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Photonic microwave receivers take advantage of optical components and techniques to de-
tect, transmit, and process microwave signals. These systems are able to take advantage of low-
loss fiber-optic transmission in situations where coaxial cables would be prohibitively lossy, and
are able to make use of integrated optical components that are much smaller and lighter than their
microwave counterparts. Additionally, optical techniques can enable signal processing opera-
tions that are either difficult or impossible to perform using electrical methods. For these systems
to work, an electrical-to-optical converter must be implemented to convert incoming microwave
signals to the optical domain. A common method for this electrical-to-optical conversion is to
make use of an electro-optic material, wherein the optical refractive index is modulated by the
microwave electric field. These electro-optic modulators are commercially available in a variety
of configurations with microwave bandwidths in the tens of gigahertz. Once the microwave sig-
nal is converted, other commercial optical components (filters, splitters, etc.) can be introduced

to further process the signal, which is ultimately converted back to the electrical domain via



photo-detection. At the system level, novel techniques for combining commercial components
to perform advanced signal processing are rapidly emerging. At the device level, new chip-scale
techniques for performing electro-optic modulation are also being developed. Some of these
techniques involve using well known electro-optic materials in new ways, while others involve
exploring lesser known materials and investigating their performance.

In this thesis I will discuss experiments at both the system and device level. At the system
level, I implemented a photonic down-converting I/Q mixer using commercial microwave and
optical components. The system uses an electro-optic modulator that simultaneously converts
both a microwave signal and local oscillator (LO) to the optical regime, where careful filtering
and photo-detection of the optical signal produces two output electrical signals at an intermediate
frequency that is the difference between the original LO and microwave frequencies. These two
outputs are identical, except that they differ in phase by 90 degrees. This lower frequency output
allows for easier digitization of the electrical signal, and the phase diversity of the outputs allows
for further signal processing to be performed in the electrical domain.

At the device level, I designed, fabricated, and characterized an on-chip metal-free doubly-
resonant electro-optic modulator using aluminum nitride (AIN) as the electro-optic material. Alu-
minum nitride is a wide band gap material with a significant electro-optic response, allowing for
low-loss optical transmission over a large bandwidth. Additionally, AIN is significantly easier
to work with than other electro-optic materials such as the popular lithium niobate. The doubly
resonant device design discussed here takes advantage of the electric field buildup that occurs in
resonant structures. In the microwave regime, a high-epsilon dielectric resonator antenna (DRA)
is used to enhance the field strength of incoming microwave radiation as well as change the direc-

tion of the incident field. This DRA is placed atop an optical resonator fabricated in AIN on-chip,



where the enhanced microwave near field of the DRA is allowed to interact with the built up
optical field in the AIN resonator. This double resonance allows for a significant enhancement
in the strength of the conversion from electrical to optical. This device also boasts an entirely
metal-free composition, which allows for greater immunity against electromagnetic attack than

conventional antenna structures.
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Chapter 1: Introduction

1.1 Overview of microwave photonics

Microwave photonic (MWP) systems operate by converting microwave frequency electrical
signals to the optical domain. Once converted, these signals can then take advantage of low-
loss fiber optic transmission, as well as optical techniques for signal processing that may be
either difficult or impossible to duplicate electrically. The advantage of fiber optic transmission
becomes especially apparent over distances where the weight and loss characteristics of optical
fiber greatly outperform standard coaxial cables [2]. Additionally, optical fibers have a much
larger bandwidth than coaxial cables, allowing for multiple frequency multiplexed signals to be
transmitted simultaneously. MWP systems are also inherently more immune to electromagnetic
interference than electrical microwave systems.

Electro-optic modulation is a popular way of converting microwave signals to the optical
domain and Figure 1.1 shows a schematic of a typical MWP link using this method. Electro-optic
modulators are made from a material with a significant second order-nonlinear susceptibility.
Within these materials, the refractive index of a traveling optical wave is modified by the elec-
tric field of a microwave signal. Lithium niobate (LiNbOj3) is a popular choice of electro-optic
material, as it has a strong second order response, and allows for low loss optical transmission

at wavelengths used for telecommunications. Most commercially available LiNbO3 modulators
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Figure 1.1: Schematic of a typical MWP link using electro-optics to convert from microwave
to optical. Microwave and optical waves are combined in an electro-optic device to produce
the converted microwave signal, which is then free to propagate along optical fiber before being
converted back to a microwave signal via photodetection.

make use of titanium diffusion or annealed proton exchange to form optical waveguides within
bulk LiNbOj3 substrates [3]. These processes are in general not CMOS compatible, and produce
waveguides that are very weakly guiding and thus require the electrodes carrying the microwave
signal to be placed far from the optical waveguides to prevent conductive loss [4]. This results
in weaker microwave electric fields in the lithium niobate waveguides, necessitating that the in-
teraction length be on the order of a centimeter or more. Recently, chip-scale thin film LiNbOj3
modulators have been reported with operating frequencies up to 110 GHz [5, 6]. However these
devices require either crystal ion slicing [7, 8] or precise backside polishing [9] each of which
are challenging. Additionally, dry etching of LiNbOj3 can be difficult [10], and often involves
ion milling [11]. Sputtered aluminum nitride (AIN) provides a promising alternative to lithium
niobate due to less challenging preparation and patterning techniques [12], and will be discussed

in depth in chapter 3.



1.2 The electro-optic effect

In an electo-optic material, the refractive index of light propagating through the material
is modified by an external electric field. To understand this phenomenon, we begin with the

displacement field D

D=¢E+P (1.1)

where E is the vector electric field and P is the material polarization. In the simplest case, P is
directly proportional to the electric field and we have that P = ¢, xE where the susceptibility x
is a scalar constant. In the more general anisotropic (but still linear) case P = ¢yx"E, where
x is a second rank tensor. Here the superscript (1) is used to denote that the susceptibility is
first order (linear), and is not used to denote exponentiation. In the linear case, the relationship

between polarization and electric field can be easily represented with matrices as shown below:

1 1 1
Py Xgl) X§2) X§3) Ey
_ 1 1 1
Pyl =€ Xgl) Xé2) Xé?)) Ey (1.2)
Py X5y x| | B

where subscripts 1, 2, and 3 refer to three orthogonal unit vectors. In general, the susceptibility

need not be linear. In this case we have the following equation for polarization:

P = ¢o(x"VE + x\?EE + y\YEEE + ..)) (1.3)



where \(™) represents the n'" order susceptibility and is a tensor of rank n + 1. The contribution
to the polarization from the higher order susceptibility tensors cannot easily be represented with

matrices. As a result we will adopt the following notation for P:

P, = eo(XitEx + Xiti ExEr + Xikim ExE1Em + .. .) (1.4)

where 7, k, [, and m each take on values of 1, 2, or 3, and Einstein summation convention is used.
The superscript labels are now unnecessary as well, as x(™ must have exactly n + 1 subscripts.
The electro-optic effect arises from the second order susceptibility, so we will consider only first
and second order contributions to the polarization from now on.

We will now consider the case where E consists of a monochromatic plane wave, and an

external DC electric field. We then have

E(r,t) = [%A(r,w)ej(“’t_“'r) + O.C.] + E(0) (1.5)
P(r,t) = {%P(r,w)ej(”t“'r) + C.C.] + P(0) (1.6)

where C.C. denotes the complex conjugate, r reperesents the location in space, and « is the wave
vector at frequency w. By choosing this form for the electric field and polarization, we have
chosen to restrict our focus to the field oscillating at frequency w and neglect other frequency

terms. In general the n'" order susceptibility is a function of the n frequencies of its associated



electric fields:

Xik = Xik(—w,w) (1.7)

Xikl — Xikl(_w?); w17w2) (1.8)

where the argument prior to the semicolon is the negative of the oscillation frequency of the re-
sulting term and is chosen such that the sum of all n+ 1 arguments is 0 (e.g. the ki (—ws; w1, w2)
term oscillates at frequency ws = w; + w9 ). It is important to note that in general the nonlin-
ear susceptibility tensors are not uniquely defined. In order to avoid ambiguity in their defini-
tions, we enforce intrinsic permutation symmetry. That is we enforce that x;(—ws; wy,wy) =

Xk (—ws; wa, wy ). This leads to a degeneracy factor K (—ws;w,ws) in the polarization:

K (—ws; wy,wy) = P(20Hm=2) (1.9)
P = # of distinct permutations of wy, wy

m = # of input frequencies that are 0

Oifws =0
| =
1 otherwise
We then have
Py(r,w) = € [xin(—w; w) Ap(r, w) + 2xi0 (—w; w, 0) Ax(r, w) Ey(0)] (1.10)

Di(r,w) = ¢ [Ai(r,w) + Xir(—w; w) Ag(r,w) + 2Xip(—w; w, 0) Ag(r, w) E;(0)] (1.11)



We can factor Ag(r,w) out of equation 1.11 yielding
Di(r,w) = € [0ix + Xir(—w; w) + 2xix(—w; w, 0) E;(0)] Ag(r,w) (1.12)

where d;, = 1if ¢ = k and 0 otherwise. Here €q(0;x + Xi(—w;w)) is the familiar linear per-
mittivity tensor e(!) of the material. The term 2¢ Y (—w;w, 0)E;(0) = Je can then be viewed
as the electro-optic change in the permittivity tensor: € = ) + de. Since in general the electric
field need not be perpendicular to the propagation direction «, it is convenient to convert from
E to D using E = ¢~ !'D as D must perpendicular to both x and magnetic field B according to

Maxwell’s equations. We then define

n=mnY +n) = ee? (1.13)

onir = Tt £1(0) (1.14)

where (1) = ¢y(e))~! and the tensor 7 is known as the electro-optic tensor. Using that (n") 4

on) [(n(l))_l + f—(j = I where [ is the identity matrix, we have
N 4o O] =0 (1.15)

where we have neglected the term on the order of 52 under the assumption that the electro-optic

change is small compared to the linear case. Solving for 7 we have

e
on = —n—nW (1.16)



by appropriate choice of coordinates, we can ensure that ) is diagonal with 775,1) = ‘;—5 where

n? = i—o Therefore

(2

51 — . Oit O€tm Om
ik = n; e nZ
_ 2xm(~wiw, 0)E(0) (1.17)

2.2
n;ny,

and

2X ik (—w; w, 0)
ning

(1.18)

Tikl = —

If the material in question is lossless, it follows that 17 must be real and symmetric. Thus 07;;, =
Onw; and r;,; = 7. This allows us to contract the indices ¢ and % into one index m ranging from

1 to 6. The relationship between the indices is as follows:

11 12 13 1 6 5
ik=121 22 23| < |6 2 4| =m (1.19)
31 32 33 5 4 3

1.2.1 Crystallographic symmetry

In principle, the second order susceptibility has 27 elements: three for each of its indices.
In reality however, the form of the susceptibility is restricted by the symmetry of the material
in question. This means that if the material appears identical after unitary transformation R, the

susceptibility must also be identical after transformation by 2. Here R can be represented by a



3x3 matrix, and applying R to the susceptibility is done by applying the rotation identically for

each index of y:

Xir = RiRimXim (1.20)

Xirt = Rim Rin RioXmno (1.21)

One important consequence of this is that, for any centrosymmetric material, the second order

susceptibility must be 0. This is because for a centrosymmetric transformation

-1 0 0
R=10 -1 0 (1.22)
0 0 -1
Ry, = =0 (1.23)
and therefore x%;; = — Xk = Xk, meaning y;x; = 0. Among the remaining non-centrosymmetric

crystal groups, other symmetries may reduce the number of unique terms. Table 1.1 shows the
form of the contracted electro-optic tensor r for the allowed crystal symmetry groups. It is worth
noting that while this analysis is valid for the material bulk, crystal symmetries can be broken
by material interfaces and the electro-optic effect has been reported at the interface of otherwise

amorphous material [13].
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with permission from Thomas E. Murphy’s lecture notes, unpublished



1.2.2 Phase modulation

Using the electro-optic effect, we are able to modify the phase shift experienced by a wave
as it propagates through a given length L of electro-optic material. Let us choose the following

labels for our basis vectors:

(z,y,2) < (1,2,3) (1.24)

For simplicity, we begin with a plane wave linearly polarized in the y direction, and propagating
in the x direction. We will further assume that we have chosen z, y and z such that 7 is diagonal.

Finally, we include an external DC electric field £ in the 2 direction. We then have

E(z,t) = §B,el“ot=ror) (1.25)
2
Ko = 2mny (W) (1.26)
Ao
where wy = 2mfy, fo is the frequency of oscillation, A\, is the wavelength, and n,(wy) =

\/ €y (wo)/€o 1s the material refractive index for the y-polarized wave. Here since the input optical
field is monochromatic, we have adopted phasor notation. We may then write n,(wp) in terms of

1y using equation 1.13:

N|=

ny(wo) = [nS" (wo) + 1y (wo)] (1.27)

10



(1) (1)

where 7, ’ (wo) represents 7 in the absence of an external DC field and 7y ' (wy) = —37—

1
(ny")?

cases, 0n < 1 and we may simplify the exponent using Taylor expansion. This yields

(1)

n,(wo) = nV 1_1M]
() [ Linn)

The phase shift § accumulated by F, as it passes from x = 0 to x = L is then

1
_ 27m§ 'L n 2mon, L

0 =0y + 00
Ao Ao ’
(1)
6y = 2mny 'L
Ao
2mon, L
00 = Y
Ao

This allows us to control the output phase by controlling the DC electric field.

. In most

(1.28)

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)

Now suppose that the external electric field is not DC, but instead oscillates at some mi-

crowave frequency 2 < wy:

EO = AO sm(Qt + ¢)

(1.34)

where ¢ is some phase offset. Provided L. < A\ where \q, is the microwave wavelength, it is

11



sufficient to add a simple sinusoidal dependence to d6:

0 = 0y — 00 sin(Qt + ¢) (1.35)
00 = 7;—L(ng))?’on (1.36)
0

We then have that after traveling distance L
E(L,t) = gEyej(wot)efﬁoejwn sin(Qt+¢) (1.37)

By applying the well known Jacobi-Anger expansion, we can decompose this time varying phase

into a series of frequency components:

oI008 sin(Q+¢) _ Z Jo(800) el He) (1.38)

n=—oo

Where J,, is the n'* order Bessel function of the first kind. Since we have assumed 66, < 1, we

can expand these Bessel functions to first order in 06, yielding

ejé@g sin(Qt+¢) _ 1+ M%(ej(ﬂt—i-qb) _ e—j(QH—(b)) (139)

By plugging equation 1.39 into equation 1.37 we can see that E(L, ¢) consists of three distinct

12



frequency components:

wo (1.40)
wy = wp + O (1.41)
w_ =wy— 2 (1.42)

The newfound components at w, and w_ are referred to as modulation sidebands, and their
amplitudes are directly proportional to the microwave electric field, provided the field strength

remains weak so as to not violate our assumption that 66 < 1.

1.2.3 Intensity modulation

Although modulating the phase of light with an external microwave frequency field pro-
duces modulation sidebands on the optical signal, a standard photodetector will not detect mod-
ulation of the phase alone. This is because, for a standard photodetector, the photocurrent is

proportional to the optical power incident on the detector.

I(t) = RIE@t)? (1.43)

where I(t) is the output photocurrent, |F(t)|? is the optical power incident on the detector, and

R is the detector responsivity. Plugging equation 1.37 into equation 1.43 we see that

I(t) = RIE(L,t)|* = R|E,|? (1.44)
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+60,,sin(Qt+¢)
Eout
< Splitter MZM  Combiner—»>4+———
Laser IR Photodetector
(E) (I(2))

Figure 1.2: Schematic diagram of an MZM device.
and photodection of a phase modulated signal yields a DC photocurrent, just as though the field
had not been modulated at all. If one wants to detect a signal at frequency €2 one needs to convert
the phase modulation to intensity modulation. One common way of converting phase modulation
of an optical field to intensity modulation is via a Mach-Zehnder modulator (MZM). Figure 1.2
shows a schematic of an MZM device, which splits the optical path into two arms, applies an
equal but opposite microwave electric field to each arm, then recombines the optical fields. A
separate DC electric field applied to only one arm is used to control the relative phase of the two

arms. Mathematically we can represent each step of this process via matrices:

1 760 sin(Q2t+¢)+bpc) 0 1 |1
Eout = <_ |:1 j:| ) = Ezn (145)
\/§ 0 e —J00q sin(Qt+¢) \/5 j
combiner
phas;rshifts spﬁger

14



where Opc represents the relative phase of the two arms controlled by the DC field. Then

B, = Ein {ejeoc [1 + &%@j(mw) — ej(mw))] — [1 — %(ej(mm) + ej(Qt+¢>)):| }

2 2
(1.46)
J9%c 0 06 0 . .
=Eje 2 {j sin (%) + TQ cos (%) [ (40) _ =i (0+)] } (1.47)
and the photocurrent
0
10 = BBl = RIEW {sin? () + dtosin@)sin@i )b 148)

Here we can see that for the right choice of fpc, we do obtain a photocurrent oscillating at
frequency (2. To maximize this photocurrent, we should apply a DC electric field such that

Opc = 5. This is known as biasing the modulator at quadrature.

1.2.4 Nonlinear wave equation

In the case that the microwave wavelength and the interaction length L are comparable, it is
no longer sufficient to describe 46, as in equation 1.36. In this case, we must from the beginning
consider an electric field consisting of three frequency components along with the microwave

electric field

1 ‘ . )
E(x,t) = 5 [Ag(x,wo)ej(wot_“ox) + Ay (z,wp)ed@rtmrn) LA (g w el @-tmree) 4 C.Cly

+ = [-jAa(z, Q)Y + C.C] 2 (1.49)

1
2
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where w4 ) are defined in equations 1.40-1.42, and k(4 ) = A((ﬁn - = 2042 where

A(0,+,—) is the optical wavelength and ¢ =

1 . . .
Jioe 18 the speed of light in vacuum. Here we have
again abandoned phasor notation and for simplicity we will assume that the material in question

is non-magnetic (u = o) and the refractive index n is constant over the frequency range of

interest. Then from Maxwell’s equations, we have

9°D
V xVx E=/py T (1.50)
D = ¢E + P® (1.51)

where € includes contributions from the linear susceptibility. Separating terms by frequency and
assuming that the A(z) are slowly varying such that 2 (2 Y <k ( )| equation 1.50 yields the

following coupled differential equations:

04T w0) _ o [Xyye (—wo, i, —Q) Ay (2, w, ) Ay (z, Q)e I e o)

ox 2nc
— Xyyz(—wo, w_, Q) A_(x,w_)Ag(z, Q)e’j(”"“)x] (1.52)
8A+(.T,W+) Wy ik — e\
S = o X (Wi wo, Q) Ao, wo) Aa(w, Q)e 0T (1.53)
0A_(r,w_) w_ . it e
T o X (T wo, Q) Ao (x, wo) A (w, Q)e I (154)
Provided the modulation is weak, we can assume W ~ 0as A ) < Ap. Additionally,

for 1 < wp, we can assume w; ~ w_ ~ wy and Xyy.(—wi, wo, ) & Xyy:(—w_,wp, —Q) &
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Xyy=(—wo,wo, 0). Then

9Ao(x, wo) _ 0 (1.55)
ox
0A, (r,w won? 4
+éx +) = ZC TQng(O,Wo)AQ(x,Q)ejAKI (156)
OA_(z,w_ won® . _jARa
éx ) = — ZC TQgAQ(O,OJO)AQ(ZL‘,Q)€ in (157)
Where Ax = ko — ki = —(ko — £iy) = F2. Assuming A, (0,w;) = A_(0,w_) = 0, we can

integrate to find solutions after propagation length L in terms of Ay (0,wp) and Aq(0, Q)

won® L '
A (Lyw,) = 79340(0, wp) / Ag(x, Q)e?  dy (1.58)
¢ 0
w0n3 L * —jA
A (z,w ) =— ” ro3A0(0,wp) [ Ag(x,Q)e /=" dx (1.59)
0

If we further assume that A(x, Q) is uniform in x, this yields

won® iant . [(ARKL
A+(L,W+) = 2AZ4cr23AO(O’w0)AQ(O7 Q)e 2 sIn ( 5 > (160)
3 JAKL A L
A_(Lyw_) = —22‘:{20@3140(0,%)145(0, Q)e "% sin( ; ) (1.61)

Here we see that the amplitudes of the sidebands at w(; _) do not depend linearly on L when L
and A\, are comparable. In the case that L < A, the sideband amplitudes in equations 1.60 and

1.61 agree with those found in equation 1.39, albeit with a minor difference in phase.
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Chapter 2: Microwave photonics at the system level: I/Q down-conversion mixer

with image rejection capability

In this chapter I will discuss the design and characterization of the microwave photonic I/Q
down-conversion mixer described in [1]. I/Q down-conversion involves mixing of an incoming
microwave signal at frequency fs and a local oscillator (LO) at frequency f; to two outputs at
intermediate frequency (IF) fir = |fs — fo|. These two outputs are copies that differ in phase
by 90 degrees, and we refer to one as the in-phase (I) signal and the other as the quadrature (Q)

signal.

2.1 Down-conversion

The primary advantage of down-converting microwave signals is easier digitization of the
signal of interest. Additionally, down-conversion can be used to separate broadband microwave
transmissions into smaller, lower-frequency channels for separate processing and digitization.
While electrical down-conversion methods exist, microwave photonic mixers have many advan-
tages over their electrical counterparts. As discussed in chapter 1, microwave photonic systems
can make use of low-loss optical fiber transmission. This allows for the receiver to be located far
from the signal processing location without incurring excessive loss from transmission over coax-

ial cable. Additionally, microwave photonic systems are much more resistant to electromagnetic
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interference (EMI) and they boast wideband tunability and large instantaneous bandwidths.
Figure 2.1 shows schematic diagrams of three possible microwave photonic down-conversion

techniques. While it is possible to achieve microwave photonic down-conversion using an optical
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() Photodetector
LO
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Figure 2.1: a) Schematic diagram of a microwave photonic down-conversion system utilizing an
optical LO. b) Schematic diagram of a microwave photonic down-conversion system utilizing
two cascaded MZMs. c¢) Schematic diagram of a microwave photonic down-conversion system
utilizing two cascaded PMs.

local oscillator as shown in figure 2.1a, this technique requires two lasers that are carefully locked

together. To avoid the need for locked lasers, it is possible to achieve microwave photonic down-

conversion with a single laser by utilizing two Mach-Zehnder intensity modulators (MZMs) in



series [14] as shown in figure 2.1b or two MZMs in parallel followed by a balanced photodetec-
tor [15]. However these methods necessitate precise control of two bias voltages to ensure the
two modulators are operating at the proper bias points. While it is possible to achieve single laser
down-conversion with only a single MZM [16], this requires electrical addition of the signal and
LO prior to modulation which can be difficult to achieve at high frequencies and bandwidths. To
alleviate the need for carefully controlled bias voltages, down-conversion has also been achieved
by two cascaded phase modulators followed by careful optical filtering [17] as shown in figure
2.1c.

More complex modulator structures have also been used to implement photonic down-
conversion. Techniques have been reported using two I/Q modulators in parallel followed by
digital signal processing [18, 19]. However these techniques require careful preparation of the
signal and LO prior to modulation. Techniques for down-conversion using a single dual-drive
Mach-Zehnder modulator (DDMZM) [20], or two DDMZMs in parallel [21] have also been
demonstrated. In a DDMZM, rather than both arms of the device being driven by the same
input, one arm is driven by the LO while the other is driven by the signal. As a result the device
operates as two parallel phase modulators, with a relative phase delay controlled by the DDMZM
bias point. Designs using dual-parallel Mach-Zehnder modulators (DPMZM), which behave
similarly to two MZMs in parallel with a relative phase delay controlled by DC bias, have also
been shown [22]. Microwave down-conversion mixers with phase shifting capability have also
been demonstrated [23—25]. However, none of these systems address the image problem inherent

to down-conversion processes.
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2.1.1 The image problem and image rejection.

Figure 2.2a shows a schematic of the input and output spectra of a down-conversion mixer.

Because the intermediate frequency is the absolute difference of the signal and LO frequencies,

a) Input Output b) Input Output
Mixer Mixer
f‘F : fllF fllF I
> «—> ‘—r‘—‘l
]
A Je= 1=l Lo S Je= =Sl = 15 - ol
C) Input Output
BPF
r = "
I I Mixer
|
I ||
| 1 1
ot S Je= 1A
d) | output Signal output
Input
l > >
1/Q
mixer 900 Je= -1
' hybrid
| Q output Image output
> >
]
- - |
A | |
Je =14l

Figure 2.2: a) Schematic input and output spectra for a down-conversion mixer with only signal
and LO present. b) Schematic input and output spectra for a down-conversion mixer with an
image also present, showing interference at the output. c) Schematic input and output spectra for
a down-conversion mixer showing a BPF that filters out the image. d) Schematic input and output
spectra for an I/(¢) down-conversion mixer showing separation of the IF contributions from image
and signal into separate outputs.

fir = |fs — fol, there are two signal frequencies for any given LO that will produce the same IF
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output:

Ji=fie + fo 2.1

fo=fie— fo 2.2)

where if f; is the frequency of the signal of interest we refer to f, as the image frequency and
vice versa. Once overlapped in frequency at the output of the mixer as shown in figure 2.2b,
contributions from the signal of interest and image can not be separated by filtering of the output.
One solution to this problem is to simply use a band pass filter (BPF) at the microwave input
to eliminate interference from the image as shown in figure 2.2c, but this method necessarily
reduces the receiver bandwidth as only frequencies within the pass band can be down-converted.
However, given I and Q outputs as shown in figure 2.2d, the well known Hartley architecture
can be used to separate the contributions from the signal and image into separate outputs of a 90
degree electrical hybrid [26].

Several methods for microwave photonic I/Q down-conversion and image rejection have
been reported [27]. A straightforward way to achieve this is to duplicate the microwave input
and/or LO with a 90 degree phase shift added to one of the duplicates [17,28,29]. However, this
method requires a 90 degree electrical phase shift at high frequencies, and necessarily increases
system size, weight, and power consumption. Methods making use of multiple lasers have also
been reported [30, 31], but these have the drawback of requiring careful simultaneous tuning
of the two laser sources. Methods making use of a 90 degree optical hybrid have also been
reported [32-37], which take advantage of balanced photodetection to reduce the effect of mixing

spurs. Methods making use of a combination of polarization control and/or bias control have been
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reported extensively [38—42], all of which require multiple carefully controlled set points.

2.2 Asymmetric Mach-Zehnder interferometer based down-conversion mixer

with image rejection capability

In this section I will discuss in detail the mixer design reported in [1], which makes use of
a single DDMZM followed by a band pass filter and asymmetric Mach-Zehnder interferometer.
In principle this design requires only one carefully controlled bias point for operation, boasting
reduced system complexity. Additionally, in [1] we demonstrated down-conversion and demod-
ulation of a 1 Gbaud QPSK data modulated signal in the presence of a strong interfering image

tone, confirming wideband operation.

2.2.1 Theory of operation

Fig. 2.3a shows a schematic diagram of the system design. Light from a laser source is

) = -
_:i; Bias (6) I Bias (4)

s T A 90° hybrid
~_ —»lil—» —>IF1(Q, )
DDMZM NEaW >
~_ | ! AMZI
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Figure 2.3: a) schematic diagram of the mixer system. b) optical spectrum at the output of the
OBPF with OBPF and AMZI transfer functions overlaid. [1]
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sent through a DDMZM, where the light is split evenly into two arms. In the lower arm the phase
of the light is modulated by the microwave LO Viower = Vj sin(€2pt) where V; is the LO voltage
at frequency fy, = /27, while in the upper arm it is modulated by the microwave signal and
image Vipper = V1 sin(4t) + V5 sin(2ot) where V] is the signal voltage at frequency f1 = € /27
and Vj is the image voltage at frequency fo = 5/27. A DC bias voltage applied to the upper
arm induces an overall phase shift § between the two arms before they are recombined at the
output of the DDMZM. We define the optical field from the laser as a;, () = /Pye’*! where B

is the optical power. We then describe the DDMZM output as follows:

1 6j[ml sin(Q1t)+mg sin(Q2t)+6] 0 1 1
appmzm(t) = 73 [1 j} 7 an(t) (23
. - , 0 ejmo sin(Qot) ]
combiner -~ )
modulation splitter
amov(t) = vV Fy ot { pdlm sin(Qu)+mo sin(Qat)+6] _ ,jmo sin(QOt)} 2.4)
2

where m; = 7V /V is the modulation depth corresponding to each of the three inputs. Applying
the Jacobi-Anger expansion to equation 2.4 yields
NI & > . > .
aDD(t> _ _Oejwt 636‘ Z Z Jk(ml)Jé(m2>€](k91+Z92)t . Z Jn(mo)eanot (25)

2

k=—00f=—00 n=-—00

where J,,(m) is the n'™ order Bessel function of the first kind. To reduce the effect of second order
distortion on the output, an optical band pass filter (OBPF) immediately following the DDMZM
extinguishes all frequencies in equation 2.5 with |n| > 1 or |k + ¢| > 1. If we further assume

that mq, ms < 1 we can expand the remaining terms in equation 2.5 to first order in m; and ms,
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yielding:

1
-y Jn(mo)eﬂ'nﬂot] (2.6)

Figure 2.3b shows the optical spectrum at the output of the OBPF, and the superposed black
dashed curve shows the transfer function of the OBPF. After the OBPF, the light is passed through
an asymmetric Mach-Zehnder interferometer (AMZI) fiber-delay filter. This splits the light into
two paths, one of which is delayed by time 7 before recombining them. The AMZI yields two

complementary outputs A and B, the spectral transfer function of which are as follows:

ta(w') = sin {W} 2.7)
tp(w") = cos [W} (2.8)

where ¢ is controlled by a DC bias voltage. The power transmission |¢;(w)|? in each arm as
a function of frequency is superposed in figure 2.3b. This power transmission is periodic in
frequency with period 1/7, which we refer to as the free spectral range (FSR) of the AMZI. The
AMZI FSR and ¢ are then chosen such that t4(w + §2y) = tg(w — Q) = 1, which directs the

upper LO sideband to port A, and the lower LO sideband to port B. This is equivalent to imposing
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the following conditions on ¢ and 7:

(2.9)

QUT =

N ol

+ 4mq (2.10)

where ¢ is some integer. The output optical field in each path can then be described as follows:

VE ol 1 Q 4 0 ,
aa(t) = Toe]‘”t{eja {E + cos ( 1207—> %eﬂﬂlt + sin < 1207—> %eﬁﬂlt o

Q , Q ,
+ cos ( 220T) %eﬂﬂ?t + sin ( 2207) %emﬁ]

_ {JO(\/_”;(J) N J1<m0)ej90t} } @.11)
ap(t) = @em{eﬁ {% — sin (91207) %emlt — cos (QZOT) %e_jglt o

— sin ((22207') %em?t — cos (92207—) %e_m?t} o

B {Jof/Tgo) B J1<m0)ejﬂot:| } (2.12)

where €219 = 21 — Qg and (59 = 25— represent the angular frequencies of the down-converted

signal and image, respectively. photodetection of a4(t) and ap(t) produces photocurrents at
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frequency 2o and $25:

ia(t) = —RP04J1(mo) [ 1COS ( 1207—> cos (ot +0) ...
Qg()T
+ My cos —5 | cos (Qa0t + 0) (2.13)
ZB(t) _ —RPO4‘]1(mO> |:m1 S (%) CoS (Ql()t o 0)
Qa0
+ My cos —5 | cos (Qoot — 0) (2.14)

where R is the photodetector responsivity and we have omitted terms that do not oscillate at
either {21y or €2og. If we assume that €2; and {2, are spaced evenly to either side of (), that is

Ql — QO = QO — QQ = QIF we obtain

iat) = w cos (QI;T) [my cos (et + 0) 4+ mg cos (Qrt — 0)] (2.15)
—RP, Q
in(t) = %ﬂmo) cos ( IQFT> [my cos (gt — 6) + mo cos (St + 6)] (2.16)

The terms in equations 2.15 and 2.16 that are proportional to m; represent the down-converted
signal, while the terms proportional to m, represent the down-converted image which is down-
converted to the same IF frequency. Here we can see that the phase of the down-converted signal
in i4(t) leads its counterpart in i5(t) by 26, where the down-converted image lags behind by the
same amount. If we choose § = 7 /4, these components will be 90 degrees out of phase, yielding

I and Q photocurrents at the IF. Passing i 4(¢) and i(t) through a 90 degree electrical hybrid, we
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obtain two output currents (IF1,IF2):

1
IF1 = —=[ia(t) + i5(t 2.17
\/5[ a(t) +ip(t)] (2.17)

1
IF2 = E[Z’A(t) +ip(t)] (2.18)

where we have chosen 6 = 7/4 and
, —RPyJi(m OET 3 T
i'y(t) = 041( 0) cos ( IQF ) {ml cos (QIFt + Z) + Mo coS <QIF7§ + Zﬂ (2.19)
—RP, Q

is(t) = i 04Jl (mo) coS ( IQFT) {ml coS (QIFt + %) + my cos (let + %)} (2.20)

Then at the output of the hybrid we have

—vV2RPyJ,(m QT T

IF1(t) = 40 1(mo) coS < 121: ) My COS (QIFt + Z> (2.21)
—\/ERP()Jl (mo) QIFT ™

IF2(t) = 1 cos 5 Mg COS <QIFt + Z) (2.22)

Here we see that only the signal contributes to [F1, while only the image contributes to IF2. It is
useful to compare the output signal photocurrent to the theoretical output photocurrent at some
frequency fuzwm produced by a non-down-converting microwave photonic system consisting of
a quadrature-biased MZM modulated at fyzy with modulation depth m; and utilizing direct

detection:

, RFPym
ZMZM(t) = 20 ! COS(QMZMt) (223)
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The gain of our system compared to the MZM is as follows:

G 1 9) 2
=5 {Jl (o) cos ( ;FT)} (2.24)

This is maximized when mg = 1.841, and takes on a value of approximately —7.96 dB for an IF

of 3 GHz.

2.2.2 System characterization

To characterize the system performance, a tunable laser at 1552.525 nm is sent in to the
optical input of a DDMZM (Sumitomo Osaka Cement T.DEH1.5-40-ADC). The upper arm of
the DDMZM is modulated by the microwave signal and/or image while the lower arm is modu-
lated by the LO, and a DC power supply is connected to the DC bias electrode. The output of the
DDMZM is then passed through a Finisar Waveshaper 1000s which is configured as an OBPF
with a bandwidth of 95 GHz as shown in figure 2.3b. The output of the OBPF is then split by an
AMZI (Avensys Tech DPSK demodulator DPSK4000S30) with an FSR of 40 GHz. Each arm
of the AMZI is separately photodetected, and optical delay lines in each arm equalize the path
lengths on the order of the IF frequency prior to photodetection. Here we note that while the
AMZI used in this experiment accepts a DC bias voltage (¢) for thermal stabilization, passively
stable AMZI filters are commercially available, and the use of a passively stable AMZI would
reduce the number of required bias voltages to one. The two output photocurrents are then com-
bined in a 90 degree electrical hybrid (Narda 4356B) which has a nominal operating frequency
range of 2-18 GHz, and nominal phase and amplitude imbalances of 7 degrees and +0.75 dB

respectively.
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To measure the image rejection capability of the system, a LO at f, = 30 GHz was used
to simultaneously down-convert a signal tone at f; = 26.99975 GHz and an image tone at fy =
32.99975 GHz. Figure 2.4a shows the measured input LO and signal/image spectra superposed.

Figure 2.4b shows the output IF spectra (averaged over 100 traces) for § = 45° and § = —45°. In
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Figure 2.4: a) Measured input LO and signal/image spectra superposed. b) Measured output IF
spectra (averaged over 100 traces). When 6 = 45° the signal is suppressed by over 40 dB relative
to the image, and when 6 = —45° the image is likewise suppressed relative to the signal. [1]

the § = 45° case the contribution from the image is over 40 dB stronger than the signal while in
the § = —45° case the contribution from the signal is over 40 dB stronger than the image. Thus
by tuning # we can obtain just signal or image with over 40 dB of isolation.

To verify the response of the system as a function of LO strength, the relative IF gain

G;;ZM was measured as a function of LO modulation depth mq for LO frequencies of f, = 10

GHz and f, = 30 GHz. The signal in frequency in both cases was tuned to produce an IF at 3
GHz. To eliminate the effect of the modulator DC bias, this measurement was performed prior to
combination in the electrical 90 degree hybrid by examining only one of the two photocurrents.
Figure 2.5a shows the data with theoretical calculations for the response both before and after the
hybrid superposed. Because the V. of the modulator increases with frequency, the modulation

depth at 30GHz is limited to a maximum of 1.3 radians, determined by the maximum output
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Figure 2.5: a) Relative gain GG/Gyzm of a 3 GHz IF output as a function of LO modulation
depth my for LO frequencies of fy, = 10 GHz and f, = 30 GHz, with theoretical calculations for
before and after combination in the 90 degree electrical hybrid superposed. b) Normalized output
IF power vs signal frequency for a fixed LO frequency of f, = 30 GHz and fixed modulation
depths of my = 1.3 and m; = 0.05. [1]

power of our signal generator (19.5 dBm). However, in both cases the measured relative gain
agrees closely with the calculated response shown by the blue curve. To measure the response of
the system as a function of signal frequency the LO was fixed at fy = 30 GHz and m = 1.3 and
the signal frequency f; was varied while the signal modulation depth was held constant at m; =
0.05. Figure 2.5b shows the normalized IF output power as a function of signal frequency f; with
theoretical calculations superposed, showing a cos? (%) dependence and a 3dB bandwidth of
approximately 1/27 = 20 GHz, determined by the FSR of the AMZI. We expect the image
rejection bandwidth of the system depends strongly on the particular electrical hybrid used at the
output.

To evaluate linearity of the system as a function of signal power, the signal arm is modulated
by two closely spaced tones at f; = 26.99975 GHz and f, = 27.00025 GHz while the LO is fixed
at fo = 30 GHz and mq = 1.3. The powers of the IF outputs at frequencies ( fo— f1) and (fo— f2),
the second order products at frequencies 2( fo — f1), 2(fo — f2), and (2fy — f1 — f2), and the third
order intermodulation distortion products (IMD?3) at frequencies ( fo—2f1— f2) and (fo— f1—2f2)

are then measured as a function of the input signal power. Figure 2.6 shows the results of this
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measurement, indicating that the IMD3 dominates for any system with a bandwidth of over 4
MHz, yielding a spurious free dynamic range (SFDR) of 100.6 dB-Hz?/®. The system noise floor
is primarily dominated by thermal noise under the measurement conditions. Measurements of the
second order distortion were taken with and without the OBPF in place, showing that the OBPF is
crucial in reducing the effect of second order products originating from the second order optical
modulation sidebands. With the filter in place, the second order distortion is limited by electrical
cross talk in the modulator, which produces optical tones at w + (29 — ;) and w £ (Qp — ),
which beat with the tones at w 4 {2; and w =+ {25. These tones reside within the first order optical

sidebands and are therefore not removed by the OBPF.

2.2.3 Broadband operation

To confirm the broadband capability of the system, a signal consisting of a 1 Gbaud QPSK
pseudo-random bit sequence (PRBS11) with a center frequency of f; = 26.99975 GHz and
average power of -10 dBm was used as the signal of interest, while a strong tone at fo = 32.00025
GHz and 0 dBm was used as the image. Again the LO was fixed at f, = 30 GHz and my = 1.3,
and the electrical output was then amplified 58 dB before being detected by a spectrum analyzer
and an 8 GHz real time oscilloscope. The oscilloscope traces were processed offline to recover the
QPSK constellation at the output. Figure 2.7a shows the case where the measurement was taken
before the electrical hybrid. In this case, the contribution to the output from the image tone can
be clearly seen in the spectral measurement and the constellation is completely distorted. Figure
2.7b shows the measurement after the hybrid, where the image is rejected. Here we no longer see

the spectral contribution from the image, and the constellation can be clearly recovered with an
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Figure 2.6: Measurement of the linearity of the system for equal strength input tones at f; =
26.99975 GHz and f, = 27.00025 GHz and fixed LO at f, = 30 GHz and my = 1.3, indicating
an SFDR of 100.6 dB-Hz*®. Solid lines indicate fits to the data: the IF and IMD3 were fit to
theoretical calculations, while the second order distortions were fit to lines of slope 2. [1]
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Figure 2.7: a) Output constellation and spectrum measured before the electrical hybrid, where
contributions from the signal and image are both present. b) Output constellation and spectrum
measured after the hybrid for the case where the image is rejected. c¢) Output constellation and
spectrum measured after the hybrid for the case that the image was not present at the input. [1]
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error vector magnitude (EVM) of 21.9%. For comparison, figure 2.7c shows the measurement
after the hybrid in the case where the image was not present at the system input, yielding an EVM

of 19.8%. This indicates that the presence of the rejected image only slightly degrades the signal.

2.2.4 Conclusions

Here I have presented a simple microwave photonic down-converting 1/Q mixer that is ca-
pable of over 40 dB of image rejection. The system in this experiment requires only two bias
voltages to be controlled, which can in principle be reduced to only one with an appropriate
choice of AMZI. Additionally the system requires only one laser and one modulator, and the the-
oretical gain of the system is only 7.96 dB lower than that of a direct non-down-converting MZM
microwave photonic link. The system has a 3dB IF bandwidth of 20 GHz limited by the AMZI
FSR, and we show down-conversion and demodulation of 1 Gbaud QPSK data even in the pres-
ence of an image tone that is 10 dB higher than the average QPSK power. This demonstrates the
wideband performance of the system while emphasizing the effectiveness of the image rejection

capability.
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Chapter 3: Microwave photonics at the device level: doubly-resonant metal-

free microwave receiver in aluminum nitride

In this chapter, I will discuss the design, fabrication, and characterization of an integrated
photonic microwave receiver that takes advantage of two resonant structures: one for the optical
carrier and one for the microwave signal. Aluminum nitride (AIN) is chosen as the electro-
optic material for this device, taking advantage of the relative ease of growth and fabrication
as compared to other electro-optic materials like lithium niobate. Additionally, the large band
gap of AIN enables its use in the ultraviolet as well as the mid-infrared [43]. Highly c-axis
aligned AIN thin films can be grown via metal-organic chemical vapor deposition (MOVCD) [44]
or RF magnetron sputtering [45, 46], and the use of AIN as a piezoelectric material has led
to the maturation of established fabrication techniques. A ring resonator structure fabricated
in the AIN serves as the optical resonator, and the optical behavior of ring resonators is well
understood [47]. Ring resonators are typically characterized by their quality factor (Q)), which is
defined as the resonant frequency divided by the full width at half max (FWHM) of the resonance,

their free spectral range (FSR) which is the spacing between resonant frequencies, and their

finesse F = Fgng. The quality factor is usually limited by the propagation loss in the ring,
where the FSR is determined by the ring perimeter and group velocity.

A dielectric resonator antenna (DRA) serves as the microwave resonator. DRAs consist of

36



dielectric structures with high relative permittivity (¢,.), which may be designed to act as resonant
cavities at microwave frequencies. DRAs have advantages over traditional conducting antennas,
such as smaller size due to their high ¢, and absence of conducting losses at frequencies in the
tens to hundreds of GHz [48]. Additionally, DRAs are non-metallic structures, facilitating the
design of entirely metal-free devices which are inherently less susceptible to damage or interfer-
ence from high power electromagnetic pulses than their counterparts consisting of small metallic
components. DRAs are often placed upon a ground plane, which forces certain symmetries and
therefore affects which resonant modes are possible for a given DRA/ground plane structure [49].
One challenge associated with DRA use is the inability to electrically couple the DRA to a stan-
dard terminated transmission line or load impedance. As a result the DRA is often fed by means
such as microstrip transmission line or coaxial probe, where the field nearby the microstrip or
probe is used to excite the DRA. The position of the feed point is chosen depending on the de-
sired DRA mode [50]. In the work described in this chapter, the near field of the DRA resonant
mode is excited by incident microwave radiation and is directly used to modulate light in an AIN
resonator, alleviating the need for coupling to metallic structures.

Doubly-resonant AIN modulator structures using superconducting resonant microwave elec-
trodes have been demonstrated [51], as have doubly-resonant modulators using a bulk lithium
niobate whispering gallery mode resonator and a DRA [52,53]. The lithium niobate and DRA
structures described in [52, 53] have the additional advantage of being completely metal-free,
increasing their immunity to electromagnetic attack as compared to devices with conventional
conducting antennas. However, the lithium niobate whispering gallery mode resonator used
in [52, 53] consists of a polished disk of lithium niobate which is coupled to laser light via a
prism. This imposes significant limitations on size, weight, and stability compared to integrated
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optical ring resonator devices. The doubly-resonant device described later in this chapter makes
use of a DRA and an integrated optical AIN ring resonator to achieve metal-free doubly-resonant

on-chip detection of free space microwave radiation.

3.1 Aluminum nitride electro-optics

In addition to its piezoelectric properties, AIN has a significant electro-optic response. AIN
belongs to the hexagonal 6mm crystal symmetry group, which restricts its electro-optic tensor to

only 6 non-zero elements, which can be described by 3 unique coefficients (see table 1.1):

733
13 = T23
sy = T42

Unlike in lithium niobate where r33 is largest non-zero element by a significant margin, in AIN
r33 and 73 are approximately equal [54]. This, combined with the c-axis orientation of the sput-
tered AIN thin films, allows us to make use of the in-plane polarized (TE) optical mode without
diminishing the electro-optic response. This is advantageous as low-loss TE mode waveguides
are easier to fabricate since they can be made from thinner films than their out-of-plane polarized
(TM) mode counterparts. This is because as the waveguide becomes thinner, the TM mode be-
comes less confined to the waveguide core than the TE mode as shown in figure 3.1, leading to
more scattering from defects in the core-cladding interface. Since we expect this defect induced

scattering to be the primary source of loss in the waveguide, the TM mode in this case tends to
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Figure 3.1: Schematic diagrams of two AIN waveguide structures with the magnitude of the
simulated TE or TM electric field superposed. a) TE mode, 69.96% of power confined to the
core. b) TM mode, 56.91% of power confined to the core. c¢) TE mode, 90.43% of power
confined to the core. d) TM mode, 90.67% of power confined to the core. Simulations performed
by Ansys Lumerical MODE finite difference eigenmode solver.
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have higher loss. The TM loss can be improved by designing thicker waveguides, but in prac-
tice thicker waveguides are more challenging to fabricate due to limitations in etch masking and
sidewall angle/roughness. Despite these challenges, electro-optic modulators in AIN have been
demonstrated for both TE and TM optical modes [55,56].

Ring resonators in AIN have been used for a variety of integrated photonic applications, and
AIN rings with quality factors as high as 2.5 million in the telecom C-band have been demon-
strated [57]. Electro-optic modulation at gigahertz frequencies has been shown using AIN ring
resonators [12], as has high efficiency second harmonic generation [58, 59]. AIN optomechan-
ical ring structures have also been demonstrated with mechanical mode frequencies in the gi-
gahertz [60]. Photon pair sources using AIN rings for parametric down conversion have also
been demonstrated [61], as have frequency comb generators using AIN ring resonators [62—64].
Choosing AIN as the electro-optic material for our devices enables CMOS-compatible fabrication

of low-loss TE-mode ring resonators with a significant electro-optic response.

3.2 Doubly-resonant metal-free microwave photonic receiver

I will now discuss the design, fabrication, and characterization of an entirely metal-free,
doubly-resonant, integrated photonic microwave receiver. Figure 3.2 shows a schematic diagram
of the device, which consists of a half-cylinder DRA placed in close proximity to an on-chip
integrated AIN ring resonator.

Careful choice of the DRA shape and AIN thin film substrate allow efficient overlap of the
DRA near field on resonance and the resonant optical mode in the AIN resonator. In order to

discuss the expected response of the device, I will first consider the theoretical propagation of
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Figure 3.2: Schematic diagram of the doubly-resonant device

light in an electro-optic ring resonator in the presence of an external microwave electric field.
I will then discuss the design and simulation of the DRA structure, followed by the AIN ring
resonator design and fabrication. Finally, I will discuss the performance of the doubly-resonant

device.

3.2.1 Theory of operation

The goal of this section is to understand the behavior of light traveling in an AIN ring
resonator under the effect of a sinusoidally oscillating microwave electric field. We begin with a
racetrack ring resonator in AIN like the one shown in figure 3.3, and electric field at the input of

the directional coupler which is linearly polarized in the zy plane:
1 jwot
EA = §(f(rL)A06] 0 —f-CC) (31)

where f(r) ) describes the transverse eigenmode of the AIN waveguide and r, is the position in
the plane perpendicular to the plane of propagation. We will assume f(r, ) is normalized such
that it’s integral over the transverse plane is unity: fm |f(ry)[PdA = 1. We will also assume that

there is a microwave electric field acting over the ring path that in uniform with respect to r; and
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directional coupler reflection coefficient, 7": directional coupler transmission coefficient, a: field
attenuation coefficient (nepers/meter), L: ring perimeter length

polarized in the z (out-of-plane) direction:
1
Eq = Aqg(s) sin(Qt + ¢) = 5 (—jAa(s)e Ut 1 C.C.) (3.2)

where s is the distance traveled along the ring. Inside the ring, we will assume the following form

for Eg:

1 A . ,
Eg(s) = 5 {f(r.) [Bo(s)e](wot_’“’s) + By (s)e?@rtmres) 4 B_(s)ej(w*t_”“*s)] +C.C} e

(3.3)

where wy = w2, ais the field attenuation coefficient (nepers/meter), and ko + = wo 4 Negr(wo 2 )/
where negr(wp + ) is the mode effective index. We will further assume that By 1 (s) are slowly vary-
ing and that the extraordinary axis of AIN is oriented in the z direction. Thus ¢ 1 is unchanged
as the direction of propagation changes to follow the ring, so long as the F-field polarization

remains in the xy plane. Finally, we will assume an output field of the form
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Bo = 5 {7(00) [Co™ + Cyet 4 O_e*] 4 C.C.) Si

Assuming steady state, the directional coupler mixes the fields inside and outside the ring accord-
ing to the following transfer function:

Ep(0)| | VR jVT| |Ep(L) 45

Ec VT VR E4
Where R is the coupler reflection coefficient, 7" is the coupler transmission coefficient, and L is
the total path length around the ring. We assume that 7" and R are real, and that the coupler is
lossless implying that 7'+ R = 1.
We will now consider the effect of the external microwave field acting on E5(s). Following

our analysis in Chapter 1 we arrive at the following equation:

2 ) ) ‘
(VL + W) F(r 1) Bi(s)e 9570 = (5, — ja) f(r 1) Bi(s)e 75570
. . 832(3) e
2 L Jris—as
+2j(ki — ja) frL)— e
— WP (r, 5) (3.6)

82 B;(s)
0

where i € {0,+,—}, we have neglected the =35> term under the assumption that B;(s) is
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slowly varying, and Pi(Q) (r,s) is the second order polarization oscillating at w;:

j€0n4

Oria(r) f(r1) [Aa(s) B-(s)e 7" — Ap(s)By(s)e 7] e (3.7)

PP (r,,s)

j€0n4

PP(ry,s) = =20r15(r1) f(x1) Aa(s) Bo(s)e 70 (3.8)
_ 4
POy 0) = U8 0 ) Ap(s) Bos)e 0 3.9)

Here n is the ordinary refractive index of the AIN thin film at wy, and we have assumed that
) < wp. The parameter r13(r | ) takes the value ri3 for r, within the AIN and 0 elsewhere. We
0B;(s)

also assume that == = 0 when the microwave field is absent, meaning that

2 .
(VL ¥ L‘”) Fe)Bils)e 70 = (i = ja) f(r) Bils)e ™7 (3.10)

C

If we further assume that the modulation is weak such that | BL| < | By| and that the attenuation

is low such that o« < k; we obtain the following set of differential equations:

f(rL)aBgf) =0 (3.11)
4
f(rl)aBgs(S) = 7‘13(11)f(11)%Bo(O)AQ(S)ejA“ (3.12)
4
) 5 = o) (0 o Ba(0) A s)e G.13)

where we have assumed that, because Q2 < wy, we have wy /neg(wy) ~ w_/neg(w_) ~
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wo/Negt(wp). Here Ak = ky — kg = ko — Kk_ is described as follows:

Ak = (3.14)
C
one
My = Netr(w) + Wy (3.15)

Oow

Multiplying both sides of equations 3.11-3.13 by f*(r, ) and integrating over the plane perpen-

dicular to s we obtain

GE;()S(S) _0 (3.16)
0B, (s) 9 WomgT3 Aks
05 </AIN 7rs) dA) mBa(O)AQ(S)eJ A7
0B_(s) 9 WongT13 x —jArs

) (] 1rtePaa) 2 0) a5 3.18)

where the integral ([, |f(r.)|*dA) is taken over r, within the AIN core and represents the
fraction of the optical power confined to the core. We may then integrate to find B4 (L) in terms

of By(0) and Aq(s):

4 L
. WoTlg jAKs
Bo(L) = B.(0) + 120 By(0) /O Ao(s)e/2%ds (3.19)
B(L)= B_(0) ~ "1 5(0) / " Ap(s)e (3.20)
_ = D_ 4C7’Leff(w0)r13 0 ; ols)e S .
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Let us define the following quantities:

L
Cell = / Aq(s)e? B ds (3.21)
0
4
m= Lot (3.22)
2¢nesr(wo)
where ¢ and 6. are real. Then
m o
B.(L) = B.(0) + 5e <By(0) (3.23)
m
B_(L)=B_(0) — o€ <By(0) (3.24)

Utilizing equation 3.5 can now solve for the amplitudes of output field F¢ in terms of the input

field amplitude Ay:

_ —j6o
Co = (VR —ae .)AO (3.25)
1 — v/ Rae—i%

FmaT Age*i0c =70+

- 2(1 — v/Rae=i%)(1 — v/Rae~i=)

Cy

(3.26)

where ¢ = e

L and 6y + = Ko+ L = neg(wo + )wo + L/ c. Here we see that Cy behaves like we’d
expect for a standard ring resonator, and the carrier power is minimized under the resonance
condition that 6y = 27 /N where N is an integer indicating the number of optical wavelengths that
fit around the ring perimeter for a given resonant frequency. In the experiments described later in
this chapter, L is on the order of 1 cm with n.s ~ 1.7, and the vacuum optical wavelength of our

laser source is around 1.55 gm. This leads to a value of N on the order of 10*. In the case that

V R = a, the transmitted carrier power drops completely to 0 on resonance, which we refer to
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as critical coupling. To obtain an expression for the ring FSR we consider the spacing between

neighboring resonances of Cj at optical frequencies f, and f:

27 fine(wi)L 27 foner(wo) L
c c
fimfo=Af = — (3.28)

ngL

=27 (3.27)

where A f is the ring FSR.
Maximizing each of |CL| with respect to 6 yields . = 27N, where N, are integers.
Further maximizing the sideband powers with respect to 6, under this condition yields that 6, =

2n M for some integer M. These two conditions, along with the condition that . = 6y +

2 L . . . . . . .
% implies that we can simultaneously achieve maxima of |C.| by tuning the carrier wy to a

resonance of the ring resonator (#y = 2w M), and designing the ring resonator such that Q"C"L =

27, ensuring that 0. = 2w N with No = M +1. Therefore, to maximize |C| we tune the optical

C

. . . Q o _
carrier (wp) to resonance and design our ring such that ;> = fo = W

meaning the ring FSR
matches the microwave frequency of interest. Taking these conditions and evaluating equation
3.21 we see that if Ag(s) = Ag is uniformin s, ( = 0 as AxL = 27. For example, if the DRA
near field has the same magnitude and direction at all points over the ring at any given instant
in time, the net modulation integrates to O as light propagates around the ring. This is because
by designing the ring FSR to match the microwave frequency of interest we have ensured that
the round trip time of light in the ring matches the microwave period. As a result, for half of the
propagation time the microwave field would point one way, while it would be equal and opposite

for the remaining propagation time, leading to zero-sum modulation. If instead Aq(s) = Aq over

some length of the ring L and 0 elsewhere, equation 3.22 is similar to the modulation depth &
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found in [52], and is maximized for Ly = %. In the case where Aq(s) = Ag for 0 < s < £
and Aq(s) = —Agq for % < s < L where Ag is constant, m is doubled compared to the previous
case. This motivates us to search for DRA modes that switch field polarity halfway around the
ring. If we further consider the case that the ring is critically coupled such that v/R = a and the

optical and microwave frequencies are tuned to maximize |C.| we obtain

maAy
C 3.29
Using the equation for finesse F as a function of a from [47], we obtain
FA
Cul = = (3.30)
T

and we can see that the sideband amplitudes are enhanced from the case of single pass modulation

by a factor of F /.

3.2.2 DRA design and simulation

To engineer the DRA size and shape, COMSOL finite element method (FEM) eigenmode
solver is used to find the resonant modes of the DRA, which is a proprietary ceramic (Exxelia
5080) with a relative permittivity of ¢, = 78 and a dielectric loss tangent of 0.000625 at 5
GHz. This loss tangent is included in the COMSOL simulations and is assumed to be linear
with respect to frequency. Keeping in mind the spatial requirement that the resonant field of the
DRA should switch polarity halfway around the ring, we design a DRA structure that is a half

cylinder with radius of 1mm and length of 4mm. The high value of €, allows for a high near-field
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enhancement when the DRA is resonantly excited while simultaneously reducing the required
DRA size for a given resonant frequency of interest. The dimensions of the DRA modify the
resonant frequency, and are chosen to obtain a simulated resonant frequency of approximately 14
GHz. In order to excite a mode in which the field switches polarity, a ground plane is introduced
in close proximity to the large flat side of the DRA. Simulation shows that the strength of the
electric field between this ground plane and the DRA flat is increased as the distance between the
two decreases. This is important, as the AIN ring resonator is designed to lie between these two
surfaces. In order to minimize this distance and thus maximize the field in the AIN, degenerately
doped silicon is simultaneously used as the substrate for the AIN ring resonator as well as the
ground plane for the DRA. Once a suitable DRA mode is found, COMSOL RF solver is then
used to simulate the response of the DRA to an incident x-polarized plane wave propagating in
the —z direction with E-field £;, = 1 V/m as a function of frequency near the DRA resonance.
Figure 3.4a shows a schematic diagram of the device indicating the polarization and propagation
direction of the incident microwave radiation used in these simulations. Figure 3.4b shows a cross
section through the center of the DRA, with the simulated normalized z component of the electric
displacement field D, = eE, superposed when the DRA is excited by a plane wave on resonance.
The red arrows indicate the direction of the overall displacement field D. The proposed locations
of the AIN waveguides are also indicated in figure 3.4b, but the waveguides themselves are too
small to be included in the simulation. To evaluate the z-directed field enhancement of the DRA,
we take the maximum z-directed E-field £, along a line below the DRA center and parallel to
the z axis that lies in the plane containing the AIN waveguides. We then divide this maximum
E, by the incident plane wave E-field of E;, = 1 V/m to find the z-directed field enhancement
factor, which is then evaluated as a function of frequency. The results can be seen in Figure 3.4c
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Figure 3.4: a) Schematic diagram of the doubly-resonant device indicating the polarization and
propagation direction of the incident microwave radiation used in simulation. b) Cross section
through the center of the DRA, with the normalized z component of the electric displacement
field D, = €L, superposed when the DRA is excited on resonance by an x-polarized plane wave
propagating in the —z direction as shown in a). The red arrows indicate the direction of the
overall displacement field D. c) z-directed field enhancement factor vs. frequency d) Top down
of the DRA with the normalized z component of the electric displacement field D, = ¢F, at
the plane containing the AIN resonator superposed when the DRA is excited on resonance by an
x-polarized plane wave propagating in the —z direction. Also superposed is the line from which
the maximum was taken in c¢), and a schematic drawing of the AIN resonator location showing
the switch in polarity as light propagates along the ring.

showing a maximum enhancement of approximately 150 corresponding to the DRA resonance.
Figure 3.4d shows a top down view of the DRA, superposed with the z-directed displacement
field in a plane below the DRA which contains the AIN resonator. A schematic of the AIN
resonator is also superposed along with a dashed line corresponding to the line used to calculate
the z-directed field enhancement factor. We now see the effect of the DRA is twofold: not only
does the DRA provide an enhancement in microwave field, but it also changes the direction of
the microwave field to point in the z direction at the location of the AIN, aligning it with the

AIN crystal axis. The switch in polarity across the center of the DRA can clearly be seen in
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figure 3.4b. Due to the ground plane, this resonant mode is similar to the TEq;5 mode of a full
dielectric cylinder. This mode is polarization sensitive and will not be excited by a y-polarized
wave. The resonant frequency of this DRA mode depends primarily on the DRA radius and e,,
and is only slightly changed by modifying the DRA length. This allows us to increase the DRA
length to ensure the entire AIN ring is covered by the DRA without significantly changing the

DRA frequency.

3.2.3 AIN ring design and fabrication

In order to match the ring FSR to the DRA resonant frequency, the group index of the
waveguide structure must be calculated from simulation. The waveguides are designed to be 400
nm thick and have a width of approximately 1.25 ;sm, and are designed for TE mode operation.
In this design A 2.9 pm Si0O,, buffer layer below the AIN isolates the waveguide from the conduc-
tive losses in the degenerately doped Si substrate, and a 3 pm thick SiO, top cladding protects
the waveguide from damage. Our fabrication process has shown that the finished waveguides
have a base that is wider than the design, and sidewalls that are at a 75 degree angle from the
substrate. The simulation of the waveguide structure takes the widened base and sloped sidewalls
into account. Figure 3.5a shows a schematic diagram of the waveguide structure, while figure
3.5b shows the electric field magnitude for the TE waveguide mode as a function of position
as simulated with Ansys Lumerical MODE finite difference eigenmode solver. This simulation
also yields a group index for the structure of around 2.1. Figure 3.5c shows a scanning electron
micrograph of the fabricated polished waveguide facet.

The directional coupler that connects the AIN ring to the input bus waveguide consists of
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Figure 3.5: a) Schematic diagram showing the AIN waveguide structure. b) AIN waveguide
structure with TE mode electric field magnitude superposed as simulated in Ansys Lumerical
MODE finite difference eigenmode solver. c) Scanning electron micrograph of the polished
waveguide end facet.

two parallel waveguides with a center-to-center spacing of 2 um. With this spacing and bend
radius of 250 um, we find the contribution to the coupler from the curved waveguide sections
leading up to the parallel waveguides to be negligible. Therefore the fraction of power coupled

into the ring is approximated as

T = sin? (”?L) (3.31)

where dn is the difference in effective index between the symmetric and anti-symmetric modes
of the coupled waveguide structure, A is the wavelength of operation and L is the length of
the coupler. Ansys Lumerical MODE simulation of the coupled structure yields dn = 0.003.
This allows us to design the coupler for critical coupling once the waveguide propagation loss is
known.

Figure 3.6 shows a step-by-step schematic of the AIN device fabrication process. Fabrica-
tion of the AIN structures begins with degenerately doped, single side polished silicon substrates
on which a 2.9 um thick wet thermal SiO,, buffer layer is grown. The oxidized substrates are then

sent to Carnegie Mellon University where a 400 nm thick AIN film is sputter deposited. This
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Figure 3.6: Step-by-step schematic of the AIN waveguide fabrication process.

film is poly-crystalline, but the crystal grains are all oriented such that the crystal axis of AIN is
directed normal to the Si substrate. Having a c-axis aligned film is important for the device de-
sign, as the electro-optic effect in AIN is axis dependent and strongest when the microwave field
is polarized parallel to the crystal axis. Once the substrates have been returned, a 2 cm x 2 cm
chip is cleaved from the substrate and a 150 nm thick SiO, hard mask is deposited on the chip via
plasma enhanced chemical vapor deposition (PECVD). Next, Ma-N 2403 negative-tone electron
beam resist is spun atop the chip and patterned in an Elionix 100 kV electron beam lithography
tool. After development, the patterned resist acts as a mask to pattern the 150 nm SiO, layer,
which is etched in a flourine-based inductively coupled plasma reactive ion etch (ICPRIE), per-
formed in an Oxford PlasmaPro 100 Cobra ICP tool. The remaining resist is then removed in
acetone and the patterned SiO- is used as a mask to pattern the AIN via chlorine-based ICPRIE

in a second Oxford PlasmaPro 100 Cobra ICP tool using the following recipe: 20 sccm Cl12, 10
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sccm BCI3, 2 mTorr chamber pressure, 20 C table temperature, 300 W ICP power, 300 W high
frequency (HF) power, O Torr backside helium pressure. In order to obtain low-loss waveguide
propagation, it is critical that the AIN etch step provide smooth vertical waveguide side walls.
The high HF power used in this recipe improves the directionality of the etch, producing smooth
waveguide walls at approximately a 75 degree angle to the chip surface. During the etch, the chip
rests in a recessed pocket on a Si carrier wafer. No adhesive is used between the chip and the
carrier in order to avoid contamination during the etch. After etching, a Si0, cladding layer is
deposited via PECVD to protect the AIN structures. While the target thickness for the cladding
used in simulation is 3 um, spectral reflectance measurements of the deposited cladding indicate
an actual thickness of 2.8 ym. Finally, the edges of the chip are diced and polished to allow for

coupling of light into the facets of the AIN waveguides.

3.2.4 Experiment and results

Figure 3.7a shows a schematic of the experimental setup. Emission from a tunable laser

o]

Microwave in from above

[

~

~—
Lehsed OSA
- 55 ; ’ ;D Fiber
aser . M Lense K~
221550 nm| [ O Polarizer Fiber DRA
Pol. Controller AIN resonator

Figure 3.7: a) Schematic of the measurement setup. PM: polarization maintaining, OSA: optical
spectrum analyzer. b) Photograph of the measurement setup showing the chip, DRA, and horn
antenna. c) Close up photograph of the chip and DRA.

with a wavelength near 1550 nm is edge-coupled to the AIN waveguides via a polarization-
maintaining (PM) lensed fiber in close proximity to the polished chip facet which is aligned using
3-axis piezoelectric stages. A polarization controller and polarizer prior to the PM lensed fiber
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ensure that the laser light polarization is aligned with one of the axes of the fiber, and a rotating
fiber mount ensures the polarization at the output of the fiber is aligned with the TE mode of the
AIN waveguides. The output of the optical resonator on-chip is coupled into a second lensed
fiber and the output is detected by an optical spectrum analyzer (OSA). The DRA is manually
placed on top of the AIN ring using a microscope and patterned alignment marks for guidance,
and a horn antenna is suspended approximately 7 cm above the chip and is oriented such that
the emitted radiation is polarized to excite the DRA mode (z-polarized). Figure 3.7b shows a
photograph of the measurement setup, and figure 3.7c shows a close-up of the fiber-coupled chip
with the DRA resting on top.

In order to verify the electro-optic effect in AIN, smaller ring resonators with an FSR of
approximately 87 GHz were fabricated, and gold electrodes were patterned above each of the
rings via aligned photo-lithography and metal film liftoff. These electrodes can be seen above
the DRA in figure 3.7c. An electrical probe is then used to contact each electrode and apply a
voltage between the electrode and the Si substrate. The thermal oxide on the back of the chip
was removed via ICPRIE and a layer of gold was deposited to ensure good electrical contact to
the Si. Figure 3.8a shows a schematic of the device layers with the electrode sandwich structure.
Applying a DC voltage to the electrode causes the effective index of the ring resonator to change
which in turn causes the resonant wavelength \q to shift. Figure 3.8c shows the normalized
optical transmission as a function of wavelength for applied voltages from -20 to 20 Volts. Figure
3.8d shows a linear fit of the resonant wavelength ) as a function of applied voltage. From the
slope of this fit we can extract the material electro-optic coefficient r13. To do this we need to
know two additional parameters. The first necessary parameter is the ratio of voltage applied

to the z-directed electric field £, in the AIN, which is a function of the distance between the
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Figure 3.8: a) Schematic of the device layers showing the electrode sandwich structure. b) COM-
SOL electrostatics simulation of the sandwich structure showing the z-directed electric field £,
when 1V is applied to the electrode. ¢) Normalized transmisson as a function of wavelength for
applied voltages from -20 V to 20 V. d) Plot of the resonant wavelength ) as a function of ap-
plied voltage with linear fit superposed.

electrode and Si ground plane as well as the refractive index contrast between the AIN and SiO,.
The distance between the electrode and Si ground plane is the sum of the film thicknesses of
the SiO, buffer layer (2.9 pm), AIN layer (400 nm), and SiO, cladding layer (2.8 pm), totalling
6.1 pum. An electrostatic COMSOL simulation of the device structure is shown in figure 3.8b.
This simulation shows the z-directed electric field £, ~ —85 kV/m at the center of the AIN
waveguide when one volt is applied to the electrode. For simplicity, we will assume this field is

uniform across the AIN waveguide. The second necessary parameter is the ratio of waveguide

JAV R

effective index change to AIN index change F<.

From simulations of the waveguide mode
shown in figure 3.5b, we can see that the mode is not entirely confined within the AIN core.

Therefore we expect AALnf to be less than one. Using Ansys Lumerical MODE to fit Aneg vs.
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Ang, we obtain AALneéf = (0.83. Finally, we have the following equation for 3

2ng Ez - Aneff ! A)\O
_ 2z 3.32
13 3 (0) ( v > ( Ang ) AV (3-32)

where \(0) is the resonant wavelength at 0 volts. Using this equation, the fit in figure 3.8c yields
r13 = 0.9 pm/V. This agrees well with the result found in [56].

In order to verify the DRA frequency, a reflection measurement is set up as shown in figure
3.9a. Here the horn antenna is replaced by a hollow WR-62 microwave waveguide that is brought
down atop the DRA sitting on the fabricated AIN chip. A vector network analyzer (VNA) is
used to measure the fraction of power reflected back to the WR-62 waveguide. Simulations in
Ansys HFSS indicate that a sharp decrease in reflected power should occur when the DRA is

resonantly excited. Figure 3.9b shows the results of the reflection measurement in comparison to
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Figure 3.9: a) Measurement setup for DRA resonant frequency. A hollow WR-62 microwave
waveguide is placed top down over the DRA and capped by the doped silicon substrate. Reflected
power is measured with a vector network analyzer as a function of frequency. b) Measurement
results as compared to the ideal simulation, and a simulation including a gap between the DRA
and substrate (G1), as well as a gap between the WR-62 waveguide and substrate (G2). Simula-

tions done in Ansys HFSS.

two simulations. In the ideal simulation both the WR-62 waveguide and the DRA sit flush against

the chip surface. In practice there is roughness in the DRA and chip surfaces which causes
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separation and affects the resonant frequency of the DRA. In the simulation this is accounted
for by adding a gap of air between the DRA and the chip surface (G1). Additionally, during
the measurement the WR-62 waveguide is suspended from a z-axis stage and lowered until it
is nearly touching the chip. The resulting gap between the WR-62 and the chip surface affects
the depth of the DRA resonance and is accounted for in the simulation as a gap of air in the
simulation between the WR-62 waveguide and the chip surface (G2). With reasonable values
(G1=2.5 pm, G2=35 pm) the simulation and measurement agree closely showing a resonant
frequency of approximately 15.2 GHz.

Next we characterize the AIN ring performance in the absence of microwave excitation.
Figure 3.10a shows the optical transmission as a function of wavelength in the case where no
microwave radiation is present and the upper axis shows the frequency detuning from center

frequency f;. The spectrum has a measured FSR of approximately 15.2 GHz and fitting each

a) o (GHz) b) /o (GH2)
20 100 -10 -20 20 10 0 -10 -20

= O = O
T 20} ° 3
S N 5-20 FSR
g 3-20 s 7 D
5 5_30_ FSR 5 §_40_
Z c (15.2 GHz) Z c

(] ©

5-40 - : : +-60 ' ' '

1553.2 1553.3 1553.4 1553.5 1553.6 1553.2 1553.3 1553.4 1553.5 1553.6
A (nm) A (nm)

Figure 3.10: a) Normalized transmission vs. wavelength showing an extinction ratio of nearly 30
dB and an FSR of 15.2 GHz. Upper axis shows frequency detuning from center frequency fj.
b) Normalized transmission vs. wavelength with normalized modulated spectral measurement
superposed. The modulated spectrum shows sidebands at 15 GHz spacing from the carrier.

of the resonances to a Lorentzian yields a loaded quality factor of about 1.1 x 10°, indicating a

propagation loss of around 1.74 dB/cm. The extinction ratio of the ring is nearly 30 dB, indicating
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the ring is nearly critically coupled. Next, the laser is tuned to frequency f, and z-polarized
microwave radiation at 15 GHz is used to excite the device. Figure 3.10b shows the normalized
output spectrum of the modulated resonant tone superposed over the transmission spectrum in
figure 3.10a. Modulation sidebands can be seen 15 GHz to either side of the carrier, and they
line up well with the nearby resonances of the AIN ring. When the microwave polarization is
rotated 90 degrees, the sidebands vanish below the noise floor, indicating the DRA resonance is
no longer excited.

Next, we examine the dependence of the power in the modulation sidebands as a function
of input microwave power, input microwave frequency, and input optical wavelength. Figure
3.11a shows the optical power in the right and left sidebands as a function of microwave power at
the input of the horn antenna. From here out we refer to the sideband with higher wavelength as
the right sideband. The solid lines in figure 3.11a have a slope of 1 and their y-intercepts are fit to
the data. These lines show that the output power in the sidebands is nearly linear with respect to
input power. Figure 3.11b shows the normalized power in the optical sidebands as a function of
microwave frequency for a fixed input microwave power of 17.5 dBm when the optical carrier is
tuned to resonance. In order to decouple the response of the device from the input optical power,
the output sideband powers are normalized to the transmitted optical carrier power off resonance.
Figure 3.11b shows a distinct peak when the microwave frequency is 15 GHz. A much weaker
secondary peak can be seen at 16 GHz, and is attributed to a nearby resonant mode of the DRA.
Figure 3.11c shows the normalized power in the sidebands as a function of laser detuning from
resonance when the microwave power is fixed at 17.5 dBm and the microwave frequency is fixed
at 15 GHz. The power is normalized in the same way as in figure 3.11b. A maximum can be seen

in each sideband when the detuning is near 0. The slight separation in the sideband maxima with
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Figure 3.11: a) Power in optical sidebands as a function of power into the horn antenna when the
microwave frequency is fixed at 15.1 GHz and the optical wavelength is tuned to resonance. The
solid lines have slope 1 and their y-intercepts are fit to the data. b) Normalized power in optical
sidebands as a function of microwave frequency for an input microwave power of 17.5 dBm
when the optical carrier is resonant. Power is normalized by the carrier power off resonance. c)
Normalized power in optical sidebands as a function of optical detuning for an input microwave
power of 17.5 dBm and microwave frequency fixed at 15 GHz. Power is normalized by the carrier
power off resonance.

respect to detuning is a result of the slight mismatch of 200 MHz between the optical FSR and
DRA resonant frequency.

To illustrate the importance of matching the DRA resonant frequency to the ring FSR, the
measurements from figure 3.11c and d were repeated with a ring resonator that has a higher FSR
of approximately 16 GHz. Figure 3.12a and b show the normalized sideband power vs microwave
frequency for the 15.2 GHz FSR and 16 GHz FSR rings respectively. A peak can be seen at 15
GHz in both cases, but the overall carrier-normalized power is lower in the 16 GHz FSR case.
Figure 3.12c and d show the normalized sideband power vs optical detuning for the 15.2 GHz
FSR and 16 GHz FSR rings respectively. Here a greater mismatch between the maxima in the
left and right sidebands can be seen in the 16 GHz FSR case, as well as a slight decrease in the
maximum values themselves. In both cases the sideband powers are approximately equal when
the optical carrier is tuned to resonance.

As a figure of merit for the performance of the device, we can extrapolate the data from
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figure 3.11a to determine the minimum detectable microwave intensity. If we consider the OSA
noise floor of approximately -79 dBm to be the minimum detectable sideband power, this yields
a minimum detectable input power to the horn antenna of approximately -5 dBm. Assuming a
gaussian beam approximation for the beam radiated by the horn yields the following equation for

the on-axis intensity at a distance r from the horn input:

b
167 G

where G = 100 is the horn antenna gain (20 dBi) and F;, = 0.32 mW (-5 dBm) is the power in to
the horn. Here we measure the distance » = 21 cm from the horn input rather than the aperture, as
the beam begins to diverge immediately after entering the horn. Plugging in values for F;,,, v, and
G, this yields a minimum detectable intensity of approximately 7 mW/m? which is similar to the
minimum detectable intensity reported for other antenna-coupled integrated photonic modulators

[65].

3.2.5 Conclusions

Here I have demonstrated the design, fabrication, and performance of an entirely metal-free
doubly-resonant microwave photonic receiver in AIN. The electro-optic coefficient 113 in the AIN
sputtered thin film was measured to be approximately 0.9 pm/V and is in good agreement with
values reported elsewhere. The device shows a strong response when simultaneously excited by
both a resonant optical carrier and resonant microwave radiation, characterized by a minimum de-
tectable microwave intensity of 7 mW/m?. In the future, exploration of different DRA structures

has the potential to modify the device performance. For example, making use of a disk-shaped
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DRA could allow for a receiver that is insensitive to the in-plane direction of linearly polarized
microwave radiation. A means of affixing the DRA to the substrate without affecting the reso-
nant frequency is also of future interest, although the dependence of the resonant frequency on

the intimacy of the interface between the DRA and the chip surface poses a challenge.
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Figure 3.12: a) Normalized power in optical sidebands as a function of microwave frequency for
the 15.2 GHz FSR ring. b) Normalized power in optical sidebands as a function of microwave
frequency for the 16 GHz FSR ring. In both a) and b) the input microwave power is 17.5 dBm and
the optical carrier is resonant. ¢) Normalized power in optical sidebands as a function of optical
detuning for the 15.2 GHz FSR ring. d) Normalized power in optical sidebands as a function of
optical detuning for the 16 GHz FSR ring. In both ¢) and d) the input microwave power is 17.5
dBm and the microwave frequency is fixed at 15 GHz. In a) b) c¢), and d) the sideband power is

normalized by the carrier power off resonance.
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Chapter 4: Conclusions and outlook

In this thesis I have described microwave electro-optic receiver experiments at both the
system and device level. Microwave photonic systems and devices are especially interesting
for applications that can benefit greatly from their reduced size and weight and/or from low-loss
fiber-optic transmission. Some examples include avionics sensing and radar applications [66,67],
where multiple microwave signals need to be transmitted to a central location from several physi-
cally distant receivers. Additionally, MWP systems can have very high instantaneous bandwidths,
and often boast tunability or reconfigurability that is difficult to achieve in traditional microwave
systems [68].

At the system level I described an electro-optic down-converting 1/Q mixer that takes a
microwave input at frequency f; and mixes it with a local oscillator (LO) at frequency fio to
produce in phase (I) and quadrature (Q) outputs at intermediate frequency (IF) fir = |f1 — frol-
By combining these I an Q outputs in a 90 degree electrical hybrid, we can separate contributions
to the IF from a signal above the LO f; = fio + fir and its image below the LO f; = fio —
fir into different outputs, preventing them from interfering despite being down-converted to the
same IF frequency. The system is designed using commercially available components and boasts
reduced complexity compared to other designs, requiring only a single laser and modulator and,

in principle, only one carefully controlled bias voltage. We demonstrated 40 dB of isolation
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between the outputs and a 3dB bandwidth of approximately 20 GHz which is determined by the
asymmetric Mach-Zehnder interferometer (AMZI) used. We also demonstrated the wideband
functionality of the system by showing a 1 Gbaud quadrature phase-shift keyed (QPSK) pseudo-
random bit sequence (PRBS11) can be down-converted and recovered at the output despite the
presence of a strong interfering tone at its image frequency.

At the device level, I described the design, fabrication, and characterization of an entirely
metal-free doubly-resonant microwave receiver in aluminum nitride (AIN). In the microwave
regime, a dielectric resonator antenna (DRA) is used to concentrate incoming microwave radia-
tion, as well as modify the direction of the microwave electric field in the vicinity of the AIN.
In the optical regime, an on-chip AIN ring resonator is used to concentrate the optical carrier
thereby increasing the effect of the microwave modulation. To maximize device performance,
the free spectral range (FSR) of the AIN ring is carefully matched to the DRA microwave res-
onant frequency. When the device is simultaneously excited by resonant microwave radiation
and a resonant optical carrier, a maximum microwave sensitivity of approximately 7 mW/m? is
achieved.

In the future, integrating multiple system level components on chip is attractive due to the
potential reduction in size and weight from combining several packaged components onto a single
chip. For example, one could consider including a standard MZM in parallel with the doubly-
resonant ring modulator described in chapter 3. By modulating this MZM with a local oscillator
signal, one could achieve on-chip down-conversion similar to that described in chapter 2. While
traditional bulk lithium niobate modulator structures make on-chip system integration difficult
due to their relatively large size, new material platforms for on chip electro-optic modulation are

being developed such as the thin film lithium niobate mentioned in chapter 1 or the aluminum
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nitride modulators discussed in chapter 3. Barium titanate is also an attractive option, boasting
electro-optic coefficients that are an order of magnitude larger than lithium niobate [69,70]. Bar-
ium titanate also has the advantage of being able to be grown on silicon substrates via molecular
beam epitaxy, although patterning and fabrication challenges still remain. Electro-optic poly-
mer modulators have also been reported [71], although long-term polymer instability remains
problematic.

Dielectric resonator antennas are becoming increasingly attractive options for high fre-
quency, narrow bandwidth applications such as automotive radar [72]. DRA structures can be
significantly smaller than their conducting counterparts due to their high relative permittivity,
and they are also free from conductive losses that can play a significant role at high microwave
frequencies. Several DRA based MWP receivers placed at different locations on a vehicle could
easily take advantage of fiber-optic transmission to an on-board central processor as traditional
coaxial transmission line losses become insurmountable at higher microwave frequencies. With
respect to the work described in chapter 3, future exploration of different dielectric resonator an-
tenna structures has the potential to yield advantages. For example, use of a disk shaped DRA has
the potential to yield a device with a response that is independent of the in-plane linear polariza-
tion of incoming microwave radiation. Additionally, one could consider integrated fabrication of
the DRA structure on-chip, although choice of a suitable material for integrated DRA fabrication
is necessary. Polymer or polymer-ceramic mixture based DRA structures have been reported,
using the photosensitive properties of the polymer to pattern the DRA structure [73,74], and 3D
printed DRA structures with tunable relative permittivity have been demonstrated using fused de-
position modeling [75]. However, these structures have a relative permittivity that is much lower

than the ceramic DRA described in this work. Fabrication of the ring resonator structures using
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a material with a larger electro-optic coefficient than ALN has the potential to improve device

performance, although this comes with significant complication of the fabrication process.
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