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SUMMARY OF WORK

The goal of this research is to advance analog photonic communication systems through
three major efforts: 1) to develop high performance microwave photonic filters, 2) to
intrinsically linearize the integrated photonic component that contributes most to
nonlinearities, i.e. the photonic modulator, and 3) to demonstrate microwave frequency
tunable functions using integrated photonic platforms, e.g. frequency conversion. The first
effort addresses a major need for microwave photonics, namely few-GHz or less optical
filters. The second effort enhances the performance of current integrated modulators to
achieve metrics suitable for demanding applications in defense, cellular fronthaul
networks, and traditional telecom. The third effort provides necessary groundwork to
enable the commercialization or implementation of next generation communication
systems while advancing the understanding of such complex microwave photonic systems.
The demonstration of microwave frequency tunable (“spectrally agile”) architectures
includes the design, simulation, characterization, and intuitive understanding of such

systems.

Overall, this work addresses current and future needs in microwave photonics related
industries by investigating both device-level and system-level solutions to achieve greater

performance using integrated photonic technologies.



CHAPTER 1. THE MERGING OF TWO FIELDS

A pattern in the emergence of new fields is the merging of two previous areas of research;
this is the mode by which the field of integrated microwave photonics developed. When
the microwave photonics community recognized the utility of miniaturization offered by
integration, integrated microwave photonics was born. Following is a summary of the

parent fields and how they intersected to create integrated microwave photonics.

1.1 Integrated Photonics

Integrated photonics has successfully risen, in a manner often compared to analog ICs,
from a mere research topic to a full-fledged commercial technology. Integrated photonics
is the miniaturization of discrete optical components onto a chip, just as bulky electronic
components were miniaturized by the first ICs; thus, integrated photonics is the fusion of
discrete optics with integration, or integrated circuits (ICs). This integration yields the
primary benefits of low size, weight and power (SWaP), low cost and high-volume
manufacturing, better phase matching between optical paths, the ability to fabricate more
complex optical systems on-chip, and the ability to shorten the physical distance between
optical and electrical components for increased bandwidths. In the last decade, the rise of
silicon photonic (SiP) foundries has contributed to a design, fabrication, and test ecosystem
resembling the CMOS electronics environment. Foundries enable convenient and
relatively affordable access to reliable SiP processes with mature process design Kits
(PDKSs) for user-friendly photonic circuit design. Indium phosphide (InP) technologies also

enjoy these benefits, though for lower volumes due to relatively small InP wafer sizes.



Integrated photonics, particularly silicon photonics, emerged in late 1980s and early 1990s
from fundamental work on waveguiding structures and modulation methods. More
broadly, integrated photonics began as early as the 1970s, through work with other
optically interesting materials, including lithium niobate (LiNbO3) and I11-V materials.
Motivation to merge electronics and photonics, however, led to the intense research of
micro-optics in silicon-based material platforms, such as silicon-on-insulator (SOI) [1].
Other silicon-based material platforms include SisN4, SiON, SiOy, SiGe, and SiC. In fact,
some of these materials have been successfully integrated many years later into modern
silicon photonic foundry processes, particularly SisN4 as a second optical layer and SiGe

in the realization of monolithic BiCMOS circuitry [2-4].

Today, most discrete devices have been successfully integrated and offered by various
foundry PDKSs: high-speed modulators, photodetectors, optical phase tuners (e.g. thermo-
optic heaters), combiners, splitters, spot-size converters, grating couplers, ring resonator
filters, Bragg waveguide filters, multiplexers and demultiplexers, couplers between Si and
SiN optical waveguides, polarization control elements, and arrayed-waveguide gratings.
Devices that have eluded successful integration by silicon photonic foundries include on-
chip lasers and circulators due to the silicon’s indirect bandgap and weak magnetic
properties, respectively. Currently, foundries are exploring workarounds to laser
integration on silicon through heterogeneous attachment of lasers to interposers or to the

die itself.



1.2 Microwave Photonics

Microwave photonics (MWP) is a field that uses photonics to augment the control,
transmission, and processing of RF or microwave signals. Again, MWP is another example
of the convergence of two fields: microwave engineering and optics. Microwave photonics
encompasses methods and situations where both digital and analog signals need to be
processed at some level. One of the primary benefits of photonics for RF transport is its
efficiency, as the photonic loss through fiber is far lower than by the free-space
transmission of RF/microwave signals suffering Friis path loss and atmospheric
absorption. Photonics also offers large bandwidths, immunity to electromagnetic
interference, good isolation between electrical signals, and a reduction in need for bulky
RF cables [5]. Additionally, microwave photonic systems often leverage higher broadband

linearity than purely analog electronic microwave systems.

The motivating roots of the field, particularly in communications, reach back to the era of
the telegraph and grew quickly as modern electronic warfare techniques emerged from the
technological innovations made during WWII. A specific motivation for RF engineers to
consider optics was the need for a low-loss delay line. The development of practical lasers,
wide (GHz) bandwidth modulators, fast detectors, and low loss optical fiber [6], which
conceptually is an extension of previous metal RF waveguides, fit this need. RF engineers
began merging RF and optical engineering to meet system requirements. Thus, microwave

photonics was born as a formal discipline in the late 1980s and early 1990s [7].

Since its inception, the primary technological advantages offered by MWP are low-loss

and wide bandwidth operation of opto-electronic systems. This has enabled MWP to



impact applications including fiber-based links for antenna remoting, radar, cellular,
wireless, and satellite communications links. It has also expanded to radio-astronomy,
cable TV delivery, signal processing, switched networks, beamforming, and defense-

related applications [6,8,9].

1.3 Integrated Microwave Photonics

The merging of the decades-long integrated photonics and MWP fields has born a new,
21%t century field called integrated microwave photonics (IMWP). It may be regarded as
the intersection of microwave engineering, photonics, and integration technologies, as
suggested in Figure 1. Integrated microwave photonics is the use of integrated photonic
components to accomplish microwave photonic functions, such as modulation and
detection, frequency translation or conversion, filtering, and other signal processing
functions. The nascent field of IMWP has already demonstrated several functions
important to RF engineering needs: frequency conversion [10,11], reconfigurable MWP
processing [12], arbitrary waveform generation [13], high quality signal source generation
[14-16], tunable true time delays [17], and optical beamforming [18,19]. These IMWP
technologies make possible the dramatically expanded deployment of otherwise discrete
(non-integrated) MWP systems. For example, IMWP can leverage size, weight, power
(SWaP), and cost advantages over non-integrated technologies to benefit airborne and
spaceborne platforms, as well as applications of scale such as for processing data from
large phased arrays. With the integration of MWP functions also comes distinct challenges.
Power limitations of on-chip waveguides and relatively lossy fiber-chip coupling make
high power systems and hence high performance difficult to achieve. Furthermore,

integrated photonic filters lag behind their discrete counterparts in performance.



Commercially fabricated integrated modulators do not yet achieve the efficiency, loss, and
bandwidth metrics of discrete LiNbO3z modulators. Nonetheless, the advantages presented
by novel integrated architectures and devices, programmable analog chips, new
applications and deployment opportunities, broad support from related technologies and
applications, and high throughput fabrication capabilities make the pursuit of integration

well worthwhile.

'l'\')iricrowavellilf ‘ CMOS / Integration

Microwave
Photonics

Integrated
Photonics

Photonics

Figure 1 — Illlustration showing the relationship and cross-over points between microwave
engineering, photonics, and integration/electronics. Integrated microwave photonics lies at
the center of these three regions.



CHAPTER 2. MICROWAVE PHOTONIC METRICS

There are several metrics common to RF/microwave electronics and photonics that are
foreign to the digital world. These metrics tend to be agnostic to particular data formats
and hence are useful for characterizing devices and systems for a broad range of
applications. The primary metrics for characterizing a microwave photonic link include
gain, noise, and dynamic range, each of which can be assessed in multiple ways. Following

are the metrics and their definitions used throughout this work.

2.1 Gain

The first metric is the RF power gain, the ratio of the output RF (electrical) power to the
input (electrical) power. In the case of frequency converters and other frequency-tunable
systems, whereby the output is not at the same frequency as the input, the definition is
altered, such that the ratio of the output intermediate frequency (IF) power is compared to
the input RF power. Through this work the gain G is primarily evaluated in dB, but the
linear form of the gain, denoted by lower case g, is employed as well. The gain is easily
measured through a vector network analyzer as a function of frequency, or by using an

electrical spectrum analyzer and swept signal generator.

2.2 Noise Metrics

The next metric is the noise, which is quantified in several useful forms. The first is the
noise power spectral density, N,,,; measured commonly in dBm/Hz and colloquially called
the “noise floor”. This noise floor is readily measured by most electrical spectrum

analyzers and is measured close to the output signal frequency. The noise power spectral



density is necessary to quantify other metrics, such as the dynamic range. Other noise
metrics include the noise factor (unitless) and its decibel form, the noise figure. The noise
factor and noise figure both represent the relative noise added by a system to the input
noise. An important point to highlight is that these metrics do not quantify the inherent
increase or decrease of the output noise due strictly to the system gain. For example, a
system with NF = 0 dB would exhibit the same output signal-to-noise ratio (SNR) as its
input SNR. In a system with NF > 0 dB, the output SNR is smaller than the input SNR.
Assuming a thermal noise limited input signal, the noise factor is a function of the output

noise floor, system gain, and thermal noise, per the following relation [5] :

Nout

F = . 2-1
gkgTs

where T is the standard noise temperature, and kj is the Boltzmann constant. In decibel

form, the noise figure at room temperature (300 K) is explicitly given as

NF =174+ Npy, — G. 2-2

Thus, these two expressions can be used to quantify a system’s F and NF given careful

measurement of the noise power spectral density and system power gain.

2.3 Dynamic Range and Linearity Metrics

Lastly, the dynamic range of a system describes the input and output signal levels over
which the system remains perceivably linear. In other words, the dynamic range indicates

the range of input signal powers usable before nonlinearities appear in the output. The most



common dynamic ranges references in RF systems are the compression dynamic range
(CDR) and the spur-free dynamic range (SFDR). This work focuses on the latter metric but

also references the n™ order input and output intercept points, defined next.

This n™ order output intercept point (01 B,) is another useful metric, not only for calculating
the spur-free dynamic range, but also to assess linearity itself. The output intercept point is
the point (an output power) where extrapolations of the fundamental and a distortion
product as functions of RF input power meet. Likewise, this intercept point can be
referenced to the input power, rather than the output power, to yield what is called the n'"-
order input intercept point (/1B,). This input intercept point is one of the best metrics of
linearity for devices, such as modulators, because it is not a function of system noise or
gain like the SFDR. The OIP, is similarly independent of system noise but reflects the

system gain. The third-order limited input and output intercept points are calculated:

OIP; = <P—5>(%) 2-3

Py

)|
1P, =

2-4

where P is the fundamental output (electrical) power, and P; is the power in the third-
order distortion. The SFDR is the range of input (or output powers) over which the
intermodulation distortion products (the “spurs”) remain below the noise floor. Typically,
the intermodulation distortion products (IMDs) are dominated by either second-order or
third-order effects. Hence, the SFDR is usually specified as either the second-order limited

SEDR (SFDR,) or third-order limited SFDR (SFDR5). Often the second order spurs remain



out-of-band of the RF spectrum of interest, and the IMD?2 is typically generated near the
second harmonics in sub-octave systems. Additionally, many RF photonic links bias the
modulator near quadrature, which reduces second-order distortions originating from
modulation. Hence, this work focuses on the SFDR; metric, as the IMD3s are generated
within even very small RF bands and are generally unable to be filtered. Per the definition
offered in [5], the n™" order SFDR is conveniently given in terms of the OIP,, the nth order

output intercept point:

OIP (n—l)/n
SFDR,, = (—”) 2-5
NoutB
Hence, the SFDR; is
SFDR. — (01193 )2/3 Py ( 1 )2/3
3 NoutB L NoutB 2_6

P}
The SFDR5, OIP;, and II1P; metrics are summarized graphically in Figure 2. Note that,
because the slope of the P versus input RF power is unity, the SFDR; may be quantified
experimentally by the range of input RF powers or the range of output RF powers with
equal validity.

There is significant inconsistency in the literature regarding which linearity metrics are
most meaningful for a given system or device. Generally, however, the definitions given
here provide insight into where each metric is best cited. For example, because the SFDR,,
metric includes information about noise and bandwidth, it is best considered a system or
link metric. Applying the SFDR,, metric to devices is only useful in a comparative case,

where different devices’ impact on system linearity is measured by SFDR,, using the same

10



link or surrounding hardware. The SFDR,, metric can obscure a particular device’s linearity
by compensating through reduced noise or increased optical power. On the other hand, the
OIP, is relatively better for assessing device linearity, since it is not a function of system
noise. Further, the I1P, is likely the best candidate for assessing device linearity, since it is

agnostic to both a system’s gain and noise.

RF output power

' Noise power spectral
SFDR y ' density (“noise floor”)

RF input power
III53
Figure 2 — lllustration summarizing the primary dynamic range and linearity metrics for a
third-order limited system.
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CHAPTER 3. RF PHOTONIC LINKS

While standard RF photonic links are not the focus of this work, discussing them is useful
for several reasons: 1) demonstrating the application of the metrics in Chapter 2 to
microwave photonic systems, 2) understanding many of the working principles for
frequency converting systems of Chapters 7-9, and 3) motivating the need for improved
power handling in Chapter 4 and linearization of Chapter 6. Frequency converting links
share many similarities with these “fixed-frequency” RF photonic links, with a full

comparison given in Chapter 7.

The RF photonic link discussed here is an intensity modulated, direct detect (IMDD) link
employing a dual-drive (push-pull) MZM, Figure 3. The primary metrics of gain, noise
figure, and SFDR are presented as analytic functions of component metrics, with

derivations found in [5].

Laser ' Mach-Zehnder | > Direct Detect
Source Modulator ) Receiver

Figure 3 — Schematic of an intensity-modulated, direct detect RF photonic link.

3.1 Metric Expressions

For RF photonic links, the DC photocurrent I is a key metric because it directly reflects
the available optical power and link loss. As will be seen later, this is not the case for many
frequency converting links, because null biased MZMs obfuscate a clear relationship

between the I, and the optical power budget without further investigation of the

12



modulation extinction ratio. Hence, the frequency converters of Ch. 7 substitute available
optical power and total link optical gain (or loss) for I,. On the other hand, RF photonic
links usually employ quadrature bias, allowing a clear relationship between laser power,
optical gain or loss, and generated DC photocurrent. In the equations of this section and
Ch. 7, the variable I, is used for both single detection and balanced detection links. In the
single detection case, the I, is simply the measurable photocurrent. In the balanced case,
because balanced detection subtracts the photocurrents generated by the individual
detectors and hence yields no measurable DC photocurrent, I, represents the sum of the
individual detector photocurrents. This summed I, though not reflective of the physical
reality of balanced detection, is a convenient method for accounting for the improved gain

and additional noise generated by the detector pair. For RF photonic links using quadrature

bias, the photocurrent of a single detector is I, = M, where R is the photodiode

responsivity; g, is the net optical gain (or loss) between MZM and detector; Iy is the

MZM insertion loss factor; and P, is the optical launch power.

The gain of the link depicted in Fig. 3 is

2

IDC 2
g= W7121!el-1te(,|brpd| . 3-1
s

Here, V, is the modulator half wave voltage; R; is input impedance to the MZM; R, is the
photodetector output impedance; and H,, is the photodetector filter response, which

typically has a value of %2 due to a matching circuit on the photodetector output.

Concerning the noise metrics, N,,; is

13



2
IDC

7z 2R,R,|Hya| kpTs + kg Ty + 2qIpcRo|Hpa|
Vs

Noyt =

3-2
+ RIN I2cR,|Hyq|”

where kgp is Boltzmann’s constant; T is the standard noise temperature; q is the
fundamental charge; RIN is the relative intensity noise. The first term of the N,,;
expression is the input thermal noise translated to the link output by the gain. The second
term is the output thermal noise, typically -174 dBm/Hz at room temperature. The third
term is the shot noise, and the final term is the RIN, which may be composed of common-
mode and non-common mode-components, the former which may be ignored in links using
balanced detection. Using the definition of noise factor F in Ch. 2, the noise factor for the

RF photonic link is

F=1+ Ve ! + 29 +R1N 3-3
T?R; IL§CR(,|HM|2 IpckpTy ~ kgTs )

Lastly the third-order spur-free dynamic range (SFDR;) is

2
3

SFDR., = 4V
37 \n2R;kyT,B

2
(l>3 3-4
F

where B is the bandwidth. While the SFDR expression seems to show a strong dependence
on the modulator V,,, note this V,, dependence only manifests when the link is input thermal
noise limited, as determined upon substitution of the F expression. These metrics of gain,

noise factor/figure, and SFDR are calculated versus I, in Figure 4 for three RIN values:
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-145 dBc/Hz, -155 dBc/Hz, and -165 dBc/Hz. These calculations assumed room
temperature operation of an RF photonic link with V,=4V, R; =30 Q (common for
integrated transmitters), R,=50 Q, and H,4=1/2. Figure 4(a) demonstrates that g o P¢
since Ip. « Py; hence, maximizing optical power P, is key to maximizing the RF gain of
the link. From Figure 4(b), the RIN limits the NF despite increasing Ip.; thus, increasing
optical power can only benefit the NF until the RIN limited regime onsets. Reducing RIN

enables lower NF.

Likewise, RIN sets the limit on maximum SFDR per Figure 4(c). Lower RIN enables
higher SFDR. Again, increasing optical power is vital to increasing the SFDR, but only
until RIN sets the ceiling. Hence, minimizing RIN by using low noise optical sources and
amplifiers or through balanced detection is a key method to improve microwave photonic

system linearity.
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Figure 4 — Calculated externally modulated IMDD link metrics for various RIN values: (a)
gain, (b) noise figure, (c) SFDR. All metrics increase with DC photocurrent and hence
optical power. Upper limits on performance are due to RIN-dominated noise, at which
point higher optical power does not improve noise figure and SFDR metrics.
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CHAPTER 4. SILICON PHOTONIC POWER HANDLING

As highlighted in the previous chapter, the primary microwave photonic metrics of interest
all improve with increased optical power, barring certain conditions on the system’s
linearity and dominant noise source. Under linear conditions, the gain scales as the square
of the optical power, and SFDR and NF benefit from increasing optical power until the
RIN limits further improvement. While discrete components can often handle optical
powers up to and exceeding 1 W (+30 dBm), the optical power handling capacity of
integrated photonics components remains largely unknown. Herein, the limits of optical
power handling for one foundry’s (AIM Photonics, using PDK v.1.5 [3]) silicon photonic
waveguides, modulators, and photodetectors are investigated experimentally. Silicon and
InP platforms are expected to exhibit lower power handling capacity than lithium niobate
due to their lower two photonic absorption coefficients Sp4, leading to increased two
photon absorption (TPA) and subsequent free carrier absorption (FCA). Hence,
ascertaining when the power handling of SiP components transitions from linear to

nonlinear regimes is important for performance predictions of integrated MWP systems.

4.1 SiP Component Power Handling Measurements

The experimental setup consisted of a 1550 nm laser, an EDFA capable of outputting 1 W,
a variable optical attenuator (VOA) to control the input power, and an optical power meter.
The most reliable method of testing the input/output optical transfer function is by
sweeping the attenuation of the VOA, rather than sweeping laser power or EDFA drive
current since these do not act linearly under the test conditions. For example, increasing
the laser output power will eventually lead to saturation of the EDFA, which will result in

measurements indistinguishable from the onset of nonlinear absorption in the device under
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test. Hence, the laser power and EDFA output power are fixed, while the attenuator linearly

controls the power launched to the device under test.

First, the waveguide response (output vs. input optical power) of an edge-coupled loopback
was measured and exhibits the onset of nonlinear absorption, Figure 5(a). The discrete
derivative AP,,,; /AP;, (right axis) most clearly indicates this onset of nonlinear absorption,
as Figure 5(a) exhibits two distinct regimes: 1) the linear response with AP,,,;/AP;, = 1,
and 2) the nonlinear response with AP, /AP;,, < 1. To approximate the optical power at
which the nonlinear absorption onsets, the two regimes are linearly fitted and extrapolated

until their intersection point, which indicates nonlinear absorption begins at 11.7+0.5 dBm.

The output power P,,; is a function of both the loss induced by TPA and by FCA. Hence,

Pyye = Pipe~(@rpatarcal 4-1

where P;, is the input optical power; arp, and apc4 are the two photon and free carrier
absorption (in Np/m); and L is the waveguide length. The calculation of both nonlinear loss
and nonlinear refractive index responses are covered in detail in section 5.2, though the
methods are incorporated here for calculating the expected power response of the

waveguide.

Informed by Lumerical simulations of the foundry-specified waveguide geometry,
silicon’s Brp4 0f 0.7 cm/GW, and estimated carrier lifetimes of ~30 ns, calculations model
the measured responses well, indicating significant nonlinear absorption is due to free-
carrier absorption [20-22]. Hence, the onset of TPA is particularly detrimental, as

generation of carriers from TPA causes additional loss due to FCA.

18



Next, the optical power response of a SiP MZM fabricated in the AIM Photonics process
was investigated for varied reverse bias on the MZM phase shifters, Figure 5(b).
Presumably, the high dopant concentrations in SiP phase shifters may reduce the power
handling of these devices as compared to undoped waveguides due to bandgap
renormalization or enhanced free carrier absorption. Per Figure 5(b), nonlinear absorption
onsets at 11.3+0.5 dBm on-chip optical power, slightly lower power than for the simple
loopback (waveguide) structure, though well within its uncertainty bounds. Hence, the SiP
MZM handles optical power nearly as well as undoped waveguides, though perhaps only
due to moderate doping levels within the phase shifters. Because the MZM employs a 3 dB
splitter at its input, the phase modulators receive 3 dB less optical power; hence, the phase

modulator exhibit TPA and resultant FCA for optical power >+8.3 dBm.
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Figure 5 — (a) Waveguide optical power handling. Nonlinear absorption onsets at
+11.7£0.2 dBm on-chip optical power at A=1550 nm. (b) Modulator optical power
handling. Nonlinear absorption onsets at 11.3+0.2 dBm on-chip optical power at A=1550
nm. On-chip powers cite the estimated optical power immediately after the input edge
coupler. Fitted lines (dotted) to linear absorption regions and nonlinear absorption regions
are indicated, with their intersection defining an approximate onset of nonlinear absorption.
Discrete derivatives AP,,;/AP;, are calculated for the right axis, and raw optical power
responses are shown for the left axis. The calculated lines in (a) indicate responses due to
TPA and TPA-induced FCA, yielding preliminary evidence that the power handling
limitations are due to these processes.
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Lastly, the optical power handling of the AIM Photonics photodiodes was evaluated for
varied reverse biases, Figure 6. Rather than investigating optical nonlinearities in the
photodetector, the most useful information is the combination of reverse bias and optical
power that results in device failure. At 30 mW of optical power for -3V reverse bias, the
photodiode was irreparably damaged. The current vs. optical power measurements exhibit
supra-linear, nearly linear, and sub-linear responses for increasing reverse bias; these
responses suggest system linearity may be affected by the photodetector input optical
power and reverse bias conditions [23]. Further work should investigate the impact of
reverse bias on link linearity, e.g. SFDR vs. photodetector reverse bias. Though these
photodetectors failed at only moderate optical power, higher power handling is possible

through parallelization (arrays) [24].

This brief chapter has introduced the idea of optical power handling in SiP components
and provided measurement-informed estimations on device power limitations. The next
chapter expands on the nonlinear effects mentioned here and demonstrates how these
perceived power limitations may be turned to an advantage for microwave photonic signal

processing.

201
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Figure 6 — Photodetector responsivity demonstrating a strong dependence on reverse bias;
linearity and responsivity are both bias dependent. Note the device was damaged after
testing at -3V for an on-chip power of 32 mW.
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CHAPTER 5. SUB-GHZ OPTICAL FILTERS USING

NONLINEAR RINGS

5.1 Narrowband Optical Filters

A major hurdle in IMWP is the achievement of narrowband filtering to accomplish sub-
GHz RF filtering in the optical domain, particularly in a commercial silicon photonic
process. Phased array antennas, RF photonic channelizers, and related technologies all
require the ability to identify, select, and process data among a wide band of received
signal. The most common integrated photonic filters include single and cascaded ring
resonators and Bragg waveguides; yet these filters generally struggle to achieve the metrics

required for many IMWP applications.

Here is presented an integrated optical filter based on single ring resonator and concentric
ring resonator architectures coupled with TPA and free carrier effects to engineer filters
with unprecedented performance in terms of both insertion loss and narrowband, fast roll-

off responses.

5.2 Nonlinear Optical Effects

First, the nonlinear index and absorption effects are overviewed, culminating with a simple
yet powerful model of nonlinear ring resonators in section 5.3 that will identify the

nonlinear effects present in later experimental results.
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The first nonlinear effect to consider is the (AC) Kerr effect, a result of silicon’s relatively
large x® parameter. The induced index perturbation Ang,,. is proportional to the optical

intensity I by the Kerr coefficient n,~3x10"18 m2/ W [25, 26],

AnKerr == nzl 5'1

The Kerr effect also manifests as a small perturbation in the silicon’s absorption response,

by a proportionality constant ry,,,-, such that

Adgerr = NaTkeryl 5-2

Additionally, two photon absorption (TPA) induces further loss into the waveguide as a

function of the optical intensity I by the TPA coefficient Brp4,

Aarps = Brpal 5-3

However, with TPA comes the generation of free carriers, in turn inducing further index
and absorption perturbations via the plasma-dispersion effect. Hence, the free carrier

induced index perturbation Ang [25, 26] is

AnFC = __AaFC', 5-4

where u,, is the linewidth enhancement factor with value ~7.5 at A = 1550 nm; k,, is the
propagation constant k, = 2m/A; and Aapc is the free carrier induced absorption

perturbation, given by
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AaFC = O'NC, 5'5

where o is the carrier cross-section with value 1.45x10% m?, and N, is the carrier density

given by

= TeBrpal® 5-6
2hw

Here, 7. is the carrier lifetime; h is Planck’s constant; and w is the optical frequency [25,

26]. The optical intensity I is related to the electric field by

1 [e
I:—\/:IEIZ S-7
2 [u

This is useful because the calculation of the ring resonator responses at high optical powers
will require quantification of the intra-ring intensity to account for nonlinear effects. Lastly,
the thermo-optic effect is included, which manifests as an index perturbation Ang,
proportional to the change in temperature AT.

dn

Ang, = —— AT 5-8

Here, the thermo-optic coefficient Z—: for silicon near A = 1550 nm is 1.84x10* K. The

approximate AT may be estimated [27] by

= tndd 5.9

pC’
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where 1,4, is a thermal dissipation time constant; p is the mass density of Si of 2.3x10°

kg/m?; and C, is the specific heat capacity of Si, 705 J/(kg-K).

The total index [28, 29] is then:

Nerr = Nefr0 + Angerr + Anpe + Ang, 5-10

a =y + AaKerr + AaTPA + AaFC 5-11

The low intensity effective index n.f, is calculated by a finite-difference element

simulation of the fabricated waveguide geometry using Lumerical MODE. The baseline

absorption « is based on loss metrics given in the Globalfoundries PDK.
5.3 Nonlinear Ring Resonator Model

To include all the nonlinear effects, a simple model incorporating the nonlinear index and
absorption effects was developed, following the methods of [31]. A pseudo-time domain
method is used based on recursively calculating the electric fields inside the ring and output
from the ring; the time dependence is normalized in terms of the number of circulations.
This allows the user to understand both the steady-state response (after many iterations),

or to observe the time evolution of the fields in the ring.

1
The input electric field to thering IS E; = ipﬁ (5)4 where P;, is the input average optical
eff

power, and A, is the effective optical mode area. The input light is coupled to the ring
with coupling coefficient «, such that the initial electric field in the ring is E, = ke/™/?E, +

rE5. Here, r is the “reflection” or self-coupling coefficient, r = V1 — k2. The field E5 is
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the propagated E, around the total ring circumference and hence is modified by phase ¢

and absorption a, such that E; = e /¢e~%LE,.

The phase ¢ and absorption a within the ring contain the nonlinearities described in the

previous section; hence,

B 2 (Negr,0 + Agerr + Anpe + Ang, )L
B A

5-12

¢

and a = ay + Adgerr + Aarpy + Aagc, as defined previously.

Finally, the output field E, is the sum of the throughput E; and coupled E; fields, E, =

|E2 (w)]?

jm
rE; + ke 2 E5. The power transmission response T (w) is calculated via T(w) = PR
1

Figure 7 illustrates the locations of the referenced fields. The electric fields are calculated
algorithmically using a MATLAB script, with the nonlinear index and absorption effects
included from the previous section. This ring model is employed in the next section to

compare to experiment and determine the primary nonlinear effects.

E3 _ 4—E4

El ——] ——-DEZ

Figure 7 — Schematic illustrating locations of the calculated fields E,, E,, E5, and E,.
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5.4 Nonlinear Ring Based Edge Filters

While optical bandpass filters have received the largest attention to date, numerous
applications require only a spectrally sharp edge. For example, filtering out a sideband to
produce single-sideband modulation or filtering out both carrier and a single sideband to
isolate a carrier-less signal are two cases where only a sharp edge and high extinction are
required. Furthermore, larger architectures of multiple edge filters can perform highly

complex functions, such as channelization.

Previously, edge filters have been demonstrated using multimode subwavelength Bragg
gratings, yielding a high-pass edge filter with 118 dB/nm roll-off and >40 dB extinction
[30]. The same group later demonstrated another edge filter based on apodized sub-
wavelength gratings, demonstrating 3.5 dB/nm roll-off, 40 dB extinction, and low insertion
loss of 0.5 dB [31]. Another edge filter based on phase-shifted Bragg grating filters
demonstrated 41.5 dB extinction over 18 GHz, corresponding to a roll-off of 2.3 dB/GHz
or 288 dB/nm [32]. The roll-offs demonstrated shortly will be shown to exceed the previous

literature by several orders of magnitude.

The edge filter presented in this section is based on nonlinear effects, particularly TPA and
free-carrier (FC) effects described in the section 5.2. Although previous literature has
demonstrated how nonlinear effects alter silicon-based ring responses and in particular
cause highly asymmetric features at high optical powers [27, 29, 33, 34], no literature was
found using such nonlinear rings for filtering, as is presented here in the context of filtering
microwave photonic signals. Previous applications include using nonlinear effects in ring

resonators for photon pair generation [27], all-optical modulation [35], and logic for all-
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optical routing [36]. While traditional integrated filtering methods, such as by ring
resonators or integrated Bragg gratings, must chase ever higher Qs through larger and
lower loss structures to achieve high spectral resolution, the filtering method presented here

does not require such stringent optical performance.

5.4.1 Single Ring Variant

A ring resonator with 20 um radius using 500 nm wide strip waveguides and a 300 nm
coupling gap was fabricated using the Globalfoundries 9WG (90 nm) silicon-on-insulator
process. The single ring resonator was characterized by sweeping the laser wavelength and
measuring the output response, Figure 8. For a launch power maintained at -9 dBm, the
response of Figure 9(a) was obtained, showing very little asymmetry due to nonlinear
effects. When the input optical power was increased to -3 dBm, the highly asymmetric
response of Figure 9(b) was obtained. The calculated responses were obtained by varying
the k, 7., ay, and t,, parameters described in section 5.2. Though unknown, these
parameters are well bounded. For example, the «, is assumed to remain within a factor of
2 of the PDK-provided absorption metrics of a standard waveguide, and the carrier lifetime
7. is assumed to be on the same order of magnitude (~10® s) as those cited in relevant
literature, using similar SiP processes [34]. The calculated responses, which include Kerr,
thermal, TPA, and FC effects indicate that plasma-dispersion due to free carriers is the
dominant nonlinearity. Further, the ring asymmetry is plainly due to plasma-dispersion
effects from TPA-generated free carriers, since this is the only effect of section 5.2 with a
negative index perturbation, which causes blue-shifting of the resonance. All other effects

(Kerr and thermal) exhibit positive index perturbations that result in red-shifts in resonance.
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Figure 8 — Schematic of the experimental setup for characterizing the ring filters.
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The sharp resonator asymmetry occurs as follows. As the input wavelength approaches the
resonance, optical power begins to build in the resonator cavity. If this optical power is
above the TPA threshold (~50 mW for SiP waveguides), TPA induced loss will occur,
causing a generation of free carriers inside the ring waveguide. These free carriers then
decrease the effective index via the plasma-dispersion effect, causing the resonance to
blueshift. This begins a positive feedback loop whereby more optical power is coupled into
the resonance, more TPA occurs to generate more free carriers, hence causing the index of
refraction to further blue-shift until the resonant wavelength shifts lower than the input
wavelength. At this point the positive feedback reaches its limit, and the process reaches
steady state [36]. While a blue-shifted asymmetry leading to a sharp low-pass edge filter is
here demonstrated, a red-shifted asymmetry leading to a sharp high-pass edge filter is also
conceivable by engineering a ring with either dominant Kerr or thermal nonlinearities. In
fact, in several transmission responses found in the literature, the high-pass edge filter is

achieved, through presumably thermal effects [27, 34].
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Figure 9 — Measured ring resonator transmission responses at (a) -9 dBm and (b) -3 dBm
laser launch powers. At low powers, the ring response exhibits slight asymmetry due to
nonlinear phase and absorption in the ring cavity. At higher powers, the response exhibits
dramatic asymmetries due to strong nonlinear effects. This highly asymmetric response is
useful as an edge filter, exhibiting 15.7 dB optical extinction over <0.001 nm, or <126
MHz. The edge exhibits an optical 3 dB bandwidth of <24.3 MHz. Finer laser step sizes
likely reveal a spectrally finer edge, as later results indicate.

Figure 9(b) indicates the FC plasma-dispersion effect leads to an extraordinary edge filter
response, exhibiting 15.7 dB optical extinction over <0.001 nm, or <126 MHz. This
translates to a roll-off rate of 15,700 dB/nm or 124.6 dB/GHz. Later measurements using
a finer laser step will characterize optical filters with even faster, record-setting roll-offs of
over 10% dB/GHz. The optical 3 dB bandwidth is < 24.3 MHz, and the resolution of the
laser step (0.001 nm here) limits further reduction of this estimate. The filter also exhibits
very little loss, only 0.2 dB. However, the edge filter exhibits an optical extinction > 5 dB

over a band of only 2.3 GHz. Hence, it is considered an edge filter over a narrow band.

Another resonance was measured at a slightly higher power, demonstrating no measurable
insertion loss, Figure 10. As the input optical power increases, the nonlinearities onset
faster as the input wavelength approaches the resonance, such that even a small fraction of

coupled power will build up enough power in the ring to onset TPA. Hence, the insertion
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loss effectively decreases for higher input optical power until there is virtually no insertion
loss as in the case of Figure 10. This filter response demonstrates 24.0 dB maximum
extinction and a roll-off rate > 155x10° dB/nm or 1230 dB/GHz. This roll-off rate is a
minimum since the step size here of 0.1 pm could not capture any intermediate points. The
ring filter operates as a low pass edge filter with extinction > 5 dB over a 3.0 GHz wide
band. This work demonstrates record-setting (to the best of the author’s knowledge as of
this writing) edge filter performance using nonlinear TPA-induced free carrier plasma-

dispersion effects in simple ring resonators.
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Figure 10 — Measured single ring resonator transmission responses at +0 dBm optical
launch power, demonstrating no measurable insertion losses.

5.4.2 Concentric Ring Variants

Next, concentric rings were placed inside a single ring resonator identical to the ring of
section 5.4.1 to modify the transmission response. To the authors’ best knowledge, such
concentric ring filters have only been previously reported for biosensing applications [37,

38]; these filters may be understood to be a special case of cascaded ring resonators, where
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the ring-ring coupling length is extended to its limit as the average path length of the two
coupled rings. Concentric rings include 2-ring, 3-ring, 4-ring, and 5-ring variants with the
outermost ring radius R; = 20 pm. Inner concentric rings with a common center have radii
R, ... Rs such that R,, = R,,_; — 0.8 um, resulting in nominally identical coupling gaps of
0.3 um between each ring. The strip waveguide coupled to the concentric ring structure
also had a 0.3 um coupling gap. The responses were similarly measured as before, with

highlighted results in Figure 11.
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Figure 11 — Measured concentric ring edge filter transmission responses for (a) 2-ring, (b)
3-ring, (c¢) 4-ring, and (d) 5-ring variants.

The primary metrics of interest for each variant include the optical and effective RF 3 dB
bandwidths, the roll-off rate, the peak optical extinction, and the band over which the filter

behaves like and edge filter, here defined as the bandwidth over which the optical
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extinction is > 5 dB. These metrics are quantified for both the single ring variant and the

concentric ring variants in Table 1.

The best performing variants (single ring and 5-ring) are compared to the literature
performance in Table 2. The edge filter performance here greatly outperforms previous

literature known to the author in terms of roll-off, often by over three orders of magnitude.

Table 1- Summary of Nonlinear Single Ring (1-ring) and Nonlinear Concentric Ring (2-5
ring) Edge Filter Performance

Ontical 3 dB Effective RF  Roll-off Roll-off Peak Optical  Optical Band for
BRN (MH2) 3dB BW Rate Rate Extinction  Insertion  Extinction >5
(MHz)  (dB/GHz)  (dB/nm) (dB) Loss (dB) dB (GHz)
1-ring <2.4 <1.2 >1230 >155x10° 24.0 <0.1 3.0
2-ring <3.8 <1.9 >790 >99.1 x10° 10.5 <0.1 7.3
3-ring <3.7 <1.9 >817 >103 x10° 10.3 0.26 4.5
4-ring <2.9 <15 >1020 >128 x10° 155 0.13 4.9
5-ring <2.0 <1.0 >1470 >186 x103 18.7 0.20 2.9

Table 2— Comparison of Optical Edge Filters in Literature

Optical 3 dB Rg;gﬁ Roff-off Rate  Peak Optical I(r?sitr';zln
BW (MHz) (dB/GH2) (dB/nm) Extinction (dB) Loss (dB)
This work, <24 >1230 >155x10° 24.0 <0.1
single ring
This ;’I":E;k > o0 >1470 >186 x10° 18.7 0.20
[30] 3.2x10° 0.94 118 >40 :
[31] 10x10* ~0.03 35 40 05
[32] 1.3x108 23 288 415 ;
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While the benefits of adding concentric rings for edge filters are yet unclear from the results
of Table 1, the next subsection describes how such concentric ring filters in conjunction
with the TPA-induced FC plasma-dispersion effect can be used to engineer superb

bandpass filters.

5.5 Bandpass Optical Filters

The same concentric filters of the previous subsection also demonstrated bandpass
responses at specific resonances. Generally, the resonances were edge filter responses,
except where the resonances of inner rings aligned in a specific manner near the outermost
ring resonance. The inner ring resonances (those corresponding to rings with radii R, ... Rs)
must align slightly red-shifted within the tail end of the outmost ring resonance, such that
a significant fraction of power can be transferred into both the R; ring and inner rings
simultaneously. If the inner ring resonances are too far from this condition, insignificant
power will enter the inner rings, resulting in very shallow transmission responses. Because
the inner rings have different free-spectral ranges (FSRs) than the outer ring, this may be
considered a Vernier effect, as the bandpass responses require the correct alignment of
multiple resonances with different frequency spacings. This behavior is verified by a
simple model of the 2-ring filter. Following the same approach as in 5.3, the ring model is
modified by adding a second ring inside the first with a finite ring-ring coupling length L.
The following electric fields are identified in the schematic of Figure 12. These fields are

written:
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1
E, = \/f:ﬁ (g)4 513

EZ = rlEl + Klej”/2E3 5'14
: jn
E3 = rze_]¢1e_aL1E4 + Kze 2 E6 5-15
jm
E4_ = KleTEl + r1E3 5_16
jm
E5 = K287E4 + T2E6 5-17
E; = €_j¢ze_a2L2E5 5-18

where r; and k; are the self-coupling and cross-coupling coefficient of the ring-bus
waveguide coupling region, and r, and k, are the coupling coefficients of the ring-ring
coupling region. Likewise, ¢, and a; are the excess phase and absorption of the outer ring,
while ¢, and a, are the excess phase and absorption of the inner ring. Solving the above

system of equations for E, yields the following expression:

P02 us
E, = E; |cos(BLy) + M 5-19
0~ cos(BLy)

where

sin?(BL,)e/Te I P2g=%2l2
1— e JPze~%2L2 cos(BL,)

5-20

Q = cos(fLy)e /P11 el ¢
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Here, the coupling coefficients r; , and ; , are replaced with functions dependent on the
coupling length L ,: 71, = cos(BLy,) and Ky, = sin(BL, ), where § is a coupling
strength constant, dependent on the index mismatch between coupled waveguides and the
coupling gap.

............... » Coupling length L,
Eq

.,

& Coupling length L,

Figure 12 — Schematic of the 2-ring concentric field device with electric fields defined.

Lastly, the depiction of Figure 12 is not quite a concentric ring configuration, since the two
rings are not coupling along their entire length and do not yet share a common center.
Hence, the ring-ring coupling length L, is now set equal to the average roundtrip path
lengths of the two rings, which forces the configuration to be truly concentric. Hence, L, =

21(Ry + R,)/2 = (R, + Ry).

E,|%

The transmission response T = -

is then calculated using assumed values of a; =

a, =120 Np/m, Agrr =0.15um x 0.3 um, k; =0.12, and g = 257(n, — n,)/A where ny
and n, are the Lumerical MODE calculated effective indices for rings R; and R,,

respectively. These are generally based on the assumptions used in 5.4.1, but are used only
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to illustrate the generally operation of the concentric ring filter rather than to match

experiment here.

Figure 13(a) demonstrates how the concentric ring filter operates similarly to any second
order ring configuration (e.g. two rings cascaded) with slightly different roundtrip path
lengths between the rings. The two sets of FSRs, when aligned, form a bandpass filter

response.

Figure 13(b). This agrees with the explanation provided for forming a bandpass filter
response given earlier in this subsection. When misaligned, insignificant optical power is
coupled into the inner ring, leading to only small transmission notches due to the inner
ring. However, the outer ring continues to demonstrate large notch filter responses at all its

resonance frequencies.
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Figure 13 — (a) Calculated transmission response using the simple concentric ring model
derived previously. The transmission response resembles a Vernier effect, whereby the
alignment of two ring resonances with slightly different FSRs enables a narrow bandpass
response. (b) Zoomed view of the bandpass response near A = 1532 nm.
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Next, the bandpass responses for 2-ring, 3-ring, 4-ring, and 5-ring concentric filters are
measured, Figure 14. These responses were measured with an input optical power of 0
dBm; hence, the bandpass responses also exhibit the nonlinear effects present in section
the single rings of section 5.4. Table 3 summarizes the performance metrics of each
bandpass filter. The filters demonstrate optical 3 dB bandwidths between 930 MHz and 2.2
GHz with fairly flat bandpass responses (variations between 0.2 dB and 1.7 dB). The

bandpass filters also demonstrate quite low insertion losses, approximately 1 to 2 dB.
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Figure 14 — Measured concentric ring bandpass filter transmission responses for (a) 2-ring,
(b) 3-ring, (c) 4-ring, and (d) 5-ring variants. Performance of each filter is summarized in
Table 3.
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Table 3— Summary of Nonlinear Concentric Ring Bandpass Filter Performance

. Effective RF Optical 6 Peak Optical  Optical Band for
OBp\:\I/C?(I;?-I(zj? 3dBBW dBBW FIZ;E‘;SS Extinction Insertion  Extinction > 5
(GHz2) (GHz) (dB) Loss (dB) dB (GHz)
2-ring 2.0 1.5 2.3 1.7 17.6 1.4 7.5
3-ring 0.93 0.75 14 0.6 15.8 2.9 8.8
4-ring 2.2 1.6 2.5 1.4 18.4 1.3 4.9
5-ring 0.98 0.67 ~2.5 0.2 11.0 1.1 3.8

Using Lumerical MODE, the group indices n, for the modes in rings of radii R ... R5 were

2
calculated to estimate the FSR produced by each ring resonance. Using FSR = % where
g

A is the optical wavelength and L is the ring’s roundtrip path length, the FSRs for rings
with radii R; ... Rs were estimated to be FSR;=4.90 nm, FSR,=5.09 nm, FSR;=5.31 nm,
FSR,=5.56 nm, and FSR;=5.82 nm. Experimentally and by observation of Figure 14, the
innermost ring resonances of the higher order filters (R3, R4, Rs) likely contribute little to
the filter response, since it is unlikely that any one wavelength satisfies all the resonance
conditions — even partially — of the outer rings (R; ... R;) and inner rings simultaneously.
Hence, the experimentally observed FSRs are compared to the calculations for these outer
rings only, since no discernible and verifiable resonances were identified as corresponding
to the inner ring resonances. The experimental FSRs for R; and R, were 4.78 nm and 4.97

nm, respectively, both slightly lower but in general agreement with the calculated FSRs.
5.6 Practical Considerations
While the filters presented in this chapter have demonstrated superb performance, practical

issues in the fabrication, tuning, and deployment of such filters should be addressed. Such
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filters will be at least as sensitive as ordinary add-drop ring filters, if not somewhat more
sensitive due to the ultra-sharp edges demonstrated by measurement. The filters measured
here demonstrated stability in frequency within 0.01 nm over a 10 minute period in a
largely uncontrolled laboratory environment. In frequency, these variations correspond to
shifts on the order of 1.3 GHz, which could be detrimental for many sensitive filtering
applications. Hence thermal tuners with control circuitry should be implemented for
deployment, as is the case for many high Q optical filters. Regarding hysteresis effects,
none were observed for the filters presented here; sweeping the wavelength in the forward

and reverse directions produced the same results.

Another challenge for high-performance optical filters is the variation among devices due
to fabrication errors. Using the Globalfoundries 90 nm SiP process, identical filters
fabricated on different parts of the chip varied in resonant wavelength by approximately
+/-0.1 nm for a sample size of four. Hence, for a target resonant wavelength of 1545.5 nm,
the same design could exhibit resonances between 1545.4 nm and 1545.6 nm. While
thermal tuning can easily adjust the resonant wavelength, smaller process nodes like those
offered by the Globalfoundries 45CLO (45 nm) process could significantly reduce the

resonant wavelength variation from device-to-device.

One aspect of these filters yet to be decisively demonstrated is how the filters interact with
high-speed signals, as these signals may reveal filter features imperceivable to single-tone
sweeps. It is possible that the optical filters here preliminarily characterized could show
time-variant features that are less desirable in a filter. For example, [36] indicated such
TPA and free carrier plasma-dispersion effects enable all-optical modulation with

bandwidths limited on the order of 10 GHz. However, a filter need not demonstrate high-
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speed modulation characteristics to be useful. The time limitation of the all-optical
modulator in [36] arises from the relatively long lifetime of the free carriers, which can
range anywhere picosecond to nanosecond regimes in silicon waveguides. However,
filtering with TPA-induced free carrier plasma-dispersion effects only requires the
maintenance of a high free carrier density within the ring in order to achieve the high-
performance filter metrics characterized previously. If these free carriers are not present as
a high-speed signal impinges on the filter, the signal will pass before significant free carrier
concentrations can be generated to induce the high spectral roll-off desired. Hence, a simple
method of overcoming the “startup time” for the filter is to introduce a pilot tone (a CW
pump) at the resonance to maintain a constant flux of TPA-generated free carriers in the
ring. The pilot tone should have a high average power, significantly larger than that of the
signal to be filtered, because these filters are functions of optical power. A high-power pilot

tone can help stabilize the filter from responding to variations in average signal power.

This chapter has described edge filters with the sharpest roll-offs of any integrated photonic
filters to date (to the author’s knowledge) as well as bandpass filter variants, all leveraging
TPA induced free carrier plasma-dispersion effects. These filters could herald the next
generation in optical filters for microwave photonics, enabling narrowband RF
channelization, system linearization by removing unwanted sidebands, carrier suppression,

single-sideband modulation schemes, and more.
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CHAPTER 6. SYNTHETIC POCKELS EFFECTS IN SILICON

6.1 Integrated Photonic Modulators/Transmitters for Analog Applications

While integrated photonic modulators have been successfully commercialized after two
decades of research, they remain largely optimized for digital applications, such as those
for datacenter and long-haul networks. Many IMWP applications require the modulation
of analog signals, requiring attention to distinct link metrics, such as noise figure, gain, and
spur-free dynamic range (SFDR), as well as other linearity metrics. Linearization of
integrated photonic modulators is key to enabling IMWP technologies to compete with
discrete MWP systems and for adoption in new deployment opportunities, such as

aerospace communications and modern warfighter systems.

Though the Pockels effect used by LiNbO3z modulators is near-perfectly linear, the intrinsic
transfer function of the Mach-Zehnder interferometer is nonlinear — sinusoidal to be
precise. The need for highly linear MWP systems spurred many efforts in the 1990s to
linearize the LiINbO3 Mach-Zehnder modulator (MZM) response by a variety of methods,
including the use of series and parallel dual MZM architectures [39, 40], dual wavelength
and polarization schemes [41], and feedforward and predistortion methods. Because these
methods addressed nonlinearities generated by the MZM architecture, they were
immediately applicable to integrated MZMs as well and provided a nice starting point as

integrated modulators emerged in the 21% century.

However, the previous linearization methods of LiNbOs were insufficient, since new
integrated modulators relied on the plasma-dispersion effect, in which the index of
refraction is modulated by depletion (or injection) of free carriers by a voltage [42]. Despite
the relatively good efficiency of the plasma-dispersion effect, it is unfortunately non-linear,

being roughly square-root-like or natural log-like in its index vs. voltage response, resulting
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in the need for intrinsic device linearization. Dopant placement and active length
optimization [43-46] are demonstrated methods of linearization. Other methods augment
the interferometer structure, such as by ring-assisted MZMs [47, 48] or through

parallelization of the MZM structure [49, 50].

A third strategy for linearizing integrated modulators lies in their operation. Driving the
integrated modulators differentially has demonstrated improved linearity [51, 52]. Other
works have used pn junction reverse bias and MZM bias point optimizations to reduce
nonlinearities [43, 46, 53-56]. The MZM bias point can compensate for fabrication errors
in MZM length and pn junction characteristics [45, 46]. Particularly, Sorace-Agaskar et al.
demonstrated that active length optimization can reduce nonlinearities by careful control
of the nonlinearity-generating mechanisms, namely i) the inherent MZM transfer function
shape, ii) the nonlinear refractive index response, and iii) the optical loss response [43, 56].

These three mechanisms generate intermodulation distortion products (IMDs).

Typically, the linearity of MWP systems spanning less than an octave is limited by these
IMDs (as opposed to harmonics). The MZM (apart from external electronics) is often the
limiting component and generates third-order IMD (IMD3) that are difficult to filter out
given their proximity to the signal of interest. Thus, linearization efforts often use metrics

based on measurements of the IMD3 and its relative strength to the fundamental signal.

Highlighted in this work is the exploitation of silicon’s y(®) effect for the linearization of
SiP MZMs and as a standalone linear effect for pure phase modulation, i.e. a “synthetic”

Pockels effect in silicon.
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6.2 DC Kerr Effect Theory

The DC Kerr effect onsets when a strong electric field breaks of the intrinsic centro-
symmetry of silicon (or similar crystals). This strong DC electric field Ep induces a third-

order polarizability to the silicon of the form:

3 . ]
Pj’ tot (wo) = 12£0X9(cx)xxEoPt Egce J@ot 6-1

where y(3 =245 x 10°m? V2 i the third-order nonlinear susceptibility [57, 58]; &s; is
the relative permittivity of silicon; and w, is the optical angular frequency. Here, Ep¢ is

the DC applied field magnitude, and E,,, is the optical electric field magnitude. Upon

adding an AC modulating field E,. with angular frequency w4 in addition to the DC field,

the third-order polarizability of the silicon has new components governed by

PS, tot (wo + wAC) = 12£0XJ(C§CLXEOPII EDC EAC e_j(wo+(1)AC)t' 6_2
Each of these third-order polarizabilities lead to an index change governed by the two

equations (for DC fields and DC+AC fields, respectively):

3
_ 6X9(cx)xxEl_2)C
AnDC ~ f 6'3
Si
6-4
An, . 6\ EncEnc
Nyc = —g
Si

While the linear electro-optic effect, or “Pockels” effect, exhibits a linear index response

with respect to voltage or electric field, the plasma-dispersion (PD) effect exhibits an index

response roughly proportional to vV because of the junction depletion width’s vV
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dependence. See Table 4 for a summary of Pockels, plasma-dispersion, and DC Kerr

effects.

Table 4— Comparison of Pockels, plasma-dispersion, and DC Kerr effects.

Plasma- DC Kerr

Pockels Dispersion (DC) DC Kerr (DC+AC)
Material
(1) (1) (€]
Polarization  €°X E N/A €X' WEEE  €0X " EoptEpcEac
Anesy % Vpelac % \[Voclac < Vic o VpcVac

Aa "'0 X — /VDC|AC ~0 ~0

Control DCorAC DCorAC DC
Parameter  Voltage Voltage Voltage DC+AC Voltages

For both PD and Pockels effects, both DC and AC voltages modulate the phase according
to the same function; e.g. for a LiNbO3z phase shifter, a DC field and an AC field both
theoretically induce a linear change in optical phase. However, DC Kerr effects exhibit
functionally different behaviors in the DC and AC cases since the DC Kerr effect is
dependent on the strength and frequency of the third field (besides the optical field and the
modulating field). In the DC case, the third field is degenerately E, and the index change
response with electric field in quadratic. Thus, in practice, the optical carrier phase can be
tuned quadratically with the applied voltage. However, when DC+AC fields are applied to
a phase shifter, the relevant index response to the signal is not quadratic, but proportional
to E,¢, enabling near-perfect linear phase modulation. To further clarify this distinction,
the strength of the optical sideband generated by modulating a phase shifter with DC+AC
fields is a function of EcE,c; however, the carrier phase is tuned by E3.. Hence, the DC

Kerr effect is unique in that DC voltages do not equally affect both signal and carrier, as is
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typically true in Pockels and plasma-dispersion effects. Intrinsically, the voltage required

for a m phase change will be different in the DC and AC cases.

One may wonder whether there is a case where E4. is degenerate and leads to a useful
quadratic AC index response. Indeed, this component occurs and exhibits a third order

polarizability of the form

ng' tot (0)0 + ZwAC) = 12€OXJ(C§C?XXEOI)1' EAZC e_j((l)o-l-za)Ac)t 6-5

However, this degenerate E,. case does not produce index modulation at the fundamental

frequency of interest, but rather at a second harmonic, 2w, [59].
6.3 SiP Transmitter Linearization

An important distinction to make is that the goal for an intensity-modulated analog link,
like that described in Chapter 3, is not to engineer a perfectly linear phase shifter. While a
perfectly linear phase shifter is exactly what is desired for phase-modulated links, intensity
modulated links require that the amplitude modulation is linear rather than the phase
modulation. Practically, this means the goal for intensity modulated links is to engineer a
phase shifter response that compensates the Mach-Zehnder interfometer response to yield
linear amplitude modulation. In silicon, this phase shifter engineering can be accomplished
through careful control of plasma-dispersion (PD) effects, loss responses, and as shown

here, the DC Kerr effect.

Though largely ignored until recently, silicon exhibits a y®) effect [57-59] strong enough
to significantly modulate the refractive index in silicon photonic modulators. The
incorporation of the DC Kerr effect in SiP modulators adds a degree of control over the
phase shifter index response, since DC Kerr and plasma-dispersion effects exhibit different

functional forms of refractive index with respect to electric field (or voltage). Hence, the
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DC Kerr effect can be used cooperatively with PD effects to engineer a more linear phase
shifter, or a more linear overall MZM. As will be shown, a combination of PiN junction
design and tunable reverse bias can vary the relative contributions of PD and DC Kerr
effects, which together determine the overall modulator transfer function (electrical to
optical conversion). At the time this work was performed, previous analyses of SiP MZM
nonlinearities had not sufficiently included the DC Kerr effect. In this section, a
combination of experiments and simulations demonstrate how judicious choice of PiN
junction design, phase modulator reverse bias, and MZM bias point can improve modulator

and hence system linearity, i.e. link SFDR.

Two MZMs were fabricated in the AIM Photonics process, each using custom-designed
phase shifter cross-sections (PN and PiN junctions) depicted in Figure 15. The PiN junction
modulator is expected to demonstrate a greater ratio of DC Kerr effects to plasma-
dispersion effects than the PN modulator. The MZMs use thermo-optic phase shifters to
set the bias points in one of the MZM arms. Because the thermally tuned refractive index
responses vary nearly linearly with heater power, the electrical power consumed by the

thermo-optic phase shifters acts as a proxy for the MZM bias point.

G

Figure 15 — (a) Cross-sectional schematic of phase modulator structure with simulated
mode profile. Wi is the width of the undoped intrinsic region. The PN MZM has Wi= 0
nm, and the PIN MZM has W; = 200 nm. (b) Top-down image of the fabricated MZM. The
PN and PiN modulators are identical except for a difference in Wi.
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6.3.1 DC Characterization and Simulations

First, the current-voltage (V) responses of PN and PiN junction diodes specified in Figure
15 were measured, which yields important information regarding the range of useable
reverse biases. The IV curve data, Figure 16, exhibit breakdown voltages of -8.1+0.1 V
and -10.5+0.1 V for the PN and PiN structures, respectively. Hence, the DC bias voltages
should remain below these breakdown voltages to avoid generating high nonlinearities, as

is demonstrated later in this section.

Because the DC Kerr effect has been largely ignored until recently, commercial tools were
augmented with custom MATLAB code to account for its contribution to index
modulation. The plasma-dispersion index and absorption responses were calculated using
Lumerical DEVICE and MODE [60]. Lumerical DEVICE, a 2D/3D charge transport
solver, handles the electrical carrier perturbations with voltage in the PN or PiN junction
geometry, and separately MODE calculates the optical properties of the waveguide as a
function of the voltage, informed from the carrier dynamics from the DEVICE simulation.
While MODE (which simulates optical modes, effective indices, and free carrier
absorption) calculates the plasma-dispersion effect well based on the Soref/Bennet model
[42], it does not yet (as of this writing) include DC Kerr effects in a convenient manner.
Hence, custom Matlab code was developed to use the applied and optical electric fields
from DEVICE and MODE, respectively, to calculate the contribution of DC Kerr effects
as a function of voltage for both PN and PiN junction designs [59]. Because the DC Kerr
effect incurs negligible loss, simulations assume plasma-dispersion (free carrier)
absorption dominates the loss response. The simulation workflow is depicted schematically

in Figure 17.
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Figure 16 — Measured IV curves for PN and PiN phase shifters. Breakdown voltages limit
the range of useful reverse bias voltages.
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Figure 17 — Simulation workflow between Lumerical DEVICE, MODE and custom
MATLAB code to calculate both plasma-dispersion and DC Kerr effects generated by a
phase modulator.

SiP platforms hence have two modulation effects with different index vs. voltage functions
at disposal. As a result, transfer function engineering can be accomplished by combining

PD and DC Kerr effects through PiN junction design and tunable DC bias on phase shifters.
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The index responses for both PN and PiN based MZMs were measured by sweeping the
bias voltage applied V,;,s to one phase shifter and measuring both bar and cross optical
outputs (optical powers Py, and P..,ss, respectively). The optical transmission was
measured per the biasing scheme of Figure 18(a), yielding measured transfer functions of

both PN and PiN modulators in Figure 18(b) and Figure 18(c).

Phase shifter Heater
(a) S A
L - Bar
Oplﬂ'< anodes (p) cathodes (n) = —--—v
=I/?ss
I
Vbias = Vheater
E- £-10}
[aa] m
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Figure 18 — (a) Biasing scheme for measuring the transfer functions of the SiP MZMs.
Thermo-optic phase shifters adjust the relative phase between Mach-Zehnder arms to set
the MZM bias point. The DC electrical-optical responses are shown in (b) for the PN
modulator and (c) for the PiN modulator. The x-axis represents reverse bias. The transfer
functions without voltage-dependent absorption are shown by using the extracted index
changes only. This illustrates how voltage-dependent absorption affects, albeit weakly, the

MZM transfer functions.

Because both optical outputs are measured simultaneously as a function of V,;,, the index

response An, sy and absorption response AalL can be uniquely extracted per the following

equations:
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where A is the optical wavelength; L is the phase shifter active length, « is the absorption
per unit length (hence aL is total phase shifter loss in dB); a, L is the zero-bias phase shifter
loss or insertion loss; and E; is the input optical electric field. While the An,;f response
can be uniquely extracted, experimentally determining the contributions to this total index
response is challenging. Hence, simulations are used to estimate the relative contributions
of the DC Kerr effect and plasma-dispersion effect to the extracted An,f¢. Given limited
knowledge of the foundry’s process, the index and absorption responses are fit in
simulation, allowing for variation of only two uncertain parameters: dopant concentration
and junction depth (spread). Varying these two parameters within the relatively narrow
ranges common to SiP foundry capabilities and phase shifter designs, the An,sr and AaL
responses were matched well for both PN and PiN modulators, both using the same process
assumptions (because they are from the same silicon die). Both simulated and

experimentally extracted responses for PN and PiN modulators are shown in Figure 19.

Figure 19(a) demonstrates a nearly linear index response with voltage, indicating DC Kerr

effects are significantly augmenting the PD effect’s v/V dependence. In

Figure 19(b) the DC Kerr effect is even more apparent, as its quadratic response inverts the
curvature of the total index response, given a higher ratio of DC Kerr to PD effect in the
PiN modulator. Note that, even when simulated for wide variations in extracted parameters,
the plasma-dispersion effect alone cannot achieve the index/absorption responses of Figure

19. In the next subsection, this DC Kerr effect used to linearize the MZM response.
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Figure 19 — Extracted effective index response and absorption decrease for (a) PN junction
and (b) PiN junction based SiP phase shifters, demonstrating strong DC Kerr effects as the
PD effect alone cannot account for the near-linear index response of (a) and the negative
curvature or quadratic response of (b).

The DC performance metrics, including VL, insertion loss, the avalanche breakdown
voltage, and the DC extinction ratio, are summarized for both PN and PiN modulators in
Table 5.

Table 5- Summary of SiP Modulator DC Performance.

METRICS PINMZM PN MZM
V.L (V-cm) 2.08+0.02 1.56+0.02
Insertion Loss (dB) 7.5+1 10.5+1
Breakdown Voltage (V) -10.5+0.1 -8.1+0.1
DC Extinction Ratio (dB) >17 >20

6.3.2 SiP Transmitter Linearity

A useful first step in assessing the linearity of an RF electronic or optical component or
system is the measurement and observation of the intermodulation distortion products
(IMDs), typically the second and third order IMDs (IMD2s and IMD3s), since these are

the distortions which often limit the system SFDR. The IMDs are measured for the PN and
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PiN modulators using a setup depicted in Figure 20. Here, two RF tones close in frequency
(100 MHz apart) are added electrically and input to the modulator. The fundamental,
IMD2, and IMD3 RF powers and average output optical power were tracked
simultaneously as a function of MZM bias point (set by thermo-optic phase shifter) with
PN and PiN junctions reverse biased at -5V, Figure 21. For modulators with nearly
perfectly linear phase shifters, e.g. lithium niobate modulators, the fundamental and IMD3
align and behave functionally similar versus bias point, while the IMD2 and all other even-
ordered distortions behave oppositely. For the PN and PiN silicon photonic responses of
Figure 21, the RF fundamental and IMDs appear to roughly follow the behavior of MZMs
with linear phase shifters: the fundamental/IMD3 are minimized where the optical
transmission is at its extremes. The IMD2 is minimized near the -3 dB optical transmission
points, what would nominally be called the quadrature point for lithium niobate
modulators. Upon closer inspection, however, these behaviors are imprecisely manifested
due to the nonlinear index responses of the SiP phase shifters. From Figure 21(a), the
fundamental null (e.g. at ~45 mW) is misaligned or shifted horizontally from the IMD3
null (e.g. at ~40 mW). Given these results were measured simultaneously, there is no error
in the position of the nulls due to bias point drift over time. Hence, these results demonstrate
how the nonlinear index responses of SiP phase shifters can result in decoupling of the
fundamental from the IMD3, opening the door to modulator linearization. In modulators
with perfectly linear phase shifters, the ratio of the fundamental to the IMD3 is theoretically
constant vs. bias point; hence, counterintuitively, introducing nonlinearities into the phase
shifter can enhance the fundamental-IMD3 ratio and hence increase device and system

linearity as quantified by SFDR.

52



Laser Rx
EDFA
- > PD 1 Spectrum
S Analyzer
LD *
SiP MZM
. TTom--llun
- Phase shifter ~H~e~at73r
o~ PN
L i I N e——
. |
) i ﬁv
1 . .
| Optical in I
. I
N
~Voias  Vrr1+ Verz = Vheater _.-*"

Figure 20 — Link configuration for IMD and SFDR measurements along with the SiP MZM
biasing (DC) and driving (RF) scheme. The parameter V,;,s controls the strength of the
DC Kerr effect and (weakly) the amount of absorption in the phase shifters. The parameter
Vheater adjusts the relative phase between the two arms of the MZM.

Unlike lithium niobate MZMs, silicon photonic MZMs possess two distinct types of bias:
reverse bias on the phase shifters and the MZM bias point that sets the relative phase
between MZM arms. In lithium niobate MZMs, applying a DC field to one arm of the
MZM can set the bias point in a way indistinguishable from applying the DC field to a
separate phase shifter, apart from the RF modulation electrodes. In SiP modulators, the
interferometer bias point is typically set by thermal phase shifters, while reverse biases are
applied to the RF electrodes to prevent the PN or PiN junctions from swinging into the
forward bias regime when modulated by a signal. This reverse bias improves modulation
speed by reducing junction capacitance and avoiding the perturbation of large carrier
concentrations. Hence, silicon photonic MZMs possess an additional degree of freedom
through the reverse bias of the PN/PIN junctions. Hence, the IMDs are explored as a

function of reverse bias as well.

53



N
o
N
o

(b)

0 L
Optical IR

)8
[=]

)
[=]
Optical Power (dBm)

Optical Power (dBm)

201

)
=

-40

-60

RF Power (dBm)
RF Power (dBm)

-80

-100 : - - : : -
0 50 100 150 0 50 100 150

Heater Power (m\W) Heater Power (mV\V)

Figure 21 — Two-tone experimental results and measured optical responses measured vs.
MZM bias point (heater power) for the (a) PN modulator and (b) PiN modulator. Sweeping
MZM bias point (heater power) on one arm reveals a shift between fundamental and IMD3
minima. The optimal heater power and reverse bias combinations are made clear in Figure
23 and Figure 24 for PN and PiN modulators, respectively.
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Figure 22 — Two-tone experimental results and measured optical responses measured vs.
reverse bias for (a) the PN modulator and (b) the PiN modulator. Sweeping reverse bias
voltage on both arms simultaneously exhibits optical loss and IMD2 reduction, with minor
variations in fundamental and IMD3 powers. The optimal heater power and reverse bias
combinations are made clear in Figure 23 and Figure 24 for PN and PiN modulators,
respectively.

The two-tone results of Figure 22 demonstrate the change in linear and nonlinear behaviors
of the (a) PN and (b) PiN based phase modulators versus reverse bias. As the reverse bias
in increased, the interplay of the PD effect, DC Kerr effect, and absorption response

changes the transfer function shape and hence the magnitudes of the linear (fundamental)
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and nonlinear (IMD2 and IMD3) terms. These results hint at a complex bias space
(comprised of two free variables: reverse bias and MZM bias point), which is fully explored

next.

To explore the bias space fully, the RF fundamentals, IMD3s, and optical power are tracked
while the reverse bias is swept for fixed heater powers, incremented from 0 to 150 mW.
From the measured fundamentals and IMD3s are calculated the approximate gain, NF, and
SFDR across the entire bias space for both links employing the PN and PiN based
modulators, Figure 23 and Figure 24, respectively. Here, the SFDRs are estimated by using
a single pair of fundamental and IMD3 data points, assuming slopes of one and three with
increasing RF input power, and extrapolating the data to the measured noise floor (noise
power spectral density). Here the noise floor was limited by the electrical spectrum

analyzer to -152 dBm/Hz.
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Figure 23 — Contour plots for the PN MZM of the (a) measured fundamental RF power,
(b) measured IMD3 power, (c) extracted link SEFDR showing optimal performance at high
reverse biases (-4 V to -6 V) and MZM bias points between the first Q and Min, (d)
extracted link gain, and (e) extracted link noise figure. Metrics are defined in detail in
Chapter 2.
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Figure 24 — Contour plots for the PIN MZM, shown versus phase modulator reverse bias
(equally applied to both arms) and MZM bias point: (a) measured fundamental RF power,
(b) measured IMD3 power, (c) extracted link SEFDR showing optimal performance at high
reverse biases (-5 V to -9 V) and MZM bias points between the second Q and Min, (d)
extracted link gain, and (e) extracted link noise figure. The input RF power is +4 dBm. The
white boxes marked in (c), (d), and (e) indicate the optimal biasing space. Metrics are
defined in detail in Chapter 2.

Commentary is limited to the contour plot measurements for the PN modulator results of
Figure 23 for simplicity; the PIN modulator results of Figure 24 demonstrate similar
features. These contour plots demonstrate many of the behaviors exhibited in the 2D cuts
through the bias space, such as the shifts in the IMD3 null away from the fundamental nulls
and the general periodic nature of the fundamentals and IMDs versus MZM bias point.
From both Figure 22(a) and Figure 23(b), the IMD3s rise significantly for reverse biases <
1V due to voltage-dependent depletion capacitance and effects from the AC signal
swinging into forward biased regimes. The voltage-dependent depletion capacitance scales
approximately as 1/+/V and can limit linearity performance; hence, high reverse bias is
helpful beyond its usefulness in generating DC Kerr effects by reducing capacitance [61].

On the other end of the reverse bias extreme, as the diode avalanche breakdown voltage is
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approached (by comparing to the IV curves of Figure 16), the nonlinearities rapidly

increase beyond -7V to the detriment of the system linearity.

For IMDD links using discrete components, the link SEDR is maximized when the LiNbOs
MZM bias point is set to its quadrature point (nominally the -3 dB transmission point)
when limited optical power precludes the use of low-biasing techniques. However, in the
case of the silicon photonic transmitters here, Figure 23 and Figure 24 indicate optimal
SFDR (as well as gain and NF) are achieved at MZM bias points between the nominally
quadrature (-3 dB transmission point) and null bias (minimum transmission). For example,
in the PN modulator case of Figure 23(c), the SFDR is significantly increased at a bias

lower than quadrature for a -5 V reverse bias.

While the results here were tested using a tones near 1 GHz, the results were also verified
for higher frequencies including two tone tests near 2 GHz, 5 GHz, and 10 GHz. Hence,
the bias point optimization holds for wideband modulation over a range acceptable for S,
C, and X band satellite communications (for example) Higher speed modulators are
required for extending the application range to cover Ku, K, and Ka band communications.
The PiN based modulator exhibited similar behaviors as those described here for the PN

based modulator.

From the fundamental and IMD3 data measured in Figure 23(a,b) and Figure 24(a,b), the
IIP3s and O1P3s can be estimated (see section 2.3 for IIP3 and OIP3 definitions). Further,
the ratio of OIP3 to 11P3 yields the approximate link gain G (Figure 23(d) and Figure
24(d)) across the bias space. Similarly, the noise figures (Figure 23(e) and Figure 24(e))
are estimated by NF = 174 + N,,,; — G, where N, is the noise floor (dBm/Hz); G is in

dB; and N, is in dBm/Hz [5].

Lastly, the single-point method of estimating the SFDR in Figure 23(c) and Figure 24(c) is

compared to the multi-point method of measuring the SFDR, where the extrapolation of
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the fundamental and IMD3 tones are not based on assumed slopes of 1 and 3, respectively,
but rather are fitted to fundamental and IMD3 data taken at multiple RF input powers. The
multi-point assessment of the SFDR is exemplified by Figure 25(a). Here is shown the
equal-amplitude, two-tone experimental results for the PN modulator, biased near slightly
off quadrature with a reverse bias of -5 V. The filled circles indicate experimental data
points for the fundamental (black) and IMD3 (red). These data points are fitted and
extrapolated (solid black and red lines) to the measured noise floor of -152 dBm/Hz The
dashed black and red extrapolations indicate the expected experimental results if the excess

EDFA amplification is removed, resulting in a 103 dB-Hz?”® SFDR.

0 ' 4

(a) ® Fund. ’

€ .5l e IMD3

Q - — —Adjusted Fund.

T~ -50F ——-Adjusted IMD3

(0]

2

5 75  IMD3

& -100

3-125}

-} 7

(@] 150 k < /__15_2_d_Br_n/_HE_
. L

-150 -125 -100 -75 -50 -25 O 25
Input RF Power (dBm)

b)

E -20 -0 °-0-0-0-0-0-0-0-0-00000006000 L 2
@ | ———eeesecse P

-‘3"40'0 Fund.f i
Q | ® IMD3 |
g-sow
O 8ot |
LI- L L 1

e

-6 -4 -2 0 2
Input RF Power (dBm)

Figure 25 — (a) Multi-point link SFDR measurement with the PN MZM, showing SFDR =
11042 dB-Hz?? at an MZM bias point just before the second quadrature point and for -5
PN junction reverse bias. Adjustment for excess EDFA gain yields an SFDR = 103£2
dB-Hz?3. (b) Zoomed view of data points and fits.

Next, the single-point and multi-point results are compared by performing the multi-point

SFDR assessment for several MZM bias points with a -5 V reverse bias. The resulting
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SFDRs are then compared to the single-point SFDRs for both PN and PiN modulators,
Figure 26. The single point SFDRs provide reasonable estimation of the multi-point

SFDRs; errors result from the deviation of multi-point extrapolations of fundamental and

IMD3 data away from the ideal values of one and three, respectively.
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Figure 26 — Comparison of SFDR from the single RF input power (single-point) two-tone
measurement and multi-point measurement versus MZM bias point for a fixed reverse bias
on both phase modulators of -5 V. Optical power and fundamental RF power are also
shown for reference. (a) the PN MZM and (b) the PiN MZM. Input RF power is +4 dBm
for all measurements.

Lastly, the PN and PiN modulator RF performance metrics, including bandwidths and
11P3s are summarized in Table 6. Here, only the I1P3 is cited for quantifying device
linearity, since OIP3 and SFDR depend heavily on the link parameters and other

components.

Table 6— Summary of SiP Modulator RF Performance.

METRICS PiN MZM PN MzZM
3 dB Electrical-Electrical 12.9+0.5 10.9+0.5
Bandwidth (GHz)
3dB Electrical-Optical >20 >20
Bandwidth (GHz)
11P3 (dBm) +24+1 +23%1

59



Here, the DC Kerr effect and plasma-dispersion effects were judiciously combined along
with an appropriate bias point to linearize the SiP MZM transfer function and hence
optimize the link SFDR. Additionally, this work highlights the importance of including the
DC Kerr effect in the simulation and characterization of SiP modulators at higher reverse
biases due to silicon’s large y®). Comments on the power consumption of using DC Kerr

effects are included later section 6.4.5.

6.4 Pure DC Kerr Effect Modulators

Silicon has emerged as a leading optical material despite silicon’s indirect bandgap and
centrosymmetry that intrinsically prohibit optical gain and the Pockels effect, respectively.
To achieve optical gain and a practical Pockels effect on silicon — while maintaining
compatibility with CMOS processes — is the holy grail of silicon photonics and would
enable a new generation of SiP circuitry. The former would greatly improve power budgets,
ease optical packaging, and reduce cost, while a SiP Pockels effect would forego the need
for heterogeneous modulators, reduce cost, and enable highly linear all-silicon photonic
integrated circuits (PICs). Herein, the potential of using the DC Kerr effect, a demonstrated
phenomenon in SiP modulators [62-63], as a synthetic Pockels effect for optical modulation
is investigated. This terminology is used to distinguish this electric-field induced Pockels
effect from mechanically strained Pockels effects in silicon [64]. Based on underlying
validated DC Kerr effect theory [59, 62], here simple expressions for the basic figures of
merit (FOMs) for synthetic Pockels effect silicon modulators are presented along with
characterization of a fabricated DC Kerr effect modulator. Through simulations, the
modulator efficiency is optimized as a function of the effective electrode spacing. Using

the optimized phase shifter design, the tradeoff in modulation bandwidth associated with
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using resonant enhancement of the modulation efficiency is explored. Finally, an analysis
of the likely usage scenarios for these synthetic Pockels effect modulators is presented and

compared to existing state-of-the-art SiP modulation methods.

To clarify the behavior of the DC Kerr effect as a synthetic Pockels effect, the index

response equations are cast into an effective linear electro-optic coefficient r,, and an

effective @ nonlinearity, )(g}:

@ = 6xPEpc

Xerf 6-8
_2x® 12Epgx®
Teo = n;} - ngli 6-9

In the above two expressions, Ep is the applied DC electric field across the waveguide to

induce the synthetic Pockels effect. The )(Sc)f and effective ., are shown versus Ep. in

Figure 27, up to a maximum bias field equal to silicon’s breakdown electric field of 3x10°
V/em. The ¥ value of silicon used in this work is 2.45x10™° m?/V [57]. The maximum
effective r,, and y? achievable before the field breakdown of silicon are 0.6 pm/V and
44.1 pm/V. With these parameters, a direct comparison to lithium niobate and other
Pockels materials is possible. Notably, the index of refraction (and thus the optical phase)
can be near perfectly linearly modulated with an AC voltage, just as in natural Pockels

materials.
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Figure 27 — (a) Calculated r,, (left axis) and ng)f (right axis) as functions of the applied

DC bias field.

6.4.1 DC Performance

The first FOM to gquantify is the absorption and efficiency (per unit length) of the synthetic
Pockels effect in silicon to shift the optical phase. When assessing the potential
performance of a modulator based on the synthetic Pockels effect, a reasonable (and easily
fabricated) design is assumed. The general design of the phase shifter looks quite similar
to most pn junction based SiP phase shifters: metal electrodes connect electrically to highly
doped silicon regions to concentrate the voltage over a small region containing the optical
mode. However, in contrast to plasma-dispersion modulators, a pure synthetic Pockels
effect modulator should not have significant dopants in the waveguide region for three
reasons: 1) the dopants in the waveguide will cause unintended phase shifting from the
plasma-dispersion effect; 2) the dopants will increase the insertion loss, and 3) the pn
junction will increase the capacitance of the device and reduce bandwidth. The V.. L for a
pure DC Kerr effect (synthetic Pockels effect) phase modulator is written as

VI = /1n5id
(O 12Epcx T 6-10
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Here, L is the active length of the phase shifter, d is the effective electrode spacing (the
distance between the n++ and p++ doped regions), A is the optical wavelength and T" is the
overlap factor between the applied electric field and the optical mode. The overlap factor
I is best simulated via Lumerical or other commercial tools, and its value was simulated
as a function of the electrode spacing d. This V, L expression provides a convenient means
for calculating the phase shifting efficiency and mimics the same form of the expression

for a Pockels effect modulator.

The insertion loss for the phase shifter is calculated through finite-element mesh
simulations using Lumerical DEVICE and MODE [60], which directly calculates the
absorption a in dB/cm. This a accounts only for free-carrier absorption due to the mode
overlap with doped silicon; thus, the calculated « is added to a baseline 2 dB/cm loss
commensurate with state-of-the-art waveguide loss dominated by optical scattering. The
Lumerical simulations assume a phase shifter cross-section matching custom designed
phase shifters using the Globalfoundries 9WG SiP process. Lumerical MODE was also
used to calculate the overlap factor I'. The phase shifter VL (right axis) and a (left axis)

metrics are calculated as functions of electrode spacing d, Figure 28.
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Figure 28 — (a) Calculated absorption in dB/cm (left axis) and VL in V-cm (right axis)
versus effective electrode spacing d for DC Kerr effect phase modulators. (b) Calculated
V. La products for phase modulators (or single-drive MZMs) in solid lines and dual-drive
MZMs in dashed lines versus the effective electrode spacing d on the x-axis. Interestingly,
there is a clear optimum for d = 0.19 um. This optimum point best balances phase shifting
efficiency with insertion loss. Note the a within the product accounts for both scattering
loss and free-carrier absorption.

Because a common figure-of-merit also considers the phase shifting efficiency and loss
together in a single product, the V,La product in Figure 28(b) versus d is also calculated.
In the same figure, the V;.La product is shown for both a phase modulator or single-drive
Mach-Zehnder modulator (MZM) (solid black) and a dual-drive MZM (dashed red), the
latter which generally exhibits twice the phase-shifting efficiency as a single phase
modulator. Generally, reducing d imparts a benefit in terms of overall efficiency; however,
reducing d also incurs a greater amount of plasma-dispersion index response, which may

not be desired for linear phase modulation.

The best dual-drive (single-drive) MZM V,, La product calculated was ~15V-dB (~30 V-dB)

for d = 0.19 um. This efficiency-loss product is competitive with reported FOMs of other

64



plasma-dispersion silicon MZMs, including lateral pn junction MZMs with V,La = 19.4

V-dB [65] and vertical pn junction modulators with V,,La = 20.0 V-dB [66].

The experimental data points indicated in Figure 28 are from DC experiments performed
in section 6.4.4. The experimental « agrees well with theory, and the measured VL is
within the calculated VL by approximately 20%. The deviation between experiment and
theory is amplified in the V;La metric by the compounded errors of the component VL and

a measurements.

6.4.2 Expectations on AC Performance

In terms of modulation speed, the DC Kerr effect is expected to have fundamental
limitations similar to lithium niobate, where the theoretical material maximum modulation
speed is limited by the speed of the electronic polarizability of the constituent atoms. This
leaves practical bandwidth limitations due to RC time constants and group velocity
mismatch effects, both of which are specific engineering problems tackled through careful
traveling wave electrode and junction design. In terms of RF phase velocity mismatches
with optical group delays, lithium niobate modulators enjoy the advantage, as their
generally low (~2.2) optical group index generally falls within an easily designable range
of RF phase effective indices (2.0 — 2.4). SiP modulators generally have high optical group
indices (~4.0) that make matching the electrode’s RF phase velocity more difficult. On the
other hand, Si/SiO> possesses an electric permittivity far lower than the permittivity of
lithium niobate. Hence, SiP DC Kerr effect modulators should enjoy advantages of very
low capacitance over lithium niobate modulators. Of course, adding dopants in the

waveguide for plasma-dispersion based SiP modulators adds further capacitance. Thus, the
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practical upper limit of the DC Kerr effect modulator will likely be more competitive with
lithium niobate modulators when in an RC-limited bandwidth regime, rather than in an
index mismatch regime. As integrated lithium niobate modulators have demonstrated
bandwidths >100 GHz [67], similarly wide bandwidths may be achievable with silicon

synthetic Pockels effect modulators.

6.4.3 Resonant Enhancement

Here, the pros and cons of using the synthetic Pockels effect in silicon to modulate within
a resonant cavity, such as a ring resonator, are assessed. Resonant enhancement has
demonstrated clear benefits in modulation efficiency, which is the largest hurdle for
practical use of the DC Kerr effect for modulation. The main tradeoff for enhanced
efficiency is a reduction of the modulation bandwidth. The balance between efficiency and
modulation bandwidth will determine the modulator’s application as either a low-speed

tuning device or a high-speed modulator.

A useful way to assess the efficiency of a ring enhanced modulator is to develop an
equivalent V. As found in [68], the equivalent V,, for a phase modulator inside a resonant
cavity is

eq :E(d_T
Ve 2\dV

>_1_n(de® )"1_Vn<dT )1
max)  2\d0dVl,e,/ T 2 \del. 6-11

where dT /dV is the sensitivity of the transmission amplitude to voltage, d®/dV is the

sensitivity of the phase to voltage, and dT/dO is the sensitivity of the transmission
amplitude to phase. The final expression shows a separation of the inherent phase shifter’s

I, and a resonant enhancement factor (Gg):
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G = 1( dT )_1
R=2\|de max 6-12

Unfortunately, the enhancement factor does not yield a convenient analytic expression;
thus, it is best calculated numerically. Here, the resonant enhancement factor for a ring as
a function of its coupling factor r and loss factor a (where a = 1 is lossless) is calculated;
contours showing the ring’s finesse and extinction ratio were also calculated to indicate the
ring characteristics. Calculations were done in three steps: 1) by calculating the first and
second derivatives of the ring transfer function and 2) by numerically solving for the roots
of the second derivative to find the maximum slope along the transfer function, and 3)

evaluating the first derivative of the transfer function at the roots. See Figure 29(a).
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Figure 29 — (a) Calculated efficiency enhancement factor (colored axis), which indicates
the reduction of the intrinsic phase shifter V,, due to resonant enhancement for a ring
resonator with coupling factor r and loss factor a. Contours of the ring’s finesse (solid
lines) and extinction ratio (dashed lines) are also plotted. The enhancement factor
calculations assume a fixed active electrode length. (b) Calculated contours of V77 (black,
solid) and 3 dB bandwidth (red, dotted) over the space consisting of reasonable coupling
factors r and electrode lengths L. These calculations used the optimal electrode spacing d
and corresponding loss factor a (related to ) determined for lowest V,; La in Figure 28(b).
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Next, the tradeoff of the ring modulator efficiency and bandwidth is considered. First, an

optimal phase shifter design is chosen based on the results of Figure 28 Figure 28.

Figure 28, which indicates d = 0.19 um to exhibit optimal efficiency-loss characteristics.
This choice of specific phase shift design sets the loss factor a. Thus, the only major design
parameters left to consider are the coupling factor r (a function of the coupling gap) and
the phase shifter length L. Following the approach in [69], the photon lifetime limiting the

ring modulator bandwidth is given by

_ ngLF _ ngL Vra

Yo T 2c1-ra

6-13

Where F is the ring resonator finesse [70], n, is the optical group index, and c is the speed

of light in vacuum. This photon lifetime yields an upper limit on the ring modulator 3 dB
bandwidth [69] of

V2 -1

f3a8 = W 6-14

Using this expression for bandwidth and previous expressions for V.9, contours of
bandwidth and V,, are calculated over the design space of reasonable values for the

coupling factor r and the phase shifter length L, Figure 29(b).

From the results of Figure 29(b), resonant enhancement is only suitable for low bandwidth
modulation, as the voltage requirements become far too large for high-speed modulation.
High speed modulation applications will thus best use Mach-Zehnder modulators along

with careful traveling wave electrode design and longer electrode lengths.
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6.4.4 Experiments

To verify some of the major results of this work, custom MZMs were fabricated using
Globalfoundries 9WG (90 nm) electronic-photonic SOI process. An MZM with 2.4 mm
long phase shifters comprised of PIN junctions with an intended intrinsic region 500 nm
wide was designed, fabricated, and tested. The design minimizes plasma-dispersion effects
while still enabling a strong electric field to be applied transverse to the direction of
propagation of a TE wave through the waveguide, enabling strong DC Kerr effects to be

observed.
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Figure 30 — Schematic of the experimental setup for DC characterization of the pure DC
Kerr effect modulator.

The DC transfer function of the MZM was measured by sweeping the voltage applied to
one arm of the MZM while ground the phase shifter electrodes on the second MZM arm.
The optical response was captured by a power meter, and a multimeter recorded the
response in terms of voltage, Figure 30. The measurement was then repeated for using the
second optical output of the MZM to obtain two transfer functions corresponding to two
outputs of the MZM’s output 2x2 directional coupler. This method, used in [62], enables
the unambiguous extraction of both the index (or phase) and absorption responses of the

MZM’s phase shifter, Figure 31.
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The experimental index response of Figure 31 indicates a clear DC Kerr effect dominated
response, as the curvature is negative due to the square dependence of the index on the
electric field. Typically, a plasma-dispersion response exhibits a positive curvature.
Simulations can determine reasonable estimates for the contributions of the DC Kerr effect

and plasma-dispersion effects to the total index response.
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Figure 31 — Experimental extraction of the index (left axis) and absorption (right axis)
responses. The total simulated index response, comprised of plasma-dispersion and DC
Kerr contributions, matches well with the experimentally extracted index response. The
simulated absorption response is also shown alongside its experimental counterpart.

Using Lumerical DEVICE to simulate the carrier concentrations in response to an electric
field and Lumerical MODE to calculate the optical mode and index response resultant from
the carrier concentrations, the simulated plasma-dispersion response was obtained, Figure
31. To include DC Kerr effects, the applied electric field distributions were calculated by
Lumerical DEVICE, and the DC Kerr effect theory of section 6.2 was used to obtain the
material index response. Following, the overlap integral between the optical and applied
electric fields was calculated to yield the effective index response due to the DC Kerr effect.

The total index response is the sum of the plasma-dispersion and DC Kerr index responses.
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Figure 31 shows excellent matching between simulated and experimental index responses.
The absorption response, due entirely to plasma-dispersion, was simultaneously calculated
by Lumerical DEVICE and shows reasonable agreement with experiment. Dopant
concentrations were assumed within typical ranges and found to provide good fits to the
data for n and p concentrations in the low 10" cm. Generally, the choice of different
dopant concentrations cannot achieve similar index responses to the experiment. While
small (<10%) tradeoffs in n and p dopant concentrations can still maintain a relatively good
fit to the index response, such new concentrations cannot achieve a totally different total
index response that would lead to vastly different conclusions. Furthermore, the shape of
the experimental curve can only be achieved with significant DC Kerr effects present and

cannot be explained by purely plasma-dispersion effects.

Next, the gain of the link is measured as a function of the reverse bias. This experiment is
performed to confirm the behavior of the DC+AC modulation response described in section
6.2, which until now, has never been experimentally confirmed in the literature, to the
authors’ best knowledge. The DC+AC modulation response, Anye < EpcE4c, indicates
that the index response is linearly proportional to the applied DC electric field. The
experiment is not as straightforward as it initially appears, because the bias point of the
modulator will also shift with index modulation following a quadratic response, as
observed when measuring the MZM transfer function. Thus, for the AC experiment, the
reverse bias is applied to both arms to not perturb the bias point, while a single arm is
driven with the RF signal. Thus, the gain of the link vs. reverse bias is measured while
accounting only for the increased modulation efficiency from the DC Kerr effect according

to Any < EpcE,c. The experimental setup is given in Figure 32, and the results are shown
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in Figure 33(a) along with the calculated gain response. Good accuracy in magnitude is
confirmed along with generally similar curvature. The experimental curve appears flatter
than in theory, indicating a truly sub-linear index response due to other junction effects.
Depletion width modulation was accounted for according to basic semiconductor equations
in the calculated curve of Figure 33(a). Comparison is highlighted over the range of reverse
biases greater than 10 V to avoid any forward bias effects and because the gain is very
small below 10 V reverse bias, such that small plasma-dispersion effects may dominate the

response.
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Figure 32— Schematics of experimental setups for AC characterization.
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Figure 33 —(a) Experimental RF gain vs. reverse bias for a 1 GHz tone and calculated gain
curve based on analog link gain (Eg. 3-1) and a simulated depletion width (a function of

reverse bias) using Lumerical DEVICE. (b) \/E « V,,+ Where g = gain in arbitrary linear

units vs. reverse bias, demonstrating the linearity of AC modulation of synthetic Pockels
effect as compared to a linear fit of the data. The experimental data is not perfectly linear
since there is still residual depletion width modulation with increasing reverse bias.
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Next, the linearity of the gain response is assessed qualitatively in relation to an ideal linear

fit of the data, Figure 33(b). A decibel form of Eq. 3-1 is

G[dB] =—-22.1+4+20 10g10 IDc[mA] — 20 10g10 Vn-[V] 6-15
Inserting the DC Kerr V,, expression from Eq. 6-10 and assuming Ep; = % yields

Ansidz

GDC Kerr[dB] = _221 + 20 loglo IDc[mA] - 20 loglo m

[Vl  6-16

From this expression, the gain Gp¢ ke 1S @ function of +201log;, Vp¢; hence, on a linear
scale, gpc kerr % Vic. Therefore in Figure 33(b), /gpc kerr VS- Vpc is compared to a linear
fit of the data to demonstrate the relative linearity of the AC modulation response of the
synthetic Pockels effect. The measured data is not perfectly linear since residual depletion
width modulation persists with increasing reverse bias, yielding a slightly sublinear

response.

6.4.5 Applications of the Synthetic Pockels Modulator

Here, the DC Kerr effect was cast into an effective synthetic Pockels effect, through both

an effective linear electro-optic coefficient 7., and a )(S)f both dependent on the DC
electric field strength. The performance of a proposed modulator based solely on the DC
Kerr effect (a synthetic Pockels effect) was investigated in terms of modulation efficiency,
loss, and bandwidth for standalone phase shifters, Mach-Zehnder modulators, and ring

implementations. There are several strengths of the pure DC Kerr effect for modulation: 1)

highly linear phase responses, 2) large modulation bandwidths due to low junction
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capacitance and freedom from moving large electron/hole concentrations, 3) pure phase
modulation and negligible amplitude modulation in phase shifters, 4) relative inertness to
temperature and radiation effects. The strengths and weaknesses of the synthetic Pockels
effect in Si is compared to state-of-the-art SiP plasma-dispersion, InP, and LiNbO3z phase

shifters in Table 7.

Table 7— Comparison of Common Phase Shifter Technologies

Phase Shifter Type V,.La (V-dB) Strengths Weaknesses
. . . Compact, moderate 1, cost of .
SiP / plasma-dispersion 19 integration Loss, bandwidth
SiP / DC Kerr 30 Low loss, Iln_ear, bar?dW|dth, cost of VL, phase shifter
integration length
LiNbOs 6 Low V, L, low loss, linear, bandwidth Cost of hybrid
integration
InP 20 Compact, moderate V,, cost of Bandwidth, noise

integration, optical gain

However, using the synthetic Pockels effect for modulation poses a few challenges: 1) the
requirement for large reverse biases, typically 5-12 Vpc, 2) relatively high current draw
through resistive terminations and subsequent high DC power consumption, 3) modulation
efficiency, i.e. the V.. Of these drawbacks, the first drawback is mitigated through judicious
junction design to reduce the required reverse bias voltages; practically, this is done by
reducing the effective electrode spacing d. Generally, junctions that exhibit low breakdown
voltages will similarly require low reverse biases to manifest strong DC Kerr effects. The
large current draw derived from the reverse bias voltage difference over the modulator
termination resistance (typically 35-50 Q) may be solved by using capacitive terminations.

When such capacitive terminations are implemented, the electrical power consumption
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difference between SiP plasma-dispersion, SiP DC Kerr effect, InP, and LiNbOs3 is
determined by the signal power required for driving the modulator. As LiNbO3s modulators
generally exhibit the best ;s in the range of 1V to 5 V, these will consume the least power.
On the other hand, a SiP plasma-dispersion modulator with a typical ¥, in the range of 4V
to 8 V, will require a drive voltage proportionately larger in comparison with LiNbO3,
Fortunately, linearization by DC Kerr effect costs very little extra power, as the strong DC
field draws low current (<1 pA) if capacitive terminations are used. When capacitive
terminations are used, the current is primarily drawn across the PiN junction. A pure DC
Kerr effect modulator will similarly only require more electrical power insofar as the higher

V. requires a higher drive voltage.

These strengths and challenges to synthetic Pockels modulators indicate three main
applications areas of interest: microwave photonics, digital transmitters, and computing.
The DC Kerr modulator’s high linearity and large expected bandwidths could greatly
benefits microwave photonic deployments, including phased arrays, next-gen fronthaul
links, intra-vehicular RF photonic links, and frequency converting systems. Further, the
DC Kerr effect’s relative resilience to temperature and radiation effects bodes well for
airborne and spaceborne photonic communication systems. Digital transmitters using high
order modulation formats may similarly find benefit from the DC Kerr effect modulator’s
inherent linearity and high-speed modulation characteristics. Lastly, the modulator’s pure
phase modulation makes it a great candidate for use in quantum gates, while its relative
resilience in temperature swings (due to its lack of need for carrier density perturbations)
lends itself well to low temperature computing applications. In fact, the DC Kerr effect has

been shown to operate more efficiently at 5 K compared to room temperature [71].
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Future work should pursue further optimization of the DC Kerr effect modulator through
optimizing the PiN junction design, investigating pure metal electrode stacks, engineering

high breakdown field junctions, and implementing push-pull (dual-drive) MZM schemes.
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CHAPTER 7. PHOTONIC FREQUENCY CONVERSION &

DESIGN EQUATIONS

7.1 Photonic Frequency Converters in the Literature

Frequency converters, also known as mixers, translate information to a new frequency, a
function required in many communications systems and applications, including phased
arrays, next-gen fronthaul links, intra-vehicular communications, inter- and intra-satellite
communications, antenna remoting, metrology, test and measurement, and more. These
applications leverage microwave photonics’ strengths in low loss transmission of RF
signals, large optical bandwidths, increased immunity to electromagnetic interference,
ability to reduce usage of bulky RF cables, high linearity over wide bands, and good
isolation between electrical signals. Frequency conversion includes frequency translations

to higher frequencies (upconversion) and to lower frequencies (downconversion).

A mixer requires a nonlinear mechanism. In electronic mixers, the nonlinear mechanism is
provided by the transistor. In photonic mixers, the nonlinear mechanism is typically
provided by the square law behavior of the photodetector. However, other nonlinear
mechanisms for mixing have been reported, such as the use of high Q optomechanical

oscillations [72].

Focusing on methods using the detector as the nonlinear element, photonic frequency
converters mix two optical signals: 1) the RF-modulated optical sideband and 2) the local
oscillator (LO). For optical LO’s, the LO wavelength is simply tuned relative to the RF-
modulated optical sideband to upconvert or downconvert at the photodetector. For an
electrical LO, an electro-optic modulator transduces the oscillator signal onto the same

optical carrier that the RF data is modulated upon. In the optical frequency domain,
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modulation generates sidebands on either side of the optical carrier, with amplitude and
phase dependent on the type of modulation (e.g. phase or amplitude modulation) and the
bias point. In photonic mixing using an electronic LO, the relative frequency offset between
the LO-generated and RF-generated sidebands determines the final frequency of the RF
data. This new frequency is called the intermediate frequency (IF) in most applications,
and its power is a function of RF, LO, and optical powers. Hence, achieving high RF-to-

IF mixing gain requires sufficient optical and LO power.

Photonic mixing has advantages over electronic mixers in instantaneous bandwidth,
broadband linearity, and immunity to electromagnetic interference. Photonic mixers are
also naturally compatible with existing fiber-optic links for efficient RF transport.
Typically, such RF photonic links are single wavelength systems spanning anywhere from
a few meters (e.g. for airborne platform signal routing and processing) up to a 10s of

kilometers (e.g. for radioastronomy and remote antenna signal routing and processing).

Photonic mixing is not a new subject and has benefited from more than two decades of
research and has leveraged high quality discrete components [73-75]. Several mixer
architectures have been reported over the years. High dynamic range methods include
amplitude or phase modulation of two modulators in series (one for the RF, the second for
the LO) [76-78]; however, these methods demonstrated reduced performance beyond 10
GHz. The main weakness of series modulator implementations is a multiplicative behavior
that inherently inhibits linearity; modulation by the second modulator will create sidebands
on either side of any existing optical sidebands. Other methods, as mentioned, use a second
laser for the LO along with an optical phase-locked loop (OPLL) [79, 80]; unfortunately,
the phase noise of the lasers and the OPLL’s bandwidth limitations increase the system’s
overall phase noise [81]. Narrowband optical filtering via fiber Bragg gratings lower the
system phase noise [73, 82, 83]. Another approach uses phase modulators within a Sagnac

interferometer to suppress the carrier and attain high conversion efficiency [84].
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A common frequency conversion architecture uses a single laser source along with two
modulators nested in parallel within a larger Mach-Zehnder interferometer. This results in
a highly linear architecture whereby the LO-generated sidebands and RF-generated
sidebands add optically before photodetection. This architecture also naturally enables
balanced photodetection by using a directional coupler to close the larger MZI after
modulation. As measured in intensity-modulated, direct-detect (IMDD) fiber links,
balanced detection has demonstrated dramatically reduced noise power spectral densities
(i.e. “noise floors”) to enable higher dynamic range and reduced noise figures [85].
Balanced detection reduces common-mode noise, such as laser and optical amplifier noise
added before modulation. Electrical noise and shot noise are not common-mode and thus

are not reduced significantly by balanced detection.

However, few have reported fully integrated photonic mixers. Moreover, among those
reporting the use of any integrated components, most demonstrations only integrated a
single component of the mixing architectures [53, 86-88]. For example, in [53, 86-87], only
the modulators were integrated as part of a larger frequency converter architecture.
Likewise [88] integrated the optical filter but not the modulators nor detectors. Integrated
photonic mixers by S. Jin et al. have demonstrated the highest levels of integration in InP
[10, 11, 89] to date along with the SiP work of Chapter 8. S. Jin’s result from [89] integrated
the laser as well (given the InP platform) and achieved a SFDR of 112 dB-Hz%®, though
with very limited (250 MHz) bandwidth. Together the works of Jin et al. and the work
presented in Chapters 8-9 exemplify the current state-of-the-art in integrated photonic
mixers. Figure 34 summarizes the evolution of integrated frequency converter work over

the past decade.
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Figure 34 — Timeline highlighting the major integrated photonic mixers reported in the
literature. The material systems on which frequency converters have been demonstrated
here include silica, silicon-on-insulator, GeSi, and InP. Over the past decade, the integrated
photonics foundry ecosystem has emerged and enabled full integration of frequency
converters.
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Initial target metrics for the adoption of integrated photonic mixers into phased array
antennas (for example) include greater than 100 dB-Hz?3, 10s of GHz wide instantaneous
bandwidths, and noise figures comparable to those of discrete mixers (<20 dB). To date,
no single integrated photonic mixer has achieved all these metrics simultaneously, nor even
two simultaneously. Later in this work, the architectures and device-level performance

required to achieve this are identified.

This chapter introduces frequency converter operation and design equations, detailing the

main component metrics desired for high performance frequency converter systems.

Chapter 8 demonstrates through experiment and calibrated simulations that state-of-the-art
implementations of silicon photonic (SiP) IMWP mixers can achieve the performance
required by most applications. The first silicon frequency converter with electrical RF-to-
IF conversion completely on-chip is also demonstrated. As of this writing, the frequency
converter presented in Chapter 8 demonstrates the widest RF bandwidth of any fully

integrated frequency converter on any material platform.
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Chapter 9 demonstrates a high-performance frequency converter using Infinera’s InP

platform, exhibiting SFDRs > 100 dB-Hz?® and gains approaching unity.
7.2 Photonic Frequency Converter Operating Principles

Photonic frequency converters, like their electronic counterparts, require a nonlinear
component to perform the mixing function. In electronics, this nonlinear component is a
transistor operated in a nonlinear regime; similarly, the photonic mixing element is most
commonly a diode — a photodiode. In fact, virtually all ordinary operation of photodiodes
leverages its frequency mixing properties. In RF photonic links, for example the
fundamental electrical signal is produced by the beating of the RF-generated optical
sideband and the optical carrier. Even the DC photocurrent can be understood as the self-
beating of the optical carrier with itself. The generated photocurrent is 1(t) = RP,, where

R is the responsivity. P, is the average optical power given by

€

A 1/2
(O e

Py =
where A is the fiber core or waveguide cross-sectional area; e is the electric permittivity; u
is the magnetic permeability; and E,,. is the optical electric field just before
photodetection. Hence, the generated photocurrent is linear with average optical power, but
the generated electrical signal power is quadratic. This square-law behavior of the
photodetector is what enables the mixing of various optical signals. In photonic frequency
converters, the mixed optical signals are typically 1) the RF signal modulated onto an
optical carrier, and 2) a local oscillator (LO). This LO may be generated by the same or
another laser (as that serving the RF modulation), or by an electrical source modulated onto

an optical carrier. The new electrical carrier frequency generated at the photodetector is
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called the intermediate frequency (IF). The IF power scales favorably with RF, LO, and

optical powers provided linearity of the system is maintained.

The following Chapters 7-9 will focus on photonic frequency converters employing
electrical LO’s that drive an optical modulator. The operation of these frequency converters
works generally as follows, per Figure 35. A laser’s output power is split evenly, with half
the optical power modulated by the RF signal at frequency fzr and the other half modulated
by the electrical LO (by a separate modulator in parallel) at frequency f.,. The RF
modulator transduces the RF signal onto the optical carrier at optical frequency f,. The
frequency content of the RF modulator output contains residual carrier power at f plus the
RF data modulated onto new optical carriers at f. + frr, fo £ 2frr fe £ 3frE) -
depending on the type and bias point of the modulator employed. Likewise, the LO
modulator outputs f., f. * fio, fc * 2f10, fc £ 3f10, --- The optical modulated outputs
are then added and the sum optical power is photodetected, generating a DC current, the
fundamental signals and their harmonics, and beat (sum and difference) frequencies.
Typically, an electrical filter is employed to isolate the desired IF (fzr * fio) from other
frequencies generated by the photodetector. The schematic of Figure 35 supposes a
downconverting function, whereby f;r = frr — f1o; hence, a low-pass filter (LPF) is
indicated to isolate the IF from other generated frequencies. The IF is set by the proximity
of the RF-generated and LO-generated optical sidebands. When using a single laser source
for both RF and LO modulators, fi;r = frr — fro (@SSUMING fzrr > f10). However, if the
two modulators employ different optical sources, the relative frequencies of the two lasers

will also determine the IF.
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Figure 35 — Schematic of a commonly employed photonic frequency converter using
electrical LO source and dual parallel modulators fed by a single laser. Blue indicates
electrical signals or connections, and red indicates optical signals or connections.

7.3 Design Equations

In this section, the key MWP metrics for several variants of dual-parallel MZM based
photonic frequency converter architectures are derived and used to study performance

trends.

7.3.1 Frequency Converter Architectures

The photonic frequency converters described here are all dual-parallel MZM-based
architectures with combinations of single or dual-drive MZM operation and single or
balanced detection schemes, Figure 36. The dual-parallel MZM architectures are the most
common photonic frequency conversion architectures due to their high linearity, wide
tunability, and ability to mitigate common-mode noise originating before the modulation
stages, such as laser noise. Architectures like those in Figure 36 have been demonstrated
numerously in the literature in both discrete [75, 80, 84] and integrated platforms [10, 11,

23, 87, 89-91]; Chapters 8 and 9 characterize SiP and InP implementations, respectively.
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All the architectural variants of Figure 36 use a single laser source, coupled via a 2x2
splitter to a macro-interferometer consisting of an RF branch and an LO branch, each which
identically consists of an MZM, optical amplifier, and DC phase shifter. The RF and LO
branches are recombined by a 2x2 combiner, where the signal is photodetected and

converted back to the electrical domain.
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Figure 36 — Schematics of frequency converting architectures investigated, which are
differentiated by the drive and detection configurations: (a) single-drive, single detection,
(b) single-drive, balanced detection, (c) dual-drive, single detection, and (d) dual-drive,
balanced detection.

The equations derived here are flexible beyond their applicability to the four architectural
variants of Figure 36. For example, the optical amplifiers and their impact on system
performance can also be treated as excess optical loss or ignored altogether. Likewise, the
DC phase shifters may be implemented in a variety of ways, since the derived equations

only consider the relative phase between the RF and LO branches. Hence, whether there is



a DC phase shifter in the top or bottom branch — or both — is irrelevant so long as the
relative phase is referenced in the equations. Still further, the order of components within
the macro-interferometer branches may be reconfigured as desired. Lastly, the 2x2 couplers
may be replaced with Y-branch couplers without reducing the validity of the equations

except for a simple replacement of the relative phase between RF and LO branches A¢;,,;

with A — g

Throughout this work, single-drive modulation is defined as the application of a single
voltage source over one arm of an MZM, Figure 37(a). On the other hand, dual-drive (also
called push-pull) modulation is defined here as a driving scheme whereby the same voltage
is applied equally and oppositely across the MZM arms to drive the modulator
differentially, Figure 37(b). In both cases, a single source supplies a voltage of the same

magnitude.

@ —__

(b) e Vno E

<E
(

Figure 37 — Schematics defining (a) single drive and (b) dual drive modulator operation.
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7.3.2 Derivation of DC Photocurrent and Gain

For brevity, only the single-drive, single detection architecture (Figure 36(a)) equations are
derived explicitly here. Sufficient details are given for the reader to independently derive
the equations for dual-drive and balanced detection scenarios. Nonetheless, the key metric
equations are summarized for all four architectural variants at the end of this subsection.
Mathematical notations generally follow the conventions found in [5]. The general
derivation strategy is to calculate the electric fields as they propagate through the
architecture until they are converted to electrical current and power by the photodetector.

Subsequently, the definitions of the metrics covered in Chapter 2 are applied.

RF
Eﬁ[ MZM ]Eﬁ[ AD ]Ei Esy

MZM
E E
20— 3b

Figure 38 — Schematic of generic photonic frequency converter with electric fields
indicated to aid in the derivation of the gain, linearity, and noise metrics.

A schematic with electric fields marked throughout a generic architecture is given in Figure

42 to aid in the derivation. First the laser’s output electric field is
El — ]/ej“’t,

7-2

where w is the angular optical carrier frequency, t is time, and y is a constant defined as
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Here, P, is the optical launch power; u is the magnetic permeability; € is the effective
electric permittivity; and A, is the optical mode area. The parameter g, is the net optical
gain or loss between the laser and the photodetector. When the gain or loss of components
in one branch of the macro-interferometer are different than the gain or loss of components
in the second branch, the average gain or loss may be used to calculate g,,.. For example,
for a photonic frequency converter using an RF MZM with 3 dB insertion loss and an LO
MZM with 6 dB insertion loss, the loss factor contributing to the g,,, factor will be the
average of 3dB (0.5) and 6 dB (0.25) losses on a linear scale, i.e. 0.375 or 4.26 dB effective

insertion loss.

The E; electric field of the laser output is then split by a 2x2 directional coupler with

transfer function
Eol] _ 1 [1 j] [En]
EOZ .\/E _] 1 Elz ' 7'4

Here, E,; and E,, are the output electric fields of the 2x2 directional coupler for input
electric fields E;; and E;,. For these architectures, E;; = E; is the input field from the laser,

and E,; = 0. The output electric fields from the directional coupler are thus:

]/ .
Eyy = ﬁe""t 7-5
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— & jowt
Bz = 5e 7-6
Next, E,, propagates through the top branch of the macro-interferometer until it is
modulated by the RF MZM. Likewise, E,; propagates through the bottom branch until it
undergoes modulation by the LO MZM. The resultant electric fields output by the RF and

LO MZMs are (respectively):

Esq = 1//_ et (e“”DC z Jic(Agp)el*ret — 1) 7-7
2 R
E., = ]V Jwt eJ¢Dc Z ] (A )ejk.QLot 1
3b = 2\/— k\£iLo ' 7-8
k=—c0

Here, J, is the kth order Bessel function of the first kind; ¢, is the bias phase of the
MZMs; Agr and A;, are the input RF and LO amplitudes; and Qgr and Q,, are the RF
and LO angular frequencies, treated as single tones here. Later, the RF input is explicitly
derived with two RF tones to obtain linearity metrics, which require calculation of

intermodulation distortion products (IMDs).

The field E;, is comprised of a residual optical carrier (corresponding to the J, and -1
terms) and a theoretically infinite number of RF-generated optical sidebands corresponding
to terms J, with nonzero k. The frequency spectrum is generally symmetric about the
carrier frequency, since |/, | = |/_x|. Likewise, the field E5; consists of a residual optical
carrier (corresponding to the J, and -1 terms) and a series of LO-generated optical

sidebands. Although the infinite sums appear to make compact, analytic descriptions of the
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frequency converter unlikely, fortunately very few terms contribute to the IF, Q;r = Q0 —
Qgr. To illustrate this, the kth optical sidebands generated by the RF and LO modulators
are at frequencies w + kzr and w + k02, , respectively. Upon mixing of these RF- and
LO-generated sidebands, a signal at kQ; o — kQrr = k(Q 0 — Qrr) = kQ;p is produced,
which is simply the kth harmonic of the target IF. Hence, the higher order optical sidebands
manifest primarily as harmonics of the IF, rather than at the IF. Hence, the infinite sums
are truncated to retain only the J_;, J,, and /., terms for both RF and LO modulation. The
harmonics of the IF are easily suppressed by low-pass filters on the photodetector output

for downconversion applications.

When considering linearity metrics, these IF harmonics could interfere with the IF of
interest. However, later a small signal approximation is assumed for RF modulation that
renders the RF-generated optical signals weak beyond the first or second order. Hence,
when the LO-generated optical signals mix with a relatively weak RF-generated optical
sideband, the resulting harmonic of the IF will be weak. Furthermore, mixing products such
as those between LO-generated optical sidebands (e.g. w + Qo and w + 2Q,;,) will
produce frequencies generally out-of-band, particularly for downconverting applications
where Q;r < Q;, by significant margin. The mixing between LO-generated (or RF-
generated) optical sidebands can be a severe problem in photonic upconverters on the other
hand; optical filtering must be used to remove undesirable optical sidebands in such

situations.

Assuming the DC phase shift Ag;,; is applied only to the top branch to set the macro-

interferometer bias point, the top field expression simply gains a fixed phase term e/4®int:
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y . . . .
= pJwt gjAdin Jj¢pc jkQRpt _
Pa=om e t<e 0 ), JeAr)el e 1) 7-9

k=—o0

Recall again that whether this Ag,,; is physically applied to the top branch, bottom branch,
or both differentially is irrelevant, as this Ag;,; merely represents the relative phase shift
between top and bottom branches. The E;;, and E,, fields are then added (with a phase
shift) by the 2x2 directional coupler, yielding the electric field incident on the high-speed
photodetector:

Es, = %ejwt [ej¢Dc (efA¢int]0 (Agp) + e/4®int ] (Arr) (efﬂRFf — e—j-QRFf)

7-10
—Jo(ALo) _]1(AL0)(€mLOt — e_mwt)) — eJAbine 4 1]

The generated photocurrent is a linear function of the incident optical power P, equal to

1 e\1/2 . .
>Am (;) Es.Ez,. Hence. The photocurrent is

R € 1/2 .
I(t) = RP; = EAM (;) EsqEsq 7-11

where R is the photodetector responsivity. Because the Es,E<, product has many terms,

the DC terms and IF terms are focused on separately, beginning with the DC terms.
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RGoptPo

Inc = —g— U§(Arr) +J§ (A10) + 2/F (Arr) + 2JF (A1)

— 2¢05(Aine)]o(Arp)]o(ALo) + 2Jo(Arp)cos(dpc + Adint)

+ 2cos(ppec — Apine)]o(ALo)

7-12
- Z(JO(ALO) +]O(ARF))C05(¢DC) + —2cos(Aine) + 2]

This Ipc is a general expression, with virtually no major assumptions made except the
effective filtering out of optical sidebands beyond the first order. Here, further assumptions
are made to yield simple equations, albeit for more limited use cases. General expressions
are revisited in section 7.3.7. Null biased MZMs typically improve performance by
minimizing carrier power and hence excess shot noise at the photodetector; hence ¢p. =
0. Furthermore, the macro-interferometer bias A¢;,,; = 0 is assumed as this optimizes the

system gain, as shown later for the general expressions. Under small signal assumptions

for the RF drive condition, i.e. YRE & 1, the Bessel functions with RF arguments are

mRF
approximated as J,(Agzr) = 1 and J;(Agr) = Azﬁ. For LO modulation, a small signal
approximation is inappropriate as the optimal LO drive voltage is a significant fraction
relative to the LO modulator half-wave voltage, V,, ;. The analysis proceeds by assuming

the optimal drive condition for the LO modulator, since first-order Bessel functions of the

first-kind exhibit a global maximum J; 4, = 0.5819 for an input amplitude of A;, =

2p. .
1.842. This amplitude is related to the input electrical power by 4;, = /MP“/’QM,
mw.LO

where R; ;o and Vo are the LO modulator input impedance and half-wave voltage,

respectively. Optimizing the LO drive voltage is reasonable for modulators with low to
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moderate V;,. For example, for V; = 4 V the optimal drive voltage has peak amplitude of

2.35 V. With the aforementioned assumptions, the DC photocurrent simplifies to

RgoptPo T[ZPin,RFRi,RF
Ipc = 16 1.1455 + W . 7.13

The first term of the I expression corresponds to the self-beating of the LO sidebands at
the photodetector, while the second term corresponds to the self-beating of the RF
sidebands at the photodetector. Note, there is no DC photocurrent contribution from the
self-beating of the optical carrier at the photodetector since the null bias condition is
assumed perfect, leaving no optical carrier power at the photodetector. In real
implementations, however, the null bias condition will not be perfect due to limited
modulator extinction ratio and imperfect bias point precision, resulting in a small
contribution of the residual optical carrier power to the DC photocurrent. Nonetheless, as
long as the magnitude of the residual optical carrier remains small compared to the
magnitudes of the LO generated sidebands or RF generated sidebands, the contribution of

residual optical carrier power to the DC photocurrent will be insignificant.

Similarly, the I(t) terms corresponding to the IF are grouped together to describe the

strength of the IF current:

RgoptPO
4

Io,.(t) = J1(Arp)J1(ALo)cos(2pt)cos(Adine) 7-14

This Iy, (t) expression explicitly shows the beating between the RF and LO generated

optical sidebands through the Bessel function product, J; (Azr)/1(ALo). For the key MWP
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metrics of interest, the IF electrical power P . is of greater interest than the IF
photocurrent. The output IF electrical power of the photodetector is Py, = (I3, .)Ro |de|2,

where (Iém) = %Iém is the time averaged square of the photocurrent at 2;z; R, is the

photodetector output impedance; and H,,, is the photodetector filter function. Hence, the

IF output power is

R? 9%, PéRo|Hpal”
Pﬂm = 2 32 K ]12 (ARF)]12 (ALo) COSZ(AQ»"int)- 7-15

ARF

Applying the small signal approximation ]1(ARF)zT and substituting Agzp =

272P; R; R
Lr;,RF i,RF ylelds
|74

T.RF

2
P = RzggptpozRoaldl 1% Pin rrRi rF
QF 64

Ji(ALo) cos? (Adine)- 7-16

2
VTL’.RF

Rearranging the terms and dividing by the input RF power P, rr results in the RF-to-1F

gain expression:

2
T[ZRzggptPOZRi,RFRO |de|
64V,§RF

gir = JE(ALo)cos? (D) 7-17

The optimal LO drive condition further simplifies this to:

2
0.338m2R2 g2, PER; rrRo|Hpal
64V712'.RF

gir = c0s*(Aint) 7-18

93



The factor of 0.338 arises from this optimal LO drive condition assumption since J; ;;qx =

0.5819 and JZ,,,,, ~ 0.58192 ~ 0.338.
7.3.3 Derivation of Linearity Metrics

Next, the derivation of the third-order limited spur-free dynamic range (SFDR5) is derived
for the single-drive, single detection photonic frequency converter architecture of Figure
36(a). The analysis must begin again from the optical electric fields just prior to
modulation. In the analysis of section 7.3.2, the intermodulation distortion products were
not accounted for since the RF input was a single tone. Here, the RF input consists of two
tones such that the mixing products between them may be calculated. Again, the derivation
here is completed in detail for the single drive, single detection case to illustrate the
methodology used for all single-drive/dual-drive and single/balanced detection
combinations, with all results summarized in section 7.3.6. Luckily, the electric fields
calculated within the LO branch of the macro-interferometer remain valid. Hence, attention
is first directed toward recalculating the electric fields throughout the RF branch of the

macro-interferometer.

Now, the RF input Agg(t) is:

ARF(t) = ¢DC + Al Sin(ﬂlt) + Az Sin(ﬂzt). 7-19

Here, the first term is a DC component; the second term is an RF tone at ,; and the third
term is another RF tone at Q,. Upon modulation by the RF MZM, the generated optical

electric field is
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VA ) . .
—_ Ljot jo jkoqt jkQyt _
E3a 2\/§e (e be Z ]k(Al)e 1 Z ]k(Az)e 2 1) 7_20

k=—o00 k=—o

Passing through the DC optical phase shift A¢g;,; and truncating Bessel function terms with

order higher than 2 results in

Es, = !ﬁef“’tefml’int(ej‘p’?c(]z (ADe 720t — [ (A)e ™t + o (4,) +

Ji(AD el + I, (Ay)e/2M1) (J,(A2)e 72228 — ] (A)e /%2t + [o(4,) + 7-21

J1(Ay)e %2t +]2(A2)ejmzt) - 1)-

Then Es5, and Eg;, are added (with a phase shift) by the 2x2 directional coupler, yielding

the optical field incident on the photodetector.

Eoq = %ef‘“ (e/80mt (eive(J,(Ar)e /208 — J; (Ar)e ™I ME + Jo(4y)

+J1 (A1) eIt + J,(A))e/218)(J,(Ay)e 72t

) . , 7-22
—J1(Ay)e 792t + ]y (A,) + J1(Ay)el %2t +]2(A2)e]292t) - 1)

+ j(e/Pre (]O(ALO) +J1(A10) (e/ %0t + e_mwt)) - 1))

As the terms arising from modulation of Q; and Q. are multiplied out, proceeding yields
unwieldy expressions. Hence, substitutions are made with temporary variables U and V to
simplify the mathematics:

|4

Fou ==
6a 4e

jot(gidbine(eitoe(U) — 1) + j(el®pe(V) — 1)) 7-23
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where,

U

= J,(A1)],(A;)e T2+t — [, (4,)],(A;)e ™/ 2+t

+ Jo(A2)]2(A))e 720t + ], (A,)],(A)) e~ (3=t

+ ], (A1)]2(Ay)e 7220240t — 1 (4)],(A,)e I (202+20)t

+J1 (A1 (Ap)eT@1+02)t — 1 (4], (A)e %t — ], (A))]; (Ay)e /@02t

— J1(A1)]5(A)e T2t 4 [ (A,)],(A,)e~ 222t .
— Jo(AD /1 (A2)e™ %2+ Jo (AD]o (A)+ Jo(A1)]1(A2)e P25+ Jo (A1)]2 (Ap)e 22
+J1(A)]5(A5)e 1222~ — 1 (A1)];(A,)e @2~ 4 ] (A,)];(4;) e/t
+J1(A1)]1(A) e/ @+t 4 [ (A))],(A,)el Ma+202)t

+ J5(42)]5(4,)el2E1=92)t — 1 (4,)],(A))el B21=9t ¢ [ (A,)],(A,)e/2%1t

+ J1(42)], (A1) e/ GatDE ) (A4))],(A,)el 2t D)t
and

V = Jo(A10) + J1(A0)(e/0t + e~I0t), 7-25

Hence, the conjugate of E,, necessary for calculating the detected photocurrent is

Eéa — ge—jwt(e—qubint(e—j¢Dc(U*) _ 1) _j(e—j¢Dc(V*) — 1)) 7-26

Next, the product Eg,E¢, is calculated:
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2
Eg Ely = )1/_6 [(ejA¢int(ej¢DC(U) — 1) + j(ed®oc (V)

7-27
- 1))(e—jA¢int(e_j¢DC(U*) — 1) — j(e i%pc(V*) — 1))]

Fortunately, from observation of the expressions for U, V, and their conjugates, the only
terms relevant to the IF arise from products of VU* and UV*.
Hence the field product relevant to the SFDR is:

2
E¢oEL,(IF terms only) = ]1L6 [—e/2inc(UV*) + e /AP (VU] 7.98

VU*(IF terms only)
= J1(ALo) (e /M0t + eI 0[], (A7), (A1) (/M0

_ e_j(ZQl_QZ)t) +]0(A2)]1(A1)(e—f91t — ejﬂ1f)

7-29
+ J1(A1)]5 (A7) (/227 ME — e7/(@27200)¢)
+ Jo(A1)]1(Ay) (e /22t — ejﬂzt)]
VU*(IF terms only)
= J1(A10)]1 (42)] (A1) (& B0z i0)t — =)0z Mot
+J1(A10)]o(A2))1 (A1) (e /(1= ho)t — eI (1m0t 7.30

+/1(A10)/1(A1)]2(42) (ej(mz‘ﬂl‘ﬂlo)t - e—j(zﬂz—ﬂrﬂzo)t)

+ J1(A10)]o (A1)]1 (A7) (e /P2~ o)t — ef(ﬂz—ﬂzo)t)

As it turns out, for the IF terms VU™ = —UV™, simplifying the E, E¢, product relevant to

the IF terms:
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a2

Yoo
UV*cos (Adint)) 7-31

EcoEL,(IF terms only) =

Resubstituting in U and V expressions then yields:

2
FoaBéa = =) €05 (Apind) 1 (410))s (A2)] (Ay) (e /200 1000

_ ej(ZQl—Qz—ﬂLo)t)

+J1(A10)]0(A2)]1 (A1) (e/ @17 010)t — =i(@1=010)t) 7-32
+ J1(AL0)]1(A1)]2 (Az)(e_j(mz_ﬂl_ﬂ"")t — ej(ZQZ‘Ql‘QLO)t)

+ J1(AL0)]o(A1)]1 (A3) (€72~ 00)t — o=J(22=010)ty ]

The fundamental and IMD3 frequencies can now be explicitly identified as the following.
Assuming Q, > Q; > Q,, the “left” of carrier or lower frequency IF fundamental is
Qrunar = Q1 — Qo. The “right” of carrier or higher frequency IF fundamental is
Qrunar = Q2 — Qo. The “left” and “right” IF IMD3’s are similarly identified as
Qimaz L = 281 — Qy — Q0 and Qa3 r = 20, — Oy — Q0. Applying these definitions

and further simplifying terms yields:

2

EoaFéa = - €05 (Apind)[ =211 (A10))s (Ao (AD)Sin Qi 1t)

+ 2J, (A10)Jo (A)]1 (AD sin(Qfuna t)
7-33
—2/1(AL0)]1 (A1), (AZ)Sin(QimdS,R t)

+ 2/1(A10)]o(A1)]1 (A)sin(2pynart)]
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Hence, four terms remain, each a function of the LO tone and the two RF input tones.

. . 2 _ 2lyMzmPo (1 1/2 . 2 (1 2 2
Substituting y2 = TO(E) , the time averaged IF currents (I3 ) = (ﬁ) I3,

are calculated for each term:

2 — R*lyzuPo 2 2 2 2 7-34
Iﬂimdu = 32 cos“(Apin)Ji (AL0)]i (A2)]5 (A1)

2 — RZZI%/IZMP(? 2 2 2 2 7-35
Infund,L = 32 cos“(Apin)Ji(AL0)]5(A2)]1 (A1)

2 — RZZI%/IZMP(? 2 2 2 2 7-36
Qimasr| = 37 cos“(Ain)Ji(AL0)]i (A1)]5(A2)

R?12,,.,P¢
(B i) = 22 052 (Apine ) (A10)JG (A1 )TE (A2) 237
Because <I§imd3_L> = <I§imd3_R> and <15fund,L> = <I,22fund’R> if the input amplitude 4, and A,

are equal, as is the case in standard equal-amplitude two-tone experimental methods, the
left fundamental/IMD3 pair and the right fundamental/IMD3 will each produce the same
SFDR and other linearity metrics. Hence, the derivations need only proceed with one pair,

the left pair in this case.

Converting to electrical power via Py = (IélF)R0|de|2 and applying the optimal LO
drive condition assumption and the small signal approximations for both RF input tones

then produces
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0.338R212,,, P2R, |H,, ,|° A2 A%
Poimass = b o RolMoal o2 g,y 42 A1 7-38
imds,L 32 16 322
0.338R212,,4, PZRo | Hpq|” A2
P'qund.L = 32 : COSZ(Ad)int) Er 7-39

2m2Pi 1R; 2m2P i, R
where A? = — 2 and A3 = — 2L
Vn:.rf Vn:.rf

Assuming an equal-amplitude test such that P, ; = Py, », the fundamental and third-order

intermodulation distortion powers are

0.3388 R212, 13, PERo | Hopg | P31R}
_ 2 in 1%, rf _
Dimass = 5373 cos*(Adint) —Vr?.rf 7-40
2 7-41
, _0.338m2R*1, PERo|Hpa|™ @ )Pin,lRi,rf
Qpunar = 256 cos™(Adine VZ

Recalling the definition of the third-order output intercept point from Chapter 2, OIP; =

1

PS oma | 2
<—f“" ) , the OIP3 expression is obtained.

Poimas

0.338R212,70, P2 Ro|Hpg|”
OIP3 = T [Hpal cos*(Apint) 7-42

Subsequently, the SFDR; is derived from the OIP3:
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wWIN

SFDR, =

0IP:\?/* [ 0.338R212,. P2R,|H. ,|*
( 3) B b P cos?(Aine) 7-43

NoueB 16N,,:B

7.3.4 Derivation of Noise Metrics

Lastly, the metrics of noise power spectral density N,,,; and noise factor F are derived by

beginning with the noise factor expression for the standard RF photonic link:
2 2
Nout,RFoF = gsskBTs + kBTs + quchoald| + RIN IécRo|de| 7-44

The first term corresponds to the input thermal noise contribution to the output noise; the
second term is the output thermal noise; the third term is the shot noise contribution; and
the final term is the relative intensity noise (RIN) contribution. Comparing the
architectures of the photonic frequency converters here and the intensity-modulated, direct-
detection RF photonic link, the only new source of noise is the input noise to the LO
modulator. Hence, the N,,,; for the photonic frequency converting link simply includes an
extra noise term for the input noise from the LO modulator, assumed to be thermally

limited.

2 2 2
Nout = gRFkBTs + gLOkBTs + kBTs + quchoald| + RINIch0|de| 7-45
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Here, grr is the small signal gain of the photonic frequency converter, referred to the RF
path, i.e. relating the ratio of IF output power to RF input power. The small signal
approximation is used since the input noise equivalent voltages are assumed small in
comparison to the modulator half-wave voltages. This ggy is identical to the previously
derived gain, simply denoted g,r. Here again, the g, expression assuming optimal LO
drive conditions is employed. The new second term g;,kgTs is the LO modulator input
noise multiplied by the small signal LO-referred gain, g, which relates the ratio of the IF
output power to the input LO power.

2 2
*13zmR*P§Ro|Hpal” Rivo PinrfRirf

dro = 2 2
128 Vn.LO Vn:.rf

COSZ(Ad)int) 7-46

Besides this difference, the existing shot noise and RIN noise contributions remain

unchanged as these are written in terms of I,.. From N,,;, the noise factor F is simply

. . N,
derived via F = —2%£
gkpTs

2
F=—F—/— (gRFkBTs + groksTs + kgTs + ZqIDCRoald|
IrrkpTs

i 7-47
+ RINI3cR, |Hpql")

Distributing the ggrrkgTs expression in the denominator and simplifying, the following is

obtained,

2q1pcRo|Hya|”  RINIZRo|Hpa|”
+ : 7-48

kB Ts kB Ts
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The second term, corresponding to the LO input’s thermal noise contribution, manifests as
a ratio of the LO-referred gain to the RF-referred gain. An interesting conclusion from this
is the slight advantage found in trading RF input power for increased LO input power. This
is more directly observed by substituting in the expressions assuming both the RF and LO

inputs are small signal, yielding the following result:

F=1+

2 2
Pingrr | 1 2qIpcRo|Hpa|” | RINIZR,|Hpal
+ 1+ 7.49

Pinio  9rr kgTs kgTs

Hence, increasing the P, ;o and reducing P, .r lowers the system’s noise factor, though
this second term is typically small, since P, rr < Py 10, €specially when the LO
modulator’s optimal drive condition is achieved. Note the above expression does not
assume the optimal LO drive condition as the final gain expressions in previous sections
have assumed. The gain expressions employed to achieve the above expression must
assume small-signal inputs to both the LO and RF modulators. Under optimal LO drive
conditions, the second term is more complex as many of the common terms of the g and

2
T°GoptRiLoPinrf

o expressions do not cancel, leaving the second term as: 5
2%0.338V2;

. Nonetheless,

this second term is typically small compared to other noise sources, even smaller than the
input RF noise. Hence, neglecting the input noise contribution from the LO modulator and

substituting in the RF-to-IF gain g,z assuming optimal LO drive conditions results in:
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F=1+

64V2, s ( 1 2q1pc s R1N1,§C)

0338w R2 7 B Rirs \R,|Hy?  KsTs  KaTs 7-50

7.3.5 Accounting for Dual-Drive and Balanced Detection Cases

For the sake of brevity, the dual-drive and balanced detection cases are not derived
explicitly here in detail. Instead, the methodology is illustrated sufficiently such that a

detailed derivation can be completed by the reader, if desired.

The balanced detection case is easily derived with the single detection derivation on hand,
beginning with the single detection photocurrents. Balanced detection subtracts the two
single photodetector currents, resulting in theoretically zero DC photocurrent but double
the current magnitudes for the IF currents. This selective behavior occurs because the DC
terms output by both photodetectors share the name sign, but the IF terms have opposite
signs. Hence, electrical subtraction eliminates the DC photocurrent while strengthening the
IF currents. Nonetheless, for purposes of calculating the noise, the convention from [5] is
adopted whereby the balanced detection I, is defined as the sum of the individual
photodetector currents. While not reflecting the physical reality of balanced detection, this
definition of the balanced detection photocurrent enables convenient calculation of noise
terms, such as shot noise, using the previously derived F and N,,,; expressions. Hence, the
balanced detection noise factor, assuming the LO input noise is small relative to the other

noise sources, is:
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Fr1+

1 (1 + qudc,balRoaldl2 + RINIchc,balRoald|2>

kgTs kgTs 7-51

9IF bal

where Ipc pq; IS the sum of the individual DC photocurrent, and g;r 4, is the gain of the

photonic frequency converter with balanced detection.

Because the output IF photocurrent is doubled due to balanced detection, the output IF
electrical powers of the IF and IMD3 terms are increased by a factor of four. This
multiplicative factor thus impacts the system gain and SFDR5, i.e. the gain is multiplied

by four:

_0.33872R2g%,PE R prRo| Hpa”
9iF,pal = 16V2 4,

cos*(Aine) 7-52

From the definitions of O/P3 and SFDR;, this factor of four can be easily mapped to the

new SFDR in comparison to the single-drive, single detection expressions.

2
=4-0IP3 7-53

1 3
ngund,bal>(2) — (4P'qund)

01P3bal = < 4Pﬂ
imd3

Qimads,bal

N

4 01P3)2/3 0.3382R21Z 7y P2 Ro| Hpa|”

el = cos*(Adine) -
N, B Dine 7-54

SFDR3,bal = ( 4N B
out

Hence, balanced detection increases the SFDR by a factor 42/3 at first glance. However,

note that the balanced detector N,,; must be substituted, which although identical when
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cast in terms of I, is significantly lower in many cases due to balanced detection’s

suppression of the DC photocurrent and common mode noise sources like RIN.

Concerning dual-drive implementations, the derivation must return to the modulated
electric fields E;, and E5;, and include differential modulation of both phase shifters within

the RF and LO MZMs. The new RF-modulated and LO-modulated electric fields are:

jopc .
Esqpp = Fejwt <e 7 Z Ji(Agp)e *rrt
k=—o0
7-55
—j¢DC Z ]k(ARF)e ]k-QRFt)
k=—o0
E3ppp = j—yej“’t (ej(pZDc z Jk(ALp)e ot
242 =
, 0 7-56
—e e Z ]k(ALo)e_jkﬂLot>
k=—o0

The analysis continues as before to produce the dual-drive gain, SFDR, NF, and N,,;.

7.3.6  Summary of Simplified Equations

In this section the equations describing the main metrics of interest for photonic frequency
converters are summarized for architectures employing all combinations of single or dual
drive and single or balanced detection schemes. Fortunately, the differences between the
architectural variants are fully captured by mere multiplicative factors, except for the DC
photocurrent. These multiplicative factors are introduced as X for the gain expression,

Xsrpr for the SFDR3, and X, . and Y; . parameters for the DC photocurrent. Note that ¥
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expressions are cast in terms of g, and hence do not require an independent multiplicative

factor. The values for these factors are given in Table 8.

0.338X;m2R% g2, PZR; riRo|Hpa|’
G Yope o i RF 0| pdl cos2(Ains) 7-57

Idir =

2
Vn.RF

2 2
P; 1 2ql,-R,|H RINI%-R, |H
Pinro  9ir kgTs kgTs
2
0.338XsprR? g2y P2Ro|Hpa | ’
SFDR3 = N Oz > P c0s?(Adine) 759
out
P, rrRi RF
e = AncltfopeFo <Y'DC ¥ %) 7-60
T.RF

Note while only g;» and SFDR; expressions above appear to be functions of the macro-
interferometer phase Ag;,,;, the DC photocurrent I, and hence F are also functions of
A ine; here the assumption that A¢;,; = 0 was applied to I, and hence F since these
equations would not simplify otherwise. The generalized expressions for I, are given in
the next section. Likewise, I, and F are functions of the MZM bias ¢, though the
assumption here is that ¢, = 0 corresponding to null bias, which is beneficial for noise
reduction. Additionally, because I, determines N,,,;, the SFD R (also dependent on N,,,;)
is a more complex function of both A¢;,,; and ¢p¢; hence, the N,,,; using the generalized
Ipc expressions of the next subsection should be used for assessing the SFDR when
Apine # 0 or ¢pc # 0. Nonetheless, the most common bias condition will be when

Agin: = 0 and ¢p = 0 since these conditions typically maximize the gain of the system.
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Per the g,r expression above, the gain is always a function of the macro-interferometer
bias point A¢g;,;, but is only a function of ¢, for dual-drive implementations. In dual-
drive (push-pull) implementations, the fundamental sidebands generated by each phase
shifter in an MZM can interact when coupled, i.e. add vectorially; however, in single-drive
(push-only) implementations (with the DC phase control on the unmodulated arm) the
fundamental sidebands generated by the modulated phase shifter have no signals to add
interferometrically with, since the unmodulated phase shifter simply passes an un-
modulated carrier. Hence, only the dual-drive MZM’s output optical carrier amplitudes are
affected by the MZM bias point ¢p.. The single-drive MZM simply acts as a phase
modulator with excess carrier power recombined at its output; hence the gain of single-
drive MZM based frequency converters is independent of ¢,.. This feature means the
MZM bias point for single-drive implementations should be determined solely by its

impact on N,,,; and SFDR. See section 7.3.11 for more details on phase sensitivities.

Table 8- Summary of Frequency Converter Link Factors.

Single Drive Dual Drive
Factor Single Balanced Single Balanced
Detection  Detection Detection Detection
1 1 1
_ _ _ 2 2
X 64 16 305 (@oc) cos’(@oc)
1 1 2 2
Xsrpr 16 ) ZCOS (¢pc) cos (épc)
1 1 1 1
X i Z _ Z
e 16 8 4 2
Y,DC 1.146 0.677
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7.3.7 Generalized Equations

Here the generalized g,r, F, SFDR;3, and I, expressions are given, without any
assumptions on the RF or LO modulation strengths, nor on the A¢;,; and ¢, biases.
Where present, the multiplicative factors retain their values given in Table 8. The gain g,
is:

2
anzggptPOZRi,RFRoaldl
gir = X¢ 6412
TT.RF

Ji(ALo)cos?(Agint) 7-61

Note this result still assumes the RF input voltage is small signal, as this is necessary to
obtain an explicit gain equation. For large signal RF inputs, 7-61 should be recast in terms

of Pg . and compared numerically to the input RF power.

The noise metrics are left generally unchanged from the previous subsection:

2 2
Nout = grrkpTs + groksTs + kgTs + quchoaldl + RINIc%cRoald| 7-62

2 2
dro 1 quchoaldl RINIécRoaldl
1+ +
kBTs kBTs

The SFDR; expression is more complex, containing multiple Bessel functions (of the first

kind) of order 0, 1, and 2, though these are easily evaluated numerically.

2
XsrprR2 92 PERo|Hya | T3 (Prr)I2(brr)I2(B10) |
ZNoutB_IZ (¢RF)

SFDR; = < 7-64
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Lastly, the general photocurrent expressions contain the most terms, as these include both
self-beat terms from RF and LO generated optical sidebands as well as the mixing terms
contributing to the IF photocurrent. The single-drive photocurrents for single detection

(Ipc,sp,spet) and balanced detection (Ipc sp ppet) are:

1
Ipc,sp,spet = ERgoptPO[z + )5 (Arr) + 15 (ALo) + 2] (Agp) + 2]7 (ALo)

— 2c05(Adine) Jo(Arp)Jo(ALo) + 1)

7-65
+ 2Jo(Arr)cos(@Ppc + Apine) + 2]Jo(ALo)cos(Ppc — Adpine)
- Z(JO(ALO) + /o (ARF))COS(({bDC)]
1
Ipc,sp,Bpet = gRgoptPO[z +J§(Arr) +J§(ALo) + 2J7(Agp) + 2] (ALo)
— 2c05(Adine) Jo(Arp)Jo(ALo) + 1)
7-66

+ 2Jo(Arp)cos(¢Ppc + Adine) + 2]o(ALo)cos(Ppec — Adine)

- 2(]0 (ALo) + o (ARF))COS(¢DC)]

The dual-drive photocurrents for single detection (Ipcppsper) and balanced detection

(Ipc,pp,Bpet) are:

I _lrgp ((]2(A )+ J2(AL0)

DC,DD,SDet = GoptLo \ Uo\ARF o\4dLo
— 2c05(Apine)]o(Arr)]o (ALO))SinZ (¢pc) 1-67
+ 2(]12(ARF) +J7 (ALO))COSZ(¢DC))
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1
Ipc,pp,BDEt = ER optPo ((]g (Agr) +J5(ALo)
— 2c05(Apine)]o(Arr)]o (ALO))SinZ (épc) 7-68

+ 203 (Are) +J3 (410))cos? (oc) )

where subscripts for I are defined as SD = single-drive, DD = dual-drive, SDet = single
detection, and BDet = balanced detection. Substituting the appropriate I, equation above
into the F and N,,, expressions in the last subsection will yield the appropriate noise
metrics (and hence SFDR) for cases in which previous assumptions are invalid; e.g. non-

optimal LO drive conditions or Ag;,; # 0 or ¢pc # 0.
7.3.8 Performance Trends

Using the equations of section 7.3.6, the gain, SFDR3, and noise metrics are calculated as
a function of optical power for the four architectures in Figure 36 to compare performance
trends. The following results reflect component metrics (Table 9) of the InP downconverter
experimentally characterized in Ch. 9, which validates experimentally the calculations of
this section. Additionally, the frequency converter architectures and the RF photonic link
are simulated in Lumerical INTERCONNECT for three different optical powers to verify
the trends of this section; however, only the simulated data points (in diamonds) for the RF
photonic link and the single-drive, single detection architecture are shown here for clarity.

All simulations are in close agreement with the results using the derived analytic equations.

First the RF power gain response vs. optical launch power is investigated, Figure 39(a),

demonstrating the expected g;r « Pozpt dependence, which manifests as a slope = 2 rise in
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gain with optical power on a dB scale. The frequency converter gain retains the square
dependence on optical power since a single laser supplies both RF and LO branches. While
the RF photonic link demonstrates the best gain, the dual-drive, balanced detection
frequency converter’s gain is only 4.6 dB lower and is the best performing frequency
converter architecture. The dual-drive, single detection frequency converter exhibits 6 dB
less gain than its balanced detection counterpart. Likewise, the single-drive, balanced
detection case exhibits 6 dB less gain than the previous. Finally, the single-drive, single
detection case exhibits 6 dB less gain than its balanced detection counterpart. Hence, the

frequency converter architectures exhibit gain performance benefits in increments of 6 dB.

Table 9— Summary of InP Frequency Converter Component Metrics and Parameters.

Metric Value Unit
Laser Power, P, 135 dBm
Laser RIN -150 dB/Hz
SOA Gain 9 dB
SOA NF 4 dB
MZM V, 4 \Y/
MZM Loss 5.4 dB
Rirr = Rio = R, 50 Q
R 1 A/W
Adin: 0 rad
bpe 0 rad
Hya 1

For all frequency converters and the RF photonic link, the DC photocurrent I, is a linear

function of the optical power, Figure 39.

Unlike gain and I, the noise power spectral density, N,,;, (the “noise floor”) exhibits a
complex relationship with optical power, Figure 39(c). At low powers < 0 dBm, N,,; is
dominated by output thermal noise, which is not a function of the optical power. As the

optical power increases above 0 dBm, the shot noise (x P,,) and RIN (e P2,,;) eventually
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dominate the noise, depending on the architecture. Balanced detection removes common-
mode noise which can often be described as a RIN term; hence, balanced detection
architectures are commonly shot-noise limited even for high optical powers. The single-
drive, single detection case of Figure 39(c) clearly illustrates the transition from output
thermal to shot noise to RIN limited regimes for increasing optical power, while its
balanced detection counterpart remains shot noise limited at high powers. In terms of the
noise floor, the RF photonic link is outperformed for all optical powers (with the assumed
component metrics of Table 9) by the balanced detection frequency converting links for
two reasons: 1) the frequency converters employ null-biased MZMs that reduce shot noise
at the detector, and 2) the balanced detection eliminates common-mode RIN, though the
RF photonic link also assumes balanced detection. For single detection, the noise floor is

only lower for low optical powers, i.e. when output thermal or shot noise limited.

Note, as mentioned in section 7.3.5, the balanced detection DC photocurrents here are
understood to be the sum of the DC photocurrents generated by the individual
photodetectors to enable convenient calculation of noise metrics. The I, of the RF
photonic link is largest since quadrature bias is typically employed, while the frequency
converter architectures employ null bias, which suppresses the optical carrier and hence a
large fraction of the DC photocurrent. These results do not account for photodetector
saturation nor nonlinear absorption in fibers or waveguides; hence, the photocurrents (and
other metrics) may not scale as indicated for high optical powers. Particularly, integrated
platforms, such as SiP and InP, struggle to support optical powers >20 dBm without
significant nonlinear effects, though discrete implementations may handle optical powers

approaching 30 dBm.
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Figure 39 — Calculated (a) gain, (b) Ip¢, (C) Nyy:, (d) NF, and (e) SEDR versus optical
launch power for the four frequency converter architectures and a RF photonic link, all
assuming component performance consistent with an InP platform. Additionally,
Lumerical-simulated points are indicated for the single drive, single detection, and the RF
photonic link architectures, demonstrating fidelity with the calculated results. SDr = single
drive, DDr = dual drive, SDet = single detection, BDet = balanced detection.
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Likewise, the NF reflects similar dependence on the dominant noise source, Figure 39(d).
When output thermally limited, the architecture and RF photonic link NFs drop quickly
with increased optical power with slope = -2 on a decibel scale. The rate of NF
improvement drops as the shot noise regime (slope = -1) is entered, and when RIN becomes
dominant a floor in the NF is formed (slope = 0) as the noise power increases at the same
rate as the signal power. Hence, avoiding the RIN limited regime is vital to scale
performance via high optical power. Although the noise floor for the balanced RF photonic
link was typically worse than for frequency converters employing balanced detection, the
RF photonic link’s NF is lower across all optical powers. The RF photonic link NF is
overall superior despite a higher noise floor since its gain is higher. The dual-drive,
balanced detection frequency converter architecture exhibits the best NF among the
frequency converters, nearly as good as the standard RF photonic link for all optical
powers. This architecture exhibits NFs < 20 dB for optical launch powers ~17 dBm (50
mW). Although the N,,; of single-drive schemes outperformed dual-drive schemes, the
latter exhibits significantly better NFs due to the effective halving of the MZM V., which

improves gain.

Lastly, SFDRs exhibit similar limitations as the NF for RIN-dominant noise which forms
a ceiling on achievable SFDR for single detection architectures, Figure 39(e). Increased
optical power benefits the SFDR greatest in an output thermal noise limited regime, and to
a lesser degree in the shot noise limited regime. Balanced detection architectures can

achieve SFDRs greater than 110 dB-Hz?” with launch powers greater than +13 dBm.
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For the single detection results of Figure 39(e), the single-drive SFDR exceeds the dual
drive SFDR for high optical powers. The dual drive implementation exhibits a larger I,
resulting in higher shot noise and RIN that lowers the ceiling on the RIN-limited SFDR.
Hence, the single drive implementation achieves a higher SFDR at high optical powers

since it is less limited by RIN conveyed via the DC photocurrent.

For all metrics, the simulated Lumerical data points match exceedingly well with the
analytic results. The frequency domain simulations used component parameters that match

those assumed by the analytic responses, Table 9.
7.3.9 ldealized Results

Next, the analytic equations are employed again to predict future performance of photonic
frequency converters for a generalized x-axis, where the total link optical power budget
Py + Gop, is introduced. Here, G,y is 1010g;9(gope) @nd is the dB scale version of the
total link optical gain or loss from laser to detector. P, is the optical launch power in dBm;
hence the total optical power budget P, + G, has units of dBm. This metric is useful
because it enables simple determination of the optical launch power, optical amplifier gain,
and loss budget required for target performance, or conversely the expected performance
given those optical parameters. The following results assume otherwise ideal conditions
and parameters, namely negligible RIN and a modulator V, = 1 V; however, the following
results are not strict upper limits on performance. For example, lower V,’s may be available
in the future. Also, perfectly linear modulator phase shifters are assumed here, which are
suboptimal when using MZMs, since they do not counteract the cosine transfer function of

the interferometer which generates performance-limiting nonlinearities. Ideally, these
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phase shifter responses would be arccosine functions to yield an overall linear MZM

response. Hence, modulator linearization schemes will violate the trends described shortly.

The idealized gain, NF, and SFDR results are given in Figure 40 and generally exhibit the
same trends as previously noted. However, the effects of RIN are not present, since the
RIN is assumed small. The dual-drive, balanced detection architecture still maintains the
best overall performance and achieves unity gain, a NF of 14 dB, and 109 dB-Hz?® SFDR
for Py + G, = 10 dBm without any electrical amplification. This optical power budget
is easily achieved in discrete implementations, and not out of reach of integrated platforms,
particularly those with on-chip gain like InP. For example, if P, = 13 dBm, MZM insertion
loss is -5 dB, excess splitter and waveguide loss is -3 dB, and the optical amplifier gain is
+5dB, then G,,, = —3 dB and hence P, + G,,; = 10 dBm. The most difficult component
performance assumption for integrated platforms is the 1 V 1, assumed here. Such low V;,
is not yet feasible on silicon nor InP platforms while maintaining low insertion loss, a
function of modulator length and absorption per unit length «. Typical high-performance
SiP and InP modulators exhibit V,; La metrics of 20 V-dB [65]. Therefore, a SiP or InP with
IV, = 1V would exhibit a high insertion loss (aL) of 20 dB without further innovation in
phase shifter design. On the other hand, the LiNbOs platform has demonstrated V,La
metrics as low as 6 V-dB, enabling V, = 1 V modulators with reasonable insertion losses
of 6 dB [67]. Regardless, any reduction of V,, is typically of benefit to both RF photonic

links and frequency converters by improving NF and gain.
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Figure 40 — Calculated (a) gain, (b) NF, and (c) SEDR versus launch power (P,) modified
by optical link gain or loss (G,,) for idealized implementations of the four frequency
converter architectures of Figure 36 and a simple RF photonic link. Assumptions include
no RIN, no optical loss (or gain), and a modulator V; = 1 V. The x-axis enables a designer,
knowing the optical power available to them along with an estimate of link loss, to estimate
performance of an architecture of interest.

Lastly, mention of some apparent anomalies are explained. The single drive SFDRs of
Figure 40 exceed the SFDRs of the dual drive cases for very high optical power budgets
>25 dBm. Because there is no RIN, the explanation of a similar phenomenon in the
previous subsection does not apply. Here, the higher gain of the dual drive architectures
reaches a noise regime limited by input thermal noise, while the single drive architectures
remain in the shot noise limited regime for the same optical power budget. Similar to RIN-

limited effects, dominant input thermal noise will flatten the SFDR and form a ceiling for
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the system dynamic range. Fortunately, only links with exceedingly large gain (very low

modulator V;, and high optical power) are likely to be input thermal noise limited.

A useful method for assessing MWP system performance is the SEFDR vs. NF design chart
popularized by Urick et al. [85]. The SFDR is calculated for contours of modulator V,, and
link Ip. versus NF. However, in the case of frequency converting links employing null-
biased MZMs, the SFDR is calculated for varied optical power budget P, + G,,, (indBm)

instead of I.

The design charts for single-drive and dual-drive architectures using single detection are
shown in Figure 41, giving a designer the ability to quickly assess linearity and noise
performance for a given V,, and optical power budget. The possible SFDRs and NFs exist
where 1 and Py + G, contours intersect. When RIN dominates the noise, the Py + G,
contours will approach a ceiling, which thereby limits the achievable SFDR. Close
observation of these design charts concludes that while reducing V,, indefinitely benefits

NF, the system SFDR is unchanged except for extremely low V;,’s that can reduce SFDR.
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Figure 41 — Calculated trade space for the idealized (a) single drive, single detection and
(b) dual drive, single detection architectures, illustrating the effects of increased optical
power and V,, on achievable SFDR and NF. Dashed lines indicate contours of constant V,
while solid lines indicate contours of constant optical power, in terms of launch power P,
and the link’s optical gain or loss, G,,;. Viable design points for explicitly shown V. and

Py + G, cOmbinations exist where dashed and solid lines intersect.

7.3.10 Comparison to RF Photonic Links

Generally, the main performance trends for RF photonic links also hold for frequency
converting links, namely how gain, SFDR, and NF scale with optical power, loss,
modulator V,, and other component metrics. Nonetheless, RF photonic links generally
outperform photonic frequency converting links for a given optical power, as evidenced by
the results of Figure 40, where a dual-drive, balanced detection RF photonic link is
compared with a dual-drive, balanced detection frequency converting link. Comparing the
gain responses of Figure 40(a) indicates an inherent -4.6 dB gain penalty for frequency
converting links. The frequency converter SFDR incurs a -6.7 dB-Hz?® penalty in the
thermal noise limit (low optical power); however, this penalty decreases to -4.1 dB-Hz??

in the shot noise limit (high optical power). These performance penalties largely originate
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from the limited efficiency (gain) of the mixing process and limited optical LO magnitude
due to the Bessel function dependence of modulation. After optimization of the LO input
power, as was assumed for the derived results of subsection 7.3.6, achieving higher

performance rests primarily on increasing optical power or reducing loss.

RF photonic links exhibit NFs no more than -5 dB better than comparable frequency
converting links in the input thermal noise limited regime; however, the NFs converge in
the shot noise limit. Because the RF photonic link exhibits higher N, due its higher I

and hence shot noise, the benefits imparted by its superior gain on NF are largely mitigated.

7.3.11 Phase Sensitivities

The phase sensitivities of these frequency converters are important to assess, as such
architectures may be implemented in phased arrays and links susceptible to temperature
and mechanical drift or shock. The equations of subsections 7.3.6 and 7.3.7 along with
Table 8 yield many of the insights into phase sensitivities of the architectures. From these
equations, the macro-interferometer phase A¢;,, affects all metrics for all four
architectures. The gain scales as cos?(4¢;,.) because of a phenomenon at the
photodetector arising from dual-sideband modulation. The photocurrent generated by
mixing the upper sidebands (e/(@t*9rr) and e/(@t+2L0)) adds with phase A¢;,, with the
photocurrent generated by the lower sidebands (e/(@t=9rF) and e/(@t=0L0)), |ikewise,
this A¢;,,; is also important for the I, generated, and hence the shot noise, RIN, and
SFDR. Note that using single-sideband modulation would eliminate this effect and increase

the architectures’ immunity to phase-drift impairments.
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Assuming RF and LO modulators are identical and identically biased, only the dual-drive
architectures exhibit link gains dependent on ¢, the MZM bias point. The link gains g,z
of single-drive architectures may or may not be functions of ¢ since single-drive MZMs
are effectively phase modulators with excess carrier power routed and recombined around
it. Hence, ¢p only affects the output optical carrier power, not the optical sidebands that
produce the output IF. Though not affecting the gain, the MZM bias point will impact noise
metrics and hence SFDR by somewhat complex functions, since the full I, expressions

of section 7.3.7 are not simple functions of ¢ .

If the RF and LO modulators are different, however, the single-drive gains may be
functions of ¢p.. For example, if ¢, is applied in the same arm as the RF signal in the
RF MZM, but ¢, is applied in the opposite arm as the LO in the LO MZM, the link gain
will be tuned with ¢p. This would occur because ¢, will shift the optical phases of the
RF generated optical sidebands, but not the LO generated optical sidebands, resulting in a
phenomenon similar to that described for the impact of A¢g,,,;. However, as long as ¢p¢ is
applied in the same arm for both single-drive RF and LO MZMs, the gain will be agnostic

to MZM bias point.

For dual-drive architectures, the MZM bias point ¢, will affect the gain, no matter where
the DC phase shift is applied in the MZM. This occurs because signal sidebands are
generated in both arms of the MZMs; hence, these sidebands interact as a function of the
relative phase when recombined, leading to g;r o cos?(¢pc). Likewise, ¢pc will affect

all other metrics, including N,,;, NF, and SFDR according to I (¢pc) in section 7.3.7.
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7.4 Summary

In this chapter, the most comprehensive treatment of photonic frequency converters was
presented. Here, an intuitive understanding of how frequency converters operate was given,
followed by derivations of useful equations for the key MWP metrics of interest. These
analytic equations serve to guide designers of both discrete and integrated photonic
frequency converters and predict performance based on known component performance.
The equations also yielded information on the scaling of performance with component
performance metrics, parameters, and bias points for optimization of such architectures.
Lastly, details on how frequency converters compare with intensity-modulated, direct-
detect RF photonic links and the phase sensitivities of the photonic frequency converters
were expounded. In Chapters 8 and 9, frequency converters built on SiP and InP platforms

are experimentally characterized.
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CHAPTER 8. SILICON PHOTONIC FREQUENCY

CONVERTERS

In this chapter, two SiP frequency converters are simulated via Lumerical
INTERCONNECT and experimentally characterized. The simulated and experimentally
characterized performance metrics are then compared, validating the simulation tool’s
ability to accurately predict key photonic frequency converter metrics. The study of two
architectures simultaneously instills greater confidence in the simulation methods as well
as greater opportunity to assess distinct architectural advantages. Lastly, the two SiP
architectures are modified and simulated to predict future performance capabilities of

frequency converters on SiP platforms [23].

8.1 Characterization & Simulations

The two SiP architectures (“architecture I and “architecture II”’) investigated here are
summarized in Figure 42. Architecture | comprises an off-chip laser, integrated phase
modulators (PMs) within a larger macro-interferometer, thermal phase shifters to set the
bias point of the macro-interferometer, and a photodetector off-chip. While the laser is
inevitably off-chip for all SiP implementations, this architecture may be called “partially
integrated” since its detection is also off-chip. The phase modulators of architecture | were
custom-designed in the AIM Photonics SiP process; a top-down image of the integrated
portions of architecture | and a schematic of the custom-designed phase shifter cross-
section are given in Figure 43 [3]. The 1 mm phase shifters employed PiN junctions shifted
laterally such that P-dopants occupied 50% of the waveguide width compared to 40% for
the N-dopants for greater phase-shifting efficiency and lower loss [42]. Further information

on the performance of these phase shifters and the detector is given in [23].
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Architecture 11, Figure 42(b), is comprised of a single off-chip laser, two MZMs within a
macro-interferometer, thermal phase shifters for setting the macro-interferometer bias
point, and on-chip balanced detection. This architecture is considered “fully integrated”
since all components able to be integrated on silicon were integrated. Though the balanced
detectors were integrated in architecture Il, the electrical subtraction through a balun was
accomplished off-chip such that each detector could be independently tested. Though
architecture Il was also fabricated in the AIM Photonics process, the modulators and
detectors are not identical between the two architectures (e.g. the modulators are different
in design and performance); hence, direct comparison of these two architectures is not
useful. Instead, these two distinct architectures with their unique components are
characterized and simulated to prove the predictive capabilities of the simulation tools.
Following, these validated simulations predict the performance for improved architectures,

informed by the beneficial aspects and drawbacks of the two architectures of Figure 42.
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Figure 42 — Schematics of MWP mixer subsystems for (a) architecture I, consisting of a
single MZM with separate LO and RF arms and off-chip single-ended detection, and (b)
architecture 11, consisting of nested MZMs, each single-driven and using on-chip balanced
photodetection. PM = Phase modulator, A¢ = thermal phase shifter, PD = photodiode.
Optimum bias of each MZM must be carefully considered.
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Figure 43 — (a) Top-down image of the fabricated custom-designed modulator using the
AIM Photonics platform. (b) Schematic cross-section of the electrode and dopant structure
of the designed modulator.

8.1.1 System-Level Simulations

Lumerical INTERCONNECT was used for system-level simulations to accomplish two
main goals: 1) to validate the accuracy of simulations compared to experiment, and 2) to
predict the performance of new architectures leveraging both architectural modifications
and improved component-level performance. Throughout the next subsection, the
simulation and experimental results are provided simultaneously. The Lumerical models
of various components are informed by measured results, where possible, and otherwise
defer to PDK specifications. For example, measured index responses were used to capture
nonlinearities and imperfections of the plasma-dispersion based phase modulators.
Additionally, the electrical parameters of the modulators were included in simulations,
such as experimentally determined characteristic impedances and termination impedances.
All electrical sources assume thermally limited noise floors of -174 dBm/Hz. The
experimental laser used in both architectures exhibited +20 dBm optical output power,
relative intensity noise (RIN) of -145 dBm/Hz, and linewidth of 100 kHz, all specifications
included the Lumerical laser model. All other parameters included in the simulation match

those experimental values specified throughout this chapter, which include receiver
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responsivities and bandwidths, electrical filter and modulator bandwidths, fiber-to-chip
optical losses, electrical and optical amplifier gains and noise figures, modulator reverse

biases, etc.

8.1.2 Experimental and Simulation Results

The test setups for the characterization of architectures I and Il are given in Figure 44. Both
setups comprise a C-band laser tuned to 1550 nm, high output power EDFA (up to +30
dBm), variable optical attenuator (VOA) for linear optical power control, polarization
controller (PC), two signal generators for RF and LO tone sources, 1 GHz low pass filters
and 38 dB electrical amplifier on the detector output, and electrical spectrum analyzer. The
average optical 1/0 loss in coupling to and from the silicon chip was 4.2+0.5 dB. The bias
tees coupled -3.5V DC to reverse bias the modulator phase shifters to reduce absorption
and junction capacitance. The largest difference between the two test setups is the use of a
balun in Figure 44(b), since architecture Il uses balanced detection that requires off-chip

subtraction of the two detector outputs.

(a) Signal Spectrum
Generators Analyzer
RF, LO
PC
= OO0 .| SiP Frequency
VOA AL
>
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Generators Analyzer
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= XX SiP Frequency LPF
Converter
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DC

Figure 44 — Schematics of the test setups for (a) architecture I and (b) architecture Il. The
test setup for architecture Il includes an external balun since the balanced detector outputs
were not subtracted on-chip to enable characterization of each detector separately.

The basic functionalities of architectures I and 11 were verified by measurement of a 100

MHz IF, for RF and LO tones as indicated in Figure 45. Architecture | was tested using RF
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and LO tones at 5.0 GHz and 5.1 GHz, respectively. Architecture Il was tested using RF
and LO tones at 10.0 GHz and 10.1 GHz, respectively. In both responses, the low-pass
electrical filters (LPFs) significantly attenuate the RF fundamental, LO fundamental, high
frequency noise, and other spurious signals. The results of Figure 45 are raw
measurements, unadjusted for losses in cables, bias tees, electrical combiners, and RF

probes; the precise RF-to-IF gain will be assessed shortly.
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Figure 45 — Measured spectra demonstrating downconversion for (a) architecture I and for
(b) architecture Il. The 1 GHz lowpass filter strongly attenuates signals beyond 2 GHz.
Relative comparison of IF power between (a) and (b) are not straightforward in these
uncalibrated results. The calibrated RF-to-IF gains are -5.0 dB and -19.5 dB for (a) and (b),
respectively.

Next, because each architecture contains interferometers, the bias point can be optimized
experimentally in terms of the RF-to-IF gain metric. The thermal phase shifter of
architecture | was swept while monitoring optical output power and again while measuring
IF power from the photodetector. The calibrated responses of Figure 46 demonstrate
maximal performance at both peak and null biases, with a maximum IF gain of -5.0 dB
achieved at peak transmission. Here, the optical transmission response (red) was measured
with no AC modulation. The measured range of gains between optimum and minimum

points exceeded 40 dB; hence, the IF gain is very sensitive to the relative phases of the RF
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and LO modulated sidebands, in agreement with the cos (A¢;,;) dependence from section

7.3.11.

IF Gain (dB)
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Figure 46 — Measured IF gain of architecture I as a function of thermal phase shifter heater
power, which alters the macro-interferometer bias point. Useful bias points including peak,
quadrature, and null bias are indicated. For this architecture, the IF gain is maximized at
both peak and null modulator bias points.

The same measurement was performed for architecture 11, with the added difficulty of
optimizing over both the macro-interferometer bias and the two MZM biases. As explained
thoroughly in the appendix of [23], the optimal bias scheme was one MZM fixed at
quadrature bias while the second MZM was set to peak or null transmission, though peak
transmission experimentally performed marginally better. This minor gain performance
difference between the peak and null bias points is likely due to the nonlinear phase
response of the plasma-dispersion phase shifters. Architecture 11 demonstrated a peak gain

of -19.5dB

Additionally, the IF gain was investigated for architecture | as a function of optical power,
giving information both on optimal performance and the power handling capability of the
photonic frequency converter. Sweeping the laser output power while measuring the IF

gain yields the response of Figure 47. The discrete derivative AP;p/AP,p.in (ratio of
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change in IF power to change of optical power) indicates that two-photon absorption and
free-carrier absorption onset near +10 dBm optical power in the waveguides of architecture
I, similar to values found in Chapter 4. The gain response of Figure 47 implies that the
frequency converter is still useful with two-photon absorption and free-carrier absorption
present, although gain improvements come at a higher price in terms of power

consumption.
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Figure 47 — IF gain response of architecture | and discrete derivative of the IF gain
indicating nonlinear absorption at 9.9+0.25 dBm on-chip optical power at A=1550 nm.

Next, the downconverting bandwidths of both architectures were measured. The bandwidth
for frequency converters is defined here as the frequency range over which an RF signal
can be downconverted to a fixed IF; hence, the 3 dB bandwidth is measured by sweeping
RF and LO tones simultaneously for a fixed IF, in this case 100 MHz. The measured results,
along with simulated frequency responses, are shown in Figure 48. Architecture | achieved
3 dB and 6 dB bandwidths of 5.1 GHz and 7.9 GHz, respectively. Simulations
overestimated a 3 dB bandwidth of 8.8 GHz, likely due to the simple RC filter models of
the simulation tool that fail to capture the complexity of the modulator’s equivalent circuit.
Better matches in bandwidth could be achieved by using the measured s»1 responses of

characterized modulators. Additionally, small differences in the RF characteristics between
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high-speed phase shifters may cause further deviation of experiment from simulation.
Although this work has primarily focused on downconversion applications, upconversion
is also possible with these same architectures, as demonstrated for architecture I. The
upconversion bandwidth was measured by fixing the RF tone at 100 MHz while sweeping
the LO source from 600 MHz to 12.1 GHz such that the output IF sweeps from 500 MHz
to 12.0 GHz. This result is shown alongside the downconversion frequency response in
Figure 48(a), demonstrating a 6.4 GHz 3 dB bandwidth and a 9.1 GHz 6 dB bandwidth.
In the upconversion experiment, only the LO path (cables and bias tees) frequency response
was calibrated out, since the RF input was fixed at 100 MHz. Upconversion bandwidths
are primarily determined by LO modulator and receiver bandwidths, since the RF input

frequency is low-speed and fixed.

Architecture II’s downconversion frequency response is given in Figure 48(b), exhibiting
3 dB and 6 dB bandwidths of 11.2 GHz and 26.5 GHz, respectively. The simulated 3 dB
bandwidth agreed well at 10.7 GHz, but does not well capture the full frequency converter
response due to the simplistic modulator RC filter model employed. Note that these
bandwidths are electrical-to-electrical bandwidths. The significance of the 6 dB bandwidth
is its equivalence to the 3 dB electrical-to-optical bandwidth, due to the square-law
behavior of photodetectors. In all downconversion frequency response measurements of
Figure 48, the cable and bias tee frequency responses were calibrated out. In
downconversion, the modulators primarily limit the system bandwidth, since the IF is
typically low-speed (< 1 GHz), rendering the photodetector’s (and subsequent circuitry’s)

frequency response of little consequence.
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Figure 48 — (a) Measured and simulated frequency responses of architecture I. The
measured and simulated 3 dB electrical-electrical downconversion bandwidths were 5.1
GHz and 8.8 GHz, respectively. The measured upconversion bandwidth was 6.4 GHz. (b)
Measured and simulated downconversion frequency responses of architecture Il. The
measured and simulated electrical-electrical 3 dB bandwidths were 11.2 GHz and 10.7
GHz, respectively.

Finally, the linearity metrics of architectures I & Il are quantified by an equal-amplitude,
two-tone test with RF tones at 1.4 GHz and 1.5 GHz and the LO at 1.0 GHz. This generates
fundamental IF tones at 400 MHz and 500 MHz and IMD3 tones at 300 MHz and 600
MHz. The RF input powers were swept while the IF fundamental and IMD3s were
monitored via an electrical spectrum analyzer, Figure 49. The measured SFDRs of
architectures | and Il were 91+1 dB-Hz?® and 92+1 dB-Hz?3, respectively. Similarly, the
Lumerical-simulated results of 91.2 dB-Hz?® and 90.1 dB-Hz?? are shown alongside the
measured results for comparison, demonstrating good agreement. Although the frequency
converters differ both in architecture and component performance, tradeoffs in the system

level metrics of gain and noise floor result in similar SFDRs for architectures I and I1.
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Figure 49 — Measured SFDRs by an equal-amplitude two-tone test for fundamental
frequencies at 1.4 GHz and 1.5 GHz and a 1.0 GHz LO for (a) architecture | and (b)
architecture Il. The noise floors of -111 dBm/Hz in (a) and -130 dB/Hz in (b) are largely
due to the post-photodetection electrical amplification of output thermal noise.

In terms of other linearity metrics, architecture 1l demonstrated greater linearity with a
32+0.2 dBm I1P3 compared to architecture I’s 24.5+0.2 dBm [1P3. Interestingly, however,
architecture Il demonstrates a lower 0IP3 than architecture I, 11+0.2 dBm vs. 15.0+0.2
dBm. This counterintuitive result occurs because the OIP3 metric combines information
of the IIP3 and the system gain; hence, because architecture Il exhibits a significantly
lower gain despite its superior IIP3, its OIP3 is lower than the OIP3 of architecture I.
Simulated OIP3 and IIP3 results are summarized in Table 10, along with all other
simulated and measured metrics for these architectures. In conclusion, architecture 1l
demonstrates better linearity via its higher SFDR and II1P3 metrics. The photodetectors
likely play only a marginal role in the photonic frequency converter system linearity, since
the AIM Photonic detectors used here have been demonstrated in links with SFDRs
exceeding 113 dB-Hz?® [92]. Additionally, the photodetector and electrical amplifier were
operated in linear regimes away from their saturation points, leaving the MZMs as the
primary source of nonlinearities. Hence, linearizing the silicon modulators, as addressed in

section 6.1, is a key method for improving frequency converter performance.
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From the electrical spectrum analyzer, the noise power spectral densities (N,,;, more
colloquially called the “noise floor”) are measured, yielding noise floors of -111+0.5
dBm/Hz for architecture | and -130+0.5 dBm/Hz for architecture 1l. The high noise floors
are primarily due to electrical amplification of output thermal noise, ascertained through
the Lumerical simulated noise floors of —112.4 dBm/Hz and -128.3 dBm/Hz for

architectures I and II, respectively.

Here, the ability for Lumerical INTERCONNECT to accurately simulate frequency
converter system performance has been demonstrated, paving the way for using these

calibrated simulations to predict improved architectures.

8.2 Predictions for High Performance Architectures

From the results of the previous section and Chapter 7, several improvements to the original
architectures I and Il may be suggested: 1) implementing balanced detection for common-
mode noise suppression, 2) using driver and TIA amplifiers for improved gain and output
power, 3) increasing optical power, 4) using push-pull (dual-drive) modulation, and 5)
using state-of-the-art integrated components. In this section, these modifications to the
original architectures are assumed and simulated to identify reasonable future performance
of silicon photonic frequency converters. These modified architectures are depicted
schematically in Figure 50. The new architectures are hereon identified as “Modified
Architecture I” and “Modified Architecture II”. The difference between these two
architectures is in their modulators: the former uses single phase modulators, while the

latter uses MZMs.
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Figure 50 — Schematic of mixers for updated (a) architecture | and (b) architecture I1; both
architectures now implement on-chip balanced photodetection for noise suppression, an
input RF amplifier, and a TIA post-photodetection. Architecture Il now uses a dual-drive
configuration for both LO and RF MZM:s.

The modified architectures assume 35 GHz modulators with V,.s of 7V, on par with modern
foundry capabilities. Amplifiers include 40 GHz, +20 dB gain drivers with up to 2.0 V
output amplitude swings on the RF inputs and 10 GHz, 215 V/A TIAs on the outputs of
the balanced photodetectors. In fact, a reduced bandwidth on the TIA is advantageous for
downconverters by reducing high frequency noise. Optical launch powers were assumed
to be +20 dBm from a laser diode; the EDFA was eliminated. Edge coupling losses were
assumed (conservatively) at 4 dB/facet. All component values assumed here are matched
or beaten by values claimed by existing silicon foundries. The component metrics are

summarized alongside all results in Table 10.

The predicted performance for modified architecture I includes a gain of +15.0 dB, a +34.9
dB NF, a 29.1 GHz 3 dB bandwidth, improved SFDR of 98.5 dB-Hz?®, an I1P3 of +5.3

dBm, and an OIP3 of +23.5 dBm.
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Simulations of modified architecture 11 predict a gain of +20.6 dB, an excellent 25.1 dB
NF, 29.1 GHz 3 dB bandwidth, an SFDR of 104 dB-Hz??, +10.5 dBm IIP3, and +30.8
dBm 0IP3. See Table 10 for summaries of all predicted and measured results. Note, the
simulated /1P3s appear degraded in comparison to the previous architectures; nonetheless,
this reduction in I1P3 is the result of using driver amplifiers at the RF inputs and does not
indicate reduced linearity. Without considering noise effects, the addition of RF input
amplifiers effectively shift the RF input power range over which the system maintains a
specified linearity, e.g. an SFDR. Here, input amplifiers and TIAs were assumed perfectly
linear, because the well-matched simulation and experimental results of the original
architectures imply the amplifier nonlinearities are insignificant in comparison to the

modulator nonlinearities.

This chapter has highlighted the performance achievable for frequency converters
integrated in silicon using architectures and components readily fabricated in foundries as
of this writing. SiP-based frequency converters, leveraging balanced detection, integrated
drivers and TIAs, dual-drive modulation, and state-of-the-art foundry processes can
achieve positive gains, > 100 dB-Hz¥® SFDRs, and low noise figures approaching 20 dB.
Next, the performance of frequency converters in InP is investigated and compared to the

results of this chapter and the broader literature.
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Table 10— Summary of Experimental and Simulation Results for Architectures | & I1.

ARCHITECTURE |

MODIFIED

ARCHITECTURE ARCHITECTURE Il

MODIFIED

ARCHITECTURE Il

Metric Experimental  Simulated Simulated Experimental  Simulated  Simulated

Launch Power (dBm) 20 20 20 20 20 20

Edge coupling loss

(dB/facet) 4 4 4 4 4 4

Input RF Amp Gain

(dB) 20 20

TIA Transimpedance

(VIA) 215 215 215 - - 215

Additional Output

Amp. (0B) 38 38 - 38 38 -

MZM V, (V) 7.0 7.0 7.0 10.5 10.5 7.0

MZM Operation . . . . . . . . single- .

Mode single-drive single-drive  single-drive single-drive drive dual-drive

Bias Point(s) Null Null Null Quad, Null Quad, Null  Null, Null +z/2

Ph tecti . .

otodetection Single Single Balanced Balanced Balanced Balanced
Scheme
Passives Passives Passives Passives Passives Passives

Integration Level +MZMs +MZMs +MZMs +MZMs +MZMs +MZMs
+PDs +PDs +PDs +PDs

EE MZM Bandwidth ;5 75 35.0 121 121 35.0

(GHz)

PD Bandwidth (GHz) 30 30 35.0 30 30 35.0

IF Gain (dB) -5.0 5.1 +15.0 -19.5 -19.6 +20.6

NF (dB) +68.0 +66.7 349 +62.5 +64.1 251

Noise floor (dBm/Hz) -111 -112.4 -124.1 -130 -129.5 -128.3

Bandwidth (GHz) 5.1 8.8 29.1 11.2 10.7 29.1

SFDR (dB-Hz??) 91 91.2 98.5 92 90.1 104.0

1IP3 (dBm) 245 255 5.3* 32 29.4 10.5*

OIP3 (dBm) 15 20.6 235 11 5.1 30.8

*Apparent reduction in 11P3 is a result of input amplification and not an indication of decreased linearity.
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CHAPTER 9. INDIUM PHOSPHIDE PHOTONIC FREQUENCY

CONVERTERS

While the capabilities of photonic frequency converters in a SiP platform were investigated
in the previous chapter, the second most popular integrated platform, InP, also shows great
promise for IMWP technologies. The InP platform can leverage the semiconductor’s direct
bandgap to accomplish on-chip lasing and optical gain — a major advantage in the
integrated photonics world where high losses are common. In this chapter, an InP photonic
frequency converter is designed, fabricated, and characterized. Finally, the InP and SiP

platforms are compared regarding their performance for IMWP functions.

9.1 Architecture and Fabrication

The photonic frequency converter architecture implemented here is similar to Architecture
Il of Chapter 8: a dual-parallel MZM architecture modified to take advantage of InP’s
inherent gain capabilities, Figure 51. An on-chip distributed feedback laser (DFB) with a
monitor photodetector (PD) serves as the optical source, followed by a 2x2 directional
coupler providing nominally equal power to both arms of the macro-interferometer. Each
arm of the macro-interferometer contains an MZM with output monitor PD, semiconductor
optical amplifier (SOA), and thermal phase shifter for adjusting the relative phase between
the arms. Due to the quadratic scaling of the IF output power with on-chip optical power,
the SOAs are placed behind the MZMs to mitigate modulator insertion losses. The
interferometer is terminated by another 2x2 directional coupler, with the top output fed to

the highspeed photodetector and the bottom output fed to a (slow) monitor PD. Hence, this
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implementation enables real-time monitoring and control of laser output power, MZM bias
points, macro-interferometer bias point, and output optical power through the various DC
monitor PDs. This is particularly important, as it makes operating the photonic frequency
converter unambiguous and enables the characterization of distinct components in the
monolithic PIC, particularly the insertion losses throughout the architecture. The
monolithic photonic frequency converter was fabricated as a system-on-chip (SoC) through
a multi-project wafer offering under AIM Photonics through Infinera’s InP foundry
process. The InP PIC was attached and wirebonded to a carrier board with breakout DC

and RF lines to enable convenient access to all electrical ports, courtesy of Infinera.
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Figure 51 — Monolithically integrated system-on-chip photonic integrated circuit schematic
of a downconverter architecture, comprised of on-die laser, two MZMs in parallel followed
by SOAs and phase shifters, high-speed photodetector, and multiple low speed detectors
for monitoring optical power and bias.

9.2 Experimental Results and Discussion

All measurements, such as gain, downconverting bandwidth, NF, SFDR, and other
linearity metrics were measured by methods identical in methodology to those described
in Chapter 8. Hence, the measurement methodologies are not repeated here, except where

major differences occur.
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Before measuring the key MWP metrics, the MZMs were null biased using the monitor
PDs directly following both RF and LO MZMs. The SOA drive current during these initial
measurements was 120 mA, which provides approximately 9 dB optical gain. To measure
the gain, a 0 dBm, 1.1 GHz tone served as the input RF signal, while a +17.4 dBm, 1.0
GHz tone served as the LO. For the Infinera modulator with V,, < 5V, this input optical
power maximizes the LO-generated optical sideband, which is described by a first-order
Bessel function dependence on input voltage. This optimal drive condition is achieved with
a driving voltage (peak amplitude) equal to 0.5875V,,. The modulator efficiency’s Bessel
function dependence, described further in Chapter 7, has a global maximum which is easily
achieved for devices with low to moderate V;,’s. The 100 MHz IF output was measured via
electrical spectrum analyzer and tracked as a function of macro-interferometer bias point
to ascertain the optimal bias condition, Figure 52(a). The DC photocurrent from the RF PD
was also monitored, as this gives direct information about the macro-interferometer bias
point, which can then be compared to the measured IF gain. The results Figure 52(a), which
have been calibrated for RF input cable loss, IF output cable loss, and excess electrical loss
from bias tees, demonstrate a peak RF-to-1F gain of -26.8+0.2 dB at a quadrature-like bias
macro-interferometer bias point, i.e. where the photodetected current and hence incident
optical power was -3 dB below its maximum. No external electrical amplifiers were used
in this measurement, but this result indicates that the InP frequency converter could easily

achieve unity gain with driver amplifiers or a TIA on the photodetected output.

Next, the frequency response of the InP frequency converter was measured with all
electrical cable, bias tee, and RF probe responses calibrated out. The frequency response,

Figure 52(b), indicates a downconverting 3 dB bandwidth of 10.0 GHz, and a 6 dB
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bandwidth of 13.6 GHz. Because this measurement sweeps the frequencies of both RF and
LO tones simultaneously while keeping a fixed output IF of 100 MHz, the frequency
response falls approximately twice as fast as the frequency response for a single modulator.
Hence, this 6 dB point of 13.6 GHz is the approximate modulator bandwidth. From this, a
useful rule-of-thumb is intuited: a frequency converter’s 3 dB bandwidth will be roughly
equal to the 6 dB bandwidth of the modulator used, assuming the LO and RF modulators
are identical. Note also that the photodetector bandwidth plays practically no role in the
response of Figure 52(b), since the output IF is both fixed and a low frequency (100 MHz).
Higher frequency IF’s will simply incur a fixed loss according to the photodetector’s

frequency response during this measurement.
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Figure 52 — (a) IF gain and DC photocurrent versus the macro interferometer bias point,
controlled by heater power. (b) Downconversion RF bandwidth of 10.0 GHz, measured by
sweeping RF and LO frequencies for a fixed 100 MHz IF. Note this downconversion
bandwidth includes the responses of both RF and LO modulators; hence, the 6 dB point
indicates the InP modulators exhibit 3 dB bandwidths of ~13.6 GHz.

Next, the noise metrics of the InP frequency converter are determined. However, it was
found the noise floor was below the electrical spectrum analyzer’s noise floor of -152

dBm/Hz, Hence, the true InP frequency converter’s N, was measured indirectly using
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basic amplifier noise theory. By adding an amplifier to the photodetector output and
measuring the new total system’s noise factor, the InP PIC’s (without amplifier) N,,; can

be estimated. From amplifier theory, the system noise factor F;,,¢ is a simple function of

the PIC’s noise factor Fp;- and gain Gp;¢, as well as the known electrical amplifier’s noise

factor Fypmy:
Fomp — 1
Foys = Fpic + _amp -~

Gpic 9-1

Recall that F = 10¥*/1°. Hence, knowing Fy,, Gpic, and Fyy, the term of interest, Fp,c, is
easily solved for:

Fomp — 1

Fpic = Esys - TIC. 9-2

Then, this Fp; (and its NFp;) can be used to calculate the PIC’s N,,,; via the RF photonic
link equation relating N,,;, NF, and G from Chapter 2:

dBm dBm
Ny (W) = NF(dB) — 174 (W) +G (dB) 9-3

Hence, the noise metrics are estimated using these equations in conjunction with
measurements of the InP PIC with and without an external electrical amplifier on the
photodetector output. The N, was estimated at -159.4 dBm/Hz for SOA drive currents of
120 mA. This method of measuring a noise floor below the electrical spectrum analyzer
noise floor works as long as the amplified system’s noise floor rises above the spectrum

analyzer’s inherent noise floor limit; otherwise, a larger gain amplifier will be needed.
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Next, the SFDR was measured for the InP frequency converter by methods identical to
those described in Chapter 8. The two-tone inputs were at 1.4 GHz and 1.5 GHz, and the
LO was at 1.0 GHz to produce fundamental tones at 400 MHz and 500 MHz and IMD3
tones at 300 MHz and 600 MHz. The measured SFDR was 99 dB-Hz?® over an RF input
power range between -15 dBm and 0 dBm, Figure 53(a). The resultant 1/P3 and OIP3 were
12 dBm and -18.1 dBm, respectively. The SFDR was then reassessed near 10 GHz, for RF
input tones at 10.4 GHz and 10.5 GHz and an LO tone at 10.0 GHz to produce the same IF
fundamentals and IMD3s as previously. The 10 GHz experiment yielded a 98+1 dB-Hz??
SEDR (Figure 53(b)), demonstrating negligible degradation of SFDR over the system’s 3
dB bandwidth. The 10 GHz SFDR is valid over a narrower range of RF input power, -8
dBm to 0 dBm, because the IMD3s are closer to the noise floor and hence more difficult
to measure. At 10 GHz, the I1P3 and OIP3 were 19 dBm and -20.2 dBm, respectively.
Note that while the 1/P3 at 10 GHz appears larger than the 1/P3 at 1 GHz, the I/P3 and
OIP3 measurements are prone to large error bars due to the fitting and extrapolation of

limited data.

Next, efforts were directed toward optimizing the system performance, first by increasing
the SOA drive current from 120 mA to 150 mA, after which higher drive current no longer
benefits performance. The gain, noise metrics, and linearity metrics were remeasured,
yielding -26.8 dB gain, N,,; = -158.9 dBm/Hz, 42.1 dB NF, SFDR of 104+1 dB-HZz??,

[1P3 =12.5dBm, and OIP3 =-17.0 dBm, Figure 54(a).
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Figure 53 — Two-tone experiments near (a) 1 GHz and (b) 10 GHz. In (a) RF tones at 1.4
GHz and 1.5 GHz and an LO tone at 1.0 GHz demonstrated a 99 dB-Hz?”®* SFDR over an
RF input power range of roughly -15 dBm to 0 dBm. In (b) RF tones at 10.4 GHz and 10.5
GHz and an LO tone at 10.0 GHz demonstrated a 98 dB-Hz*® SFDR over an RF input
power range of roughly -8 dBm to 0 dBm, a smaller range than in (a) since the IMD3 tones
are more difficult to measure due to their proximity to the noise floor. Both experiments
yielded fundamental IFs at 400 MHz and 500 MHz, and IMD3 tones at 300 MHz and 600
MHz. Both used SOA drive currents of 120 mA. The SFDR degraded very little over the
10 GHz 3 dB bandwidth.

Lastly, the system performance was characterized with the addition of a 26 dB amplifier
on the IF output (SOA current = 120 mA). The InP frequency converter with RF amplifier
on the output achieved near unity gain of -0.8 dB, N,,;= -133 dBm/Hz, a 42 dB NF, an
SFDR of 100 dB-Hz®, a 14 dBm IIP3, and a 10.3 dBm 0IP3, Figure 54(b). With the RF
amplifier, the system maintains a high SFDR while achieving near-unity gain, for overall
good system performance. The performance metrics of the InP frequency converter under

these various operating conditions are summarized in Table 11.
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Figure 54 — Two-tone experiments with RF tones at 1.4 GHz and 1.5 GHz and LO tone at
1.0 GHz, yielding fundamental IFs at 400 MHz and 500 MHz, and IMD3 tones at 300 MHz
and 600 MHz. (a) The downconverter achieved a 104 dB-Hz?® SFDR with SOAs driven
with 150 mA. (b) The downconverter achieved a -0.8 dB gain and maintained a 100
dB-Hz?® SFDR when a 26 dB RF amp was added to the detector output.

Table 11- Summary of InP Downconverter Performance for Different Operating
Conditions.

SOA@120mA SOA@120mA SOA@120mA SOA@150mA

@ 1 GHz @ 10 GHz @ 1 GHz @ 1 GHz
No RF amp No RF amp w/ RF amp No RF amp
Gain (dB) -26.8 -29.8 -0.8 -26.8
NF (dB) 41.6 44.4 42 42.1
Nout (dBm/Hz) -159.4 -159.4 -133 -158.9
SFDR (dB*Hz??) 99 98 100 104
RF bandwidth 10.0 10.0 10.0 10.0
I1P3 (dBm) 12 19 14 125
OIP3 (dBm) -18.1 -20.2 10.3 -17.0

9.3 Comparing Experiment to Theory

Here, the analytic equations for the single-drive, single detection architecture from Chapter
7 are employed to compare the experimental results to theory and commercial simulation

results. This section validates the accuracy of the analytic equations while simultaneously
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identifying the performance trends for the InP frequency converter with increasing optical

power.

Using the single-drive, single detection equations of section 7.3.6, the gain and Ip.
responses versus optical launch power were calculated, Figure 55. Also shown in the figure
are results from Lumerical INTERCONNECT simulations for a system matching the
experimental frequency converter in terms of component performance and operating
points. These simulations (diamonds in figure) were performed at three different laser
powers to compare performance over a wide range of power and noise regimes and
matched the analytic results closely for both gain and I,.. Also shown are the experimental
results described in the previous section 9.2, matching superbly with both the analytic result

and the Lumerical simulated points at +13.5 dBm laser power (the experimental laser

power).
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Figure 55 — Calculated, simulated (via Lumerical), and experimental (a) gain and (b) DC
photocurrent I, versus laser launch power for the InP downconverter.

Next, the noise power spectral density N,,; analytic, simulation, and experimental results
are shown in Figure 56. While the results agree well, the analytic results at P, = +13.5

dBm were overestimated slightly, yielding N,,; = -156.1 dBm/Hz compared to the
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experimentally measured -158.8 dBm/Hz. Likewise, the Lumerical INTERCONNECT
simulation also slightly overestimated N,,,;, yielding a value of -155.7 dBm/Hz. Lumerical
INTERCONNECT consistently estimated slightly higher NFs compared to the analytic
equations across all simulated laser powers, likely due to limited simulation times.
Nonetheless, this discrepancy between analytic and simulated results is within 0.5 dBm/Hz.

The analytic result was within 3 dBm/Hz of the experimentally measured result.
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Figure 56 — Calculated, simulated (via Lumerical), and experimental noise floor N,,;
versus laser launch power for the InP downconverter.

Lastly, the NF and SFDR metrics were calculated via the analytic equations and compared
with the Lumerical simulations and experimental data, Figure 57. The small discrepancy
between analytic and experimental N,,; also causes further discrepancy in the NF, with
the analytic result predicting NF = 44.4 dB compared to the experimentally measured 41.6
dB. The Lumerical NF (45.0 dB at +13.5 dBm laser power) was slightly higher than the

analytic result across the simulated laser powers , as anticipated.

The experimentally measured 99.0 dB-Hz?® SFDR compares well to the predicted 100.3

dB-Hz?® per the analytic equation. The Lumerical simulations yielded very good
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agreement with the analytic equations, with a simulated SFDR of 100.2 dB-Hz?® for +13.5

dBm input power.

Hence, this section’s results demonstrate the accuracy of the analytic expressions derived
previously, as all metrics were found to agree well with both commercial simulation results

and experimental data.
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Figure 57 — Calculated, simulated (via Lumerical), and experimental (a) noise figure and
(b) SFDR versus laser launch power for the InP downconverter.

9.4 Improving Performance

Despite the strong performance of the characterized InP frequency converter, relatively
simple improvements can be made to dramatically improve performance. Taking the
measured InP results of section 9.2 as a starting point, the analytic equations of section
7.3.6 can predict how performance will improve through relatively simple architectural

changes, such as moving to dual-drive and balanced detection implementations.

As apparent from the NF and SFDR results of Figure 58, the experimentally measured
frequency converter was performance-limited due to RIN-dominant noise since the NF and

SFDR calculated responses (dashed black) show significant flattening at the experimental

148



laser output power P, = 13.5 dBm. This RIN prevents significant improvement in NF and
SFDR for increased optical power >13.5 dBm. Hence, eliminating RIN is key to unlocking

the benefits of operating such frequency converters at high optical powers.

Balanced detection is a common solution for eliminating common-mode RIN, such as that
originating from the laser. Recalculating the responses with balanced detection assumed
(solid black) yields dramatic improvements: a 13 dB reduction in NF and 9 dB-Hz**
increase in SFDR for the same operating conditions, Figure 58. Additionally, with RIN
largely eliminated, performance can continue scaling in the shot noise limit for increased

optical power, enabling NFs< 20 dB and SFDRs approaching 120 dB-Hz?">.

Furthermore, implementing dual-drive modulation schemes can further improve the NF by
reducing the effective MZM V... A dual-drive scheme can further reduce the NF, as
indicated in Figure 58(a), by another 8 dB for the same operating conditions. This

simultaneously increases the SFDR modestly by another 1 dB-Hz?">.

80 T T T 130 T
S C:)) - —-Calc SDr.SDet ¥ Exp (b)
- ——Calc SDr.BDet ¢ Sim I
hEN ——Calc DDr,BDet 120

,{5" ---Calc SDr,SDet § Exp |
g ——Calc SDr,BDet ) Sim
- ——Calc DDr,BDet

-10 0 10 20
Optical Power (dBm)

10 20 30 30

0 1
-10 0
Optical Power (dBm)

Figure 58 — Calculated, simulated (via Lumerical), and experimental (a) noise figure and
(b) SFDR versus laser launch power for single-drive with single detection (dashed black),
single-drive with balanced detection (solid black), and dual-drive with balanced detection
implementations (solid red).
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To conclude, increased performance relies most significantly on eliminating RIN through
balanced detection to enable performance to scale with optical power in the shot noise
limited regime. Additionally, moving to dual-drive implementations will be necessary for
reducing the NF as much as possible. Hence, dual-drive, balanced detection
implementations with high powered optical sources could achieve NF's approaching 10 dB
and SFDRs of 120 dB-Hz?? without any complex noise reduction or linearization schemes.
However, optical power handling of platforms, especially in integrated photonics, must be

optimized to achieve aggressive NF and SFDR target metrics.

9.5 Comparing InP and Silicon for Photonic Frequency Converters

Now that both silicon and InP based photonic frequency converters have been investigated,
a side-by-side comparison of the two platforms for IMWP applications is useful. Neither
platform provides an obvious upper hand; rather the two platforms excel in disparate areas,
and choosing between the two will depend on the designer’s specific requirements, larger

system parameters, cost, and availability.

Because (as Chapters 4 and 7-9 firmly established) optical power is the key metric to
achieving high performance, the optical power handling is perhaps the most important
point of comparison. Though not the only contribution to nonlinear absorption, the two-
photon absorption (TPA) is the primary material property describing inherent optical power
handling capabilities. The TPA for silicon of 0.5 cm/GW is significantly lower than that of
InP, 25 cm/GW, which lends an inherent superiority for optical power handling to the SiP
platform. However, the SiP waveguiding index contrast is significantly larger than the
index contrast for InP waveguides, leading to smaller SiP waveguide cross-sections,

typically ~500 nm x 200 nm. This is an advantage for compact waveguide routing, but
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results in higher optical power density for the same input optical power compared to larger
InP waveguides, typically 2000 nm x 200 nm. Hence, to first order, InP platforms have
greater cross-sectional area by a factor of four, which aids in increasing optical power
handling by spreading the power of the mode over the waveguide area. Thus, the inherently
lower optical power handling of the InP platform is at least partially buoyed by the use of

larger waveguides.

Continuing features relevant to achieving high optical power, the InP platform offers on-
chip lasing and gain, which both eliminates the need for lossy (1-3 dB) off-chip coupling
and offers an ability to mitigate insertion losses with on-chip SOAs. Hence, while InP
waveguides may not handle quite as much average optical power as SiP waveguides, the

optical link budget is more manageable with InP.

One drawback of InP is relatively poor electrical isolation between components which
requires further engineering to increase and prevent crosstalk between nearby electrical
components. This also makes engineering the RF properties of high-speed electrodes more
flexible in SiP. Another benefit inherent to the high-quality oxides available in SiP is better
thermal control and isolation, which helps reduce the required electrical power for thermal
tuning. As complex PICs can have dozens or even hundreds of thermal tuning elements,
the ~10% better efficiency of SiP thermal tuners has a major impact on the scalability of
large systems. Furthermore, novel undercut structures have been developed by
Globalfoundries in their 90 nm process that further boost the efficiency of SiP thermal

tuners, requiring < 3 mW of electrical power for a = phase shift [93].

Lastly, the modulation bandwidths are compared. Thus far, SiP modulators have generally
demonstrated larger 3 dB electro-optic bandwidths ( > 35 GHz) while InP modulators have
demonstrated bandwidths up to approximately 15 GHz, from the experience and

observation of several PDKs by the author. Note this does not mean a well-engineered InP
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phase shifter cannot exceed this bandwidth and compete with SiP bandwidths; rather,

amongst open foundry PDKs, this is merely a typical bandwidth encountered. Proprietary

InP modulators likely exceed this quoted bandwidth, but are not currently found in open

multi-project wafer PDKs.

A summary of the InP and SiP platform comparison is given in Table 12.

Table 12— Summary Comparing SiP and InP Platforms

SiP

InP

Takeaway

TPA coefficient,
B:~0.5 cm/GW

Waveguide cross-
sectional area~ 200 nm x
500 nm

No gain on die

Requires optical coupling

Strong oxide insulator

Relatively more power
efficient thermal tuning
(e.g. heater © phase shift
requires 40-50 mW)

Commercial MZM
bandwidths
> 35 GHZ

TPA coefficient,
B:~25 cm/GW

Waveguide cross-
sectional area ~ 200 nm
x 2000 nm

SOAs on die offering ~
10 dB gain, outputs of
>10 dBm

Laser on die

Poor insulators available

Relatively less power
efficient thermal tuning
(e.g. heater & phase shift
requires ~50-60 mW)

Commercial MZM
bandwidths
~15 GHz

SiP waveguides likely handle higher optical power
densities.

InP waveguides cross-sectional areas are roughly 4 times
larger, and mitigate InP’s power handling penalty due to
its TPA coefficient.

SOAs on die greatly benefit the power budget, boosting
gain, SFDR, and NF. Regains optical power lost to
insertion loss.

Lasers on die avoid 1- 3 dB optical power penalty
incurred by coupling losses, further benefiting
performance.

SiP has superior electrical isolation. SiP may have
increased flexibility in engineering RF and optical group
velocities.

SiPs may use less power at cost of needing external
components (e.g. lasers). InP likely consumes more
power, but is monolithic.

Thus far, SiP MZMs in foundry processes have
demonstrated better high-speed performance.
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Lithium Niobate Electro-Optic Racetrack Modulator Etched in Y-Cut LNOI Platform
M. Mahmoud, L. Cai, C. Bottenfield and G. Piazza, IEEE Photonics Journal, vol. 10, no.
1, pp. 1-10, Feb. 2018
Fully integrated lithium niobate electro-optic modulator based on asymmetric Mach-
Zehnder interferometer etched in LNOI platform
M. Mahmoud, C. Bottenfield, L. Cai and G. Piazza, 2017 IEEE Photonics Conference
(IPC), Orlando, FL, 2017, pp. 223-224.
Effects of Se Vapor Annealing on Water-based Solution-Processed Cu2ZnSn(S,Se)4 Thin-
Film Solar Cells
Minlin Jiang, Quan Tao, Fei Lan, Christian G. Bottenfield, Xingzhong Yan, Guangyong
Li, J. Photon. Energy, 5(1), 053096. 10.1117/1.JPE.5.053096, published February, 27",
2015.
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10.4 Contributions to the Field

The goal of this research is to advance the field of IMWP in achieving spectrally agile
systems for next gen fronthaul networks, defense communications, space-based
communications, and modern warfighter support. The sum of completed work constitutes

significant contributions to the field:

1. Pioneered the linearization of SiP modulator transfer functions by DC Kerr effects,
leading to enhanced performance in MWP applications. This work included a)
Advancing the understanding of nonlinearities generated by SiP modulators. b)
Advancing the understanding of SiP modulators under large reverse bias
conditions; and c) Developing rigorous methods of simulating the DC Kerr effect
through a combination of commercial software and custom code.

2. Demonstrated analog fiber links using SiP transmitters with >100 dB.Hz?® SFDR
through linearization by DC Kerr effect.

3. Demonstrated a pure DC Kerr effect modulator, acting as a “synthetic” Pockels
effect in silicon. Such high linearity, pure phase modulators may be useful for
applications including microwave photonics, modulators optimized for higher
order modulation formats, and use in quantum gates.

4. Quantified optical power handling in commercial SiP platforms and their limitation
of IMWP subsystem performance.

5. Demonstrated the first electrical-in, electrical-out MWP frequency converter on a
SiP platform. Additionally, demonstrated the ability of modern simulation tools
(e.g. Lumerical) to accurately predict IMWP mixer analog system performance.

6. Developed intuitive expressions for describing the performance and trade space for
MWP frequency converting links and verified them by commercial simulations and
characterization of an InP based photonic frequency converter.

7. Demonstrated optical edge filters based on TPA-generated free carrier plasma-
dispersion effects, exhibiting record-setting filter roll-offs exceeding 10° dB/GHz.
Concentric ring filter variants also demonstrated few- and sub-GHz optical
bandwidths.
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