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SUMMARY OF WORK

The goal of this research is to advance analog photonic communication systems through
threemajor efforts: 1)to develop high performance microwave photonic filters,t@)
intrinsically linearize the integrated photonic component that contributes most to
nonlinearities, i.e. the photonic modulatand 3 to demonstrate microwave frequency
tunable functions using integrated photonic platfqoreng. frequency conversionhe first

effort addresses a major need for microwave photonics, nameléfvor lessoptical

filters. The second efforenhances the performance of current integrated modulators to
achieve metrics suitable for demanding applications in defense, cellular fronthaul
networks, and traditional telecom. Thigird effort provides necessary gradwork to

enable the commercialization or implementation of next generation communication
systemswvhile advancingheunderstanding of such complex microwave photonic systems
The demonstration of mi crowave fre@uency
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 devitmrel and systerevel solutiors 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 integrateccrowave 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 credtgrated 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 ffiddged commercial technologintegrated photonics

is the miniaturization of idcrete 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 ligt-volume
manufacturing, better phase matching between optical paths, the ability to fabricate more
complex optical systems arhip, and the ability to shorten the physical distance between
optical and electrical components for increabaddwidths In the last decade, the rise of
silicon photonidSiP)foundries has contributed to a design, fabrication, and test ecosystem
resembling the CMOS electronics environment. Foundgaable convenient and
relatively affordable access to reliabliP processes with mature process design kits
(PDKSs) for useifriendly photonic circuit design. Indium phosphide (InP) technologies also

enjoy these benefits, though fowervolumesdue to relatively smalhP wafer sizes.



Integrated photonics, particulagylicon photonicsemerged 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, throughwitiorother
optically interesting materials, including lithiumiobate(LiNbO3) and Ill-V materials.
Motivation to merge electronics and photonics, however, |dtidantense research of
micro-optics in siliconbased material platforms, such as sili@minsulator (SOI)[1].

Other silicornbased material platforms includel$i, SION, SiQ, SiGe, and SiC. In fact,

some of these materials have been successfully integrated many years later into modern
silicon photonic foundry processes, particularlyNaias a second optical layer and SiGe

in the realization of monolithic BICMOS circuitf2-4].

Today, most discrete devices have been successfully integrated and offered by various
foundry PDKs: highspeed modulators, photodetectors, optical phase tunersh@nmo

optic heaters), combiners, splitters, spiae converters, grating couplers, ring resonator
filters, Bragg waveguide filters, multiplexers and demultiplexers, couplers between Si and
SiN optical waveguides, polarization control elements, angetha&aveguide gratings.

Devices that have eluded successful integration by silicon photonic foundries include on
chip lasers and circulatodue to the silicon’s indirect
properties, respectivelyCurrently, foundries are explognworkarounds to laser
integration on silicon through heterogeneous attachment of lasers to interposers or to the

die itself.



1.2 Microwave Photonics

Microwave photonic{MWP) is a field that uses photonics to augment the control,
transmission, and procesgiaf 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 lev€ne of the primary benefits of photonics for RF transport is its
efficiency, as the photonic loss through fibier far lower than by the frespace
transmission of RF/microwave signakuffering Friis path loss and atmospheric
absorption. Photonics also offers large bandwidths, immunity to electromagnetic
interference good isolation between electrical signalsd a reduction in need for bulky

RF cable$5]. Additionally, microwave photonic systems often leverage higfeadband

linearity than purely arlag 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 WWA specific motivation for RF engineers to
consider optics was the need for a{lmss delay line. The development of practical lasers,
wide (GHz) bandwidth modulators, fast detectors, and low loss optical[@hewhich
conceptuallyis an extension gfrevious 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[TP90s

Since its inception, the primatechnological advantages offered by MWP are-loss

and wide bandwidth operation of opttectronic systems. This has enabled MWP to



impact applications including fibdrased links for antenna remoting, radar, cellular,
wireless, and satellite communiicms links. It has also expanded to radgironomy,
cable TV delivery, signal processing, switched networks, beamforming, and defense

related applicationfs,8,9].

1.3 Integrated Microwave Photonics

The merging of the decadémng integrategphotonics and MWP fields has born a new,
215 century field calledntegrated microwave photoni¢BVIWP). It may be regarded as

the intersection of microwave engineering, photonics, and integregamologies as
suggested ifrigure 1. Integrated microwave photonics is the use of integrated photonic
components to accomplish microwave photonic functions, such as modulation and
detection, frequency translation or conversi filtering and other signal processing
functions The nascent field of IMWP has already demonstrated several functions
important to RF engineering needs: frequency conveldi@il], reconfigurable MWP
processingl12], arbitrary waveform generatigh3], high quality signal source generation
[14-16], tunable true time delayfd7], and optical beamforminfl8,19]. These IMWP
technologies make possible the dramatically expanded deployment of otherwise discrete
(norrintegrated) MWP systems. For exampl]WP can leveragsize, weight, power
(SWaP), anccost advantages over nortegrated technologies to benefit airborne and
spaceborne platforms, as well as applications of scale such probt@ssingdata from
largephased array®Vith the integration of MWP functions also comes distinct challenges.
Power limitations of orthip waveguides and relatively lossy fildnip coupling make

high power systems and hence high performance difficult to achieve. Furthermore,

integrated photowi filters lag behind their discrete counterparts performance.



Commercially fabricated integrategodulatorsdo not yetachieve the efficiency, loss, and
bandwidth metrics of discrete LiNkR@odulators. Nonetheless, the advantages presented
by novel intgrated architectuee and devices programmable analog chipsiew
applications and deployment opportunities, broad support from related technologies and
applications, andhigh throughput fabrication capabilities make the pursuit of integration

well worthwhie.

Mlcrowave/RF CMOS / Integration

RF Electronlcs

Microwave
Photonics )

Integrated
Photonics

Photonics

Figurel — lllustration showing the relationship and cras&r points between microwave
engineering, photonics, and integoatelectronics. 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 thalefinitionsusedthroughout this work.

2.1 Gain

The fird metric isthe RF power gain, the ratio of the output RF (electrical) power to the
input (electrical) power. In the case of frequency comverand other frequendynable
systems whereby the output is not at the same frequency as the input, theiaefigit
altered, such that the ratio of the output intermediate frequency (IF) power is compared to
the input RF powerThrough this work the gaifOis primarily evaluated in dBbut the

linear form of the gaindenoted bylower caseQ is employed as wellThe gain is easily
measured through a vector network analyzer as a function of frequermyusmng an

electrical spectrum analyzand swept signal generator.

2.2 Noise Metrics

The next metric is the noise, which is quantified in sewesaful forms. The first is the
noise power spectral density, measured commonly in dBm/Hnd colloquially called
t he “ noi Ehie nofsd ftoaor ris” readily measured by most electrical spectrum

analyzers and is measured close to the outpualsitgguency. The noise power spectral



density is necessary to quantify other metrics, sucthe@slynamic rangeOther noise
metrics include the noise factor (unitless) and its decibel form, the noise figure. The noise
factor and noise figure both repees 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 "G= 0 dB would exhibit the same output sigrtatnoise ratio (SNR) as its

input SNR. In a system with "O> 0 dB, the output SNR is smaller than the input SNR.
Assuming a thermal noise limited input signal, tieése factor is function of the output

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

0o .

0 —= 2-1
where"Y is the standard noise temperature, &hds the Boltzmann constant. In decibel
form, the noise figurat room temperature (300 Kk explicitly given as

00O pxtTO B 2-2

Thus, these two expressiooan be used 0 qu ant i fQanda "Qevensarefuin’ s

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 thesystem remainperceivably 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 spufree dynamic rangeY 'OQ.Yhis workfocuseson the latter metribut

also referencethe " order input and output intercept poindefined next.

This " order output intercept poind (®) is another useful metric, not orftyr calculating

the spuifree dynamic range, but also to assess linearity itself. The output intercept point is
the point (a outputpower) where extrapolations of the fundamental and a distortion
product as functions of RF input power meet. Likewise, thisrcept point can be
referenced to the input power, rather than the output power, to yield what is call&d the n
order input intercept point@J0). This input intercept point is one of the best metrics of
linearity for devices, such as modulatdsecause it is not a function of system noise or
gain like the"Y"OQ'Yhe ) ® is similarly independent of systenvise butreflecs the

system gainThe thirdorder limited input and output intercept points are calculated:

c
er
c:-zl CA
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where0 is the fundamental output (electrical) power, @ands the power in the third

order distortion.The "Y'OOI¥ the range of input (or output powers) over which the

intermodul ation distortion products (the *

the intermodulation distortion products (IMDs) aleminated by either secomader or

third-order effects. Hence, thig"O0is¥usually specified as either the secamder limited

“Y'OO(Y"O0) or thirdorder limitedY'OO(Y "C®). Often the second order spurs remain



out-of-band of the Rspectrum of interest, and the IMD?2 is typically generated near the
second harmonics in swdrtave systems. Additionally, many RF photonic links bias the
modulator near quadrature, which reduc@condorder distortions originating from
modulation Hence this work focuses on th&y"O® metric as the IMD3s are generated
within even very small RF bands and are generally unable to be filReethe definition
offered in [5], the R order"Y"OOi¥%conveniently given in terms of tiie®, the nthorder

output intercept point:

o © 7
Y0P . 2-5
) 0
Hence, theY 'O is
vop O ® T 0 p 7
0 o -0 0o 26
U

The"Y'0®, § '©, and"QJO metrics are summarizegtaphicallyin Figure2. Note that,
because the slope of the versus iput RF power is unity, the&y"O® may be quantified
experimentally by the range of input RF powers or the range of output RF powers with
equal validity.

There is significantnconsistencyin the literatureregardingwhich linearity metrics are
most maningful for a given system or devidggenerally, however, the definitions given
here provide insight intavhere each metric is best cited. For example, becauSé H®

metric includes information about noise and bandwidth, it is best considsystieaor

link metric. Applying the’Y'O® metric to devices is only useful in a comparative case,

where different devi ces

1C

I MY'&® tusing the sarges t e m



link or surrounding hardwar&ghe"Y"O® metriccam bscur e a particul ar
by compensating through reduced noise or increased optical omdre other hand, the

0 'O is relatively better for assessing deviicearity, since it is not a function of system

noise. Further, th&@JOis likely the best candidate for assessing device linearity, since it is

agnostic to both a system's gain and noi se

OIP3 -------f------mmmmmmmmmmmm - 7
5 i
» i
5 &2 !
a S :
2 < S/
3 s
L i
~ ;
E Noise power spectral
SFDR y i density (“noise floor”)

RF input power
IP3
Figure2 — lllustrationsummarizinghe primary dynamic range and linearity metrics for a
third-order limited system
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CHAPTER 3. RF PHOTONIC LINKS

While standardRF photonic links are not tHecusof this work,discussing theris 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 Chapté, and 3) motivating the need for improved
power handling in Chapter 4 and linearization of Cha@téirequency converting links

share many similaritiesvi t h t hesreequUfeinx gd RF photonic

comparison given in Chapt@ér

The RF photoic link discussed here is an intensity modulated, direct detect (IMDD) link
employing a duadrive (pushpull) MZM, Figure3. The primary metrics of gain, noise
figure, and "Y'OO are presented as analytic functions of component metrics, with

derivations found in [5].

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

Figure3 — Schematic of an intensiyodulated, direct detect RF photonic link.

3.1 Metric Expressions

For RF photonic links, #i(DC photocurrentO 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 bIMZMs obfuscate a clear relationship

between theO and the optical power budget without further investigation of the

12



modulation extinction ratio. Hence, the frequency converters of €hbstitute available
optical power and total link optical gain (osk) for'O . On the other hand, RF photonic

links usually employ quadratutgas allowing a clear relationship between laser power,
optical gain or loss, and generate@ photocurrent. In the equations of this section and
Ch.7, the variabléO is used forboth single detection and balanced detection links. In the
single detectiorcase, théO is simply the measurable photocurrent. Inltaé&ancectase,
because balanced detection subtracts the photocurrents generated by the individual
detectorsand hence yields no measurabl€ photocurrent;O represents theumof the
individual detector photocurrentghis summedO , though not reflective of the physical
reality of balanced detection, is a convenient method for accountitigefonproed gain

and additional noisgenerated bthedetector pairFor RF photonic links using quadrature
bias, the photocurrent of a single detectoDis —————, where'Y is the photodiode

responsivity;’Q is the net optical gain (or losbetween MZM and detecto;,  is the

MZM insertion loss factor; andl is the optical launch power.

The gainof the link depicted in Fig. 3 is

O
Q —"'YY 'O 8 3-1
w

Here,w is the modulator half wave voltag¥; is input impedance to the MZNK is the
photodetector output impedance; ai@ is the photodetector filter response, which

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

Concerning the noise metrids, is

13
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where Q i s Bol t z ma n"Y'issthe standasdt reiset temperaturg;is the
fundamental chargeY "Ous the relative intensity noiseThe first term of thed
expression is the input thermal noise tratesd to the link output by the gain. The second
termis the output thermal noise, typicaltg74 dBm/Hzat room temperaturel he third
term is the shot noise, and the final term is'Yi®0wvhich may beomposed of commen
mode and noltommon mode&omponents, the former which mayigeored in links using
balanced detectiotdsing the definition of noise factédin Ch. 2, the noise factor for the

RF photonic link is

] Y00
0O p — P z in ~ T 33
Y '0vY O 0 Q'Y Q'Y
Lastly the thirdorder spuifree dynamic rangeY'O®) is
T p -
YOO p 34

whereé is the bandwidthwhile the"Y"OOeXpression seems to show a strong dependence
on the modulatow , note thisw dependence only manifests when the link is input thermal
noise limited,as determinedpon substitution of th®©expressionThese metcs of gain,

noisefactor/figure and"Y"OOare calculated versi® in Figure4 for three'Y "Ovalues:

14



-145 dBc/Hz, -155 dBc/Hz, and-165 dBc/Hz. These calculations assumed room
temperature operation of an RF photonic link witdbr4V,Y 30 Q (common
integratedtransmitters),Y =5 0 Q'O =A/R Bigure 4(a) demonstrates th&®® 0

since’0 © 0 ; hence, maximizing optical power is key to maximiing the RF gain of

the link. From Figure4(b), the RIN limits the) "Qlespite increasin® ; thus, increasing
optical power can only benefit tlieQuntil the RIN limited regime onsetReducingyY "O0

enables lowed "O

Likewise, 'Y "O&ets the limit on maximurily " OO pér Figure 4(c). Lower 'Y "O@&nables
higher"Y"OQ ‘Xgain, increasing optical power is vital to increasing &Q Wut only

until RIN sets the ceiling. Hence, minimizing RIN by using low noisécapsources and
amplifiers or through balanced detection is a key method to improve microwave photonic

system linearity.
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Figure4 — Calculated externally modulated IMDD link metrics for various RIN values: (a)
gain, (b) noise figure, (C)Y"OQ Kl metrics increase witlDC photocurrent and hence
optical power. Upper limits on performance are due to-BbNhinated noise, at which
point higher optical power does not improve noise figure an@Onvetrics.
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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, barringtceari n condi ti ons on
linearity and dominant noise sourdgnder linear conditions, the gain scales as the square
of the optical power, andr"OOand 0 "Mbenefit from increasing optical power until the

Y "'Olimits further improvementWhile discrete components can often handle optical
powers up to and exceeding 1 W30 dBm) the optical power handling capacity of
integrated photonics components remains largely unknblerein, the limits of optical
power handling foo n e f o (AMdPhoyonics, using PDK v.1.83]) silicon photonic
waveguides, modulators, and photodetectors are investigated experim&iliathyn. and

InP platforms are expected to exhibit lower power handling capacity than lithium niobate
due to their lower two photonic strption coefficienty , leading to increased two
photon absorption(TPA) and subsequent free carrier absorption (FECHgnce,
ascertaining when the power handling of SiP components transitions from linear to

nonlinear regimes is important for pemfeance 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 outpwitting 1

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 & &EDE

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 élbsarpthe device under

17



test. Hence, the laser power and EDFA output panefixed, while the attenuator linearly

controls the power launched to the device under test.

First, the waveguide respon@aitput vs. input optical poweof an edgecoupled loopback

was measured and exhibits the onset of nonlinear absorpigure 5(a). The discrete
derivativead T30 (right axis) most clearly indicates this onset of nonlinear absorption,
asFigure5(a) exhibits two distinct regimes: 1) the linear response eith 730 P,

and 2) the nonlinear response with 730 p. 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 begirisat0.5 dBm

The output poweb s a furction of both the loss induced by TPA and by FCA. Hence,

0 0 Q 4-1

where 0 s the input optical power; and| are the two photon and free carrier
abrption (in Np/m); and) is the waveguide length. The calculation of both nonlinear loss
and nonlinear refractive index responses are covered in detail in se@iahough the
methods are incorporated here for calculating the expected power response of the

waveguide.

Informed by Lumerical simulation®f the foundryspecified waveguide geometry
s i | iTc o nf0.8cm/GW andestimatedtarrier lifetimes of ~30 ngalculations model
the measured responses well, indicasmgnificant nonlinear absorption is due to free
carrier absorption20-22]. Hence, the onset of TPA is particularly detrimental, as

generation of carriers from TPA c@s additional loss due to FCA.
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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 shifagsre 5(b).
Presumably, the high dopatwncentrationsn SiP phase shifters magducethe power
handling of these devices as compared to undoped wavegdigesto bandgap
renormalization or enhanced free carrier absorptanFigure5(b), nonlinear absorption
onsets afl1.3+0.5 dBm orchip optical powerslightly lower power than for the simple
loopback (waveguide) strucejyithough well within itsincertaintypoundsHence, the SiP
MZM handles optical power nearly as wai undoped waveguides, though perhaps only
due to moderate doping levels within fifease shifters. Because the MZM employs a 3 dB
splitter at its input, the phase modulators receive 3 dB less optical;jwemee, the phase

modulator exhibit TPA and resultant FCA for optical pow#8.3 dBm
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Figure 5 — (a) Waveguide optical power handling. Nonlinear absorption onsets at
+11.7402 dBm orc hi p opti cal power at A=1550 nm.
handling. Nonlinear absorption onsetslat3+0.2 dBm orchip optical powen t =1550
nm. Onchip 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 onsentihear absorption.
Discrete derivativesd T30 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 TPAinduced FCA, yielding preliminargvidence 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 biase§jgure 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 power3& reverse bias, the
photodiode was iaparably damaged. The current vs. optical power measurements exhibit
supralinear, nearly linear, and sdimear responses for increasing reverse bias; these
responses suggest system linearity may be affected by the photodetpatooptical
power and reerse bias condition23]. Further work should investigate the impact of
reverse bias on link linearity, e.gYy"OOWs. photodetector reverse bidhoughthese
photodetectorsailed at only moderate optical poweigher power handling is possible

through parallelization (array§24].

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

processing.
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Figure6 — Photodetector responsivity demonstrating a strong dependence on reverse bias;
linearity and responsivity are both bias dependent. Note the device was damaged after
testing at3V for an onchip 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 inNNMWP 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 @ identify, select, and process dat@monga wide band of received

signal. The most common integrated photonic filters inclsilegle and cascadeathg
resonators and Bragg waveguiggst these filters generally struggle to achieve the metrics

required f@ many IMWP applications

Hereis presenteadn 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 dhhbosertion loss and narrowband, fast-oll

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 resonatanssection5.3 that will identify the

nonlinear effects present in later experimental results.
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The first nonlinear effect to consider 1is
large... parameter. The induced index perturba@n is proportional to the optical

intensity oy the Kerr coefficient x 3x10'8 m?% W [25, 26],

3¢ ¢ 0 5-1

The Kerr effect al so mani fests as a smal l

by a proportionality constant , such that

3 el O 5-2

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

function of the optical intensit{by the TPA coefficierit

3 r o >3

However, with TPA comes the generation of free carriarsurn inducing further index
and absorption perturbations via the plagiispersion effect. Hence, the free carrier

induced index perturbatiaat [25, 26] is

whereo s the linewidth enhancement factor with value ~7.5 atp v unm;Q is the
propagation constaniQ ¢“7_; and 3f is the free carrier induced absorption

perturbation, given by
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where, is the carrier crossection with value 1.45x18 m?, and() is the carrier density

given by

Here,T is the carrier lifetimelQ s P | a n c kands ische apsichl frequency?s,

26]. The optical intensityds related to the electric field by

O P T_so§ S5-7
C

Thisis usefulbecauséhe calculation of the ring resonator responségya optical powers
will require quantification of the intreing intensityto account for nonlinear effectsastly,
the thermeoptic effect is imluded, which manifests as an index perturbatin
proportional to the change in temperatsi¥

Q¢
1 - o 5_8
3E ) § Y

Here, the thermaptic coefficient— for silicon near_ p v vnm is 1.84x1¢ K. The

approximates-"Ymay be estimatef@7] by

0
>y L1 g 5-9
(0}
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wheret is a thermal dissipation time constahtis the mass density of Si of 2.3%10

kg/mandb i s the specific heat capacity of Si

The total indeX28, 29] is then:

€ € 5 3t 3¢ 3€ 5-10

| 3 3 3 5-11

The low intensity effective index  is calculated by a finitelifference 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 nalinear effects, a simple model incorporating the nonlinear index and
absorption effects was developédllowing the methods dB31]. A pseudetime 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 stesale response (after many iterations),

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

The input electriciéld to the ring i© —— - ,whered s the input average optical

power, andd is the effective optical mode area. The input light is coupled to the ring
with coupling coefficientl, such that the initial electric field in the ringds 1'Q 7 'O

iO.Here,ii s t he * rselfcduplicgtcoefiicienti oUip 1 . Thefield O is
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the propagate® around the total ring circumference and hence is modified by Fhase

and absorption, suchthaD Q Q 0.

The phasésand absorption within the ring contain the nonlinearities described in the

previous gction; hence,

¢ € p 3 3€ 3 L 5-12

and | 3 3 3/ , as defined previously.

Finally, the output fieldO is the sum of the throughp@ and coupled fields, O

10O 1'Q 0. The power transmission resporiye is calculated vidY]

g
Figure7 illustrates the locations of theferencedields. The electric fields are calculated
algorithmically using aMATLAB script, with the nonlinear index and absorption effects
included from the previous sectionhis ring model is employed in the next sectton

compare to experiment and determine the primary nonlinear effects.

E3 _ 4—E4

El ——] ——-DEZ

Figure7 — Schematic illustrating locations of the calculated fi&dsO , O, andO .
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5.4 Nonlinear Ring Based Edge Filters

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

complex functions, such as channelization.

Previously, edge filters have been demonsttaising multimode subwavelength Bragg
gratings, yielding a higipass edge filter with 118 dB/nm ralff and >40 dB extinction

[30]. The same group later demonstrated another edge filter based on apodized sub
wavelength gratings, demonstrating 3.5 dBfoitroff, 40 dB extinction, and low insertion

loss of 0.5 dB[31]. Another edge filter based on pheasefted Bragg grating filters
demonstrated 41.5 dB extinction over 18 GHz, corresponding to-affraif 2.3 dB/GHz

or 288 dB/nnj32]. The roltoffs demonstrateshortly will be shown to excedhe 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 ts@e 5.2 Although previous literature has
demonstrated how nonlinear effects alter silibased ring responses and in particular
cause highly asymmetric featurashayh optical power§27,29, 33, 34, no literature was

found using such nonlinear rings fdtering, as is presented harethe context of filtering
microwave photonic signal®revious applications include using nonlinear effects in ring

resonatorgor photon pair generatiof27], all-optical modulatior{35], and logic for aH
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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 resonatomwith 20 um radius using 500 nm wide strip waveguidad a 300 nm
coupling gapwas fabricated using the Globalfoundries QWG (90 nm) sHm®imsulator
processThe single ring resonator was characterized by sweeping the laser wavelength and
measuring the output responségure 8. For a launch power maintained-atdBm, the
response ofigure 9(a) was obtained,showing very little asymmetry due to nonlinear
effects. When the input optical power was increaseé wBm, the highly asymmetric
response oFigure9(b) was obtained. The calculated responses were obtained by varying
thell, T, , andt parameters descrilein section5.2 Though unknown, these
parameters aneell boundedFor example, the is assumed to remain within a factor of

2 of the PDKprovided absorption metrics of a standard wavegu@idd he carrer lifetime

t is assumed to be on the same order of magnitude®(s)L@s those cited in relevant
literature, using similar SiP proces$84]. The calculaéd responsesvhich include Kerr,
thermal, TPA, and FC effects indicate that plashspersion de to free carriers is the
dominant nonlinearityFurther, he ring asymmetry is plainly due to plasudiapersion
effects from TPAgenerated free carriers, since this is the only effect of seatwith a
negative index perturbatipwhich causeblue-shifting of the resonanc@ll other effects

(Kerr and thermal) exhibit positive index perturbatitret result irred-shifts in resonance
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Figure8 — Schematic of the experimental setup for characterizing the ring filters.

Y

The sharp resonator asymmetry occurs as folldwshe input wavelengthpproaches the
resonance, optical power begins to build in the resonator c#vityis 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 plaghispersion efct, causing the resonance to
blueshift. This begins positivefeedback 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 blushift until the rsonant wavelength shdftiower than the input
wavelength At this point the positive feedback reaches its liraitd the process reaches
steady statf86]. While a blueshifted asymmetry leading to a sharp ipass edge filter is

here demonstrated, a rekifted asymmetry leading to a sharp higgiss edge filter is also
conceivable by engineering a ring with either dominant Kerr or thermal nonlinearities. In
fact, in severatransmission responses found in the literature, the-égls edge filter is

achieed, through presumably thermal effej@$, 34].
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Figure9 — Measured ring resonator transmission responses & ¢&m and (b)}3 dBm

laser launch power#t 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 asan edge filter, exhibitind5.7 dB optical extinction over <0.001 nm, or <126
MHz. The edge exhibits an optical 3 dB bandwidth of <24.3 MHizer laser step sizes
likely reveal a spectrally finer edge, as later results indicate.

Figure9(b) indicates the FC plasrtspersion effect leads to an extraordinary edge filter
responsegxhibiting 15.7 dB optical extinction over <0.001 nm, or <126 MHhis
translates to a rbbff rate of 15,700 dB/nm or 124.6 dB/GHzater measurements using

a finer laser step will characterize optical filters with even faster, resmitithg roltoffs 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 obnly 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 lossFigure 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 TRénce, 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 &figure 10. This filter response demonstrat24.0 dB maximum
extinction and a rolbff rate >155x1G dB/nm or 1230dB/GHz. This roloff rate is a
minimumsince the step size here oL @mcould not capture any intermi@te pointsThe

ring filter operates as a low pass edge filter with extinction > 5 dB o8l @Hz wide
band.This workdemonstraterecords et t i ng (to the best of t
this writing) edge filter performance using nonlinear Tirduced free carrier plasma

dispersion effects in simple ring resonators.
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Figure 10 — Measuredsingle ring resonator transmission responsestatdBm optical
launch powerdemonstrating no measurable insertion losses.

5.4.2 Concentric Ring Variants

Next, concentric rings were placed insi@singe ring resonatordentical to thering of
section5.4.1to modify the transmission respon§eo t he aut hor s’ best
concentric ring filters have only been previously reported for biosensing applid&ions

38]; these filtes may be understood to be a special case of cascaded ring resonators, where
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the ringring coupling length is extended to its limit as the average path length of the two
coupled ringsConcentric rings include-éng, 3ring, 4ring, and 5ring variants wth the
outermost ring radiuy ¢ 1M. Inner concentric rings with a common center have radii
Y 8°Y suchthaty Y @y um, resulting in nominally identical coupling gaps of
0.3 um between each ringhe strip waveguide coupled to thencentric ring structure
also had a 0.3 pm coupling gafhe responses were similarly measured as before, with

highlighted results ifrigurel1l.
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Figurell - Measured concentric ring edge filter transmission responses fori(e, Zb)
3-ring, (c) 4ring, and (d) &ing variants.

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

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

concentric ring variants imablel.

The best performing variamt(single ring and Bing) are compared to the literature
performance infable2. The edge filter performance here greatly outperfopmevious

literature known to theudhor in terms of rolbff, often by over three orders of magnitude.

Tablel- Summaryof Nonlinear Single Ringl-ring) and Nonlinear Concentric Rir(g@-5
ring) Edge Filter Performance

Obtical 3 dB Effective RF Rall-off Roll -off Peak Optical Optical Band for
B[\)N (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 x16 10.5 <0.1 7.3
3-ring <3.7 <1.9 >817 >103 x1¢ 10.3 0.26 4.5
4-ring <2.9 <15 >1020 >128 x1G 15.5 0.13 4.9
5-ring <2.0 <1.0 >1470 >186 x16 18.7 0.20 29

Table2— Comparison of Optical Edge Filters in Literature

Optical 3 dB Rg;tc;ff Roff-off Rate  Peak Optical InosF:atlr(t:izci)ln
BW (MHz) (dB/GH2) (dB/nm) Extinction (dB) Loss (dB)
This work, <2.4 >1230 >155x10 24.0 <0.1
single ring
Th'Sr‘i’:;rk’ > w0 >1470 >186 x10 18.7 0.20
[30] 3.2x10 0.94 118 >40 ;
[31] 10x10 ~0.03 35 40 05
[32] 1.3x16 2.3 288 415 ]
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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 TPAinduced FC plasmédispersion 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. Genettaly resonances were edge filter responses,
except where the resonances of inner rings aligned in a specific manniyenmatermost

ring resonance. The inner ring resonances (those corresponding to rings with 8aii)

must align slightly reghiftedwithin the tailendof the outmost ring resonance, such that

a significant fraction of power can be transferred imbdh the'Y ring and inner rings
simultaneouslylf 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 frespectral 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 spaciigss behavior is verified by a
simple model of the-2ing filter. Following the same approach asif, the ring model is
modified by adding a second ring inside the first with a finite-ring coupling length .

The following electric fields are identified in the schemati€igiure12. These fields are

written:
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wherei and Il are the seltoupling and crossoupling coefficient of the ringpus
waveguide coupling region, and andll are the coupling coefficients of the rinigg
coupling region. Likewse, %0 and are the excess phase and absorption of the outer ring,
while %0 and| are the excess phase and absorption of the innerSatgng the above

system of equations f@ yields the followingexpression

o OEjbd Q
O O Al I— 5-19
R Ait&
U
where
e OEf0O QQ 0Q
; ) " 5-20
0 Al Q Q e R AITGDS
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Here, the coupling coefficients; andll ; are replaced with functions dependent on the
coupling lengthd r: 15 GE&H O andll 5 i "Qed , wheref is a coupling
strength constant, dependent on the index mismatch between coupledidesegd the

coupling gap.

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

.,

& Coupling length L,

Figurel2 - Schematic of the-Bing concentric field device with electric fields defined.

Lastly, the depiction dfigurel2is 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 ringing coupling lengthd is now set equal to the average roundtrip path
lengths of the two rings, which forces the configuration to be truly concentric. Hence,

¢"Y Y I Y Y.

The transmission respons& — is then calculatedising assumed values [of

| 120 Np/md 0.15umx03puml  0.12,and ¢ o 1 1 T_wheret
and ¢ are theLumerical MODE calculateceffective indices for ringsyY and'Y,

respectivelyThese are generally based on the assumptions uSetlinbut are used only
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to illustrate the generally operation of the concentric ring filter rather than to match

experiment here.

Figure13(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 thengs. 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 innermg, leading to only smatransmission 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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0fw— i m

o4l B Ll

A2) z (b)

5 5

£ £

2 2 6]

S 37 o

~ [=
-8F

1531.6 1532 15324 1532.8 1525 1530 1535 1540 1545 1550
Wavelength (nm) Wavelength (nm)

Figure13 - (a) Calculated trasmission 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 vienf the bandpass response near1532 nm.
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Next, he bandpass responses feniry, 3ring, 4ring, and 5ring concentric filters are

measuredFigure 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 sectioh.4. Table 3 summarizeshe performance metrics of each

bandpasféilter. The filters demastrate 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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Figurel4— Measured concentric ring bandpass filter transmission responses fom@,) 2
(b) 3ring, (c) 4ring, and (d) &ing variants. Performance of each filter is summarized in
Table3.
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Table3— Summaryof Nonlinear Concentric Ring Bandpass Filter Performance

Effective RF Optical 6 Peak Optical Optical Band for

%%C(‘gagB 3dBBW dBBW Fl(adtg()ass Extinction Insertion Extinction > 5
(GHz) (GH2z2) (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 1.4 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 for the modes in rings of rad¥ 8 'Y were
calculated to estimate the FSR produced by each ring resonance @sing—, where

_ is the optical wavelengthandi s t he ring’s roundtrip path
with radii’Y 8 'Y were estimated to BO"Y =4.90 nm,"O"Y =5.09 nm,"O"Y =5.31 nm,

"0"Y =5.56 nm, andO"Y =5.82 nm. Experimentally and by observatiorFgure 14, the

innermost ring resonans®f the higher order filtersY(RY RY 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’Y 8 Y and inner ringsimultaneously.

Hence, the experimentally observed FSRscmpared 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 FSR¥ fand’Y were4.78 nm and 4.97

nm, respectively, both gihtly lower but in general agreement with tdaculated 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 shoalddoessedsuch
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filters will be at least asensitiveas ordinary addirop ring filters, if not somewhat more
sensitive due to the ultsharp edges demonstrated by measurement. The filters measured
here demonstrated stability in frequency within 0.01 nrer@a 10 minute period in a
largely uncontrolled laboratory environment. In frequencgsévariations correspond to
shifts on the order of.3 GHz, which could be detrimental for many sensitive filtering
applications. Hence thermal tuners with controtwiry should be implemented for
deployment, as is the case faanyhigh Q optical filtersRegarding hysteresis effects,
none were observed farefilters presented hereweeping the wavelength in the forward

and reverse directions produced the sagselts

Anotherchallengefor high-performance optical filters is the variation among devices due
to fabrication errorsUsing the Globalfoundries 90 nm SiP process, identical filters
fabricated on different parts of the chip varied in resonant wavelé&ygéapproximately
+/-0.1 nmfor a sample size of fouHence, for a target resonant wavelength of 1545.5 nm,
the same design couleihibit resonances between 1545.4 nm and 1545.6Wihile
thermal tuning can easily adjust the resonant wavelength, smaltersgrnodes like those
offered bythe Globalfoundries 45CLO (45 nm) process could significantly reduce the

resonant wavelength variation from devtoedevice.

One aspect of tleefilters yet to be decisivelgemonstrateds how the filters interact with
high-speed signajsas these signals may reveal filter featumgserceivabldo singletone
sweeps. It is possible that the optical filters here preliminarily characterized could show
time-variant features that are lesssttable in a filter. For examplg6] indicated such

TPA and free carrier plasnthspersion effects enable -@ptical modulation with

bandwidthdimited on the order 010 GHz. However, a filter need not demonstrate -igh
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speed modulation characteristits be useful. The time limitation of the -a@ptical
modulator in[36] arises from theelatively longlifetime of the free carriers, which can
range anywhere picosecond manosecondegimesin silicon waveguidesHowever
filtering with TPA-induced freecarrier plasmalispersion effectsonly requiresthe
maintenance of a high free carrier density within the ring in ordechdevethe high
performance filter metrics characterized previously. If these free carriers are not present as
a highsspeed signaimpinges on the filter, the signal will pass before significant free carrier
concentrations can be generatethtiucethe high spectral robff desired. Hence, a simple
met hod of over comhifomthg filtlerhisgo irftradtca a pilet pnatCWm e
pump) at the resonance to maintain a constant flukP@#-generatedree 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 optieadr. A highpower pilot

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

This chapter has described edge filters with the sharpesifibf any integrated photonic
fiterst o date (to t haeaswellas bandpdsssfiltekvaramtlegedagirey)
TPA induced free carrier plasraispersion effectsThese filters couldheraldthe next
generation in optical filters for microwave photonics, enabling narrowband RF
channelization, system linearizatioptemoving unwanted sidebands, carrier suppression,

singlesideband 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 loAgaul networks. Many IMWP applications requile moduldion

of analog signals, requiring attention to distinct link metrics, such as noise figure, gain, and
spurfree dynamic range™Y'OQ,Yas well as other linearity metrics. Linearization of
integrated photonic modulators key to enabling IMWP technologs tocompete with
discrete MWP systems anfdr adoptionin new deployment opportunitiessuch as

aerospace communications and modern warfighter systems.

Though the Pockels effect used by LiNdd@odulators is negperfectly linear, the intrinsic
transfer @inction of the MactZehnder interferometer is nonlinearsinusoidal to be
precise. The need for highly linear MWP systems spurred many efforts in the 1990s to
linearize the LiINb@ Mach-Zehnder modulator (MZM) response by a variety of methods,
including tre use of series and parallel dual MZM architect{88s40], dual wavelength

and polarization schem@l], and feedforward and predistortion methods. Because these
methods addressed nonlinearities generated by the MZM architecture, they were
immediatelyapplicable tantegratedMZMs as well and provided a nice starting point as

integrated modulators emergecthe 2% century

However, the previous linearization methods of LiNb@ere insufficient, since new
integrated modulators relied on the plastigpersion effect, in whichhe index of
refraction is modulated by depletion (or injection) of free carriers by a vgtdhddespite
the relatively good efficiency of the plasrdspersion effect, it is unfortunately néinear,

being roughly squareoot-like or natural loglike 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 interferomedr structure, such as by riagsisted MZMs[47, 48] or through
parallelization of the MZM structuid9, 50].

A third strategy for linearizing integrated modulators lies in their operation. Driving the
integrated modulators differentially has demonstratgatoved linearity[51, 52]. Other

works have used pn junction reverse bias and MZM bias point optimizations to reduce
nonlinearitied43, 46,53-56]. The MZM bias point can compensate for fabrication errors

in MZM length and pn junction characterist[d®, 46]. Particularly, Sorac&gaskaret al.
demonstrated that active length optimization can reduce nonlinearities by cargfol

of the nonlineaty-generating mechanisms, namely i) the inherent MZM transfer function
shape, ii) the nonlinear refractive index response, and iii) the optical loss reg}®)56¢

These three mechanisms generate intermodulation distortion products (IMDs).

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

based on measurements of the IMiI its relative strength to the fundamental signal

Hi ghlighted in this wor.k effestfortthe kneagzatipiodb i t at i
Si P MZMs and as a standal one |l inear effect

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 eentro
symmetryof silicon (or similar crystals). This stro¥C electric fieldO induces a third

order polarizability to the silicon of the form:

pe.. O 0O Q 6-1

Ca
¢
—

where... =2.45 x 16°°m? V¥ is the thirdorder nonlinear susceptibilif$7, 58]; - is

the relative permittivity of siliconand] is the opticalangularfrequency Here,O is
the DC appliedfield magnitude, andd is the optical electric field magnitude&pon

adding arAC modulating fieldO with angular frequendy in addition to thédC field,

the thirdorder polarizability of the silicon has new components governed by

O 1 1 pe.. O O 0 0Q 8 6-2
Each of these thirdrder polarizabilities lead to an index change governed by the two

equations (foDC fields andDC+AC fields, respectively):

.. ()} 0O
ve = 6-3
6-4
o O ©O
ve o 2 2
While the linearelectro pt i ¢ ef fect , or “Pockels” effec

with respect to voltage or electric field, thlasmadispersion (PDgffect exhibits an index

response roughly proportional o because of the junction depletio wi ditoh’ s
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dependenceSeeTable 4 for a summary of Pockels, plasrdspersion, and DC Kerr

effects.

Table4— Comparisorof Pockels, plasmdispersion, and DC Kerr effects.

Plasma DC Kerr

Pockels Dispersion  (DC) DC Kerr (DC+AC)
Material . N -
Polarization r..0 e T ...00"7 .. 0 OO
. 0% oy ~0 ~0

Control DC or AC DCorAC DC

Parameter Voltage Voltage Voltage DC+AC Voltages

For both PD and Pockels effects, bbtd and AC voltages modulate the phase according
to the same function; e.g. for a LiNb@hase shifter, ®C field and an AC field both
theoretically induce a linear change in optical phase. How®@rKerr effects exhibit
functionally different behaviors in thBC and AC casesince theDC Kerr effect is
dependent on the strength and fregyeof the third field (besides the optical field and the
modulating field) In theDC casethe third field is degeneratey , and thendex change
response with electric field in quadrafidus, in practice, the optical carrier phase can be
tuned giadratically with the applied voltagdowever, when DC+AC fields are applied to
a phase shiftethe relevant index response to the signal is not quadratipytyoortional

to O , enabling neaperfect linear phase modulatioho further clarify this distinction,
the strength of the optical sideband generated by modulating a phase shifter with DC+AC
fields is a function o©® 'O ; however, the carrier phase is tuneddy. Hence, thdC

Kerr effect is unique in th&C voltages do not equally affect both signal and carrier, as is
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typically true in Pockels and plasrdéspersion effectdntrinsically, the voltage required

for a m phase chanRCandACdades.be di fferent I

One may wonder whether there icae whereO is degenerate and leads to a useful
guadratic AC index response. Indeed, this component occurs and exhibits a third order

polarizability of the form

0f 1 q pe.. O 0 Q 6.5

However, this degenera@ case does not produce index modulation at the fundamental

frequency of interest, but rather at a second harmqnic, [59].

6.3 SiP Transmitter Linearization

An important distinction to make is that the goal for an intessitglulated analog link,

like that described in Eapter 3is not to engineer a perfectly linear phase shifter. While a
perfectly linear phase shifter is exactly what is desired for pimaskilated links, intensity
modulated links require that the amplitude modulation is linear raktizer the phase
modulation. Practically, this means the goal for intensity modulated linksisgineer a
phase shifter response that compensates the-Keluhder interfometer response to yield
linear amplitude modulation. In silicon, this phase shiftgirering can be accomplished
through careful control of plasndispersion (PD) effects, loss responses, and as shown

here, théDC Kerr effect.

Though largely ignored until recently, silicon exhibits.a effect[57-59] strong enough

to significantly malulate the refractive index in silicon photonic modulatorbe
incorporation of thédC Kerr effect in SiP modulators adds a degree of control over the
phase shifter index response, sibégKerr and plasmdalispersion effects exhibit different

functionalforms of refractive index with respect to electric field (or voltage). Hence, the
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DC Kerr effect can be usamboperativelywith PD effectsto 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 PDCaKdrr
effects, which together determine the overall modulator transfer function (electrical to
optical conversion). At the timiais work was performed, previous analyses of SiP MZM
nonlinearities had not sufficiently included thgC Kerr effect. In this section, a
combination of experiments and simulations demonstrate how judicious choice of PiN
junction design, phase modulator reebgas, and MZM bias point can improve modulator

and hence system linearity, ilek "Y"OQ Y

Two MZMs werefabricatedin the AIM Photonics process, each using cust@signed

phase shifter crossectiors (PN and PiN juntions) depicted ifrigurel5. The PiN junction
modulator is expected to demonstrate a greater ratio of DC Kerr effects to plasma
dispersion effects than the PN modulafine MZMs use thermepptic phas 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

thermooptic phase shifteracts as a proxy for the MZM bias paint

Figure 15 — (a) Crosssectional schematic of phase modulator structure with simulated
mode profile. Wis the width of the undoped intrinsic region. The PN MZM has\W

nm, and the PiN MZM has V¥ 200 nm. (b) Toglown image of the fabricated MZM. The
PN and PiN modulators are identical except for a difference.in W
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6.3.1 DC Characterizatiorand Simulations

First, thecurrentvoltage (IV)responses of PN and PiN junction diodes specifiédgare
15 were measured, which yields important information regarding the rangseable
reverse biased he IV curve dataFigure 16, exhibit breakdown voltages 68.1+0.1 V
and-10.5+0.1 V for the PN and PiN structures, respectivegnce the DC bias voltages
should remain below these breakdown voltages to avoid generating high nonlinesgities

is demonstrated later in this section.

Because th®C Kerr effect has been largely ignored until recently, commercial tools were
augmented with custonMATLAB code to account for its contribution to index
modulation. The plasmdispersion index and absorption responses were calculated using
Lumerical DEVICE and MODH60]. Lumerical DEVICE a 2D/3D charge transport
solver, handles the electrical carrierrpgrbations with voltage in thEeN orPiN junction
geometry andseparatelyMODE calculates the optical properties of the wavegasia
function of the voltage, informed from the carrier dynamics from the DEVICE simulation.
While MODE (which simulatesoptical modes, effective indices, and free carrier
absorption calculates the plasndispersion effect well based on the Soref/Bennet model
[42], it does not yet (as of this writing) inclu@C Kerr effects in a convenient manner.
Hence, custom Matlab code svdeveloped to use the applied and optical electric fields
from DEVICE and MODE, respectively, to calculate the contributioD@fKerr effects

as a function of voltage for both PN and PiN junction dedi§8k Because th®C Kerr
effect incurs negligibleloss, simulations assume plasmadispersion (free carrier)
absorption dominates the loss respoifibe. simulation workflow is depicted schematically

in Figurel7.
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Figure1l6— Measured IV curves for PN and PiN phase shifters. Breakdown voltages limit
the range of useful reverse bias voltages.

Lumerical DEVICE
Determine charge distribution versus bias

Determine DC electric field distribution over
waveguide region

Export charge distribution

/Lumerical MODE
Import charge distribution Export DC
Determine optical mode and n,; electric field

distribution
Calculate Anpp,Aapp (plasma-
\_ dispersion)

Export optical mode profile
& Neffo + Anpp

(M ATLAB

Import electric field and optical mode profiles
Calculate Anpe jorr
Obtain total n.rr and «

\

Figure 17 — Simulation workflow between Lumerical DEVICE, MODE and custom
MATLAB code to calculate both plasnataspersion 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 resutransfer function engineeringan be acomplished by combining

PD andDC Kerr effects through PiN junction design and tun&izbias 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 to one phase shifter and meesg both bar and cross optical
outputs (optical powersd  and 0 , respectively) The optical transmission was
measured per the biasing schemé&iglure18(a), yielding measured transfer functioofs

both PN and PiN modulators Figure18(b) andFigure18(c).

Phase shifter Heater
(a) S A
L - Bar
Oplﬂ'< anodes (p) cathodes (n) = —--—v
=I/?ss
I
Vi = B
bias - Vheater
= £-101©)
[aa] m
B- ]
c c
o . C -
7 w
2 @
£ - £
7] 7
c c -
& - 2
% 40b — Measured data % ——Measured data
o =~ =No voltage-dependent absorption e - == =No voltage-dependent absorption
B 45} a
O O
50 i i i i i i i 30 i 1 i i 1
0 1 2 3 4 5 6 7 0 2 4 6 8 10
Voltage (V) Voltage (V)

Figure 18 — (a) Biasing scheme for measuring the transfer functions of the SiP MZMs.
Thermooptic phase shifters adjust theative phase between MaZlehnder arms to set
the MZM bias point.The DC electricatoptical responses are shown I) for the PN
modulator andd) for the PiN modulator. The-axis represents reverse bias. The transfer
functions without voltagelependenabsorption are shown by using the extracted index
changes onlyThis illustrates how voltagdependent absorption affects, albeit weakly, the

MZM transfer functions
Because both optical outputs are measured simultaneously as a fundiion, dhe index

response€  and absorption responsg (can be uniquely extracted per the following

equations
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where_ is the optical wavelengthi is the phase shifter active lengthijs the absorption

per unit length (henge Us total phase shifter loss in dB);0 is the zerebias phase shifter
loss or insertion loss; arf@ is the input optical electric fieldVhile the3¢  response

can be uniquely extracted, experinalyt determirmng the contributions to this total index
responseés challengingHence, simulations are used to estimate the relative contributions
of theDC Kerr effect and plasmdispersion effect to the extracted . Given limited
knowl edge of the foundry’s process, t he
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 desigas, theandaj 0
responses weraatchedvell for both PN and PiN modulators, both using theearocess
assumptions (because they are from the same silicon die). Both simulated and

experimentally extracted responsesPN and PiN modulatorsre shownn Figurel19.

Figurel9(a) demonstrates a nearly linaadexresponse witlvoltage indicatingDC Kerr

effectsaresignificantly augmeitgt h e P D Viedepeaderice.

Figurel9(b) theDC Kerr effect is even more apparent, as its quadratic response inverts the
curvature of theotal index response, given a higher ratioDsf Kerr to PD effect in the

PiN modulator. Note that, even when simulated for wide variations in extracted parameters,
the plasmalispersion effect alone cannot achieve the index/absorption respbf&gpse

19. In the next subsection, tHXC Kerr effect used to linearize the MZM response.
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Figurel9—Extracted effective index response and absorption decrease for (a) PN junction
and (b) PiN junction based SiP phase slsft@emonstrating strorigC Kerr effects as the

PD effect alone cannot account for the Ae@sar index response of (a) and thgaigve
curvature or quadratic response of (b).

The DC performance metrics, including 0, insertion loss, the avalanche breakdown
voltage, and th®C extinction ratio, are summarized for both PN and PiN modulators in
Tableb5.

Table5— Summaryof SiP ModulatoiDC Performance

METRICS PINMZM PN MZM
VL (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

the distortions which often limit the systéNiOQ W¥he IMDs are measured for the PN and
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PiN modulators using a setup depicte&igure20. Here, two RF tones close in frequency
(100 MHz apart) areadded electrically anthput to the modulatorThe fundamental,
IMD2, and IMD3 RF powers and average output optical power were ttacke
simultaneously as a function of MZM bias point (set by theapiic phase shifter) with

PN and PiN junctions reverse biased-%¥, Figure 21. For modulators with neby
perfectly linear phase shifgre.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 siliconmpbatsponses of
Figure2l, the RF fundamental and IMDs appear to roughly follow the behavior of MZMs
with linear phase shifters: the fundamental/IMD3 are minimizectrevithe optical
transmission is at its extremes. The IMD2 isimized near the3 dB optical transmission
points, what would nominally be called the quadrature point for lithium niobate
modulatorsUpon closer inspection, however, these behaviors aretigaly manifested

due to the nonlinear index responses of the SiP phase shifters.Figora 21(a), the
fundamental null (e.gat ~45 mW) ismisaligned or shiftedhorizontally from the IMD3

null (e.g.at~40 mW). Given these results were measured simultaneously, there is no error
in thepositionof the nulls due to bias point drift over time. Hence, these results demonstrate
how the nonlinear index responses of Biase shifters can result in decoupling of the
fundamental from the IMD3, opening the doomtodulatorlinearization.In modulators

with perfectly linear phase shifters, the ratio of the fundamental to the IMD3 is theoretically
constant vs. bias pointehce, counterintuitively, introducing nonlinearities into the phase
shifter can enhance the fundamenildD3 ratio and hence increase device and system

linearity as quantified byy"OQY
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Figure20—-Link configuration for IMDand"Y "OOmeasurements along with the SiP MZM
biasing (DC) and driving (RF) scheniehe parametet®o  controls the strength of the

DC Kerr effect and (weakly) the amount of absorption in the phase shifters. The parameter
W adjusts theelative 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 armsin lithium niobate MZMs, applying &C field to one arm of the

MZM can set the bias point in a way indistinguishable from applyindotbdield to a
separate phase shiftapart from the RF modulation electrodes. In SiP modulators, the
interferometer bias point is tyg@lly 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 jution capacitance and avoiding the perturbation of large carrier
concentrationsHence, 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 bgas well.
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Figure21 — 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 Eligairén

23 andFigure24for PN and PiN modulators, respectively.
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Figure22 — Two-tone experimental results and measured optical responses measured vs.
reverse bias for (a) the PN modulator and (b) the PiN modulator. Sweeping rasasrse b
voltage on both arms simultaneously exhibits optical loss and IMD2 reduction, with minor
variations in fundamental and IMD3 powefde optimal heater power and reverse bias
combinations are made clear Figure 23 and Figure 24 for PN and PiN modulators,

respectively.

The twotone results ofFigure22 demonstrate the changeinear and nonlinear behaviors
of the (a) PN and (b) PiN based phase modulators versus revers&shias.reverse bias
in increasd, the interplay of the PD effecHC 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) term3hese resultdint at acomplex bias space
(comprised btwo free variables: reverse bias and MZM bias pomltjchis 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 frot60 taW.

From the measured fundamentals and IMD3s are calculated the approximate gaimg

“Y'OO atross the entire bias spafme both links employing the PN and PIiN based
modulatorsFigure23 andFigure24, respectively. Here, they"OG dre estimated by using

a single pair of fundamental and IMD3 data poiassuming slopes of one and three with
increasing RF input poweand extrapolating the data to the measured noise floor (noise
power spectral density). Here the noise floor was limited by the electrical spectrum

analyzer to152 dBm/Hz.
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Figure23 — Contour plots for the PN MZM of the (a) measured fundamental RF power,
(b) measured IMD3 power, (c) extracted liKOOsKowing optimal performance at high
reverse biaseé&4 V to -6 V) and MZM bias points between the fi@ and Min, (d)

extracted link gain, and (e) extracted link noise figiMetrics are defined in detail in
Chapter 2.
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Figure24 — Contour plots for the PiN MZM, shown versus phase modulator reverse bias
(equally applied to botarms) and MZM bias point: (a) measured fundamental RF power,
(b) measured IMD3 power, (c) extracted likKOOsKowing optimal performance at high
reverse biase&5 V to -9 V) and MZM bias points between the second Q and Min, (d)
extracted link gainand (e) extracted link noise figure. The input RF power is +4 dB.
white boxes marked in (c), (d), and (e) indicate the optimal biasing ddatecs are
defined in detail in Chapter 2.

Commentaryis limited tothe contour plot measuremefiés the PN modulator results of
Figure 23 for simplicity; the PIN modulator results ¢figure 24 demonstrate similar
features These contour plots demonstrate many of the behaviors exdiibithe 2D cuts
through the bias space, such as the shifts in the IMD3 null away from the fundamental nulls
and the gneral periodic nature of the fundamentals and IMDs versus MZM bias point.
From bothFigure22(a) andrFigure23(b), the IMD3s rise significantly for reverse biases <

1V due to voltagalependent depletion capacitance afteécts from the AC signal
swinging into forward biased regimes. The voltagpendent depletion capacitaiscales
approximately aspfVio and can limit linearity performance; hence, high reverse bias is
helpful beyond its usefulness in generatid@ Kerr effectsby reducing capacitangél].

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 curvesFajure 16), the nonlinearitiesapidly

increase beyond/V to the detriment of the system linearity.

For IMDD links using discrete components, the lIMkOOiSYmaximized when th&iNbO3
MZM bias point is set to its quadrature po{nbminally the-3 dB transmission poiht
when limited optical power precludes the use of Joiasing techniques. However, in the
case of the silicon photonic transmitters h&igure 23 and Figure 24 indicate optimal
"Y"OO(as well as gain and "Pare achieved at MZM bias points between the nominally
guadrature-@ dB transmission point) and null bias (minimum transmission)ekample

in the PN modulator case &igure 23(c), the"Y"OOi¥ significantly increased at a bias

lower than quadrature for-& V reverse bias.

While the results here were tested using a tones near 1 GHz, the resulitsoreedfied
for higher frequencies including two tone tests near 2 GHz, 5 GHz, and 10H8hize,
the bias point optimization holds for wideband modulatear a range acceptable r
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 cooatiens
The PiN based modulator exhibited similar behaviors as those described here for the PN

based modulator.

From the fundamental and IMD3 dateasured irfrigure23(a,b) andrigure24(a,b) the
"0"'@% and) "Gis canbe estimate¢see sectio.3for ‘0"@@andl "Gidefinitions).Further,
the ratio of § "GDto "O"@Yields the approximatdink gain "O(Figure 23(d) and Figure
24(d)) across the bias spac@milarly, thenoise figuregFigure23(e) and Figure 24(e))
areestimatecoy 0 'O px 1 0 "Q where( is the noise floor (dBm/Hz)Qis in

dB; and0 isin dBm/Hz[5].

Lastly, the singlgpoint method of estimating thE "OCiiYFigure23(c) andFigure24(c) is

compared to the mulpoint method of measuring thi¥"OQ Where the extrapolation of
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the fundamental and IMD3 tones are not based on assumed slopes of 1 aretByedsp

but rather are fitted to fundamental and IMD3 data taken at multiple RF input powers. The
multi-point assessment of thi¥"O0i¥ exemplified byFigure 25(a). Here is shown the
equalamplitude, twetone experimental results for the PN modulator, biased near slightly
off quadrature with a reverse bias-6fV. The filled circles indicate experimtl 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 flobs2dBm/Hz The
dashed black and red extrapolations indicate the expected experimaritsifrdse excess
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Figure25— (a) Multi-point link "Y"OOnveasurement with the PN MZM, showingOO=Y
110+2 dB-HZ”? atanMZM bias point just before theecond quadrature point and f6rV

PN junction reverse bias. Adjustment for excess EDFA gain yield¥ @0 10312
dB-HZ3. (b) Zoomed view of data points and fits.

Next, the singlepoint and multipoint results are compared by performing thétimoint

"Y'OOassessment for several MZM bias points witfb&/ reverse bias. The resulting
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“Y'OG™are then compared to the singtEnt "Y"OG'Yor both PN and PiN modulators
Figure 26. The single poinfY"'OG"provide reasonable estimation of the rapdtint
YOG Yerrors result from the deviation of mypint extrapolations of fundamental and

IMD3 data away from th ideal values of one and three, respectively.
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Figure26 — Comparison ofY"OOffom the single RF input power (sing®int) twotone
measurement and muftioint measurement versus MZM bias point for a fixed reverse bias
on both phase modulators &6 V. Optical power and fundamental RF power are also
shownfor 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 baltidsvand
"0'0% are summarized ifiable 6. Here, only théO"@us cited for quantifying device
linearity, since( "GD and "Y"OO ¥epend heavily on the link parameters and other

components.

Table6— Summary ofSiP ModulatoiRF Performance.

METRICS PiN MZM PN MzZM

3 dB ElectricalElectrical 12.9+0.5 10.9+0.5
Bandwidth (GHz)

3dB ElectricalOptical > 20 > 20
Bandwidth (GHz)

IIP3 (dBm) +24+1 +23+1
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Here, theDC Kerr effect and plasmdispersion effectsverejudiciously combined along
with an appropriate bias point to linearize tB# MZM transfer function and hence
optimize the linKY"O'Q Additionally, this work highlightghe importance of including the
DC Kerr effect in the simulation and charactetiaa of SiP modulators at higher reverse
bi ases due t..o.Commentsonmthe owel canswgngption of using DC Kerr

effects are included later secti6ril.5

6.4 Pure DC Kerr Effect Modulators

Siliconhas emerged as a | eading optical mater i
centrosymmetry that intrinsically prohibit optical gain and the Pockels effect, respectively.
To achieve optical gain and a praatidockels effect on silicor while maintaining
compatibility with CMOS processesis the holy grail of silicon photonics and would
enable a new generation of SiP circuitry. The former wgredtly improvegower budgets,
easeoptical packaging, anetdice cost, while a SiP Pockels effect would forego the need
for heterogeneous modulators, reduce cost, and enable highly linegdicail photonic
integrated circuits (PICs). Hereiiepotential of using th®C Kerr effect, a demonstrated
phenomenon iniB modulator$62-63], as asynthetic Pockels effeidr optical modulation

is investigatedThis terminology is used tdistinguish this electrifield induced Pockels
effect frommechanically strainedPockels effects in silicof64]. Based on underlying
validatedDC Kerr effect theory|59, 62], heresimple expressions for the basic figures of
merit (FOMs) for synthetic Pockels effect silicon modulatars presentedlong with
characterization of a faicated DC Kerr effect modulator Through simulations, the
modulator efficiencys optimizedas 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 eaincement of the modulation efficienisyexplored Finally, an analysis
of the likely usage scenarios for these synthetic Pockels effect modidgtoesentednd

compare to existing statef-the-art SiP modulation methods.

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

response equatiorare castnto an effectivelinear electreoptic coefficienti and an

effective... nonlinearity,...

6-8

' & ¢ 6-9

In the above two expressior@, is the appliedC electric field across the waveguide to

induce the synthetic Pockels effect. The and effective are shown versu® in

Figure27, uptoamaximumbsg; f i el d equal to silicoh’'s br ¢
V/cm. The... value of silicon used in this work is 2.45x0m?V [57]. The maximum

effectivei and... achievable before the field breakdown of silicon @& pm/V and

44.1 pm/\V With these parameters, a direct comparison to lithium niobate and other
Pockels materials is possibMotably, the index of refraction (and thus the optical phase)
can be neargrfectly linearly modulated with aAC voltage, just as in natural Pockels

materials.
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6.4.1 DC Performance

Thefirst FOM to quantify 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 reasonadsdesi{gnd
fabricated) desigis assumedThe 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 segadir containing the optical
mode. However, in contrast to plaswigpersion modulators, a pure synthetic Pockels
effect modulatorshouldnot have significant dopants in the waveguide regiorttoze
reasons: 1) the dopants in the waveguide will causetanded phase shifting from the
plasmadispersion effect; 2) the dopants will increase the insertion loss, and 3) the pn
junction will increase the capacitance of the device and reduce bandwidttv. OTfog a

pureDC Kerr effect (synthetic Pockels etfg@ phase modulator is written as

peO ... 3 6-10
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Here, 0 is the active length of the phase shift@is the effective electrode spacing (the
distance between the n++ and p++ doped regigris)the optical wavelength arzds the
overlap factor between the applied electric field and the optical mode. The overlap factor
3 is best simulatedia Lumerical or other commercial toplsnd its valuevas simulated

as a function of the electrode spacdrhis w 0 expressiomprovides 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 -&létaent mesh
simulations using Lumerical DEVICE and MODREO], which directly calculates the
absorption in dB/cm. Thig accounts only for freearrierabsorption due to the mode
overlap with doped silicon; thus, the calculateds addedto a baseline 2 dB/cm loss
commensuratevith stateof-the-art waveguide loss dominated by optical scatterirg
Lumerical simulations assume a phase shifter eseg®n matching custom designed
phase shifters using the Globalfoundries 9WG SiP process. Lumerical MODE was also
used to calculate the overlap factorThe phase shifteb 0 (right axis) and (left axis)

metrics are calculated as functions of eleatrspacind® Figure28.
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Figure 28 — (a) Calculated absorption in dB/cm (left axis)andi n V- cm (ri ght
versus effective electrode spaci©dor DC Kerr effect phase modulato(®) Calculated

w0 | products for phase modulators (or sindtere MZMs) in solid lines and dualrive

MZMs in dashed linegersughe effective electrode spacipn the xaxis. Interestingly,

there is a cleargiimum forQ 1@ w & This optimum point best balances phase shifting
efficiency with insertion loss. Note thewithin the product accounts for both scattering

loss and freearrier absorption.

Because a common figuod-merit also considers the pleashifting efficiency and loss
together in a single product, thed | product inFigure28(b) versusQis also calculated

In the same figure, th@ 0 | productis shownfor both a phase modulator or singleve
MachZehnder modulator (MZM) (soliblack and a duatirive MZM (dashedred), the
latter which generally exhibits twice the phatefting efficiency as asingle phase
modulator Generally, reducin@imparts a benefit in terms of overall efficiency; however,
reducingQalso incurs a greater amount of plasdispersionndex response, which may

not be desired for linear phase modulation.

The best duatlrive (singledrive) MZM w U | product calculated wasl5V - d-B0V(- d B)

for Q= 0.19 um. This efficiencyloss product is competitive with reported FOMs of other
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plasna-dispersion silicon MZMs, including lateral pn junction MZMs withD | = 19.4

V - d6@5] and vertical pn junction modulators widhd [= 2 0. (66]V - d B

The experimental data points indicated=igure28 are fromDC experiments performed

in section6.4.4 The experimentdl agrees well with theory, anithe measured 0 is
within the calculatedo O by approximately 20%. The deviation between experiment and
theory is amplified in the> 0 | metric by the compounded errors of the componenand

| measurements.

6.4.2 Expectations on AC Performance

In terms of modulation speedhe DC Kerr effect is expectedo have fundamental
limitations similarto lithium niobate, where the theoreticahterialmaximum modulation
speed is limited by the speed of the electronic polarizability of the constituerg. afthis
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 electrodand junctiondesign. In terms of RF phase velgahismatches

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:@.4). SiP modulators generahgve high optical group
indices (~4.0) that make matching the el ec:
other hand, Si/Si@possesses an electric permittivity far lower than the permittivity of
lithium niobate. Hence, SiBC Kerr effect modulats should enjoy advantages of very
low capacitance over lithium niobate modulators. Of course, adding dopants in the

waveguide for plasmédispersion based SiP modulators adds further capacitance. Thus, the
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practical upper limit of th®C Kerr effect modultor will likely be more competitive with
lithium niobate modulators when in an Ri@ited bandwidth regime, rather than in an
index mismatch regime. As integrated lithium niobate modulators have demonstrated
bandwidths >100 GH{67], similarly wide bandwiths 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 resonatoe assessedResonant drancement has
demonstrated clear benefits in modulation efficiency, which is the largest hurdle for
practical use of théC Kerr effect for modulation. Thenain tradeoff for enhanced
efficiency is a reduction of the modulation bandwidth. The balance be®ieeency and
modul ation bandwidth wil!/ det er mi nrspeedt h e

tuning device or a higepeed modulator.

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

Q
¢ QW ¢ @B (¥ 6-11
where'Q "KQ ais the sensitivity of the transmission amplitude to volt&@gr(e is the
sensitivity of the phase to voltage, a@’iYy is the sensitivity of the transmission

amplitude to phase. The final expression

w and a resonant enhancement facion{
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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 factar and loss factoé (where®= 1 is losless)is calculated
contours showing the ring’s finesse and ext
ring characteristics. Calculations were done in three steps: 1) by calculating the first and
second derivatives of the ring transfer funetamd 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 r&askFigure29(a).
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Figure29 — (a) Calculatd efficiency enhancement fact{golored axis)which indicates

the reduction of the intrinsic phase shifter due to resonant enhancement for a ring

resonator with coupling factar and loss factora Contours of (sdiche rin

lines) and extinction ratio(dashed lines)are also plo#d. The enhancement factor

calculations assume a fixed active electrode length. (b) Calculated contaurs(bfack,

solid) and 3 dB bandwidth (red, dotted) over the space consisting of reasonable coupling

factorsi and electrode lengths Thesecalculations used the optimal electrode spa€ing

and corresponding loss fact(related to  determined for lowesb 0 | in Figure28(b).
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Next, thetradeoff of the ring modulator efficiency and bandwittitonsideredFirst, an

optimal phase shifter design is chosen based on the reshitpioé28 Figure28.

Figure28, which indicate€2= 0.19um to exhibit optimal efficiencyoss characteristics.
This choice of specific phase shift design sets the loss facidws, the only major design
parameters left to consider are the coupling faict@ function of the coupling gap) and
the phase shifter length Following the approach ii69], the photon lifetime limiting the

ring modulator bandwidth is given by

3 GEO e 0 M o
¢ @ cop 1O 6-13
Where Ois the ring resonator finesgg0], ¢ is the optical group index, amols the speed

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

bandwidth[69] of

. i p

T 6-14
Using this expression for bandwidth and previous expmessfor w , contours of
bandwidth andw are calculatedbver the design space of reasonable values for the

coupling factoi and the phase shifter lengihFigure29(b).

From the results dfigure29(b), resonanenhancement is only suitable for low bandwidth
modulation, as the voltage requirements become far too large fespéggdd modulation.
High speed modulation applications will thosest use MacZehnder modulators along

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

To verify some of thenajor results of this work, custom MZMs were fabricated using
Globalfoundries 9WG (90 nm) electromptiotonc 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 fulsgp®esion effects
while still enabling a strong electric feelto be applied transverse to the direction of
propagation of a TE wave through the waveguide, enabling sB@nigerr effects to be

observed.
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PC t
SiP MzM Power Multimeter
Meter

Toc
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t
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G
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Figure30— Schematic otheexperimental setup fddC characterizatioof the pure DC
Kerr effect modulatar

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 inerms of voltagefigure30. The measurement was then repeated for using the
second optical output of the MZM to obtain two transfer functions corresponding to two
outpus of the MZM s output 2x2 di [62,echablesnal c
the unambiguous extraction of both the index (or phase) and absorption responses of the

MZM" s phaBigure3lhi fter,
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The experimental index responseFiure 31 indicates a cleddC Kerr effect dominated
response, as the curvature is negative due to the square dependence of the index on the
electric field. Typically, a plasmdispersion response exhibits a positive curvature.
Simulationscan determine reasonable estimates for theibotibns of theDC Kerr effect

and plasmalispersion effects to the total index response.
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Figure 31 — Experimental extraction of the indébeft axis) and absorptior{right axis)
responses. Thtotal simulated index response,mprised of plasmdaispersion andC
Kerr contributions, mataswell with the experimentallyextracted index response. The
simulated absorption response is also shown alongsidepigsimentatounterpart.

Using Lumerical DEVICE to simulate the carriemcentrations in response to an electric
field and Lumerical MODE to calculate the optical mode and index response resultant from
the carrier concentrations, the simulated plasispersion responseas obtainedFigure

31 To includeDC Kerr effects, the applied electric field distributiomsrecalculated by
Lumerical DEVICE andthe DC Kerr effect theory of sectiof.2 was usedo obtain the
material index response. Following, the overlap integral between the optical and applied
electric fields was calculated to yield the effective index response dudaCterr effect.

The total index response is the sum of the pladisigersion an@C Kerr index responses.
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Figure31shows excellent matching between simulated and erpetal index responses.

The absorption response, due entirely to pladispersion, was simultaneously calculated

by Lumerical DEVICE and shows reasonable agreement with experiment. Dopant
concentrations were assumed within typical ranges and found vim@rmgood fits to the

data for n and p concentrations in the low’1&n3. Generally the choice of different
dopant concentrations cannot achieve similar index responses to the experiment. While
small (<10%) tradeoffs in n and p dopant concentrationstithmaintain 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 agki with significanDC Kerr effects present and

cannot be explained by purely plasdiapersion 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 th€+AC modulatiorresponse described in section

6.2, which until now, has never been experimentally confirmed in the literature, to the
aut hor s’ b eThe DCkACanwdulatibrgresponsee © O O , indicates

that the index response is linearly proportional to the applEd 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 expéritmen
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. reverseibiagasured while
accounting only for the increased modulation efficiency fronDii&err effect according

toz€ © O 'O .The experimental setup is giverFigure32, and the results are shown
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in Figure 33(a) along with the calculated gain respon&m®odaccuracy in magnitudis
confirmed along witlgenerally similar curvature. The experimental curve appears flatter
than in theory, indicating a truly stdimear index responsdue to other junction effects.
Depletion width modulation was accoadfor according to basic semiconductor equations
in the calculated curve &igure33(a). Comparison is highlighted over trenge of reverse
biases greater than Mto avoid any forward bias effects and because the gain is very
small below 10/ reverse biassuch that smalllpsmadispersion effects may dominate

response
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Figure32- Schematics of experimental setups for AC characterization.
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Figure33—a) Experimental RF gain vs. reverse bias for@Hz tone and calculated gain
curve based on analog link ggi&g. 3-1) and a simulated depletion width (a function of

reverse bias) using Lumerical DEVICf) "0 & where’Q gainin 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 degion 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 datafFigure33(b). A decibel form ofEq. 3-1is
Q6 ¢ ¢nl O ad ¢l @ 6-15

Inserting the DC Kere expression from Ed-10 andassumingO —vyields

"0 Q6 c® chnliaod cni G

— ® .
p@ 0.3 6-16

From this expression, the gad is a function of ¢ ® I @b ; hence, on a linear
scale,;Q 8 @ .ThereforeirFigure33(b), "Q vS.w is compared to alinear

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 modulaton persists with increasing reverse bias, yielding a slightly sublinear

response.

6.4.5 Applications of the Synthetic Pock&isdulator

Here,the DC Kerr effectwas castnto an effective synthetic Pockels effect, through both
an effective linear electroptic coefficienti and a... , both dependent on tHeC

electric field strengthThe performancef a proposed modulator based solely onia:
Kerr effect @& synthetic Pockels effeat)as investigateth terms of modulation efficiency,
loss and bandwidth for standalone phase shifters, Maatmder modulators, and ring
implementationsThere are several strengths of the gd@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) relativeass
temperature and radiation effect$ie strengths and weaknesses of the synthetic Pockels
effect in Si is compared to stadéthe-art SiP plasmalispersion, InP, and LiNb{phase

shifters inTable7.

Table7— Comparison of Common Phase Shifter Technologies

Phase Shifter Type g4 » V-dB Strengths Weaknesses
. . . Compact, moderat®, cost of .
SiP / plasmalispersion 19 integration Loss,bandwidth
SiP / DC Kerr 30 Low loss, Injear, ba@ndmdth, cost of w0, phase shifter
integration length
LINBOs 6 Low ¢ 0, low loss, linear, bandwidth ~ COSt ©f hybrid
integration
InP 20 Compact, moderatw, cost of Bandwidth, noise

integration, optical gain

However, usinghe synthetic Pockels effect for modulatipnsesa few challenges: 1) the
requirement for large reverse biases, typicaly25Vpc, 2) relatively high current draw
through resistive terminations and subsequent high DC power consundtmadulation
efficiency, i.e. thew . Of these drawbacks, the first drawback is mitigated through judicious
junction design to reduce the required reverse bias voltages; pigcticel is done by
reducing the effective electrode spacidgsenerally, junctions that exhibit low breakdown
voltages will similarly require low reverse biases to manifest sttiDdlerr effects. The
large current dravderived from the reverse bias tage difference over the modulator
termination resistance (typically &0 Q) may Usiag capaditive é¢etminatipns.

When such capacitive terminations are implemented, the electrical power consumption
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difference between SiP plasrdapersion, SiPDC Kerr effect, InP, and LiNb®is
determined by the signal power required for driving the modulator. As LiNi@ulators
generally exhibithe bestvi in the range of 1V to 5V, these will consume the least power.
On the other hand, a SiP plasudiapersion modulator with a typicab in the range of 4V

to 8 V, will require a drive voltage proportionately larger in comparison with LENbO
Fortunately, linearization by DC Kerr effect costs very little extra power, as the strong DC
field drawslow current €1 pA) if capacitive terminations are used/hen capacitive
terminations are used, the current is primadliigwn across the PiN junctioA.pure DC

Kerr effect modulator will similarly only require more electrical power insofar as the higher

W 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.
TheDC Ker r modul ator’' s hi gted bahndwidtha could greatgy n d | &
benefits microwave photonic deployments, including ptiaseays, nexgen fronthaul

links, intravehicular RF photonic links, and frequency converting systems. Further, the
DCKerr effect’s r el at iamdeadiatienseffectbodesvwelefort o t en
airborne and spaceborne photonic communication systems. Digital transmitters using high
order modulation formats may simikafind benefit fromthedCKer r ef f ect modu
inherent linearity and higepeed modulatmo c har act er i sti cs. Last |y
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 lowemperature computing applicatiotisfact, the DC Kerr effect has

been shown to operate more efficiently at 5 K compared to room tempédvdiure
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Future work should pursue further optimization of B@ Kerr effect modulator through
optimizing thePiN junctiondesign investigatingoure metal electrode stacks, engineering

high breakdown field junctions, amtiplementingpushpull (duatdrive) MZM schemes.
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CHAPTER 7. PHOTONIC FREQUENCY CONVERSION &

DESIGN EQUATIONS

7.1 Photonic Frequency Converters in the Literature

Frequency converteralso known as mixersranslate information to a new frequency, a
function required in many communications systems and applicafiocisding phased

arrays nextgen fronthaul links, intr&ehicular communications, inteand intrasatellite
communications, antenna remoting, metrology, test and measurement, and mesee
applications | everage microwave photonics’
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 signallsequency conversiancludes frequency transians

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 Hypical

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

oscillationg[72].

Focusing on methods using the detector as the nonlinear element, photonic frequency
converters mix two optical signals: 1) the-Ri®dulated opticasidebandand 2) the local
oscillator (LO). For optical LO" sheRFhe LO
modulated opticakidebandto upconvert or downconvert at the photodetector. For an
electrical LO, an electroptic modulator transduces the oscillator signal onto the same

optical carrier that the RF data is modulated upon. In the optical frequEmagin,
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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 relativaigeqy offset between

the LO-generated and R§enerated 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 powersiddeachieving high REe-

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 fibemptic links for efficient RF transport
Typically, such RF photonic links are single wavelength systems spanning anywhere from
a few meterge.g. for airborne platform signal routing and processuqg)to alOs 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 andhas leveragedigh quality discrete componenfg3-75]. Severalmixer
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];, howeverthesemethods 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 redntiea a second

laser for the LO along with an optical phdseeked loop(OPLL) [79, 80]; unfortunately,

the phase noise of the | asers and the OPLL
overall phase noisB1]. Narrowband optical filtering vialfer Bragg gratings lower the
system phase noi$é3, 82, 83]. Another approach uses phase modulators within a Sagnac

interferometer to suppress the carrier and attain high conversion effi¢@tjcy
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A common frequency conversion architecture uses a siagée source along with two
modulators nested in parallel within a larger M&ahnder interferometer. This results in

a highly linear architecture whereby the dg@nerated sidebands and -Bénerated

sidebands add optically before photodetection. Thikitaeture also naturally enables

balanced photodetection by using a directional coupler to close the larger MZI after
modulation. As measured in intensityodulated, direetletect (IMDD) fiber links,

balanced detection has demonstrated dramatically rechaisel power spectral densities

(i . e. “noise floors”) to enabl e hiji8g.her dy
Balanced detection reduces comntoade noise, such as laser and optical amplifier noise

added before modulation. Electrical noise and slgde are not commemode and thus

are not reduced significantly by balanced detection.

However, few have reported fuliptegratedphotonic mixers. Moreover, among those
reporting the use of any integrated components, most demonstrations only integrated a
single component of the mixing architectuj&s, 86-88]. For example, {63, 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 detectotegrated
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 workGhapter8S.J i n’ s r [89%intdgratedf r o m
the laser as well (givethe InP platform) and achieved & 0O0¢yf 1 1 2%3 thddighH z
with very limited (250 MH2 bandwidth. Together the works of J al. and the work
presented irChapters8-9 exemplify the current statef-the-art in integrated photonic
mixers.Figure 34 summarizes the evolution of integrated frequency converter work over

the past decade.
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Integrated photonics foundry ecosystem
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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, siliceprrinsulator, GeSi, and InP. Over the past decade, the indelgrat
photonics foundry ecosystem has emerged and enabled full integration of frequency
converters.

Initial target metrics fothe adoption ofintegrated photonic mixersito phased array
antennas (forexample)nc | ude gr e at?§ a0s of Bldzmde InSténtare@is H z
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 worlhe architecturesra devicelevel performance

required to achieve there identified

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

main component metrics desired for high performance frequency converter systems.

Chapter &lemongratesthrough experiment and calibrated simulations that-statee-art
implementations of silicon photonic (SiP) IMWP mixers can achieve the performance
required by most applicationghe first silicon frequency converter with electrical-BF

IF convesion completely orchip 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 higgrfo r mance frequency converter

platform, exhibitingY"'OGY > 1 0% and @aindhpproaching unity.
7.2 Photonic Frequency Converter Operating Principles

Photonic frequency converters, like their electronic counterparts, require aeaonli
component to perform the mixirfgnction. In electronics, this nonlinear component is a
transistor operated in a nonlinear regimsieilarly, the photonic mixing element is most
commonly a diode- a photodiode. In factjirtually all ordinaryoperatian of photodiods
leveragesits frequency mixingproperties In RF photonic links, for example the
fundamental electrical signal is proddcby the beating of the R§enerated optical
sideband and the optical carri&nen theDC photocurrent can benderstood as the self
beating of the optical carrievith itself. The generated photocurrentf@ YO , where

'Yis the responsivityd is the average optical power given by

0 % T— ! O O h 7-1

whereo is the fiber core or waveguide cressctional ared,; is the electric permittivity’;

is the magnetic permeability; an® is the optical electric field just before
photodetectionHence, the generatetigtocurrent is linear with average optical power, but

the generated electrical signal power is quadratic. This sémardehavior of the
photodetector is what enables the mixing of various optical signals. In photonic frequency
converters, the mixed op#tsignals 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 caier. The new electrical carrier frequency generated at the photodetector is
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called the intermediate frequency (IFhe IF powerscales favorably with RF, LO, and

optical powers provided linearity of the system is maintained.

The following Chapters ® will focus on photonic frequency converters employing
electrical LO s that drive an optical modul
works generally as followperFigure35. A | aser’ s output power |
theopticalpower modulated by the RF sigmlfrequencyQ and the othehnalf modulated

by the electrical LO (by a separate modulator in para#eljrequency’Q . The RF

modulator transduces the RF signal onto the optical carrier at optical fregefdye

frequency content of the RF modulator output contains residual carrier péeiet the

RF data modulated onto new optical carriers™@t Q h'Q ¢Qh'Q oQ I8

depending on the type and bias point of the modulator employed. Likewise, the LO
modulator outputSCh'Q "Q h'Q ¢Q h'Q o Q B The optical modulated outputs

are then added and the sum optical pow@histodetected, generatind>& current, the
fundamental signals and their harmonics, and beat (sum and difference) frequencies.
Typically, an electrical filter is employed to isolate the desire@® "Q ) from other
frequencies generated by théopodetector.The schematic ofigure 35 supposes a
downconverting function, wherebf? "Q "Q; hence, a lowass filter (LPF) is

indicated to isolate the ffom other generated frequencigbe IF is set by the proximity

of the RFgenerated and L@enerated optical sidebands. When using a single laser source

for both RF and LO modulatorf) "Q "Q (assumingQ  "Q ). However, if the

two modulators employ different optical sources, the relative frequencies of the two lasers

will also determine the IF.

82



Data @ fzr
fc &fc-i fRF

Laser RF

&

5 ; Data @ fs

noowel 1

fLO fc&fcif!ﬂ

Figure 35 — Schematic of a commonly employed photonic frequency converter using
electrical LO source and dual raiel modulators fed by a single las&lue 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-gaedllel MZM based
photonic fregency converter architectures are derived and used to study performance

trends.

7.3.1 Frequency Converter Architectures

The photonic frequency converters described here are allpduaglel MZM-based
architectures withcombinations of single odualdrive MZM operation and single or
balanced detection schemEgyure36. The dualparallel MZM architectures are the most
common photonic frequency conversion architectures due to their high linearity, wide
tunability, and ability to mitigate commemnode noise originating before the modulation
stages, such as laser noi8echitectures like those iRigure 36 have been demonstrated
numerouslyin the literaturan both discret§75, 80, 84] and integrated platforn{4.0, 11,

23, 87, 8991]; Chapters3 and9 characterize SiP and InP implementatioespectively
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All the architectural variants dfigure 36 use a single laser source, coupled via a 2x2
splitter to a macranterferometer consisting of an RF branch and an LO branch, each which
identically consists of an MZM, optical amplifier, aB&€ phase shifter. The RF and LO
branches are recombined by a 2s@mbiner, where the signal is photodetected and

converted back to the electrical domain.
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Figure 36 — Schematics of frequency converting architectures investigatbith are
differentiated by the drive and detection configunasio(a) singledrive, single detection,
(b) singledrive, balanced detection, (c) dwdrive, single detection, and (d) dtdiive,
balanced detection.

The equations derived here are flexible beyond their applicability to the four architectural
variants & Figure 36. For example, the optical amplifiers and their impact on system
performance can also be treated as excess optical loss or ignored althgletiese, the

DC phase shifters may be implemented in a variety of wagse 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 branelr both— is irrdevant so long as the
relative phase iseferencedn the equationsStill further, the order of components within
the macreinterferometer branches may be reconfigured as dekmstly, the 2x2 couplers
may be replaced with Yranch couplers without rading the validity of the equations

except for a simple replacement of the relative phase between RF and LO beg@éches

with 3-%o -.

Throughout this worksingle-drive modulation is defined as the application of a single
voltage source ovame arm of an MZMFigure37(a). On the other handualdrive (also
calledpushpull) modulationis defined here as a driving scheme whereby the same voltage
is applied equally and oppositely across the MZM arms to drive the modulator
differentially, Figure37(b). In both cases, a single source supplies a voltage of the same

magnitude.

@ —__

(b) e Vno E

<E
(

Figure37— Schematicslefining (a) single drive and (b) dual drive modulator operation.
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7.3.2 Derivation ofDC Photocurrent and Gain

For brevity, only thesingledrive, single detection architectuiggure36(a)) equations are
derived explicitlyhere Sufficient details are given fahereader tandependentlyderive
theequations fodualdrive andbalanced detection scenaribknetheless, the key metric
equations are summarized for all four architectural variants at the end of this subsection.
Mathematical notations generally follow the conventions found5in The gaeral
derivation strategy is to calculate the electric fields ay t@pagate 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 @redap

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 givigiie

42to aid in the derivatiorFi r st t he | aser’s output el ectr.i
O rQ h 7.0

wherg is theangularoptical carrier frequencyis time, and is a constant defined as
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5 ¢ 8 7-3

Here,0 is the optical launch powet; is the magnetic permeability; is the effective
electric permittivity; and is the optical mode area. The paramé®er is the net optical
gain or loss between the lasad the photodetectdiVhen the gain or loss of components

in one branch of the macinterferometer are different than the gain or loss of components
in the second branch, the average gain or loss may be used to cazulaf®r example,

for a plotonic 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 e factor will be the
average of 3dB (0.5) and 6 dB (0.25) losses on a linear scale3v.6or 4.26dB effective

insertion loss

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

transfer function

0 pp QO
O JcQp O 7-4

Here,O andO are the output electric fieldd the 2x2 directional coupldor input
electric fieldsO andO . For these architecturé®, O is the input field from the laser,

andO 1t The output electric fields from the directional coupler are thus:
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C 7-6

Next, O propagates through the top branch of the mauwexferometer until it is
modulated by the RF MZM. Likewis&® propagates through the bottom branch until it
undergoes modulation by the LO MZNhe resultant electric fields output by the RF and

LO MZMs are (respectively):

0O —Q 0 Do Q P 7-7
qUS

o) o Q Q Do Q p 8
%3 7-8

Here, 0 is the@h order Bessel function of the first kinthy is the bias phase of the
MZMs; 0 ando are the input RF and LO amplitudes; and andm are the RF
andLO angularfrequencies, treated as single tones here. Later, the RF input is explicitly
derived with twoRF tones to obtain linearity metricsvhich require calculation of

intermodulation distortion produc(BviDs).

The fieldO is comprised of a residual optical carrier (corresponding ta)thand-1
terms) and a theoretically infinite number of-B&nerated optical sidebands corresponding
to terms0 with nonzero'Q The frequency spectrum is generally symmetric about the
carrier frequency, sinc® s 9 s Likewise, the fieldO consists of a residual optical
carrier (corresponding to theé and-1 terms) and a series of k§enerated optical

sidebandsAlthough the infinite sums appear to make compact, analytaigéens of the
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frequency converter unlikely, fortunately very few terms contribute to thg IF, m

m . To illustrate this, th&h optical sidebands generated by the RF and LO modulators
are at frequenes)] Q andl Q , respecirely. Upon mixing of these RRnd
LO-generated sidebands, a signakimt () am m (i is produced,
which is simply thé®h harmonic of the target IF. Hence, the higher order optical sidebands
manifest primarily as harmonics of thg, Irather than at the IF. Hence, the infinite sums
are truncated to retain only the , 0, and0 terms for both RF and LO modulatiofhe
harmonics of the IF are easily suppressed bypags 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 ap@mationis assumedor RF modulation that
renders the Rigenerated optical signals weak beyond the first or second order. Hence,
whenthe LO-generated optical signals mix withrelatively weak RFgenerated optical
sideband, the resulting harmonic of tRevill be weak Furthermore, mixing products such

as those betweehO-generated optical sidebands (€.g. m and] ¢ m) will
produce frequencies generally aiftband, particularly for downconverting applications
where m) m by significant nargin. The mixing between L&yeneratedlor R~
generatedptical 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 theDC phaseshift 3%. is applied only to the top branch to set the macro

interferometer bias point, the top field expression simplysgaiixed phase terr@
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7-9

Recall again that whether thesso is physically applied to the top branch, bottom branch,
or both differentially is irrelevant, as the$6e merely represents the relative phase shift
between top and bottom branch&éee O andO fields are then added (with a phase
shift) by he 2x2 directional coupler, yielding the electric field incident orhiga-speed

photodetector:

7-10

The generated photocurrent is a linear function of the incident optical powequal to

7
-0 - O O .Hence. The photocurrent is

‘ 7-11

where'Y is the photodetector responsiviecause th® ‘G producthas many terms,

theDC terms and IF terms are focused on separately, beginning wihGberms.
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This 'O is a general expression, with virtually no major assumptions made except the
effectivefiltering out of optical sidebands beyond the first orétre, further assumptions

are made to yieldimpleequations, albeit for more limited use cas&sneral expressions

are revisited insection7.3.7 Null biased MZMs typically improve performance by
minimizing carrie power and hence excess shot noise at the photodetector;%sence

1. Furthermorethe macreinterferometer bias-%o Tis assumed ais optimizes the

system gain, as shown latler the general expressiandnder small signal assumptions

for the RF drive condition, |eT L p, the Bessel functions with RF arguments are

approximated a® O pandvu 0O —. For LO modulation, a small signal
approximation is inappropriate as the optimal LO drive voltage is a signifiGasttoin
relative to the LO modulator halfave voltagew ; . The analysis proceeds by assuming

the optimal drive condition for the LO modulator, sincsetforderBessel functions of the

first-kind exhibit a global maximung j ™ Y pfos an input amplitude ob
p& T .CThis amplitude is related to the input electrical pome® —h
8

where'Yy; andwp are tle LO modulator input impedance and hakve voltage,

respectively. Optimizing the LO drive voltage is reasonable for modulators with low to
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moderatew . For example, foto T V the optimal drive voltage has peak amplitude of

2.35 V. With the aforememined assumptions, tH2C photocurrent simplifies to

O '—Y‘Q 0 PR T L : T,F' A 8
p @ Wy 7-13

The first term of théO expression corresponds to the dwhting of the LO sidebands at
the photodetector, while the second term corresponds to théesgig of the RF
sidebands at the photodetector. Note, there iB@ghotocurrent contribution from the
selfbeating of te 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 extinctia ratio and imperfect bias point precision, resulting in a small
contribution of the residual optical carrier power to Ei@ photocurrentNonetheless, as
long as the magnitude of the residual optical carrier remains small compared to the

magnitudes of th LO generated sidebasor RF generated sidebasdhe contribution of

residual optical carrier power to tB&C photocurrent will be insignificant.

Similarly, the"00 terms corresponding to the IF are grouped together to describe the

strength of the IFwrrent:
YQ v .

O 0 —8—uUuU 0 V0O WEl O0OwWEe wWhoo 7.14

This'O 0 expression explicitly shows the beating between the RF and LO generated

optical sidebands through tBessel function produad, 6 0 0 . Forthe key MWP
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metrics of interestthe IF electrical powet is of greater interest than the IF
photocurrent. The output IF electrical power of the photodetedioris O 'Y 'O

where O -0 is the time averaged square of the photocurrent at'y is the

photodetector output impedan@ndO is the photodetector filter functioklence, the

IF output power is

. YQOo0YO |, . . ...
V] Lo Vo Al @ew 8 7-15
0C
Applying the small signal approximatiom 0 — and substitutingo
—" B vields
8

. YQ 0OYO “0 g Yy . . .
U - UV O Al @L‘j%o 38 7-16
¢t Wg

Rearranging the terms and dividing by the input RF pawey results in the RFo-IF
gain expression:
“Y'Q 0YR YO

"Q . 0 O
¢ Wg

e
™M=

(6o 7-17

The optimal LO drive condition further simplifies this to:

. ™ o“PY "Q 0 Yi Y O .
Q - WE q%o 7-18
P Wg
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The factor of 0.338 arises from this optimal LO drive condition assumption(since

™ Y pardv ™ Pp T .Y

7.3.3 Derivation ofLinearity Metrics

Next, the derivation of the thirdrderlimited spurfree dynamic rangeY"O®) is derived
for the singledrive, single detection photonic frequency converter architectulrggafe
36(a). The analysis musbegin again from the optical electric fields just prior to
modulation In the analysis a$ection7.3.2 the intermodulation distortion products were
not accountedor since the RF input was a single tokkere, the RF input consists of two
tones such that the mixing products between them may be calcégéed, the derivation
here is completed in detail for the single drive, single detection case to illustrate the
methodology used for all singtirive/dualdrive and single/balanced detection
combinations, with all results summarizedsection7.3.6 Luckily, the electric fields
calculated within the LO branch of the maanterferometeremainvalid. Henceattention

is first directedtoward recalculating the elemtrfields throughout the RF branch of the

macraointerferometer.

Now, the RF inpub 0 is:

7-19

Here the first term is &C component; the second term is an RF torrg aand the third
term is another RF tone af . Upon modulation by the RF MZM, the generated optical

electric field is
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Passing through tHeC optical phase shift%. and truncating Bessel function terms with

order higher than 2 results in

(@) —0Q Q Q D0 Q DO Q 00
D0 Q DO Q DO Q DO Q 0 O 7.1
00 Q L0 Q p

ThenO andO are added (with a phase shift) by the 2x2 directional coupler, yielding

the optical field incident on the photodetector

@) rT—'Q Q Q 0O Q L O Q 0 O
Lo Q Lo Q LO Q
. 7-22
Vo Q U O vo Q Vo Q p
™ 0 06 0o 0O Q 0

As the terms arising from modulation mf andm are multiplied out, proceeding yields
unwieldy expressions. Hencubstitutionsare madavith temporary variableSrandw to

simplify the mathematics:

T 7-23
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where,

Y

Lo VO Q LO 0O Q

Lo 0o Q 0O VO Q

Lo vo Q LO VO Q

LO VO Q 0o 0o Q LO VO Q

VO 0O Q Lo VO Q 7.94

0O VO Q +00 0O +00 VO Q +00 VLO Q

DO VO Q DO VO Q DO VO Q
DO LO Q DO VO Q
DO DO Q DO VO Q DO VO Q
DO LO Q DO LO Q
and
®w L O 0 0 Q Q 8

7-25

Hence, the conjugate @ , necessary for calculating the detected photocurrent is
e r € € € i 5 1 Z
O -Q Q Q Y p ™ W P

T 7-26

Next, the producO 'O is calculated
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Fortunately, from observation of the expressions Ypt, and their conjugates, the only

terms relevant to the IF arise from productsxdf and™w".

Hencethefield product relevant to th&y"OOis(

Q I WARA D 7
0O 0 0O00Qi &8¢ d wo— J Q Yoo Q wY 7.28
PO
WY 00QiI & aw
0 0 Q Q DO LO Q
Q DLO Lo Q Q .29
DO LO 0Q Q
DO LO Q Q )
WY 00QI §& aw
DO 0O O Q Q
LO LO UVLO 0Q Q 7.30
DO 0O DLO Q Q
DO DO VO Q Q

As it turns out, fothe IF termgoY "Y', simplifyingtheO ‘T productrelevant to

the IF terms:
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0O T 00Qi é¢ a (bTr‘\ﬁfAl &0 7.31
Resubstituting inYand expressions then yields:

0 O %&ss@/ DO 0O 0O Q

Q

Lo 0O VO Q Q 7-32
LO 0O VO Q Q

LO 0O VO Q Q

The fundamental and IMD3 frequencies can now be explicitly identified as the following.

Assumingm  m m t he “ | e oértlower stefuencyalfF fundanrental is
m 5 m m. The “right?” of carrier or high
m 75 m m . The *“left?” and “right?” |l F | MD3

m  ¢m m m andm 5 ¢m m m . Applying these definitions

and further simplifying tens yields:

O O Ewsx»"oo CcOO VLO VDO i Qe o
OO VO VO i Qe o
7-33

CWwd 0O OO i Q o

CLO VO VO i Q¢ o
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Hence, four termsemain each a function of the LO tone and the two RF input tones.

7
Substituting —— -, the time averaged IF current® = O
are calculated for each term:
Ya 0 ., s w s w
0O . ——®E 3% 06 VO VO 7-34
h O'C
Y& 0 ., s a s m s
(@) WE 3% 0O 006 0O 7-35
h O'C
Ya 0 ., e e e w
6] WE 3% 0O 006 00O 7-36
h O'C
Ya 0 ..
o . oc WE 3% L O LV O UV O 7.37
BecauseO . O  adO0 | ‘0, iftheinput amplitud® ando

are equal, as is the case in standard egualitude twetone experimental methods, the
left fundamental/IMD3 pair and the right fundamental/IMD3 will r@coduce the same
“Y"OOavid other linearity metrics. Hendbee derivationsieed only proceed with one pair,

the left pair in this case.

Converting to electrical power via ‘O 'Y 'O andapplying the optimal LO

drive condition assumption drthe small signal approximations for both RF input tones

then produces
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- ™ oya LY O .
K \4’ WE 3%o —_— 7-38
0 CQ C
- ™oya 0OY O ., o 0 ﬁ
B oC WE 370 00 7-39

whereo

Assuming an equamplitude test such that ; 0 j, the fundamental and thiarder

intermodulation distortion powers are

. ™ o'YYa 0Y 0O 0 ;'Y
. L OE 3% —— 7-40
(81« Wg
\ 5. » ed . 7'41
- ™ o‘gYa o0Y O ., O s'Yh
0 . WE 3% ——38
CLO Wg

Recalling the definition of théhird-order output intercept poifitom Chapter 2() ‘©

—— , the( "GDexpression is obtained.

0 Qo X WE oo 7-42

Subsequently, they"O® is derived from thé "QD
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7.3.4 Derivation of Noise Metrics

Lastly, themetrics of noise power spectral density and noise factciOarederived by

beginning with the noise factor expression for the standard RF photonic link:
0 § MY QY ¢poyY O YO®'Y O 7.44

The first term corrgsonds 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 therelative intensity noise Y "O0 contribution. Comparing the
architectures of the photonic frequency converters here and the irt@isityated, direet
detection RF photonic link, the only new source of noise is the input noise to the LO
modulator. Hene, thed  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.

0 QY QQY QY oY O Y'OO'Y O 7.45
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Here,"Q is thesmall signalain of the photonic frequency converter, referred to the RF
path, i.e. relating the ratio dF output power toRF input power.The small signal
approximation is used since the input noise equivalent voltages are assumed small in
comparison to the modutat halfwave voltagesThis "Q is identical to the previously
derived gain, simply denoté@ . Here again, th&Q expression assuming optimal LO
drive conditionss employed The new second teri®@ "Q“Y is theLO modulatorinput

noise mitiplied by thesmall signal.O-referred gain)Q , which relates the ratio of thi

output poweto theinput LO powe.

© h h h ~ « 0
Q - - wE 3% 7.46
Besides this difference, the existing shot noise ahoise contributions remain

unchanged as these are written in term®o8From 0 , the noise factoiOis simply

derived viaO ——:

P

WQQY Q QY QY ¢nOY O

7-47
Y'OO'Y O

Distributing the’Q "Q"Y expression in the denominatand simplifying the following is

obtaired,

- p ¢cno'y O YO0O'Y O 8
p o) 0 p Y Y 7-48
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The second terpcorresponding o t he LO input’s ther mal noi
a ratio of the LGreferred gain to the RFeferred gainAn interesting conclusion from this

is the slight advantage found in trading RF input power for increased LO input power. This

is more diretly observed by substituting in the expressions assuming both the RF and LO
inputs are small signal, yielding the following result:

¢i0Y O YOO'Y O
'rQ 2 'rQ 2 7-49

¢
©

O
o
Cq C=
= x
]

Hence, increasing the ; and reducing ; lowerst he system’'s noi se f
this second term is typically small, sinde; 0  , especially when the LO

modul at or’ s o0 p tniisteghievediNote the abave expréssian @loes not

assume the optimal LO drive conditiontas final gain expressions in previous sections

have assumedlhe gain expressions employed to achieve the above expression must
assume smaBbignal inputs tdoththe LO and RF modulator&lnder optimal LO drive

conditions, the second term is more complex as many of the common term¥of #mel

"Q expressions do not cancel, leaving the second term as; """ Nonetheless,
8

this second ternis 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 Rfo-IF gain"Q assuming optimal L@rive conditions results in:
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7.3.5 Accounting for DuaDrive and Balanced Detection Cases

For thesake of brevity, the dualrive and balanced detection cases are not derived
explicitly here in detail. Instead, the methodolagyillustrated sufficientlysuch thata

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

The balanced detectiaase is easily derived withesingle detection derivation on hand,
beginning with the single detection photocurre®alanced detectiosubtracts théwo
single photodetector currentesulting intheoretically zerdC photocurrent butlouble

the current magnitudder the IF currentsThis selective behavior occurs becauselke
terms output by both photodetectors share the name sign, but the IF terms have opposite
signs. Hence, electrical subtraction eliminatedX@gphotocurrent while strengthening the

IF currentsNonetheless, for purposes of calculating the noisegahgention froni5] is
adopted whereby the balanced detection is defined as thesum of the individual
photodetector currentgVhile notrefleding the physical reality of balanced detection, this
definition of the balanced detectiophotocurrentnables convenient calculation of noise
terms, such as shot noise, using the previously dei@all  expressiongdence, the
balanced detean noise factor, assuming the LO input noise is small relative to the other

noise sources, is:
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"0 ; p '?'Q v, 'rQ "y 7-51

whereO ;; is the sum of the individu@C photocurrent, an , is the gain of the

photonic frequency converter with balanced detection.

Because theutput IF photocurrent is doubled due to balangetiction, the output IF
electrical powers of the IF and IMD3 terms are increased by a factor of Tois.
multiplicative factor thus impacts the system gain afi@®, i.e. the gain is multiplied

by four:

™ oYY Q 0 Yy 'Y O

"0 - '
" P ®g

GE oo 7-52

Fromthe definitions of § "Gmand"Y"0®, this factor of four can be easily mapped to the

new"Y "OQOitYcomparison tahe singledrive, single detection expressions.

7-53

c

gl
Cq C=
<« p=x

—

S

g,

V'O

WE ufbo 7-54

Hence, balanced detection increases Y®ObY a factort 7 at first glance. However,

note that the balanced detector must be substited, which although identical when

10t



cast in terms ofO , i's significantly | ower i n many

suppression of thBC photocurrent and common mode noise sourcesYikal

Concerning duatlrive implementations, the derivation must return to the modulated
electric fieldsO andO and include differential modulation of both phase shifters within

the RF and LO MZMs. The new RRodulated and Lénodulated electric fields are:

O i —=0Q Q Lo Q
CUQ
7-55
Q DO 0Q
';‘Qr! l
O R TQ Q LD O Q
478
7-56

The analysis continues as before to produce thedtua gain,”Y"0OQ ¥ "Qand0

7.3.6 Summary oSimplifiedEquations

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. Fortuntitelgjfferenes between the
architectural variants are fully captured by mere multiplicative factors, except fboCthe
photocurrentThese multiplicative factorare introducedas® for the gain expression,

@ for the"Y'0®, and® and® parameter$or theDC photocurrentNote thatO
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expressions are cast in terms@f and hencelonot require an independent multiplicative

factor.The values for these factors are giveif able8.

Q WE Who 7-57
Wg
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0 o L~’ R i 0 cn s il 7.58
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Note while only’Q and"Y"O® expressions above appear to be functions of the macro
interferometer phasae%. , the DC photocurrenfO and hencéOare also functions of
3%o ; here the assumption tha%o mtwas applied tdO and hencéOsince these
equations would not simplifgtherwise The generalized expressions 10r are given in

the next section. Likewis€D and’O are functions of the MZM bia%. , though the
assumption here is th#b Ttcorresponding to null bé& which is beneficial for noise
reduction. Additionally, becau$® determine®) ,the"Y"O® (also dependentan )

is @ more complex function of bo##%. and%. ; hence, th&  using the generalized

‘O expressions fothe next subsection should be used for assessingYtt¥O When
3%o T or %o . Nonetheless, the most common bias condition will be when

3%o Ttand%o Ttsince these conditions typically maximize the gain of the system.



Per the’Q expression above, the gain is always a function of the matderometer

bias point3%. , but is only a function o%. for duatdrive implementations. In dual

drive (pushpull) implementations, the fundamental sidebands generated by each phase
shifter in an MZM can interact when coupled, i.e. add vectorially; however, in gingke
(pushonly) implementationgwith the DC phase control on the unmodulated atime)
fundamental sidebands generated by the modulated phase shifter have nocigddls t
interferometrically with, since the unmodulated phase shifter simply passes-an un
modulated carrier. Hence, onlytteatd r i ve MZM’ s out put optical
affected by the MZM bias poirfee . The singledrive MZM simply acts as ahase
modulator with excess carrier power recombined at its output; hence the gain of single
drive MZM based frequency converters is independer¥oof. This feature means the
MZM bias point for singledrive implementationshould bedetermined solely by its

impact on0  and"Y"OQ See sectioii.3.11for more details on phase sensitivities.

Table8— Summary of Frguency Converter Link Factors.

Single Drive Dual Drive
Factor Single Balanced Single Balanced
Detection Detection Detection Detection
. L P PhEine  DF %
w PT P T
& L P Poe % B %
DO T T
& P P P p
DO w T c
@ PP T @ ™ X X

10¢€



7.3.7 Generalized Equations

Here the generalized , "Q "Y'O®, and ‘O expressions are given, without any
assumptions on the RF or LO modulation strengths, nor og%ke and%. biases.
Where present, the multiplicative factors retain their values giv&abite8. The gainQ
is:

LCYQ 0YR YO

RO TN , 00 WE uho )
0 g 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 inptéd, should e recasin terms

of 0 and comparedumerically to the input RF power.

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

0 QY QQY QY ¢pOoY O YOO0'Y O 7-62
0 Q p ¢nOY O YO0O'Y O
p "0 "0 p TQ Y TQ Y 7-63

The"Y"O® expression is more complex, containing multiple Bessel functions (of the first

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

- A YQ OYO 0 % U % U %
B B0 % 7-64




Lastly, the general photocurrent expressions contain the most terms, as these include both
seltbeat terms from RF and LO generated optical sidebands as well as the mixing terms
contributing to the IF photocurrent. Tilsengledrive photocurrents for single detection

(O m ) andbalanced detectioi®(;, 5 ) are:

Ops  —YQOblc 0b 08 o o cbb
PO
COE oo 0O 0O p
i i 7-65
Cl,) 0 W € %o wWhoo CD 0 wé %o wWho
COB 0D Of %
O & %‘Y‘Qﬁc 66 06 Wb b
COé o 0O 0O p
7-66

Cf) 0 0 & %o oo Cf) 0 & %o oo

GUL O 0O WE %o

The dualdrive photocurrents for singldetection Oy ) and balanced detection

(O 7 ) are:

" Pyun =
O & -YQ v v o U O
T
COEiho VO VO i £Q% 7-67
U 0 00 WE %o

11C



Oy ¢ -YQ 0O U O U O
h h C
C(I)é d'g%o 0 O L O i €Q %o 7-68
cL O 0 O WOE %o

wheresubscripts fofO are defined aSD = singledrive, DD = dualdrive, SDet = single
detection, and BDet = balanced detection. Substituting the approfriaquation above
into the'Oand 0 expression in the last subsection will yield the appropriate noise
metrics (and henc&"OQ fbr cases in which previous assumptions are invalid; e.g. non

optimal LO drive conditions %o TTOr %o TL

7.3.8 Performance Trends

Using the equations of secti@3.6 the gain, Y'O®, and noise metrics are calculated as

a function of optical power for the four architectire Figure36to compare performance
trends. The following results reflect component metiied(e9) of the InP downconverter
experimentally characterized in C3).which validates experimentally the calculations of
this section. Additionally, the frequency converter architectures and tipq@&6nic 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 singldrive, single detection architecaare shown here for clarity.

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

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

demonstrating the expect&d @ 0 dependence, which manifests as a skogaise in
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gain with optical power on a dB scalehe frequency converter gain retains the square
depenénce on optical power since a single lasgpliedboth RF and LO branchéa/hile

the RF photonic link demonstrates the best gain, the-dtued, balanceddetection
frequency converter’s gain is only 4.6 dB
converter architecture. The didiive, single detection frequency converter exhibits 6 dB

less gain than its balanced detection counterpart. Likewise, the-dnnge balanced

detection casexhibits 6 dB less gain than the previous. Finally, the sidgles, single

detection case exhibits 6 dB less gain than its balanced detection counterpart. Hence, the

frequency converter architectures exhibit gain performanceitemeincrements of 6 dB.

Table9— Summary ofinP Frequency Convert€omponent Metrics and Parameters.

Metric Value Unit
Laser Power) 135 dBm
Laser RIN -150 dB/Hz
SOA Gain 9 dB
SOA NF 4 dB
MZM ® 4 \
MZM Loss 5.4 dB
Yi Y& Y 50 m
Y 1 AW
3%0 0 rad
%o 0 rad
O 1

For all frequency converters and the RF photonic linkD@ghotocurrentO is a linear

function of the optical poweFigure39.

Unlike gain andO , the noise power spectral densiby, , (the “noise fl oo
complex relationship with optical powefigure 39(c). At low powers < 0 dBmy) s
dominated by output thermal noise, which is not a function of the optical power. As the

optical power increases above 0 dBm, the shot nbige ( and RIN@ 0 ) 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 shatise limited even for higbptical powers. The single

drive, single detection case Bigure 39(c) clearly illustrates the transition from output
thermal to shot noise to RIN limited regimes facreasing 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 ofable9) by the balanced detection frequency converting links for
two reasons: 1) the frequency converters employbaed MZMs that reduce shot noise

at the detector, and 2) the badad detection eliminates commorode RIN, though the

RF photonic link also assumes balanced detedionsingle detection, the noise floor is

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

Note, as mentioneth sectiom 7.3.5 the balanced detectiddC photocurrents here are
understood to be the sum of tHeC photocurrents generated by the individual
photodetectorso enable convenient calculation of noise metrics. Theof the RF
photonic link is largest since quadrature bias is typically employed, while the frequency
converter architectures employ null hiadich suppresses the optical carrier and hence a
large fraction of theDC 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. Particulgetyated
platforms, such as SiP and InP, struggle to support optical po¥2ésiBm without
significant nonlinear effectghough discrete implementations may handle optical powers

approaching 30 dBm.
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Figure 39 — Calculated (a) gain, (6D , (c) 0

assuming component performance consistetith

, (d) U "Qand (e)"Y"OOwérsus optical
launch power for the four frequency converter architectures and a RF photonic link, all

an InP platform. Additionally,

Lumericatsimulated points are indicated for the single drive, single deteeinohthe RF

photonic link architectures, demonstrating fidelity w

ith the calculated results. SDr = single

drive, DDr = dual drive, SDet =rmjle detection, BDet = balanced detection.
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Likewise, theld "Qeflects similar dependence on the dominant noise sdeiguee39(d).
When output thermally limited, the architecture and RF photonicUifi® drop quickly
with increased optical powewith slope = -2 on a decibel scaleThe rate ofb "O
improvement dropas the shot noise regirf@ope =1)is entered, and when RIN becomes
dominant a floor in thé "Gs formed(slope = O)as the noise power increases at the same
rate as the signal poweHence, avoiding the RIN limited regime is vital to scale
performane via high optical power. Although the noise floor forllaéancedrF photonic

link was typically worsdhan for frequency converters employing balanced detection, the
RF phot ooiQs lowen aoréss all optical powers. The RF photonic ntOs
overall superior despite a higher noise floor since its gainigher The dualdrive,
balanced detection frequency converter architecture exhibits thel b&tmong the
frequency converters, nearly as good as the standard RF photonic link foricdl opt
powers. This architecture exhibiis"® < 20 dB for optical launch powers ~17 dB&0
mW). Although theld  of singledrive schemes outperformed dulive schemes, the
latter exhibits significantly bettér "® due to the effective halving of the MZ&l, which

improves gain.

Lastly, "Y"OG¥xhibit similar limitations as thé "Gor RIN-dominant noise which forms

a ceiling on achievablé&/"OOfdr single detection architecturdsigure 3%e). Increased
optical power benefits they "'OOgyeatest in an output thermal noise limited regime, and to
a lesser degree in the shot noise limited regiBaanced detection aritbctures can

achieve'Y'OG reater thah 1 0  dP'BwitiHaunch powers greater than +13 dBm.
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For the single detection results leijure 3%e), the singledrive "YAD "Yexceeds the dual
drive "Y"OOfaf high optical powers. The dual drive implementation exhibits a |a@yer

resulting in higher shot noise and RIN that lowers the ceiling on theliRidd "Y'OQ 'Y
Hence, the single drive implementation achieves a highi€@Oat high optical powers

since it is less limited by RIN conveyed via D€ photocurrent.

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

those assumed by the analytic responBaisle9.
7.3.9 Idealized Results

Next, the analytic equations are employed again to predict future performance of photonic
frequency converterfor a generalized-axis, where the total link optical power budget

0 O isintroducedHere, O isp 1t | CQ and is the dB scale version of the

total link optical gain or loss from laser to detectoris the optical launch powen dBm;

hence the total optical power budget "O 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 conversedxpleeted performance
given those optical parameteiidie following results assume otherwise ideal conditions
and parameters, namalggligible’y "'Oand a modulata®  p V; however, the following
results are not strict upper limits on performance. For example,foves may be av ai
in the future. Also, perfectly linear modulator phase shifters are assumed here, which are
suboptimal when using MZMs, since they do catinteract the cosine transfer function of

the interferometer which generates performdiméing nonlinearities. Ideally, these
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phase shifter responses would drecosinefunctions to yield an overall linear MZM

responsetHence, modulator linearizati@ehemes will violate the trends described shortly.

The idealized gain) "Qand"Y "OOr&sults are given irigure40 and generally exhibit the
same trends as previgly noted. However, the effects df'Oare not present, sindbe

'Y "Ois assumed smalThe dualdrive, balanced detection architecture still maintains the
best overall performance and achieves unity gain@f 14 dB, andL 0 9 dBY' XY
ford0 O p TdBm without any electrical amplificatioT his optical power budget

is easily achieved in discrete implementations, and not out of reach of integrated platforms,
particularly those with ohip gain like InP. For example,Gf  p @Bm,MZM insertion

loss is-5 dB, excess splitter and waveguide los8idB, and the optical amplifier gain is

+5 dB,then'O o'Qéand hencé O p Bm. The most difficult component
performance assumption for integrated platforms is theilassumed here. Such low

is not yet feasible on silicon nor InP platforms while maintaining low insertion loss, a
function of modulator length and absorptieer unit length . Typical highperformance

SiP and InP modulators exhiloitd | metrics of 20v - d@B]. Therefore, a SiP or InP with

@ pwwould exhibit a high insertion loss () of 20 dB without further innovation in
phase shifter desigrOn the other hand, the LiNb{platform has demonstratech O |
metrics as low a6 V ;edaBlingw pV modulators with reasonable insertion losses
of 6 dB[67]. Regardless, any reduction @f is typically of benefit to both RF photonic

links and fregency converters by improving "“@nd gain.
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Figure40— Calculated (a) gair(p) 0 "Qand (c)'Y"OOV¥rsus launch poweb () modified

by optical link gain or loss'©@ ) for idealized implementations of the four frequency
converter architectures &igure36 and a simple RF photonic link. Assumptions include
no RIN, no optical loss (ajain), and a modulatos  p V. The xaxis 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 exgaaifihe single driveY " OGbf
Figure40 exceed theY"'OG"6f the dual drive cases for very high optigalver budgets
>25 dBm.Because there is no RIN, the exphtion of a similar phenomenon in the
previous subsection does ragiply. Here, the higher gain of the dual drive architectures
reaches a noise regime limited input thermal noise, while the single drive architectures
remain in the shot noise limited regime for the same optical power b&igedar to RIN

limited effects, dominant input thermal noise will flatten tHéO'Oarid form a ceiling for
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the system dynamiange. Fortunately, only links with exceedingly large gain (very low

modulatorw and high optical power) are likely to be input thermal noise limited.

A useful method for assessing MWP system performance ¥ i0v¥. 0 "@esign chart
popularizdby Urick et al.[85]. The"Y"OQi%calculated for contours of modulatorand
link 'O versusO "OHowever, in the case of frequency converting links employing null
biased MZMsthe"Y OOi&calculatedor varied optical power budgét "O  (in dBm)

instead ofO .

The design charts for singtirive and duabrive architectures using single detection are
shown inFigure 41, giving a designer the ability to quickly assess linearity and noise
performance for a givetd and optical power budget. The possiHEOGdndly "® exist
where® andd 'O  contours interseciVhen RIN dominates the noise, the O
contours will approach a ceiling, which thereby limits the achievab!®Q “Close
observation of these design chartsicludeshat while reducingw indefinitely benefits

0 "Othe sptem™Y"OQi&unchanged except for extremely law s darfredlice’Y'OQ'Y
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Figure41 — Calculated trade space for the idealized (a) single drive, single detection and
(b) dual drive, single detection architecturdisisirating the effects of increased optical
power andw on achievabléY"O0andl "ODashed lines indicate contours of constant
while solid lines indicate contours of constant optical power, in terms of launch power
and the | ink’ s Oo.pviahlecdasign ppiats far explicitly Ishmabsand

0 O combinations exist where dashed and solid linessate.

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 gainy"OQ “énd 0 "Oscale with optical power, loss,
modulatorw, and other component metriddonetheless, RF photonic links generally
outperform photonic frequency converting lirflas a given optical poweas evidenced by

the results offFigure 40, where a duadrive, balanced detection RF photonic link is
compared with a dualrive, balanced detection frequency converting l@é&mparing the

gain responses dfigure 40(a) indicates an inheren#t.6 dB gain penalty for frequency
converting links. The frequency convertdf'OQicurs a-6 . 7 &°BenHltyin the
thermal noise limit (low optical power); however, this penalty decreasds.tol &°B- Hz

in the shot noise limit (high optical powemhese performance penalties largely originate
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from the limited efficiency (gain) of the mixing process éndted optical LO magnitude
due to the Bessel function dependence of modula#ifiar optimization @ the LO input
power, as was assumed for the derived resultsubkection7.3.6 achieving higher

performance resprimarily on increasing optical power or redugiloss.

RF photonic links exhibifi "® no more thanr5 dB better tharcomparablefrequency
converting linksin the input thermal noid@nited regime; however, thé "® converge in
the shot noise limiBecause the RF photonic link exhibits higber due its higheiO

and hence shot noige benefits imparted hits superiogain ond "@re largely mitigated
7.3.11 Phase Sensitivities

The phase sensitivities of these frequency converters are important to assess, as such
architectures may be implemted in phased arrays and links susceptible to temperature
and mechanical drift or shockhe equations of subsectiods3.6 and 7.3.7 along with
Table8 yield many of the insights into phase sensitivities of the architectures. From these
equations, the macioterferometer phasex%. affects all metrics for all four
architectures.The gain scales as) ¢ {uho because of a phemenon at the
photodetector arising from dusideband modulation. The photocurrent generated by
mixing the upper sideband$ andQ ) adds with phase%. with the
photocurrent generated by the lower sidebaifdls ( and Q ). Likewise,
thisuPéo is also important for th&@ generated, and hence the shot noé)land
"Y"OQ Note that using singlsideband moduladn would eliminate this effect and increase

the architectur-dritimparmemsini ty to phase

121



Assuming RF and LO modulators adentical anddentically biasedonly the dualdrive
architectures exhibit link gains dependen®@n, the MZM biaspoint. The link gain&Q

of singledrive architectures may or may not be function%®f since singledrive MZMs

are effectively phase modulators with excess carrier power routed and recombined around
it. Hence, %0 only affects the output op@t carrier power, not the optical sidebands that
produce the output IF-hough not affecting the gaitheMZM bias pointwill impact noise
metrics and henc&"OOby somewhat complex functions, since the f0ll expressions

of section7.3.7are not simpléunctions of%o .

If the RF and LO modulators are different, however, the sidglee gains may be
functions of%. . For example, i%0 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%. . This would occur becaus® will shift the optical phases of the

RF generated omtal sidebands, but not the LO generated optical sidebands, resulting in a
phenomenon similar to that described for the impa@%{ . However, as long & is
applied in the same arm fbothsingledrive RF and LO MZMs, thegain will be agnosti

to MZM bias point.

For duatdrive architectures, the MZM bias pofat  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, tlsgdebands interact as a function of the
relative phase when recombinedading to'Q © wé i%. . Likewise, %o will affect

all other metrics, including , 0 "Qand"Y"OOa¥cording tdO %. in section7.3.7.
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7.4 Summary

In this chapter, the most comprehengingatment of photonic frequency converters was
presented. Here, an intuitive understanding of how frequency cormagrezate wagiven,
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 @ectrm

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 intensgulated,direct

detect RF photonic links and the phase sensitivities of the photonic frequency converters
were expoundedn 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 characterizethe simulated andxperimentally
characterized performance metrics are ther
ability to accurately predidtey photonicfrequency convertemetrics The study of two
architectures simultaneouslystills greater confidence in the simulation methed well

as greater opportunity to assess distinct architectural advantaaptly, the two SiP
architectures are modified and simulated to predict future performance capabilities of

frequency converters on SiP platforrf3].

8.1 Characterization & Simulations

The two SiParchitectures( “ ar chi t ect ur e | ’investigattd Hermrec hi t e C
summarizedn Figure 42. Architecture | comprises an ethip laser, integated phase
modulators (PMs) within a larger maerderferometer, thermal phase shifters to set the

bias point of the macrmterferometer, and a photodetector-cfiip. While the laser is

inevitably off-chip for all SiPimplementationsthis architecturenay be called par t i al | vy
i ntegrated” s alsoafehip. Thesphasemoautatbrs ad architecture | were
customdesigned in the AIM Photonics SiP process; adown image of the integrated

portions of architecture | and a schematictlté custorrdesigned phase shifter cress

section are given iRigure43[3]. The 1 mm phase shifters employed PiN junctions shifted
laterally such that flopants occupieB0% of the waveguide width compared to 40% for

the N-dopantdor greater phasshifting efficiency and lower log42]. Further information

on the performance ttfiese phase shifteasid the detectas given in[23].
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Architecture 1] Figure42(b), is comprised of a single cffhip laser, two MZMs within a
macrecinterferometer, thermal phase shifters for setting the matederometer bias
point, and orchip balancedl et ect i on. This architecture
since all components able to be integrated on silicon were integfamagh the balanced
detectors were integrated in architecture Il, the electrical subtraction through a balun was
accomplisked offchip such that each detector could be independently teBtedigh
architecture 1l was also fabricated in the AIM Photonics prodbgesmodulators and
detectors are not identical between the two architectargsthe modulators are different

in design and performancehence, 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 aspeetsd drawbacksf the two architectures éligure42.

RF

(b) RF MZM
Pou
Laser MZM @3 [ Pv o E PD
Pouts LO MZM IF
(@ [ P Jorle PD
Pl et LI,
LD m M F IENEED L
|
LO

PoutZ

Figure42 — Schematics of MWP mixer subsystems for (a) architecture |, consisting of a
single MZM with separate LO and RF arms andatfip singleended detection, and (b)
architecture 1, consisting of nested MZMs, each shulgieen and using cehip balanced
phaodetection. PM = Phase modulatefse= thermal phase shifter, PD = photodiode.
Optimum bias of each MZM must be carefully considered.
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Figure43 — (a) Topdown image of the fabricated custatasigned modulator using the
AIM Photonics platform. (b) Schematic cresaction of the electrode and dopant structure
of the designed modulator.

8.1.1 Systerrlevel Simulations

Lumerical INTERCONNECT was used for systéenel simulations to accomplish two

main goals: 1) to validate treecuracy of simulations compared to experimant2) to

predict the performance of new architectures leveraging both architectural modifications
and improved componerdevel performance. Throughout the next subsection, the
simulation and experimental tdts are providedsimultaneouslyThe 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 imperféons of the plasmdispersion 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 asime thermally limited noise floors 6fi74 dBm/Hz. The
experimental laser used in both architectures exhibited +20 dBm optical output power,
relative intensity noise (RIN) 6145 dBm/Hz, and linewidth of 100 kHz, all specifications
included the Lumeriddaser model. All other parameters included in the simulation match

those experimental values specified throughout this chapter, which inchedeser
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responsivities and bandwidths, electricalefiland modulator bandwidths, fib&rchip
optical losseselectrical 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 | and Il are ghigniie44. Both
setups comprise @-bandlasertuned to 1550 ninhigh output power EDFAup to +30
dBm), variable optical attenuatq/OA) for linear optical power contrplpolarization
controller(PC), two signal generators for RF and LO tone sourté&slizlow pass filters

and 38 dB electrical amplifiem the detector output, and electlispectrum analyzemhe
average optical I/O loss in coupling to and from the silicon chip was 4.2+0BhéBias

tees coupled3.5V DC to reverse bias the modulator phase shifters to reduce absorption
and junction capacitanc€he largest difference beéen the two test setups is the use of a
balun inFigure44(b), since architecture Il uses balanced detectionrd@tiresoff-chip

subtractiorof the two detector optits

(a) Signal Spectrum
Generators Analyzer

RF, LO
PC
= OO0 .| SiP Frequency
A> VOA
B
0 | 30 dBm B,y

DC
®
Laser Generators Analyzer

RF, LO
= A XX SiP Frequency H B LPF
Converter o

+20 dBm By

DC

Figure44 — Schematics of the test setups for (a) architecture | and (b) architecture Il. The
test setup for architecture Il includes an external balun since the balanced detector outputs
were not subtracted echip to enable characterization of each detector aggar

The basic functionaliés of architecture | and Il were verified by measurement of a 100

MHz IF, for RF and LO toreas indicated ifrigure45. Architecture | wa tested using RF



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, respectivelpoth responses, tHew-pass
electrical filters (LPFs}ignificantly attenuate the RF fundamant. O fundamental, high
frequency noise, and other spurious signdlbe results of Figure 45 are raw
measurements, unadjusted for losses in cables, bias tees, a@ledntiners, and RF

probes the precise Rfo-IF gain will be assessed shortly.
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Figure45— Measured spectra demonstrating downconversion for (a) architecture | 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
unalibrated resultsThe calibratedR~to-IF gans are5.0 dB and19.5 dB for (a) and (b),
respectively.

Next, because each architecture contains interferometers, the bias point can be optimized
experimentally in terms of the RB-IF gain metric. The thenal phase shifter of
architecture | was swept while monitoring optical output powelagiagh while measuring
IF power from the photodetector. Thwalibratedresponses ofigure 46 demorstrate

maximal performance at both peak and null biases, with a maximum IF gah0otiB

achieved at peak transmission. Here, the optical transmission response (red) was measured

with no AC modulation. The measured range of gains ltvagtimum 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,agreement withth& T &% dependence from section

7.3.11

IF Gain (dB)

OQutput Optical Transmission (dB)

Peak éQuad iNull :Quad

0 10 20 30 40 50 60 70
Heater Power (mW)

-50 -30

Figure46—Measured IF gain of architecture | as a function of thermal phase shifter heater
power, which alters the maenaterferometer bias point. Useful bias points including peak,
guadrature, and null bias are indicated. For this architecture, the IF ga@iximined at

both peak and null modulator bias points.

The same measurement waerformedfor architecture 1l, with the added difficultyf
optimizing over both the mactiaterferometer bias and the two MZM biases. As explained
thoroughly in the appendix d23], the optimal bias scheme was one MZM fixed at
guadrature 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 andll bias points is likely due to the nonlinear phase
response of the plasriispersion phase shifteicchitecture 1l demonstrated a peak gain

of-19.5dB

Additionally, the IF gain was investigatéal architecture hs a function of optical power,
giving information both omptimal performance and the power handling capability of the
photonic frequency converter. Sweeping the laser output power while measuring the IF

gain yields the response &igure 47. The discrete derivatived F30 f (ratio of



change in IF power to change of optical power) indicates thaptwton absorption and
free-carrier absorption onset near +10 dBm optical power in the wavegjafcrchitecture
I, similar to values found in Chaptdr The gain response &igure47 implies that the
frequency converter is still useful with twatnoton absorption and fremrrier absorption
present, although gain improvements come at a higher price in terms of power

consumption.

2.5

30 T >
TPAfit -

linear fit

IF Gain (dB)

-40 1 I L
5 10 15
On-chip Optical Power (dBm)

Figure 47 — IF gain response of architecture | and discrete derivative of the IF gain
indicating nonlinear absorption at 9.9+0.25dBmcoh i p opt i c al power at

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 IRhiscase 100 MHz. The measured results,

along with simulated frequency responses, are showigure48. 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 compleptyhemo dul at or ' s equi v al
Better matches in bandwidth could be achieved by using the measuregsnses of

characterized modulators. Additionally, small differeriogbe 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 applitcsitiopconversion

is also possible with these same architecturesieasonstrate for architecture 1. 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 outpsivigs from 500 MHz

to 12.0 GHz. This result is shown alongside the downconversion frequency response in
Figure48(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, sincbd RF input was fixed at 100 MHEpconversion bandwidths

are primarily determined by LO modulator and receiver bandwidths, since the RF input

frequency is lowspeed and fixed.

Architecture |1’ s downconv digwad&by exhibiteggu e ncy
3 dB and 6 dB bandwidths of 11.2 GHz and 26.5 GHz, respectivieéysimulated 3 dB
bandwidth agreed well at 10.7 GHz, but does not well capture the fulefiegweonverter

response due to the simplistic modulator RC filter model employlete that these
bandwidths are electricab-electrical bandwidths. The significance of the 6 dB bandwidth

is its equivalence to the 3 dB electritadoptical bandwidth, dudo the squardéaw

behavior of photodetectors. In all downconversion frequency response measurements of
Figure 48, the cable and bias tee frequency responses wereratatib out. In
downconversion, the modulators primarily limit the system bandwidth, since the IF is
typically low-speed (< 1 GHz), rerdng thephotodetectdr &and subsequent circuitrys

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

Finally, the linearitymetricsof architectures | & llare quantifiedoy an equahnplitude,
two-tone test with RF tones at X3Hzand 1.5 GHz and the LO at 1.0 GHz. This generates
fundamental IF tones at 400Hz 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 anelectrical spectrum analyzerFigure 49. The measuredY OGYof
architectures | and Were91+1 dB-HZ”® and92+1 dB-HZ?, respectively. Similarly, the
Lumericatsimulated results dd1.2 dB-HZ?® and90.1dB-HZ'® are shown alongside the
measured results for comparison, demonstrating good agreekttbatigh thefrequency
converters differ both in architecture and component performtnadeoffs in the system

level metrics of gain and noise floor result in simiMIOGTor architectures | and.lI
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Figure 49 — MeasuredY'OGYoy an equahmplitude twetone test for fundamental
frequencies at 1.4 GHzd 1.5 GHz and a 1.0 GHz LO for (a) architecture | and (b)
architecture Il. The noise floors ef11 dBm/Hz in (a) anell30 dB/Hz in (b) are largely
due to the pogphotodetection electrical amplification of output thermal noise.

In terms of other lineagt metrics, architecture Il demonstrdtgreater linearity with a
32+0.2dBni0@@ o mp ar ed t o 245+0hdBriGé@ilinterastanglyl, However,
architecture 1l demonstratesaver 0 "Qthan architecture [11+0.2 dBmvs. 15.0+0.2

dBm. This counterintuitive result occurs becauseith@dmetric combines information

of the"'O"@tand the system gain; hence, because architecture 1l exhibits a significantly
lower gain despite its superid® @pits 0 "Qwis lower than the) "G of architecture .
Simulated 0 "GD and "O"@results are summarized ifiable 10, along with all other
simulated and measured metrics for these architectlmresorclusion, architecture |l
demonstrates better linearity via its highgfFOOand ‘O"@lmetrics. The photodetectors
likely play only a marginal role in the photonic frequency converter system linearity, since
the AIM Photonic detectors used here haverbdemonstrated in links withty ' OGY
exceedindl 1 3  ¢'H92]HAxditionally, the photodetector and electrical amplifier were
operated in linear regimes away from their saturation points, leaving the MZWg
primary source of nonlinearities. Hendieearizing the silicon modulators, as addressed in

section6.l, is a key method for improving frequency converter performance.

13¢



From the electrical spectruamnalyzer,the noise power spectral densitiés (, more

colloquially calledt h e noise floor?”) are mela®br ed,
dBm/Hz for architecture 1 and.30+0.5 dBm/Hz for architecture. The high nase floors

are primarily due to electrical amplification of output thermal noise, ascertained through
the Lumerical simulated noise floors efl12.4 dBm/Hz and-128.3 dBm/Hzfor

architectures | and I, respectively

Here, the ability for Lumerical INTERCONBCT 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 previsgectiorand Chapter,several improvements to the original
architectures | and Il may be suggested: 1) implementing balanced detectommon

mode noise suppressia?) using driver and TIA amplifief®r improved gairand output

power, 3) increasig optical power, 4) using pugiull (duatdrive) modulation, and 5)

using stateof-the-art integrated componentk this section, these modifications to the

original architectures are assumed and simulated to identify reasonable future performance

of silicon photonic frequency converter§hese modified architectures are depicted
schematically inFigure 50. The new architectesar e her eon i denti fi e
Archite ct ur e [ and “Modified Architecture I
architectures is in their modulators: the former uses single phase modulators, while the

latter uses MZMs.
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Figure50— Schematic of mixers for updated (a) architecture | and (b) architecture II; both
architectures now implement -@hip balanced photodetection for noise suppression, an
input RF amplifier, and a TIA pogthotodetection. Architecture Il now uses a edigve
configuration for both LO and RF MZMs.

The modified architectures assume 35 GHz moddatith w s of 7 VV, on par with modern
foundry capabilities. Amplifiers includé0 GHz,+20 dB gain driversvith up to 2.0 V
output amplitude swingsn the RF inpts and10 GHz, 215 V/A TIAs on the outputs of
the balanced photodetectohs.fact, a reduced bandwidth on the TIA is advantageous for
dowrconverters by reducinigigh frequency noiséptical launch powers were assumed
to be +20 dBnfrom a laser diodethe EDFA was eliminated=dge coupling losses were
assumed (conservatively) at 4 dB/faddt.component valueassumed here are madgch

or beaten by values claimed by existing silicon foundridsee component metrics are

summarized alongside all resultsTiable10.

The predicted performance for modified architecture I includes a gain of +15.0 dB, a +34.9
dB 0 "Qa 29.1 GHz 3 dB bandwidth, improv®d'O00Yf 9 8 . %, andBOWH5.3
dBm, and a "Giof +23.5 dBm.
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Simulations of modified architecture predict a gain of +20.6 dB, an excellent 25.1 dB

0 "029.1 GHz 3 dB bandwidth, &Y"008f 1 0 4 ?°d+B0.5KHIBM'O'@Dand +30.8

dBm § "G SeeTable 10 for summaries of all predicted and measured reshtite, the
simulatedO"©@$ appear degraded in comparison to the previous architgatorestheless,

this reduction ifO"@Us the result of using driver amplifiers at the RF inputs and does not
indicate reduced linearitywithout considering noise effects, the addition of RF input
amplifiers effectively shift the RF input power range over which the system maintains a
specifia linearity, e.g. aily"OQ Mere, input amplifiers and TIAs were assumed perfectly
linear, because the wathatched simulation and experimental results of the original
architectures imply the amplifier nonlinearities are insignificant in comparisoheto t

modulator nonlinearities.

This chapter has highlighted the performance achievable for frequency caverter
integrated in silicomsing architectures and components readily fabricated in foundries as
of this writing. SiRbased frequency converters, leveraging balanced detection, integrated
drivers and TIAs, duallrive modulation, and stat#-the-art foundry processes can
achieve peitive gains, 3L 0 0  dBY '®IXYand low noise figures approaching 20 dB.
Next, the performance of frequency converters in InP is investigated and conqpidued

results of this chapter and the broader literature.
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Table10- Summary ofExperimental andimulation Results forArchitectures | & Il.
MODIFIED

MODIFIED
ARCHITECTURE | ARCHITIECTURE ARCHITECTURE Il ARCHITECTURE i
Metric Experimental Simulated Simulated Experimental Simulated  Simulated
Launch Powe(dBm) 20 20 20 20 20 20
Edge coupling loss
(dB/facet) 4 4 4 4 4
Input RF Amp Gain
(dB) 20 20
TIA Transimpedance
(VIA) 215 215 215 - - 215
Additional Output
Amp. (dB) 38 38 - 38 38 -
MZM Vi (V) 7.0 7.0 7.0 10.5 10.5 7.0
MZM Operation . . . . . . . . single .
Mode singledrive singledrive  singledrive singledrive drive dualtdrive
Bias Point(s) Null Null Null Quad, Null Quad, Null  Null, Null + 172
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 7 5 75 35.0 12.1 12.1 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 34.9 +62.5 +64.1 25.1
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 (dBHZ??) 91 91.2 98.5 92 90.1 104.0
IIP3 (dBm) 24.5 25.5 5.3* 32 29.4 10.5*
OIP3 (dBm) 15 20.6 235 11 5.1 30.8

*Apparent reduction in 1IP3 is a result of input amplification and not an indication of decreased linearity.



CHAPTER 9. INDIUM PHOSPHIDE PHOTONIC FREQUENCY

CONVERTERS

While the capabilities of photonic frequency converters in a SiP platiena investigated

in the previous chapter, the second most popular integrated platform, InP, also shows great
promise for IMWP technologie$he InP platform can leverage thesemgtanc t or * s di r
bandgap to accomplish ahip lasing and optical gair 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 characterizedy Fthal InP and SiP

platforms are comparegegardingtheir performance for IMWP functions.

9.1 Architecture and Fabrication

The photonic frequency converter architecture implemented here is similar to Architecture

Il of Chapter8: a dualparallel MZM architet ur e modi fi ed to take &
inherent gain capabilitie§igure51. An onchip distributed feedback laser (DFB) with a

monitor photodetector (PD) serves &as bptical source, followed by a 2x2 directional
couplerproviding nominally equal power to both arms of the masterferometerEach

arm of the macranterferometer contains an MZM with output monitor PD, semiconductor

optical amplifier (SOA), and therahphase shifter for adjusting the relative phase between

the armsDue to the quadratic scaling of the IF output power wititlip optical power,

the SOAs are placed behind the MZMs to mitigate modulator insertion .I0Bses
interferometer is terminatdaly another 2x2 directional coupler, with the top oufedtto

the highspeed photodetector and the bottom output fed to a (slow) monitor PD. Hence, this
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implementation enables retine monitoringand controbf laser output power, MZM bias

points, macranterferometer bias point, and output optical power through the vabiGus

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 architeciline.

monolithic photonidrequency converter was fabrica&sla systeron-chip (SoC) through

amultitpr oj ect waf er of fering wunder Al M Phot c
processThe InP PIC was attacheshd wirebondedo a carrier board with breakoDiC

and RF lines to enable convenient access to all electrical pouesy of Infinera

~

¥ Monitor PD -
, _ I
Null bias fir

Monitor PD

Monitor PD /

Figure51—Monolithically integratedystemon-chip photonic integrated circuit schematic
of adownconverter architecture, comprised ofthe laser, two MZMs in parallel followed
by SOAs and phase shifters, higbeed photodetector, and multiple low speed detecto
for monitoring optical power and bias.

9.2 Experimental Results and Discussion

All measurements, such as gain, downconverting bandwidtl® "Y"OQ "dnd other
linearity metricswere measured by methods identical in methodology to those described
in Chaper 8. Hence, the measurement methodologies are not repeated here, except where

major differences occur.



Before measuring the key MWP metrics, the MZMs were null biased using the monitor
PDs directly following both RF and LO MZM$he SOA drive current dimg these initial
measurements was 120 mA, which provides approximately 9 dB opticalfgaimeasure

the gain, a 0 dBm, 1.1 GHmneserved as the input Rftgnal while a +17.4 dBm, 1.0

GHz tone served as the LO. For the Infinera modulator @with v W, this input optical

power maximizes the L@enerated optical sideband, which is described by achicsr

Bessel function dependence on input voltddes optimal drive condition is achieved with

a driving voltage (peak amplitude) equali® oo The modul ator ef fi ci
function dependence, described further in Chafteas a global maximum which is easily
achieved for devices with low to moderai¢ She 100 MHz IF output was measured via
electrical spectrum analyzand tracked as a function of magénterferometer bias point

to ascertain the optimal bias conditiéiigure52(a). The DC photocurrent from the RF PD

was also monito as this gives direct information about the maoterferometer bias

point, which can then be compared to the measured IFigeresultsigure52(a), which

have leen calibrated for RF input cable loss, IF output cable loss, and excess electrical loss
from bias tees, demonstrate a peakt®H- gain 0f-26.8+0.2 dB at a quadratulike bias
macrainterferometer bias point, i.e. where the photodetected current acd meident

optical power was3 dB below its maximumNo external electrical amplifiers were used

in this measuremenbut this result indicates that the InP frequency converter could easily

achieve unig gain with driver amplifiers or a TIA on the phditected output

Next, the frequency response of the InP frequency converter was measured with all
electrical cablebias tee and RF probe responseaibrated outThe 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 MHi,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 ruleof-thumb is intuited: a frequency conveite8 dB bandwidth will be roughly

equal to the 6 dB bandwidth of the modulator used, assuming the LO and RF modulators

are identicalNote also that the photodetector bandwidth plays practically no role in the
response ofigure52(b), since the output IF is both fixed and a low frequency (100 MHz).

Hi gher frequency | F' s wil/l simply i1incur a

frequencyresponse during this measurement.

(a)
125
E <
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g 3 8.
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= - 15 = W
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O. + Measurement
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-55 i i i i 20 H | ;
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Figure52 — (a) IF gain andC photocurrent versus the macro interferometer bias ,point
controlled by heater powef) Downconversion RF bandwidth of 10.0 GHz, measured by
sweeping RF and LO frequacies for a fixed 100 MHz IF. Note this downconversion
bandwidth includes the responses of both RF and LO modulators; hence, the 6 dB point
indicatesthe InP modulators exhibit 3 dB bandwidths of ~13.6 GHz.

Next, the noise metrics of the InP frequencywater are determinedHowever, it was
found the noise floor was below thik2 el ect

dBm/ Hz, Hence, t he tr e whsmPasufred imdirecdyrusing conv
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basic amplifier noise theonBy adding an amplifier to the photodetector output and
measuring the new total system’isr)On ocars e f

be estimated. From amplifier theory, the system noise f&otoiis a simple function of

t he Pis€fac®rOnandgainrO , as well as the known el

factor'O

RecallthafO p 17 .Hence, knowingO ,"O ,andO ,the term of interestD his

easily solve for:

Then, thiSO (and itsO "O ) can be usetb calculate th€ | Q) sviathe RF photonic
link equation relatingg , 0 "Qand"Ofrom Chapter 2:
Qo6 a e Q06 & 008
e V] | e
04 P X oa 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 outputhel  wasestimatedat-159.4 dBm/HZor SOA drive currentsfo

120 mA.This method of measuring a noise floor below the electrical spectrum analyzer

noise floorworkas | ong as t he ampl i fabosathe spgcsume m’ s

analyzer
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Next, the"Y"OOwas measured for the InP frequency converter by methods identical to
those described in Chapt®rThe twetone inputs were at 1.4 GHand 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 MHEhe measurety’OOwa s 9 92° avé anHRF input
power range betwee5 dBm and 0 dBnFigure53(a). The resultaniO"@@and( "Giwere

12 dBm and18.1 dBm, respectivelylhe"Y'OOWas then reassessed near 10 GHz, for RF
input tones at 10.4 GHz an@.% GHz and an LO tone a0.D GHz to produce the same IF
fundamentals and IMD3s as previously. The 10 GHz experiment yieldetllad9B - 26 z
“Y"OO(Figure53(b)), demonstrating negligible degradation"6sfOO6Yv er t he sy st e
dB bandwidth.The 10 GHZ'Y"OOi¥ valid over a narrower range of RF input pow8r,

dBm to 0 dBm, because the IMD8&ee closer to the noise floor and hence more difficult
to measureAt 10 GHz, the0'@and i ‘Qdwere 19 dBm and20.2 dBm, respectively.
Note that while théO'@tat 10 GHz appears larger than 1B&0@t 1 GHz, théO"@t@and

U "GDmeasurerants 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 cuneionger
benefits performance. The gain, noise metrics, and linearity metrics were remeasured,
yielding -26.8 dB gainy) = -158.9 dBm/Hz, 42.1 d& "QO"Y'OO6f 104+1d B - ?H z

"0'0F 12.5 dBm, and "Qn=-17.0 dBm Figure54(a).
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Figure53 — Two-tone experimentsear (a) 1 GHz and (b) 10 GHz. In (a) RF tones at 1.4
GHz and 1.5 GHz andnLO tone at 1.0 GHz demonstratad 9 9 2d"B"OGb¥er an

RF input power range of roughi$5 dBm to 0 dBm. In (b) RF tones at 10.4 GHz and 10.5
GHz and an LO tone at 100 @H d e mo n s t r a £3%YO0éVer®al RFdrput H z
power range of roughh8 dBm to O 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
yieldedfundamental IFs at 400 MHz and 500 MHz, and IMD3 tones at 300 MHz and 600
MHz. Both used SOA drive currents of 120 mA. TNéOOd€égraded very little over the

10 GHz 3 dB bandwidth.

Lastly, the system performance was characterized with the additioB6GtB amplifier

on the IF output (SOA current = 120 mA). The InP frequency converter with RF amplifier
on the output achieved near unity gain@8 dB,0 =-133 dBm/Hz, a 42 dB "Qan
"Y"O06Y 100d B - ?f a 14 dBmiO"@pand a 10.3 dBri"O0, Figure54(b). With the RF
amplifier, the system maintains a higfiOOwhile achieving neaunity gain, foroverall

good system performancehe performance ntgcs of the InP frequency converter under

these various operating conditions are summarizéalimell.
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Figure54 — 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 downr2 e SOAgdrivarc hi ev e
with 150 mA. (b) The downconverter achievedGa8 dB gain and maintained a 100

d B - 2A"Y"O0OWhen a 26 dB RF amp was added to the detector output.

Table 11- Summary of InPDownconverter Performance forDifferent 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) 41.6 444 42 42.1
Nout (dBm/Hz) -159.4 -159.4 -133 -158.9
SFDR (%8B 99 98 100 104
RF bandwidth 10.0 10.0 10.0 10.0
[IP3 (dBm) 12 19 14 12.5
OIP3 (dBm) -18.1 -20.2 10.3 -17.0

9.3 Comparing Experiment to Theory

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

results. This section validates the accuracy of the analytic equeatilessimultaneously
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identifying the performance trda for the InP frequency converter with increasing optical

power.

Using the singlarive, single detection equations of sectifi3.6 the gain andO
responses versus optical launch power were calcukitpae55. Also shown in théigure

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‘@dAlso showrarethe experimental
results described in the previous secfid) matching superbly with both the analytic result

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

powel).
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Figure55 — Calculated, simulated (via Lumerical), and experimental (a) gain araGb)
photocurrentO versus laser launch powar the InP downconverter

Next, thenoise power spectraensity(

are shown irFigure56. While the results agree well, the analytic resultg at

analytic, simulation, and experimental results

dBm were overestimated slightly, yielding

14¢€

= -156.1 dBm/Hz compared to the
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experimentally measured58.8 dBm/Hz. Likewise, the Lumerical INTERCONNECT
simulation also slightly overémated0d |, yielding a value 0f155.7 dBm/Hz. Lumerical
INTERCONNECT consistently estimated slightly highief® compared to the analytic
equations across all simulated laser powers, likely duéntibed simulation tmes.
Nonetheless, this discrapcy 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 experimentise floor(
versus laser launch powar the InP downconverter.

Lastly, thed "@nd"Y"OOrivetrics were calculated via the analytic equations and compared
with the Lumerical simulations and experimental d&igure57. The small discrepancy
between analytiand experimental  also causes further discrepancy in th&Qwith

the analytic result predicting "G 44.4 dB compared to the experimentally measured 41.6
dB. The Lumericalb "Q45.0 dB at +13.5 dBm laser power) was slightly higher than the

aralytic result across the simulated laser powersanésipated

The experiment al | $$YioOcssmpareswel t® the. pledicted 1061%

d B - °f per the analytic equation. The Lumerical simulations yielded very good



agreement with the alyéic equations, with a simulatéd™O00Yf 1 0 0 ?*Zor 4 B5 Hz

dBm input power.

Hence, this section’s results demonstrate

previously, as all metriosere found to agree well with both commercial simulation results

and experimental data.
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Figure57 — Calculatedsimulated (via Lumerical), and experimental (a) noise figure and
(b) "Y"OOv¥rsus laser launch powfer 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 performaraleng the
measured InP results of secti®r? as a starting pointhe analytic equations of section
7.3.6 can predict how performance will improve through relatively simple architectural

changes, such as moving to ddalve and balanced detectionplementations.

As apparent from thé "Gand"Y"OOr¥sults ofFigure 58, the experimentally measured
frequency converter was performasicrited due taRIN-dominantoise sinceéhe? "@nd

“Y"OOcdIculated responses (dashuack show significant flattening at the experimental

14¢



laser output powad = 13.5 dBm. ThiRIN prevents significant improvementin"@nd
“Y"OOfof increased optical power >13.5 dBHenNce, eliminatindrIN is key to unlocking

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

Balanced detection is a common solution for eliminating commodeRINFsuch as that
originating from the laser. Recalculating tlesponses with balanced detection assumed
(solid black) yields dramatic improvements: a 13 dB reductio iland 9 ?°dB- Hz
increase iNY'OOfyr the same operatingonditions Figure 58. Additionally, with RIN

largely eliminated, performance can continue scaling in the shot noise limit for increased

optical power, enabling ' ® 20dBandY'OGa ppr oachi n§@ 120 dB:- Hz

Furthermore, implemdimg duatdrive modulation schemes can further improvettiédy
reducing the effective MZMw. A duakldrive scheme can further reduce the€Q as
indicated inFigure 58(a), by another 8 dBfor the same operating conditions. This

simultaneously increases thé' OOrodestly by anotherd B - 2 z
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Figure58 — Calculated, simulated @iLumerical), and experimental (a) noise figure and
(b) "Y"OOv¥rsus laser launch power feingledrive with single detection (dashed black),
singledrive with balanced detection (solid black), and ddave with balanced detection
implementations (dwl red).



To conclude, increased performance relies most significantly on elimirRifhhghrough
balanced detection to enable performance to scale with optical power in the shot noise
limited regime Additionally, moving to duadrive implementations wilbe necessary for
reducing the 0 "Oas much as possible. Hence, ddave, balanced detection
implementations with high powered optical sources could achieé@approaching 10 dB
and'Y'OQ®Y f 1 2 (P3with®ut &hy complex noise reduction or linearization schemes.
However, optical power handling of platforms, especially in integrated photonics, must be

optimized to achieve aggressiyé@nd"Y "OOtafget 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 sideby-side comparison of the two platforms for IMWP applicagianuseful. Neither
platform provides an obvious upper hand; rather theptatiorms excel in disparate areas,
and choosing between the two wil!/l depend

system parameters, cost, and availability.

Because(as Clapters 4 and-B firmly establishell 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 qutveat
handling capabilities. The TPA for silicafi0.5 cm/GWis significantly loweithan 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 significdatger than the
index contrast for InP waveguides, leading to smaller SiP waveguide-secssns,

typically ~500 nm x 200 nm. This is an advantage for compact waveguide routing, but

15C



results in higher optical power density for the same input opticeépoompared to larger
InP waveguides, typically 2000 nm x 200 nm. Hence, to first orderplaforms have
greater crossectional area by a factor of fouwhich aids in increasing optical power
handling by spreading the power of the mode over the wadegreaThus, thanherently
lower optical power handlingf the InP platform is at least partially buoyed by the use of

larger waveguides.

Continuingfeatures relevant to achieving high optical power, the InP platform offers on
chip lasing and gain, ith both eliminates the need for lossy3tB) off-chip coupling

and offers an ability to mitigate insertion losses withcbip SOAs.Hence, while InP
waveguides may not handle quite as much average optical power as SiP waveguides, the

optical link budgéis more manageable with InP.

One drawback of InP is relatively poor electrical isolation between components which
requires further engineering to increase and presersstalkbetween nearby electrical
components. This also makes engineering the RF properties edegl electrodes more
flexible in SiP.Another benefit inherent to the higjuality oxides available in SiP is better
thermal control and isolation, which helpsluee the required electrical power for thermal
tuning. As complex PICs can have dozens or even hundreds of thermal tuning elements,
the ~10% betterefficiency of SiP thermal tuners has a major impact on the scalability of
large systems.Furthermore, novelundercut structures have been develodsd
Globalfoundries in their 90 nm procegst further boost the efficiency of SiP thermal

tuners, requiring 8 mW of electrical power for & phase shiff93].

Lastly, the modulation bandwidths are compared. TaysSiP modulators have generally
demonstrated larger 3 dB electyptic bandwidths ( > 35 GHz) while InP modulators have
demonstrated bandwidths up to approximately 15 Gfiam the experience and

observation of several PDKs by the authdote this doeaot mean a welengineered InP
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phase shifter cannot exceed this bandwidth and compete with SiP bandwidths; rather,
amongst open foundry PDKSs, this is merely a typical bandwidth encountered. Proprietary
InP modulators likely exceed this quoted bandwidtit,dre not currentlyound inopen

multi-project wafer PDKs.
A summary of the InP and SiP platform comparison is giveralrie12.

Table12- SummaryComparing SiP and InP Platforms

SiP InP Takeaway
TPA coefficient, TPA coefficient, SiP waveguides likely handle higher optical power
1 :~0.5cm/GW 1 :~25cm/GW densities.
Waveguide cross Waveguide cross InP waveguides crossectional areas are roughly 4 tirr
sectional area~ 200 nm : sectional area~200nn| ar ger, and mitigate | ntF
500 nm x 2000 nm its TPA coefficient.
SOAson die offering ~ SOAs on die greatly benefit the power budget, boosti
No gain on die 10 dB gain, outputs of gain, SFDR, and NF. Regains optical power lost to
>10 dBm insertion loss.
Lasers on die avoid-B dB opticalpower penalty
Requires optical couplin¢ Laser on die incurred by coupling losses, further benefiting
performance.

SiP has superior electrical isolation. SiP may have
Strong oxide insulator ~ Poor insulators availabl increased flexibility in engineering RF and optical gra
velocities.

Relatively more power Relatively less power ) _
efficient thermal tuning  efficient thermal tuning SIP'S May use less power at cost of needing external
components (e.dasers). InP likely consumes more

(e.g. heatere.g. heate ower, but is monolithic

requires 4660 mw) requires ~5660 mWw) P ' '

t():;)r?ﬁdr\zie;rtcagl MZM g;?&n\,;%ﬁ:? MZM Thus far, SiP MZMs in foundry processes have
> 35 GHZ ~ 15 GHz demonstrated better higdpeed performance.
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CHAPTER 10. PUBLICATIONS & SUMMARY OF

CONTRIBUTIONS TO THE FIELD

10.1 First-Authored Publications

Design Guide for Photonic Frequency Converters
Christian G. BottenfieldVarghese A. Thoma&ichard DeSalvoStephen E. RalphPC
2021
Analytic Equations for Photonic Frequency Converter Design
Christian G. BottenfieldvVarghese A. Thomas, Stephen E. Raljifi; 2021
High Performance Microwave Photonic Downconversion in a Commercial InP Platform
Christian G. BottenfieldMichael Hoff, Varghese A Thomas, Ardy Winoto, Yuchun
Zhou, Ashish Bhatwaj, Gloria E. Hoefler, Richard DeSalvo, Stephen E. R&HC
2021
Synthetic Pockels Modulators in Silicon
Christian G. BottenfieldRichard DeSalvo, and Stephen E. Ra(phE02021
High-Performance Fully Integrated Silicon Photonic Microwave Mixer Subsystems
Christian G. BottenfieldStephen E. RalpldLT 2020.
A Silicon Photonic Down-converter
Christian G. BottenfieldVarghese A. Thomas, Gareeyasee Saha, Richard DeSalvo,
Stephen E. RalplCOC2019
DC Kerr Effect and Limits for Silicon Photonic Modulators
Christian G. BottenfieldVarghese A. Thomas, and Stephen E. Ralji02019.
Silicon Photonic Modulator Linearity and Optimization for Microwave Photonic Links
Christian G. BottenfieldvVarghese A. Thomas, and Stephen E. RalgiQE2019.
Microwave Photonic Links: Optimization of SiP Modulator Design and Operation
Christian G. Bottenfieldvarghese A. Thomas, antehen E. RalpfQFC 2019.

10.2 Other Publications

Self-Homodyne Photonic Transmitter Conceptual Proof in a Commercial Monolithic InP

Platform
Michael T. Hoff,Christian G. BottenfieldvVarghese A. Thomas, Ardy Winoto, Yuchun
Zhou, Ashish Bhardwaj, Gloria E. Hoefler, Stephen E. Rali#C 2021

Photonic Integrated Circuits for Simultaneous Channelization and Downconversion
Benjamin B. Yang, Brandon Lovelace, Brian Wier, Jacob Campbell, Mark Bolding,
CheongWo Chan, J. Glen Vinson, Tarun Muthuchamy, Rajib Bhattacharjea, T. Robert
Harris, Kyle Davis, Andrew Stark, Christopher Watthristian G. BottenfieldStephen
E. Ralph, Mchael Gehl, Anthony Lentin€&GOMAC2021

Multichip Module Development for Radio Frequency Photonic Channelization and

Downconversion
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Benjamin B. Yang, Brandon Lovelace, Brian Wier, Mark Bolding, J. Glen Vinson, Rajib
Bhattacharjea, Tarun Muthuchamy, T. RdiHarris, Kyle Davis, Andrew Stark,
Christopher WardChristian G. BottenfieldStephen E. Ralph, Michael Gehl, Anthony
Lentine, GOMAC2020.

CMOS Foundry DRC-Conforming Extended Cladding Modulated Integrated Bragg

Grating Filters

Gareeyasee Sah@ahristian G. BottenfieldPatrick S. Goley, John D. Cressler, Stephen E.
Ralph,CLEO2019.

A Co-integrated Silicon-Based Electronic-Photonic Wideband, High-Power Signal Source
Saeed Zeinolabedinzadeh, Patrick Goley, Milad Frounchi, Sunil&adgtian G.
Bottenfield Stephen E. Ralph, M. Kaynak, Lars Zimmermann, Stefan Lischke, Christian
Mai, and John D. CresslédFC 2020.

Gain, SFDR and NF for Analog Links with with Arbitary Transfer Functions

Stephen E. Ralph, Varghese A. Thon@itistian G. BottenfieldStephen M. Hurst,
Gareeyasee SahayFOP2018.
Simulation of Integrated Transmitter with Enhanced Power for Analog RF Links
Varghese A. Thomaghristian G. BottenfieldGaeeyasee Sah8iddharth Varughese,
and Stephen E. RalptRC 2018.
Photonic Integrated Circuits for RF Electronic Systems
A. Stark, C. Ward, K. Davis, B. Yang, T. Brothetk,LangstonC. Bottenfield G.
Saha, J. Lavrencik, S.E. Ralph, Paollela, C. Middleton, R. DeSalvé). Gehl, C.
DeRose, A. LentineGOMACTEC 2018.

10.3 Prior Publications

Investigation of Printing-Based Graded Bulk Heterojunction Organic Solar Cells
Christian G. BottenfieldFanan Wei, Hui Joon Park, Jay Guo, &uwhngyong LiEnergy
Technology, Wiley VCH; 10.1002/ente.201402152, published March 12th, 2015
Lithium Niobate Electro-Optic Racetrack Modulator Etched in Y-Cut LNOI Platform
M. Mahmoud, L. CaiC. Bottenfieldand G. PiazzdEEE Photonics Journalol. 10, no.
1, pp. 110, 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, 201ZEE Photonics Conference
(IPC), Orndo, FL, 2017, pp. 22324.
Effects of Se Vapor Annealing on Water-based Solution-Processed Cu2ZnSn(S,Se)4 Thin-
Film Solar Cells
Minlin Jiang, Quan Tao, Fei Laghristian G. BottenfieldXingzhong Yan, Guangyong
Li, J. Photon. Energy5(1),053096. 10.1117/1.JPE.5.053096, published Februaly, 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, -lsmade
communications, and modern warfighter support. The sum of completidconstitutes

significantcontributions to the field:

1. Pioneered thénearization of SiP modulator transfer functioby DC Kerr effects
leading to enhanced performance in M\&pplications.This work includeda)
Advancing the understanding of nonlinearities generated by SiP modulators.
Advancing the understanding of SiP modulators under large reverse bias
conditions; anat) Developing rigorous methods of simulating € Kerr effect
through a combination of commercial software and custom code.

2. Demonstrated analog fiber links using SiP transmitters with >100 d8:MX00Y
through linearization b{pC Kerr effect.

3. Demonstrated a pure DC Kerr effect modulator, acting ‘assay nt het i ¢c”
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 malling in commercial SiP platforms and their limitation
of IMWP subsystem performance.

5. Demonstrated the first electrieml, electricalout MWP frequency convertesn a
SiP platform Additionally, demonstrated the ability of modern simulation tools
(e.g.Lumerical) to accurately predict IMWP mixer analog system performance

6. Developed intuitiveexpression$or describing the performance and trade space for
MWP frequency converting linkand verified them by commercial simulations and
characterization of amP based photonic frequency converter

7. Demonstrated optical edge filters based on TfeAerated free carrier plasma
dispersion effects, exhibiting recesetting filter roltoffs exceeding 10dB/GHz.
Concentric ring filter variants also demonstrated -feamd subGHz optical
bandwidths.
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