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Silicon photonics, the design and manufacturing of optical structures on silicon

wafers using the same process as computer chips, has in the past several years

revolutionized high-speed communications between computers and stands primed

to further advance sensing, signal processing, and quantum computation. Such

photonic devices are the most powerful because they can be manufactured at in-

credible scale, allowing us to either build them very cheaply or build large systems

of photonic components, much like transistors and large-scale integrated circuits.

In this dissertation we make a leapfrog improvement in the state of the art of sil-

icon photonics in two different areas: dramatically improving the performance of

modulators using graphene and building large-scale silicon optical phased arrays

with record-breaking efficiency and output beam quality.

The dissertation is divided into five chapters. In the first, I introduce silicon

photonics, discuss its capabilities and limitations, and summarize the key results of

the dissertation. In Chapter 2, I lay a theoretical framework for on-chip waveguides

and ring resonators with a mathematical notation used throughout the thesis, as

well as derive Fourier optics of optical phased arrays from first-principle scattering

theory. Chapter 3 details work on graphene ring modulators, including extensive

fabrication and measurement details. Chapter 4 continues with theoretical and

experimental models of using graphene for highly linear and purely phase-based



modulators. Finally, Chapter 5 describes work on chip-scale optical phased arrays

and a method for achieving half-wavelength emitter waveguide pitch.
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CHAPTER 1

INTRODUCTION

Silicon photonics, over the past two decades, has transformed from a preposter-

ous idea to an unbelievable success story [1, 2]. Devices that use silicon not as a

semiconductor for electronics but as a light-guiding material for optics are now

routine, with dedicated processes available in commercial foundries [3] and prod-

ucts in volume production for datacenter networking [4]. Most applications today

center around high-speed fiber-optic data transmission, and core to these innova-

tions is the silicon modulator [5,6], a fast optical amplitude controller that converts

GHz-speed electrical voltage signals into changes in transmission of a laser beam.

As we look to the future, however, silicon photonics clearly must grow in two

directions: increasingly higher-performance electro-optic devices like modulators,

and leveraging the power of integration into large systems afforded by wafer-scale

fabrication.

Despite its successes, silicon remains fundamentally limiting as we push to

faster modulators and diverse systems. Fast silicon devices depend on single-

crystal silicon on insulator (SOI) wafers, which are both expensive, at odds with

the requirements of co-fabricated CMOS transistors, and transparent only to a

limited range of infrared wavelengths. Additionally, silicon’s relatively low mobility

itself limits the speed of modulators that use it as the electrically-active material.

For nonlinear, quantum, and visible photonics especially we prefer lower-loss and

broadly-transparent materials like silicon nitride [7–10], but because silicon nitride

is an insulator (bandgap of approximately 5 eV), for active devices generally we

have no choice but to use elemental silicon.
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Graphene has attracted great interest in electronics for its unparalleled carrier

mobility and novel physics [11, 12], yet the performance of graphene photonic de-

vices to date has been limited. While several groups have explored photodetectors

made from this single-atom-thick sheet of carbon [13–18], successful demonstra-

tions of modulators have been disappointing, universally having speeds at or below

1 GHz and high unwanted insertion losses.

Here we propose and fabricate a graphene electro-optic modulator based on a

novel ring resonator design that operates over an order of magnitude faster than

any graphene modulator previously demonstrated. We are also the first to demon-

strate high-speed large-signal modulation, showing the capabilities of graphene

modulators for serial data transmission. Additionally, the modulator is the first

to make use of passive silicon nitride waveguides rather than silicon, opening the

door to integrating ultrafast electro-optic components on any passive waveguide

material.

A reliable fabrication process for waveguide-based graphene devices then opens

a wide array of possible devices. We explore two: a linearized low-distortion mod-

ulator for analog signals, and a device design that converts purely absorptive mod-

ulation in the graphene to phase modulation of the optical beam.

Linear modulators are especially important for carrying radiofrequency signals

over fiber links [19], for routing signals to remote cell towers or satellite links with

far less loss than in electrical cables. We realize that graphene, because of its

unique linear band structure and capacitive drive, is particularly well-suited for

linear modulation. This stands in contrast to inherently nonlinear diode-based

modulators common in silicon photonics. Graphene’s impressive linearity (20-30
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dB more linear than even specially designed silicon modulators) combined with

promise of record-breaking speeds opens up millimeter-wave over fiber links.

Phase modulation, particularly binary (BPSK) or quadrature (QPSK) modula-

tion where phase is modulated in discrete steps, increases the effective data rate of

a modulator even further, since these modulation formats have both higher signal-

to-noise ratio and can encode a greater number of bits per clock period. Using the

phase characteristics of a ring resonator, we unexpectedly find that we can achieve

pure binary phase modulation simply by adjusting the round-trip loss of the ring.

Having addressed the design of individual components, we then turn to the

frontier of large systems. Wafer-scale structures become their most powerful when

integrated in large numbers, yet few researchers today demonstrate more than a

handful of photonic components functioning together on one chip. We push these

limits by building an optical phased array—a chip-scale device that forms and

steers a free-space beam using no moving parts. These arrays consist of large num-

bers (between tens and thousands) of waveguides, each with its own electrically-

controlled phase shifter. When the phases are properly aligned, light emitting from

these waveguides constructively interferes in the direction of interest. Modifying

the phase across the emitting waveguides then allows us to tilt and focus the beam

arbitrarily.

Optical phased arrays today can steer only over a small range of angles (typ-

ically < ±25◦) because of limitations on how closely packed waveguides can be

on-chip without incurring crosstalk that disrupts the beam. By introducing an

anti-crosstalk design, we break this limitation, showing beam formation over ±60◦

in a 64-element array. Our method is the only known way to achieve wide-angle

beam steering while keeping almost all of the light focused in the desired beam.
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Our continued work to scale up such phased arrays will enable high-performance

LIDAR (laser radar) for self-driving cars and precision robotics.
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CHAPTER 2

TECHNICAL BACKGROUND

2.1 Waveguides

Waveguides act as the ubiquitous building block in all of integrated photonics.

At the most basic, a waveguide consists of a high-index core surrounded by a

low-index cladding. In our case, the core is generally silicon (Si, n = 3.48 at

1550 nm wavelength [20]) or silicon nitride (Si3N4, n ≈ 2), while the cladding is

silicon dioxide (SiO2, n = 1.44 [21]), though the options are vast, limited only by

transparency at the wavelength of interest. We start with a blanket layer of the

high-index material on a thick layer of the low-index one, and then pattern the high-

index material via lithography and etching [22]. Optionally, we deposit a cladding

layer of a low-index material over the entire structure. Air-clad waveguides without

this deposited layer are useful for devices like sensors where the optical mode

needs to be exposed, but clad devices are far more robust since they are protected

from dust and moisture in the air. The end result of this fabrication process is a

rectangular wire of high-index material which confines light laterally and vertically

as the light propagates down the wire’s length. The structure is very similar to

optical fiber, which uses a doped-glass core and an undoped glass cladding instead

of etched semiconductor materials.

We build a simple model of light propagation in these waveguides by noting

that Maxwell’s equations are linear (at least at low intensities) and thus we can

formulate electromagnetism as an eigenvalue problem [23]. For waveguides that

have translational symmetry in the propagation (z) axis:
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E(x, y, z, t) = E0(x, y)e−iωteiβz (2.1)

where at a wave angular frequency ω we separate out an eigenvector E0, the spa-

tial mode profile, and its eigenvalue β, the wavenumber or propagation constant.

Throughout we use the convenient trick of representing fields as their complex am-

plitudes, knowing that the actual fields are the real part of these expressions. The

wavenumber β (sometimes written k, and related to the effective index neff) gov-

erns the longitudinal pattern in the waveguide and sets the wavelength inside the

material, exactly like the refractive index for a plane wave through a homogeneous

dielectric.

β = k =
2π

λ
= neffk0 = neff

2π

λ0

(2.2)

For waveguides, then, solving the cross-sectional refractive index profile for E0

and neff at the wavelength of interest is the key problem. For some simple cases

of high symmetry and low index contrast between core and cladding, closed-form

solutions to the mode problem are well-studied [24,25]. For high-index waveguides

of interest here, however, analytical methods are inaccurate and we depend on

computational solutions to the mode problem. Finite-element and finite-difference

electromagnetic solvers are widely available, such as the COMSOL, Photon Design

FIMMWAVE [26], and Lumerical MODE software packages. A few example mode

profiles of silicon and silicon nitride waveguides are shown in Figure 2.1.

Varying the width and height of the waveguide gives us tremendous control over

its optical properties. We can increase the width or height of the waveguide to

confine light more strongly inside the waveguide core material, or decrease them to

force the optical energy into the surrounding material. Carrying optical energy in
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(a)

(c) (d)

(b)

1 μm

Figure 2.1: Cross-section plots of |E| for several modes. a. 450 nm wide by 220
nm tall silicon, TE0. b. Si, TM0. c. 1000 nm wide by 300 nm tall silicon nitride,
TE0. d. SiN, TM0. All plots are at the same scale.

the cladding is useful when the optically-active material of interest (e.g. graphene,

Chapter 3) is not the waveguide core. Changing overlaps between the core and

cladding also modifies the effective index of the mode (Figure 2.2), which governs

its propagation speed and coupling behavior with adjacent waveguides (Chapter

5), as well as its dispersion, useful for nonlinear optics.

Absent other constraints, we generally choose the waveguide width that min-

imizes propagation loss, the amount of light lost from the waveguide per unit

length. In most waveguides, losses are dominated not by material absorption but

by scattering from the rough sidewalls of the waveguide. Roughness is introduced

mostly during lithography, from a combination of image blur and random chemical

processes in the resist for deep-UV optical lithography [27,28] or from random shot
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Figure 2.2: Mode effective indices for various widths of a 220 nm tall Si waveguide
at 1550 nm. Effective index increases as width increases, pulling more field energy
inside the waveguide core. Occasionally modes cross in index, for example near
675 nm for the TM0 and TE1 modes. This occurs again at 220 nm width where
the waveguide switches from being wider than it is tall to vice-versa. Modes are
cutoff at narrow widths (≈450 nm for TE1) where they approach the bulk index
of the cladding. Note that the effective index is most sensitive to changes in width
for narrow widths and the TE0 mode.

placement error in raster-scanned electron-beam lithography [29]. Some additional

loss might also be introduced during etching, either from physical damage to the

waveguide sidewall or from chemical contamination and dangling bonds created

by reactive etch gases [30–32]. Regardless of the cause of the roughness, we can

minimize its effect on optical scattering by using as wide a waveguide as possible,

pulling light into the waveguide core and minimizing the amount of optical power

at the sidewall.

Why, then, are waveguides usually not very wide? In most cases, we want

waveguides to only support a single spatial mode per polarization. Very wide
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waveguides begin to support multiple higher-order modes, each of which propagates

with a different β. This modal dispersion corrupts high-speed data, and the simple

existence of multiple modes complicates design of almost any useful device. Thus,

we usually choose a waveguide that is as wide as possible while remaining single-

mode, typically 450 nm wide for 220 nm-thick silicon or about 1 µm wide for 300

nm-thick silicon nitride for TE-polarized light (electric field in the plane of the

wafer).

One compelling use for very narrow waveguides is the inverse taper for coupling

between on-chip waveguides and optical fiber [33, 34]. Deliberately narrowing the

waveguide to below about 200 nm causes the waveguide to lose confinement, ex-

panding the mode to propagate primarily in the cladding. This large mode (ap-

proximately 2.5 µm 1/e2 diameter) matches well with the mode at the focus of a

lensed fiber, allowing efficient coupling between the two.

2.2 Directional Couplers

The most basic stepping stone from single waveguides to more complex devices is

a coupler, one that splits power between two waveguides in some designed ratio.

With waveguides, couplers can be extremely straightforward—simply running two

waveguides parallel to each other with a small oxide gap between them will couple

light from one to the other. This coupling occurs because the waveguide modes

have an exponentially-decaying evanescent field outside of the waveguide core that

overlaps with the adjacent waveguide mode. By controlling the gap between the

waveguides as well as the length that they run parallel, we control the ratio of

coupling.
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Much like the waveguide mode problem, closed-form models of the coupling

problem are well-studied under the name of coupled mode theory [35, 36]. Power

couples back and forth between the two waveguides as it propagates in z, with

power in each waveguide varying as sin2z. The period of that sine is set by the

waveguide shape and gap, with larger mode overlap giving stronger coupling and

a shorter period. For more exact simulations in practical use, we prefer computa-

tional methods that can properly account for the coupling in the entire structure,

including bent sections of waveguide. Finite-difference time-domain (FDTD) sim-

ulations [37, 38], which solve the full electric and magnetic field vectors stepped

in time, give robust solutions to this and other electromagnetism problems, but

are computationally difficult and scale very poorly with problem size. Instead, we

typically again exploit the mode description of the waveguides and use eigenmode

expansion (EME) techniques for a reasonably fast simulation. Typical results for

a directional coupler are shown in Figure 2.3.

Regardless of the coupler details, we can describe a black-box coupler as a

device that, given two input fields E1, E4 and two output fields E2, E3, transforms

the inputs to the outputs via a 2x2 matrix [39,40]:

E2

E3

 =

 t iκ

iκ t


E1

E4

 (2.3)

For a lossless coupler we additionally impose from conservation of energy:

t2 + κ2 = 1 (2.4)

10



2 μm

Figure 2.3: Eigenmode expansion directional coupler simulations. For a sili-
con waveguide directional coupler with one straight waveguide and one curved
waveguide with a bend radius of 25 µm, coupling ratios vary between 40% power
transferred to the second waveguide drop port at a 100 nm gap to 0.26% at a 400
nm gap. Inset: propagating power for a directional coupler with a 200 nm gap,
corresponding to a coupling ratio of 7.9%. The image is distorted to emphasize
the waveguide curvature; the scale bar corresponds to the horizontal direction.

From a system perspective we can then describe the entire coupler with a single

parameter t between 0 and 1.

2.3 Ring Resonators

Taking a coupler and connecting one of its output ports back onto its own input

forms one of the most pervasive structures in silicon photonics: a ring resonator.

Light launched into one port of the directional coupler will propagate around the

ring many times, making the resonator exceedingly sensitive to small changes in the

11
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aeiφ

E1 E2

E3E4

Figure 2.4: Theoretical model of a waveguide-coupled ring resonator.

ring. This sensitivity makes ring resonators useful for a wide range of applications,

including sensors [41–44], efficient electro-optic modulators [5, 45], wavelength-

selective filters [46, 47], low-power switches [48–50], low-threshold lasers [51–54],

and nonlinear optics [55–57].

The ring resonator’s functionality hinges on interference in the directional cou-

pler. Light propagating around the ring interferes with new light entering from

the input waveguide, causing the power in the output waveguide to be strongly

dependent on the input wavelength or the loss and phase of the ring waveguide.

Mathematically, we can model the ring (Figure 2.4) by combining equations 2.3

and 2.4 with an additional one describing the loss a and phase φ = βL picked up

in one round-trip pass of the ring:

E4 = aeiφE3 (2.5)

A small amount of algebra yields:

12



E2 =
t− aeiφ

1− ateiφ
E1 (2.6)

On-resonance (φ = 2πm for integer m, equivalent to an integer number of

wavelengths fitting around the ring), the light interferes constructively in the ring

and destructively in the output port. Transmission on-resonance is the extinction

of this destructive interference, only dependent on the round-trip loss and coupling

strength:

T =

(
E2

E1

)2

=

(
t− a
1− at

)2

(2.7)

Transmission on-resonance has a minimum where a = t, a condition known as

critical coupling. Rings with a > t (equivalently, a < κ) are overcoupled, since

coupling into the ring exceeds the amount necessary to replenish the round-trip

loss. Similarly, a < t or a > κ describes an undercoupled ring. Transmission curves

of rings for various coupling conditions are plotted in Figure 2.5

From this spectrum1 it is possible to extract a resonance full-width at half-

maximum [58]:

FWHM =
(1− at)λ0

πngL
√
at

(2.8)

ng is the waveguide group index, which takes into account the change of the

effective index versus wavelength:

ng = neff − λ0
∂neff

∂λ0

(2.9)

1Truly a spectrum, since φ is equivalent to wavelength via φ = 2πngL/λ.
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Figure 2.5: Ring transmission versus round-trip phase for a = 0.9 and three
values of t: t = 0.9 (critically-coupled), t = 0.99 (undercoupled) and t = 0.6
(overcoupled).

We define the quality factor Q of the resonance as a ratio of the frequency f

to the linewidth ∆f :

Q ≡ f

∆f
= ωτ =

λ0

∆λ
− ∆λ

4λ0

≈ λ0

∆λ
(2.10)

where the approximation holds for spectral linewidth much smaller than the res-

onant wavelength (∆λ � λ0). Q factor can also be measured in the temporal

domain; it is directly proportional to the exponential lifetime τ of a photon in the

ring. Typical Q factors in integrated ring resonators are on the order of thousands

to millions, corresponding to photon lifetimes from tens of picoseconds to several

nanoseconds.

Combining 2.8 and 2.10, we find expressions for the quality factor in terms of

the ring loss and coupling coefficient:
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QL =
πngL

√
at

(1− at)λ0

(2.11)

Qi =
πngL

√
a

(1− a)λ0

(2.12)

QL is the loaded quality factor, while Qi is the intrinsic quality factor (t = 1).

Loaded quality factors include the effective ring loss induced by out-coupling, while

intrinsic quality factors describe just the loss in the ring itself. For critically-

coupled (a = t), high-Q (a→ 1) rings:

Qi

QL

=

√
a

1 + a
≈ 1

2
(2.13)

Relating round-trip loss to the power attenuation coefficient per unit length

and an obscure though convenient approximation allows us to extract a simple

expression for intrinsic Q valid for a→ 1 [59]:

a = e−αL/2 (2.14)

1− a√
a
≈ − ln a =

αL

2
(2.15)

Qi ≈
2πng
αλ0

(2.16)

The equation can be simplified even further by using the complex effective

index ñeff = neff + ikeff, in which case:
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α =
2πkeff

λ0

(2.17)

Qi ≈
ng
keff

(2.18)

A few additional values describe the full behavior of a ring resonator. The free

spectral range, first, is the distance in wavelength between adjacent resonances:

FSR =
λ2

ngL
(2.19)

The effective selectivity of the filter can then be described as the ratio of free

spectral range and resonance width, called finesse:

F ≡ FSR

∆λ
=

Qλ

ngL
=

π
√
at

1− at
≈ −π

ln at
(2.20)

The behavior of ring resonators is surprisingly rich for such a simple system, and

this theoretical formulation enables the straightforward design of a wide variety of

photonic devices.

2.4 Fourier Optics for Optical Phased Arrays

Wafer-scale fabrication and advanced lithography enable almost effortless manu-

facturing of photonic components by the thousands. While such manufacturing is

easily brought to bear to reduce costs of simple components, it is perhaps most

powerful in building large collections of devices that work together. In electronics,
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large-scale microprocessors and VLSI circuits are far more powerful than single

cheap transistors. One of the most promising applications for large-scale photon-

ics is the optical phased array, a solid-state beamforming system that projects

arbitrary light patterns by controlling the phase front of the output light.

The key theoretical problem in optical phased arrays is to convert an arbitrary

phase and amplitude profile in the near-field (at the chip facet) to a amplitude

profile in the far-field (at the target, far away from the chip). In general, solving this

system seems to require a full solution of Maxwell’s equations, which is analytically

tricky and computationally infeasible. Conveniently, though, light propagation

through phase-distorting elements is a key problem in traditional optics, which

has developed the theory of Fourier optics to easily treat these situations [60].

Since our phased arrays deal with beam formation at very wide-angles off-axis, we

develop here a non-paraxial formation of Fourier optics, valid for the Fraunhofer

far-field:

R� W 2

λ
(2.21)

where W is the size of the phased-array aperture and R is the distance at which

we measure the diffraction pattern.

We begin with a plane of arbitrary sources in the x′ − y′ plane at z = 0 and

solve for its propagation into z > 0 to a point (x, y, z) (Figure 2.6). This is

basically the problem of diffraction from an aperture and is solved exactly by the

Rayleigh-Sommerfeld diffraction theory [61,62]:

Ex,y(x, y, z) =

∫∫
A

dx′dy′Ex,y(x
′, y′, 0)

e−ikR1

2πR1

(
ik +

1

R1

)
z

R1

(2.22)
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Figure 2.6: Geometry for Fourier optics derivation. A distributed source at the
z = 0 plane diffracts into the right half-space, solved at a point (x, y, z).

Ez(x, y, z) =

∫∫
A

dx′dy′
e−ikR1

2πR1

(
ik +

1

R1

)[
Ex(x

′, y′, 0)
x′ − x
R1

+ Ey(x
′, y′, 0)

y′ − y
R1

]
(2.23)

where k = 2π/λ0 is the wavenumber and R1 is the distance from a infinitesimal

emitter to the point of interest, and the integral is over the emitting aperture.

We are interested in the far-field solution, where R1 is very large. Therefore, we

can approximate R1 → R0, where R0 is the distance from the origin, except in

the phase term eikR1 . We can safely approximate the amplitude terms because

errors in the final solution are only on the order of the error in the approximation;

however, the phase term must be accurate to � π regardless of the magnitude of

R to correctly model interference effects. Thus, ik = i2π/λ � 1/R1, x′ � x, and

y′ � y, giving:

Ex,y(x, y, z) =
ik

2πR0

z

R0

∫∫
A

dx′dy′Ex,y(x
′, y′, 0)e−ikR1 (2.24)
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Ez(x, y, z) =
ik

2πR0

1

R0

∫∫
A

dx′dy′ [xEx(x
′, y′, 0) + yEy(x

′, y′, 0)] e−ikR1 (2.25)

In the phase term, for R0 � 2x′2/λ and R0 � 2y′2/λ:

R1 =
[
(x− x′)2 + (y − y′)2 + (z − 0)2

]1/2 ≈ R0 −
xx′ + yy′

R0

(2.26)

Ex,y(x, y, z) =
ie−ikR0

λR0

z

R0

∫∫
A

dx′dy′Ex,y(x
′, y′, 0) exp

(
i2π

[(
x

λR0

)
x′ +

(
y

λR0

)
y′
])

(2.27)

Ez(x, y, z) =
ie−ikR0

λR0

1

R0

∫∫
A

dx′dy′ [xEx(x
′, y′, 0) + yEy(x

′, y′, 0)]

exp

(
i2π

[(
x

λR0

)
x′ +

(
y

λR0

)
y′
]) (2.28)

These equations are simply Fourier transforms on the spatial frequencies of the

emitter:

fx =
−x
λR0

, fy =
−y
λR0

(2.29)

Ex,y(x, y, z) =
ie−ikR0

λR0

z

R0

Êx,y (2.30)

Ez(x, y, z) =
−ie−ikR0

λR0

1

R0

[
xÊx + yÊy

]
(2.31)
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Note that in this non-paraxial case, even light that emits from the phased

array perfectly polarized (purely Ex, for example) can have significant energy in

the longitudinal (Ez) field component off-axis. A similar phenomenon occurs for

high-numerical aperture (non-paraxial) focusing of Gaussian beams [63].

This idea of diffraction as a Fourier transform makes several key results from

phased arrays intuitive. We can imagine the phased array as a series of point

emitters arranged in a rectangular aperture—that is, a comb multiplied by a box

function. Taking the Fourier transform gives the Fourier transform of the comb

convolved with the Fourier transform of the box. A box of dimension Wx by Wy,

solving equation 2.27, becomes in the far field:

Ex(x, y, z) =
ie−ikR0

λR0

z

R0

WxWy sinc

(
πxWx

λR0

)
sinc

(
πxWy

λR0

)
(2.32)

This is the well-known sinc pattern from single-slit diffraction. In spherical

coordinates and intensity units:

I(θ,Φ) = I0 sinc2

(
πWx

λ
sin θ

)
sinc2

(
πWy

λ
sin Φ

)
(2.33)

The near-field comb becomes a far-field comb as well, with angular spacing:

θ = arcsin
λ

2d
(2.34)

where d is the spacing between emitters in the phased array. The end result,

convolving this comb with equation 2.33, is a series of sinc-like beams (each with

its own tails of sidelobes) spaced in periodic grating lobes. Because real emitters

are not isotropic point emitters but rather have some spread, this entire function

20



is then multiplied by an envelope emitter factor, attenuating grating lobes away

from θ = 0◦ [64].
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CHAPTER 3

GRAPHENE RING MODULATOR

3.1 Device Concept

Graphene has generated exceptional interest as an optoelectronic material [65,66]

because its high carrier mobility [11,12] and broadband absorption [67] promise to

make extremely fast and broadband electro-optic devices possible [14, 15, 68, 69].

Electro-optic graphene modulators reported to date, however, have been limited

in bandwidth to a few GHz [70–75] because of the large capacitance required to

achieve reasonable voltage swings. Here we demonstrate a graphene electro-optic

modulator based on resonator loss modulation at critical coupling [76] that shows

drastically increased speed and efficiency. Our device operates with a 30 GHz

bandwidth and with a state-of-the-art modulation efficiency of 15 dB per 10 V.

We also show the first high-speed large-signal operation in a graphene modulator,

paving the way for fast digital communications using this platform. The modulator

uniquely uses silicon nitride waveguides, an otherwise completely passive material

platform, with promising applications for ultra-low-loss broadband structures and

nonlinear optics.

Integrated graphene modulators to date, by nature of their electroabsorptive

structure, carry fundamental tradeoffs between speed and efficiency. In these struc-

tures, graphene forms at least one electrode of a large capacitor; a voltage applied

to this capacitor causes carriers to accumulate on the graphene sheet and gates

the interband absorption of the graphene through Pauli blocking [77]. This change

in absorption modulates the intensity of light traveling through the waveguide.

Operation speed can be increased by using a thicker gate oxide, but the lower ca-
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Figure 3.1: Critical coupling effect and device concept. a. Schematic concept.
For a given coupling strength, a low-loss system will be more coupled to its en-
vironment than a high-loss system because of impedance matching. A resonator
designed for critical coupling at low intrinsic losses would thus be undercoupled
at high losses. b. Effect in a graphene-clad ring resonator and band diagrams for
the two gated sheets of graphene in the parallel-plate capacitor structure. When
a graphene section with high loss is integrated with a ring resonator, it prevents
light from circulating in the cavity, leading to high transmission through the bus
waveguide. When electrostatically doped, the graphene becomes transparent, al-
lowing light to circulate in the cavity and causing low transmission through the
bus waveguide.

pacitance makes for a lower carrier concentration change with voltage and reduced

efficiency.

We overcome this tradeoff by exploiting critical coupling effects, in which an

increase in loss in a coupled resonator increases the system transmission by chang-

ing the condition for resonator coupling (Figure 3.1a). We design a resonator
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Weaker
coupling RF

Modulation

Figure 3.2: Theoretical transmission on-resonance (φ = 0), neglecting graphene
phase modulation effects, for t = {0.7, 0.8, 0.9, 0.975}. Black squares indicate
the operating points of our experimental device, which has t = 0.70. Note that
lower losses in the ring resonator would permit devices with lower insertion loss
and higher transmission slopes.

to be critically coupled for low losses. When losses are increased, the resonator

then becomes undercoupled, increasing transmission through the bus waveguide.

This effect has been used to create sensitive all-optical switches [76, 78]. Here,

we use a silicon nitride ring resonator above a portion of which we integrate a

graphene/graphene capacitor to modulate the round-trip ring loss (Figure 3.1b).

At 0 V bias, both graphene sheets in the capacitor are lightly doped and thus

opaque, so the ring has high loss and is undercoupled to the bus waveguide. Ap-

plying a voltage to the capacitor dopes the graphene sheets heavily, causing their

absorption to decrease as the Fermi level crosses half the incident photon energy.

The ring, now substantially lower-loss, couples to the bus waveguide, decreasing

the systems transmission, as predicted theoretically [79].
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Sensitivity to ring loss and on-state insertion loss can be designed by choosing

the ring-waveguide coupling constant. In Figure 3.2, we plot equation 2.7, where

each contour represents a graphene ring modulator with a designed ring-waveguide

coupling coefficient t. Changing round-trip loss a by applying a bias or RF voltage

moves along this curve. We can choose the bias point loss and t arbitrarily for a

tradeoff between insertion loss (1 − T ) and voltage sensitivity (∂T/∂a · ∂a/∂V ).

Operating near critical coupling gives the best sensitivity of the modulator but the

worst insertion loss.

We note that this mechanism is not simply ring-enhanced absorption modu-

lation, as the ring has little circulating power when the graphene is lossiest, and

the modulator has the least transmission when the graphene is nominally trans-

parent. Instead, attenuation occurs via destructive interference at the coupling

region, and this interference is modified by the voltage-controlled ring loss. This

destructive interference is significantly more sensitive to changes in loss than an

electroabsorption modulator.

3.2 Design and Fabrication

We demonstrate this interference effect by integrating graphene over a ring res-

onator fabricated from low-temperature plasma-enhanced chemical vapor deposi-

tion (PECVD) silicon nitride [80] (Figure 3.3). In contrast to previously demon-

strated graphene integration on silicon waveguides, which have relatively high loss

and a limited transparency window, silicon nitride has ultra-low loss and broad

transparency, enabling nonlinear and quantum systems. Low-temperature deposi-

tion of silicon nitride also allows integration on the CMOS backend [9] or even on
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Waveguide
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SiO2

SiO2
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To Outside of Ring

Figure 3.3: Device Design. a. Schematic of the modulator consisting of a
graphene/graphene capacitor integrated along a ring resonator. b. Cross-section of
the device. Two layers of graphene separated by a 65 nm interlayer Al2O3 dielectric
form a parallel-plate capacitor. c. TE mode Poynting vector showing boundaries
of silicon nitride and Al2O3. The waveguide mode overlaps both graphene sheets.
d. Optical micrograph showing bus waveguide, ring resonator, and Ti/Pd/Au
metallization. Green squares are chemical mechanical planarization fill pattern.
Scale bar, 40 µm. e. False-color SEM of dashed area in (d). Top and bottom
graphene layers (blue and red) overlap in a 1.5 by 30 µm section over the buried
ring waveguide. Gold areas indicate metal contacts. Scale bar, 5 µm.

flexible substrates [81]. We use a waveguide cross section 1 µm wide by 300 nm

tall to guide single-mode TE light. This waveguide forms a ring resonator with

radius 40 µm and bus waveguide coupling gap between 200 nm and 900 nm. On

top of a portion of the ring resonator we fabricate a graphene/graphene capacitor

consisting of two sheets of monolayer graphene grown via chemical vapor depo-

sition (CVD) on copper foil [82] and wet-transferred to the waveguide substrate.

Approximately 65 nm of atomic layer deposition (ALD) Al2O3 forms the interlayer
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dielectric. The dielectric is five to ten times thicker than previous work [70,71], re-

ducing capacitance and allowing our modulator to operate at much higher speeds.

The capacitor forms an arc along the silicon nitride ring with 30 µm optical path

length and 1.5 µm width overlap between the two layers. The graphene is com-

pletely encapsulated in Al2O3, providing an electrically insulating environment free

from environmental effects or surface doping.

3.2.1 Graphene Transfer

Graphene transfer and patterning over waveguides is not a trivial process. Many

of our processing steps were inspired by [83]. Typically, starting from as-grown

graphene on thin copper foil, we begin by spinning a layer of polymethyl methacry-

late (PMMA), letting that layer dry, and then removing the copper foil by floating

the sample in ferric chloride (FeCl3) etchant solution. The PMMA serves as a

handle to maintain the integrity of the graphene layer through handling. We then

rinse the copper etchant off in a series of deionized water baths, transferring from

bath to bath by scooping the graphene with a silicon wafer or glass slide. Some

metallic contamination remains from either the copper foil or the FeCl3 solution,

which we remove by SC2 solution (HCl and H2O2 in water), which is typically

used before furnace processing to remove metallic contaminants. SC2 is usually

mixed 1:1:6 HCl:H2O2:H2O by volume, but we use a weaker 1:1:20 ratio to avoid

attacking the graphene or the PMMA handle. Some groups also suggest a SC1

clean (NH4OH:H2O2:H2O) to remove non-graphene organic contamination, but we

find that this attacks the graphene itself and generates gas bubbles under the sheet

that are hard to remove and will break the graphene during later transfer steps.
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Clean graphene can generally be scooped onto the final substrate (immersing

the wafer with waveguides into the water bath), but in our case there is an extra

complication because of the Al2O3 layer deposited before the graphene transfer.

Alumina is quite hydrophobic as-grown, and wet-transferred graphene has a sheet

of water underneath it—the graphene tends to curl up on itself as the drying

water beads up on the hydrophobic film. We can make the alumina hydrophilic by

treating it with piranha solution (H2SO4:H2O2), available as Cyantek Nanostrip,

which hydrogen-terminates the surface. The graphene then is stretched out by the

evaporating water as it sheets across the wafer, yielding a wrinkle-free transfer.

After squeezing out most of the water with a gentle nitrogen flow directly normal

to the wafer surface, we leave the graphene to air dry, then bake at 145 °C, above

the glass transition temperature of the PMMA, to relax wrinkles in the polymer

overcoat. After stripping the PMMA in acetone, we bake again at 170 °C to adhere

the graphene strongly to the substrate [83]. Raman spectroscopy (Figure 3.4) both

confirms the defect-free, monolayer quality of the graphene sheet and tells us (from

the positions of the peaks [84]) that the graphene is strongly p-doped from the

acidic transfer process.

3.2.2 Surface Planarization

The waveguide topography on top of which the graphene is placed poses further

challenges. Graphene forms bridges over the 300 nm waveguide steps (Figure 3.5.

When the water underneath dries, surface tension pulls the graphene into the

bottom corner of the waveguide, breaking it. This makes the material electrically

discontinuous and also hampers careful patterning. We circumvent this issue by

planarizing the waveguides via chemical mechanical planarization (CMP) prior to
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Figure 3.4: Raman spectra for bottom (black) and top (red) layer of graphene,
with 514 nm excitation. Baseline photoluminescence from other materials has been
subtracted. G peaks are at 1601 and 1597 cm-1 and 2D peaks at 2717 and 2708
cm-1, respectively. These peak positions indicate a p-type doping of approximately
5 x 1012 cm-2.
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Figure 3.5: Graphene bridging over waveguide topography. a. Scanning electron
micrograph of broken suspended graphene over a SiN waveguide. b. Schematic of
graphene bridging over underlying step.

29



200 μm

Figure 3.6: A failed patterning of Dow UV210-0.6 resist directly on graphene.
The resist adheres to the alumina on the left side but not to the graphene on the
right.

transfer. Filling with SiO2 and back-polishing provides a flat surface at the top

of the waveguide onto which graphene easily transfers. Stopping the polishing on

the top surface of the silicon nitride is key to preserve the optical performance of

the waveguide. Conveniently, polishing oxide back to stop on a nitride layer is

identical to shallow trench isolation (STI) in CMOS processes, and slurries (Dow

Celexis CX94S, consisting of cerium oxide nanoparticles) are available that polish

oxide selectively to nitride. Periodic CMP fill squares (5 x 5 µm on 10 µm pitch)

provide an even surface for the CMP pad to push on and stop at; without this fill

pattern even the selective slurry will polish the nitride off because the pad force is

concentrated on just those small isolated features.

30



UV210 Photoresist

SiO2

PMMA

SiO2

SiO2

SiO2

UV

Solvent

O2

Figure 3.7: Schematic of bilayer resist graphene patterning process. We spin
UV210 deep-UV photoresist on top of a PMMA underlayer, expose and develop
the photoresist, then etch both the PMMA and graphene in oxygen plasma.

3.2.3 Deep-UV Lithography and Patterning

We use deep-UV lithography (248 nm, NA=0.63 stepper, ASML PAS 5500/300C)

to patten both the waveguides and graphene. In addition to drastically reduced

turn-around time compared to electron-beam lithography, the stepper has <50 nm

alignment tolerances, key for the overlay of the top and bottom graphene capac-

itors. Problematically, deep-UV resist does not adhere well to graphene, which

has very weak bonding out of the atomic plane (Figure 3.6). Usually, an anti-

reflective coating is spun on between the resist and the substrate as an adhesion

promoter, but ARC can only be removed in strong oxidizers (O2 plasma or pi-

ranha solution), which would damage the underlying graphene. Not all resists

have difficulty adhering to graphene—PMMA, for example, adheres quite strongly

to graphene. Unfortunately, it is extremely insensitive to DUV light, with expo-

sure times measured in hours. We can combine the photoactivity of UV210 resist
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with the adhesion of PMMA, however, by employing a bilayer resist process. We

first spin and bake PMMA on the graphene, then spin and bake UV210 on top of

it. After exposing the UV210, we use oxygen plasma to pattern both the PMMA

and the underlying graphene, then strip the entire stack in Dow Remover 1165 (N-

methyl-2-pyrrolidone) (Figure 3.7). This double-spin process works because the

resists use orthogonal solvents (anisole for PMMA and ethyl lactate for UV210)

and bake times (170 °C for PMMA and 135 °C for UV210). Thus the PMMA layer

remains unharmed by the spin and bake cycle of the UV210 and the resists form

clean layers without intermixing. The final result of repeating this process for two

layers of graphene is shown in Figure 3.8.

3.2.4 Metal-Graphene Contacts

The final challenge for fabricating high-speed graphene devices is creating low-

resistance contacts. Metal-graphene contacts are extremely sensitive to contami-

nation on the graphene surface that blocks electron flow. Evaporating metal via

standard lift-off techniques tends to perform poorly because photoresist or lift-off

underlayers (Microchem LOR) leave behind residues that block electron conduction

between the metal and graphene. A number of groups have attempted to clean

this residue via UV/Ozone treatment [85, 86], oxygen plasma [87], and thermal

annealing [88]. We adopt a much better technique, however, which is to protect

the graphene sheet with a deposited Al2O3 layer before contact photolithogra-

phy, then selectively remove the protective film immediately before metal depo-

sition [89]. Thus the graphene is never exposed to organic contamination after

the initial PMMA-mediated transfer process. A cleaner transfer method, using

either alternative polymers [90] or no polymer at all [91–93] could further improve
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10 μm

Figure 3.8: Scanning electron micrograph of two layers of transferred and pat-
terned graphene, separated by a 65 nm Al2O3 dielectric. The outer semicircle is
the top layer. The bottom graphene layer is unexpectedly still visible even though
it is buried beneath the Al2O3 layer. Its visibility is strongly dependent on scan
integration time, with the graphene disappearing at slow scan rates. We believe
it is visible because of non-equilibrium charging as the electron beam penetrates
through the alumina and induces short-lived charges in the conductive graphene
layer.

the graphene cleanliness and both sheet and contact resistance. Further, there

is increasing evidence that metal-graphene contact occurs best at the edge of the

graphene sheet (where strong bonds are available), rather than through the sur-

face. Modifying the process for such ”edge contacts” [94–96] could dramatically

increase the operation speed of the modulator.
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Figure 3.9: Electrical Response. a. Transmission spectra (colors) and theoretical
curves (dashed black) for various applied DC voltages on a resonator with 300 nm
gap between ring and bus waveguide. The ring resonance sharpens and becomes
critically-coupled for higher voltages, corresponding to lower losses in the graphene.
b. Ring round-trip transmission, loaded quality factor, and extinction ratio as a
function of voltage, extracted from in (a). All theoretical curves share the same
values for off-resonance optical power (2.95 µW) and ring-waveguide coupling con-
stant t = 0.7. The dashed lines serve as a guide to the eye. c. Electro-optic S21

frequency response. The device displays clear RC-limited behavior with 30 GHz
bandwidth. d. Open 22 Gbps 27-1 pseudo-random binary sequence non-return-
to-zero eye diagram, measured at 7.5 V pk-pk and -30 V DC bias.

3.3 Measurements and Analysis

3.3.1 DC Measurements

We show the ability to tune the cavity transmission over 15 dB with 10 V swing

(Figure 3.9a). Increasing the voltage (and thus decreasing the absorption in the
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Figure 3.10: Transmission spectrum of the device from 1520 nm to 1620 nm,
for 0 V (black) and -50 V (pink) DC bias. Note that modulation is significant for
every resonance, as expected from graphenes broadband absorption.

cavity) changes the cavity lineshape from an undercoupled low-Q resonance at 0

V to a progressively more critically-coupled, higher-Q resonance. While the spec-

trum moves primarily vertically from changes in loss, shifts on the wavelength axis

can be attributed to the non-monotonic gate-dependent imaginary conductivity

of graphene and are similar to voltage-dependent cavity shifts for graphene inte-

grated on photonic crystal cavities [97–99]. Modulation occurs in every resonance

in the 100 nm tuning range of our laser (Figure 3.10). We simultaneously fit all

six datasets, allowing each curve to have an independent a and ngL, while forc-

ing t and Pin to be shared among all curves. We note that the thus-extracted

round-trip transmission (Figure 3.9b) does not saturate at the voltages we mea-

sure, indicating that the graphene does not fully enter the Pauli blocking regime.

However, because of the inverting nature of the interference effect, even somewhat

high residual losses are sufficient for resonator extinction ratios exceeding 28 dB.
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3.3.2 Small-signal RF Measurements

The device exhibits a small-signal RF bandwidth of 30 GHz (Figure 3.9c), cur-

rently RC limited by the size of the capacitor, graphene sheet resistance, and

graphene/metal contact resistance. We measure the transmission modulation with

an electrical vector network analyzer and a 45 GHz photodiode by first tuning the

laser to the center of the unbiased 1555 nm resonance, then increasing bias to -30

V. The photon lifetime in the ring resonator (∼160 GHz for Q=1200) does not

limit the device bandwidth. For conservative estimates of the geometric capaci-

tance (55 fF), roughly half of the (∼100 Ω) resistance in the RC circuit comes from

the 50 Ω transmission line itself. Thus, the intrinsic RC time constant, if driven,

for example, by an on-chip source, is likely near 60 GHz. The remaining resistance

is a combination of sheet resistance in the ungated graphene (∼500 Ω/�) and con-

tact resistance (∼500 Ω ·µm), which we estimate via transfer length measurements

(TLM) on the same growth of graphene. An equivalent circuit diagram is shown

in figure 3.11. With current state-of-the-art contacts of ∼100 Ω · µm [85, 95], the

intrinsic speed of our device would approach 150 GHz.

3.3.3 Large-signal RF Measurements and Eye Diagrams

To confirm the optical response of our modulator, we measure the large-signal

response of the device and observe an open 22 Gbps non-return-to-zero eye dia-

gram (Figure 3.9d). The incoming signal is a 27-1 pseudo-random binary sequence

(PRBS) at 7.5 V peak to peak without preemphasis and with a -30 V DC bias.

To remove reflections caused by the strongly capacitive load of the modulator,

we place, adjacent to the incoming signal probe, a second probe with a DC-block
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Figure 3.11: Equivalent circuit of driven graphene modulators. The intrinsic
device (right of the red dashed line) is a simple RC series circuit, with resistance
contributions both from graphene sheet resistance and metal/graphene contact
resistance. In experiment, there is an additional resistance Rsource from the 50 Ω
coaxial line impedance that limits performance to less than the intrinsic RC speed.

capacitor and 50 Ω RF termination (Figure 3.12). The bandwidth of our eye di-

agram is primarily limited by cabling losses and the 20 GHz bandwidth of the

oscilloscope optical sampling module. Under this configuration, our modulator

has a power consumption (CV2/4) of approximately 800 fJ/bit, most of which

is dropped on the termination resistor. We note that the DC leakage current is

below the measurement floor of the sourcemeter at all voltages, indicating negligi-

ble static power consumption. Further, the low thermo-optic coefficient of silicon

nitride, together with the relatively low Q of our devices, makes the modulator

insensitive to thermal effects.
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Figure 3.12: Eye Diagram Test Setup. The testing setup consists of an optical
(red) and electrical (blue) arm. An external-cavity diode laser is amplified both
before and after the chip to compensate for chip facet and fiber component insertion
losses, then sent through a bandpass grating filter to remove amplified spontaneous
emission noise. RF PRBS signals (Centellax TG1P4A) are amplified in a 40 Gbps
modulator driver (Centellax OA4MVM3) and biased before contacting the device
with a GGB 40A picoprobe. A second probe blocks DC bias and terminates the RF
signal to avoid reflections from the device. Without this second probe, eye diagrams
have significant ringing on rising and falling edges from periodic reflections in the
feed coaxial cable.

3.3.4 Conclusion

We have demonstrated the first ultrafast graphene modulator by leveraging crit-

ical coupling effects on a silicon nitride ring resonator. A key figure of merit for

modulators is the bandwidth fmax and the modulation depth DdB, relative to the

swing voltage Vswing and the insertion loss ILdB:

FOM =
fmaxDdB

VswingILdB
(3.1)

Our modulator achieves a figure of merit of 3.75 GHz·V-1, compared to 0.16

GHz·V-1 in low-insertion-loss graphene-on-silicon structures [73] and 0.27 GHz·V-1
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in double-layer graphene electroabsorption devices [71]. Such a dramatic improve-

ment in the figure of merit promises graphenes continued potential as an electro-

optic material. Furthermore, the integration of a high-speed and broadband mod-

ulator with otherwise completely passive and broadly transparent waveguide ma-

terials opens many possibilities in nonlinear optics, quantum optics, and visible

photonics.
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CHAPTER 4

GRAPHENE LINEAR AND PHASE MODULATION

4.1 Linear Modulation

4.1.1 Device Concept

Carrying analog radio frequency signals over an optical carrier has proven an im-

portant application of fiber optic links. Such systems find use in antenna remoting,

true time delays for phased array radar, and large-array radio astronomy, among

others [19]. These applications, however, place more stringent requirements on

modulators than do digital communications, as analog modulation must be low-

noise and distortion-free (that is, highly linear) while not sacrificing insertion loss

or extinction ratio.

Despite their promise for low-cost integrated optics, silicon plasma-dispersion

effect modulators are fundamentally nonlinear because of the square root carrier

depletion behavior of the PN diode (Figure 4.1a) [100]. While many researchers

have attempted to improve the linearity of silicon modulators, these techniques of-

ten rely on resonance [101,102] or require careful phase matching [103] that reduce

their optical bandwidth or add complexity. Electroabsorption modulators based

on III-V structures can be extremely linear [104], but they require careful control of

input optical power and bias voltage. Further, both these and traditional lithium

niobate linear modulators [105] are not easily integrated with CMOS electronics.

Here we demonstrate that graphene-on-silicon nitride modulators, in contrast,

are fundamentally linear. In graphene modulators [68, 71], voltage applied to a
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Figure 4.1: Comparison between inherently nonlinear silicon plasma-dispersion
modulators and inherently linear graphene modulators. a. TCAD simulation
of effective index change versus bias voltage for a silicon PN junction modulator.
Inset: doping cross-section of the simulated modulator. b. Calculated transmission
versus bias voltage for a graphene electroabsorption modulator, from equation 4.1.
Inset: modulator cross-section showing graphene-insulator-graphene capacitor.

graphene-insulator-graphene capacitor gates the Fermi level of the graphene sheets,

changing their absorption through Pauli blocking of the interband electron tran-

sitions [77]. The transition from absorbing to transparent is gradual, governed by

the Fermi-Dirac distribution of electrons in the bands at room temperature (Figure

4.1b). Graphene’s interband absorption as a function of Fermi level is described

by [97]:

α =
α0

2

[
tanh

(
~ω + 2|EF |

Γ

)
+ tanh

(
~ω − 2|EF |

Γ

)]
(4.1)

where EF is the graphene Fermi level and Γ is the interband transition broadening.

Γ is strongly dependent on the scattering rate in the graphene. Thermal scattering

sets a limit of Γ ≥ 4kBT , but even at room temperature the broadening is domi-

nated by defect or impurity scattering in all but the cleanest graphene [106–111].

Encapsulation in hexagonal boron nitride [12, 112], in particular, provides an ex-
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ceptionally electronically-clean environment and can show Γ values at or below 100

meV.

Because the graphene modulator is at its core a capacitor, the accumulation of

carriers on the graphene is characteristically linear with voltage:

EF = ~vf

√
π

(
n0 +

C|V |
q

)
(4.2)

Here C is the capacitance per unit area (C = ε0εr/d) and vf is the graphene

Fermi velocity. Usually vf ≈ 106 m/s, but recent work [113] has shown tunability

between 1× 106 and 3× 106 m/s depending on the underlying substrate.

Graphene modulators are especially linear because the large linear region of

the sigmoidal Fermi-Dirac distribution transfers those charge modulations to the

optical carrier without distortion across a wide range of bias voltages. The devices

here are simple straight-waveguide electroabsorption modulators, and use neither

the ring coupling enhancement of chapter 3 or explicit linearization techniques.

4.1.2 Modulator Fabrication

We fabricate the modulators with CVD-grown graphene in a multi-layer process

very similar to the ring modulator. Waveguides consist of PECVD silicon nitride

deposited on a thick thermal oxide layer and patterned with deep-UV lithography.

Rather than CMP, we smooth the abrupt steps in the nitride film with PECVD

deposition and reflow of borophosphosilicate glass (BPSG). This reflow technique is

easier and faster than CMP and does not require additional equipment, but lowers

modulator performance because the graphene is farther from the mode center. On
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Figure 4.2: Device design and linearity measurements. a. Optical microscope
image of the fabricated device. The graphene/alumina/graphene capacitor lies
between the two contacts along the waveguide. b. Two-tone intermodulation
response of the modulator centered at 2.5 GHz. Dashed line is the calculated noise
floor.

top of this planarizing layer, we transfer and pattern single-layer graphene grown

via CVD on copper foil and create Ti/Pd contacts via electron beam evaporation

and lift-off. A 65 nm ALD alumina gate dielectric divides this graphene sheet from

a second layer of graphene and metal contacts. The device is finally clad with 10

nm ALD alumina and vias are opened down to the contacts to allow electrical

probing. Inverse nanotapers for fiber to chip coupling function well without the

need for a thick cladding SiO2 layer. The finished device, with an active length of

100 µm, is shown in Figure 4.2a.
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4.1.3 Linearity Measurement and Spurious-free Dynamic

Range

We measure the linearity of the modulators with a standard two-tone intermodula-

tion distortion test (Figure 4.3). To do this, we drive the modulator simultaneously

with two closely-spaced sine wave carriers (ω1 and ω2), collect the output light in

a photodiode, and then measure the power of the carriers and their mixing prod-

ucts in an RF spectrum analyzer. Nonlinearity in this system is dominated by the

modulator voltage transfer function, which causes a series of harmonics to appear.

Second-order (quadratic) distortion creates the second harmonic as well as sum

and difference products of the two input frequencies, while third-order distortion,

much like optical four-wave mixing, creates a number of intermodulation products,

notably 2ω1 − ω2 and 2ω2 − ω1. Note that all of the second-order harmonics ap-

pear at frequencies far away from the drive frequencies. Because almost all useful

RF systems have sub-octave bandwidth, these can easily be filtered out, so only

third-order distortion remains relevant.

We vary the power of the input signals and observe the change in received power

of both the desired fundamental and these mixing products. The fundamental

varies linearly with applied power, while the third-order products vary as P 3
in and

thus drop much faster with lower applied powers than the fundamental does. We

can plot these on a log-log scale (Figure 4.2b) and fit lines with fixed slopes of 1

and 3 to the data, allowing the intercept to be the only fitting parameter since the

distortion order is known a priori.

The spurious-free dynamic range (SFDR) is the maximum achievable distance

between the fundamental and the highest noise or distortion spur. It is a measure
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Figure 4.3: A conceptual view of harmonic generation and the definition of
SFDR. Nonlinear mixing between two frequencies ω1 and ω2 yields both out-of-
band second harmonics (red), which can be ignored, and in-band mixing products
(green), which limit linearity. SFDR is the largest dynamic range between the
carriers and either these mixing products or the noise floor.

of the ultimate lowest distortion the modulator can produce, with units dBc/Hz2/3.

The Hz2/3 factor exists because the noise power varies with bandwidth; a larger

bandwidth causes the maximum dynamic range to lie at a higher input power,

further up the distortion line. dBc is used here because SFDR is dB relative to

the fundamental carrier. A similar metric is IIP3, the third-order input intercept

power, that is, the input power at which the fundamental and third-order inter-

modulation lines intersect. OIP3 is sometimes also specified; it is the output power

at this same point and is simply the sum of IIP3 and the end-to-end system RF

loss: OIP3 = IIP3 + IL.

With this modulator we measure a spurious-free dynamic range of 100

dBc/Hz2/3 and an input third-order intercept point of 30 dBm at 2.5 GHz (Figure

4.2b). We drive with two sine wave carriers spaced 100 MHz apart, at 2.45 and

2.55 GHz, measuring their mixing product (2f2 − f1) at 2.65 GHz. Notably, both
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SFDR and modulation depth remain relatively constant over a wide range of bias

voltages. The modulator receives 30 mW optical power in the waveguide at 1550

nm, and an EDFA is added after the chip to compensate for approximately 10 dB

modulator insertion loss and 15 dB fiber-to-chip coupling loss, boosting the optical

power at the photodetector to 15 mW, for 10 mA of DC photocurrent. With this

link, an applied RF power of -5 dBm (356 mVpp) causes a received RF power of

-42 dBm. We calculate a noise floor of -158 dBm/Hz by assuming a shot noise lim-

ited 100 mW laser source with negligible fiber-to-chip coupling losses and adding

noise figure contributions from modulator insertion loss, EDFA, and detector re-

sponsivity [114]. Notably, because the EDFA is a quantum amplifier operating on

photons that obey Poisson statistics, even a theoretically perfect optical amplifier

has a noise figure of 3 dB.

4.1.4 Theoretical Model

To simulate the linearity of the graphene modulator, we can take a Taylor expan-

sion of equation 4.1, combined with equation 4.2, at various voltage bias points.

With εr = 9.8, d = 60 nm, and vf = 106 m/s, this yields the values in Figure 4.4.

Note that the second-order term is minimized at the center, where the transmis-

sion function (Figure 4.1b) appears most linear. The third-order term responsible

for the intermodulation distortion, on the other hand, becomes minimized at the

shoulder of the function where the third derivative goes to zero. SFDR is roughly

proportional to the ratio of the first-order to the third-order Taylor coefficient.

While operating at the peak of the first-order curve (highest extinction ratio point)

gives acceptable linearity, performance can be improved even further by carefully
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Figure 4.4: Taylor coefficients of the graphene modulator transfer function about
a range of bias voltages. Notice that there are several voltages for which higher-
order terms vanish while the first-order term remains high, which would effectively
eliminate those harmonics.

biasing into these corners where the third-order term drops away. This gives rise

to the SFDR peaks in Figure 4.5.

Using this careful voltage control, the SFDR can be extended to over 120

dBc/Hz2/3. Increasing device length or graphene overlap with the optical mode can

also drastically increase slope efficiency and thus link gain and SFDR. Intuitively,

since SFDR is limited by noise, achieving a modulator signal farther above the

noise floor will improve SFDR as well. Additionally, the robustness of graphene

modulators allows large optical power handling, decreasing noise figure when paired

with detectors with high saturation current. Because of graphenes unprecedented

mobility, such modulators could extend on-chip linear modulation towards 100

GHz, unlocking millimeter wave radio over fiber links.
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Figure 4.5: Simulated spurious-free dynamic range of the graphene electroab-
sorption modulator over a range of bias voltages. 115 dBc/Hz2/3 is achievable over
a wide voltage, with >120 dBc/Hz2/3 possible near the peaks of the curve where
the 3rd-order coefficient is minimized.

4.2 Binary Phase Modulation

While high-speed graphene modulators discussed so far seem to have a bright

future, they notably only modulate the optical amplitude, not its phase. For

advanced communication systems, particularly those in long-haul telecommuni-

cations, we generally prefer phase modulation, where the amplitude of the light

stays constant but data is encoded in rapid switching of the phase of the optical

carrier. Indeed, in most photonics modulators are natively phase (or refractive

index) switching devices, which need to be converted into amplitude modulators

via interferometers or resonators. Graphene, however, changes index only weakly

with changes in applied voltage. While pure graphene refractive index modula-

tors appear possible [115–117], they require bias voltages near or exceeding the

breakdown field of the dielectric, making fabrication challenging and long-term
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reliability uncertain. Can we instead, analogously to the interferometer, build a

phase modulator out of pure absorption modulation? Indeed, we show here that

pure binary phase modulation can be created from pure loss modulation by chang-

ing the round-trip loss of a ring resonator with a carefully engineered coupling

coefficient.

Recall the electric field transmission of a ring resonator (equation 2.6 on page

13):

E2

E1

=
t− aeiφ

1− ateiφ

While before we only dealt with the power transmission |E|2, the ring resonator

also modifies the phase of the transmitted light, as shown in Figure 4.6. Far

away from resonance the phase is basically unperturbed, but on-resonance the bus

waveguide phase depends strongly on the round-trip loss and phase of the ring.

In particular, there is a π jump in phase between undercoupled and overcoupled

resonances for light perfectly on-resonance.

Now that we have opened the possibility of phase modulation, the key figure of

merit is not the extinction ratio in power, but rather the distance between mod-

ulation points in the complex (I-Q) plane. By plotting the real part of the light

on the x-axis and the imaginary part on the y-axis, we can visualize modulation

of both amplitude (radial distance from the origin) and phase (angle about the

origin) simultaneously. To find this optimum, we solve for the complex distance

between two points, one with a = 0.5 and one with a = 0.7, corresponding to

experimentally-achievable round-trip losses from our amplitude modulator exper-

iment (Figure 3.9b). Plotting this distance versus both t and φ gives Figure 4.7.
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Figure 4.6: Bus-waveguide power (|E2/E1|2) and phase response (arg(E2/E1))
of a ring resonator with coupling strength t = 0.9 and various values of round-trip
loss a.

For comparison, amplitude modulation for the same conditions is plotted in Figure

4.8.

Note that the maxima for both of these contour plots occur directly on-

resonance (φ = 0). The optimum coupling strength is different for complex and

amplitude modulation, however, at t = 0.61 and t = 0.7 respectively. For complex

modulation, we want critical coupling to be roughly evenly between the achievable

round-trip losses, while for amplitude modulation we place critical coupling at one

of the endpoints. The position of the optimum for complex modulation hints at

the underlying mechanism: the ring is switching from undercoupled to overcoupled

and thus accumulating the associated π phase shift.

50



0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Ring-bus Coupling Coefficient (t)

3

2

1

0

1

2

3

Ro
un

d-
tri

p 
Ph

as
e 

(
)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Figure 4.7: Contour plot of complex modulation amplitude (I-Q plane distance,
|E(a1)− E(a2)|) versus ring round-trip transmission and phase. Round-trip loss a
varies between 0.7 and 0.5, and round-trip phase φ = 0.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Ring-bus Coupling Coefficient (t)

3

2

1

0

1

2

3

Ro
un

d-
tri

p 
Ph

as
e 

(
)

0.3

0.2

0.1

0.0

0.1

0.2

0.3

Figure 4.8: Contour plot of power-only modulation amplitude (|E(a1)|−|E(a2)|)
versus ring round-trip transmission and phase. Round-trip loss a varies between
0.7 and 0.5, and round-trip phase φ = 0.
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Figure 4.9: Binary phase modulation without amplitude change. a. Ring res-
onator bus waveguide transmission (top) and phase (bottom) on resonance for cou-
pling coefficient t = 0.874 and varied round-trip transmission a. Note the abrupt
π phase change passing through critical coupling, and how a pair of a values (0.7
and 0.95) have the same transmission but are out of phase. b. Spectra of matching
undercoupled and overcoupled resonances, and a critically-coupled resonance for
comparison. All share t = 0.874.

Figure 4.9a, a cut through this curve for φ = 0, demonstrates this instantaneous

phase modulation. It is possible to pick two a points on this curve which give the

same transmitted power but opposite phases, thus creating digital binary phase-

shift keying (BPSK). While full analog control over the phases is not possible, such

control is unnecessary or even unwanted for BPSK. Changing the exact a values

simply changes the output power, not the phase. For two a that have the same

output power, we get pure phase modulation, corresponding to an undercoupled

and overcoupled resonance with the same extinction ratio (Figure 4.9b). The

extinction ratio of this resonance becomes the insertion loss of the phase modulator;

lower round-trip loss enables higher optimum t and less insertion loss. Insertion loss

is less critical in phase modulation systems because they typically use heterodyne

detection to amplify the small received signal over the detector noise floor and

achieve shot noise-limited signal to noise ratio.
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Figure 4.10: I-Q diagram of binary phase shift keying. Blue arrows indicate the
path of the graphene ring BPSK modulators between the 1 and 0 constellation
points. Orange arrows indicate the path of a traditional phase modulator.

In the I-Q plane, we can visualize this modulation as switching between two

points on the I-axis via a path through the origin (Figure 4.10). This behav-

ior contrasts with traditional phase modulator BPSK, where the path is along

a constant-radius circle. Other than dips in signal power during the switching,

however, the behavior is identical.

Going forward, implementing this modulator in a graphene-clad ring requires

strong and precise coupling so we can fully reach an overcoupled resonance even

with residual (un-gateable) graphene loss. Improving graphene material quality is

key to achieving full gating. One might also consider variable ring to waveguide

coupling control [118, 119] to precisely balance the undercoupled and overcoupled

resonances. Doing so can open up chip-scale phase modulation at unprecedented

speeds.
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CHAPTER 5

HALF-WAVELENGTH PITCH OPTICAL PHASED ARRAY

5.1 Device Concept

Chip-scale optical phased arrays [120–134] enable ultracompact beam steering and

LIDAR for autonomous vehicles, precision robotics, and free-space optical com-

munications. Because these applications demand very wide angle beam steering

with very high emitted beam quality, a natural choice is to place array emitters

at a half-wavelength pitch, as is common in radiofrequency phased arrays. In op-

tics, however, such tight pitches are nearly impossible because the optical mode

size itself is close to a wavelength, and so arrays must use a coarser pitch and

sacrifice field of view and efficiency. Here we overcome these limitations with an

anti-crosstalk design that enables tightly-packed emitters, demonstrating the first

scalable optical phased array with half-wavelength pitch. Our array emits a single

diffraction-limited beam over a full 180 degree field of view, even when steered

up to 60 degrees off-axis. The 63% beam forming efficiency promises to enable

photon-starved LIDAR ranging.

Optical phased arrays to date, despite ever-increasing array size and element

count [125, 132], remain strongly limited in beam quality and maximum steering

angle because unwanted coupling between dielectric waveguides forces emitters to

be placed several microns apart. Emitter spacing greater than half a wavelength

steals optical power from the main beam [135], redirecting it into unwanted peri-

odic grating lobes tens of degrees away that limit the uniquely addressable steering

range of the array. While strong confinement in metals makes half-wavelength

spacing possible in RF arrays, the nearby plasmon resonance makes such ap-
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proaches [136, 137] impractically lossy at optical frequencies. One group [131]

has achieved half-wavelength emitter pitch in dielectric waveguides by minimizing

the length over which they run close together, but that approach shows poor beam

quality and does not scale to large numbers of waveguides. Creative solutions to

achieve wide field of view, like non-uniform emitter pitch [123, 125, 138], success-

fully suppress grating lobes but redirect the power carried in them randomly rather

than back into the main beam. Power thus redirected is effectively lost, severely

degrading received signal power for LIDAR. For the typical emitter pitches of 2-3

µm required to avoid coupling over millimeter-scale propagation lengths, fill factor

remains below 20 percent, and power in the main beam, even theoretically, rarely

exceeds 30-40 percent of the total array output.

We simultaneously achieve wide steering angle and high beam efficiency by

designing an end-fire optical phased array at true half-wavelength pitch, engineered

to avoid coupling between closely-spaced output waveguides even over millimeter-

scale propagation lengths. In order to minimize coupling, we exploit the fact that

arrays of waveguides that are mismatched in phase velocity couple weakly even if

their evanescent fields overlap [139], since maximum power coupling between two

waveguides varies as 1/((∆β/2κ)2 + 1), where ∆β is the difference in propagation

constant and κ is the field overlap coupling strength. We choose the widths of the

output waveguides to have high dispersion (∂β/∂w), so that phase mismatch can

be achieved with only small changes in the waveguide width. Roughly equal widths

ensure uniform illumination of the phased array aperture since the powers in all

waveguides are equal. In our design waveguides are phase-mismatched with both

their nearest neighbor and with their second-nearest neighbor by cycling through a

set of three widths (300, 350, and 400 nm, in sequence; Figure 5.1a). The 250 nm

waveguide height ensures all of these waveguides are single-mode for TE polarized
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Figure 5.1: Waveguide array avoided coupling. a. Eigenmode expansion sim-
ulation of an array of waveguides with equal width of 400 nm on 775 nm pitch.
Light is launched into a single waveguide from the left and couples strongly when
adjacent waveguides are introduced. b. Simulation of the waveguide array with
sequentially varying widths of 300, 350, and 400 nm. Light is launched into the 300
nm wide waveguide, and less than 3% coupling is observed, only to the waveguides
with equal width.

light. We find that for the < 0.5 mm propagation lengths in this experiment,

coupling between third-nearest neighbors (waveguides with equal width separated

by 1.5 λ) is negligible and power propagates only in the waveguide it was launched

into (Figure 5.1b).

5.2 Beam Steering Experiment

5.2.1 Device Design and Fabrication

We demonstrate wide-angle beam steering with a 64-channel thermooptically-

steered silicon phased array. A tree of cascaded 1x2 MMI splitters divides a 1550

nm input laser into 64 separate outputs, each of which is followed with an individ-

ual phase shifter (Figure 5.2b). Phase shifters are initially placed on a 20 µm pitch

to minimize thermal crosstalk; after the phase shifters we route the waveguides

in a nested 90° bend to form the final 775 nm pitch (Figure 5.2c). The 200 µm
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bend radius is sufficiently large to not significantly perturb the effective index of

the waveguides and thus minimizes coupling as they are brought close together.

The dense array of waveguides exits the edge of the chip through a low-roughness

plasma-etched facet [34]. Each phase shifter consists of a thin platinum wire sep-

arated from the waveguide by 1 µm of top cladding oxide. Thick aluminum wires

then route each microheater to a bond pad at the chip perimeter and tie the op-

posite ends of the heaters together in a low-resistance common ground. We mount

the chip with high thermal-conductivity silver sintering paste directly to an alu-

minum heatsink and wirebond each heater to an attached printed circuit board

(Figure 5.2d). A 64-output digital-to-analog converter (NI PXIe-6739) drives each

microheater individually, allowing arbitrary phase control over more than 2π.

5.2.2 Far-field Measurement

We experimentally achieve grating-lobe-free operation over an entire 180° field of

view with the beam steered up to ±60° off-axis (Figure 5.3a). We place a single-

element, 1 mm diameter photodiode in the Fraunhofer far-field approximately 20

cm away from the chip and use a phase-aware optimization algorithm to align the

initially random output phases and converge a beam centered on the fixed detector

position. To measure emission patterns over such a large field of view, we design

a mechanically-scanned far-field imager by rotating that same photodiode on an

optical rail about the chip output facet, in-plane with the waveguides, collecting

power as a function of output angle. Compared to typical microscope-like far-field

imaging setups, this system has both infinite field of view (rather than the ap-

proximately 80° typically imposed by objective numerical aperture) and also lacks

aberrations that would limit beam quality. We additionally mount a large cylin-
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Figure 5.2: Fabricated device. a. Top-view scanning electron micrograph of the
varying waveguide widths on equal 775 nm pitch. b. Optical micrograph of part
of the splitter tree, thermo-optic phase shifters, and aluminum wires. c Top-view
scanning electron micrograph of the nested 90° bend that converts between coarse
pitch phase shifters and fine-pitch output waveguides. d. Stereoscope image of
the wire-bonded chip on its heatsink. Over 90% of the chip area is dedicated to
fan-out wiring to match the 200 µm trace pitch on the PCB. Note the output facet
overhangs the heatsink to ensure an unobstructed 180° view of the output beam.

drical lens on the rotating arm to focus the vertical fan of emitted light onto the

detector for improved signal to noise ratio. Doing so does not affect the behavior

of the phased array because the lens has no curvature in the phase-tuned axis.

To maximize signal to noise ratio and discard stray light from the fiber-to-chip

coupling, we modulate the output light at 1 kHz with an on-chip thermal Mach-

Zehnder modulator placed before the splitter tree and use lock-in detection on the

far-field photodiode. Beams pointing in other directions can be re-optimized with
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the detector moved to the desired angle. Total phase shifter power consumption

regardless of beam position is approximately 600 mW, with each phase shifter

consuming on average Pπ.

5.2.3 Analysis and Discussion

Our array shows output beam quality close to the theoretical maximum (Figure

5.3b). We achieve an 11.4 dB peak to sidelobe ratio over the entire 180° field of view

for a beam emitted normal to the array, to our knowledge the best demonstrated

to date. The theoretical limit is 13 dB, from the sinc2 diffraction pattern of a

uniformly-illuminated rectangular aperture. Beam width (FWHM) is a diffraction-

limited 1.2°, corresponding to the 49.6 µm wide aperture. Even when steered 60°

off-axis, the peak to sidelobe ratio of our array drops to only 7.2 dB, caused simply

by the drop in main beam power because of the cos2 dipole-like single-emitter

envelope. At such sharp steering angles the beam broadens to 2.3° because the

glancing angle decreases the apparent size of the aperture. Beam quality both on-

and off-axis is likely limited only by uncontrolled phase in 2 of the 64 emitters due

to microheater yield and by phase uncertainty in each channel caused by detector

noise in the beam convergence process.

63 percent of the power in the forward-steered beam is concentrated in the

main lobe, at least twice that expected in randomized coarse-pitch arrays. In-

beam power, as shown in Figure 5.3c, is the cumulative integral in both directions

from the beam center, divided by the integral over the entire 180° measurement.

Theoretically, our tightly-packed waveguide approach directs 90% of the total out-

put power into the main beam (the integral of a sinc2 function between the first

nulls). Power outside the main beam causes multiple problems in LIDAR systems.
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(a)

(b)

Figure 5.3: (a) Far-field optical power versus output angle over a 180° field of
view for several different target beam angles. Power is normalized to the 0° peak
but relative amplitudes are as-measured, caused by the cos2 dipole-like emitter
envelope (dashed line). (b) Logarithmic scale plot of beam steered to -20° and
sinc2 fit.
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Figure 5.4: Model phased arrays. a. Phased array with each contribution to φn
at detector. b. Phased array as unbalanced Mach-Zehnder interferometer.

Most directly, this off-axis power is lost from the desired beam twice, in both trans-

mit and receive directions. Additionally, the power hits and returns from other

objects, creating false images or, even if no one reflection is strong, raising the

overall background of returned signal and obscuring far-away or low-reflectivity

targets. The densely-filled arrays demonstrated here are the only known method

for avoiding these effects through high-quality beamforming.

We have demonstrated an all-dielectric optical phased array with true half-

wavelength emitter pitch that generates nearly diffraction-limited output beams

over a full 180° field of view. Our anti-crosstalk design maintains beam quality even

at very small emitter spacing, allowing high fill factors, and scales well to a large

number of channels. Such systems will enable the next generation of extremely

small and light long-range LIDAR.
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5.3 Phased array beam convergence algorithm

To converge the initially random phases of each output channel we develop a

sequential algorithm that optimizes each channel one at a time against the mean

phase of the array. Consider the model N-channel phased array in Figure 5.4.

After exiting the 1:N splitter, each channel acquires a phase offset from multiple

contributions: φshifter from the deliberate controllable phase shifter, φchip from

propagation length between the splitter and the output facet, and φfreespace from

the distance between the output facet and the target or detector. We the represent

the total phase of the light from channel n at the detector as φn = φshifter+φchip+

φfreespace. In the far-field in broadside (0°) operation, all the lengths (φfreespace)

from each channel to the detector are equal, so forming a beam at the detector

is equivalent to lining up the phases at the output facet of the chip. Similarly,

moving the detector left or right in the far field lengthens some φfreespace with

respect to others, requiring a phase tilt at the facet for constructive interference

at the detector. Bringing the detector closer, into the Fresnel region, makes the

outer channels travel noticeably farther than the inner channels, so constructive

interference requires a phase curvature at the chip facet and therefore a focusing

beam. In all cases, the beams from each channel coherently sum:

Edet =
∑
n

ane
iφn (5.1)

where an is the amplitude of channel n, and our goal is to choose the set of φn

such that |Edet|2 is maximized.
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Figure 5.5: Phased array alignment routine. a. Random as-fabricated channel
outputs as vectors in the complex plane. b. Sum of vectors in (a). c. Rotation of
channel m about the summed vector of the other N-1 channels. d. Aligned phases
after setting channel to maximize power at the detector.

We find the set of φn through a sequential optimization procedure. Note that

for a chosen channel m,

Edet = ame
iφm +

∑
n6=m

ane
iφn (5.2)

By default, because of fabrication variations, φn are essentially random, and these

vectors sum to a small value pointing at some random angle φ̄ (Figure 5.5 a,b).

We can, without loss of generality, set that angle φ̄ to zero, such that:

Edet = ame
iφm + A (5.3)
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for real A. Assuming fully-independent phase control channels, we can drive chan-

nel m through several π, rotating that vector about the tip of the summed vectors

A (Figure 5.5c), and measuring the received power at the detector:

Idet = |Edet|2 =
∣∣A+ eiφm

∣∣2 = A2 + a2
m + 2Aam cosφm (5.4)

This is a sinusoidal modulation on top of a large DC background, where the opti-

mum (aligned) φm occurs at the maximum of the curve. We can then go through

each channel sequentially, setting it to the maximum, and will at the end of the

procedure have all vectors aligned in-phase, maximizing power at the detector.

This system is essentially a large unbalanced 1:(N-1) Mach-Zehnder interfer-

ometer (Figure 5.4b). Fitting the cosine curve gives other parameters, as well: am,

the relative amplitude of the modulated emitter, and Vπ or Pπ, the phase shifter

efficiency, from the period of the signal.

One issue with this method (and similarly, essentially all channel-wise search

methods) is the large SNR required when N becomes large and the random channels

swamp the contribution of the modulated channel, especially as the phases become

close to aligned and A� am. The required SNR is roughly equal to one over the

interference visibility:

Visibility =
2Aam
a2
m + A2

≈ 2am
A

(5.5)

This SNR requirement is offset somewhat by the ability to do least-squares curve

fitting on the measured cosine values. A large number of measurements at different

phases can reduce the uncertainty in the proper phase setting even if amplitude

noise is high; gradient search or other brute-force optimization methods (particu-

larly those that rely on numerical derivatives) have no such smoothing and tend to

be extremely sensitive to noisy measurements. Typical power versus swept phase

curves are shown in Figure 5.6 for a 64-channel array.
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Figure 5.6: Swept voltage curves for phase calibration. Voltage for each channel
is swept from 0 to 10 V, one channel after the next, and the resulting change in
power is fit to a sinPπV

2. Experimental data is blue, sin2 fit is green. Green square
is the optimum voltage (lowest-voltage peak) that is set to form the final beam.
Amplitude in later channels is larger as the beam becomes more converged and
phases are better-aligned. Channels 9 and 33 have electrically-open phase shifters
and so show no phase change with swept voltage.
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