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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 ber optic transmission, as well as optical techniques for signal processing that may be
either dif cult or impossible to duplicate electrically. The advantage of ber optic transmission
becomes especially apparent over distances where the weight and loss characteristics of optical
ber greatly outperform standard coaxial cables [2]. Additionally, optical bers 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 signi cant second order-nonlinear susceptibility.
Within these materials, the refractive index of a traveling optical wave is modi ed by the elec-
tric eld of a microwave signal. Lithium niobate (LINb£) 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 LiNtm@ulators

1



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 ber 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 LiNbOs 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 elds in the lithium niobate waveguides, necessitating that the in-
teraction length be on the order of a centimeter or more. Recently, chip-scale thin Im LiNbO
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 LiNkCan be dif cult [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 modi ed by an external electric eld. To understand this phenomenon, we begin with the

displacement eldD
D= oE+P (1.1)

whereE is the vector electric eld and is the material polarization. In the simplest caBeas
directly proportional to the electric eld and we have tlhat=  E where the susceptibility
is a scalar constant. In the more general anisotropic (but still linear)Rase , WE, where
1) is a second rank tensor. Here the supers¢fipis used to denote that the susceptibility is
rst order (linear), and is not used to denote exponentiation. In the linear case, the relationship

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

2 3 2 32 3
1 1 1
Py W1 1978E
Ph= R B i, 12
P, ORENORENC RS

31 32 33

where subscript4, 2, and3 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 YVE+ @EE+ OEEE +::) (1.3)



where (M represents tha™" order susceptibility and is a tensor of ramk- 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 Ror
Pi= o kEx+ wEKEI+ im EkEEm+ :12) (1.4)

wherei, k, |, andm each take on values @&f 2, or 3, and Einstein summation convention is used.
The superscript labels are now unnecessary as well("asnust have exactly + 1 subscripts.
The electro-optic effect arises from the second order susceptibility, so we will consider only rst
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 eld. We then have

E(r:t) = %A(r;!)ei(” N+ C:C: + E(0) (1.5)

P(r;t) = %P(r;!)é(“ '+ C:C: +P(0) (1.6)

whereC:C: denotes the complex conjugateeperesents the location in space, ansithe wave
vector at frequency . By choosing this form for the electric eld and polarization, we have
chosen to restrict our focus to the eld oscillating at frequehcgnd neglect other frequency

terms. In general tha!" order susceptibility is a function of thefrequencies of its associated



electric elds:

k! k(5 (1.7)

i (et to) (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 af &ll argumentsis 0 (e.g. theg ( !3;!1;!2)

term oscillates at frequendy; = ! ; + ! 5, ). Itis important to note that in general the nonlin-
ear susceptibility tensors are not uniquely de ned. In order to avoid ambiguity in their de ni-
tions, we enforce intrinsic permutation symmetry. That is we enforce thdt ! 3;! 1;! 2) =

ik ( !3;!2;11). This leads to a degeneracy fackof ! 3;! 1;! ) in the polarization:

K( glaly)=PERI™ 2) (1.9)
P = # of distinct permutations dfy;! ,

m = # of input frequencies that afe

8
§0|f|3:0
| =
glotherwise
We then have
Pi(r;1)= o w( 1iDA)+2 w( 13l 0)A(r; ! )E ()] (1.10)
Di(r:1)= o[Ai(r:!)+ w( VDA +2 (!l 0OAK(r;!)E(0)] (1.11)



We can factoA(r;! ) out of equation 1.11 yielding

Di(r;!)= olu* w( 131)+2 w( 135 OEQO)]Ar!) (1.12)
where i = 1 if i = k and O otherwise. Hereg( ik + i ( !';!)) is the familiar linear per-
mittivity tensor @ of the material. The terr@ 3 i ( !;!; 0)E,(0) = can then be viewed

as the electro-optic change in the permittivity tensor. @ + . Since in general the electric
eld need not be perpendicular to the propagation directigiit is convenient to convert from
E toD usingE = D asD must perpendicular to bothand magnetic eldB according to

Maxwell's equations. We then de ne

=( M+ )= o 1! (1.13)

ik = Tk E1(0) (1.14)

where @ = ( @) ! and the tensor is known as the electro-optic tensor. Using thdb) +
h i
) (@) '+ — =1 wherel is the identity matrix, we have

m_4+ ® '-p (1.15)

where we have neglected the term on the orderfafnder the assumption that the electro-optic

change is small compared to the linear case. Solving fave have

= O_0 (1.16)

o



by appropriate choice of coordinates, we can ensure tRais diagonal with ,(kl) = 2% where

n? = - Therefore
o=l Im _mk
_ 2w( 135 0E(0) (1.17)
neng '
and
2 (131 0)
Nk = (118)
| neng

If the material in question is lossless, it follows thatust be real and symmetric. Thusy =
ki andriq = ry . This allows us to contract the indiceandk into one indexm ranging from

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

2 2
11 12 1 165
ik=§21 22 23 % EG 2 47 =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 transforiRatios

susceptibility must also be identical after transformatiorRoyHereR can be represented by a



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

each index of :

0 = RiRkn m (1.20)

%
|

% = RimRinRio mno (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

2 3
1 0 O
0O O 1
Rk = i« (1.23)
and therefore §, = ik = ik, meaning j; = 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 tensdior 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].



Table 1.1: Form of the electro-optic tensor for the allowed symmetry groups. Connected lled
symbols are equal, while connected lled and un lled symbols are equal and opposite. Reused
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 lengtlof electro-optic material. Let us choose the following

labels for our basis vectors:
(xy;2) $ (1,23) (1.24)

For simplicity, we begin with a plane wave linearly polarized in yhgirection, and propagating
in thex direction. We will further assume that we have choseyandz such that is diagonal.

Finally, we include an external DC electric el in thez direction. We then have

E(x;t) = yE,& ot o0 (1.25)

= 2my() (1.26)
0

where! o = 2 f o, fo is the frequency of oscillation, ¢ is the wavelength, andy(! o) =
P y(! 0)= o is the material refractive index for tlyepolarized wave. Here since the input optical
eld is monochromatic, we have adopted phasor notation. We may thenmnyiite) in terms of

y using equation 1.13:

(o= Do+ (o) ° (1.27)

10



where f,l)(! o) represents in the absence of an external DC eld anfl)(! 0) = m In most
y
cases, o and we may simplify the exponent using Taylor expansion. This yields
" #
1 y('o)
n(lo)y=n 1 2= (1.28)
’ 2 P(10)
1
= n{® é(ngl))%ngo (1.29)
=n{’ + n, (1.30)
The phase shift accumulated by, as it passes from = 0 tox = L is then
(1)
=2nyL+2nyL: - (1.31)
0 0
2n ML
0 Y (1.32)
0
2n L
Y (1.33)

0

This allows us to control the output phase by controlling the DC electric eld.
Now suppose that the external electric eld is not DC, but instead oscillates at some mi-

crowave frequency !

Eo= Ag Sin( t+ ) (134)

where is some phase offset. Provided where is the microwave wavelength, it is

11



suf cient to add a simple sinusoidal dependence to

0 sin( t+ ) (1.35)

L(Iﬂ§”)3lrzsAo (1.36)
0
We then have that after traveling distarice
E(Lit) = yE,& Vel og SO ) (1.37)

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

into a series of frequency components:
g S .
¢ ntt)= Jn( )entt) (1.38)

WherelJ, is then™ order Bessel function of the rst kind. Since we have assumed 1, we

can expand these Bessel functions to rst order in, yielding

g s t+) =14 gltr) gty (1.39)

- (

By plugging equation 1.39 into equation 1.37 we can seeBlfhit) consists of three distinct

12



frequency components:

Lo (1.40)
I, = 1o+ (1.41)
I =1, (1.42)

The newfound components &t and! are referred to as modulation sidebands, and their
amplitudes are directly proportional to the microwave electric eld, provided the eld strength

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

1.2.3 Intensity modulation

Although modulating the phase of light with an external microwave frequency eld 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.

| (t) = RJE()j? (1.43)

wherel (t) is the output photocurrentE (t)j? 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

| (t) = RJE(L;1)j? = RJE,j? (1.44)

13



Figure 1.2: Schematic diagram of an MZM device.

and photodection of a phase modulated signal yields a DC photocurrent, just as though the eld
had not been modulated at all. If one wants to detect a signal at frequemoy needs to convert

the phase modulation to intensity modulation. One common way of converting phase modulation
of an optical eld 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 eld to each arm, then recombines the optical elds. A
separate DC electric eld 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:

02 310 2 31
1 g( sin( t+ )+ pc) 0 1 61
Eout = p_é 1] %g ég %p—ég ég Ein (1.45)
| {z } 0 el sin( t+ ) J
combiner | {Z } | {Z }
phase shifts splitter

14



where pc represents the relative phase of the two arms controlled by the DC eld. Then

E; . . — - —
Eout:_z'” d oc 1.,.7(e|(t ) el )) 1 T(el(t )+ e il ))
(1.46)
= Epe 2 jsin % + —-cos % dltr) gliltr) (1.47)
and the photocurrent
I (t) = RjEouwj? = RJEinj? sin? 5 sin( )sin( t+ ) (1.48)

Here we can see that for the right choice @t, we do obtain a photocurrent oscillating at

frequency . To maximize this photocurrent, we should apply a DC electric eld such that

bc = . Thisis known as biasing the modulator at quadrature.

1.2.4 Nonlinear wave equation

In the case that the microwave wavelength and the interaction length comparable, it is
no longer suf cient to describe  as in equation 1.36. In this case, we must from the beginning

consider an electric eld consisting of three frequency components along with the microwave

electric eld

E(x;t)= = Ao(x;! )ttt 4+ A (x;!,)el+t D+ A (x;1 )dlt ¥NycCCiy

(1.49)

+ jA (x;)€ '+CcC: 2

NI NI =
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where! ... ) are de ned in equations 1.40-1.42, ang... y = (02” - = " €= where
©:+: ) Is the optical wavelength antl= a% is 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 ( = ) and the refractive inder is constant over the frequency range of

interest. Then from Maxwell's equations, we have

rr E= 0% (1.50)
D= E+P® (1.51)

where includes contributions from the linear susceptibility. Separating terms by frequency and

assuming that th&(x) are slowly varying such tha@g% €44, equation 1.50 yields the

following coupled differential equations:

@A(@X;X! o) _ 2!n0c wel oiles ) ALOGLLA () ells o

wz( Tost ) A (! A (x) el o (1.52)
QA ) - o e i) Al A (6 ) e TC0 D (1s3)
QA ) (e ) Al A () el (1sa)

Provided the modulation is weak, we can assUfg%®)  0asA,, Ao Additionally,

for I o, We can assume, ! oand yy,( '+;'o;) wz( U stor )
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ywz( 10;!0;0). Then

@A(@x;x! ) _g (1.55)
- | 3 )
@A(@’;’X' +) '32 r23A0(0;1 A (x;) & * (1.56)
. 3
@A(@)D(;(! - !312 r23A0(0;1 0)A (x; ) el * (1.57)
Where = o = (o )= 2% AssumingA.(0;!.)= A (0;! )=0,wecan

integrate to nd solutions after propagation lengthn terms ofAq(0;! o) andA (O; )

Z
I on3 L .
A (L1 L) = '32 rsho(0:l0) A (x) & *dx (1.58)
I On3 L ]
A (x;! )= 7 r23A0(0;! o) A (x;)e! Xdx (1.59)
0

If we further assume tha(x; ) is uniform inx, this yields

| on® oL
Ac(Li!,)=2 Or:k:rngo(o;! A (0;) € sin —— (1.60)
| on? L
A (Ll )= 2 OZCrBAO(O”O)A ©)e '+ sin — (1.61)

Here we see that the amplitudes of the sidebandig.at) do not depend linearly ob whenL
and are comparable. In the case that , 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: 1/Q down-conversion mixer

with image rejection capability

In this chapter | will discuss the design and characterization of the microwave photonic 1/Q
down-conversion mixer described in [1]. I/Q down-conversion involves mixing of an incoming
microwave signal at frequendy and a local oscillator (LO) at frequené€y to two outputs at
intermediate frequency (IF)s = jfs foj. 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 ber 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

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 gure 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
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series [14] as shown in gure 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 dif cult 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 Itering [17] as shown in gure
2.1c.

More complex modulator structures have also been used to implement photonic down-
conversion. Techniques have been reported using two 1/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,

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. ¢) Schematic input and output spectra for
a down-conversion mixer showing a BPF that Iters out the image. d) Schematic input and output
spectra for am/Q down-conversion mixer showing separation of the IF contributions from image
and signal into separate outputs.

fir = jfs Toj, there are two signal frequencies for any given LO that will produce the same IF
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output:

fi="f+fo (2.1)

fo="1f fo (2.2)

where iff ; is the frequency of the signal of interest we refef taas the image frequency and

vice versa. Once overlapped in frequency at the output of the mixer as shown in gure 2.2b,
contributions from the signal of interest and image can not be separated by Itering of the output.
One solution to this problem is to simply use a band pass Iter (BPF) at the microwave input

to eliminate interference from the image as shown in gure 2.2c, but this method necessarily
reduces the receiver bandwidth as only frequencies within the pass band can be down-converted.
However, given | and Q outputs as shown in gure 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 | will discuss in detail the mixer design reported in [1], which makes use of
a single DDMZM followed by a band pass lter 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, con rming 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

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 L\Q.r = Vo Sin( ot) where is the LO voltage

at frequencyfo = (=2 , while in the upper arm it is modulated by the microwave signal and
imageVypper= Vi SIN( 1t)+ Vo sin( ,t) whereV; is the signal voltage at frequenty = =2

andV, is the image voltage at frequenty = ,=2 . A DC bias voltage applied to the upper
arm induces an overall phase shifbetween the two arms before they are recombined at the
output of the DDMZM. We de ne the optical eld from the laser ag(t) = P Poe't wherePy

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

2 3 2 3
L EOCE

1 e
appwmzm (t) = p_i 1 j g

[masin( 1t)+ mzsin( 2t)+ ]

| _{Z_} 0 dmosin( ot)
combiner | {Z } |_{Z_}
modulation splitter
P P_O j't j[m1sin( 1t)+ masin( 2t)+ ] jm o sin( ot)
aAppMzM (t) = Te' glm ! 2 2 g@mo 0 (24)

wherem; = V=V is the modulation depth corresponding to each of the three inputs. Applying

the Jacobi-Anger expansion to equation 2.4 yields

" #
P Pogyw 4 % % ik 1+ ot R jn ot
app(t) = Te" e Jk(mg)J-(mp)e™ 2 Jn(mg)e" ° (2.5)

k=1 "=1 n=1

whereJ, (m) is then™ order Bessel function of the rstkind. To reduce the effect of second order
distortion on the output, an optical band pass Iter (OBPF) immediately following the DDMZM
extinguishes all frequencies in equation 2.5 with> 1 or jk + “j > 1. If we further assume

thatmy;m, 1 we can expand the remaining terms in equation 2.5 to rst ordemimndms,
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yielding:

p—
— Po jit i my 1t my joat ma 2t m2 j oot
aOBpF(t)— > e e 1+ 2e' > + Zel 29
Xt .
Jn(mo)e'” ot (26)
n= 1

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) ber-delay lIter. This splits the light into
two paths, one of which is delayed by timebefore recombining them. The AMZI yields two

complementary outpus andB, the spectral transfer function of which are as follows:

(19 =sin !2) * @.7)
tg (! 9 = cos (t° !2) i (2.8)

where is controlled by a DC bias voltage. The power transmisgigih 9j? in each arm as

a function of frequency is superposed in gure 2.3b. This power transmission is periodic in
frequency with period= , which we refer to as the free spectral range (FSR) of the AMZI. The
AMZI FSR and are then chosen such that(! + o) = tg(! o) = 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 :

whereqis some integer. The output optical

5 (2.9)

_+4q

5 (2.10)

eld in each path can then be described as follows:

an(t) = ? g pl—§+cos 0 %e’ 1t 4 sin ;0 %ei it
+cos —2 %ei 2t pgin 2 %ej 2t
Jo rgo) + 3, (my)é o 211
ag (1) = ?é!t é pl—z sin 120 n;lei it cos 120 %ej it
Jo r;0) Ju(mo)e | ot 2.12)

where 10 1 oand 20 2

o represent the angular frequencies of the down-converted

signal and image, respectively. photodetectioraoft) andag (t) produces photocurrents at
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frequency j0and oo:

ia(t) = w m1 COS % cos( ot + ):::

+ mpcos —= cos( ot + ) (2.13)
ig(t) = w m; COS 120 cos( ot )i

+ M, COS % cos( ot ) (2.14)

whereR is the photodetector responsivity and we have omitted terms that do not oscillate at
either 19 0r 0. If we assume that ; and , are spaced evenly to either side of, that is

1 0= 0 > = | We obtain

RPoJ1(mo) c

ia(t) = " 0s —— [mycos( gt+ )+ mpcos( gt )] (2.15)
ig(t) = %ﬂm‘ﬁcos '—ZF [micos( gt )+ mycos( et+ )] (2.16)

The terms in equations 2.15 and 2.16 that are proportiona;teepresent the down-converted
signal, while the terms proportional to, 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
inia(t) leads its counterpart iy (t) by 2 , where the down-converted image lags behind by the
same amount. If we choose= =4, these components will be 90 degrees out of phase, yielding

| and Q photocurrents at the IF. Passipt) andig (t) through a 90 degree electrical hybrid, we
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obtain two output currents (IFF2):

1 . .
IF1= p5lia(t) + ig (1)] (2.17)
1 .0 .
IF2 = ig—é[l;\(t)+ ig(t)] (2.18)
where we have chosen= =4 and
. RPyJ1(m 3
i%(t) = 041( 0) cos g m;cos gt + 7 T macos Ft+ 2 (2.19)
RP
i3(t) = Ojrl(mO) cos g m;cos et + 7 +macos b+ 37 (2.20)

Then at the output of the hybrid we have

p_
2RP
0J1(Mo) cos !

IF1(t) = . zF mycos gt+ o (2.21)
p_
2RP

IF2(t) = A?Jl(mO) COS —— m,cos |rt+ 7 (2.22)

Here we see that only the signal contributes tb, M¢hile only the image contributes to2FIt is

useful to compare the output signal photocurrent to the theoretical output photocurrent at some
frequencyf yzv produced by a non-down-converting microwave photonic system consisting of
a quadrature-biased MZM modulatedfafzy with modulation depthm; and utilizing direct

detection:

RP
M 0s( wzmt) (2.23)

imzwm (1) =
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The gain of our system compared to the MZM is as follows:

G

GMZM

J1(mg) cos '—ZF (2.24)

NI =

This is maximized whemg = 1:841, and takes on a value of approximately: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 con gured as an OBPF
with a bandwidth of 95 GHz as shown in gure 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 voltagef¢r thermal stabilization, passively
stable AMZI lters 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 imbalanceg degrees and 0:75dB

respectively.
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To measure the image rejection capability of the system, a LiQ at30 GHz was used
to simultaneously down-convert a signal toné at 26:99975GHz and an image tone &4 =
3299975GHz. Figure 2.4a shows the measured input LO and signal/image spectra superposed.

Figure 2.4b shows the output IF spectra (averaged over 100 tracesy#6 and = 45.1In

Figure 2.4: a) Measured input LO and signal/image spectra superposed. b) Measured output IF
spectra (averaged over 100 traces). Wherd5 the signal is suppressed by over 40 dB relative
to the image, and when= 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
Gmzm

was measured as a function of LO modulation depthfor LO frequencies ofy = 10

GHz andf, = 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 ¥eof 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 gaib=Gyzy of a 3 GHz IF output as a function of LO modulation
depthm, for LO frequencies of = 10 GHz andf , = 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 xed LO frequency fof = 30 GHz and xed modulation
depths oimg = 1:3andm; = 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 xed at 30 GHz andmy = 1:3and
the signal frequencl, was varied while the signal modulation depth was held constant at
0:05. Figure 2.5b shows the normalized IF output power as a function of signal fregtiewith
theoretical calculations superposed, showirapg —+— dependence and a 3dB bandwidth of
approximatelyl=2 = 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 tonesfat= 26:99975GHz andf , = 27:00025GHz while the LO is xed
atf, = 30 GHz andmg = 1:3. The powers of the IF outputs at frequendies f,) and(fo f,),
the second order products at frequen@@s f1),2(fo f2),and(2f, f; f5), and the third

order intermodulation distortion products (IMD3) at frequenéfes 2f, f,)and(fo f, 2f,)

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 he system noise oor

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 Iter in place, the second order distortion is limited by electrical
cross talk in the modulator, which produces optical tonés at( o pand! (o 2),

which beat with the tones &t 1 and! ». These tones reside within the rst order optical

sidebands and are therefore not removed by the OBPF.

2.2.3 Broadband operation

To con rm the broadband capability of the system, a signal consisting of a 1 Gbaud QPSK
pseudo-random bit sequence (PRBS11) with a center frequenty of 26:99975GHz and
average power of -10 dBm was used as the signal of interest, while a strong tere22:00025
GHz and 0 dBm was used as the image. Again the LO was xdg at30 GHz andmg = 1:3,
and the electrical output was then ampli ed 58 dB before being detected by a spectrum analyzer
and an 8GHz real time oscilloscope. The oscilloscope traces were processed of ine 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 tohes-at
26:99975GHz andf , = 27:00025GHz and xed LO atf, = 30 GHz andmg = 1:3, indicating
an SFDR of 100.6 dB-Hz®. Solid lines indicate ts to the data: the IF and IMD3 were t to
theoretical calculations, while the second order distortions were t 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, gure 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 | 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, | 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]. Higlayis
aligned AIN thin Ims 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 f&ztowbich is
de ned 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
nesseF = %. 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
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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 highand 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 eld 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 eld 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 signi cant 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 signi cant 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 coef cients (see table 1.1):

l33
M3 = o3
51 = T4

Unlike in lithium niobate wheress is largest non-zero element by a signi cant margin, in AIN

rsz andryz are approximately equal [54]. This, combined with thaxis orientation of the sput-

tered AIN thin Ims, 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 Ims than their out-of-plane polarized
(TM) mode counterparts. This is because as the waveguide becomes thinner, the TM mode be-
comes less con ned to the waveguide core than the TE mode as shown in gure 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 eld superposed. a) TE mode, 69.96% of power con ned to the
core. b) TM mode, 56.91% of power con ned to the core. c¢) TE mode, 90.43% of power
con ned to the core. d) TM mode, 90.67% of power con ned to the core. Simulations performed
by Ansys Lumerical MODE nite difference eigenmode solver.
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