L=r-v=(0.5 ns)(1.73x108 m/s)=8.66cm (4.10)

c

where v = is velocity of the electromagnetic field on the FR-4 board.

Eopr

The first version of the frequency discriminator board (R1) was designed with additional
microstrip extensions that could be used to slightly adjust the length of the delay line.

This would allow some small adjustments to be made to the position of the discriminator

87



null operating point, if required. A schematic of the R1 layout is shown in Fig. 4.9, which

includes the surface mount LRFPX power splitter.
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Fig. 4.9. Revision 1 layout of redesigned frequency discriminator.

This board layout also included, in addition to the splitter and microstrip line, a double-

balanced mixer, an operational amplifier, and a transconductance amplifier (TCA).

As the schematic illustrates, half the ‘input signal is fed directly into the mixer and the
other half is delayed by the microstrip line. The mixer output is then fed into an active
low-pass filter, with gain provided by an op-amp, and, finally, this filtered signal is sent
to a TCA where the voltage feedback signal is converted to a current signal. The function

of the active filter and TCA will be discussed in detail in Sections 4.1.3.3 and 4.1.3.4.

As discussed, this first iteration presented problems when attempting to obtain a stable

output signal. Several attempts were made to correct the problem by varying the length of
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the delay line and changing the splitter to a different surface mount model. However,
tests still showed oscillatory behaviour in the output. Figs. 4.10 (a) and (b) show two

results obtained at the output of the delay line stage, i.e. at the mixer output port.
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Fig. 4.10. Two examples of responses obtained with frequency discriminator R1.
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Due to these poor results, testing of this circuit did not get past the delay line stage and
the active filter and TCA were not implemented. It was decided to rearrange the board

layout, paying particular attention to the grounding of the microstrip delay line and the

mixer. The second version of the circuit (R2) is shown in Fig. 4.11.

i SMA

OPA660 ¢
+ l
(%]
<

Attenuation Transconductance
Stage Stage

Active Filter Stage

Delay Line Stage

Fig. 4.11. Revision 2 layout of frequency discriminator circuit.

This schematic shows the more thorough grounding included for R2, in particular,
beneath the mixer and between the microstrip lines to ensure the delay line and the mixer
inputs are electrically isolated. R2 also used the Wilkinson power splitter described in
Section 4.1.2.1, as well as a Hittite double-balanced mixer with a frequency range from
0.6 — 1.3 GHz. This mixer has an integrated LO amplifier, which requires power from a

single +3V supply, and allows the LO input to be as low as 0 dBm.
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The output signal of this design was much smoother than R1’s response. Fig. 4.12 shows

the mixer output obtained as the frequency input was varied from 0.55 GHz to 1.35 GHz.
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Fig. 4.12. Frequency discriminator response for R2 board layout.

The roll off at each end of the response can be attributed to approaching the frequency
limits of the mixer (0.6 — 1.3 GHz). Two nulls are visible in this response; one at about
0.780 GHz and the other at 1.050 GHz. This is contrary to the designed null spacing of 1
GHz, which gives the expectation of a single null in this operating range. Simulations
were performed with a Genesys-Eagleware microwave circuit design package in an
attempt to explain this behaviour. Based on simulation, it is possible that interactions
between the reactive networks of the power splitter and the mixer input ports, as well as
small parasitic capacitances between components leads and board traces, could account
for the additional crossing. The shape of the response around the 0.780 GHz null shows

very linear behaviour and is a good candidate for the low-frequency locking point.
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4.1.3.3 Acﬁve Low-Pass Filter

Once a suitable response was obtained from the delay line portion of the discriminator
board, the op-amp was added to form an active low-pass filter whose purpose is to filter
any high frequency components present in the feedback signal and provide precision
amplification of the low-frequency (DC) signal level. The op-amp is an OP27 low-noise,
high-speed amplifier. It is used in an inverting configuration with a theoretical gain of

56.2 kQ/330 Q2 = 45 dB and a theoretical cut-off frequency of f; = 30 Hz.

The active filter includes an attenuation stage as well, which is simply a voltage divider
network with a 2 kQ potentiometer in the ground leg. This allows more precise control of
the feedback level for the input to the TCA. The active filter output was measured at both
minimum and maximum levels of attenuation to determine the DC feedback response as

the frequency was varied from 0.55 GHz to 1.45 GHz.
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Fig. 4.13. Response of the frequency discriminator with the active filter and attenuation

stage in place at (a) minimum output level; (b) maximum output level.
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The amplification provided by the active filter is obvious from this figure, as is its
inverting behaviour since the 780 MHz null crossing has now switched to a negative-

positive transition.

Two parallel capacitors are also added after the op-amp in the active filter stage to form
two low-pass passive filters with cut-offs at 1.5 kHz and 7.2 MHz. These filters further

reduce any high frequency components that might still be present in the DC feedback

signal.

4.1.3.4 Transconductance Amplifier

The amplified, filtered output from the active filter stage is then input to a TCA. The
TCA converts the voltage signal into a current signal suitable for injection into the slave
laser diode. The feedback acts to compensate for variations in the beat signal by
providing a proportional current level to adjust the laser output in an opposite direction to
the frequency deviation. The main drive current for the slave laser is provided by a

constant-current source (ILX LDC-3724B) and is in the range of 30-80 mA.

The TCA used in this design is an OPA660, which is a bipolar, voltage-controlled current
source. The OPA660 is self-biased and its transconductance level is controlled by an
external resistor. This resistor can be used to calibrate the TCA response based on the

gain of the other components.
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4.1.3.5 Laser FM Response

Calibration of the frequency discriminator response requires the determination of the DC
or low-frequency FM response of the laser diode used as the slave. This will indicate the
magnitude of the feedback current required to change the output frequency of the laser
diode by a fixed amount. The FM response can be determined by measuring the laser
wavelength variation as a function of the control current. The data sheet for the ECLs

gives this value as 1.1 pm/mA. The measured response is shown in Fig. 4.14.
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Fig. 4.14. Measured current tuning behaviour of K2 691 ECL.
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The slope of this curve is calculated as

AA _1549.306 —1549.261 nm
Ai 68.1-27.42mA

=1.11pm/mA

which is in close agreement with the factory reported value.

The corresponding FM response can be determined from the relation

Y _c A 4.11)

Al AN

Using this expression, the frequency deviation as a function of current is calculated as

A1. =138.5 MHz/mA . This value is then used to calibrate the TCA to provide the correct

Al

amount of transconductance for a given input voltage.

4.1.3.6 TCA Calibration

Based on the slope of the output plots of the active filter/attenuation stage, the minimum

and maximum signal gain can be determined. They are calculated as

G, =0.3567mV/MHz and G, =6.71mV/MHz. Designing the circuit such that the
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minimum input level provides the correct output current gives a transconductance value

of K,y = 1 =20.2mA/V .
(138.5 MHz/mA)(0.3567 mV/MHz)

This amount of transconductance can be provided by selecting the correct value of Ry,

the external control resistor for the TCA, based on the calibration plots provided on the

data sheet; doing so gives a value of Rp = 2.7 kQ.

Fig. 4.15 shows the output response of the TCA as the input frequency to the circuit is

varied from 0.55 GHz to 1.35 GHz.
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Fig. 4.15. Frequency discriminator response with TCA.

This response was obtained by measuring the voltage across a 7 Q2 resistor, to emulate the
input impedance of the laser diode, at the output of the frequency discriminator circuit.

The DC current output of the TCA, then, is on the order of 2 mA. The response also
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shows the linear, negative-positive transition around the 780 MHz null. This null is

chosen as the new, low-frequency operating point for the OPLL.

4.1.3.7 Dielectric Board Layout

All components of the frequency discriminator circuit were mounted on an FR-4

dielectric board. The silkscreen of this board layout is shown in Fig. 4.16 and a picture of

the actual board is shown in Fig. 4.17.

Aojag paawopy

Fig. 4.16. Frequency discriminator board layout.
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Fig. 4.17. Actual frequency discriminator board.

4.1.4 Frequency Discriminator Performance

Once the frequency discriminator circuit was completed and the calibration of the TCA
finished, testing of its frequency-locking performance could be carried out. Small
adjustments to the feedback levels, by tuning the on-board attenuator, were required to
pinpoint the exact level necessary to frequency lock the two laser diodes. The results are

shown in Fig. 4.18.
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Fig. 4.18. Frequency locking result with the new integrated frequency discriminator;

measurements taken every 30 seconds over an 8-minute span.

The figure shows the average of 16 traces without feedback, i.e. the unlocked state, and
with feedback engaged, i.e. with a frequency lock at the 780 MHz null. The three dotted
traces are individual measurements of the unlocked state. These measurements still
produce a narrow linewidth signal; however, since the center frequency is drifting with
time, their average produces the flat top curve shown. The improvement in signal quality

and frequency stability with discriminator feedback is clear.
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4.1.5 OPLL Performance with Down-Conversion Module‘

With the frequency discriminator re-designed and operating at a reduced frequency, the

entire feedback loop can be tested with the down-conversion module in operation as

discussed in Section 4.1.1.
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Sourge S2 M1
: Reference
- Amp 2 Source S1
iMixer Splitter

M3
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Mixer M2 Splitter

Delay
Line

Frequency Discriminator

Fig. 4.3. Discriminator-aided OPLL with a frequency down-conversion module.

Referring to Fig. 4.3, which has been reproduced here for convenience, the feedback

circuitry is engaged in the following sequence: first, each ECL is temperature stabilized

by adjusting its thermoelectric cooler (TEC) temperature, and then the current is

increased to induce lasing and set at approximately 50 mA. The temperature is adjusted

slightly to bring the operating wavelengths of each ECL close to the other, such that their
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beat frequency is near 11.22 GHz. A second photodetector is used to recover the signal
from the output lead of the optical coupler and the beat frequency is monitored on a

spectrum analyzer.

Next, the high-frequency reference source S1, is engaged at 12 GHz, and the beat signal,
recovered by the feedback photodetector, is mixed down to around 780 MHz by M1 in
the down-conversion module. The frequency discriminator circuit is then powered on and
the down-converted signal is frequency locked to the 780 MHz operating point, which

translates to a beat frequency lock at 11.22 GHz.

Once the frequency lock is established and the beat frequency is within the capture range
of the phase-lock loop, the PLL circuit is powered on and the low-frequency reference
source S2 is engaged at 780 MHz. The PLL circuit then attempts to narrow the linewidth

of the output signal down to a value comparable to the linewidth of the reference source.

A picture of the actual discriminator-aided OPLL with the down-conversion module is

shown in Fig. 4.19.
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Fig. 4.19. Discriminator-aided OPLL setup with down-conversion module.

The quality of the output signal spectrum of the two heterodyned wavelengths

measured on a spectrum analyzer and the result is shown in Fig. 4.20 at several spans.
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Fig. 4.20(a). Phase-locking result of OPLL with down-conversion at a span of 500 kHz.
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Fig. 4.20(d). Phase-locking result of OPLL with down-conversion at a span of 50 Hz

(with reference source comparison). Center frequency: fy = 11.22 GHz.

In order to make a comparison between the beat signal and the two microwave reference
sources used in the system, the spectra of all three are plotted on the same axes in Fig.
4.20 (d), where the output power has been normalized to 0 dBm. The quality of the
phase-locked signal closely matches the quality of both reference sources. The 3-dB
bandwidths of the signals can all be seen to be about 1 Hz (this measurement is limited

by the 1 Hz resolution bandwidth of the spectrum analyzer — Agilent 8565E).

The phase noise is also measured, using an Agilent ES052A Signal Source Analyzer. The
resultant phase noise is measured to be -64.7 dBc/Hz at 100 Hz offset and —72.5 dBc/Hz

at 10 kHz offset [82].
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The frequency stability of the microwave output signal was also recorded. The frequency
value of the signal peak is extracted every 30 seconds and the trend over a 60 minute
period is plotted. The result is shown in Fig. 4.21. The output signal is highly frequency
stable with maximum deviation of no more than 1.5 Hz over the time period. A histogram
of the stability data shows an almost Gaussian distribution about the mean during this

period. Measurements over a longer time period are required to confirm this distribution.
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Fig. 4.21. Frequency deviation measurement of the OPLL output over a 60-minute time

period. Measurements were taken every 30 seconds.
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4.1.6 Illustration of Loop Delay Effect

To show the effect that loop delay can have on the operation of an OPLL, an experiment
is carried out to test the system performance as increasing amounts of delay are inserted
into the OPLL feedback loop. This is accomplished by placing 20 cm lengths of optical
fiber between the coupler and the feedback photodetector. Using an estimate of the fiber
effective refractive index of nr = 1.47, the time delay for a 20 cm length of fiber is Az =
1 ns. The following figure shows the effect of incrementally adding up to four lengths of

fiber into the feedback loop.

Power (dBm)

Frequency (kHz)

(a) 1 ns of additional delay

Fig. 4.22. OPLL output signal degradation with increasing loop delay.
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Fig. 4.22. OPLL output signal degradation with increasing loop delay.
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The degradation of the microwave output signal, and the increase in the surrounding
noise, is apparent in the previous figure. This shows the sensitivity of the OPLL to even
small amounts of loop delay and emphasizes the attention that must be given to ensuring

the feedback path is as short, physically and temporally, as possible.

4.2 Summary

The operation of a frequency discriminator-aided OPLL system was discussed in this
chapter, along with the new frequency down-conversion module implemented in this
project. An analysis of the down-conversion module’s contribution to the phase noise of
the system was carried out. The redesign of each frequency discriminator component and
the calibration of its overall output were also discussed. The performance achieved by the
discriminator-aided OPLL with the down-conversion module, in terms. of 3-dB
bandwidth, phase noise, and frequency stability was presented and the effects of

additional loop delay on the system were analyzed.
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Chapter 5

TRUE-TIME DELAY MODULE AND EXPERIMENTAL

RESULTS

This chapter presents the TTD beamforming module. It describes the FBG fabrication for
each individual delay line and gives the optical delay line transmission and reflection
spectra. The measured time delay results are also reported, along with simulations of the

generated antenna radiation patterns.

5.1 FBG-Based True-Time Delay Module

The TTD beamforming module studied in this research project was briefly introduced in
Section 2.1.5. It uses delay lines consisting of discrete, uniform FBGs to achieve the

variable time delay progression required to steer the antenna radiation pattern.
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5.1.1 Concept

The TTD beamforming module is shown in Fig. 5.1. It is composed of four delay lines,
each consisting of three FBGs, which are fed by the OPLL via an optical power splitter

and circulators.

FBG Delay Line Circulators

DLO

DL1 [TEY I T 1)
I',!"'<—D+2AD—>H?"<—D+2AD—>W

Du—mm—rm o

«—D+3AD— " '«—D+3AD—> .

DL3 #H i #i—{()— o
OptiC&' /13 237—D+4AD—):’ /’l:’_D+4AD_j_,l ﬂ,l' :
Splitter 2 222 2 Photodetector

o, 6, 6, Preamplifier
Steering
Angle

Fig. 5.1. TTD beamforming module.

The FBGs along the same dashed lines are fabricated with identical central reflection

wavelengths. By tuning the two optical wavelengths of the OPLL, 4,4/, to the central

reflection wavelength of the FBGs along the dashed lines, different time delay
progressions are generated, leading to different radiation directions [19]. The center

FBGs are all aligned such that they produce the same delay, thus, tuning the OPLL output
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to this wavelength will generate zero relative time delay between the antenna elements
and result in a broadside beam direction. Tuning the OPLL output to either the upper or
lower wavelength FBG produces a linear time delay progression and, hence, a linear
phase progression, that will steer the antenna beam to a specific angle dependent on the
magnitude of the phase progression. The beamforming module, then, produces three time
delay progressions, corresponding to the three discrete FBG positions on each delay line,

and is able to steer the antenna radiation pattern to three different angles.

The physical parameter that controls the magnitude of the delay progression is AD, the
incremental distance between each FBG. The first delay line, DLO, will have FBG
spacings of AD plus, possibly, some constant value, D, common to all delay lines; the
second delay line, DL1, will have spacings of 2AD plus D, etc. This parameter

determines the relative time delay of the signals and, therefore, the relative phase shift.

5.1.2 Derivation of Delay Spacing

According to phased-array antenna theory, to avoid grating lobes — secondary maxima —

in the antenna radiation pattern the distance between each array element, &, must satisfy

2’RF
 1+[sind,, |

(5.1)
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where A, is the free space wavelength of the microwave signal and 6, is the

maximum steering angle. It is assumed that 8, =190°, therefore (5.1) becomes
d=< —ﬂéi (5.2)

For an operating frequency of 6.72 GHz (chosen for reasons relating to the test setup

discussed later) this maximum spacing between elements is calculated as d <2.232 cm.

The normalized array factor was derived in Section 2.1.2 as

sin(N¥ /2)

jof (9] = Nsin(¥/2)

(5.3)

where ¥ =kd cos@ + f. This expression can be used to simulate the antenna radiation

pattern for a particular phase progression, 5. The phase progression is determined for a
given steering angle, 6, by setting W =0. A simulated radiation pattern is shown in Fig.

5.2.
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Fig. 5.2. Simulated radiation pattern for a PAA using TTD (N =4, § =28°, d =2.23

cm). (a) Two-dimensional pattern; (b) Three-dimensional pattern.
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These radiation patterns were simulated with d = 2.23 cm at a steering angle of 28° from
broadside. It can be seen that this element spacing produces a beam pattern with a well-
defined main-lobe and minimal grating lobes. Thus, this value is used as the element

spacing in further calculations.

For an N-element linear array the incremental time delay required between each element

to produce a steering angle, 8, of the radiation pattern can be expressed as follows

_kdsinH
27 for

At (54

where £ is the free space wave number, and 6 is measured with respect to broadside.

For a £28° steering angle the incremental time delay is calculated as A7 = 34.89 ps. From |

this time delay value, and knowledge of the effective index, ng, of the fiber, the

incremental spacing required between each grating can be determined using

_CArT
2n

AD

. (5.5)
eff

Using the parameters given above, this spacing is calculated as AD = 3.6 mm.

The distance, D, in Fig. 5.1, is a constant spacing that exists between each FBG and is

partly a function of the grating length. Theoretically, this constant spacing can be any
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value as long as it is the same for each delay line. The important parameter is the

difference in separation, determined by AD .

Based on this incremental spacing four delay lines are fabricated with a linearly
increasing separation, AL, between each adjacent FBG. These separation values are

given in Table 5.1.

Delay Line Number Delay Spacing, AL (mm)
DLO D+0
DL 1 D+36
DL2 D+172
DL 3 D+ 108

Table 5.1 Calculated delay line spacing.

5.1.3 FBG Delay Line Considerations

With the FBG spacing determined, several other parameters affecting delay line
fabrication must be addressed. Figs. 5.3(a) and (b) show the schematic and the theoretical

reflection spectrum of a single delay line.
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Fig. 5.3. (a) Schematic representation of a single delay line; (b) Theoretical spectral
profile of a 3-FBG delay line and the interaction of the RF-spaced wavelengths with each

FBG. A/ is the overall spectral width of the delay line.

In this system, the output wavelengths of the OPLL are temperature tuned such that both

A, A, are reflected within the same grating. Thus, the FBG spectral width is an

important parameter since each FBG must be able to reflect both wavelengths in order to
avoid any corruption of the microwave output. The spectral width of each grating, then,

imposes a limitation on the achievable microwave output frequency. In order to achieve a

higher frequency the FBG spectral width must be enlarged accordingly.
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Another important parameter for each FBG delay line is the overall spectral width, A4.
This width determines the wavelength tuning range that must be covered by the laser
diodes of the OPLL. This system uses two ECLs, which are not widely tunable.
Therefore, achieving closely spaced FBGs, which do not interfere with each other, within

the ECL tuning range, is very important.

5.1.4 Laser Tuning Range

Wavelength tuning is accomplished in the OPLL setup through temperature control.
Varying the TEC temperature of each ECL causes a microscopic change in cavity length
within each laser diode, thus, this property can be used to change the laser diodes

operating wavelengths.

The two K2 Optronics ECLs have a listed temperature tuning coefficient of 16 pm/°C
[84]. Based on a temperature-tuning span of 25°C, the maximum wavelength tuning
range possible is 0.4 nm. If an estimate of the individual FBG spectral width is taken as
approximately 0.15 nm, it is not possible to write three gratings within the tuning range
of the ECLs. Further measurement of the ECL tuning résponses is required to determine
if their temperature tuning range can be extended. Figs. 5.4 (a) and (b) show the
measured temperature tuning responses of the two ECLs, identified by their serial

numbers as K2 623 and K2 691.
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Fig. 5.4. Temperature tuning response of ECLs.
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One advantageous result found from the experimental measurements, is the fact that the
laser output wavelengths are not identical. Even though their tuning ranges are virtually
the same, the slight offset in actual operating wavelength extends the differential between
the maximum wavelength attainable by the higher-wavelength laser and the minimum
wavelength attainable by the lower-wavelength laser. One clear disadvantage, however,
are the mode hops that occur at certain temperatures for each ECL. Immediately after a
mode hop point the output wavelength of the laser drops on the order of 50 pm. This
reduces the overall ECL tuning range from even the 0.4 nm value calculated previously.
However, it was found that, by combining a temperature shift with a current adjustment,
the AA tuning range could be extended up to 0.53 nm. The temperature was also pushed
up to 45°C after consultation with the manufacturer determined this would be a safe

procedure if limited to short periods of time.

The 0.53 nm tuning range is still quite narrow and, for this reason, every effort was made
to space the FBGs as closely as possible, while avoiding detrimental overlap of their

reflection spectra.

5.1.5 ¥BG Fabrication

A hydrogen-loading process, as discussed in Section 2.2.3, was used for the

photosensitization of the fibers used to fabricate the FBG delay lines. Each fiber was
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placed in a high-pressure tube at approximately 1000 psi and allowed to soak for a two

week period at room-temperature.

The FBG exposure process employed was a phase mask technique, as outlined in Section
2.2.2, using a uniform, 14 cm-long phase mask with a period, Apy = 1072.2 nm.
Assuming an effective refractive index of 1.446, the center wavelength of FBGs written
with  this  phase  mask can be  determined from (2.33) as
Ag =(1.446)(1072.2nm)=1550.40nm . This is above the operating wavelength of the
ECLs, and, since this was the only suitably long phase mask available, an alternative

technique to lower the writing wavelength had to be used.

The technique used was to place tension on the optical fiber during the exposure process.
Stretching a fiber lengthens it very slightly, while the phase mask period, obviously
remains the same. Thus, when the tension is removed, the fiber relaxes back to its
original length reducing the period of the induced FBG. From (2.19) it can be seen that
any reduction of the FBG period proportionally reduces the reflection wavelength as
well. Therefore, this technique can be used to vary the reflection wavelength of FBGs

written with the same phase mask [85], [86].

A frequency-doubled 244 nm argon ion laser was used as the UV source during the

exposure process. It was operated in continuous-wave mode at an output power of 90

mW. The exposure setup is shown in Fig. 5.5.
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Fig. 5.5. Fiber Bragg grating exposure setup (OSA: Optical spectrum analyzer).

A lens is used just before the phase mask stage to focus the UV beam onto the fiber. A
UV mirror mounted on a translation stage is used to scan the beam along the length of the
phase mask and the velocity of translation is used to control the induced refractive index
change. A fast scanning velocity induces a small index change and a slow scanning
velocity induces a large change. Thus, by properly controlling the scanning velocity

many different apodization profiles can be created.

5.1.6 FBG Delay Line Results

In order to obtain the time delay progression required for the TTD beamforming setup it

is important to precisely control the spacing of the three FBGs. Therefore, it is
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advantageous to write the three FBGs on one fiber using a single phase mask to cover the
entire length of the delay line. In this case, the 14 cm long phase mask allows the three
FBGs to be written without moving either the phase mask or the fiber during the writing
process. The only adjustment necessary is a change in the applied tension to spectrally

shift each FBG’s central wavelength relative to the next.

Each FBG is 3 cm long and was written with a raised sine apodization profile [87]. Based
on simulation, this profile gives good sidelobe suppression and allows the grating spectra
to be spaced closely without interfering with each other. The transmission and reflection

spectra of the four delay lines fabricated are shown in Fig. 5.6.
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Fig. 5.6(a). Transmission and reflection spectra of FBG delay line DLO with grating

spacing of D + 0 mm.
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Fig. 5.6. Transmission and reflection spectra of FBG delay lines DL1 and DL2 with

grating spacing of (b) D + 3.6 mm; and (c) D + 7.2 mm.
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Fig. 5.6(d). Transmission and reflection spectra of FBG delay line DL3 with grating
spacing of D + 10.8 mm.

The delay line spectra were recorded on an optical spectrum analyzer at a 0.01 nm

resolution using a broadband source to illuminate the gratings. It can be seen that all four
delay lines have similar spectral profiles with FBGs that have about 20-25 dB
transmission depth and a spectral width of approximately 0.1 nm. Each grating overlaps

slightly with the adjacent one, however, the overlap is not significant within the
transmission bandwidth of the FBGs. Therefore, the adjacent FBG does not adversely
affect the performance of its neighbour. Also, the total spectral width covered by the

three FBGs in all four delay lines is well within the 0.53 nm tuning range of the ECLs.
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The other important parameter discussed was the individual FBG spectral width which
allows each grating to reflect both wavelengths generated by the OPLL. In this case, the
0.1 nm width is enough to accommodate a wavelength spacing corresponding to a

microwave frequency of up to 12 GHz.

5.1.7 Difficulties Encountered

Several difficulties were encountered during the delay line exposure process. The first
was the appearance of a very rippled grating spectrum on certain exposure attempts. An

example of this effect is shown in Fig. 5.7.
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Fig. 5.7. Rippled spectrum obtained during FBG exposure process.
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Different lengths and exposure times were used but the problem seemed to reappear each
time, often on the second FBG in an exposure sequence but not exclusively. Attempts
were made to attribute the problem to tension variations during the exposure process, toa
Fabry-Perot cavity formed between adjacent FBGs or to a misalignment issue between
the fiber and the phase mask. Subsequent testing of these hypotheses led to their being
dismissed. The problem was resolved after the discovery of a software issue. The
controller program did not reset the velocities calculated to create the apodization profile
after each exposure unless changes to the parameters were made. This led to an issue
when multiple gratings were written consecutively with the same settings, resulting in the

rippled spectra.
A second problem was encountered with the alignment of the fiber and phase mask. Any

slight misalignment of the two leads to a refractive index change that is at an angle to the

fiber axis, in effect, creating a blazed grating. This effect can be seen in Fig. 5.8.
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Fig. 5.8. Ripple due to blaze angle between phase mask and fiber during exposure.

The small transmission notches seen on the short wavelength side of the grating are the
result of the blaze angle of the FBG in the fiber. This result agrees well with theoretical
spectra of a blazed grating [31]. This effect was minimized by ensuring that the fiber and
phase mask were properly aligned prior to each exposure and also, during the exposure

process when it was necessary to change the tension on the fiber.
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5.2 Time Delay Measurements

The goal of the measurement phase is to ensure that the OPLL will function with a TTD
system, and then, to use the OPLL to measure the time delays associated with each delay

line to ensure that the correct phase shift can be recovered after reflection.

In the test setup, a single fiber delay line is clamped between a translation stage and a
fixed stage, and tension is applied to adjust its reflection wavelength such that the center
FBG is aligned at 1549.2 nm. The OPLL is then engaged and its operating point is tuned
such that the two wavelengths are reflected by the center FBG of the delay line. The
reflected signal is then recovered by a PD and measured on the spectrum analyzer (SA).
Fig. 5.9 shows the test setup used; however, in the first portion of the test the recovered
signals are individually input to the SA, not the oscilloscope shown. This allows the

quality of the signal reflected by the FBG to be analyzed.
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Fig. 5.9. Test setup used to measure relative time delays of each FBG delay line.
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The OPLL signal is split via a Gould 3-dB coupler. The heterodyned signals, from both
the reference and delay path, are recovered by two New Focus 45 GHz IR photodetectors.
The amplifiers used are both broadband Agilent amplifiers (Series 83050A) with
approximately 25 dB of gain. The signals are measured on a Tektronix Digital Phosphor

oscilloscope (7 GHz - 20 GS/s). A picture of the actual test set-up is shown in Fig. 5.10.
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Fig. 5.10. Actual test setup used to measure time delays of each FBG delay line.
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Fig. 5.11. Delay path and reference path signal comparison.

Fig. 5.11 shows the resultant signals, one from the reference path and the other from the
delay path. Comparing these two signals, it can be seen that the reflected signal is very
similar to the one recovered from the reference path. The 3-dB bandwidths are the same
and the noise levels are comparable. This confirms that the two wavelengths generated by
the OPLL can be reflected by a fiber Bragg grating without losing the phase coherence

established by the loop feedback.

The time delay measurement portion of the test is done using the same setup shown n
Fig. 5.9. It is carried out at 6.72 GHz since the maximum input frequency of the
oscilloscope used in the measurement is 7 GHz. This is the reason that 6.72 GHz was
chosen as the design point in the calculation of the incremental time delay. This

frequency corresponds to a wavelength spacing of about 54 pm, and is achieved by
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tuning S2 to an offset of 7.5GHz and S1 to 780 MHz. OSA displays of the wavelength

alignment for two FBGs on DL1 are shown in Fig. 5.12.
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Fig. 5.12. Delay-line FBG alignment with wavelengths of OPLL.
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The time delay measurement is based on a comparison between the reference path and
the delay path phases. Comparing the delay path signal to the reference path for each
FBG (three separate operating wavelengths), gives three phase values which will be a
function of the grating position and the path length traveled in the system. The relative
phase of each upper and lower Wa\}elength FBG, with respect to the center FBG, can be
determined by subtracting the individual phases from the center FBG value. Since the
setup uses an identical path for all three wavelength measurements, with the only
difference being the reflection position, subtracting the phase values in this manner

eliminates any effect path length difference has on the observed phase shift.

5.2.1 Measurement Derivation

The electric field for each of the two laser diodes in the OPLL can be represented as

e, (t) = E, cos(awyt +¢,) (5.6a)
e,(t) = E, cos(w,t +¢,) (5.6b)

where E; and E, are the amplitudes (V/m), o, and @, are the angular frequencies (rad/s),

and ¢ and ¢, are the initial phase angles of the electric fields (rad).

When these two fields are beat at a square-law PD the output is
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oy () = e, () + (8] =%(j.r~:1|2 +|E2|2)+ |E,E,|cos[(@, —,)t +, —¢,]+ 2w terms . (5.7)

The first term on the right-hand-side of the equation is a DC term which has no effect on
the output phase and can be neglected. The 2w high frequency terms are well out of
range of the PD bandwidth and can, therefore, also be neglected. The term of interest,

then, is the difference term that generates the microwave frequency.

The OPLL is tuned to one of the three reflection wavelengths of the delay line, say 4,4/,
and this optical signal is split at the optical power divider. Part of the optical signal is

transmitted through the reference path to the oscilloscope input port and can be written as

Vs =k lE,Ez | COS(@Wpp! + Wpr A, + & — ) (5.8)

where Az, is the time taken to propagate along the reference path, Ly ki is gain factor

incorporating the reference path PD and amplifer gain; and w@p. is the microwave

frequency generated from the difference term, o, —w, .

The other part of the optical signal is transmitted along the delay path, reflected by FBG;

and input into the other oscilloscope port. This input can be written as

Vi =k, lE1E2 | COS(Wppt + Wpr AL, + a)RFAtFBGl +¢,—¢,) (5.9)
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where At,, is the time taken to propagate along the delay path, Lyes; k» is a gain factor
incorporating the delay path PD and amplifier gain; and At is the round trip delay

between the circulator and FBGy, as indicated in Fig. 5.9.

A phase difference comparison of the two input signals is done at the oscilloscope, giving

Prs, = Opr (At pgg, + AL, — At ref ) (5.10)

where the initial phase terms have cancelled and the remaining phase angle is a
combination of path length and the position of FBG;. Similarly, for FBG, and FBG3 we

can write

Drag, = Ppr (Al ppg, + ALy — At,.) (5.11a)
¢FBGg = a)RF (AtFBG3 + Atdel - Atref) . (5.1 1b)

Now, using the center grating (FBG,) phase angle as the reference point and subtracting

the other two phase angles from it, we obtain

Ay, = e (Bt gy, — Mt pyi,) (5.12a)
A,y = pr (Al g, — Al gy, ) (5.12b)

where the contribution to the phase from path length is now cancelled. From these two

phase values, and the microwave frequency, @, the time delays

135



(5.13a)
(5.13b)

can be extracted. These represent the amount of time for the round trip between adjacent

FBGs on a single delay line.

All four delay lines were characterized using this experimental method giving two sets of
delay values. One for the lower wavelength FBGs and one for the upper wavelength
FBGs, relative to the center FBG of each delay line. The experimentally measured time
delays are given in Table 5.2, along with the caiculated values. The delay contributed by
the constant spacing, D, has been subtracted from the measurements reported in the table,

and only the amount of additional delay from the increments of AD is given.

Theoretical Experimental Time Delavs Theoretical
Time Delays P Y Time Delays
Lower A\ FBG | Lower AFBG | Center . FBG | Upper AFBG | Upper A FBG
(ps) Aty (ps) At,, (ps) Aty (pS) (Ps)
DLO 0 +0.58 0 -0.08 0
DL1 +34.89 +35.25 0 -34.92 -34.89
DL2 +69.78 +69.67 0 -70.50 -69.78
DL3 +104.67 +104.50 0 -105.17 -104.67

Table 5.2 Measured time delay values.

It is evident that a linear time delay progression is recovered and the experimentally

measured time delays closely match the designed time delay values calculated from (5.4).
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This result shows that an OPLL can be applied to a TTD beamforming system with

successful recovery of the necessary time delays for beam steering [88].
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Fig. 5.13. Time delay progression of the measured delay values.

The measured time delays are plotted as a function of wavelength in Fig. 5.13. The even
temporal spacing of each upper and lower FBG away from the center FBG is represented
by the linearity of the individual traces. The linear time delay progression is represented

by the consistent step in slope apparent from one delay line plot to the next.
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5.2.2 Antenna Radiation Patterns

Simulated antenna radiation patterns can be generated from the recovered time delay
progressions. The broadside pattern will be generated from the center gratings, which

have zero relative time delay. This output pattern is shown in Fig. 5.14(a).

150,

180
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Fig. 5.14(a). Simulated radiation pattern generated from the experimentally measured

time delay progression for: Center wavelength delays = broadside beam.
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Fig. 5.14. Simulated radiation patterns generated from the experimentally measured time
delay progressions for (b) Lower wavelength delays - +28° beam; and (c) Upper

wavelength delays > -28° beam.
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The lower and upper wavelength delay progressions generate the radiation patterns seen
in Fig. 5.14 (b) and (c), respectively. The delay progression was designed to give a
steering angle of approximately #28° from broadside. It can be seen that the

experimentally measured time delays do, in fact, generate the designed steering angle.

5.3 Summary

The TTD beamforming module was presented in this chapter. The incremental FBG
spacing on each delay line was calculated and the FBG fabrication technique used in this
project was outlined. Transmission and reflection spectra were introduced to show the
quality of the FBG-based delay lines in terms of spectral width, reflection strength and
spectral spacing. Some difficulties encountered throughout the project were also
presented. The measurement technique used to determine the time delays associated with
each delay line was introduced and the time delays generated by the application of the
OPLL to the TTD system were reported. These results were then analyzed by plotting the
delay versus wavelength curve and simulating the generated antenna radiation patterns.
The generated time delays were found to agree well with the designed values and the

simulated radiation patterns did, in fact, produce the expected £28° steering angle.
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Chapter 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The main objectives of this research project were to develop an optical-heterodyne dual-
wavelength source suitable for application in a photonic TTD beamforming system; to
design and fabricate an FBG-based TTD beamforming module; and to measure the time
delays generated by applying the optical-heterodyne source to the TTD module. Each of
these objectives was successfully accomplished throughout the course of this project. The
heterodyne source was implemented in the form of a discriminator-aided optical phase-
lock loop. It is believed that this result marks the first time that a dual-wavelength optical

phase-lock loop has been applied in this type of FBG-based TTD system.

In Chapter 2, the theory associated with phased-array antennas and fiber Bragg gratings
was presented, and the benefits of using a photonic true time-delay module as the feed
network for a PAA were detailed. The theoretical model for a linear PAA was presented,
including the derivation of the normalized array factor for an N-element linear array. This
chapter also discussed several FBG fabrication techniques, including the phase mask
technique used in this project, and introduced the concept of photosensitizing a standard

single-mode fiber through hydrogen-loading.
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Chapter 3 introduced several techniques of optically generating microwave signals in
radio-over-fiber applications and presented a theoretical overview of the concept of
optical heterodyning. The theoretical operation of an OPLL was also presented along
with its transfer function and operating parameters. The operation of a delay-line
frequency discriminator was also introduced and the effects of laser linewidth on OPLL

performance were discussed.

In Chapter 4, the operation of the frequency discriminator-aided OPLL system was
discussed along with the new frequency down-conversion module implemented in this
project. An analysis of this module’s contribution to the phase noise of the system was
carried out. The frequency discriminator redesign and calibration was also outlined and
its performance was analyzed. This chapter presented the performance achieved by the
discriminator-aided OPLL with down-conversion in terms of linewidth and frequency

stability, and analyzed the effects of additional loop delay on the system.

The TTD beamforming module was presented in Chapter 5. The incremental FBG
spacing on each delay line was calculated and the FBG fabrication technique was
outlined. Transmission and reflection spectra were given to show the quality of the FBG-
based delay lines in terms of spectral width, reflection strength and spectral spacing.
Some difficulties encountered throughout the project were also presented. Finally, the
measured time delays generated by the application of the OPLL to the TTD system were
reported, along with simulations of the generated antenna radiation patterns. These results

were found to agree well with the calculated values.
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6.2 Future Work

This research project explored the design and fabrication of discrete FBG delay lines for
application with a discriminator-aided OPLL source. This type of TTD system is capable
of generating only discrete steering angles limited by the number of FBGs written on
each delay line. One extension to this design would be to use a continuous TTD
beamforming system that employed chirped FBGs rather than uniform FBGs. This
arrangement would allow the main-lobe of the antenna to be steered through a continuous
range of angles rather than simply the discrete angles achieved here. Such a system could
be fabricated with a chirped phase mask in place of the uniform phase mask used in this

project with the time delays being measured in much the same setup.

Another area for possible future work is with the optical source itself. The OPLL’s
microwave output signal can be improved in both phase noise performance and frequency
tunability. One way to improve the phase noise performance is to combine the optical
components in a photonic integrated circuit. This would shorten the critical loop delay for
the feedback and help further suppress the laser diode phase noise. Integrating the optical
components also requires the laser diodes to be specifically designed. This would allow
them to be designed with a wider wavelength tuning characteristic which would give
more flexibility in the design of a TTD module, as the FBGs would not have to be as

closely spaced. This would, in turn, allow a wider range of steering angles to be achieved.
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Being able to specifically design the laser wavelength tuning characteristic would also
offer the possibility of using current tuning rather than temperature tuning to adjust the
microwave frequency output. This would allow much faster sweeping of the output
frequency since current-controlled wavelength tuning has a faster response time than the

relatively slower temperature tuning response.

Another possible extension for the OPLL would be to modulate its output with a data
signal. The data would be modulated onto one of the OPLL wavelengths, the modulated
carrier would be sent through the TTD module and the data signal recovered at the
output. This experiment would require further attention to the spectral width of each

FBG, as now, one of the carriers has sidebands that must also be reflected by each FBG.

The variety of possibilities for further work on this system makes it a very interesting

application for future research.
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