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In the fields of radio astronomy and remote sensing, there are application-driven require-
ments for wideband radiometers, hyperspectral spectrometers, and Radio Frequency Interference
(RFI) mitigation. This work investigates the implementation of superconducting filters for RFI
mitigation in ground-based radio astronomy where cryogenic cooling is available. It also explores
the feasibility of implementing Photonic Integrated Circuits (PICs) in spaceborne radiometers.
Spaceborne instruments have strict size, weight, and power consumption (SWaP) requirements.
PICs are intrinsically wideband and offer significant SWaP benefits for enhanced performance in
radiometers. This thesis presents three topics in technology development for the advancement of
radiometers.

The first topic is the development of a thin-film, high-temperature superconductor (HTS)
notch filter to reject a local, high-power, RFI signal. The resonator topology was devised to

minimize the necessary coupling between the transmission line and resonators. As demonstrated



through measurements, this filter has an operating frequency range of 2-12 GHz and provides
over 50 dB of rejection around 9.41 GHz. The measured maximum insertion loss is 0.6 dB in
the lower pass-band and 2 dB in the upper pass-band, which can be reduced through improved
packaging and operating the device at lower temperatures. This device currently demonstrates the
largest 50-dB-rejection stop-band reported in literature for thin-film HTS filters at 4.3% fractional
bandwidth.

The second topic is a stochastic, non-linear, power-response model with supporting labo-
ratory measurements for a photonics-enabled, heterodyne, microwave radiometer. The measure-
ments are taken from a single-channel test device and the results can be applied to improve the
design and simulation accuracy of a multi-channel spectrometer. This model is tested by com-
paring the measured gain of a photonic down-converter (PDC) under an applied continuous wave
microwave signal versus an adjustable microwave noise source. The PDC consists of a dual-drive
Mach Zehnder Modulator with a microwave local oscillator (LO) used for down-conversion of
the microwave carrier signal. Using these results, the dynamic range of the proposed instrument
is quantified with improved accuracy.

The third topic is the demonstration of thermo-reflectance microscopy (TRM) on a polymer-
based photonic device. A spaceborne, photonics-enabled, microwave radiometer needs to survive
and operate in a space environment. Measuring the thermal profile of PICs is essential for creat-
ing more environmentally-robust designs, but many feature sizes fall below the diffraction limit
for traditional infrared thermography. TRM offers a means of measuring thermal profiles by
using visible-wavelength light to reduce the diffraction limit and achieving sub-micron spatial
resolutions. Photonic Wire Bond (PWB) is an important component for coupling different PICs

without requiring active optical alignment between chips. Although TRM has been tested before



with semiconductors, it has not been demonstrated before on PWB. These results demonstrate

the possibility of using TRM to test complete, multi-material PIC devices.
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Chapter 1: Introduction

“Knowing the spectrum of blackbody radiation, astronomers a century ago correctly de-
duced that stars having nearly blackbody spectra would be undetectably faint as radio sources,
and incorrectly assumed that there would be no other celestial radio sources. Consequently they
failed to develop radio astronomy until a strong radio emission from our Galaxy was discovered

accidentally in 1932 and followed up by radio engineers.” - James J. Condon.

1.1 Brief History of Microwave Radiometers

Optical Radio
y-rays X-rays ultraviolet infrared microwave longwave radio
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Figure 1.1: Wavelength-dependent transparency of the sky showing several windows of opportu-
nity in the optical and radio regions of the electro-magnetic spectrum [1]

A radiometer is an instrument that measures the noise equivalent power of electromag-
netic radiation received from the surrounding environment. The Earth’s atmosphere absorbs

electromagnetic radiation at most infrared (IR), ultraviolet, X-ray, and gamma-ray wavelengths,



but optical/near-IR and microwave wavelength observations of the sky can be made from the
ground [3]. Karl Jansky, a radio engineer working for Bell Telephone Laboratories, built an an-
tenna to identify the source of radio interference at 20.5 MHz (A ~ 14.6 m). He published his
results in 1933, concluding that the noise originated from outside the solar system [6]. Test-
ing several different frequencies with his personal 10 m antenna and receiver in 1939, Grote
Reber successfully detected "non-thermal” radiation along the plane of the Milky Way and An-
dromeda Galaxy at 160 MHz (A ~ 1.87 m) [7]. Since its inception, the field of Radio Astronomy
has boomed with discoveries of quasars [8], pulsars and neutron stars [9], thermal spectral-line
emissions from cold interstellar gas [10], cosmic microwave background radiation from the big
bang [11], and many other high-impact astronomical discoveries [3]. Radio sources continue to
be discovered to this day, some of which have yet to be fully explained such as Fast Radio Bursts
(FRBs) [12].

Microwave radiometers have also found application in the areas of remote sensing and
weather forecasting by measuring emitted and reflected radiation from various material surfaces.
Microwaves can penetrate clouds and vegetation at certain wavelengths and do not rely on the
sun for a source of illumination. Although some microwave wavelengths are attenuated by clouds
and rain, this effect can be exploited to gain key geophysical information such as total liquid wa-
ter fraction, cloud droplet size distribution, atmospheric temperature, and rain intensity [2]. In
1958, a research group at the University of Texas pointed their radiometer antenna down-ward
from an elevated vantage point and recorded several radiometric observations at various aspect
angles of materials such as water, wood, grass, and asphalt [13]. This field has since evolved
into spaceborne platforms. In 1962, the Mariner 2 spacecraft observed Venus with a two-channel

radiometer operating at 16 and 22 GHz (A = 1.9 and 1.35 cm respectively) to measure its hot
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surface temperature and relatively cool cloud temperatures [14]. Six years later, Cosmos 243
provided the first radiometric observations of Earth from orbit of sea temperature and salinity at
3.5, 8.8, 22.2, and 37.5 GHz (\ =~ 8.5, 3.4, 1.35, 0.8 cm respectively) [15]. Nimbus 5 included
a microwave spectrometer to measure tropospheric temperature profiles at 22.2, 31.4, 53.7, 54.9,
and 58.8 GHz (A = 1.35, 0.95, 0.56, 0.55, and 0.51 cm respectively). It also housed the Electri-
cally Scanning Microwave Radiometer to derive the liquid and water content of clouds, observe
sea ice, and measure soil moisture [16].

Multiple airborne and spaceborne missions are active to this day at even higher frequencies.
NASA'’s Conical Scanning Millimeter-wave Imaging Radiometer (CoSMIR) is in active use for
airborne missions on and houses a 9-channel radiometer at 50.3, 52.6, 89 (H & V-pol), 165.5 (H
& V-pol), 183.3%1, 183.3+£3, and 183.3+7 GHz (A ~ 0.60 to 0.16 cm). CoSMIR has been used to
estimate snowfall rates, water vapor profiles, light precipitation, and shallow snow cover on the
ground [17]. The fields of radio astronomy and microwave remote sensing continue to grow with

emerging technologies, radiometer architectures, and measurement techniques.

1.2 Motivation

The main objective of this body of work is to advance various capabilities of radiome-
ters through select instrument technology development efforts which address present and future
needs. Interpreting radiometric measurements requires a priori knowledge about the measured
target. If the instrument is band-limited with fixed observation channels, improving data in-
terpretation could be limited to advancing retrieval algorithms [18]. Ideally, the next genera-

tion radiometer is a wideband instrument with improved signal processing capability and lower



size, weight, and power consumption (SWaP) to ultimately provide more data points to compare
against scientific models. One challenge with wideband radiometers is impedance matching of
components over a wide bandwidth relative to the center operating frequency. It is impossible to
create a matching network over all frequencies that matches a pure resistance to an impedance
with some reactance [19]. Additionally, a wideband radiometer could be susceptible to man-made
signals around certain bands.

Radio Frequency Inteference (RFI) poses one of the greatest challenges to radio astron-
omy and remote sensing [20]. Out-of-band noise and unwanted man-made signals can lead to
narrower observation bands or risk inaccurate measurements. Technical approaches to RFI mit-
igation include introducing hardware early in the receiver-chain to reject unwanted signals or
removing signals in data post-processing [21]. Photonic Integrated Circuits (PIC) intrinsically
have a wide absolute bandwidth because the optical carrier frequency is high (193.4 THz for
1550 nm wavelength). Electronic components operating from 1 to 100 GHz require impedance
matching over a multidecadal change in frequency. A key process in microwave photonics is to
modulate an optical carrier with a spectrum of microwave signals. Impedance matching in the
optical region is simplified; an optical signal with a frequency that deviates by up to 100 GHz
from the optical carrier may represent less than a .05% change in frequency. PICs also offer
opportunities for managing a dynamic environment through tunable filtering, which could pave
the way for wideband receivers with flexible measurement capabilities [22]. A programmable
photonics-enabled radiometer could prove beneficial for mitigating RFI and detecting unantici-
pated signals of interest. Millimeter wavelength to THz spectroscopy [23] benefits from the wide
absolute bandwidth of electronic components at these wavelengths, but processing the vast spec-
tral content continues to be a challenge for digital spectrometers. PICs may prove instrumental
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in aiding digital spectrometers to process the broad spectral content at the required spectral res-
olutions [24] [25]. Although the SWaP requirements for ground-based instruments may not be
as restrictive, spaceborne instruments will face strict SWaP requirements. Electronic hardware
needs to survive and operate under intense thermal fluctuations, vibration, and radiation [26] [27].
Measuring instrument components in simulated environments can lead to producing more robust,

environmentally-tolerant, radiation-hardened designs [28].

1.3 Organization of Thesis

This thesis explores three published topics to advance the state of the art of radiometer
technology. Chapter 2 covers select items in radiation and radiometer theory to clarify the sig-
nificance of these results. In Chapter 3, a superconducting notch filter with a high-rejection
stop-band is developed to mitigate a local, high-power RFI source. Chapter 4 provides a novel
photonics-enabled radiometer model to more accurately predict its dynamic range. This chapter
also explores the trade-offs between its dynamic range and achievable sensitivity. Thermore-
flectance microscopy has been previously demonstrated on PIC components to produce thermal
images with sub-micron spatial resolutions [29]. This provides a beneficial technique for testing
and subsequently producing robust PIC designs for photonics-enabled radiometers operating in
a space environment. Chapter 5 explores the application of thermoreflectance microscopy to a
polymer-based photonic interconnect known as Photonic Wire Bond (PWB). PWB enables the
coupling of multiple PIC devices without requiring active optical alignment.

There are often changes in variable symbols to represent equivalent physical parameters.

For example, radio frequency is represented by v in Chapter 2 while discussing radiation and



radiometer theory, as w when discussing microwave filter design in Chapter 3, and as 2 when
discussing microwave photonics (to distinguish it from the optical carrier frequency). Instead of
pursuing uniformity, these variable symbols are clearly defined in each chapter and left intact to

be consistent with the most common usage elsewhere in literature for the subject matter.



Chapter 2: Relevant Theory

This chapter presents a brief selection of established theory that is useful for understand-
ing the nature and impact of the topics explored in this thesis. There are different sources of
detectable radiation important to radio astronomy and different factors to consider for remote
sensing that are not covered here. What is important for understanding subsequent chapters is
knowing what a radiometer is measuring, how the measurement can vary as a function of fre-
quency, and that RFI, non-linearities, and instrument-generated power-fluctuations can impact
measurement accuracy. For a more complete background on microwave radiometry and remote
sensing, I recommend reviewing “Essential Radio Astronomy” by James J. Condon and Scott M.
Ransom [3], as well as “Microwave Radar and Radiometric Remote Sensing” by David Gardner

Long and Fawwaz T. Ulaby [2].

2.1 Radiation Fundamentals

Consider a source of radiation where the distance of the source from the observer is much
greater than its size. This is known as a point-source. Using the ray-optics approximation, we
can assume that radiation emitted by this source is propagating in a straight line, perpendicular

to a wave-front [3]. The specific intensity or spectral brightness of this radiation is defined as:



dP

b= o

2.1)

where d P is the power received by a detector with a projected surface area A and solid angle
dS2 measured from the observer’s location. This chapter will maintain use of frequency (v) for
units because the focus is in the microwave domain. However, a simple substitution of v = ¢/\
will convert any equation presented here to its wavelength-dependent description, which may feel
more appropriate for readers more familiar with the optical domain. In literature, 53, may be used
to refer to the specific intensity at the source whereas [, refers to the specific intensity along the
ray path. These values will likely be different due to absorption or emission along the ray path,
scattering or diffraction at the antenna, or other cosmological effects [1]. Here, only I, is used.

In 1914, Max Planck published “The Theory of Heat Radiation”, which describes the spec-

trum of electromagnetic radiation emitted by a black-body at a given temperature [30].

(2.2)

2 U
¢ exp <k};T) -1

where h is Planck’s constant and kp is Boltzmann’s constant. A blackbody is an ideal
physical body, consisting of a uniform medium in thermal equilibrium at temperature 7', that
absorbs and emits incident electromagnetic radiation at all frequencies. Most sources are not true
blackbodies, instead referred to as a “grey body”. That is, they are not perfect absorbers and

emitters of radiation. Instead, they may reflect light at some frequencies and will not emit light



with perfect efficiency.

Figure 2.1 shows multiple traces of Equation 2.2 plotted with the different parts of the
electromagnetic spectrum identified. It is apparent from this figure that at lower frequencies, spe-
cific intensity has a quadratic dependence on frequency. In the microwave region of the electro-
magnetic spectrum where hv < kg7, the simplified Rayleigh-Jeans approximation for specific

intensity can be used [31]:

(2.3)

Depending on the context in future usage, 7' may be understood either as the physical
temperature of a blackbody source or an equivalent brightness temperature. In the Rayleigh-Jeans
approximation, the brightness temperature of a source is the temperature a blackbody would have
to be to fit the observed grey body source.

Adjustments would need to be made when making observations in the milimeter-wave to
sub-milimeter-wave regions of the spectrum [23]. Equation 2.2 can be rewritten in term of power

spectral density:

1

exp (k};”T> -1

Pbb,zz = hv (24)

As well as the Rayleigh-Jean approximation for lower frequencies:
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Figure 2.1: Traces from Planck’s radiation law plotted at different temperatures [2]
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Brightess

(2.5)

In 1928, John Johnson and Harry Nyquist at Bell Laboratories found that the thermal noise
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generated in a resistor with resistance R, has the same root-mean-square voltage that is propor-

tional to the temperature of the resistor (7') and the measured bandwidth (Av) [32]:

v? = ARkgTAv (2.6)

n,rms

Antenna

Antenna O Pob = kgl Av .
Pattern O

Absorber

Figure 2.2: The noise generated in an impedance-matched resistor will generate an equivalent
amount of noise power as an antenna measuring the surrounding blackbody radiation if each are
enclosed in an appropriate absorber and held at an equivalent temperature.
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Figure 2.2 illustrates two scenarios, one in which the antenna of a receiver is enclosed in a
temperature-controlled absorber and another where the antenna is substituted with a resistor. In

both cases, the measured noise power integrated over bandwidth Av is

Pbb = Pn = ]{ZBTAV (27)

This information is useful for instrument calibration. As discussed later in Section 2.3,
it will turn out that both the measured signal and internally-generated noise in the instrument
follow similar stochastic processes and are typically indistinguishable. However, a temperature-
controlled, impedance-matched load may be used to calibrate the instrument to a known temper-
ature. The radiometer should have a linear power response. If electronics are saturated due to
RFI, or if the device is deliberately tuned so changes in input power exhibit a non-linear response,
then a measured change in power will not correspond linearly to a change in observed brightness

temperature.

2.2 Radiative Transfer and Spectral Lines

Now consider radiation propagating along a ray that passes through some medium before
reaching the detector as depicted in Figure 2.3. The intensity of the radiation will change accord-

ing to added emissions and absorption in the medium. This is described by:
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Figure 2.3: Radiation passes through a medium along a ray where there may be an impact to its
intensity due to absorption and emissions in the medium [3]

dl,
i, = 2.
J Is (2.8)
dp
K, = (v) (2.9)
ds
I,
= j, — ko1, (2.10)
ds

where j, is the emission coefficient for the increase in specific intensity per unit distance
through the medium. «,, is the linear absorption coefficient, which is the probability (P(v)) that
a photon will be absorbed in a medium layer of thickness ds. Another useful definition is optical
depth, where the absorption is integrated along the length (/) of the medium along the direction

of propagation:
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r(s) = / (') d’ @.11)
0

As long as this medium is uniform and can be described by a single temperature, such that
itis in local thermodyanmic equilibrium, Kirchoff’s radiation law states that the emitted radiation

must be equal to the absorbed radiation [33]:

L(T) =2 (2.12)

Ky

The specific intensity in Equation 2.8 can be described in terms of optical depth:

I=1%""+S,(1-e™) (2.13)

Where 10 is the initial specific intensity incident on the medium. The source function S,
shares the same units as the specific intensity and is a measure of how much energy from the
original source is removed from the path and replaced by energy generated in the medium [1].
Since the specific intensity, absorption, and emission are frequency-dependent; the measured
intensity will also be frequency-dependent. A meaningful example of how this is useful is a
zenith sky-observation made across the electromagnetic spectrum from the ground. Figure 1.1
shows windows can be identified at different bands. Using the Rayleigh-Jeans approximation

at the appropriate wavelengths, the specific intensity can also be described by the brightness
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temperature.

TA - ,I'sourcee_ﬂ/ + ,-Z—'medium(1 - G_TU) (214)

Where T4 is the equivalent temperature of radiation measured at the antenna, which will

likely vary with frequency in practice due to the process described above.
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Figure 2.4: Compressed view of the Caltech Owens Valley Radio Observatory (OVRO)
millimeter-wave spectral line survey of Orion molecular cloud (OMC-1) [4]

Across the spectrum, there could also be many emission or absorption features as seen
in the example in Figure 2.4. These spectral features have linewidths as narrow as sub-Hz and
are the result of a variety of quantum mechanical processes that are described elsewhere, such
as vibrations and rotational transitions of molecular species which comprise the cloud [1]. If a
wideband spectrum can be processed in narrow-band parts, molecular species can be resolved

identified. As mentioned in Chapter 1, there may also be spectral content apparent from man-
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made sources radio frequency interference (RFI). Unwanted RFI could be removed from select
bands to improve measurement accuracy of the neighboring signals of interest. The following
section describes the basic operation of a radiometer and the different configurations available to

measure the brightness temperature of these sources.

2.3 Radiometers

Radiometers could be considered as thermometers for distant blackbody sources. These in-
struments measure the brightness temperature of distant sources in the microwave to far-infrared
region of the electromagnetic spectrum. The typical radio emissions of interest here are randomly
generated by natural processes, such that the measured noise voltage has a Gaussian amplitude
distribution around a zero mean value. A square-law detector will square the input noise voltage
and produce an output voltage signal that is proportional the input noise power. The measured
source signal should be stationary or steady on a long timescales compared with the inverse fre-
quency to obtain an acceptable average. A radiometer detector could directly rectify and measure
the integrated power of the signal over its bandwidth in a direct detect configuration. It could also
down-convert the signal’s carrier frequency to a lower frequency to allow for digitally sampling
and resolving the spectrum. This configuration is known as a superheterodyne (or more generally
as “heterodyne”) radiometer. According to the Nyquist-Shannon sampling theorem, the detector
should be sampled at a rate faster than (2Av) where Av is the detector bandwidth [34]. In a
spectrometer, the radiometer bandwidth can also be divided into multiple channels with unique
frequency boundaries and down-converted to a lower carrier frequency. This reduces the sam-

pling rate required to process the full instrument bandwidth. In any case, the amplified noise
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internally generated by the radiometer is likely much larger than measured noise power from
the source. In order to measure small changes in power, the measurement will be averaged over
a large number of independent samples N = (2Av7) where 7 is the duration of sampling or
integration time.

(a)
Input Output

Radiometer
T&'l\‘—h H . v
% Receiver

(b)

T +AT T V+Av

5

5VS

time

Figure 2.5: (a) block diagram and (b) corresponding plot showing how a small change in input
temperature can be detected by averaging over a large number of samples [5]

Figure 2.5 illustrates how a small change in temperature can be detected over a large num-
ber of samples. T, represents the noise equivalent temperature of the radiometer and incorpo-
rates the total noise contributions generated from internal components. When a signal is intro-
duced, the small change in brightness temperature A7T" is measured as Av. The smallest achiev-
able AT is known as the radiometric resolution for a radiometer and is described by the ideal

radiometer equation:
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(2.15)

A larger bandwidth will improve radiometric resolution, but could introduce error due to
RFI. It could also limit processing of narrow spectral lines. A longer integration time will also
improve the radiometric resolution. In reality, there are often periodic gain fluctuations at longer
time scales (seconds) that could be caused by multiple sources, such as 1/f noise attributed to

semiconductors [35]. This is a more generalized form for the radiometer equation:

1 AG\’

Where AG/G represents the normalized gain fluctuations in the radiometer. This means
there will be an optimal integration time to minimize radiometric resolution. The integration
time could be further limited depending on the application, such as if the radiometer has a narrow
observation window of the target. These limits will also determine when a calibration should be

performed.

2.4 Calibration

In order to distinguish the radiometer noise equivalent temperature and gain fluctuations
from the source signal, the instrument needs to be periodically calibrated. The power response

of the radiometer should be linear. Otherwise a more complex, multi-point calibration scheme
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Figure 2.6: Generic model for radiometer calibration architecture illustrating three tiers of cal-
ibration. Tier 3 comprises calibration references external to the radiometer. Tier 2 includes
internal calibration references that are observed through the antenna. Tier 1 includes references
or noise sources integrated directly into the radiometer. [5]

may be required. A typical two-point linear calibration can be achieved by measuring the noise
power of two references controlled to known temperatures, one hot (subscript H) and the other

cold (subscript C) relative to each other. The radiometer detector will measure these powers:

Py = Gk(Tyys + Th) Av (2.17)

Po = Gk(Tsys + Tc)Av (2.18)

The ratio between these measurements is the Y-factor and the receiver’s equivalent temper-

ature can be determined as follows:
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y=28_ZwTH (2.19)
C Tsys+TC
Ty —Yic

Tsys = 2.20

¥ v 1 (2.20)

There are multiple tiers of calibration possible as depicted in Figure 2.6. One option, the
celestial method, is to measure known external references (tier 3). This requires orientation to-
wards multiple targets. Integrating a calibration target into the system allows the temperature to
be controlled and incorporates the noise equivalent temperature of the antenna into the calibration
measurement (tier 2). In situations where it is impractical to integrate a calibration target into the
system, temperature-controlled resistors can be used in place of the antenna (tier 1). The antenna
and thermal load should have a good impedance match with the radiometer. Introducing a noise
source, commonly consisting of a back-biased Zener diode, will increase the injected noise power
and may make it easier to perform calibration measurements more frequently [1]. The noise is
injected through a coupler where the noise source is toggled on and off. In a Dicke Switched
Radiometer, the receiver is rapidly switched between the alternate signal paths to the antenna
and reference load [36]. The waveform used to drive the switch also drives a lock-in amplifier.
This switched radiometer minimizes the impact of gain variations between signal measurement

and reference. If the system is balanced such that T, = Ty, then Tg is automatically sub-

yS»s
tracted out. Two consequences of this method are 1) a switch placed before a low-noise amplifier
(LNA) will increase losses and degrade sensitivity and 2) the radiometric resolution is effectively

doubled because the antenna temperature and reference load are measured for only half of the

time.
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Chapter 3: Superconducting Notch Filter

This section is based on work from the following publication: C. J. Turner, T. Stevenson,
R. Cantor, L. Hilliard, T. E. Murphy and B. Bulcha, “Superconducting Notch Filter for RFI Mit-
igation in Ground-Based Radio Telescope,” in IEEE Transactions on Applied Superconductivity,

vol. 33, no. 3, pp. 1-5, April 2023, doi: 10.1109/TASC.2023.3243492.

3.1 Overview

Radio Frequency Interference (RFI) mitigation can have a critical impact on the perfor-
mance of radiometers used for radio astronomy. RFI consists of any undesired, in-band or out-
of-band, man-made signals or naturally generated noise emissions detected by the receiver. The
presence of RFI signals can increase the detected power and estimated antenna temperature, or
even saturate active electronic components, leading to inaccurate measurements [37]. In ground-
based radio astronomy, cryogenic receivers can provide the necessary sensitivity to detect espe-
cially weak RF-signals, but are especially susceptible to local RFI [38] [39].

Superconducting microwave filters consist of conductors that have electrical resistance to
direct current below a known transition temperature. As a result, these filters can be placed be-
tween the aperture and low-noise amplifier in a cryogenic receiver to reject RFI with a minimal

impact to the receiver’s sensitivity. This chapter covers the design, fabrication, and measurement
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of a thin-film, high-temperature superconductor (HTS) notch filter to address the RFI mitiga-
tion needs of a radio telescope located at the Goddard Geophysical Astronomical Observatory
(GGAO) in Greenbelt, MD. The filter operates at 2-12 GHz and its rejection bandwidth, centered
on 9.4 GHz, currently demonstrates the highest reported fractional bandwidth, 4.3%, for 50 dB of
signal rejection. The frequency response of this filter also exhibits an excellent square-like notch
profile; the fractional bandwidth for 20 dB of signal rejection is less than or comparable to many
previously reported HTS notch filters with relatively worse rejection performance.

The key concern with this effort is achieving a band-stop rejection not previously demon-
strated in literature for microstrip HT'S filters. First, this chapter presents the challenge at GGAO
and provides a brief description of previous efforts toward RFI mitigation for ground-based radio
receivers in Section 3.2.1. Additionally, it summarizes prior work in superconducting microwave
filters with an emphasis on components fabricated with HTS materials in Section 3.2.2. Sec-
tion 3.3 describes reasoning behind selecting thin-film Yttrium Barium Copper Oxide (YBCO)
conductor on sapphire (Al;O3) substrate for this filter design and the impact of these material
properties on the design process. Sections 3.4 and 3.5 cover the process of circuit design, simu-
lation and selection of the resonator topology, and the physical layout of the filter. In Section 3.5,
simulation results are presented for a 3D electromagnetic (EM) model, providing a higher-fidelity
filter response and accounting for the impact of fabrication tolerances. Finally, this chapter pro-
vides a summary of the filter measurements and a comparison to previous HTS filter designs in
Section 3.6, and concludes with a discussion on the importance of these results for RFI mitigation

Section 3.7.
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Figure 3.1: Photo of the 12 m GGAO VGOS antenna (courtesy of NASA SGP)

3.2 Background

3.2.1 Ground-based Radio Astronomy and RFI Mitigation

The receivers in radio telescopes detect and measure broadband radio emissions from celes-
tial sources. Typically, these emissions are measured at low power levels (107% to 10720 Watts)
and consist of incoherent radiation with statistical properties that are indistinguishable from the
noise generated in the receiver or emitted by sources of background radiation [40]. Contributors
to RFI can include emissions from wireless communications, navigation systems, or radar and
these sources often limit the sensitivity of radio astronomical stations. Choosing the optimal RFI
mitigation technique depends on the type of radio telescope (single dish or connected interferom-

eter), the type of observations (continuum or spectral), and the type of RFI (impulse-like bursts,
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narrow-band, or wideband [41]. Technical approaches to RFI mitigation may take place at the
system-level, in the RF front-end, the digital back-end, or in post-processing of the data [21].
According to the International Telecommunication Union (ITU) Report ITU-R RA.2126-1, a
summary of RFI mitigation techniques include pro-active measures to change the local RFI en-
vironment through careful planning and choosing the observatory’s location, spatial nulling or
adaptive spatial filtering by using array beam-forming techniques to orient pattern nulls toward
the RFI source, waveform subtraction where the RFI signal is directly removed from the data
through a model or reference signal, anti-coincidence where RFI is discriminates from the signal
with widely-separated antennas that measure the same signal and different background noise, and
excision in the temporal or frequency domain where the RFI is removed from the measurement
or the data.

The filter presented in this chapter falls under the excision in the frequency domain RFI mit-
igation technique and its design requirements specifically address the needs of a radio telescope
at the Goddard Geophysical Astronomical Observatory (GGAO). Very Long Baseline Interfer-
ometry (VLBI) is a high angular resolution geodetic technique that uses cosmic radio sources as
a reference to accurately measure global reference frames and monitor Earth’s orientation and
variations. VLBI Global Observing System (VGOS) is the next-generation network of 12 m tele-
scopes that provide broadband receiver systems with four frequency bands ranging from 2 to 14
GHz and high data rates to achieve a measurement accuracy of 1 mm in station position and 0.1
mm/year in station velocity on global scales [39,42]. GGAO is home to one of these VGOS
helium-cooled receivers in Greenbelt, MD. Co-located approximately 110 m from this receiver,
the Satellite Laser Ranging (SLR) system uses a 9.4 GHz radar to detect and prevent accidental

illumination of overhead aircraft [43]. Under certain orientations, the VLBI receiver will mea-
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sure one of the radar’s sidelobes. This scenario will saturate the front-end LNA and compromise
receiver sensitivity, as well as potentially damage sensitive electronics [44]. The presence of
this interfering source imposes constraints on the dish orientation, sky coverage, and schedule;

limiting both the scope and duration of observations.

3.2.2  Superconducting Microwave Filters

Fortunately, the RFI carrier frequency impacting the VGOS receiver at GGAO falls be-
tween its various observation bands and a suitable, low loss, stop-band (i.e. “notch”) filter prior
to the low-noise amplifier (LNA) would both protect sensitive electronics and enable uninter-
rupted full-sky observation. Superconductors are materials that can be characterized with zero
electrical resistance (among other effects) when cooled below its transition temperature (7. and
the HTS term refers to superconductors with higher transition temperatures resulting from the
discovery of ceramic cuprates [45]. It is practical to consider HTS as having a 7, higher than the
boiling point of liquid nitrogen (77 K), although not all categorized HTS meet this criteria. HTS
filters have been employed in radio astronomy receivers in the past [46]. However, thin-film HTS
notch filter designs are not as widely studied as their band-pass counterparts. Other resonator ge-
ometries have been measured at high external quality-factors, but impose an increased risk to the
device performance for this application due to the potential for high current densities localized
near their small features (such as interdigital fingers or narrow meander lines) [47-52]. HTS bulk
disk and patch resonators have demonstrated higher power-handling capabilities [53-55], but
in practice these bulkier resonators would not allow us to simultaneously achieve the necessary

bandwidth (bounded by 50 dB of rejection) and volume requirements. Although not essential for
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this application, this filter layout is compatible with and could be modified by other filter design
techniques such as Defected Ground Structure (DGS) [56] and cul-de-sac coupling configura-
tion [57] to tailor its performance to other requirements.

For the filter presented in this chapter, HTS planar circuits are used to minimize insertion
loss in the pass-band and meet a strict form factor of 25 mm width, 32 mm length, and 6 mm
height to fit in available space inside the existing receiver dewar. This notch filter must handle
the higher-power radar sidelobe without a change in performance and requires at least 50 dB of
signal rejection over 250 MHz of bandwidth with the stop-band centered on 9.4 GHz. To the best
knowledge of the author, no prior published HTS planar notch filter design has demonstrated a
50 dB fractional bandwidth of 2.7% in measurement. The filter design consists of seven modified
hairpin resonators where the arms are folded to increase parallel coupling. The self-coupled
hairpin resonator geometry provides the necessary shunt reactance to achieve higher stop-band
rejection, demonstrates good quality factors to avoid significantly increasing insertion loss in
the observation bands, and avoids the use of narrow-width microstrip or interdigital features.
Current concentration at the resonator edges are the limiting factor in power handling capacity
of HTS filters [58]. Using small features as in some other designs [59, 60] increases the amount
of fringing electric fields along the microstrip edges and risks degrading the filter’s performance

while exposed to the local, high-power RFI source.

3.3 Materials Selection

The physics behind and application of HTS for microwave electronic devices has been ex-

tensively discussed in literature [61]. Multiple HTS materials have been previously investigated,
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including EBaCuO (7. =~ 92 K [62]), GdBaCuO (7. ~ 92 K [63]), YBaCuO (7. ~ 93 K [64]),
BiSrCaCuO (7, ~ 110 K [65]), HgBaCaCuO (7. ~ 147 K [66]), and TIBaCaCuO (7, ~ 128
K [67]). A higher T. is desirable for relaxing the power cost for cooling the device. If the de-
vice is cooled to a lower temperature, such as with liquid helium (4 K), a higher 7. allows for
greater signal power handling due to heating [68]. Regardless, YBCO (short-hand for YBaCuO)
has had the most commercial success due to the relative ease of the fabrication process. Fab-
rication of YBCO-based microwave devices has been demonstrated on multiple substrates, the
most promising include LaAlO3 [69], MgO [70], LiNbOg [71], and Al;Og (sapphire) [72] among
others. The dielectric constant of LaAlO3 and Y-cut LiNbOg3 are approximately 24 and 28 re-
spectively, forcing relatively large microstrip geometries to create impedance-match devices with
a standard characteristic impedance of 50 €.

The team working on this effort selected 300 nm thin film YBCO on 435 pm thick sap-
phire substrate from STAR Cryoelectronics. STAR Cryoelectronics is a US company based in
New Mexico with a high-quality YBCO-on-sapphire process. One key advantage to sapphire
over MgO is the ability to employ larger wafers. The “R-plane” of the crystal was selected to
ensure good epitaxial growth of YBCO and results in high-quality films with minimized surface
resistivity. Sapphire provides low-dielectric losses and high thermal conductivity, but requires
accurate electromagnetic (EM) simulation to address its anisotropic permittivity [73]. The diago-
nalized permittivity matrix for the sapphire in crystal frame with the c-axis oriented to the z-axis

of the film is:
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9.3000 0.0000 0.0000

€k = [0.0000 9.3000 0.0000

0.0000 0.0000 11.5000

To simplify the design, the circuit was oriented on the wafer such that the diagonal values of
the matrix were approximately equal. This is equivalent to a rotation operation and the resulting

permittivity matrix used in simulation is:

10.0842 —0.7842 0.7038

Erwaffer = | —0.7842 10.0842 —0.7038

0.7038 —0.7038 9.9316

The selected substrate thickness and filter layout ensured a wide safety margin between the
simulated current density and critical current density of the YBCO, such that the device could
reliantly handle a 1 Watt RFI signal with 50 2 microstrip transmission lines when cooled to
20 K. A 3D EM CAD Model was designed and simulated in Ansys HFSS simulation software.
This model contained the anisotropic permittivity matrix and its impact on the design process is

discussed in section 3.5.
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3.4 Circuit Design

Microwave filter design has a rich history dating back to World War II and has been thor-
oughly developed in prior literature [74] [75]. Typically, modern microwave filter design is con-
ducted with CAD software based on the insertion loss method. The insertion loss method is a
network synthesis technique to design filters with a completely specified frequency response [76].
This method uses network synthesis techniques to product filter circuits with n-elements normal-
ized in impedance and frequency [75]. Through the application of various transformations and
identifies, different filter types (low-pass, high-pass, band-pass, band-stop, etc) can be produced
by substituting between series and shunt lumped circuit elements or introducing distributed cir-
cuit elements while maintaining the desired filter response. In this section, a modification is
made to the derivation for a band-stop filter circuit presented in the textbook “Microstrip Filters

for RF/Microwave Applications” [77].

Figure 3.2: Lumped Circuit n-Element Notch Filter
(p - series parallel-resonant branch, s - shunt series-resonant branch)
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This filter design requires a 50-dB fractional bandwidth greater than 2.7%, and a 3-dB
fractional bandwidth less than 5.3% to maximize stop-band RFI signal rejection and minimize
pass-band insertion loss. Using a Chebyshev model to achieve the desired filter response, the
required reactance slope values and external Q-factor (().) values are as large as 845 (2 and 35,
respectively [77]. These relatively large values can be difficult to physically realize with planar
microstrip. A typical planar microstrip notch filter design consists of a series of coupled half-
wavelength resonators, each positioned a quarter-wavelength apart (with respect to the filter’s
center frequency wy) along the direction of propagation [77]. However, these designs limit cou-
pling between the length (/) of the resonator and transmission line, making it difficult to achieve
a larger coupling capacitance. Decreasing the gap between the resonator and the transmission
line will increase this capacitance, but only at the expense of decreasing its quality factor. The

equivalent lumped-element circuit for a basic band-stop filter is depicted in Figure 3.2.

— C —»
Zin Zin
1 - -

Figure 3.3: (Left) Series LC resonator circuit and (Right) Equivalent lumped circuit model for
self-coupled hairpin resonator.

In order to understand how this filter improved on the state-of-the-art in a high-rejection
stop-band, it is useful to consider a key design strategy described with a basic lumped element
circuit. The ideal circuits depicted in Figure 3.3 are purely reactive. The circuit on the left is

a common series LC circuit. A few interesting things happen when this circuit is modified by
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adding a capacitance (C5) in parallel to the inductance (L). These effects will ultimately help
improve realization of a high-rejection filter in microstrip. In the following derivations, C' =
C1 + (5 is constrained to quantify the impact on adding a parallel capacitance (C5) to the series

LC circuit. The impedance of the circuit illustrated to the right in Figure 3.3 is given by:

1 1 1 —w?L(C, + C
Zn(W) = —— + 4——— = (12 2) 3.1)
JwCy i+ jwCsy JwCi (1 — w?LCs)
The circuit in Figure 3.3 will resonate at w = wy when Z;;, = 0. This results in:
1
2
Wy = —F——~ 3.2
0 L(C, + Cy) (3-2)
Notice if C} = C' and C = 0, then Eq. 3.2 converges to wy = % as expected for a series
LC circuit. The reactance slope is equivalent for both resonator circuits:
Wo dX(w) C1 -2

_ %o — N L= L 3.3
YT T o Cy+ Cy o o (3-3)

In a multi-element filter design, this resonator may be implemented as a shunt element [77].
In the narrow-band case where Aw = |wy—w| < wy, the insertion loss and external quality factor

of this resonator is:
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(3.5)

In this form, the impact of this parallel capacitance (C5) on the quality factor and resonant

frequency can be quantified as:

I 1 B
LC LG, +Cy) LGy

where:

B G\, [ G

(3.6)

(3.7)

When the reactance slope, quality factor, and resonant frequency are presented in this form,

it is helpful to see the impact of increasing the parallel capacitance (Cs) while R, L and C' =

C1 + C5 are held constant. As (5 increases, C; decreases such that the wy remains constant.

Fig. 3.3 illustrates the change in « and  as Cy/C is increased. The reactance slope (z) and

quality factor (Q).) are proportional to o and increasing the reactance slope will increase the signal

rejection at frequencies close to wy. As a result, increasing (5 reduces the required coupling

capacitance (C) and enables its use in narrow-band filter designs. An additional advantage is
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Figure 3.4: Equivalent lumped circuit model for self-coupled hairpin resonator. When the sum
C} + (5 is held constant, the slope reactance and external quality factor will scale proportional
to .

that as Cy/C increases, 3 decreases and reduces the effect a change in coupling capacitance to
the resonator (AC) would have on a change in the resonator’s center frequency (Awy). This
knowledge simplified the optimization process for the final filter design. When designing the
filter with distributed elements (microstrip), introducing this parallel capacitance (Cy) was a key

consideration.

3.5 Resonator Topology and Simulation

Ansys HFSS provided 3D EM modeling and simulation of this filter design to account
for the anisotropic substrate and minor parasitic impedances not captured in the simplified ADS
circuit model. The kinetic inductance in the YBCO film was approximated as less than 0.22
pH/square if operating at or below 20 K. This is a negligible contribution compared to an esti-

mated 180 pH/square for the geometric inductance of the microstrip. As a result, a perfect elec-
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Figure 3.5: Current density for various microstrip resonator geometries

trical conducting boundary could be applied to the geometry representing the superconductor. In
order to prevent a simulation error caused by the negative values in the anisotropic permittivity
matrix, it is necessary to insert a thin isotropic buffer (¢, = 10) on the ends of the anisotropic
substrate and de-embed the waveports. This is simply a software-related issue. Fig. 3.5 shows
the current density maps for a selection of various resonator geometries that were investigated for
an applied 1 Watt of power at 9.4 GHz. The smaller feature sizes of the interdigital or meander-
line resonators result in more fringing electric fields and increased current density, increasing the
current density beyond the targeted safety margin from the estimated critical current density. The
L-shape and split-ring resonator examples had a lower (). (set to an equivalent coupling gap) and
is realized with 50 () transmission line. The split-ring resonator (). can be increased, but at the

expense of expanding its width perpendicular to the transmission line.
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I chose the self-coupled hairpin resonator and set the gap (S55) at 127 um as a trade-off
between higher (). and lower current density. The lumped element circuit in Fig. 3.3 approxi-
mates the response of the edge-coupled (transmission line to resonator), self-coupled (between
resonator arms), hairpin resonator close to its resonant frequency. Folding the microstrip res-
onator introduces a parallel capacitance between its arms. The effect is equivalent to introducing
a capacitance (5 in parallel to the shunt inductance L in a lumped RLC circuit. Fig. 3.6 shows
the ADS simulation results for a microstrip circuit model of the self-coupled hairpin resonator at
different gaps between arms and compares it with microstrip circuit models of the L-shape and
split-ring resonators. Observing the (). plot, S5 is chosen for its range of achievable (). values
needed for the filter circuit model, while ensuring the current density along the edges of the mi-
crostrip did not exceed the critical current density of the thin-film YBCO. To physically realize
the filter circuit, the appropriate values of S; are chosen from this plot. The Awy plot highlights
the additional advantage of decreasing the coupling gap between resonator arms. When S is
decreased, the change in resonant frequency also decreases with changing S;. This resulted in a
closer agreement between circuit and EM simulation and reduced the simulation time and num-
ber of physical parameters that needed to be optimized. Figure 3.7 illustrates the final design
layout and defines its physical dimensions.

Optimizing the 3D EM model resulted in the following values as identified in Fig. 3.7:
wy =381 pum, wy =356 um, [ =22 mm, S;; =76 pm, S12 =38 pm, S13 =514 =25 pum,
and S = 127 pm. The final EM model incorporated multiple fabrication uncertainties which
could impact filter performance. This included factors such as the circuit layout’s orientation and
position on the wafer. The filter layout’s orientation on the substrate could result in a frequency-

shift of the stop-band and the EM model enabled us to accurately predict the impact of fabrication
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Figure 3.6: ADS microstrip circuit model simulations of external quality factor (().) and shift in
resonant frequency (Awy) for various resonators geometries

tolerances. Simulation results using the anisotropic permittivity matrix described in Section 3.3
agreed closely compared to a isotropic matrix using the diagonal value. There was no noticeable

impact to the field line behavior or scattering parameters. However, rotating the filter circuit with
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respect to the wafer such that it deviates from this permittivity matrix results in approximately
a 15 MHz shift per degree of rotation. This is entirely due to the anisotropic permittivity of the
substrate. The combined effect of these various factors could shift the stop-band by an amount
slightly less than half of the 50 dB fractional bandwidth. In order to ensure successful fabrication
of an implementable filter in the first fabrication run, I created multiple design variations where

the outer arm of each resonator was lengthened or shortened by 25 pm.

— L S
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Figure 3.7: Layout of microstrip self-coupled hairpin resonator notch filter design

3.6 Experimental Results

Figure 3.8: Packaged notch filter with lid removed
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STAR Cryoelectronics performed the fabrication of the filter chips on a 435 pm thick
R-plane sapphire wafer. The filter dimensions were patterned on thin-film YBCO with photo-
lithography and the microstrip maintained a minimum 356 x 0.3 yum cross-section. The selected
R-plane crystal orientation allowed good quality epitaxial growth of YBCO films and the sub-
strate thickness was important for achieving 50 €2 transmission lines with physically realizable
feature dimensions. For this application, the cryogenic receiver is cooled by compressed helium
to 20 K and the 7, of YBCO is approximately 93 K, providing a temperature margin of around
73 K. The film quality, cross-section, wafer thickness, operating temperature, and resonator ge-
ometry enhances its capability in rejecting higher-power RFI at 9.4 GHz with acceptably low
insertion loss in the lower and upper pass-bands.

After dicing the wafer into chips, the nominal design was selected and epoxied into alu-
minum housing with a silver epoxy (EPO-TEK EJ2189-LV) suitable for cryogenic temperatures.
SMA connectors were mounted to each side and the pins were similarly epoxied to 2 pm thick
Au bond pads located on each end of the microstrip. Figure 3.8 shows a picture of the final device
without its lid. A Keysight VNA was used to measure the filter’s insertion loss after reaching ther-
mal equilibrium while submerged in liquid nitrogen. The VNA was calibrated for cable loss and
stainless steel SMA cables were used to minimize thermal contraction in the cable length. Small
changes in temperature should not impact the filter’s performance. As a result, initial testing of
the filter was performed with liquid nitrogen (77 K) in a laboratory environment. Figure 3.9 pro-
vides a plot of the ADS simulation results and measurement showing good agreement with the
unmodified filter design. The device was tested at approximately 57 K warmer than its intended
operating temperature. Modeling the expected insertion loss based on use of the Mattis-Bardeen

equation to estimate the quasi-particle dissipation at the actual operating temperature results in
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Figure 3.9: Comparison of simulated and measured insertion loss and return loss for packaged
filter cooled to 77K

an approximate 2 dB insertion loss in the upper pass-band [78]. The maximum insertion loss in
the lower and upper pass-bands are 0.614 dB and 2 dB, respectively. This loss is attributed to the
test environment and impedance mismatch in the connector-to-chip interface as is apparent in the

measured return loss at higher frequencies.

3.7 Discussion

The measured filter achieved the target fractional bandwidth and is compared in Table 1
to other published notch filter designs. Another noteworthy achievement is that this filter design
achieved a higher 50 dB fractional bandwidth, but in some cases a more narrow 20 dB fractional
bandwidth than previously reported measurements. This is favorable for this application where a

strong stop-band rejection is required, but not a deliberately wideband design that overlaps with
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Table 3.1: Comparison with previous HTS Band-Stop Filters

Ref fc (GHZ) AfgodB (%) Af50d]3 (%)
[79] 1.8 0.9 -
[57] 2.0 1.9 -
[80] 14.8 2.9 -
[46] 1.6 7.9 —
[81] 1.4 0.7 0.5
[49] 2.3 1.3 0.8
[48] 2.2 1.8 1.1
[51] 2.0 4.2 1.5
[50] 0.9 7.8 1.5
This Work 94 4.3 2.7

the observation bands of the radio telescope. The insertion loss is anticipated to be reduced in
future testing at lower temperatures and in a revised packaging design. The measurement agrees
well with simulation and confirms the estimation of kinetic inductance and insertion losses as a
function of ambient temperature.

This work presents the successful demonstration of a HTS microstrip notch filter with a
significant 50-dB-fractional-bandwidth notch and low insertion loss in a wide pass-band to meet
the described application’s strict requirements. The selection of YBCO films, substrate parame-
ters, and resonator geometry were tailored for a consistent filter response while exposed to a local
and high-power RFI source. The self-coupled hairpin resonator design enabled us to physically
realize the desired filter circuit model using planar microstrip and maintain a compact footprint.
Improvements to the housing design will reduce losses at higher frequencies, making this device
an immediately feasible solution for GGAO’s VGOS RFI mitigation needs. In a future effort, the
filter chips will be assembled in a new housing design and test these devices under the correct
temperature of 20 K. The SMA connectors will also be replaced with 2.92 mm connectors to

provide improved higher-frequency performance and resilience to thermal cycling.
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Chapter 4: Heterodyne Microwave Photonic Radiometer

This section is based on work from the following publication: C. J. Turner, A. I. Harris, T.
E. Murphy and M. Stephen, “Nonlinear Power Response in Heterodyne Photonic Radiometers
for Microwave Remote Sensing,” in IEEE Photonics Technology Letters, vol. 35, no. 13, pp.

701-704, July 2023, doi: 10.1109/LPT.2023.3273412.

4.1 Overview

Integrated microwave photonics could play a significant role in the next generation of mi-
crowave radiometers. Microwave photonics is a field in which RF, microwave, or millimeter-
wave signals are generated, distributed, processed, and analyzed using optical techniques and
enables some functionalities that are not feasible with traditional electronic components [82].
Photonic integrated circuits are chip-scale optical devices used for transmitting, processing, or
filtering optical signals. They have been explored for astronomy applications in the optical and
near/mid-infrared regions of the EM spectrum [83]. These same technologies and signal process-
ing techniques could be employed for microwave to sub-millimeter wavelength radiometry and
spectrometry.

An ideal photonics-enabled radiometer would accurately measure weak signals over a sub-

stantially wide bandwidth (=100 GHz). The key concern with this effort is understanding the
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dynamic range of a photonics-enabled radiometer. Dynamic range refers to the range of mea-
surable microwave power between the instrument’s noise floor and an upper limit set by the
required linearity of its power response. The presented measurements demonstrate a significant
and measurable impact to its dynamic range while taking radiometric measurements. In practice,
a radiometric measurement benefits from a highly-linear calibration measurement of two temper-
ature references. This calibration helps distinguish between a change in measured noise power
from the target and detection of local fluctuations in temperature, power, or gain [2]. An accu-
rate nonlinear model and instrument characterization can help reduce measurement uncertainty
and improve the dynamic range. We show that this test radiometer exhibits a larger nonlinear re-
sponse to a thermal noise signal (TNS) than to a Continuous Wave Signal (CWS) more commonly
considered in literature [84]. The measurement results agree with this new stochastic nonlinear
power response model and simulation.

These results will be important for developing a microwave photonic radiometer to meet
the specific mission requirements. Section 4.2 discusses the state of spaceborne spectrometers of
interest and photonic signal processing. Section 4.3 discusses the theory behind this improved
power response model and the measurements presented in section 4.4 show strong agreement
with theory. The resulting impact of these measurements on the receiver link budget analysis are
illustrated and described in Section 4.5. Finally, Section 4.6 provides input on further topics to

investigate.
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4.2 Background

4.2.1 Spaceborne Spectrometers

NASA and NOAA have signaled the need across multiple missions for a broadband (>100
GHz) microwave radiometer that can simultaneously process the entire measured spectrum in
hundreds of narrow spectral channels [85]. A microwave front-end consisting of traditional am-
plifiers, mixers, oscillators, and filters can channelize the measured spectrum into manageable
bandwidths for digital sampling at each channel. However, increasing the system bandwidth will
increase the instrument’s size, weight and power (SWaP) due to the added components and addi-
tional digital spectrometers. Spaceborne spectrometers have strict SWaP requirements, limiting
the performance and amount of on-board electronics available for signal processing. These con-
straints pose an even greater challenge at higher frequencies. At the sub-millimeter wavelength
region of the EM spectrum, front-end electronic components have an intrinsically wide absolute
bandwidth. For example, WR1.5 standard components covers 500-750 GHz [86]. In plane-
tary atmosphere spectroscopy, there are molecular signatures spread across this wide band that
could be measured [24]. However, past designs implement channels that down-convert and dig-
itally process relatively narrow-band channels to measure pre-determined signatures. Table 4.1
and 4.2 highlight previous spaceborne missions and platforms containing sub-millimeter wave-
length spectrometers. These instruments require some fore-knowledge of the chemical compo-
sition of the observed planetary atmosphere. A back-end spectrometer is useful for resolving
narrow spectral lines. Examples of back-end architectures include Auto-Correlator Spectrome-

ters (ACS) [87], Acousto-Optical Spectrometers (AOS) [88], and Chirp Transform Spectrometers
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(CTS) [89]. Application-Specific Integrated Circuit (ASIC) digital spectrometers continue to im-
prove in performance at low levels of power consumption, but currently at limited instantaneous

bandwidths and sampling speeds [90].

Table 4.1: Examples of Spaceborne Sub-millimeter Wavelength Spectrometers

Reference Mission Instrument Year Back-end Mass Power
Name Name Launched Technology (kg) W)
[91] SWAS - 1998 AOS 102 45
[92] Odin SMR 2001 ACS, AOS 80 -
[93] Rosetta MIRO 2004 CTS 20 68
[94] Aura MLS 2004 ACS 453 545
[95] SMILES - 2010 AOS 476 320
[96] JUICE SWI 2022 ACS <10 <50
Table 4.2: Spectrometer RF Performance Parameters
Instrument Spectrum Observgble Instantar}eous Chann‘el
Reference Name (GHz) Bandwidth  Bandwidth  Resolution
(GHz2) (GHz) (MHz)
[97] SWAS 487-557 16 1.4 1
[98] SMR 118.75, 486-581 95 0.1-1 0.125-1
[93] MIRO 190, 562 11.5 0.18 0.044
[94] MLS 118, 190, 240, 640, 2500 21 21 0.1-96
[95] SMILES 624-650 3.2 2.4 1.1
[99] SWI 530-625, 1080 — 1275 8.5 2-4 0.1-16

4.2.2 Photonic Signal Processing

Photonic Integrated Circuits (PICs) were identified as a candidate technology for the next
generation of microwave radiometers [100] [25]. A hybrid PIC-ASIC solution can leverage
both technologies to increase a radiometer’s instantaneous bandwidth, process the entire mea-
sured spectrum, and minimize additional SWaP using different back-end channel bandwidths as
needed. Integrated Micro-Ring Resonators (MRR) have been implemented as tunable band-pass
filters with 3-dB-bandwidths below 200 MHz [101]. The focus of this work is implementing
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photonic down-conversion for digital sampling in the bands that require a finer spectral resolu-
tion than that attainable with photonic filters. Optical signal processing of radiometric microwave
signals with bulk components has been applied to millimeter-wavelength signal detection [102],
W-band imagery [103], and improving the noise-equivalent temperature (NET) in narrow-band
radiometers [104] and radiometric resolutions in interferometers [105]. However, these efforts
did not leverage the full bandwidth and integration achieved in more recent technology demon-
strations. Now, integrated Electro-Optic Modulators (EOM) with CMOS-compatible voltages are
capable of modulation bandwidths above 100 GHz [106]. Previous work did not extensively in-
vestigate the dynamic range of microwave photonic radiometers with photonic down-conversion.

This chapter discusses and demonstrates the impact of signal type to radiometer linearity.

Phase Mach Zehnder Dual-Drive
Modulator Modulator (MZM) MZM
Eom ++ Eo_prout Eom Eo_pr,out Eom ' E;;:out
Vm " — o—
Parallel EOM
Series EOM EOM
Eo_p:n- EOM EOM -Eo_p:out E;me E;;:out
EOM

Figure 4.1: Various Electro-Optic Modulator Configurations relevant to Photonic Down-
Conversion

A mixer (or down-converter) reduces the measured signal’s carrier radio frequency (£2.)
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to a smaller intermediate frequency (£2;¢) through mixing with a local oscillator frequency (£y,).
A Photonic Down-Converter (PDC) is an optical device that performs this mixing using either
electro-optic modulation or optical heterodyne mixing. Multiple PDC architectures have been
implemented as visualized in Figure 4.1. A phase modulator will impart a microwave signal onto
the phase of an optical carrier. A Mach Zehnder Modulator (MZM) is an amplitude modulator
that consists of two parallel phase-modulators. Dual-Drive MZMs (DD-MZM) and Dual-Parallel
MZMs (DP-MZM) have been implemented in PDC configurations [107] [108]. In a DD-MZM,
the RF and LO signal can be applied to separate, parallel phase modulators. The RF and LO sig-
nal can also be fed into parallel MZMs in a DP-MZM configuration. Other PDC configurations
include cascading phase modulators or MZMs in series [84, 109, 110]. The RF-to-IF conversion
loss varies for each configuration. Factors that impact the PDC gain and resulting output power
include the power of the optical carrier, the responsivity of the photodetector, the operating point
of the transfer function set by the DC bias, if the PDC uses a balanced photodetector (BPD), and
insertion losses in the components. There are additional advantages for each configuration. For
example, cascading phase modulators in series may eliminate the need for a bias stabilization
circuit to optimize performance. Due to the availability of components, the theory and measure-

ments presented here focus on the DD-MZM option.

4.3  Stochastic Nonlinear Power Response Model

A non-modulated CWS consists of a cosine function with an amplitude voltage of v:
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Figure 4.2: Block diagram for the single-channel microwave photonic radiometer

Vews(t) = v cos(Quet + A) 4.1)

where (2, represents its frequency and A# is used to account for a potential phase offset
between itself and CWS LO signal. The probability of measuring some voltage at any instant is

well known for this signal and described by its probability density function (PDF):

fousl0) =~ (2, — 07 @2)

where v is the measured voltage and v,,s = 1/ (v?) is the root-mean-square (RMS) average
voltage. In constrast, a TNS represents thermal noise power from blackbody radiation emissions.

Its PDF follows a Gaussian or normal distribution:
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The differences in these PDF’s are illustrated in Fig. 4.3 where f.,s and f;,s have both
been constrained to share the same time-average value (v, = 1/ V/2). The CWS is constrained
within its peak voltage of v = 1 and the TNS has a broader voltage distribution that exceeds this
peak voltage. The probability of measuring a higher voltage with a TNS compared to a CWS
is approximately 15.4%. This probability area is highlighted in cyan. When applied as an input
to a nonlinear system, the average output measurement will change as a result of these different
voltage distributions.

A PDC’s output photocurrent is presented here [107]:

iun®) = Jiach (L)) sn (Zuatt)) @.4)

T T

The limiting component to a PDC’s linearity is the EOM, so the DC photocurrent ¢4, =
RF, is taken as a constant. 4. 1S a product of the optical power (Fy) applied to a photodetector
with a responsivity (R). The key non-linear term in Eq. 4.4 is the sine function and Fig. 4.3
highlights the change in response to ioy;(t) given vy = Veys OF Upf = Vgps-

The photocurrent measured at the output of the photodetector is a summation of multiple

frequency-dependent terms:
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Figure 4.4: (Top) Simulated IF photocurrent and (bottom) output power compression at photode-
tector output
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Tout () = tac + Tne (Quet) + 116 (Quot) + die(Qugt) + ... 4.5)

where Qi = Q¢ — o, il¢(t) and 7] () are leakage currents from the RF and LO signal
measured at the photodetector. There are additional intermodulation products (sum-frequency,
harmonics, etc) not shown here and are assumed to be suppressed through filtering. The output
photocurrent (7., ) 1s filtered with an electronic band-pass filter (BPF) to isolate the desired IF
term. The IF photocurrent can be determined by a numerical simulation using Fourier analysis.
The Fourier analysis of random sequences has been previously discussed [111] and successfully

applied in white noise models [112]. The TNS is described with the following equation:

N/2

Vs (t) = Z vy cos(Qe xt + Pk) (4.6)
k=1

With this method, the TNS is modeled as a superposition of some number of cosine terms
(V), equally-spaced in frequency (£2,¢ ), each with its own peak voltage (vy) and phase (¢x). ¢
is independently and randomly chosen over a uniform distribution from [0, 27) for one period.
This summation has a few noteworthy advantages. Each vy term can be identically distributed to
correspond to white noise, or each given a mean value to more accurately model the frequency-
dependent losses of the microwave components. Also, the number of samples and cosine terms
can be conveniently chosen for clean conversion between the time and frequency domains in

simulation using a Fast Fourier Transform (FFT).
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Figure 4.5: Electrical output power spectrum measured over 3 MHz resolution bins at PDC output

Fig. 4.4 presents simulation results for the IF photocurrent. 4; is found through a FFT of
iout Where Eq. 4.1 and Eq. 4.6 are applied to Eq. 4.4 for a CWS and TNS signal respectively.
For each value of vy .ms, the TNS is generated in the frequency domain with N = 4096 fre-
quency terms. Each phase term is selected for one full period, which is determined by the lowest-
frequency term. The voltage amplitude v, is selected to maximize i;, therefore ﬁvlo ~ 1.841
and J; <%vlo(t)> ~ 0.5819. Output Power Compression (OPC) is defined as the deviation in
PDC output power from a linear response to input power. It may also be referred to as gain com-

pression since the gain is reduced from its constant small-signal-approximation value. It can be
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expressed as:

-2
Pif,rms o Zif,rms o Gpdc

OPC = 4.7)

=
Pif,rms,ss Zif,rms,ss GPdQSS

where P msss and Gig ¢ are the small-signal, root-mean-square IF power and conversion
gain for the PDC. In the same simulation, the OPC is found using this equation and plotted in
Fig. 4.4. In the linear and nonlinear regions at lower voltage levels, 7., and OPC are in close
agreement. However, the response starts to diverge prior to the OP1, the point at which the output

power compresses from linearity by 1 dB.

4.4 Experimental Results

The single-channel microwave photonic radiometer was assembled with components as de-
picted in Fig. 4.2. It consisted of a 1550 nm DFB Laser Diode (LD), A v, = 5.5 V Dual-Drive
Mach Zehnder Modulator (DD-MZM), Photodetector (PD), and IF Band-Pass Filter (BPF). An
adjustable noise source provided the TNS to the radiometer input. The noise source consists of
a cascade of available amplifiers, attenuators, and filters. This noise source can produce a maxi-
mum total power of nearly 10 dBm with a center frequency of 2.3 GHz and a 3-dB-bandwidth of
140 MHz.

Fig. 4.5 presents the electrical output power spectrum of the PDC measured with a spec-
trum analyzer. These results demonstrate the unique behavior of this photonic radiometer using

TNS instead of a modulated CWS, and compared to a traditional microwave radiometer with
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Figure 4.6: Output power compression (OPC) simulation and measurements for the IF component
of the spectrum for an incident TNS and CWS

mixers. The noise source provided its maximum 10 dBm of RF power, the LD provided 16
dBm of optical power, and a signal generator provided 10 dBm of LO power. The linearity of
the photodetector and spectrum analyzer detector were verified by sweeping the optical power
and monitoring the measurement for a nonlinear response. The spectrum analyzer measured the
power in 3 MHz bins. The IF BPF was removed for this test in order to resolve the various inter-
modulation products. The noise source’s relatively narrow bandwidth minimized overlap of the
various intermodulation products measured at the radiometer’s output. There is a second-order

distortion visible near DC, likely caused by rectification of the RF signal. The LO frequency was
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set to 2 GHz to isolate the IF term from this distortion. The resulting IF frequency is 0.3 GHz.
Leakage from the RF and LO signals are visible and identified, as well as a few other intermod-
ulation terms. Many of these output terms can be suppressed by applying a DC bias voltage to
one of the DD-MZM inputs; an unavailable option for electronic microwave mixers. Applying
a DC bias to the DD-MZM so that there is a 7 phase difference between modulator arms (i.e.
a “quadrature” bias) will suppress even-order terms including the baseband distortion, but will
also suppress the IF term. Instead, the DD-MZM can be biased to “null” (no phase difference) to
suppress odd-order terms, including the RF and LO leakage terms [113]. This simplifies filtering
at the output except for the baseband distortion.

We tested the PDC’s nonlinear power response using both a CWS and TNS and report
the results in Fig. 4.6. The measurements showed close agreement with simulation for both
an applied CWS and TNS. The applied RF power for a TNS is approximately 3 dB lower than
a CWS at the OP1 point of the PDC. This is a significant difference and should be taken as a
design consideration for a future, complete photonic radiometer instrument. A BPF is connected
to the output of a signal generator to provide a clean CWS to the DD-MZM input. The TNS
output power was adjusted automatically by an Arduino-controlled digital-step attenuator. This
allowed us to repeat the measurements in multiple iterations and verify there were no significant
gain fluctuations over longer time scales (> 1 s). The output power was measured for both of
these devices and likewise monitored for any nonlinear contributions to the final measurement.
The input power was swept to the highest possible power level for our noise source and signal
generator, which allowed us to measure close to the OP1. In each case, the CWS and TNS were
applied to the input of the radiometer and measured the output with a BPF connected to isolate

the IF photocurrent. The gain is taken as the ratio between the measured output and input powers.
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Using Eq. 4.7, the resulting OPC is found by normalizing the measured gain to its small-signal

gain.

4.5 Impact to Receiver Link Budget Analysis

The dynamic range is the range of signal power the radiometer can accurately measure. The
lower bound is the minimum detectable signal (MDS) which is set by the noise floor. The three
main contributors to the noise figure of a photonic down-converter are thermal noise, shot noise
at the photodetector, and relative intensity noise (RIN) at the laser as described in the following

equation [114]:

F o (1 + Gpd(:)kTO + 2qidCZout + RIN?;C%CZout
pde = Gpack Ty

(4.8)

Where k is Boltzman’s constant, 7j is the ambient temperature of the device, ¢ is electron
charge, and RIN is typically reported in unit dB/Hz. The equivalent temperature for the system

is a cascade of the LNA and PDC equivalent temperatures [3]:

KT + 2qipe Zows + RINZ Zous
G(lnaGpdck

Te7sys = Te,lna + (49)

The upper bound of dynamic range depends on the required linearity. Here, this is described
here in terms of calibration error. A Y-factor measurement is a two-point linear measurement of

a hot and cold temperature reference (with respect to each other). To illustrate how linearity
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can impact the calibration measurement, Figure 4.7 shows the power response of a PDC and
multiple calibration lines for different scenarios. When the input signal has small bandwidth
and the laser has low RIN (black dashed line), the resulting calibration line aligns strongly with
the linear region of the PDC. Therefore, 7 s can be determined and removed from the signal
measurement. At a larger bandwidth (green dashed line), the input signal to the PDC will elicit a
non-linear power response. Increasing the RIN (orange and red dashed lines) will cause an even
stronger non-linear response, as well as reduce the fractional change in measured power between
two references. The PDC power response to a CWS is illustrated to show the impact of the
stochastic model presented in this chapter. The Y-factor is defined as the difference in measured

output power for two temperature references:

Y — Pout,H o Glna,HGpdc,H TH + To,sys
Pout,C Glna,CGpdc,C TC + Te,sys

(4.10)

If operating in the linear region of the LNA’s power response, Gpaci = Gpde,c and Yieas =

Y. The resulting calibration error is defined as:

Te meas
Calibration Error = (——— — 1) (4.11)

e,sys

where T 1,cas 18 the found from the Y-factor measurement and 7 s 1s the true noise equiv-
alent temperature for the system.

In Figure 4.8, the excess noise figure and calibration lines are superimposed on one plot,
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both a function of the LNA gain. As the LNA gain increases, the noise figure eventually con-
verges to the noise figure of the LNA (zero excess noise figure). However, increasing the LNA
gain also risks increasing the calibration error to beyond an unacceptable threshold. Reducing
the sensitivity of the EOM through a lower v, will reduce the LNA gain requirement, but will
not improve the dynamic range. A better option is to increase the DC photocurrent by either
increasing the optical carrier power. Another option is to reduce the relative intensity noise of
the optical carrier, although this may conflict with achieving a higher amount of optical power.
Currently, commercially-available 1550nm narrow-linewidth DFB lasers offer 200 mW of optical
power and InGaAs photodetectors have a responsivity near 0.9 and 1.1 A/W [115]. Although the
acceptable noise figure and calibration error depend on application-specific design requirements,
Figure 4.8 illustrates how a low-RIN optical source is critical for minimizing the noise figure and

calibration error in a wideband design.

4.6 Conclusion

This chapter covers the characterization and measurement of the power response for a
single-channel microwave photonic radiometer for radiometric measurements. It also discusses
the impact of these results on the link budget analysis, which shows that commercially-available
components may allow for an acceptable dynamic range to meet some application-specific de-
sign requirements. In the measurements, the output power compresses by 1 dB (OP1) at nearly
half the average RF input power for a thermal noise signal than for a continuous-wave signal.
At higher optical powers, the noise figure of photonic down-converters are limited by the laser’s

relative intensity noise (RIN) [114]. There are still other impacts to performance metrics that
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Figure 4.7: PDC power response and estimated calibration lines based on two-point Y-factor
measurement with variable bandwidth and RIN.

should be explored, such as added gain fluctuations. New sources of instability from photonics
could potentially impact a radiometer’s performance, such as temperature drifts in the compo-

nents. If some of these uncertainties have a periodic behavior, it can limit the integration time

and resulting radiometric resolution.
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Chapter 5: Thermal Imaging of Photonic Wire Bond

This section is based on work from the following publication: C. J. Turner, Z. Hileman, V.
Rosborough, J. Musolf, H. Garrett, M. Nelson, and M. Farzaneh, “Thermal Imaging of Polymer-
Based Photonic Wire Bond Through Thermoreflectance Microscopy,” in IEEE Photonics Technol-

ogy Letters, vol. 35, no. 20, pp. 1115-1118, 15 Oct.15, 2023, doi: 10.1109/LPT.2023.3297055.

5.1 Overview

The operation of Photonic Integrated Circuits (PIC) under extreme environmental condi-
tions associated with aerospace industry are not well understood [116]. In order to be qualified
for spaceborne instrumentation, these multi-material components may be designed and tested
against harsh environmental effects and extreme operating or survivability conditions in terms of
temperature, vibration, power handling, and radiation exposure. With sensitive components like
micro-ring resonators (MRR), active measures such as thermal stabilization [117] and thermal
cross-talk mitigation [118] may be necessary to minimize gain, wavelength, and bias drift. Due
to the small feature sizes of these circuits, accurately measuring the thermal profiles of PICs will
require a sub-micron thermal imaging technique. However, the diffraction limit for traditional
infrared thermography precludes its use for small PIC features.

Thermal Reflectance Microscopy (TRM) is a technique that has been used to capture ther-
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mal imagery of PICs with sub-micron spatial resolutions. The thermoreflectance response of a
material is the relationship between a materials surface reflectively and temperature. It is mea-
sured by heating a material and measuring the change in surface reflectivity. This measurement
can be used for associating changes in surface reflectivity to changes in temperature when the de-
vice is heated by other mechanisms, such as electrical or optical power. It has been successfully
demonstrated on various conductors and semiconductors used in PICs [29]. However, there is
limited data available on using this technique with many other materials. This chapter describes
a first-time demonstration of Thermal Reflectance Microscopy (TRM) applied to a polymer-based
photonic wirebond (PWB) [119]. Section 5.2 highlights the major materials involved with PICs
and the previous applications of TRM to PICs. Section 5.3 describes the fabrication process and
material properties of PWB. Sections 5.4 and 5.5 go over the test procedure, model, and test

results and Sections 5.6 concludes with a discussion on the impact of these findings.

5.2 Background

5.2.1 PIC Materials and Integration Methods

PICs contain integrated optical circuits that can enable broadband analog radiometer and
digital communication systems [82]. There have been efforts toward large-scale monolithic in-
tegration of integrated photonic components such as passive waveguides, modulators, detectors,
and light sources in silicon, but silicon is not an ideal material for active components [120] [121].
Other materials exhibit superior performance for specific integrated photonic components. At
1550 nm operating wavelength, this includes indium phosphide (InP) light sources [122], lithium

niobate (LiNBOj) electro-optic modulators [123], InGaAs photodetectors [124], and silica (SiO2)
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or silicon nitride (SizN4) waveguides [125]. Other materials such as chalcogenide glasses and
polymers offer unique properties and can enable additional optical signal processing capabili-
ties [126, 127]. Different approaches towards large-scale production of multi-material PICs in-
clude wafer-scale heterogenous integration through techniques such as wafer bonding or direct
epitaxial growth [128], [129] or hybrid chip-to-chip integration through either vertical or edge
coupling [130]. PWB consists of a polymer material and has demonstrated low-loss chip-to-chip
coupling without requiring active alignment [119] and can also be used for integrating off-chip

light sources [131].

5.2.2 Thermoreflectance Microscopy

Thermoreflectance microscopy (TRM) offers a non-invasive method of imaging the thermal
profiles of photonic integrated circuit (PIC) components with sub-micron spatial resolutions [29].
This is important for the detection of hot spots, ensuring reliable device design and consistent fab-
rication. Traditional infrared (IR) thermography is achieved through passive imaging of black-
body radiation emissions with mid-wavelength IR (MWIR) cameras. The spatial resolution of
these detectors are limited by the diffraction limit of their operating wavelengths where they have
an acceptable sensitivity (typically around 3 gm). TRM is an indirect measurement of a device’s
thermal profile. In this technique, the relative change in surface reflectivity is measured as it
changes with temperature. The thermoreflectance properties for a semiconductor relates back to
its band structure and dielectric response function [132]. TRM has been used successfully to
obtain thermal profiles of semiconductor optical amplifiers, electro-absorption modulators, and

various laser diode devices, among others [29].
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Time Domain Thermoreflectance (TDTR) measurement techniques have been used to char-
acterize the thermal properties of various polymers [133], including SU-8 photoresist [134]. This
technique uses a pump laser to induce a temperature strain at the surface of a material caused
by optical absorption. A second probe laser measures the change in surface reflectivity. In con-
trast, TRM uses an LED and camera in place of the probe laser and detector to capture a larger
image. However, TRM has not been applied to an acrylate-based photonic device for imaging a
thermal profile. Although optical absorption of telecomm-band optical wavelengths are relatively
small (<1 dB/cm) [135], nano-scale structures are still susceptible to heating by relatively high
levels of optical power (>100 mW). These particular structures are also free-standing, lowering
the maximum optical power that they can handle. The dimensions of these devices are small
enough such that passive IR thermography cannot provide the necessary spatial resolution for
hot spot detection and predictive failure analysis. Our results demonstrate TRM’s capability in
characterizing the thermal profiles of more complex photonic architectures, encourages future in-
vestigations into applying TRM to other polymer-based devices, and reinforces the use of TRM

for high-resolution thermography of multi-material PICs.

5.3 Device Characteristics

Photonic wire bonding was first demonstrated using a SU-8 core (n = 1.57 at 1550 nm)
with a Cytop cladding (n = 1.34 at 1550 nm) [119]. Currently, Vanguard Automation offers the
SONATA tool to fabricate PWB using its proprietary material, VanCore A [136]. This material is
an acrylate-based resin with optical and thermal properties similar to SU-8 negative photoresist.

For the optical absorption and heat transfer model discussed in Section 5.5, the physical parame-
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Figure 5.1: Photonic Wire Bond (PWB) connected to fiber array channels.

ters used include an optical absorption of 0.5 dB-cm™!, density of 1190 kg-m~3

, specific heat of
1.5 kJ-)kg~1-K™!, and a thermal conductivity of 0.3 W-m~* [137].

PWB are fabricated using direct-write 3D laser lithography based on two-photon polymer-
ization [119]. Individual pixels are fixed to a common mount using pick-and-place machinery
with relatively moderate precision. The interconnect regions are embedded in the photo-resist
material and the positions of the connecting facets are detected using machine vision techniques.
The PWB structure is designed with respect to the facet positions and defined using two-photon
lithography. In the next step, the unexposed photo-resist is removed. The remaining PWB struc-
tures are embedded in a low-index cladding material [136]. This eliminates the need for active
alignment between chips and PWB can handle different mode fields of connected devices. The
specific devices discussed in this chapter were fabricated and supplied by Freedom Photonics
Inc. [115]. These devices did not have cladding as recommended in the last step of the fabrica-
tion process in the interest of another related research effort. Instead, they are suspended in air.

Through conversations with Vanguard Automation and power testing of other devices, the major

anticipated consequence of this is a reduction in power handling.

65



— Electrical
(@) CCD — 370 nm (Free-Space)
— 1550 nm (SMF28)

A
uv —p»>_ Beam
LED Splitter
A
Pulse L\ Microscope
Gen Objective
Y

ND4AH PWB (H VOA ‘53 ADC

Pulse generator triggers

(b) A .2 UVLED and NIR LD while
" CCD captures image
Power| samples at two intervals:
| | s 1) LED ON, LD OFF
Time 2) LED ON, LD ON

Figure 5.2: (a) TRM test schematic where an Ultra-Violate Light-Emitting Diode (UV LED)
illuminates and a Near-Infrared Laser Diode (NIR LD) powers a Photonic Wire Bond (PWB) test
device. A Charge-Coupled Device (CCD) Camera captures image samples and a Photo-Detector
(PD) and Analog-to-Digital Converter (ADC) monitors the NIR optical signal. (b) Plot of power
pulses to LD and LED showing the relative timing of these pulses.

5.4 Test Procedure

TRM is based on the relationship between the measurable relative change in surface reflec-

tivity (A R/ R) with a change in temperature (A7) as described in the following equation [29]:
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AT = g 1= (5.1)

where « is thermoreflectance calibration coefficient, which depends on the material of the
surface and wavelength of the illuminating source. Figure 5.2 shows the schematic of the ex-
perimental setup of the test component shown in Figure 5.1. The PWB is the device under
test and is illuminated with a 370-nm-wavelength ultra-violet Light Emitting Diode (UV LED)
while imaged with a 1.4MP, 12-bit Thorlabs CCD Camera mounted on a standard microscope
assembly. TRM measurements in this work are based on the technique described in detail in
references [138—142]. As illustrated by the diagram in Figure 5.2, a pulse generator is used to
pulse both the illumination UV LED and a 1550 nm laser diode (LD). As illustrated in Figure
5.2, the CCD captures images while the UV LED is pulsed to illuminate the surface of the de-
vice. The UV LED fits a standard T-1 3/4 package and was pulsed with a drive current of 30
mA for a resulting forward optical power of approximately 2 mW. The 1550 nm LD powers the
fiber-coupled device under test and acts as the heating pulse. A controllable time delay between
the UV LED and the LD allows two images to be obtained by the CCD camera: one before the
heating pulse (the “off-image”) and one during the heating pulse, after allowing for the device to
reach thermal equilibrium (the “on-image”). The difference between these two images divided
by the “off-image”, is a measure of the relative change in surface reflectivity, as shown in Eq.
5.1. Each image is then averaged over at least 10,000 heating and cooling cycle to improve the
signal-to-noise ratio. The variable optical attenuator (VOA), photodetector (PD), and analog-to-

digital converter (ADC) were used to measure the output optical power (without saturating the

67



PD) and to ensure the overall correct operation.

The LED wavelength was chosen as a trade-off; the CCD camera is more sensitive at vis-
ible wavelengths, but the PWB material is too transparent in this spectrum to measure a clear
response. Previous studies have successfully used UV light to image SU-8 [143]. In order
to obtain the thermoreflectance calibration coefficient (x), the thermoreflectance response of a
200x200 pm bulk sample of the PWB material was measured under 370 nm illumination based
on the technique used in [144,145]. Since the anticipated temperature change was less than 10°C
for the device under test, a calibration coefficient value of £ = —2.4 - 10~% K~! was extracted at
this range of temperature change. However, because of the low sensitivity of the CCD camera at
this wavelength, it is speculated that this value for the calibration coefficient might not be very
accurate for larger temperature changes. Further work at different illumination intensities and

wavelengths are needed to obtain a more accurate value for the calibration coefficient.

5.5 Experimental Results

The test device consisted of two 8-channel fiber arrays mounted on a glass slide. The
PWB’s were designed to connect each channel of the fiber array. Each PWB is approximately
350 pum in total length, as shown in Fig. 5.1. The cross-section diameter is 20 pm near the
interface and 2 pm at the center and spanning over a 100 pm length along its waist. A DFB laser
pulsed the test device with 40 mW of optical power over a 2.5 ms pulse width and a 10 ms period.
The thermoreflectance signal was measured according to the procedure outlined in Section 5.4.

There were a number of key concerns explored for this measurement. In order to address

the potential for measuring a fluorescent response, 3 PWB were imaged with a 10x objective
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while LD power was only applied to the middle PWB. The image is presented in Figure 5.3,
where it is clear that only the powered PWB has a measurable response. Another concern was
the potential for measuring LD-emitted light (1550 nm) scattered from the PWB. An NIR filter
was placed in front of the CCD Camera and it was also confirmed that even without the filter, the
contribution of any LD-emitted light is negligible due to the low sensitivity of the CCD camera at
1550 nm. To verify this, the thermoreflectance image was separated from the LD-emission image
based on the pulsing technique described in [146]. The LD emission contribution is negligible
as shown in Figure 5.3(c). SU-8 photoresist has a higher optical absorption at UV wavelengths
than near infrared (NIR) wavelengths [135]. The measured normalized surface reflectivity pre-
dominantly changed between 0 and —0.02. Because of the change in height deviation across the
PWB, the focus was set on the right side of the image where the optical power was applied. The
center of the PWB shows an equal positive and negative change in surface reflectivity on either
side along its length. However, this region was out of focus and most susceptible to movement
between the camera and stage. In future tests, a tilted stage and additional stabilization measures
could improve accuracy.

Applying TRM to this device resulted in significantly improved image spatial resolution.
As a point of comparison, an equivalent PWB structure was imaged on a Mid-Wavelength In-
frared (MWIR) microscope setup using a cryogenically-cooled MWIR camera and 15x objective.
In order to compensate for the camera’s sensitivity, the entire device was heated to an ambient
temperature of 65°C. When powered at a continuous 40 mW, the device heated to a peak 5°C
above ambient temperature. Using this result, the estimated optical absorption is approximately
0.5 dB/cm and is similar to SU-8 [135]. During the TRM measurements, the device temperature

was actively controlled at a lower 25°C using a TEC module. Figure 5.4 shows the difference in
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image resolutions while measuring MWIR (a and b) and thermoreflectance (c and d) using a 20x
(c) and 100x (d) microscope objective. With the 100x objective, the image ultimately achieved
a 75 nm pixel resolution for this image and estimate the diffraction-limited spatial resolution as
below 300 nm using the Rayleigh criterion and neglecting mechanical vibrations. The enhanced
resolution of TRM reveals temperature gradients in the PWB taper over features resulting from
additional exposure during the polymerization process.

The TRM and MWIR results agree closely with simulation. Figure 5.5 presents the aver-
age temperature over the cross-sectional thickness of the PWB, measured along the longitudinal
section of the PWB from input to output. The measured TRM results are compared against the
MWIR measurement and a COMSOL simulation. The simulation contains a 3D CAD model
for the PWB and numerically solves for optical absorption and heat-transfer in an SU-8-based
medium using Beer-Lambert’s law and the finite element method [147]. The medium is sur-
rounded by a volume of air and the outer-most boundaries are set to ambient temperature as
verified in measurement. In this simplified solution, the input and output interface boundaries are
set to ambient temperature as a substitute for modeling the transition from fiber. The MWIR data
is taken from Figure 5.4(a) and the TRM data is from two separate measurements under 100x
magnification. It is clear from these measurements that the hottest regions of the PWB are these
tapers, with the coolest regions at the interface and center of the PWB. Test equipment was un-
available to pulse the device at higher optical powers, but a future effort should include increasing

power to predict and identify points of failure.
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Figure 5.4: Thermal profiles of PWB taken with different techniques: (a) original and (b) ex-
panded MWIR image with 65°C ambient temperature. TRM image with (c) 20x objective and
(d) 100x objective with 25°C ambient temperature. TRM with 100x objective achieved 75 nm
pixel resolution.
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5.6 Discussion

The thermal profile for PWB with a sub-micron spatial resolution was successfully cap-
tured using TRM. PWB is a photonic component consisting of an acrylate-based resin with
material properties similar to SU-8 negative photoresist. These devices are fabricated using a
two-photon polymerization process. These results demonstrate the feasibility of using TRM for
polymer-based PIC features and encourage investigating other relevant materials beyond semi-
conductors and metallic electrodes. Polymers offer unique properties for photonic integrated
circuits and this measurement technique could be applied to acquire thermal imagery for multi-
ple polymer-based photonic devices and interconnects, such as electro-optic modulators [148],
tapered polymer fibers [149], and vertical couplers [150]. When applied to more complicated
structures, this analysis can provide a useful tool for predicting points of failure and creating
more environmentally-robust PWB and overall PIC designs. In these measurements, it was ver-
ified that there was no flourescence or NIR scattering. Our results also showed close agreement
with simulation and traditional MWIR measurements. Future investigations include testing these
components at other LED and LD wavelengths, with higher-power LED’s and LD optical pulses,

and with additional measures to bring the entire device into focus.
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Chapter 6: Conclusion

6.1 Summary

Three different technology development efforts were presented for the advancement of
radiometer technology. The first topic is the design, fabrication, and testing of a thin-film super-
conducting notch filter with a 4.3% 50-dB-fractional-bandwidth centered on 9.4 GHz. The filter
topology was chosen to handle the power intercepted by the side-lobe of a high-power, local RFI
source. Through measurement, it was demonstrated the operating band extended from 2-12 GHz.
The insertion loss increases at higher frequencies and this is attributed to the testing temperature
and mismatch in the packaging. Still, the filter demonstrates fantastic performance compared to
other thin-film high-temperature superconducting designs.

The second topic presents a new nonlinear power response model to account for the na-
ture of the received thermal noise signal in a photonics-enabled microwave radiometer. Through
theory and measurement, it’s demonstrated that the point where the output power deviates from
linearity by 1 dB, is 3 dB lower than it would be with a traditional continuous wave signal.
Photonic down-convertors have relatively high noise contributions that are limited by the laser’s
relative intensity noise. To compensate for this, a high-gain low-noise amplifier (LNA) will help
maintain a low noise-equivalent temperature for the radiometer. However, having a high gain

risks driving the photonic down-converter into a non-linear region of operation. The model pre-
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sented helps demonstrate the trade-off in noise-equivalent temperature and linearity as a function
of the electro-optic modulator sensitivity, output photocurrent, and LNA gain.

The third topic is the thermal imaging of photonic wire bond using themo-reflectance mi-
croscopy (TRM). This is a first-time demonstration of this measurement technique on a polymer-
based photonic device. These results encourage its use in measuring the thermal profiles of multi-
material PICs. This could lead to more robust designs for operation in a spaceborne photonics-

enabled microwave radiometer.

6.2 Future Directions

The work presented in this thesis can branch off in multiple directions. A new package
has been designed and fabricated for installation of the superconducting notch filter chip. Af-
ter assembly, the device can be tested at its intended operating temperature (20 K) and should
demonstrate improved insertion loss out to 14 GHz. The photonics-enabled radiometer non-
linear power response model can be fed used to improve simulation accuracy in a more com-
plete instrument such as The Hyperspectral Microwave Photonic Instrument (HYMPI) [25]. This
work could expand into system-level design where multi-channel architectures could be explored.
One key PIC-unique technology for multi-channel down-conversion could be integrated optical
combs [151]. Leveraging this technology, unique LO signals for each channel could be generated
so each channel is simultaneously down-converted to baseband for digital processing.

The TRM results could also continue on several different paths. More data should be col-
lected for photonic wire bond at different power levels, illuminating wavelengths, and ambient

temperatures. According to the vendor Vanguard Automation, it is anticipated that the mate-
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rial may fluoresce under certain conditions and it is unknown how linear the thermo-reflectance
response should be over a greater temperature range. There is limited data available on using
this technique for non-linear crystals and other polymers. Thin film lithium niobate currently
appears as a leading option for wideband, integrated electro-optic modulators [152]. In order
for thermo-reflectance microscopy to be a feasible option for thermal imaging of multi-material

PICs, exploring this technique with lithium niobate should be a next step.
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Appendix A: Publications

Peer-Reviewed Journal Articles

C.J. Turner, Z. Hileman, V. Rosborough, J. Musolf, H. Garrett, M. Nelson, and M. Farzaneh,
“Thermal Imaging of Polymer-Based Photonic Wire Bond Through Thermoreflectance Microscopy,”
in IEEE Photonics Technology Letters, vol. 35, no. 20, pp. 1115-1118, Oct 2023

C. J. Turner, A. 1. Harris, T. E. Murphy and M. Stephen, “Nonlinear Power Response in
Heterodyne Photonic Radiometers for Microwave Remote Sensing,” in IEEE Photonics Technol-
ogy Letters, vol. 35, no. 13, pp. 701-704, Jul 2023

C. J. Turner, T. Stevenson, R. Cantor, L. Hilliard, T. E. Murphy and B. Bulcha, “Supercon-
ducting Notch Filter for RFI Mitigation in Ground-Based Radio Telescope,” in IEEE Transactions
on Applied Superconductivity, vol. 33, no. 3, pp. 1-5, Apr 2023, Art no. 1100605

D. J. Kline, M. C. Rehwoldt, C. J. Turner, P. Biswas, G. Mulholland, S. McDonnell, and
M. Zachariah. “Spatially focused microwave ignition of metallized energetic materials,” Journal
of Applied Physics, vol. 127, no. 5. AIP Publishing, Feb. 2020.

Conference Proceedings

C. Turner, M. Stephen, F. Gambini, G. Chin, P. Racette and T. Murphy, ”Ultra-Wideband
Photonic Radiometer for Submillimeter Wavelength Remote Sensing,” 2020 International Topical

Meeting on Microwave Photonics (MWP), Matsue, Japan, 2020, pp. 124-127
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