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ABSTRACT

INTEGRATION, CHARACTERIZATION, AND CALIBRATION OF THE HIGH-
FREQUENCY AIRBORNE MICROWAVE AND MILLIMETER-WAVE RADIOMETER

(HAMMR) INSTRUMENT

Current satellite ocean altimeters include nadir-viewing, co-located 18-34 GHz
microwave radiometers to measure wet-tropospheric path delay. Due to the large
antenna footprint sizes at these frequencies, the accuracy of wet path retrievals is
substantially degraded within 40 km of coastlines, and retrievals are not provided
over land. A viable approach to improve their capability is to add wide-band
millimeter-wave window channels in the 90-183 GHz band, thereby achieving finer
spatial resolution for a fixed antenna size. In this context, the upcoming Surface
Water and Ocean Topography (SWOT) mission is in formulation and planned for
launch in late 2020 to improve satellite altimetry to meet the science needs of both
oceanography and hydrology and to transition satellite altimetry from the open
ocean into the coastal zone and over inland water. To address wet-path delay in
these regions, the addition of 90-183 GHz millimeter-wave window-channel
radiometers to current Jason-class 18-34 GHz radiometers, is expected to improve
retrievals of wet-tropospheric delay in coastal areas and to enhance the potential for

over-land retrievals.



To this end, an internally-calibrated, wide-band, cross-track scanning airborne
microwave and millimeter-wave radiometer is being developed in collaboration
between Colorado State University (CSU) and Caltech/NASA’s Jet Propulsion
Laboratory (JPL). This airborne radiometer includes microwave channels at 18.7,
23.8, and 34.0 GHz at both H and V polarizations; millimeter-wave window
channels at 90, 130, 168 GHz; and temperature and water vapor sounding channels
adjacent to the 118 and 183 GHz absorption lines, respectively. Since this
instrument is demonstrating this technology for the potential use in future Earth
science missions, substantial effort has been put into ensuring the instrument has a

minimal mass and volume and is robust and well characterized.

To this end the optical alignment has been extensively tested and characterized and
a novel blackbody calibration target has been designed and integrated into the
system. All supporting sub-systems such as power distribution and data acquisition
have been integrated into the chassis allowing the instrument to be easily run by a
single operator. Preliminary test flights have been done that demonstrate the
reliability and robustness of this instrument as well as demonstrating the increased
special resolution of the millimeter-wave window and sounding channels over that

of the Jason-class 18-34 GHz radiometers.
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Chapter I. Introduction

This thesis will discuss the development, fabrication, integration, and
characterization of the High-frequency Airborne Microwave and Millimeter-Wave
Radiometer (HAMMR) instrument. HAMMR is an airborne cross-track scanning
microwave and millimeter-wave radiometer with 25 channels in the frequency
range from 18 to 183 GHz. HAMMR was developed under the Instrument Incubator
Program (IIP) 2010 project funded by the National Aeronautics and Space
Administration (NASA)’'s Earth Science Technology Office (ESTO). ESTO is led by
Mr. George Komar, and the IIP-10 Program Manager and lead for Advanced
Observation Technology is Mr. Parminder Ghuman. The HAMMR IIP-10 program
is led by Principal Investigator Prof. Steven C. Reising and is a collaborative effort
between the Colorado State University (CSU) Microwave Systems Laboratory
(MSL) and the Jet Propulsion Laboratory (JPL), California Institute of Technology
(Caltech). The scientific motivation and program objectives for IIP-10 will be

discussed and the organization of this thesis will be provided.

1.1 Scientific Motivation

The purpose of HAMMR is to measure humidity in the atmosphere. This
measurement is useful in weather prediction models and in retrieving wet-
tropospheric path delay. Wet-tropospheric path delay is the error that makes a

propagating electromagnetic (EM) signal arrive later than expected due to



differences from unity in the refractive index of the atmosphere, which in turn
depends upon the amount of water vapor. As the index of refraction of a medium
increases, the speed of propagation in the medium decreases. The relationship
between the speed of propagation of EM waves and the index of refraction is shown

in (1.1).

c

Cc
E = m (|.1)

Vv =

where v 1s the propagation speed in a medium, c¢ is propagation speed in a vacuum,
n is the index of refraction of the medium, & is the relative permittivity of the

medium, and y- is the relative permeability of the medium.

Since their measurements depend upon the arrival time of signals propagating
through long atmospheric paths, satellite borne radar altimeters and
Iinterferometers are susceptible to wet-tropospheric path delay measurement errors.
As the refractive index along the path between the satellite and the surface
increases, the speed of propagation of the radar signal decreases, so that the signal

1s received later, causing the path length to appear longer than it is.

The atmospheric temperature and pressure also affect the atmosphere’s refractive
index but atmospheric temperature and pressure are easier to estimate with good

accuracy, so this project focuses on water vapor as the most important variable.

Precision satellite ocean altimeters such as TOPEX, Jason-1, Jason-2/Ocean Surface
Topography Mission (OSTM) and Jason-3 (to be launched in 2015) include co-

located 18-37 GHz multichannel microwave radiometers to retrieve wet-



tropospheric path delay (Jet Propulsion Laboratory). At these radiometer’s
relatively low frequencies, the footprint on Earth is large. So, tropospheric-wet path
delay measurements are degraded within 40 km of the coasts. This degradation is

called “land contamination”, as illustrated in Figure 1.

Ocean B =116
Along track
direction

High frequency
footprint

+——__ Low frequency
footprint

Figure 1: Comparison of footprint sizes for high and low frequency radiometers.

(Reising S. , et al., 2013)

Land contamination i1s due to the highly variable microwave brightness
temperature of land surfaces due to changing temperature and emissivity caused by
vegetation, snow, ice, soil moisture, surface temperature, and surface roughness.
Adding high frequency channels between 90 and 175 GHz is expected to improve
retrievals by reducing the size of the measurement footprint, which is inversely
proportional to frequency, so that land contamination does not occur until the beam

center 1s much closer to the coastline.



1.2 Instrument Incubator Program (IIP) 10 Objectives

The IIP-10 project led by Professor Steven Reising of CSU will produce an
Instrument to assess wet-tropospheric path delay variability on 10-km and smaller
spatial scales and demonstrate new high-frequency millimeter-wave radiometry

technology, including both window and sounding channels (Ghuman, 2010).

NASA ESTO uses a metric called Technology Readiness Levels (TRLs) to describe
how close a technology is to being ready to be used in space. NASA ESTO funds
programs such as the ACTs and IIPs to increase the TRL of a technologies, as
shown in Figure 2 (NASA ESTO, 2014). The TRL scale ranges from 1to 9, with 1
being the lowest level and 9 being the highest level of readiness. During these
projects, the components, subsystems, and instruments progress from the early
stages of development through space-flight qualified hardware (National
Aeronautics and Space Administration (NASA) Earth Science Technology Office

(ESTO), 2014).



TRL: 1 2 3 4 5 6 7 8 9

Concept . Advanced Component Technology Component Prototype
Formulation ~ (ACT) TRL2-5 Demonstration

Proofof | Instrument Incubator Program System/ Sub-System

Concept | {IIP)TRL3 -6 Prototype Demonstration
Concept  Advanced Information Systems Technology (AIST) System Prototype
Formulation TRL2-7 Demonstration
Component  Technology Validation Activities Flight
Demonstration TRL4-8/9 Qualified

Figure 2: ESTO programs, shown on the TRL scale, by program area (NASA ESTO,

2014).

This IIP-10 project started with three high-frequency millimeter wave radiometer
channels developed through a collaboration between JPL, and CSU’s Microwave
Systems Lab (MSL) under the Advanced Component Technology (ACT-08) project

led by Principal Investigator Prof. Steven C. Reising.

The ACT-08 project increased the TRL of these high-frequency millimeter wave
radiometers to 4, and the IIP-10 is expected take them to a TRL of 6. In addition to
the radiometers developed under the ACT-08 project, new sounding radiometers
near the frequencies of 118 and 183 GHz are also being developed under the IIP-10
to enable temperature and humidity sounding as part of the same instrument.
Successful airborne demonstration of the HAMMR instrument as a system and
measurement of calibrated brightness temperatures will increase the TRL of these

technologies to 6.



1.3 Thesis Description and Organization

The remainder of this thesis is divided into seven additional chapters. Chapter II
discusses the principles of atmospheric microwave radiometry including blackbody
radiation, the radiative transfer equation, atmospheric absorption models, noise,
radiometer calibration, and two commonly used radiometer architectures. Chapter
III presents an overview of the HAMMR mechanical system including the design,
integration, and validation of the feed horn antenna placement, the reflector sub-
systems, the HAMMR chassis, and the scanning reflector. A description of the
supporting sub-systems is also given. The internal blackbody calibration target is
discussed in Chapter IV, which primarily focuses on the design and fabrication
process. The microwave channels, millimeter-wave window channels and
millimeter-wave sounder channels are presented in detail in Chapters V, VI, and
VII, respectively. Chapter VIII focuses on the characterization and calibration of the

fully integrated HAMMR system including both airborne and ground based tests.



Chapter II. Radiometry

The fundamental principles of microwave radiometry are covered in this chapter, as
well as the basics of radiometer architectures, including calibration methods and

radiometer configurations.

2.1 Principles of Microwave Radiometry

An overview of the fundamental theory involved in microwave radiometry is
presented in this section including blackbody radiation, atmospheric attenuation

and the radiative transfer equation.

2.1.1 Blackbody Radiation

An ideal blackbody is an object that is a perfect emitter and absorber of EM energy
while in thermal equilibrium. The spectral brightness emitted by a blackbody at a
physical temperature, T, at a frequency, f, is given by Planck’s Law in (II.1).

3 ht -1
Bf :@(e” —1] (II.1)
C

where By is the spectral brightness of an object in Watts per meter-squared per
steradian per Hertz (W/(m2SrHz)), A is Planck’s constant in Joule seconds (J*s), f is
frequency in Hertz (Hz), £ is Boltzmann’s constant in Joules per Kelvin (J/K), T is
absolute physical (thermodynamic) temperature in K, and ¢ is the speed of light in

meters per second (m/s) (Ulaby, Moore, & Fung, 1981).



A common approximation of Planck’s Law is that in the low-frequency or long-

wavelength region, the exponential term in (I1.1) becomes close to unity as in (I1.2).

hf (I11.2)
ﬁ K1

Assuming (I1.2), the first-order Taylor approximation in (II.3) can be applied.

nf h
A k_; (IL.3)

Using (I1.3), (I.1) can be rewritten as (II.4), known as Rayleigh-Jeans’ law for

spectral brightness (Ulaby, Moore, & Fung, 1981)

B 2kT (I1.4)
r=

where A 1s wavelength in meters. This approximation agrees well with Planck’s
Law, where the error introduced using Raleigh-Jeans’ law instead of Planck’s Law
at 300 K approximately 0.008% and 2.4% at 1 and 300 GHz respectively. This

approximation will be used in the remainder of this thesis.

To measure the radiation of a blackbody, one uses an antenna to convert the EM
wave into a usable voltage signal on a transmission line, so the characteristics of
the antenna must be taken into account. The power radiated by a blackbody as

measured by a lossless antenna is shown in (IL.5).

A I1.5
P, = kTBWA—;ff E,(0,®)dq (I1.5)
41T



where [f, F,(0,®)dQ is the integral of the normalized antenna pattern over the

solid angle dQ, and Bwis the bandwidth of the receiver. The integral is recognized as
the solid angle of the antenna pattern as (II.6), assuming that the antenna is

surrounded by the blackbody and no radiation sources are present.

f f E.(0,d)dQ = Q, (IL.6)
4
For aperture antennas, Qp is related to the effective aperture, A; by

A? I1.7)

allowing simplification of (IL.5) as a linear relationship between radiated power and

physical temperature shown in (I.8) (Ulaby, Moore, & Fung, 1981).

R, =kTB (IL.8)
This is the same result as the Johnson-Nyquist noise of a resistor at a physical

temperature 7T, also known as thermal noise, shown in (I1.9).

P=KkTB (I1.9)
This indicates that a lossless antenna observing an ideal blackbody will provide the
same available power to the receiver as a matched resistor at a physical

temperature equivalent to the temperature of the blackbody being observed (Ulaby,

Moore, & Fung, 1981).



The power radiated from a blackbody is usually referred to in terms of brightness
temperature instead of Watts. This provides a simple comparison of different

systems with different bandwidths.

In practice ideal blackbodies do not exist, a fact that must be taken into account
when performing measurements with a radiometer. All matter reflects and
transmits a certain amount of energy instead of absorbing it all as a blackbody does.
To model emission from matter, a quantity called emissivity, e, is introduced.
Emissivity defines the relationship between the power radiated by a blackbody and
the power radiated by a grey body with the same temperature and using the same

measurement bandwidth as

P
e=——  0<ex<1 11.10
kTB’ ( )

where P is the power radiated by the grey body and k7TB is the power radiated by
the ideal blackbody. The measured temperature of a grey body can then be shown

as

T, =€T (IL.11)
For an ideal blackbody, e is unity and for a perfect reflector e is zero. Measured
brightness temperature is used by atmospheric scientists to determine physical
characteristics of measured bodies such as the temperature or humidity of the
atmosphere. To retrieve these physical characteristics from brightness temperature

measurements, retrieval algorithms are used. These algorithms are based on

10



forward models of the atmosphere using atmospheric absorption coefficients and the

radiative transfer equation.

2.1.2 Radiative Transfer Equation

When observing the atmosphere, a nadir viewing radiometer, at a distance r from
the surface, measures two sources of radiation, as represented in (I1.12). The first

term, T, (O), 1s due to the apparent temperature of the surface measured by the

antenna reduced by the atmospheric attenuation, e *®”, between the scene and the
radiometer. The second term represents upwelling emission of the atmosphere in

the direction of the radiometer (Ulaby, Moore, & Fung, 1981).

The (N =T, (0™ + [, (V)T (e "ar (IL.12)

Apparent temperature or T, (O) is the temperature that the antenna measures due

to the scene. This is different from brightness temperature because it takes into
account atmospheric attenuation and other contributing factors that are not due to
the body of interest. The apparent temperature includes upwelling radiation
emitted from the surface, downwelling radiation reflected from the surface, and
upwelling radiation emitted from the atmosphere between the antenna and the
surface. All of these parameters are reduced by attenuation in the intervening

atmosphere, as shown in (I1.12) (Ulaby, Moore, & Fung, 1981).

In this thesis we are interested only in the second term. This is why the highly

variable emissivity of land contaminates our images, because it is not known and

11



therefore cannot be removed. In contrast, the emissivities of water vapor and liquid

water are known and can be easily removed.

Equation (I1.12) is valid only for a scatter free medium, which for our frequency
range of interest, 18 to 183 GHz, is a valid assumption under most non-

precipitating conditions.

2.1.3 Atmospheric Absorption

The amount of attenuation that EM radiation undergoes in the atmosphere varies
with frequency. The frequency dependence is due to the resonances of atmospheric
constituents such as oxygen and water vapor, as well as from the frequency
variation of liquid water, when it is present. At microwave and millimeter-wave
frequencies, the major contributors to atmospheric attenuation are oxygen, water
vapor and liquid water (Ulaby, Moore, & Fung, 1981). The absorption coefficient
with respect to frequency from these three major contributors is shown in Figure 3
as calculated using the Rosenkranz-Liebe model, as explained in (Rosenkranz, Jul.-

Aug. 1998).

12
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Figure 3: Microwave and Millimeter-Wave Absorption Spectra from 10 to 200 GHz
for Water Vapor Density of 15.1 g/m3, a Temperature of 297 K, and a Cloud Liquid

Water Density of 0.1 g/m3 at ground level (Sahoo, private communication).

Each peak of absorption is due to the presence of an absorption line, and the
frequency ranges between the peaks are referred to as “windows”. A radiometer
with channels near the peaks is said to have sounding channels. A radiometer with
channels in these frequency ranges is said to have window channels because the
radiometer will most likely “see” all the way through the atmosphere and be
sensitive to emission from the surface. As the attenuation increases, the
measurement will penetrate the atmosphere less deeply and will not be sensitive to

emission from the surface.

By using measurements in both of these frequency ranges, a variety of atmospheric

parameters can be retrieved. Measurements at a number of frequencies close to a

13



water vapor absorption line allow retrieval of atmospheric water vapor content at a
variety of altitudes due to pressure broadening. Measurements at window
frequencies allow the characterization of the influence of liquid water and the
surface emission. Therefore, a combination of measurements near the absorption
lines and window frequencies can be used to retrieve total column, or integrated

water vapor.

Oxygen is well mixed in the troposphere, and oxygen absorption line widths change
due to pressure and temperature (Iturbide-Sanchez, 2007). Because of this,
measurements at multiple frequencies near oxygen absorption lines enable

retrievals of atmospheric temperature height profiles.

2.2 Radiometer Performance

A radiometer is a passive receiver that is designed to measure a scene’s emitted
electromagnetic radiation in a selected frequency range. A microwave radiometer
measures the portion of the emitted radiation of a scene in the selected range of
microwave frequencies. An antenna provides the input to the front end of a
radiometer to measure the emitted power, or brightness temperature, Tg, and
provide an equivalent noise temperature, Ta, to the receiver. The equivalent noise
temperature of the receiver, Tiec, of a microwave radiometer is often greater than
the antenna temperature (Janssen, 1993). The receiver temperature is caused by
the thermal noise, described in the following subsection, generated by its

components, including LNAs, mixers, and resistors. If the components generating

14



thermal noise are in the front end before significant gain stages, it will have a more
significant effect than if generated in later stages, as described in sections 2.2.1 and
2.2.2 (Janssen, 1993). The system temperature, Tsys, 1s the sum of the receiver and

antenna temperatures.

2.2.1 Noise

Thermal noise, also known as Nyquist noise, is caused by thermal vibrations of
bound charges in a random process with a Gaussian probability density function
(PDF) and a mean of zero. Thermal noise is present in all elements with equivalent
resistance and needs to be accounted for in system design. The following section
discusses how noisy devices are characterized.

Noisy components are characterized by a noise figure, F, which describes the
degradation of signal-to-noise ratio between the input and output of the device as

given in (I1.13).

F=/—L (I1.13)

where S;, N; are input signal and noise powers, respectively, and So, No are output
signal and noise powers, respectively. A commonly used way of quantifying noise in
a radiometer is noise temperature as shown in (I1.14)

Tree = (F-DT, (I1.14)
where Trec 1s the noise temperature introduced by the receiver and 7o is the noise

temperature of the device defined by the Institute of Electrical and Electronics

15



Engineers (IEEE) to be 290 K for this definition of noise figure. Analogous to the
power of a blackbody radiator, the noise power is described by (I1.15).

Py rec = KTrecB (IL.15)
A noisy receiver with a noise temperature of Tre. can be modeled as a noiseless

receiver with an input noise power of PN rec.

2.2.2 Cascaded Noise

The concept of noise figure described in Section 2.2.1 can be extended to describe a
multi-component system. Typically such a system consists of a cascade of
components. Each component in the system is characterized with its own noise
temperature as shown in (II.14). The cascaded noise temperature of the system can
be derived from the individual gains and noise temperatures of each component.
The cascaded noise figure and equivalent noise temperature of a two-stage system

will be derived, as shown in Figure 4.

G, G,
Ni N1 NO
T Fy P
° Tel Te2

(a) Two Stage System

N; G1G, Ny
T Fcas I
o
Tcas

(b) Equivalent One Stage System

Figure 4: Noise Figure and Noise Temperature of a Cascaded System.

It will be assumed that the components have gains G and G2, noise temperatures
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Te1 and Teg, and noise figures F1 and Fg, and that the input noise powers are N; and
Ni, as shown in Figure 4 above. Using (II.14), and assuming N; is equal to the
antenna temperature Ta, the noise power output from the first stage is shown in
(I1.16) and the noise power output from the second stage is shown in (I1.17).

N, = G,kT,B + G,kT,,B (IL.16)

1
NO = Gle + szTezB = G]_szB (TA + Tel + G_Tez) (II.17)
1

From this, the equivalent noise temperature of the two-stage cascaded system we
see that Teas as shown in (I1.18) and Feus is the equivalent noise figure, as shown in
(I1.19). The noise temperature and noise figure of a device or cascaded system are
different ways of expressing the same thing. The relationship between noise

temperature and noise figure is given in (I1.14).

1
TCCLS = Tel + G_Tez (II.].S)
1
1
Foos = Fo1 + G—(F2 -1 (I1.19)

1

Using the simplification in (I1.18), (I1.17) can be reduced to (I1.20).

N, = G1GokB(Ty + Togs) (I1.20)
These relationships can be extended to an arbitrary number of cascaded elements
as in (II.21) and (I1.22). From these it is shown that the most important
contribution to the noise of a multi-component system is the noise of the stages up
to the first gain-bearing element (Pozar, 2012). To achieve good cascaded noise
performance, the stages up to the first gain-bearing element need to have a low

noise figure. If they have a gain higher than about ten, this will substantially
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mitigate the effects of the noise performance of the components later in the cascade.
If the first stage has less than unity gain, not only will it add noise, but it will

increase the effects of noise in the stages that follow.

1
Teas = Ter + = Te

T )
G, le2 + GG, e + (II.21)

1
Fogs =Fer +—(F -1 +
cas e 61(2 ) GlGZ

(F3—1)+ - (II.22)

2.2.3 Calibration

To determine the antenna temperature from a measured output voltage of a
receiver, the radiometer must be calibrated. Calibration usually involves using the
radiometer to measure two blackbody emitters, or loads, each at a known
temperature. These temperatures are typically referred to as Thot and Teoid. In this
thesis the hot load was a microwave absorber at ambient temperature = 300 K, and
the cold load was a microwave absorber cooled with liquid nitrogen, LN3, at = 77 K.
The output voltages of the square law detector at the back-end of the radiometer
receiver are related to the known measured brightness temperatures. Assuming
linearity of the receiver, a linear fit is used between the two points as shown in
Figure 5. A Y-factor measurement can be used to determine the noise temperature
of a radiometer receiver, as shown in the negative x-intercept in Figure 5 (Pozar,

2012). For a linear receiver, Tq can be determined from

T, =c(v-V,) (11.23)
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where V, is the offset voltage due to the receiver noise temperature (Janssen, 1993).

The radiometer calibration constant, ¢, can then be determined as

-7
Cc= (Thot cold) (1124)

(Vhot _Vcold )

where Vior and Veoid are the measured output voltages corresponding to the Tho: and

Teoia loads, respectively.

This calibration can be performed with any two emitters of known temperature and
emissivity. However, as the difference in temperature between the two targets
decreases, the accuracy of the calibration in turn worsens. Since the two points are
used to determine the slope of the calibration curve, ¢, errors in the derived
calibration constant increase as the two points become closer together. If the two
points are close together, a small error in one of the values can translate into a

large error in the slope.
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Figure 5: Illustrated Two-Point Calibration of Antenna Temperature Using a Hot

and Cold Load. The Calibration Coefficient, ¢, is Given by the Slope (Janssen, 1993).

2.2.4 Allan Variance and Stability

Allan variance is intended to estimate the stability of a system due to noise

processes as defined in (D. Allan, 1997).

To illustrate this, imagine a set of N radiometer measurements, xn, Xn+7, and xn+2 ...
xN taken at the interval 7 while the system is looking at a stable reference input.
Ideally, the measurements would have a difference of zero as the scene is emitting a
constant power. However, the difference between two measurements will never be
zero as non-idealities such as gain fluctuations, and Gaussian and non-Gaussian
noise in the system will influence the output voltage of the receiver. To characterize
this, the difference between measurements, defined as y», is calculated as in (I1.25)

and 1s averaged with respect to the measurement interval or integration time 7
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where D is the first finite difference for the nth interval. In equation (I1.25) the two

samples being compared are x» and x»+: so 7 is equal to one.

_ (xn+1 B xn) — (Axn) - (1125)

= =1
Yn T -

The difference of the difference between measurements can also be calculated as in
equation (II.26) where D? 1is the difference of the difference or the second

difference.

(A%xy,) I (11.26)

Ayn = Yne1 —Yn) = T

This difference between measurements represents the stability of the radiometer
receiver. The time-dependence of this measurement fluctuation can then be
determined by increasing 7 and taking the difference of averaged measurements as
in (I1.27) and (I1.28). For Allan variance measurements 7 can only be increased up
to the point where it averages half the samples of the data because if there are less

than two samples then a difference cannot be taken.

_ (e +Xpn41) _ (ni2 + Xn43) _ (I1.27)
m — f’ m+1 — f! T= 2
v, = (Xm+1T_ Xm),_[ _ (11.28)

If the non-idealities were all Gaussian and of high enough frequency that an entire
period is contained in 7, as 7 increased the measurement noise would decrease up to

7 equals infinity. However, since not all non-idealities in a radiometer receiver are
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Gaussian, and some occur at low frequencies, a point will be reached where an
increase in 7 will result in an increase in the difference between measurements.
This increase i1s mostly due to the mean of the signal changing and not the effects of
the additive noise which averaging additional signals corrects. At this point
averaging the signal in time at a length 7 is adding more noise to the system. The
value of 7 where the Allan variance begins to increase as t is increased gives the
highest resolution integration time for a radiometer. If a radiometer has an
integration time higher than this t, then the measurements will contain mean drifts

causing degradation in the radiometric resolution.

The resulting equation to evaluate Allan variation is given in equation (I1.29) where
x 1s the individual measurements and each value of y in a set has been averaged

over an interval 7 and are taken in adjacent series.

1 1
Uf(r) = F((AZX)Z) — E((Ay)z) (I1.29)

Allan deviation can also be used, which is the Allan standard deviation of the signal

and is equal to the square root of the Allan variance defined as in equation (I1.30).

/ 1 1
O-)%(T) = O-y(T) = E(AZX) = E<Ay) (1130)

A common way of evaluating performance when using Allan variance is to look at
the slope of the curve with respect to t in seconds as seen in Figure 6. Figure 6 has
four sections labeled (a) through (d) that correspond to different noise types of the

system. Section (a) is the starting point of the graph where the sampling period is
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the shortest (minimum 7). This point is the noise present in the measurement at the
quickest sample time possible. Section (b) is the area of operation where averaging
samples together reduces the noise in the measurement. This section has a slope of -
1 when plotted on a log-log scale as the noise fluctuations in the system are
occurring quickly so averaging samples will cancel out the Gaussian noise. As the
noise fluctuations in the system decrease in frequency section (c) is reached. This
section i1s where the noise fluctuations are slow enough that averaging more
samples will increase the noise of the measurement. The x-axis value at the
minimum here corresponds to the longest averaging time that will result in a less
noisy measurement and the y-axis value at the minimum here gives the minimum
variance of the signal at the optimum 7. Section (d) is where the noise begins to
increase due to longer averaging. This is often due to low frequency noise such as
random walk noise, that when averaged over a small time period is generally quite
low. However, when averaged over a long period of time the random walk noise can
become quite large numerically thus increasing the noise of the measurement.
Random walk noise is usually the sum of multiple factors such as temperature

effects, vibrational noise.
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Figure 6: Illustration of the Four Important Sections of an Allan Deviation Plot

Each type of noise has a slope associated with it in an Allan standard deviation plot.
White noise or Gaussian noise has a slope of -1/2 and is expected to be caused by
additive noise in amplifiers and transistors respectively, this type of noise will
dominate at short integration times. Flicker frequency noise, also referred to 1/f
noise, has a slope of 0 and is generated in the active amplifying, detecting, and
temperature sensing components of the radiometer. Random-walk noise has a slope
of +1/2. This noise is often attributed to random short-term changes in temperature
of the microwave circuit losses and in amplifier gains that are not fully corrected for
in the radiometer system (D V Land, 2007). Both flicker frequency and random

walk of frequency noise are associated with long term drifts and their affects can be
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reduced by calibrating the instrument in time intervals shorter than the time scale
of the drifts (Wiedner, 2002). An example of this is a Dicke switching radiometer.
Since the Allan standard deviation is the square root of the Allan variance, the
slopes previously presented are all multiplied by two when analyzing Allan variance

on a log-log scale.

For the Allan deviation stability analysis of the microwave and mm-wave window
radiometers in Sections 5.3.2 and 6.4.2 the slope of the line and the corresponding

Integration times when the slope changes are primarily used.

2.3 Total Power Radiometers

Total power radiometers (TPR) use a square law detector that provides a linear
relationship between the output voltage of the receiver and the input brightness
temperature of the antenna. The block diagram in Figure 7 shows a typical total
power radiometer in a super-heterodyne configuration. The pre-detection section
consists of a RF low noise amplifier (LNA), local oscillator (LO) and mixer used for

down-conversion, to the intermediate-frequency (IF) stage.
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Figure 7: Block Diagram of a Total Power Radiometer (Hadel, 2014).

The antenna views a scene with brightness temperature 78 and measures its
radiated power as described in (II.8). This brightness temperature is commonly
modeled as a noise temperature input to the system from the antenna and will be
referred to as Ta. The receiver also introduces noise, Tre, into the system as
discussed in 2.2. The summation of these two noise sources is labeled as Tsys and is
shown as the input to the system in Figure 7.

The pre-detection section serves the purpose of amplifying the RF signal centered at
frr with a bandwidth, B, to a higher power level. The signal is then down converted
to an IF centered at fir through the use of a mixer and a local oscillator at fLo. The
signal is again amplified and detected using a square law detector. The square law
detector is the preferred method for detection because it results in an output voltage
that is linearly proportional to the input power and hence the input temperature
(Skou & Le Vine, 2006). The output voltage of the signal can then be expressed as

Voutrpr = kBGﬁTsys (I1.31)
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where B is bandwidth of the system in Hz, G is the overall gain of the radiometer,
and f 1s the detector sensitivity in V/W.

The output voltage from equation (II.31) is then averaged in time using an
Iintegrator, with an integration time of t to reduce the effects of high frequency noise
fluctuations, f>1/t. In an ideal system, the longer the integration takes place the
smoother the output voltage.

A very important metric for determining the performance of a radiometer is a
quantity defined as radiometric resolution or ATwmi» (Randa, et al., Aug. 2008). This
quantity defines the smallest change in input brightness temperature that can be
detected by a change in output voltage (Randa, et al., Aug. 2008). The equation for
the radiometric resolution of a TPR is mainly determined by Tsys, the bandwidth

and the integration time as shown in (I1.32)

Tsys

ATmin = _'E

11.32)

Equations (I1.31) and (I1.32) have been developed for an ideal radiometer where an
increase in t will always result in decrease in ATnin. This is not the truth in practice
as receiver gain changes can be mistakenly identified as changes in input power if
the gain fluctuations as shown in (I1.33) are sufficiently high. This is also shown in
Figure 6 where after region (b) an increase in t results in an increase in the Allan
variance. Where depending on the gain fluctuations, AG, the output voltage can
differ while Tsys, and thus 74 remain constant.

Voutrpr = KBGBTsys + kBAGB Ty (I1.33)
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Taking gain fluctuations into account the radiometric resolution for a realizable

TPR can be redefined as

1 (AG\?
ATrpr = Tsys Bt + (?) (I1.34)

Gain fluctuations are often the limiting factor in achieving high radiometric
resolution. To compensate for the loss in radiometric resolution due to gain
fluctuations another architecture for radiometers will be discussed in the next

section.

2.4 Dicke Switched Radiometers

Dicke radiometers do not directly measure antenna temperature but instead
measure the difference between the antenna temperature and a known reference
temperature. This greatly reduces the sensitivity of the instrument to gain and
noise temperature instabilities (Skou & Le Vine, 2006). The topology for this type of

radiometer is shown in Figure 8.
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Figure 8: Topology of a Dicke Switched Radiometer (Hadel, 2014)

This is accomplished by using a switch at the input of the receiver that alternates
between the antenna and the known reference load, Trs. An amplifier that
alternates between unity and inverting unity gain is also inserted between the
detector and the integrator. By using the unity gain amplifier as both an inverting
amplifier and a non-inverting amplifier the noise temperature while looking at the
reference can be subtracted from the noise temperature while looking at the
antenna cancelling out any gain or system temperature fluctuations. Modern Dicke
radiometers do not use a unity gain amplifier but instead accomplish the
subtraction of the two signals digitally. Equation (I1.35) shows the output voltage of
the integrator assuming the switch views the antenna and the reference for equal
amounts of time per integration.

Vout,picke = KBGB(Ta — Trer) + kKBAGB(Ty — Trer) (I1.35)
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The Dicke switch must be operated at a frequency where T4, Tss, and G remain
constant (Skou & Le Vine, 2006). The minimum switching frequency can be
determined using an Allan variance plot where the maximum amount of time spent
looking at each leg is equal to the half of the largest integration time, 7, where the
slope of the Allan variance on a log-log plot is equal to -1. Looking at the antenna
for only half of the measurement cycle decreases noise from gain fluctuations but
increases uncertainty due to viewing the scene for less time. This results in a
decrease in ideal radiometric resolution as demonstrated by (I1.36) which gives the
radiometric resolution for a Dicke radiometer. The factor of two in the numerator of
the first term reflects the fact that the radiometer will only be viewing the

measured scene for half of the time.

ATpicke = Bt

) 2 ) /2
2(Ty + Trec)* + 2(Tres + Trec) N (%) (T, - TRef)Zl (11.36)
The radiometer is considered balanced if 74 is equal to Tret. Most Dicke radiometers
that are built attempt to be balanced because as Tres approaches T4 the radiometric
resolution improves, moving toward that of a TPR. If the radiometer is assumed to

be balanced then the second term in (I1.36) becomes zero allowing us to simplify

(11.36) to

1
21'/2
2(Ty + TRec)2 + 2(TRef + TRec) (I1.37)
ATpicke = Bt .

continuing with the assumption that T4 is equal to Tre Tref can be replaced in

(I1.37) with Ta simplifying to
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(T4 + TReC)] Tsys
ATpicke = 2% |———| =2 * 11.38
Dicke [ \/E \/E ( )

which is exactly double the radiometric resolution of a TPR shown in (I1.32).

2.5 Direct Detection Radiometers
Direct Detection Radiometers can be in a Dicke or TPR configuration but they do
not down convert the RF signal to an IF signal for detection. Meaning the
radiometer is no longer operating as a super-heterodyne receiver and all phase
information is lost. This allows the radiometer to function without a mixer or LO
source thus reducing power consumption, size, and the number of system
components. If direct detection is to be used the detector diode must operate at the
RF frequency of interest, but if this can be accomplished, the impact of the mixer
gain on system temperature can be eliminated. Eliminating the mixer can often

reduce system temperature as shown by the cascade noise figure presented in 2.2.2.

2.6 Radiometric Applications

The past few decades have brought advancements in microwave radiometry and
have driven the way for more applications in fields such as oceanography,
geophysics, electrical engineering, and atmospheric sciences [2]. Specifically in the
field of atmospheric sciences, radiometers have been developed, through
collaboration with the Microwave Systems Laboratory (MSL) at Colorado State
University (CSU) and the Jet Propulsion Laboratory (JPL) at California Institute of
Technology (CalTech), to measure vertical water vapor profiles of the Earth’s

atmosphere. Previous methods of gathering these profiles have relied on sensors
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that operate at visible and infrared wavelengths. The problem with operating at
these frequencies is that they cannot penetrate clouds which pose serious problems
for accurate weather prediction. Utilizing microwave radiometers gives the
advantage of nearly all-weather operation which will shed a great deal of light on

weather forecasting, ocean circulation, and phenomena such as hurricanes.
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Chapter III. HAMMR Instrument

This chapter will provide an overview of the HAMMR system and the components
used in the system. Additionally, discussions on the design, fabrication, and
verification of the HAMMR chassis, the reflectors, and the antenna alignment
system are presented.
3.1 System Overview

This section presents a brief overview of the HAMMR system, explaining the
functionality of the system and basic operating parameters. The sub-systems will be
discussed in more detail in later sections. A block diagram of the HAMMR system is

shown in Figure 9 including a graphical representation of the optical system.

Radiation from the atmosphere enters HAMMR through an aperture cut into the
bottom of the chassis represented in Figure 9 as a hole in the bottom of the
diagram. This radiation is reflected off of the scanning flat reflector into an offset
paraboloid that focuses the radiation into the three feed horns antennas located at
the offset paraboloid’s focal plane. The three antennas feed the three radiometer
sub-systems used in HAMMR. These radiometer sub-systems include 6 microwave
channels at 18.7, 23.8 and 34 GHz with two polarizations for each frequency, 3
millimeter wave window channels at 90, 130, and 168 GHz, and two sounding

radiometers with 8 channels each, adjacent to 118 and 183 GHz.
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Figure 9: HAMMR System Block Diagram (Reising S. C., et al., 2013).

The output of these radiometers is fed into an Analog Backend Board (ABEB) which
performs integration and digitizes the signals for use in the field programmable
gate array (FPGA) which then sends the signals to the onboard computer for

storage. These sub-systems will be discussed in more detail in section 3.5.
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3.2 Initial Design
The design for HAMMR was done in stages with the antenna and reflector design
coming first and the chassis being designed second. Once the chassis was complete
the reflector design was modified and sub-systems were integrated into it as they
were chosen or designed. This section covers the initial design of the chassis, offset

paraboloid, flat reflector, and motor mount.

3.2.1 Chassis

The chassis was designed in Solidworks around initial antenna and reflector

geometries provided by Dr. Behrouz Khayatian of JPL shown in Figure 10.

Antenna Positions

Parabolic Reflector

L 4

Figure 10: Initial Reflector and Antenna Geometries

The main considerations in the design of the chassis include ensuring that the

alignment between reflectors and antennas remains correct, adhering to Federal
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Aviation Administration (FAA) requirements for crash loads in the Twin Otter
aircraft, making the chassis stiff enough to withstand twisting forces, and
minimizing weight and volume without compromising ease of access and
maintenance.

The initial design for the HAMMR chassis is shown in Figure 11 with the main

sub-systems labeled.

Mounting plate
for radiometers frontend
18, 24 and 34 GHz radiometer

e 90, 130 and 166 GHz radiometer
- ,~*"& sounders

Top lid, easily removable,
and thermally controlled

Backend

..................... ,.

External hot load

................. )

Scanning motor .-----E?E?P.?I.qi.d
..................... > el o 5 5 e

Power supplies

Aluminum structure

Figure 11: Lateral View of Initial HAMMR Chassis Design.

As the design progressed, certain aspects of the chassis were modified. The bottom
was extended to be equal lengths on both sides of the aperture, a middle deck was

created to house the power supplies, the alignment for the feed horn horn array was

36



modified, and mounting points for the paraboloid were designed. These changes
were collaboratively designed between CSU and JPL to specify the general chassis
layout. The result was the design shown in Figure 12 which was given to ATK
Spacecraft Systems and Services (ATK) for the finishing touches. The motor mount,
flat reflector, and paraboloid were all designed and fabricated by the National
Center for Atmospheric Research (NCAR)’s Earth Observing Laboratory (EOL)’s
Design and Fabrication Services (DFS) with input from CSU. The design,

fabrication, and integration of these parts will be discussed in detail in proceeding

sections.
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Figure 12: Envelope Design of Chassis Sent To ATK.

ATK, with the input of JPL and CSU, finalized the design adding mounting points,
hardware, and stiffening structures as well as choosing material and specifying

bend radii for the sheet metal. The design from ATK is shown in Figure 13
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Figure 13: ATK Chassis Design

After making slight modifications to the ATK design the chassis was sent to

Dynamic Design and Manufacturing, Inc. in Niwot, CO for fabrication.

3.2.2 Offset Paraboloid

The geometry of the offset paraboloid was designed by Dr. Dr. Behrouz Khayatian
of JPL to focus the maximum amount of incident energy to the three feed horn

antennas as shown in Figure 14.
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Figure 14: Illustration of Radiation Incident to HAMMR.

A paraboloid is a solid generated by the rotation of a parabola around its axis of

symmetry as shown in Figure 15.
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Figure 15: A Parabola Rotated About the Z-Axis to Become a Paraboloid

Paraboloids and parabolas share many of the same defining parameters making the
geometry of a paraboloid most easily understood by understanding that of a
parabola. Figure 16 illustrates the geometry of a parabola with the diameter equal
to D, the focal length equal to F, the vertical height equal to H, and the maximum
angle between focal point and the edge of the dish equal to 6.. The parabola can be
described mathematically as in (I1.32) and the fundamental parameters can then be

related to each other as in (II1.2) and (I11.3).
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Because the paraboloid is much bigger than the wavelengths of interest for our
system, geometric optics can be used to analyze the parabolic reflector. Figure 17
shows this analysis with two rays being transmitted from the focal point arriving at

two separate angles on the reflectors surface.
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Figure 17: Geometric Optic Analysis of a Parabolic Reflector

Figure 17 illustrates two important facts about parabolic reflectors. The first is that
all rays emanating from the focal point will be reflected in the same direction. The
second 1s that the distance each ray travels from the focal point to the reflector to
the focal plane of the parabola is constant. This can be proven with geometry and is
not shown in this thesis. It can then be concluded that any radiation emitted from
the focal point will reach the focal plane travelling in the same direction with the
same phase. This conclusion is also valid for radiation emitted from the focal plane
and reflected to the focal point making a parabola an ideal shape to focus radiation

into an antenna.

To convert this concept to a 3-D space the parabola must be rotated about its axis of

symmetry to form a paraboloid as shown in Figure 15.
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An offset paraboloid 1s a section of a complete paraboloid offset from the vertex.
This is useful in airborne environments because the reflector does not block the feed
horns and the mass and volume of the reflector are reduced when compared to a
complete paraboloid. The concept of an offset paraboloid is illustrated in Figure 18
with Q being the position of incoming rays, F being the focal point, and P being the

point of reflection.

{
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< \ X < > X
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Figure 18: Geometry of Paraboloid (a) and Offset Paraboloid (b) (Nelson, Fall 2013).

Because the paraboloid must be fabricated the surface roughness of the reflector
must also be specified. Surface roughness will affect the main beam efficiency
defined as the ratio of the power collected from the main beam of the observed scene
to the total power collected. This is a concern because when power from the scene is
lost it is re-radiated and can be collected by the feed horns causing the antenna

temperature to have a large component that is not from the scene. The lost power’s
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magnitude and direction can also be modulated by the scanning of the flat reflector

further adding to the measurement uncertainty.

To define the offset paraboloids required roughness a simulation was done to
determine the impact of roughness on antenna efficiency. The roughness was

calculated using (II1.4) from (Rahmat-Samii, 1998).

—(4mK3)? (I11.4)

Npistortion = €

Where % denotes the surface root mean square (RMS) distortion normalized to

wavelength (1), K=4F/D \/log(l +1/(4F/D)?), and F/D is the ratio between the
focal length and the aperture diameter.
Figure 19 shows an analysis of antenna efficiency versus the offset paraboloid

surface roughness for various F/D ratios.

44



Antenna Efficiency Versus Paraboloid Surface Roughness
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Figure 19: Surface Roughness of the Paraboloid Impact on the Antenna Overall

Efficiency for Several Values of /D (Nelson, Fall 2013).

Based on the analysis in Figure 19 a paraboloid with a maximum surface roughness
of 0.0508 mm (0.002”) was chosen. At 180 GHz, this surface roughness corresponds
to an efficiency of approximately 88%. Based on the geometry and radiation pattern
analysis done by Dr. Behrouz Khayatian the following values were chosen to define

the paraboloid’s geometry.

e F=28.58cm (11.257)
e D =50.8cm (207)

e F/D=0.56
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3.2.3 Flat Reflector and Motor Interface

The flat reflector is used to scan the cross-track swath beneath HAMMR, illustrated
in Figure 20, and to redirect this radiation to the feed horn antennas as shown in
Figure 14. This is accomplished by attaching the flat reflector to a scanning motor

that rotates during flight.

Altitude: ~ 3 km
Swath Width: ~ 6 km

Flight
Direction

Figure 20: Illustration of Cross-track Scanning from a Twin Otter Aircraft (Reising

S. C., etal., 2013).

The original flat reflector geometry was also provided by Dr. Behrouz Khayatian
and was changed to its final geometry through a collaborative effort between CSU,

JPL, and NCAR’s EOL DFS.

Since the flat reflector is a smooth and flat surface the geometry to determine
reflections is very simple and is governed by the law of reflection stating that the
angle the incident ray makes with the normal is equal to the angle which the

reflected ray makes to the same normal. This means that to reflect radiation
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entering the aperture of HAMMR into the offset paraboloid the flat reflector must

be at a 45° angle with respect to the instrument.

The initial shape provided by JPL for the flat reflector was an ellipse with a minor
diameter of 50.8 cm (20”) and a major diameter of 53.85 cm (21.2”). This shape
needed to be modified to prevent mechanical interference with the microwave
radiometer feed horn and to reduce problems caused by spillover effects. To do this
the minor diameter was reduced to 40.64 cm (16”), the major axis was increased to
57.58 cm (22.67”), and the top side of the reflector was trimmed by an arc of radius

44.45 cm (17.5”) on the major axis as seen in Figure 21.
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Figure 21: Final Surface Geometry of Scanning Flat Reflector.

The flat reflector must be interfaced with the motor shaft to allow the reflector to
scan. This is accomplished through a shaft coupling device that secures the flat
reflector to the motor shaft. This part was designed by NCAR’s EOL DFS with input
from CSU and JPL and will be further referred to as the scanning reflector shaft
coupling. The scanning reflector shaft coupling is shown in Figure 22. Since the
HAMMR chassis has an open aperture and the flat reflector sits directly above this
aperture, special considerations were taken in the design of the scanning reflector
shaft coupling to ensure it exceeded all FAA requirements and was resistant to

vibration.
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Figure 22: Flat Reflector Shaft Coupling

3.3 Fabrication, Integration, and Verification
Once the design of the chassis and reflectors were completed they were fabricated
and integrated into the system. The integrated system was then measured and
checked to ensure it had been built to specification. The following sections give an

overview of this process.

3.3.1 Chassis

The HAMMR chassis was fabricated by Dynamic Design in Niwot, CO using 6061-
T4 sheet aluminum and is shown below in Figure 23. The fabrication went well with

only slight modifications from the original design files.
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Figure 23: HAMMR Chassis as Fabricated by Dynamic Design

Once the completed chassis had been received it was taken to NCAR for precise
measurements to characterize the fabricated geometry. The main concerns for this
were the orthogonality of the walls and reflector mounting points to the main bench
shown in Figure 14. If the reflector mounting points and walls were not orthogonal

then reflector geometries would need to be reconsidered.

Measurements were taken on a granite table with an RMS flatness of 0.0254 mm
(0.001”) to ensure that any discrepancies measured were only due to the chassis.
Perpendicularity measurements were done using squares and shims as shown in

Figure 24 and Figure 25.
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Chassis

Figure 24: Setup for Characterizing HAMMR Chassis at NCAR.
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Figure 25: a) Perpendicularity Measurement of the Motor Wall, and,

b) Perpendicularity Measurement of Paraboloid Mounting Point.

The perpendicularity of the fabricated paraboloid mounting points and walls were
found to be in good agreement with the 3-D model. Some small discrepancies were

measured but everything was found to be within 0.1° of the specified angles.

The distance between the top to the bottom of the main bench was also measured
using a depth micrometer. This is important because the top and bottom of the main
bench should be parallel to each other and the feed horn antennas are interfaced

with these surfaces. Examples of these measurements are shown in Figure 26.
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Figure 26: Measurements of Main Deck Geometry at NCAR.

The measurements for this section had a higher deviation than was expected and is
summarized in Figure 27, where all distances should be 10.54 cm (4.148”). This
shows that there is a peak to valley flatness of about 2.3 mm (0.091”) across the
main bench. The pocket that the feed horn antennas will interface to has a peak to
valley flatness of 0.5 mm (0.020”). This discrepancy is adjusted for in the feed horn

antenna interface discussed in Section 3.4.
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Distance from top of plate to
flat table, model = 4.148"

o |4.090"

Figure 27: Result of Measurements of Main Deck.

3.3.2 Parabolic Reflector

The offset paraboloid was fabricated at NCAR’s EOL DFS in Boulder, CO. It was

machined from a single piece of 6061-T6511 aluminum and is shown in Figure 28

before being mounted in the chassis. The three interfaces between the offset

paraboloid and the chassis as shown in Figure 28.
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Upper Mounting
Points
(Screws+Pins)

Figure 28: Fabricated Offset Paraboloid Before Chassis Integration.

The integrated offset paraboloid can be seen in Figure 29. To ensure the paraboloid
was in the correct spot measurements were done using a depth micrometer between
the mounting points and the chassis as shown in Figure 30. These measurements
were then compared to values in the 3-D model to ensure their correctness as shown
in Figure 31. The three mounting points were found to have a maximum error of

0.127 mm (0.005”).
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Figure 29: Offset Paraboloid Integrated in HAMMR Chassis.

Upper Right Upper Left
Paraboloid Paraboloid
Mounting Mounting
Point Point

Figure 30: Depth Micrometer Measurements Used to Characterize Offset of Upper

Paraboloid Mounting Points.
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Upper Left

Chassis

Front Paraboloid
Mounting
Point
Alignment
Pin

Figure 31: 3-D Model Measurements Used to Verify Paraboloid Position.

Once the position of the mounting points were verified to be correct the position of
the four corners of the offset paraboloid with respect to the chassis were verified
with custom machined spacers as shown in Figure 32. Figure 32 also shows each

dimension that has been verified as correct denoted by green arrows.
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* Green arrows have been recently
verified

Figure 32: Example of Distance Measurements and Summary of Confirmed

Distances for Offset Paraboloid.

3.3.3 Flat Reflector and Motor Interface

The scanning flat reflector was also fabricated at NCAR’s EOL DF'S in Boulder, CO
and can be seen in the HAMMR chassis in Figure 33. The scanning flat reflector is
made of honeycomb aluminum with polished aluminum faces attached to the front
and back. The edges are filled with a green epoxy that resists moisture and thermal

expansion/contraction.
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Figure 33: Scanning Flat Reflector Mounted in System

As seen in Figure 33 the scanning flat reflector is attached to the motor shaft
through the scanning reflector shaft coupling. The scanning reflector shaft coupling
attaches to the scanning flat reflector with three %-28 steel socket head cap screws
that fasten into three locking helicoil inserts integrated into the flat reflector. For
the final configuration these screws are then wire locked together to prevent

loosening as seen in Figure 34.
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Figure 34: Wire Locked Fasteners on Scanning Flat Reflector

The scanning reflector shaft coupling attaches to the motor shaft with two
alignment pins and four 4-40 socket head cap screws that fasten into locking helicoil
mserts. A shaft key is used to prevent slippage between the motor shaft and the

scanning reflector shaft coupling. These fasteners are shown in Figure 35.
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Shaft Ke Fastening Screws Alignment
Y : g
Pin

Figure 35: Hardware for Attaching the Scanning Flight Reflector to the Motor

Shalft.

Before flying the instrument the interface between the shaft coupling and the motor
shaft was tested to ensure reliability. Two primary tests were done to ensure that
the scanning reflector shaft coupling would not slip with respect to the motor axis

and to ensure vibrations would not cause the 4-40 screws to loosen.

The first test involved removing the shaft key and testing to see if we could
overcome the motor stall torque by forcing the motor shaft to spin using the
scanning reflector shaft coupling without it slipping. This test was done six times,
twice at 0°C, twice at 25°C, and twice at 40°C. No slippage was observed in any of

these tests.

The second test involved installing the flat reflector and tightening all fasteners to
flight torque values. We then vibrated the mirror by moving the motor back and

forth, 1-2°, at various speeds between 10-100 Hz. After about 90 minutes of these
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tests we checked to see if any screws had loosened. The test was run twice to ensure
reliability of results. To verify that screws were not loosening we marked each screw
and the surrounding metal with a line using a marker as seen in Figure 36. If the
screw had loosened during the tests the line on the fastener would no longer match
the line on the surrounding metal. Figure 36 shows the shaft coupling reflector
screws after running two 90 minute tests, it is easily observed that the lines

remained continuous.

Figure 36: Results of Vibrational Test for Scanning Reflector Shaft Coupling

Showing no Misalignment Due to Vibrations.

To ensure that the scanning flat reflector was in the correct position with respect to
the chassis two measurements were done. The first measurement checked the
minimum clearance between the scanning flat reflector and the microwave feed

horn and the second measurement checked the minimum clearance between the
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scanning flat reflector and chassis wall as illustrated in Figure 37. Both
measurements were found to agree with the 3-D model within 0.51 mm (0.020”).
These measurements had an uncertainty of about 0.51 mm (0.02”) due to space

limitations in the chassis making these measurements difficult.

Figure 37: 3-D Representations of Scanning Flat Reflector Position Measurements.

Section 3.4.4 discusses a third method used to verify the motor and hence the

scanning flat reflector is in the correct position.

3.3.4 HAMMR Cart

Once the fabrication of the HAMMR chassis and reflector sub-systems was
completed a mechanism to hold the instrument was needed because the instrument
has a rounded bottom. Access to both the top and bottom of the instrument is
needed for assembly and maintenance so a cart with a rotation system allowing the
instrument to be rotated up to 360° was decided upon. The 3-D Solidworks model of

the cart can be seen in Figure 38. The rotation system also aids in the testing,
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verification, and calibration of HAMMR as it allows the instrument to view the sky

or the ground easily.

Mounting
Steel Mounting Points

Plate

Rotational
Axis

Locking
Caster
Wheels

Figure 38: Solidworks Model of Radiometer Cart with Rotating Mechanism.

The cart was made out of 3.81 x 3.81 cm (1.5” x 1.5”) extruded T-slot aluminum with
four locking caster wheels. The instrument is held to the cart by two steel mounting
plates, one on each side, that fasten to the aircraft mounting points in the HAMMR
chassis. Steel shafts were then press-fit into the steel plates and welded to shafts
providing rotation points. These shafts were then fed through pillow-block linear
sleeve bearings for stability and lubrication. The steel shaft on the side of the

rotating mechanism is attached to a sprocket using a coupling device and shaft key.
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The sprocket is coupled to a worm gear drive and crank that allows for rotation
using the crank and prevents unwanted rotation that is more than 2°. The rotating

side of the cart is shown in Figure 39.

Steel
Mounting
Plate

Mounting
Interface

Crank

Linear

Bearings Worm

Gear Drive

Figure 39: Rotating Mechanism on HAMMR Cart

3.4 Feed Horn Antenna Alignment
To ensure the feed horn antennas were properly aligned with the reflectors a
mounting and alignment system was designed. All three feed horn antennas were
mounted on an aluminum plate referred to as the optical bench. This section details

the design of this bench, the hardware used to mount the antennas, and the

verification of the antenna’s alignment.
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3.4.1 Optical Bench

The position of the feed horn antennas was defined in the original geometry
provided by Dr. Behrouz Khayatian of JPL. The Solidworks model of the optical

bench, shown in Figure 40, illustrates how this was accomplished.

High-Frequency Millimeter- High-Frequency Millimeter- Low-Frequency
wave Sounding Channels Wave Window Channels Microwave channels
(118 and 183 GHz) (90, 130 and 166 GHz) (18.7, 23.8 and 34 GHz)

Figure 40: Solidworks Model of the HAMMR Optical Bench

In addition to the feed horn antennas the optical bench also houses the high-
frequency millimeter wave window channel receivers. The optical bench is designed
to hold the phase center for each feed horn antenna on the focal plane of the offset
paraboloid reflector with the most important horn, the tri-frequency horn, at the
focal point. This helps maximize the efficiency of each antenna by reducing spillover
effects from the reflectors. Figure 41 shows the optical bench with these geometric

parameters labeled as well as the linear projection of each feed horn antenna’s
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aperture normal which illustrates where on the offset paraboloid each feed horn is

pointed.

Since only one feed horn can be located directly at the focal point of the offset
paraboloid the high-frequency mm-wave window channel feed horn, also called the
tri-frequency horn, was selected to be at the focal point. This is because
demonstration of the high-frequency mm-wave channels is the focus of IIP-10, so we
would like the tri-frequency horn to have the highest efficiency. The high-frequency
mm-wave sounding channel’s feed horn, also called the quadridge horn, is located
very close to offset paraboloids focal point and has an aperture normal that is
parallel to that of the tri-frequency horn. Since the feed horn antenna for the
microwave channels is so large it had to be located 8 cm (3.15”) from the offset
paraboloid’s focal point. To make up for the large linear offset from the focal point
the horn was angled 3.7° toward the outside of the paraboloid as seen in Figure 41.
Changing the microwave feed horn orientation helps make up for the linear offset
but does not negate it entirely. Due to this offset the microwave channel has an
azimuthal and elevation angle offset that is a function of the motor scan angle. This

1s discussed in detail in Section 3.4.5.

The quad-ridge horn used for the mm-wave sounding channels is offset the other
direction from the paraboloid’s focal point by 2.7 cm (1.063”). Because this offset is
much smaller than the microwave horn offset the sounding horn was left parallel to

that of the tri-frequency horn instead of being tilted. Both feed horn offsets are
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illustrated in Figure 41 with the black offset representing that of the microwave

feed horn and the green offset that of the quad-ridge horn.

Linear

Feed Horn Projection of
Antenna Feed Horn
Phase Phase Axiis
Centers

Offset

7 cm

Paraboloid
& Focal Plane

- Offset
2 Paraboloid
i Focal Point

Figure 41: Optical Bench Feed Horn Geometry with Feed Horn Offsets Labeled
The half-power beam width for each radiometer channel used in HAMMR is given

in .

Table 1.
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Table 1: Half-Power Beam Width of Radiometer Channels in HAMMR (Khayatian,

2011).
Channel Frequency (GHz) Beam Width (Degrees)
18.7 3.46
23.8 3.06
34 2.14
90 1.36
130 0.44
168 0.34
118.8 0.95
183.3 0.67

3.4.2 Mounting Hardware

Mounting and aligning the feed horn antennas in the HAMMR chassis required the
fabrication of hardware for two interfaces, the antenna to optical bench interface,
and the optical bench to chassis interface. Custom hardware was designed and

fabricated for both interfaces and will be discussed in this section.

3.4.2.1 Feed Horn Antennas to Optical Bench Interface

The first mounting system discussed will be for the microwave channels. The horn,
mounted on the optical bench, with the front and rear mounting brackets is shown
in Figure 42. These brackets align precisely with the optical bench through the use
of two 0.159 cm (1/16”) alignment pins per bracket. The brackets are then interfaced
to the feed horn antenna using 3 x 8-32 socket head cap screws and through holes

with very tight tolerances allowing for no more than 0.051 mm (0.002”) of
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misalignment. The bracket to optical bench interfaces are shown in more detail in

Figure 43. The exact length and size for all screws can be found in Appendix II.

Mounting
Bracket

Rear Mounting
Bracket

Figure 42: Microwave Channels Feed Horn Mounting
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Front Bracket

. Alignment Pin gnment Pin
Holes Holes <
()

a) b)

Figure 43: Details of the Microwave Channel’s Feed Horn Mounting Hardware,
a) Microwave Feed Horn Front Bracket Optical Bench Interface

b) Microwave Feed Horn Rear Bracket Optical Bench Interface

The high-frequency mm-wave window channel’s feed horn antenna required only
one mounting bracket due to its small size and can be seen mounted on the optical
bench in Figure 44. This bracket uses 4 x 8-32 screws to secure the bracket to the
optical bench and two 0.159 cm (1/16”) alignment pins to ensure precise alignment
as seen in Figure 45. The bracket is then interfaced to the tri-frequency horn with 6
x 2-56 socket head cap screws with precisely machined through holes allowing no
more than 0.051 mm (0.002”) of misalignment. These screws then fasten into the

side of the tri-frequency horn as seen in Figure 44.
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Optical Bench
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Tri-Frequency

Horn
\ Mounting
Bracket

Figure 44: High-Frequency Millimeter-Wave Window Channel’s Feed Horn Antenna

Mounted on the Optical Bench

Mounting
Screw Holes Alignment Pin
Holes

Optical
Bench

. Mounting

Bracket

Figure 45: Zoom of Optical Bench to High-Frequency Millimeter-Wave Window

Channel’s Feed Horn Antenna Interface

The high-frequency mm-wave sounding channel’s feed horn or quadridge horn

antenna has a mounting structure very similar to that of the tri-frequency horn as
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shown in Figure 46. The bracket is attached to the optical bench with 4 x 8-32
socket head cap screws and precise alignment is accomplished through two 0.159
cm (1/167) alignment pins. The bracket is then attached to the horn using 3 x 2-56
socket head cap screws with precisely machined through holes allowing no more

than 0.051 mm (0.002”) of misalignment.

/4 4

Optical Bench

Mounting
«— Dracket

7

Quadridge
Horn

Figure 46: High-Frequency Millimeter-Wave Sounding Channel’s Feed Horn

Antenna Mounted on the Optical Bench

3.4.2.2 Optical Bench to Chassis Interface

The optical bench sits inside a square cavity within the main bench of HAMMR.
Placing the optical bench in this cavity allows it to be removed from the instrument
while leaving the main bench in place and gives access to both the top and bottom of
the optical bench while it is still in the instrument. To attach the optical bench to

the chassis two plates of aluminum referred to as the mounting wings are used.
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These wings attach to the cavity through the use of 4 x 10-32 screws per wing as
shown on the left side of Figure 47 and Figure 48. The optical bench is then placed
on the three lower mounting brackets shown highlighted in blue in Figure 47. These
brackets hold the optical bench in place while the alignment discussed in 3.4.3 is
completed. Once the optical bench is in the cavity the mounting brackets are
attached to the optical bench using 4 x 8-32 socket head cap screws per bracket as

seen in Figure 48.

10-32
Mounting
Screws

Figure 47: Optical Bench Mounting Hardware
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8-32 Mounting
Screws

Figure 48: Optical Bench Installed Mounting Hardware

3.4.3 Optical Bench Initial Alignment and Repeatability

The optical bench is aligned through the use of three sets of alignment pins as
shown in Figure 49. These pins are broken up into three different sets as denoted by
color in Figure 49. The first set aligns the mounting wings with the chassis using
2.38 mm (3/32”) pins, the second set aligns the mounting brackets with the
mounting wings using 1.59 mm (1/16”) pins, and the third set aligns the optical
bench to the mounting brackets using 1.59 mm (1/16”) pins as illustrated in Figure
50 a, b, and c respectively. Once all the pins are in place the screws are tightened
and the pins are removed. All pins must be used every time the optical bench is
installed. The holes for the alignment pins are matched drilled once alignment has

been verified as discussed in 3.4.4.
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3/32" pins
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and mounting
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1/16”" pins from
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to mounting
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a) b) c)

Figure 50: Location of Alignment Pins on Optical Bench
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3.4.4 Alignment Verification

Before match drilling holes for the alignment pins the alignment of the feed horn
antennas must be verified. As seen in 3.3 the location of the offset paraboloid and
flat reflectors have been verified with respect to the chassis which means that the
optical bench position only needs to be verified with respect to the offset paraboloid.
To do this a precision laser was mounted in the exact location and orientation of the
tri-frequency horn’s aperture normal using a custom fabricated mounting bracket as
seen in Figure 51. The location of the laser on the offset paraboloid was then
checked to see if it agreed with the projection in the 3-D Solidworks model as shown
in Figure 52 a) and b) respectively. The reflection of this laser off of the offset
paraboloid onto the motor was also used to verify the position of the motor and

hence the flat reflector.

Figure 51: Custom Laser Bracket to Check Optical Bench Antenna Alignment
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Figure 52: Illustration of Alignment Verification, a) Alignment Laser Focused on
Offset Paraboloid, b) Projection of Tri-Frequency Horn Phase Axis onto Offset

Paraboloid

To determine if the laser spot matched the projection of the tri-frequency horn
aperture normal two measurements were used. The first measurement, shown in
Figure 53, measures the distance from a 1.59 mm (1/16”) fiducial mark
manufactured into the offset paraboloid to the laser illumination point. A piece of
paper precisely marked to denote 1.97 cm (0.776”) was used to measure this
distance. Paper was used because the offset paraboloid is a curved surface and the
measurement needed to take this into account. It can be seen from Figure 53 that

measured value agreed well with the 3-D Solidworks model.
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Figure 53: Measurement of Fiducial Mark to Laser Illumination Point on Offset

Paraboloid, a) Real Measurement, b) 3-D Solidworks Model Measurement

The second measurement, shown in Figure 54, measured the distance from the
laser illumination point to each corner of the paraboloid and compared these values
with those of the 3-D Solidworks model. Since the distance for these measurements
was so much greater than the distance in the first measurement paper could no
longer be used. Instead, string was stretched tight between the laser illumination
point and each corner and then measured with 61 cm (24”) calipers as shown in
Figure 55. This gives the straight line distance between each set of two points. This

method of measurement was not extremely accurate but had the highest precision
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for any attempted method. Each measurement was completed twice by separate

people to ensure consistency.

Model
Values

Measured
Values

Figure 54: Comparison of Measured and Modeled Values for the Distance Between

the Laser [llumination Point and each Corner of the Offset Paraboloid.
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Figure 55: Illustration of Measurement Technique Used to Determine the Distance

Between the Laser I[llumination Point and each Corner of the Offset Paraboloid.

Figure 54 shows that the results of these measurements match well with the 3-D

Solidworks model.

3.4.5 Feed Horn Angular Beam Offsets

Due to the microwave and mm-wave sounding feed horn antennas being offset from
the parabolic reflector’s focal point as discussed in Section 3.4.1 the feed horn beams
are not all parallel to each other when exiting the HAMMR chassis aperture. This
section will detail the calculations used to determine the angular beam offset and
the correction that is applied in the retrieval algorithm. Because the microwave feed
horn is offset from the focal point by 8 cm, as illustrated in Figure 56, the beam
needs a correction for both elevation and azimuth angles that are a function of
motor angle. The correction provided in this section only corrects for the change in

elevation angle.. The mm-wave sounding channels have the same correction but for
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a linear offset of 2.7 cm (1.063”) in the opposite direction and the mm-wave window
channels need no correction as the mm-wave window feed horn is located at the

offset paraboloids focal point.

Linear

Feed Horn Projection of
Antenna Feed Horn
Phase ;7 Phase Axiis
Centers

> Offset

2.7 cm

Paraboloid
&~ Focal Plane

1 Offset
7 Paraboloid
I Focal Point

Figure 56: Optical Bench Feed Horn Geometry with Feed Horn Offsets Labeled

The microwave feed horn is also tilted 3.7° to help negate the effects of the 8 cm
(3.15”) linear offset. Figure 57 illustrates how tilting the horn helps to correct for
this offset. The dotted red line in Figure 57 represents the un-tilted beam, which is
pointed off to the side of the optical bench and thus the side of the HAMMR chassis.
If the beam was left in this orientation a large portion of the energy seen by the
horn would not be from the flat reflector. The green lines represent the beam after
being tilted. The tilted beam is pointed onto the left side of the optical bench and

thus into the flat reflector. Having the beam better centered on the flat reflector
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allows a higher portion of the energy seen by the antenna to come from the flat
reflector and thus the measured scene as well as preventing modulation of the
measured signal from a varying area of illumination on the flat reflector as it scans.

The mm-wave sounding feed horn is not tilted as the offset is much smaller.

. Un-tilted

3.7° Tilted & Beam

Beam

Offset
Paraboloid
Focal Plane

7 Paraboloid
i Focal Point

Figure 57: Diagram of the Effects of Tilting the Microwave Feed Horn Meant for

IMlustrative Purposes which is not Geometrically Accurate

The angle of the microwave feed horn beam reflecting from the parabolic reflector
can be calculated by taking the arctangent of the linear offset divided by the focal
distance of the parabolic reflector as illustrated in Figure 58. The angular offset
calculated for the microwave and mm-wave sounding feed horns is 15.64° and 5.4°
respectively. Knowing this value along with the flat reflector angle gives us the

means for calculated the corrected elevation angle.
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Figure 58: Illustration of Parabolic Angular Beam Offset for Microwave Channel

The first step in calculating the corrected elevation angle is to define a spherical
coordinate system that describes this geometry. To do this a standard spherical
coordinate transformation is used resulting in equations (IIL.5), (II1.6), and (I11.7)
where 0 is equal to the motor position angle and ¢ is equal to the angle of the
microwave feed horn beam reflecting from the parabolic reflector. These equations
describe the X, y, and Z coordinates of a point in the center of the microwave feed
horn beam on the flat reflector as it spins as illustrated in Figure 59 this point will
describe a circle parallel to the xy plane. The effect of the linear feed horn offset is
that perimeter defined by P while the motor scans is no longer a circle parallel to

the xy plane as in Figure 59, but is now a 3D ellipse with a Z coordinate.

z, = cos(p) (II1.5)

Yp = sin(¢) * sin(0) (I111.6)
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x, = sin(¢) * cos(0) (II1.7)

X0  As the flat reflector X0  When the feed horn
t rotates, B changes offset is taken into
and the point rotates account the circle
along the perimeter becomes an ellipse
of this circle. due to the change in
Q.
Point P Point P
% .\ % &
0 6 ‘.‘

v
Yo Yo
a) b)
Figure 59: Illustration of the Effect of Offsetting the Microwave Feed Horn Shown

by a Projection of the Feed Horn Beam onto the Flat Reflector, a) No Offset, b) 8 cm

Linear Offset from Focal Point

The coordinate transformation must then take into account the angle change from
reflecting off the flat reflector which is oriented at 45° to the offset paraboloid
resulting in a 90° coordinate change. This will redefine the axes so z represents the
motor axis, y represents the zenith/nadir axis, and x represents the side-to-side
axis. This transformation is shown in equations (II1.8), (II1.9), and (III1.10) and

1llustrated in Figure 60.

x1 = cos(p) (I11.8)
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y1 = sin(g) * sin(6) (I11.9)

z; = sin(¢) * cos(0) (II1.10)
X1 =Zo No Angular Beam
Offset
Angular Beam Offset
@
A~ —_— (-
Z1= Xo
0

—

V1
Figure 60: Coordinate System after the Reflection off the Flat Reflector
The coordinate system must then be projected onto the earth’s surface using the

transformations described in equations (IT11.11), (II1.12), and (II1.13) and illustrated

in Figure 61.

Motor Axis => z' = sin(¢) * cos(¢) (IIL.11)
Zenith => y' = sin(¢) * sin(@) * cos(6) — cos(p) * sin(H) (II1.12)
Side-Side => x’ = cos(@) * cos(8) + sin(¢) sin?(0) (I11.13)

86



=
Y1

Figure 61: Final Coordinate System for Projecting Microwave Feed Horn Beam onto

the Earth

The beam elevation angle can then be found by taking the Arcsin of y’, since it is the
zenith/nadir axis as in equation (III.14). This correction can be used for both the

microwave and mm-wave sounding channels using their respective angular offsets.
Elevation Angle = sin~(y’) (IT1.14)

These transformation equations can then be applied in the retrieval algorithm to
compensate for the microwave feed horn linear offset and angular tilt. The corrected
elevation angle and angular elevation correction for one channel in each frequency
set are presented in Figure 62, Figure 63, and Figure 64 for the 18 GHz QV
microwave channel, the 90 GHz mm-wave window channel, and the 183-3 GHz mm-

wave sounding channel respectively. The mm-wave window channels have no
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angular correction as the tri-frequency horn is located at the focal point of the offset

paraboloid.
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Figure 62: a) Corrected Elevation Angle with Respect to Motor Position Angle for

the 18 GHz QV Microwave Channel, b) Angular Correction of Elevation Angle with

Respect to Motor Position Angle for the 18 GHz QV Microwave Channel
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Figure 63: a) Corrected Elevation Angle with Respect to Motor Position Angle for

the 90 GHz Millimeter-Wave Window C

hannel, b) Angular Correction of Elevation

Angle with Respect to Motor Position Angle for the 90 GHz Millimeter-Wave

Window Channel
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Figure 64: a) Corrected Elevation Angl

e with Respect to Motor Position Angle for

the 183-3 GHz Millimeter-Wave Sounding Channel, b) Angular Correction of

Elevation Angle with Respect to Motor Position Angle for the 183-3 GHz Millimeter-

Wave Sounding Channel

89



3.5 HAMMR Components

In addition to the radiometers and reflectors the HAMMR chassis contains
hardware for converting alternating current (AC) to direct current (DC),
temperature sensing and control, motor control and monitoring, analog to digital
conversion, and data conditioning. HAMMR also contains an internal computer that
can be remotely logged into allowing the operator to configure the acquisition

sequence and access data files.

3.5.1 Power Supplies and Distribution

The power supplies in HAMMR are all positioned beneath the main bench. This was
done to reduce the amount of electromagnetic interference (EMI) that could be
coupled into the radiometers and data cables from the switching power supply
noise. HAMMR uses a locking 20 Amp AC power inlet that is internally distributed
to the AC-DC power supplies shown in Figure 65. The HAMMR system contains a
total of seven AC-DC power supplies at -12, -5, +7, +12, +15, +16, and +48 Volts

described in Table 2.
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Figure 65: Physical Layout of HAMMR Power Supplies and AC Distribution.

The DC output of these supplies is then distributed via a fused distribution block to
the HAMMR sub-systems as shown in Figure 66. This type of distribution was
chosen so that for each sub-system, every input voltage has a fuse. This is
advantageous because the fuses help prevent damage if a short occurs. In addition,
the current for each sub-system voltage can be measured by bypassing the fuse with
a current meter which allows the operator to easily verify if a piece of hardware is

malfunctioning.

Each piece of the block, except for the voltage return sections, has a colored circle
on it. The colored circle designates which size of fuse belongs in that piece. The
voltage returns are not fused so they have no designator. A map showing where

each piece of the DC distribution provides power and what size of fuse it employs is
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shown in Figure 67. Appendix I presents a broken up version of Figure 67 for ease
of reading. Fuses were chosen to be as close to 200% of expected current draw as
possible. In a future version of HAMMR this could be implemented using a printed
circuit board PCB with D-subminiature-9 (DB-9) connectors for each sub-system.
Implementing the DC distribution with a PCB would reduce debugging capabilities

but would make the instrument cleaner and less prone to assembly errors.

: DC Voltage
| Outputs

Voltage Labels
and Fuse
Designators

Figure 66: DC Voltage Distribution Block.
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Figure 67: DC Distribution List

Table 2 gives a summary of the power supplies used in HAMMR and Appendix I

shows the sub-systems that use these voltages and the expected current draw for

each sub-system in more detail. Each power supply was tested for large transients

when powering the instrument on or off before integration and were found to have

less than 1 volt of deviation from the nominal value.

Table 2: Summary of AC-DC Power Supplies in HAMMR

V_out| I_out (A) | Ripple | Ripple Supply
Model# |Manufacturer| (V) [40to 71°C |(mV) P-| (mV) |Price ($)| Type
WT7FT850 Acopian +7 5.9 50.0 10 225 Switching
W12FT910 Acopian +11.5 6.3 100.0 15 255 Switching
W12FT910 Acopian -11.5 6.3 100.0 15 255 Switching
SE-1000-48 | Mean Well +48 20.8 200.0 283 259 Switching
5EB150 Acopian -5 1.5 0.7 1 171 Linear
15EB100 Acopian +15 1.0 0.7 1 171 Linear
16EB90 Acopian +16 0.9 0.7 1 171 Linear
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The +7, +12, and -12 volt power supplies were originally linear supplies but were
changed to switching supplies due to a 60 Hz noise problem further discussed in

Section 7.4.

3.5.2 Temperature Sensing

HAMMR contains 40 thermistors spaced throughout the various sub-systems. The
thermistors have a resistance that changes with physical temperature. This change
In resistance corresponds to a change in voltage across the thermistor, the
thermistor voltages are monitored by five SuperLogics 8017, 16-bit, data acquisition
modules (Superlogics, 2010). These modules digitize the voltages and send them to
the internal computer through RS-485. The two types of thermistors used in
HAMMR are 5 kQ thermistors from US Sensors (Digi-Key, 2014) and Measurement
Specialties (Measurement Specialties, 2014). The voltages are converted to
temperatures using an equation specified by US Sensors given in (Digi-Key, 2014)
and by an equation provided by Dr. Sharmila Padmanabhan of JPL respectively.
Figure 68 shows the SuperLogics 8017 data acquisition module and US Sensors
thermistor used in HAMMR. Table 3 shows where each thermistor goes in the
system, what type of thermistor is used, the resolution for each thermistor, and the
reference number for each thermistor in the data processing code. The position of

the SuperLogics 8017 data acquisition modules is shown in Figure 69.
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Figure 68: a) Superlogic 8017 Digitizer (Digi-Key, 2014) and b) Thermistor

(Superlogics, 2010)
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Table 3: Map of HAMMR Thermistor Numbers and Location

Digitizer# |D.Number | S.Number |[Name Type Resolution| Model - NTC
1 8 BB Target 0- Upper Left (Base)  |Thermistor - 5kQ 0.1°¢ KS502J2 (615-1073-ND)
2 9 BB Target 1- Lower Left (Tip) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
3 10 BB Target 2 - Center (Middle) Thermistor - 5 kQ 0.1°C KS502J2 (615-1073-ND)
1 4 11 BB Target 3 - Bottom Left (Base) |Thermistor-5kQ 0.1°C KS502J2 (615-1073-ND)
5 12 BB Target 4 - Bottom Right (Tip) |Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
6 13 BB Target 5 - Upper Right (Tip) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
7 14 BB Target 6 - Lower Right (Base) |Thermistor - 5kQ 0.1°C KS8502J2 (615-1073-ND)
8 15 BB Target 7- Top (Middle) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
1 16 AMR-(Ch18/Ch24)-Internal QV Thermistor - 5kQ 0.1°C 44906 (S311P18-06S7R6)
2 17 AMR-Ch34-Internal QV Thermistor - 5kQ 0.1°C 44906 (S311P18-06S7R6)
3 18 AMR-(Ch18/Ch24)-External QH Thermistor - 5 kQ 0.1°C 44906 (S311P18-06S7R6)
2 4 19 AMR-Ch34-External QH Thermistor - 5kQ 0.1°C 44906 (S311P18-06S7R6)
5 20 AMR-NS-18/24H brn Thermistor - 5kQ 0.1°C 44907 (S311P18-06S7R6)
6 21 AMR-NS-34H grn Thermistor - 5kQ 0.1°C 44908 (S311P18-06S7R6)
7 22 AMR-NS-18/24V blue Thermistor - 5kQ 0.1°C 44909 (S311P18-06S7R6)
8 23 AMR-NS-34V orng Thermistor - 5kQ 0.1°C 44910 (S311P18-06S7R6)
1 24 12V Power Supply chamber Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
2 25 12V Power Supply chamber Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
3 26 BACKSIDE-PARABOLOID1 (bot) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
3 4 27 BACKSIDE-PARABOLOID2 (mid)  |Thermistor-5kQ 0.1°C KS502J2 (615-1073-ND)
5 28 BACKSIDE-PARABOLOID3 (top) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
6 29 Motor Controller GRN Thermistor - 5 kQ 0.1°C KS502J2 (615-1073-ND)
7 30 Motor BLUE Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
8 31 Motor PSU BROWN Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
32 ACT-MCM90 Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
33 ACT-MCM130 Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
34 ACT-MCM166 Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
4 35 SOUNDER118 External Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
36 SOUNDER-Multiplier 118 Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
37 ABEB External Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
38 SOUNDER183 External Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
39 SOUNDER-Multiplier 183 Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
1 0 OPTICALBENCH-AMR (1&2) Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
2 1 OPTICALBENCH-ACT (3&4) Thermistor - 5 kQ 0.1°C KS502J2 (615-1073-ND)
3 2 OPTICALBENCH-SOUNDER (5&6) |Thermistor-5kQ 0.1°C KS502J2 (615-1073-ND)
5 4 3 Optical Bench Box Ambient (7&8) |Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
5 4 Attach as Needed Thermistor - 5 kQ 0.1°C KS502J2 (615-1073-ND)
6 5 Attach as Needed Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
7 6 Attach as Needed Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
8 7 Attach as Needed Thermistor - 5kQ 0.1°C KS502J2 (615-1073-ND)
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Figure 69: Physical Layout of HAMMR Sub-Systems

3.5.3 Global Positioning and Inertial Measurement Unit

To record HAMMR’s global position and attitude in terms of latitude, longitude, and
altitude and roll, pitch, and yaw respectively HAMMR uses the IG-500N from SBG
Systems (SBG Systems). The IG-500N is a global positioning system (GPS) and
inertial measurement unit (IMU) integrated into a single module shown in Figure
70. The IG-500N can measure roll, pitch, and yaw to within 0.45° and latitude,
longitude, and altitude to within 3 meters at 16 Hz (SPG Systems). This data is

then sent to the internal computer through USB to be stored in the acquisition files.
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Figure 70: SBG Systems IG-500N GPS IMU (SPG Systems)

The IG-500N uses a Wi-Sys Communications Inc. WS3910 High Gain, Low Noise
GPS Antenna (Wi-Sys Communications Inc., 2014) that mounts to the top of the
aircraft and is connected to HAMMR through a subminiature version A (SMA)
input shown on the left side of Figure 69. Figure 71 shows the GPS antenna as
received from SBG Systems. To comply with aircraft regulations the co-axial cable

output of the antenna was changed to an RG-142 cable.
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Figure 71: Wi-Sys Communications Inc. WS3910 High Gain, Low Noise GPS

Antenna (Wi-Sys Communications Inc., 2014).

3.5.4 Scanning Motor

The force to scan the scanning flat reflector comes from a QCI-A34HK-1 NEMA-34
servo motor from Quick Controls Inc. shown in Figure 72. The QCI-A34HK-1 has
700 oz-in of continuous torque and an optical encoder with a resolution of 16000
counts per revolution that records the precise position of the motor at all times
(Quicksilver Controls Inc., 2014). The motor is controlled by a SilverSterling S3-1G
controller also from Quick Controls Inc. (Quick Silver Controls, Inc., 2011) shown in
Figure 73. This controller runs the software that controls the motor and
communicates with the HAMMR onboard computer to change the motor program
and monitor motor parameters in real time. The S3-IG controller also uses power

from the +48 V Mean Well power supply to run the motor.
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Figure 72: Quick Controls Inc. QCI-A34HK-1 Servo Motor (Quicksilver Controls

Inc., 2014)

Figure 73: Quick Controls Inc. SilverSterling S3-1G Controller (Quick Silver

Controls, Inc., 2011).

3.5.5 Signal Processing and Digital Back-end
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The signal conditioning and digital portion of the HAMMR system consists of
analog back-end boards (ABEBs), a digital buffer board, a field programmable gate
array (FPGA), and an internal computer. These systems digitize the analog signals
from the radiometers, send and receive control signals for the radiometers and
motor, and synchronize the outputs from the HAMMR sub-systems to be stored in
the final acquisition files. The ABEBs and digital back-end board were designed,
fabricated and tested by Scott Nelson and Dr. Xavier Bosch-Lluis of the CSU MSL.
Detailed discussions of the design and testing of the entire digital and analog back-

end can be found in (Nelson, Fall 2013).

3.5.5.1 Analog Back-End Boards (ABEBs)

The output of the radiometers is an analog signal that must be digititized before
being stored in the internal computer. Each ABEB, shown in Figure 74, integrates
the radiometer output in time, amplifies the analog signal, and digitizes the signal
before sending the signal to the digital buffer board. A total of 7 ABEBs providing
28 channels is used in the HAMMR system and can be seen in their final

configuration in Figure 75 a).
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Figure 74: Analog Back-End Board (Nelson, Fall 2013)

3.5.5.2 Digital Buffer Board and FPGA

The digital buffer board is controlled by the FPGA and is used to issue control
signals to the radiometers, ABEBs, and motor and drives them at the appropriate
voltage levels. It also buffers radiometer data as it is read by the FPGA. The digital

buffer board interfaces directly with the FPGA and can be seen in Figure 75 b).

The FPGA used in HAMMR is a BeMicro SDK FPGA and can be seen in Figure 75

c).
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Figure 75: Overview of the Signal Conditioning and Digitizing Sub-System,

a) ABEB Stack in Internal Chassis, b) Buffer Board, and ¢) FPGA (Nelson, Fall

2013)

3.5.5.3 Internal Computer

The internal computer in HAMMR is a MXE-5301 from Media Wave PC seen in
Figure 76. This computer features an 17-2710QE processor, 8 GB of DDR3 memory,
6 USB ports, and 4 Ethernet ports (Mediawave PC, Inc.). It is powered by an AC-DC
rectifier that is mounted separately in the system. The MXE-5301 was tested
running at 100% load between -20 and 60° C by Media Wave PC before it was

shipped out. The hard drive in the MXE-5301 was upgraded to a Samsung 840 Pro
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Series Solid State Drive (SSD) to add resistance to vibration and increase the speed
of the system. This is particularly advantageous for the start and shutdown times
for the computer which limit how quickly acquisitions can be started and the
instrument can be powered off respectively. The MXE-5301 was chosen because it
has fast hardware, a large number of Ethernet and USB ports, and because it is a

compact ruggedized system that is passively cooled.

Figure 76: The MXE-5301 Used as the Internal Computer in HAMMR (Mediawave

PC, Inc.).
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Chapter IV. Blackbody Calibration Target

For the ITP-10 project a blackbody calibration target is needed to perform end to end
calibration of the radiometer channels and to verify the accuracy of the internal
calibration methods by providing a stable reference brightness temperature that
can be used in the calibration method explained in Section 2.2.3 to convert
measured voltages to brightness temperatures. This chapter discusses the design,

fabrication, and verification of this target.

4.1 Background

The purpose of this calibration target is to create a close approximation of a
blackbody. A blackbody is a body that emits electromagnetic radiation according to
Planck’s law, meaning that it emits a brightness temperature proportional to its
physical temperature. This brightness temperature is used to perform external
calibration of the radiometers across the entire range of operating frequencies (18-
183 GHz). This is accomplished by creating a structure that absorbs all incident
energy on it and emits a known brightness temperature across a desired bandwidth

for a given physical temperature.

There are three parameters that define how electromagnetic energy interacts with a
dielectric material in this situation, effective emissivity (ee), effective reflectivity
(T'e), and effective transmissivity (Ue). Effective here refers to a steady-state solution

that takes into account all multiple reflections within the dielectric. For a material
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in thermodynamic equilibrium the sum of these three quantities will be equal to one

(F. Ulaby, 1982).

eo +I,+Y, =1 IV.1)
For the following analysis two major assumptions are made. The first is that the
microwave absorber material, Eccosorb HR-10, used in this target is an opaque

material, U.=0. This is a valid approximation for anything with a metal base layer

as metal has a Ue. equal to zero.

The second assumption is that we can use a geometrical optics (GO) approximation
for this analysis. GO is an excellent assumption when the wavelength is small
compared with the size of the structures that the energy is interacting with. The
simplification in GO analysis comes from the disregard of scattering effects such as

diffraction and interference and the assumption that all reflections are specular.

Specular reflection is described by Fesnel reflection laws when the reflecting
boundary is perfectly smooth and is illustrated in Figure 77 a). The specular
component of a reflection is often referred to as the coherent scattering component.
As the reflecting surface becomes rougher the reflection becomes less specular and
the scattered components, also known as the diffuse or incoherent components,
increase in energy (F. Ticconi, 2011). Figure 77 b) and c¢) show the relative
contributions of coherent scattering components for slightly rough and very rough

surfaces respectively.
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Figure 77: Relative contributions of coherent and diffuse scattering components for
different surface-roughness conditions, a) specular, b) slightly rough, ¢) very rough

(F. Ticconi, 2011)

If we make the approximation that the then it can be easily shown why this

geometry for the calibration target will be effective.

Using arbitrary numbers, thus setting e. = 0.8, |T'abs| "2 = 0.2 and the power of the
incident wave as Pin Figure 78 shows what happens to radiation incident on the

calibration target.
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Figure 78: Illustration of Angle Dependencies

The power is reduced by a factor of |I'ys|* every bounce so if |gs|°= 0.2 then ten
bounces would reduce the power of the outgoing wave to Pref = P, * (0.2)10, or by -70

dB.

P = |Fabs|2 * P = 0.2 x Py Iv.2)

Py = |Iyps|?> * Py = 0.2% + Py Iv.3)
4.2 Design

Figure 79 shows a side view of the calibration target showing five critical
design parameters, i.e., D, the distance between each tooth, H, the height of each
tooth, BH, the height of the base layer of absorber, Thetal, the angle between the
flat surface and the back of the tooth, Theta2, the angle between the flat surface

and the front of the tooth, and T, the thickness of the tooth at H = H/2.
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Figure 79: Side view of the Calibration Target with Dimensions Labeled

Figure 80: Geometric Optics Ray Trace of Two Limiting Cases
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Figure 80 shows a Geometrical Optics (GO) analysis of two electromagnetic waves
orthogonally incident on the base layer of the calibration target. The two waves
shown (green and magenta) enter the calibration target in the two limiting cases
with respect to tooth position. The magenta wave enters just in front of a tooth tip
and the green wave enters directly behind the tooth tip. Any other waves will be
between these two cases. The waves reflect from the surface of the teeth with the
angle of incidence equal to the angle of reflection. The reflected wave is attenuated
on each bounce until it 1s reflected back out of the calibration target. The
attenuation upon each bounce depends on the reflectivity of the tooth material, in
this case Eccosorb HR, which is a function of the thickness of the material and the
electromagnetic frequency. Each wave will bounce a number of times and then will
leave the calibration target. The total wave attenuation is a function of the

reflectivity, BH, H, Thetal, Theta2, and D.

The reflectivity in dB of Eccosorb HR up to about 67 GHz is shown in Figure 81,
where HR-10 and HR-25 have thicknesses of 0.4” and 1” respectively. The
reflectivity of Eccosorb HR above 67 GHz is not provided by the manufacturer which

was a source of uncertainty for this design.
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Figure 81: Reflectivity of Eccosorb HR. (Emerson & Cuming, 2013)

Using these values, the power attenuation for a certain number of bounces at 18

GHz has been calculated and is shown in Table 4.

Table 4: Power Attenuation for Different Absorber Thicknesses

Eccosorb Emissivit Emissivity after 3| Emissivity after 5| Emissivity after 7
Thickness sstvity Bounces Bounces Bounces
0.4" 0.949881277 0.999874107 0.999999684 0.999999999
1" 0.996018928 0.999999937 1.000000000 1.000000000

4.2.1 Analysis of Design Parameters

This section presents an analysis of the six primary design parameters and how

they affect the target performance.
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4.2.1.1 Distance Between Teeth (D)
This design parameter is important because we do not want any waves to bounce
directly back out of the calibration target without multiple reflections as is shown in
Figure 82. A smaller D also means that the wave will bounce more times because it
will not travel as far upward between bounces. The distance between teeth will only
have an effect as wavelength decreases below 2D for normal pyramidal absorbers
that are not tilted (Kuester, 1994), so the design should keep D > Aisgu/2 as a

minimum value.

Figure 82: Unwanted Ray Path if D is Too Large

4.2.1.2 Thetal (01)
01 has considerable effects on the thickness of the tooth (T) as well as how the
waves will bounce. It defines the slope of the first surface that a wave will hit and
therefore has a large impact on the total number of reflections that the wave will

have before leaving the calibration target. There will be further discussion on this
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in the next section. For this configuration 681 can vary between 0-90°, based on the

initial GO analysis the optimal range will be somewhere between 50° and 80°.

4.2.1.3 Theta?2 (02)
02 has an equally important effect on T and the number of bounces a wave will
experience as 01 does. For this configuration 02 can vary between 0-90°, based on

the initial GO analysis the optimal range will be somewhere between 65° and 85°.

4.2.1.4 Thickness (T)
The thickness of the tooth is very important because if T i1s not thick enough, the
signal will not have enough attenuation. This can be negated by ensuring that each
wave will have a high number of bounces before leaving the target, as the power of

the signal is greatly reduced after each bounce.

A source of uncertainty is the dependence of thickness and incidence angle on the
Eccosorb’s reflectivity. If the reflectivity becomes too low as T decreases then the
transmissivity will increase and waves will pass right through the tips of the teeth.
This could possibly be compensated for by making the base layer resemble a saw
tooth as opposed to being flat. The angled sections would change the angle of

reflection allowing the wave to bounce more thus increasing the attenuation.

4.2.1.5 Tooth Height (H)
The height of the target influences the number of total bounces the wave undergoes
before exiting the target. The larger H is, the more bounces the wave will

experience; however, H is limited by the envelope of the spinning flat reflector. The
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maximum value H+BH can be 1s 2.2” which allows for a 0.25” clearance between the

calibration target and the flat reflector.

4.2.1.6 Thickness of Base Layer (BH)
Destructive and constructive interference that occur because of multiple reflections
within the wedges are an important consideration in the design of a calibration
target. Varying the thickness of the base layer of absorber can change the frequency
dependent reflection coefficient of the absorber (Kuester, 1994). Increasing this
thickness decreases the reflection at low frequencies while slightly increasing it at

higher frequencies (Kuester, 1994).

4.2.2 Summary of Design Parameter Analysis

The analyses of these parameters have yielded seven main design considerations.

1. The end of the teeth must be cut into a sharp point to avoid a single

reflection off of the bottom of the tooth out of the calibration target.

2. There is a potential problem if a ray hits the tooth on the thinnest edge
and goes straight through to the base layer. The ray could then bounce directly off
of the base layer and back through the tip of the tooth undergoing very little

attenuation.

3. The distance between the teeth cannot be too large or the rays will only
reflect once off of the flat top of the reflector and then out of the calibration target as

shown in Figure 4.
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4. The angle 8: must be >45° so that the incident rays will reflect upwards
into the calibration target. The angle 82 must always be greater than 0: in order to

maintain a pointed tooth tip.

5. Following Snell’s law the ray will be reflected off the first tooth at an angle
equal to 0:. It will then hit the adjacent tooth with an incidence angle equal to [0; -
(B2- 01)] and will reflect at that same angle. This continues on until the incidence
angle drops below 90° or the wave bounces off of the base layer at the top. This is

shown in Figure 5.

6. The height of the teeth (H) plus the height of the base layer (BH) must be <
2.2”. This is limited by the envelope of the spinning flat reflector. We want the

B+BH = 2.6 cm (2.27).

7. The number of reflections is controlled by the parameters H, BH, D, 01,
and 02. We want to balance these parameters to obtain the maximum number of

reflections possible.

4.2.3 Parameter Interdependencies

There are some important relationships between 61 and 02 that should be discussed.
These relationships are illustrated in Figure 83. If a wave is coming straight up into
the calibration target (blue line in Figure 83) then it will hit the absorber material
at an incidence angle equal to 0:. Following Snell’s law it will be reflected at an

angle equal to 0;. It will then hit the adjacent tooth with an incidence angle equal to
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01 - (02 - B1) and will reflect at the same angle. This continues on until the incidence
angle drops below 90° or the wave bounces off of the base layer at the top. As D
become larger the waves travel further upward towards the base between each
bounce leading to less overall bounces, therefore by reducing D we will increase the

number of bounces.

Figure 83: Illustration of Angle Dependencies

Based on this initial GO analysis the calibration target should be designed to
minimize D and the difference between 62 and 0; while maintaining geometries that

allow the target to work at all frequencies.

4.2.4 Thermal Considerations

Thermal gradients can be a problem in a blackbody calibration target as the emitted

energy of the target is proportional to the physical temperature of the target. In
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order to monitor the physical temperature of the target eight thermistors were
embedded in the microwave absorber at various heights throughout the target

giving temperature readings once every second. The locations and heights of these

thermistors are shown in Figure 84.

Figure 84: Picture of Fabricated Calibration Target Indicating Where Thermistors

Were Placed, Where the Numbers Indicate Thermistor Height

To mitigate thermal gradients a base layer of insulation was used prevent thermal
gradients caused from electronics and power supplies mounted in the main bench of
the HAMMR chassis. To further thermally isolate the blackbody calibration target

plastic screws were used to attach the target to the HAMMR chassis.

4.3 Fabrication
As fabrication of the calibration target began, certain design parameters needed to

be changed due to the feasibility of cutting the microwave absorber. The design
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was modified to match what is shown in Figure 85 and the following materials

were used.

Polycarbonate
fasteners N\

E

Eccosorb Aluminum
HR-10 Sheet Metal

Figure 85: Solidworks Model of Blackbody Calibration Target with Major Design

Parameters Labeled.

The base layer represented by t is Rmax R-Matte Plus-3 insulation, which is a
common household insulator. The purpose of the insulator is to thermally isolate
the calibration target from the HAMMR chassis. This will help prevent thermal
gradients cause by the heat of power supplies and other electronics. The final

thickness of this material is 1.25 ¢cm (0.5”).

To secure the target to the chassis polycarbonate fasteners were used. These
fasteners are thermal insulators and help reduce the thermal transfer between

the HAMMR chassis and the target.

Support and structure for the microwave absorber is provided by aluminum sheet

metal tabs riveted to a flat aluminum sheet. The tabs have a vertical height H, of
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3.95 cm (1.567). This dimension is constrained by the available space in the
HAMMR chassis. The lengths of the tabs was calculated so that the space between
the tips of the absorbers, D, is equal to 2.54 cm (1”). These tabs were bent at a 60°
angle represented by the blue 6 shown in Figure 85. The completed sheet metal
and insulation portion of the target before microwave absorber has been added

can be seen in Figure 86.

Figure 86: Sheet Metal Target Before Eccosorb HR was Added

The Eccosorb HR was then cut to the right dimensions by using a table saw with

an angled blade with a piece of heavy foam on top as shown in Figure 87.
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Figure 87: Setup Used to Cut the Eccosorb HR Microwave Absorber

This method of cutting Eccosorb HR results in consistent and repeatable cuts that
meet the tooth sharpness requirements for the target. Many other methods were
attempted to cut the Eccosorb, such as using a razor blade or hack saw with a
mechanical guide but these methods do not result in sufficient repeatability or

smoothness.

After cutting the Eccosorb the thermistor wiring was routed and glued into place
leaving the thermistors in the correct location as shown in Figure 88 with the
thermistors circled in red. The Eccosorb HR was then affixed to the sheet metal
structure of the target using Emerson & Cuming Eccostock 13-111NF Contact
Adhesive. These steps can be seen in Figure 89 and Figure 90. The target

mounted in the system can be seen in Figure 91.

120



Figure 88: Calibration Target with Thermistors Installed Before Eccosorb was

Added

Figure 89: Process of Gluing Eccosorb to Target (1/2)
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Figure 91: Calibration Target In Chassis

Once the target was finalized Eccosorb HR-10 was glued to the inside of the chassis
to minimize unwanted internal reflections and external radiation while viewing the

target. This is shown in Figure 92.
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Figure 92: Inside of Chassis Lined with Eccosorb HR-10

4.4 Verification of Performance

To evaluate the performance of the internal blackbody calibration target a
comparison was done between the internal calibration target with a final thickness
of 5.2 cm (2.05”) and a pyramidal absorber with pyramid dimensions of 7 x 7 x 15.5
cm (2.75 x 2.75 x 6.1”7) and a base thickness of 5 cm (1.96”). The following sections
present results measured in antenna temperature vs motor position angle averaged
over 29 seconds. The standard deviation is calculated using 10° of motor position

angle data.

The goal of the calibration target is to present a brightness temperature that is
constant across a range of motor position angles and to have a ratio of measured

antenna temperature to physical temperature that is close to one.

The results for all radiometer channels are summarized in Table 5.
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Table 5: Summary of Antenna Temperature Standard Deviation of the Internal and

Pyramidal Calibration Targets for All Radiometer Channels

Radiometer Frequency Internal Target Pyramidal Target
Standard Deviation | Standard Deviation

18.7 GHz 0.3 0.3

23.8 GHZ 0.2 0.1

Microwave QV 34.0 GHz 0.3 0.4

18.7 GHz 0.4 0.5

23.8 GHZ 0.3 0.2

Microwave QH 34.0 GHz 0.2 0.1

90 GHz 0.2 0.2

Millimeter-Wave | 130 GHz N/A N/A

Window 168 GHz 0.6 1

0 MHz N/A N/A

250 MHz 0.4 0.6

500 MHz 0.2 0.5

+1 GHz 0.2 0.2

Millimeter-Wave | +2 GHz 0.3 0.5

Sounding 118.75 +3 GHz 0.3 0.5

GHz +4 GHz 0.3 0.7

+5 GHz 0.2 0.7

+6 GHz N/A N/A

+7 GHz N/A N/A

+8 GHz N/A N/A

-1GHz 0.4 0.5

-2 GHz 0.3 0.4

Millimeter-Wave 3 GHz 0.4 0.3

. -4 GHz 0.3 0.2
Sounding 183.31

GHz -5 GHz 0.2 0.4

-6 GHz 0.3 0.3

-7 GHz 0.4 0.3

-8 GHz 0.2 0.4

4.4.1 Microwave Radiometers

Figure 93 shows the antenna temperature vs motor position angle for both
polarizations of the 18.7, 23.8, and 34.0 GHz microwave radiometer channels. The
QV polarization is shown by the blue line and the QH polarization is shown by the

cyan line. The internal calibration target had an antenna temperature standard
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deviation within 0.1 K of the values for the pyramidal absorber for all frequencies
and polarizations. This shows that the internal calibration target can successfully

be used for calibration of the microwave channels.
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Figure 93: Antenna Temperature vs Motor Position Angle for QV and QH

Polarizations of the 18.7, 23.8, and 34.0 GHz Microwave Channels

4.4.2 Millimeter-Wave Window Radiometers

Figure 94 shows the antenna temperature vs motor position angle for the 90, 130,

and 168 GHz mm-wave window channels. For this test the 130 GHz channel was
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not functional. At 90 GHz the internal and pyramidal targets had the same antenna
temperature standard deviation and for 168 GHz the internal target performed
much better than the pyramidal. These results show that the internal calibration

target can successfully be used for calibration of the mm-wave window channels.
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Figure 94: Antenna Temperature vs Motor Position Angle for the 90, 130, and 168

GHz Millimeter-Wave Window Channels
4.4.3 Millimeter-Wave Sounding Radiometers

Figure 95 shows the antenna temperature vs motor position angle for the 118.75

GHz mm-wave oxygen sounding channels. For every channel the internal
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calibration target had an equal or lower antenna temperature standard deviation
than the pyramidal target showing that the internal calibration target can

successfully be used for calibration of the mm-wave window channels.

Figure 96 shows the antenna temperature vs motor position angle for the 183.31
GHz mm-wave water vapor sounding channels. The internal calibration target did
not outperform the pyramidal target with respect to antenna temperature standard
deviation for every channel. However, the internal target did have an antenna
temperature standard deviation equal to or lower than the pyramidal target for five
out of the eight channels. When the antenna temperature standard deviation of all
channels is summed the internal target outperforms the pyramidal target by 0.3 K.
showing that the internal calibration target can successfully be used for calibration

of the mm-wave window channels.
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Figure 95: Antenna Temperature vs Motor Position Angle for the 118.75 GHz

Millimeter-Wave Oxygen Sounding Channels

128



300 AN == 300 AT

280 s I 280
¥ “
& 260 £ 260
=4 g
© ]
5 §
z 240 g 240
§ 220 § 220
E H 3
200 — ANT183-1 200 — ANT183-2
* o Pyramidal Target std: 0.5 K, 183-1| e o Pyramidal Target std: 0.4 K, 183-2 |
+ o Internal Target std: 0.4 K, 183-1 * s Internal Target std: 0.3 K, 183-2
180 180
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Motor Position [Degrees] Motor Position [Degrees]
2014_07_31_20_48 49_20f2_ParkingLotTest XIV_Channel 1833 2014_07_31_20_48.49_2of2_ ParkingLotTest_XIV_Channel 1834

300 R 300 AR e

¥}
=<
[=]
o4
=]
=]

£ g
£ 260 2 260
=4 2
] &
g g
£1240 £240
& &
2 z
£ 220 £ 220
z z
2000l — ANT183-3 200!l — ANT183-4
¢ e Pyramidal Target std: 0.3 K, 183-3 ¢ e Pyramidal Target std: 0.2 K, 183-4
e o Internal Target std: 0.4 K, 183-3 e e Internal Target std: 0.3 K, 183-4
180 T T T i 180 T T T T i
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Motor Position [Degrees] Motor Position [Degrees]
2014 07_31_20 48 49_20f2 ParkingLotTest XIV_Channel 183-5 2014 07 31_20 48 49202 ParkingLotTest XIV_Channel 1836
300 -
RIRPae ~ aw 300 W =
280 280}
¥ g
E 260 £ 260
& z
g g
240 £ 2401
s £
2 o
§ 220 5 220!
H ] :
200 — ANT183-5 — ANTI183-6
+ + Pyramidal Target std: 0.4 K, 183-5 200f|, o pyramidal Target std: 0.3 K, 183-6
* ¢ Internal Target std: 0.2 K, 183-5 « o Internal Target std: 0.3 K, 183-6

1807—=0 100 150 200 250 300 350 400 180;——=

Motor Position [Degrees]

100 150 200 250 300 350 400

300 ‘ . 200 !
, /\\W ol
= Z
2 =
£ 260 £ 260
§ §24
g |
£240 5 &
& 2
© = L
2220 £ =
2 — ANT1838
— ANT183-7 200/
200F| . o pyramidal Target std: 0.3 K, 183-7 o fymlj;’:;'a“g:i:%;; li’slsa;'a
* e Internal Target std: 0.4 K, 183-7 180 g M— - :
180 T T T
0 50 100 150 200 250 300 350 400 o eu 100 150 209 230 300 S0 waid

W Motor Position [Degrees]
Motor Position [Degrees]

Figure 96: Antenna Temperature vs Motor Position Angle for the 183.31 GHz

Millimeter-Wave Water Vapor Sounding Channels
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4.4.4 Comparison of Antenna Temperature Vs Physical Temperature

Another metric of performance for the internal calibration target is the ratio of
measured antenna temperature to physical temperature. This ratio should be close
to one and is important because as this ratio decreases the resolution of the
radiometer calibration is reduced. This is because if the ratio is very low, say 0.1,
the antenna temperature is not very sensitive to changes in physical temperature.
For example a ratio of 0.1 with a physical target temperature of 300 K would only
produce an antenna temperature of 30 K. If the physical temperature rose to 305 K
the resulting antenna temperature would be 30.5 K which can be very difficult to
distinguish without a good calibration. As this antenna temperature is used to

calibrate the instrument it is very important to have a good ratio.

Figure 97 and Figure 98 present the ratio of antenna temperature to physical
temperature for all radiometer channels used in HAMMR. During these tests the
130 GHz radiometer was not functional so the results for that channel are not
present. Because the internal calibration target is usually used to calibrate the
instrument, the calibration for these plots was done by using a pyramidal absorber
at ambient temperature instead of the internal calibration target as the hot load.
Figure 98 shows that the ratio of antenna temperature to physical temperature for
all radiometer channels is above 0.965 demonstrating that the target is well suited

for use 1n calibration for all frequencies.
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4.4.5 Thermal Analysis

The physical temperature of the calibration target is designed to be homogenous
and stable across the target. The mean temperature, mean temperature standard
deviation, minimum, and maximum temperatures of the calibration target for two
tests are presented in Table 6. The mean temperature of the target stayed pretty
consistent on the ground and in flight with a standard deviation of 1.08 and 1.06 °C
respectively. The calibration target temperature was much colder in flight than on
the ground. One of the biggest obstacles in keeping the internal calibration target
temperature homogenous across its face is that when the flat reflector begins to

rotate a breeze is created across the target that introduces thermal gradients.

Table 6: Mean Temperature, Standard Deviation and Temperature Minimum of the

Internal Calibration Target as a Whole for Both a Ground and Flight Test

Mean Standard Minimum Maximum Largest
Temperature |Deviation |Temperature |Temperature [Temperature
(°C) (°C) (°C) (°C) Difference (°C)
Parking Lot Test 28.2 1.08 26.63 29.7 3.02
Lake Powell Flight 16.31 1.06 15.21 18.67 3.46

The temperature of each internal calibration target thermistor with respect to the
center thermistor temperature was also analyzed and presented in Table 7. It was
found that the center area of the target was the coldest. The bottom left of the
target has an analog to digital converter for digitizing the thermistor voltages that
creates heat causing that area of the target to be the hottest. The left side of the

target had the highest temperatures due to the wind created by the scanning of the
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flat reflector. Overall the thermal performance of the target is good enough to be

used in the radiometer calibrations.

Table 7: Mean Difference of Temperature for Each Thermistor and the Center

Thermistor of the Internal Calibration Target for Both a Ground and Flight Test

Parking Lot Test Lake Powell Flight
Mean Difference in | Standard Deviation of | Mean Difference in | Standard Deviation of
Temperature from |Temperature Difference| Temperature from | Temperature Difference
Center Thermistor |from Center Thermistor| Center Thermistor | from Center Thermistor
(°C) (°C) (°C) (°C)
Thermistor 1 2.6 0.065 1.45 0.098
Thermistor 2 0.75 0.092 0.23 0.116
Thermistor 3 0 0.094 0 0.11
Thermistor 4 2.8 0.046 3.46 0.085
Thermistor 5 0.89 0.078 1.19 0.1
Thermistor 6 -0.22 0.093 0.12 0.122
Thermistor 7 2.23 0.084 1.59 0..117
Thermistor 8 1.53 0.1 0.79 0.107
Sum 11.02 0.652 8.83 0.738

4.4.6 Performance Summary

Based on the results presented in Sections 4.4.1-4.4.5 the internal calibration target
used in the instrument performs well in regards to antenna temperature flatness
with respect to motor position angle, thermal homogeneity, and the ratio of antenna
temperature to physical temperature. These analyses prove that this target will
provide an accurate point to use in the calibration of all HAMMR radiometer

channels.
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Chapter V. Microwave Radiometer Channels

One of the main goals of HAMMR is to demonstrate improved spatial resolution
over that of currently deployed microwave radiometers for the retrieval of wet-
tropospheric path delay through the use of mm-wave radiometers. In order to
provide a direct comparison microwave and mm-wave radiometers are used
simultaneously in HAMMR. The microwave radiometers have been well
characterized and retrieval algorithms have been developed for Jason-1 and Jason-2
to retrieve wet-tropospheric path delay measurements using these frequencies.
Because these radiometers and their retrieval algorithms are well characterized,
including them in HAMMR provides means of data verification and simultaneous
comparison for determining the potential for improvement in spatial resolution of
wet-tropospheric path delay retrieval from microwave to mm-wave radiometer

measurements.

5.1 System Overview

The microwave channels are the lowest frequency channels in HAMMR and include
two orthogonal linear polarizations of channels at 18.7, 23.8, and 34.0 GHz. These
radiometers are based off the Advanced Microwave Radiometers (AMRSs) currently
deployed on OSTM/Jason-2 (Jet Propulsion Laboratory) with minor improvements
done by JPL for this project. The two polarizations are labeled quasi-vertical (QV)

and quasi-horizontal (QH) because as the flat reflector rotates during the scan, the
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polarization basis rotates as well making neither channel have a purely vertical or

horizontal polarity.

The 23.8 GHz channel is in close proximity to the water vapor absorption line at
22.235 GHz and is one of the least sensitive frequencies to pressure broadening for
this absorption line (Voronin & Voronina, 2002). This makes 23.8 GHz useful for
determining integrated water vapor while used in conjunction with other channels,
such as 34 GHz. The highest frequency, 34 GHz, has the greatest absorption due to
cloud liquid water of the three microwave channels used in HAMMR and is used to
correct for non-precipitating clouds (National Aeronautics and Space
Administration, 2010). While the lowest frequency channel, 18.7 GHz has the least
amount of absorption due to water vapor making it the most sensitive to the
surface. The addition of an 18.7 GHz channel helps the algorithm compensate for
surface effects such as roughening due to wind at the sea surface and whitecaps.
The QV and QH are measured at all three frequencies because the ratio of the
polarized brightness temperatures helps to validate the off-nadir sea surface
microwave emission using well-understood models that take into account the sea

surface wind speed and related factors (Baumgardner, et al., 2014).

5.2 Microwave Receiver Architecture

The microwave radiometers are direct detection Dicke radiometers built and
designed by JPL. Figure 99 shows an overall block diagram illustrating the signal

path and Figure 100 shows the signal path in the microwave receiver. The EM
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energy is coupled from the atmosphere to the microwave feed horn as a voltage
signal. The signal then propagates through waveguide until it reaches the
orthomode transducer (OMT) which separates the QV and QH polarizations that
then propagate to separate radiometers. The QV and QH signal paths are identical.
After the OMT, the signal reaches the directional coupler which is used to couple in
energy from two noise sources used in internal calibration. One noise source is
tuned for 18.7 and 23.8 GHz and the other is tuned for 34.0 GHz. The role of these

noise sources in internal calibration is discussed in detail in Section 5.4.
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Figure 99: Microwave Radiometer Channel Block Diagram (Reising S. , et al., 2013)

After the directional coupler a diplexer is used to split the signal into two
waveguide-bands. Where WR-42 is used for the 34 GHz signal and WR-28 is used

for the 18.7 and 23.8 GHz signals. The 34 GHz signal is then fed into the 34 GHz
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receiver while the WR-28 band is diplexed again to separate the 18.7 and 23.8 GHz

signals before routing them to their respective receivers.
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Figure 100: Populated Microwave Radiometer Channel Receiver (Reising S. , et al.,

2013)

The first component in the microwave receivers is a waveguide to microstrip
transition shown in Figure 100. This transition couples the EM fields in the
waveguide to surface waves on the microstrip transmission lines. The signal is then
input to the Dicke switch at the front end of the receiver chain. An isolator is used
after the Dicke switch to prevent the receiver from emitting any significant
reflected RF radiation. Band pass filters (BPFs) and low noise amplifiers (LNAs) are

then used to isolate the frequency band of interest and bring it to the correct power
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level to be detected by the diode detector at the end of the receiver chain shown on
the right side of Figure 100. The diode detector is designed to operate in the square-
law region to ensure there is a linear relationship between input RF power and
output voltage. The output of the diode detector is input to a video amplifier that
provides baseband amplification before routing the signal through a coaxial cable to
the input of the analog back-end board (ABEB) for signal conditioning and

digitization.

Figure 101 shows a 3-D CAD illustration of the two microwave receivers integrated
in the HAMMR chassis. The receivers are the exact same but are mounted as
mirror images of each other with the QH receiver closer to the aft of HAMMR and
the QV closer to the fore. The receivers are mounted to a large aluminum plate to

help increase thermal stability.
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Figure 101: CAD Model of HAMMR Microwave Radiometer Channels

5.3 Laboratory Tests and Performance

This section will discuss the performance of the microwave radiometers in the
context of system noise temperature and stability as measured by Allan variance
(Vernotte, 2014). The impact of offsetting the microwave feed horn from the focal

point of the paraboloid will also be analyzed.

5.3.1 Receiver Noise Temperature

The receiver noise temperature was determined by performing a Y-factor
measurement as detailed in Section 2.2.3 and (Pozar, 2012). The hot load was a

microwave absorber at ambient temperature, 290 K, and the cold load was
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microwave absorber cooled with liquid nitrogen (LN2), 77 K. The measurements

were performed at JPL and the resulting values are summarized in Table 8 and

Table 9. These values were as expected and show that the microwave radiometers

were assembled correctly.

Table 8: QH-Polarization Microwave Radiometer Performance (Measured)

Frequency Receiver Noise 3 dB Bandwidth
(GHz) Temperature (K) (MHz)
18.7 550 192
23.8 570 368
34 620 767

Table 9: QV-Polarization Microwave Radiometer Performance (Measured)

Frequency Receiver Noise 3 dB Bandwidth
(GHz) Temperature (K) (MHz)
18.7 550 187
23.8 570 471
34 620 753

Because the QH and QV microwave receivers have the same components and
architecture any variance in receiver noise temperature and 3 dB bandwidth should

be due to manufacturing and assembly tolerances.
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5.3.2 Allan Variance and Stability

A plot of the Allan variance for the QH and QV microwave radiometer channels are
shown in Figure 102 and Figure 103 respectively. The plots show the measured
values for Allan variance for each channel as dots and the ideal values as a solid
line. Each channel is represented by a different color with 18.7 GHz in red, 23.8
GHz in black, and 34.0 GHz in blue for both polarizations. A discussion on the

theory of Allan variance measurements is presented in Section 2.2.4.

The QH horizontal channels, shown in Figure 102, show that the 18.7 GHz channel
1s the most stable followed by the 23.8 GHz and 34 GHz channels respectively. The
slope of the 18.7, 23.8, and 34.0 GHz channels deviates from -1 at an integration
time of approximately 400, 159, and 63 milliseconds respectively. The location
where the slope deviates from -1 and begins to approach -1/2 is the integration time
where the lower frequency noise components begin to adversely affect the noise of
the measurement. At this point the integration time should be reduced or Dicke

switching should be used to lower the overall noise of the measurements.
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Figure 102: Lab Measurement of Allan Variance for QH Microwave Radiometer

Channels, a) Full Measurement Range, b) Zoom of the Region of Interest

The QV horizontal channels, shown in Figure 103, show that the 18.7 GHz channel
is the most stable followed by the 23.8 GHz and 34 GHz channels respectively. The
slope of the 18.7, 23.8, and 34.0 GHz channels significantly deviates from -1 at an
Iintegration time of approximately 355, 100, and 79 milliseconds respectively. The
location where the slope deviates from -1 is the integration time where the lower

frequency noise components begin to adversely affect the noise of the measurement.
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At this point the integration time should be reduced or Dicke switching should be

used to lower the overall noise of the measurements.
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Figure 103: Lab Measurement of Allan Variance for QV Microwave Radiometer

Channels, a) Full Measurement Range, b) Zoom of the Region of Interest

5.4 Internal Calibration

The internal calibration is accomplished through a similar approach as was

discussed in Section 2.2.3 but instead of using external targets, noise diodes with

known noise temperatures are coupled into the receiver input via a directional
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coupler. These noise diodes present two temperature points for a linear system
calibration. However, since the antenna temperature is unknown during these
calibrations one cannot just take the measured voltage while firing a noise diode
and assume 1t corresponds to the noise temperature of that noise source. A
difference in the detected voltages while the noise diodes are being fired must be
used. Although the antenna and receiver temperatures are unknown they are
assumed to remain constant throughout the internal calibration sequence as the
whole sequence takes less than 10 ms. This calibration cannot be done while looking
at the Dicke reference, Trer, as the noise diodes are located before the Dicke switch
in the receiver chain so no power from the noise diodes would be seen in the

measurement.

During the internal calibration sequence three different noise sources are fired.
Each noise source consists of two noise diodes, one at the 18.7 and 23.8 GHz band
and one at the 34 GHz band. Each noise source has a different noise temperature

that it injects into the receivers which are shown in

Table 10.

Table 10: Noise Temperatures at Microwave Receivers for Each Noise Source

Frequency (GHz) [NS1 (K)| NS2 (K) | NS3 (K)
18.7 120 114 143
34 71 63 60
23.8 156 146.5 162
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Equations (I1.35), (V.2), and (V.3) describe the contributors to the detected voltages

while firing each noise source.

Vs, @ Tg + Trec + Tnsa (V.1)
Vns, @ Ty + Trec + Ths2 (V.2)
Vns, @ Ty + Tree + Ths3 (V.3)

Since there are two unkowns per equation, 74 and Trec, a system of equations must

be used to establish the calibration constant. This is shown in equations (V.4), (V.5),

and (V.6).
TNSZ - TNSl
Cry = ————= (V.4)
227 Visz — Vst
TNSB - TNSZ
C3p = ———= (V.5)
32 VNSB - VNSZ
TNSB - TNS
C31 = —1 (V'G)

VNS3 - VNSl

Once the calibration constant is calculated the calibration line can be found using
the standard equation for a line given in equation (V.7), as in Figure 104, and
setting y = T, yo = Trer, m = C, x =V, and xo = Vrer. Equation (V.7) then becomes
(V.8), where Ts and V are the measured voltage and brightness temperature while a
particular noise source is firing. Trer and Vger are the measured physical

temperature and voltage of the Dicke reference respectively.

Yy — Yo = m(x — xg) (V.7)

Ty — Trer = C(V - VREF) (VS)
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Rearranging (V.8) and considering the case of measuring Cg; yields equation (V.9)
which can be rearranged to yield equation (V.10) where the first term in parenthesis

is Tsys and the second term i1s TrEc.

Tnsz — Tnsa .9
Tg = Co1(V — Vrgr) + Trer = Vs — Veer (V = Vger) + Trer v-9)
NS2 NS1
Tnsy — Tnsa Tnsy — Thsa .10
T = <— * —VREF> = Tsys — Trec (V.10

V) + (Taer
Vns2 = Visi R Vsz = Vs

This equation can now be solved for brightness temperature as all the variables in
the equation are known. Solving either (V.4), (V.5), or (V.6) yields the slope of the
line and the point defined by (x0,y0) is given by looking at the reference load. These
two values allow us to solve for the calibration line that relates a measured voltage
to a brightness temperature. Only two noise sources are required to perform this

calibration so the third source was added for redundancy and increased accuracy.
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Chapter VI. Millimeter-Wave Window Channels

HAMMR contains two sets of mm-wave radiometers, the mm-wave window
radiometers and the mm-wave sounding radiometers. This chapter discusses the
architecture, integration, characterization, and calibration of the mm-wave window

channels.

6.1 System Overview

The mm-wave window channels are located in the frequency “windows” between
water vapor absorption lines at 90, 130, and 168 GHz. These frequencies were
chosen to retrieve the maximum amount of information content on wet-tropospheric
path delay. The mm-wave window channels have a much larger bandwidth
compared to the microwave channels and are more sensitive to integrated water
vapor. This is because the absorption, and therefore emission, of the atmosphere 1s
much greater at mm-wave than microwave frequencies as can be seen in Figure 3.
The higher absorption makes the mm-wave frequencies less sensitive to surface
emission so the measured brightness temperature will be much different at mm-
wave than microwave frequencies. The development of the mm-wave window

channels is discussed in detail in (Albers, Fall 2012).

6.2 Development Previous to IIP-10

The mm-wave window channels are all direct detection Dicke radiometers similar to

the microwave radiometers previously discussed in Section 5.1. The initial design
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for the mm-wave window channels and the fabrication of laboratory prototypes was
completed in ACT-08 along with the design of the tri-frequency feed horn used by
these channels (Reising, et al., 2011). Figure 105 shows the block diagram for the

mm-wave windows radiometers and Figure 106 shows a picture of the tri-frequency

horn.
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PIN-Diode | Waveguide Filter ~ and Video Pre-
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Figure 106: Tri-Frequency Horn with a Half Dollar as Reference (Reising, et al.,

2011)

Under ACT-08 the single pole double throw PIN diode switch, shown with its

performance in Figure 107, was also developed for use as the Dicke switch in the
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mm-wave receivers. Figure 108 shows the laboratory prototype for the 90 GHz
receiver multi-chip module (MCM), where the majority of the radiometer’s RF
components are housed, with the PIN diode switch installed. Each mm-wave

window radiometer has an MCM that contains the entire RF receiver.
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Figure 107: ACT-08 PIN Diode SPDT (Johnson & Hadel, 2012)
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Figure 108: ACT-08 90 GHz Multi-Chip Module Lab Prototype with a Dime as

Reference (Lee, Spring 2012), (Albers, Fall 2012)
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6.3 Millimeter-Wave Window Receiver Architecture

The receiver design from ACT-08 was slightly modified for airborne use in IIP-10.
These changes were primarily implemented by Victoria Hadel of CSU’s MSL and
are discussed in detail in (Hadel, 2014). A brief overview of the changes and the

resulting system architecture will be given in this section.

Figure 109 illustrates the three major changes made during IIP-10 to the ACT-08
mm-wave window radiometers. These include the addition of a second input port to
measure the PIN diode switch symmetry, the integration into the MCM of a
directional coupler and noise diodes to reduce size, mass and insertion losses, and
the conversion of the band definition BPF from microstrip to waveguide to lessen
insertion loss and better define the frequency band that is diode detected for each

receiver.
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Figure 109: Major Modifications to ACT-08 mm-Wave Window Radiometers

Figure 110 shows the block diagram for the 168 GHz mm-wave receiver as well as a
picture showing the populated RF trench. The signal path for the mm-wave window
receivers is very similar to that of the microwave receivers discussed in Section

Section 5.1.

The tri-frequency horn developed under ACT-08 is used at the front end of the mm-
wave radiometers. The RF signal from the antenna enters the MCM through a
directional coupler that is used for internal calibration. Similar to the microwave
radiometers, noise is injected into the receiver front end via a noise diode at the
coupled port of the directional coupler. The injected noise is used to perform an
internal calibration as detailed in Section 2.2.3. The RF signal is then coupled onto
a microstrip transmission line by a waveguide to microstrip transition which feeds

into the PIN diode SPDT switch used for Dicke switching.
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Subsequent to the Dicke Switch are three LNAs and a BPF used to avoid saturation
of the last LNA. The RF signal is then coupled back into waveguide before leaving
the MCM and entering the waveguide band definition filter which defines the
bandwidth of the radiometer. Immediately following the band definition filter the
signal enters the diode detector block where it is diode detected to baseband
frequency and amplified via a video amplifier. The amplified baseband signal is
then input to the ABEB via coaxial cable for further amplification, integration, and

digitization.
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Figure 110: Original Block Diagram Design and 168 GHz Populated MCM

The three finished mm-wave window MCMs can be seen in Figure 111 with their

final dimensions and weights given in Table 11.
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Figure 111: Assembled mm-Wave Multi-Chip Modules

Table 11: Outer Dimensions and Weight of mm-Wave MCMs

Radiometer Weight
. Heich
Center Frequency Length | Width eight (g2)
90 CHz 2.9 (714 | 1.17 (28 1.17 (28 593
mm) mim) mm)
130 GHz 3.07(76 | 1.0” (25 1.17 (28 599
mm) mm) mm)
168 GHz 3.07(76 | 1.17 (28 1.17 (28 498
mm) mm) mm)
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To secure the mm-wave window receivers to the optical bench a set of custom

brackets were designed by Victoria Hadel shown in Figure 112.

168 GHz 168 GHz 90 GHz BPF
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Detector \
Block = 90 GHz
T MCM
130 GHz
Detector 90 GHz
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and BPF '
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Figure 112: Millimeter-Wave Window Optical Bench Layout

6.4 Laboratory Tests and Performance

This section will discuss the performance of the mm-wave window radiometers in
the context of system noise temperature, gain and stability as measured by Allan

variance.

6.4.1 Gain and Receiver Noise Temperature

Y-factor measurements were performed at JPL to determine the receiver noise
temperature and gain across each channel’s respective frequency band. Each

channel was measured individually with a standard gain horn as the waveguide
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assembly to connect the tri-frequency to the MCMs was not finished. The diode
detector modules were still being fabricated as well so the RF output of the MCMs
were down converted using a mixer and fed into a power detector as shown in
Figure 113. The Y-factor measurements allowed the receiver gain and noise
temperatures to be calculated and the results for the 90, 130, and 168 GHz receivers
are shown in Figure 114, Figure 115, and Figure 116 respectively and summarized

in Table 13.
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Figure 113: mm-Wave Radiometer Y-Factor Measurements Test Bench
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Figure 114: 90 GHz MCM Performance with WG Band Definition Filter
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Figure 115: 130 GHz MCM Performance with WG Band Definition Filter
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Figure 116: 168 GHz MCM Performance with WG Band Definition Filter
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Table 12: Summary of MCM Initial Lab Performance

Channel . Average Noise
Frequency (GHz) Average Gain (dB) Temperature (K)
90 36.5 818.7
130 46.8 1369.5
168 31.1 2142.7

Once the fabrication of the diode detector modules and waveguide assembly were
complete the three mm-wave window receivers were tested together with the tri-

frequency horn and backend from HAMMR at JPL as shown in Figure 117.
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Figure 117: Test Bench for Full System Laboratory Measurements
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The testing for the mm-wave window receivers involved Y-factor measurements
while firing the noise diodes used for internal calibration. The results of these tests
for the 90, 130, and 168 GHz receivers are shown in Figure 118, Figure 119, and

Figure 120 respectively and summarized in Table 13.
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Figure 118: 90 GHz Radiometer Hot-Cold Measurements with Two Different Time-

Scales

The right side of Figure 118 shows an excellent example of switch leakage at
approximately 38.5 seconds. Here the antenna scene changes from a cold to a hot
load with a difference of about 200 K. During this transition it can be seen that the
output voltage while looking at the reference also increases. The increase in
temperature is caused by some of the power from the antenna port leaking into the
reference port while the radiometer is looking at the reference. This leakage can
cause problems with calibration and overall performance of the radiometer due to

the uncertainty of how much energy is leaking from the off port. If the switch is well
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characterized the leakage can be calibrated out but due to time and budget

constraints the switches were not characterized.

For all three receivers the output voltage while viewing the reference load (REF)
and the output voltage while viewing a hot load with the antenna (ANT) should be
the same. The 90 GHz receiver shows a discrepancy that is small enough to be

accounted for in post processing.

130 GHz Radiometer Hot-Cold Test
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Figure 119: 130 GHz Radiometer Hot-Cold Measurements with Two Different Time-

Scales

The 130 GHz receiver does not show the same switch leakage problem as the 90
GHz receiver but the difference between the output voltage of REF and ANT is

larger than that of the 90 GHz receiver.
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168 GHz Radiometer Hot-Cold Test
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Figure 120: 168 GHz mm-wave Radiometer Hot-Cold Measurements with Two

Different Time-Scales

The 168 GHz receiver shows no noticeable switch leakage problems but the

difference between ANT and REF is very large.

The hypothesis for why the 130 and 168 GHz receivers see a lower voltage when
viewing REF than ANT while looking at am ambient target is that the insertion loss
on the switch reference leg is much higher than that of the antenna leg causing the
measured voltage while looking at REF to have greater attenuation than when

looking at ANT.
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Table 13: Summarized Performance of Millimeter-Wave Window Radiometers

Gain
Radiometer Tsys (K) Tret (K)
(K/Volt)
90 GHz 816 514 281
130 GHz 1310 982 255
168 GHz 2672 1524 160

The discrepancies between Table 12 and Table 13 stem from the difference in
antenna and waveguides being used between the two experiments. For the
measurements used to calculate the values in Table 12, the system was setup with a
standard gain horn attached to only one receiver at a time with minimal
waveguides. For the measurements used to calculate the values in Table 13 all
three receivers were attached to the tri-frequency horn in their final flight
configuration. This caused a slight increase in the average noise temperatures of
the 90 and 130 GHz receivers. However, the 168 GHz receiver saw an increase in
average noise temperature of approximately 400K due to these additional

components.

6.4.2 Allan Standard Deviation and Stability

A plot of the Allan deviation for 90, 130, and 168 GHz channels are shown in Figure
121. The plot shows the measured values for Allan standard deviation for each

channel represented by a different color with 90 GHz in red, 130 GHz in green, and
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168 GHz in black. A discussion on the theory of Allan standard deviation

measurements is presented in Section 2.2.4.

The channels, shown in Figure 121, show that the 90 GHz channel is the least noisy
followed by the 130 GHz and 168 GHz channels respectively. The slope of 90, 130,
and 168 GHz channels deviates from -1 at an integration time of approximately 25,
2, and 1.3 milliseconds respectively. The location where the slope deviates from -1
and begins to approach -1/2 is the integration time where the lower frequency noise
components begin to adversely affect the noise of the measurement. At this point
the integration time should be reduced or Dicke switching should be used to lower

the overall noise of the measurements.

The conclusion of this test is that the 90 GHz channel is the most stable with the
slope reaching 0 at an integration time of about 25 ms. This can be seen in Section
8.4.2.4 where the 90 GHz has the least amount of noise in the retrieval. The 130
and 168 GHz channels reach a slope of zero at a about 12 ms. However, the slope of
the Allan deviation for these two channels slowly changes from -1 to 0 over the span
of T ranging from 1.3 to 12 ms. This means that the Gaussian or White noise in the
measurement is being reduced by integrating more samples but a significant
amount of noise from other processes are being introduced into the measurement by
integrating over this time period. This introduces uncertainty into the measurement
that is not desired. Operating the 130 and 168 GHz radiometers in Dicke mode will

improve the stability of both receivers.
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Figure 121: Lab Measurements of Allan Standard Deviation for the Millimeter-

Wave Window Channels at 90, 130, and 168 GHz.

6.5 Internal Calibration

The internal calibration for the mm-wave window channels is accomplished through
the use of two noise sources similar to that of the microwave channels discussed in
Section 5.4 with a one difference. The difference is that for the microwave channels
all noise sources are coupled into the antenna leg before the PIN Dicke switch. For
the mm-wave window channels one noise source is coupled to the antenna leg before

the PIN Dicke switch and the other is coupled to the reference leg before the PIN

167



Dicke switch. This means, that unlike the equations for the calibration constant in
Section 5.4, the calibration constant cannot be calculated using the ratio of
temperature to measured voltage for two noise sources. Instead, the ratio of
antenna temperature to measured voltage with and without the noise source firing,
or the ratio of noise temperature when looking at the Dicke reference with and
without the noise source firing must be used. Equations (I1.35), (V.2), (V.3), and
(VI.4) describe the contributors to the measured voltage for each acquisition

position.

Vns, @ Tg + Trece + Tys, (VI.1)
Vant @ Ty + Trec (V1.2)
Vns, @ Trer + Trec + Ts, (VL.3)
Vrer @ Trer + Trec (VI1.4)

Using these relationships two different calibration constants, Canrand Crer, can be

calculated as shown in equations (V.4) and (V.5) respectively.

(Ta + Trec + Tns,) = (Ta + Trec) ~ Tns, — 0

Vns, = Vanr Vs, = Vanr

(V1.5)

ANT =

(Trer + Trec + Tns,) = (Trer + Tree) ~ Tns, — 0

Vs, = Vrer Vns, = Vrer

Crer =

(V1.6)
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Following the steps outlined in Section 5.4 the measured brightness temperature
can then be calculated using equations (V.9) and (V.10) where Canrand Crer can be

substituted for each other.

(VL.7)

TN51 - 0
— V-V T,
VN51 _ VANT ( REF) + REF

itk Tus, — 0 (VL)
7 <VNS1 - VANT * > < REE VN51 — VANT REF SYS REC

Tg = CANT(V - VREF) + Trer =
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Chapter VII. Millimeter-Wave Sounding Channels

HAMMR contains two sets of millimeter-wave radiometers, the millimeter-wave
window radiometers and the millimeter-wave sounding radiometers. This chapter
discusses the architecture, integration, characterization, and calibration of the

millimeter-wave sounding channels.

7.1 System Overview

The millimeter-wave sounding channels contain two frequency sets. Each set
contains eight digitized channels with 1 GHz of bandwidth per channel. The
channels are located on the upper sideband (USB) of the 118.75 GHz oxygen
absorption line and the lower sideband (LSB) of the 183.31 GHz water vapor
absorption line. These particular frequency sets where chosen to maximize
information content while adhering to the band limitations of the feed horn.

The 118.75 GHz sounder, also called the temperature sounder, has eight channels
offset 1 GHz apart above the 118.75 oxygen absorption line and three channels
offset at 0, 0.25, and 0.5 GHz above the 118.75 oxygen absorption line. Since the
peak of the absorption line is at 118.75 GHz as the channels move away in
frequency from this peak they will be attenuated less and will therefore penetrate
further into the atmosphere. This allows the retrieval algorithm to construct a
vertical temperature profile of the observed scene. Measuring brightness

temperature near the oxygen absorption line allows the retrieval of atmospheric
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temperature because the volume mixing ratio of oxygen is essentially independent
of location and time; therefore, any changes in the measured brightness
temperature will be due to changes in the physical temperature of the atmosphere
(von Engeln & Buhler, 2002). Only eight of the eleven channels are digitized
because some channels provide redundant information.

The 183.31 GHz sounder, also called the water vapor sounder, contains eight
channels offset 1 GHz apart below the 183.31 GHz water vapor absorption line.
Similar to the temperature sounder, each channel will penetrate further into the
atmosphere as its’ center frequency 1s spaced further from the 183.31 absorption

line resulting in a vertical profile of the water vapor density in the atmosphere.

7.2 Millimeter-Wave Sounder Receiver Architecture

The sounder receivers are built using a super-heterodyne topology as opposed to the
direct detection topology of the microwave and millimeter-wave window channels.
The difference between these two topologies is discussed in more detail in Sections
2.3, 2.4, and 2.5. The block diagram for the sounding receivers can be seen in Figure
122. The sounding receivers share the same architecture with the only difference
being the operating frequency of the individual components, so only one receiver

will be included in the following discussion.

The quad-ridge feed horn, seen in Figure 123 a), is used at the front end of the
sounding receivers. This feed horn contains an OMT for separation of orthogonal

polarizations and an LNA at each output of the OMT for amplification. HAMMR
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only uses one polarization for the mm-wave sounding channels so the second output
of the quad-ridge horn OMT is terminated. Subsequent to the quad-ridge horn is a
custom diplexer designed by Victoria Hadel to separate the 118.75 and 183.31 GHz
frequency bands. The diplexer design is discussed in detail in (Hadel, 2014) and was
specifically designed to have physical dimensions that allow for the use of standard

waveguide pieces in the sounding subsystem.
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Figure 122: Millimeter-Wave Sounding Radiometer Block Diagram

The output of the diplexer feeds into the sounder receiver input. The first
component in the sounder receiver amplifies and down converts the RF signal via
an LNA and subharmonic IQ mixer. An externally generated local oscillator (LO)
signal is input into the subharmonic mixer to accomplish the down conversion. The

LNA and subharmonic mixer are housed in a single device called the miniature

172



monolithic microwave integrated circuit (MMIC) low mass/power radiometer
(MIMRAM) (Kangaslahti, A., Lambrigsten, & Pukala, 2007). Developed as part of
the Geostationary Synthetic Thinned Aperture Radiometer (GeoSTAR) IIP project

as shown in Figure 124.

OMT/LNA

a)

Figure 123: a) Quad-Ridge Horn and b) Inside Quad-Ridge Horn Receiver

o7
(1.7 em)

ST 1Q  LOTnput
LNA  Mixer Outputs  WR-10

0.7 (1.7 cm) LO Input RF Input m\;}ﬁ“{"t
WR-10 WR-5 -5

a) b) )

Figure 124: a) Top of 183 GHz MIMRAM b) Bottom of 183 GHz MIMRAM c)

Populated 183 GHz MIMRAM

After down conversion the RF signal is output as two individual signals with 90° of

phase separation designated as I and Q (Ulaby, Moore, & Fung, 1981). Both the I
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and Q signals are output from the MIMRAM to identical IF chains containing a low

pass filter and three IF amplifiers each as shown in Figure 125.

Figure 125: Millimeter-Wave Sounder Radiometer IF Board

The output of the IF chains are fed into a 90° hybrid coupler (Microwave
Communications Laboratories, Inc., 2010) through two equal length coaxial cables.
The 90° hybrid coupler accomplishes image rejection of the two signals through
phase cancellation which results in two single sideband (SSB) signals at the output.
This is desired because the oxygen sounding receiver only uses the USB and the
water vapor sounding receiver only uses the LSB of the detected signals. These
sidebands are removed because they are outside the frequency range of the quad-
ridge horn and including them would increase the noise of the system. Additionally,

the 118.75 GHz sounder has three channels that are output directly from the 90°
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coupler. These channels are measured before the application-specific integrated
circuit (ASIC) to allow the frequency spacing between them to be less than 1 GHz.
Inline coaxial filters are used to set the offsets frequencies of these three channels
to 0, 250, and 500 MHz. An 18 dB external LNA (Mini Circuits) is used to amplify
these three channels and a four way power splitter is used to separate them, the

external LNA and power splitter are referred to as the offset channel components.

After the 90° hybrid coupler the SSB signal is input to an ASIC spectrometer
developed by Prof. Behzad Razavi of the University of California Los Angeles
(UCLA) for the IIP-10 project. The ASIC divides the SSB signal into eight frequency
bands offset in increments of 1 GHz from the center frequencies of 118.75 and
183.31 GHz. The offset and center frequency for each channel used in the sounding

radiometers are given in Table 14 and

Table 15 for the 118.75, and 183.31 GHz center frequencies respectively.

Table 14: Temperature Sounding ASIC Offset Channel Frequencies

Frequency Set Channel |Offset Frequency
1 +1 GHz
+2 GHz
+3 GHz
+4 GHz
+5 GHz
+6 GHz
+7 GHz
+8 GHz

118.75 GHz

(ool EN [orN [S1 1 PENN [VVH | \V)
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Table 15: Water Vapor Sounding ASIC Offset Channel Frequencies

Frequency Set Channel |Offset Frequency
-1 GHz
-2 GHz
-3 GHz
-4 GHz
-5 GHz
-6 GHz
-7 GHz
-8 GHz

183.31 GHz

ool ENN [opN [0 oS [SVI | \GN o

SMC coaxial cables (Amphenol Connex) are used at the ASIC outputs to transmit
the signal to the ABEBs for further amplification, integration, and digitization.
Inline 500 MHz low pass filters and attenuators are used along these cables to
define the bandwidth being detected and to bring the signal to the proper power
level so the diode detectors will operate in the square-law region. The Schottky
diode detectors for the sounder channels are also inline coaxial components placed
directly before the ABEB inputs. The diode detectors were manufactured by Eclipse
Microwave as part number EZM0120PA3 (Eclipse Microwave, 2014). It is important
to notice that each output channel has an effective bandwidth of 1 GHz due to the

negative frequency component from the down conversion folding over.

The sounder modules could not be built to specification due to time and budget
constraints at JPL. This resulted in a much larger system as the LLO chain and post
ASIC filtering, attenuation, and diode detection had to be done external to the

system. An additional bench called the sounder bench was designed to sit on top of
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the optical bench to house the mm-wave sounding receivers. The additional volume
of this sub-system caused mechanical issues in the HAMMR chassis mostly related
to ease of access and reflector alignment. The labeled components and physical
layout of the mm-wave sounding receivers can be seen in Figure 126 with the inputs

and outputs of the receivers shown in Figure 127 a), and b).

Optical Plate

3 dB Power

Splitter ——————> <— Clock

WR-15 Frequency

WR-10 Frequency
Multiplier

Multiplier

90° Hybrid

90° Hybrid
Coupler

Coupler

Dielectric
Resonant Oscillator

Dielectrie
Resonant Oscillator

WR-15 Waveguide

WR-10 Waveguide
Variable Attenuator

Variable Attenuator

118.75 GHz Temperature 183.31 GHz Water Vapor
Sounding Receiver Sounding Receiver

Figure 126: Millimeter-Wave Sounding Radiometer Components

As seen in Figure 126 the LO for the initial down conversion is external to the
sounding receivers. The LO signal is generated by the Dielectric Resonant
Oscillator (DRO) (Miteq) seen on the left and right sides of Figure 126. The DRO
signal 1s then multiplied by the WR-15 and WR-10 frequency multipliers (Millitech)
before entering the sounder receivers through a waveguide port shown in Figure

127 a). The 100 MHz clock (Wenzel Associates, Inc.) in the upper right portion of
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Figure 126 generates a clock signal used in the ASIC. The clock signal goes from the
clock to the 3 dB power splitter (Mini Circuits) before being fed into the ASIC clock

SMA input shown in Figure 127 a).

ASIC SMC
IF Board IFVQ  outputs
MicroD Biasing  SMA Outputs

ASIC Clock ASIC Board IF 1Q 90° Hybrid
SMA Input MicroD Biasing SMA Outputs Coupler Input

a) b)

Figure 127: a) mm-Wave Sounding Radiometers Front Face Inputs b) mm-Wave

Sounding Radiometers Back Face Inputs

The mm-wave sounding sub-system can be seen fully integrated in the HAMMR

chassis in Figure 128 including the offset channel components.
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Figure 128: Assembled Millimeter-Wave Sounders in HAMMR

7.3 Performance

After the mm-wave sounding receivers had been assembled they were tested to
ensure that the output power for each channel was consistent when looking at a
stable load. This helps to ensure that the output power is at a level where the diode
detector will work in the square-law region for each channel. The setup for these

tests is shown in Figure 129.
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Figure 129: Millimeter-Wave Sounder Power Level Test Setup

Table 16 illustrates the output power for each sounder output.
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Table 16: Sounder Channels Measured Output Power Levels

Center . Measured
Frequency Offset Frequency | Filter Type POV\ESI}'g Le;vel

m
0 MHz 100 MHz LPF -27.7
250 MHz 200 MHz BPF -27.4
500 MHz 300 MHz BPF -27.5
+1 GHz 250 MHz LPF -27.5
+2 GHz 250 MHz LPF -27.4
118.75 +3 GHz 500 MHz LPF -27.6
+4 GHz 500 MHz LPF -27.6
+5 GHz 500 MHz LPF -29.5

+6 GHz 500 MHz LPF | Not Connected

+7 GHz 500 MHz LLPF | Not Connected

+8 GHz 500 MHz LLPF | Not Connected
-1 GHz 250 MHz LPF -28.3
-2 GHz 500 MHz LPF -28.1
-3 GHz 500 MHz LPF -28.2
183.31 -4 GHz 500 MHz LPF -27.6
-5 GHz 500 MHz LPF -27.6
-6 GHz 500 MHz LPF -27.8
-7 GHz 500 MHz LPF -27.7
-8 GHz 500 MHz LPF -28.7

7.3.1 Receiver Noise Temperature

Once the mm-wave sounding sub-system had been installed and the output powers

for each channel were verified a Y-factor test was done to characterize the receiver

noise temperature for each channel shown in Table 17.
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Table 17: Sounder Channels Average Noise Temperature

Average Noise
Center
Frequency Offset Frequency | Temperature

X)

0 MHz N/A

250 MHz 492

500 MHz 427

+1 GHz 558

+2 GHz 535

118.75 GHz +3 GHz 536
+4 GHz 535

+5 GHz 540

+6 GHz NC

+7 GHz NC

+8 GHz NC
-1GHz 1323

-2 GHz 1341
-3 GHz 1349

-4 GHz 1441

183.31 GHz 5 GHz 1499
-6 GHz 1434
-7 GHz 1210
-8 GHz 1230

Table 17 shows that the average noise temperature for each sounder channel is
quite good. It is hypothesized that the 183.31 GHz channels have higher noise
temperatures than the 118.75 GHz channels because the LNAs and perhaps the

mixer in the 183.31 GHz MIMRAM have higher noise figures.

7.4 60 Hz Noise

After integration, initial testing showed a large amount of noise in the sounder

channels as illustrated for the 118 + 3 GHz channel in Figure 130. Initially it was
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thought that the noise was being caused by oscillations in the ABEB. However,
while troubleshooting it was found that the noise was coming from three different
sources; a 20 kHz and harmonics oscillation from the oscilloscope that was being
coupled through the wall power to the instrument, 120 Hz oscillation caused by the
fluorescent lights in the laboratory, and a 60 Hz and harmonics oscillation being

caused by the linear power supplies in the instrument.
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Figure 130: Initial Voltage Waveform of Sounding Channel 118+3 GHz

The first two noise components, from the oscilloscope and fluorescent lights, were
easily eliminated by turning them off but the noise from the linear power supplies
was much harder to correct. We first had to establish if the noise was being coupled
to the coaxial cables via magnetic fields from the transformers or if there was a
ground loop causing these oscillations. To do this we tested the +7 V linear power
supply in four different positions and orientations as shown in Figure 131. The

results for this test are shown as fast Fourier transforms (FFTs) of the voltage
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signals for power supply positions 1, 2, 3, and 4 in Figure 132 a), b), ¢) and d)

respectively.

+7 V Power
Supply

Figure 131: Power Supply Orientations to Test Source of 60 Hz Noise Coupling
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Figure 132: Fast Fourier Transforms of Measured Voltage for Sounding Channel

183+1 GHz with the +7 V Power Supply in Four Different Positions

Figure 132 shows that the orientation and distance of the power supply to the
sounder channels makes a large difference which allows us to conclude that the
magnetic fields from the linear power supply transformers are causing the problem.
This test was done while monitoring four different sounder channels with cables in
different orientations. It was found that the orientation and distance of the cable
with respect to the power supply has the largest effect in the amount of 60 Hz noise

and its harmonics that is detected. This test was repeated with a switching power
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supply for a laptop and regardless of position or orientation no noise within 40 dB of
the detected signal was measured. Various types of shielding were implemented to

try and further reduce the 60 Hz noise components but none were successful.

To solve this problem, the three biggest linear power supplies, -12, +12, and +7 V
were removed and replaced with switching power supplies at these voltages. Inline
coaxial DC blocking capacitors were also added before each diode detector to
attenuate the 60 Hz signal that was being coupled from the remaining smaller, -5,

+15, and +16 V linear power supplies.

The result of these changes is shown in voltage with respect to time in Figure 133.
It can be seen when comparing with Figure 130 that the peak to peak voltage of the

noise has reduced from about 90 mV to about 30 mV.
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Figure 133: Voltage Waveform of Sounding Channel 118+3 GHz after Modifications

However, when the signal is averaged over time the 60 Hz oscillations again become
distinguishable as shown by the blue line in Figure 134. The data is still good
though, because enough noise was removed that post processing digital filtering can

remove the 60 Hz component of the signal as shown by the green line in Figure 134.
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Figure 134: 118+3 GHz Output in Final Configuration with and Without Post

Processing Filter

Figure 135 a) and b) show two zoomed in portions if Figure 134 to better illustrate

the effects of the filtering and time averaging on the sounder signal.

188



~— ANT118+3Filter OFF
— ANT118+3Filter ON

2.055F - : :
— ANT118+3Filter OFF 1.510

— ANTI118+3Filter ON |

2.050¢
1.508
2.045} |
1.506H\
2.0404 \
2 \ 21.504
g A =
= 2.035 1,560
2.030+ 1500l
2423 1.498|
) 1.496} - ‘ :
10 20 30 40 50 60 160 170 180 190 200
Motor Position [Degrees] Motor Position [Degrees]
a) b)

Figure 135: Zoomed in 118+3 GHz Output in Final Configuration with and Without

Post Processing Filter

To further correct this problem the remaining -5, +15, and +16 V linear power

supplies could be swapped for switching power supplies at the same voltages.
7.5 Oxygen Sounder Spectrum Debugging

When running tipping curve tests discussed in Section 8.2 it was noticed that the
118 GHz oxygen sounder offset channels were not measuring the expected
brightness temperatures as seen in Figure 136 with the red dots being measured

temperatures and the blue line being the expected values with respect to frequency.
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Figure 136: Measured (dots) vs. Expected Brightness Temperatures (lines) with no

Waveguide Attenuation, a) All Channels, b) Zoom of 118 GHz Sounding Channels

The discrepancy in measured vs expected brightness temperatures is believed to be
caused by intermodulation distortion in the MIMRAM subharmonic mixer. The
intermodulation distortion is caused by the RF power input to the mixer being too
high. To confirm this hypothesis, a piece of anti-static bag was glued to a ring
terminal and inserted across the RF waveguide diplexer output to act as an
attenuator as seen in Figure 137. This “waveguide attenuator” added approximately

8 dB of attenuation of the RF signal before the mixer. The results of tipping curve

|
¥ -

0 20 40 60 80

100 120 140 160 180 200

a)

280F "

260
240
220
200+
180
160
140+
1201
100 |
80+

115

b)

tests done with the 8 dB “attenuator” are shown in Figure 138.
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Figure 137: Antistatic Bag Attenuator across the Diplexer Waveguide Output
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Figure 138: Measured vs. Expected Brightness Temperatures with 8dB of

Waveguide Attenuation, a) All Channels, b) Zoom of 118 GHz Sounding Channels

Figure 138 shows that with an added 8 dB of attenuation on the RF signal before
the subharmonic mixer, the measured brightness temperatures better match the
expected values. To correct this problem the 118 GHz receiver will be sent to JPL

and attenuator pads will be installed before the mixer on the RF signal path in the
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MIMRAM. This should provide sufficient attenuation to keep the intermodulation

distortion in the subharmonic mixer negligible.
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Chapter VIII. HAMMR Characterization and
Calibration

This chapter will discuss the tests used to validate, characterize and calibrate
HAMMR. The tests discussed in this chapter were run with all sub-systems

integrated in the chassis.

8.1 Instrument Setup

For these tests the instrument was assembled in its’ final flight configuration. Each
radiometer channel has its’ own acquisition sequence which defines how much time
1s spent looking at the antenna (ANT), dicke reference load (REF), and noise sources
(NS#). The ratio of time spent between looking at the ANT and either the REF or
NSs influences the radiometric resolution for that channel. As more time is spent
looking at ANT the ideal radiometric resolution increases but noise from gain
fluctuations can become more prominent decreasing the radiometric resolution, as
explained in Section 2.2.3. A balance must be found in the acquisition sequence to
optimize time spent looking at each source. For all tests the motor scans at 1 Hz, 60
rotations per minute, and the acquisition sequence for each radiometer is as shown

in Table 18.
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Table 18: Acquisition Sequence for Parking Lot Tests

Integration Time | Acquisition
(ms) Sequence
1 ms REF
6 ms ANT
Microwave 0.2 1 ms NS1
1 ms NS2
1 ms NS3
1 ms REF
6 ms ANT
1 ms NS1
1 ms NS2
Sounders 1 1 ms ANT

Radiometer

Microwave 0.2

8.2 Parking Lot Tests

Before installing HAMMR in an aircraft, tests were done in the CSU Lory Student
Center parking lot to characterize the radiometer sub-systems and to determine if a
scan bias was present in any channel due to the HAMMR chassis. To accomplish

this tip curves were measured and an LN2 target was viewed for calibration.

8.2.1 Tip Curve Measurements

The first tests done were tipping curve measurements used to ensure that the
radiometer is operating in a linear region and measuring expected voltage levels. A
tip curve measurement involves looking straight up into the sky and then scanning
the beam towards the horizon. While looking straight up into the air, often referred
to as the zenith position, the radiometer should see a low brightness temperature

corresponding to one atmosphere. As the radiometer scans, the beam angle changes

194



and the radiometer sees more atmosphere which should correspond to a higher
brightness temperature as illustrated in Figure 139. The expected values for the
different scan angles are calculated using the radiative transfer model discussed in
Section 2.1.2 based off atmospheric parameters such as temperature and pressure.
Since these values cannot be known without launching a radiosonde these tests are

approximate and cannot be used for final validation or calibration.

Zenith = 1 Atmosphere

T

Sky Measurement — Tipping Curve
60° = 2 Atmospheres

Calibration Target

Nadir

Figure 139: Illustration of HAMMR Performing a Tipping Curve Measurement

For the tipping curve measurements HAMMR was set up in the rotational cart
described in Section 3.3.4 as seen in Figure 140. The instrument views the sky,
scanning from left to right as shown in Figure 141. For these measurements the

brightness temperature at zenith should be the minimum and it should increase
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symmetrically with scan angle. The results for the tipping curve measurements
performed on July 22, 2014 are presented below in sub-sections for each frequency
set. The results are presented with each side of the tipping curve measurement
folded over on itself to aid in evaluating scan symmetry and the ideal tipping curve
values shown in red. The top of each figure also shows the receiver noise

temperature calculated using the presented tipping curve.

Zenith

HAMMR

External
Computer

HAMMR
Cart

Nadir

Figure 140: HAMMR Outdoor Ground Test Setup
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Scan Angle: -180° Zenith +180°

Direction of Rotation ——>

Figure 141: Sky Observed by HAMMR during Outdoor Ground Measurements

8.2.1.1 Microwave Radiometers

The microwave radiometers results are shown in Figure 142 with the QH and QV
radiometers shown on the left and right side respectively. Both microwave
radiometers have an obvious asymmetry for every channel. This asymmetry is due
to the beam offset detailed in section BEAM OFFSET SECTION causing the
microwave feed horn beam to view the chassis on the first half of the scan. This can
be corrected by trimming the HAMMR chassis aperture to no longer obstruct the
feed horn beam during the scan. The side of the scan not affected by the beam offset
shows excellent agreement with expected values and the calculated receiver noise
temperature match LN2 calibrations quite well. The receiver noise temperatures for

the microwave channels are calculated using only the unobstructed half of the scan.
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Figure 142: Results of a Tipping Curve Measurement Performed on July 22, 2014

Trec=948 K - Transmissivity=0.92 - rmse:8.300e-08

0.84} | = Data 18-QV nadir to zenith
’ — Data 18-QV zenith to nadir
~—— Ideal TC
0.82}
8]
=
-
L33
= 0.80f
o
E
(=]
Z,
0.78¢
0.76}
0 10 20 30 40 50 60 70
Angle

Trec=944 K - Transmissivity=0.82 - rmse:8.151e-08

0.84| ~—— Data 24-QV nadir to zenith
' «—— Data 24-QV zenith to nadir
—— Ideal TC
0.82}
O
=
o
@«
=0.80}
[}
E
=]
4
0.78}
0.76}
0 10 20 30 40 50 60 70
Angle
2014 07_22_20 57 29_lof2_ParkingLotTest XIII_Channel 34-QV
Trec=1180 K - Transmissivity=0.91 - rmse:2.193e-08
0.84}
0.82}
e
=
[}
= 0.80}
<
E
=]
z
0.78}
~— Data 34-QV nadir to zenith
+~—— Data 34-QV zenith to nadir
0761 . jdeal TC
0 10 20 30 40 50 60 70
Angle

for the Microwave Radiometers QH (left) and QV (right) Polarizations

198



8.2.1.2 Millimeter-Wave Window Radiometers

The mm-wave window channels tipping curve results are shown in Figure 143 with
a), b), and c) representing the 90, 130, and 168 GHz channels respectively. All mm-
wave window channels show great symmetry and agree well with the ideal tipping
curve values. The noise temperatures calculated for these channels is a little higher
than expected most likely due to errors in atmospheric assumptions or the receivers

operating at a higher physical temperature.
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Figure 143: Results of a Tipping Curve Measurement Performed on July 22, 2014

for the Millimeter-Wave Window Channels, a) 90 GHz, b) 130 GHz, and c¢) 168 GHz

8.2.1.3 Millimeter-Wave Sounding Radiometers

The mm-wave 118.75 GHz oxygen sounding channels tipping curve results are
shown in Figure 144 and Figure 145. The 118+0 GHz channel has no data because
the ABEB for that channel had not yet been fixed at the time of this test. The 118
GHz channels shows good symmetry and agree well with the ideal tipping curve
values. The calculated receiver noise temperatures match well with those presented

in Section 7.3.1 for the four most offset channels shown in Figure 145. The channels
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shown in Figure 144 show higher noise temperatures due to the frequency spectrum

problem discussed in Section 7.5.
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Figure 144: Results of a Tipping Curve Measurement Performed on July 22, 2014
for the Millimeter-Wave Sounding Channels 118+0, 118+0.225, 118+0.5, and 118+1

GHz
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Figure 145: Results of a Tipping Curve Measurement Performed on July 22, 2014

for the Millimeter-Wave Sounding Channels 118+2, 118+3, 118+4, and 118+5 GHz

The mm-wave 183.31 GHz water vapor sounding channels tipping curve results are
shown in Figure 146 and Figure 147. All the 183.31 GHz sounding channels were
saturated during this experiment due to the high absorption due to water vapor at
these frequencies which is why the measured values are practically flat for the first
few offset channels. As the channel offsets increase the data begins to converge to
the expected values indicating that the channels are saturated. The receiver noise
temperatures calculated during this experiment for these channels is extremely

high due to the channels being saturated.
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Figure 146: Results of a Tipping Curve Measurement Performed on July 22, 2014

for the Millimeter-Wave Sounding Channels 183-1, 183-2, 183-3, and 183-4 GHz
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Figure 147: Results of a Tipping Curve Measurement Performed on July 22, 2014

for the Millimeter-Wave Sounding Channels 183-5, 183-6, 183-7, and 183-8 GHz
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These tests showed a problem with the spectrum of the oxygen sounder channels
where some offset frequencies were not measuring the expected brightness
temperature. The debugging and solution for this problem is discussed in detail in

Section 7.5.

8.2.2 Liquid Nitrogen Calibration

For Y-factor calibration an LN2 calibration target, made from a Styrofoam cooler

with LN2 cooled microwave absorber at the bottom, as seen in Figure 148 was used.

To ensure that all the energy measured by the radiometers is coming from the

microwave absorber, the walls of the cooler were lined with aluminum foil.
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Microwave Absorber

Figure 148: Styrofoam Cooler Calibration Target

To use the target HAMMR 1is rotated 180° to view the Styrofoam LN2 calibration
target as seen in Figure 149. However, since the HAMMR aperture curves upward
from the bottom of the instrument, cardboard flaps covered in aluminum foil were
fabricated to isolate these measurements from ambient radiation. The flaps being

used during a calibration are shown in Figure 150.
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Figure 150: HAMMR Viewing the Styrofoam LN2 Calibration Target with

Cardboard Flaps in Use

The LN2 calibration test provides a two-point calibration, or Y-factor, along with
the internal blackbody calibration target discussed in Chapter IV, that is used in
conjunction with the tipping curve measurements to validate radiometer
performance. These tests can also be used to validate the internal calibration of the

microwave and mm-wave window radiometers.
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The results of these tests are given in the following sub-sections organized by

frequency sets. For each frequency set only one channel is shown as the LN2

calibration target results are very similar for the other channels in each frequency

set.

8.2.2.1 Microwave Radiometers

The results for the 18 GHz QV microwave channel are presented in Figure 151 a)

and b). The results show that the LN2 target remains stable enough for a good

calibration across a 15° scan angle.
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Figure 151: Results of a LN2 Calibration for the 18 GHz QV Microwave Channel, a)

With No Zoom, b) Zoomed on the Portion of the Scan While Viewing the LN2

8.2.2.2 Millimeter-Wave Window Radiometers

The results for the 90 GHz mm-wave window channel are presented in Figure 152

a) and b). The results show that the LN2 target remains stable enough for a good

calibration across a 20° scan angle.
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Figure 152: Results of a LN2 Calibration for the 90 GHz Millimeter-Wave Window

Channel, a) With No Zoom, b) Zoomed on the Portion of the Scan While Viewing the

LN2

8.2.2.3 Millimeter-Wave Sounding Radiometers

The results for the 118+2 GHz mm-wave sounding channel are presented in Figure

152 a) and b). The results show that the LN2 target remains stable enough for a

good calibration across a 25° scan angle.
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8.2.3 Cart Tilting Test

To determine if the HAMMR chassis is obstructing any antenna beams as they exit

the instrument aperture a test where the instrument was tipped while taking a

tipping curve was done.

If the chassis is interfering with the antenna beam for only a portion of the scan

this would be difficult to detect using tipping curve measurements without a

radiosonde. To determine if this type of scan bias exists in the system the entire

instrument was tilted on its scan axis and tipping curve measurements were taken.

This ensures that measurements are consistent between the tilted and un-tilted

scans. An example of this would be to look at the measured voltage while looking at
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zenith and then tilt the instrument 12° and compare the initial zenith measurement
to the -12° measurement when the instrument is tilted. The two measured voltages

should agree exactly.

The setup for these measurements is shown in Figure 154, with the inclinometer

measurements for the two tilt tests shown in Figure 155 a) and b).

Figure 154: Setup for Tilt Scan Bias Experiment
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b)

Figure 155: Inclinometer Reading for Two Tilt Scan Bias Tests

The results for the tests are presented in the following subsections. Only data for
one channel of the microwave channels, one channel of the mm-wave window
channels, and one channel of the mm-wave sounding channels are shown. For each
radiometer set only the channel with the largest 3 dB bandwidth is shown as it will
be the most heavily affected channel. To conserve space only one polarization of the

18 GHz microwave channel is shown.

8.2.3.1 Microwave Channel Results

The results of the tilt test for the 18 GHz QV microwave channel are shown in
Figure 156. Figure 156 a) shows the results of the three tests with no angular
correction while b) shows the results of the three tests corrected to have the same
zenith angle. If the instrument had no scan bias the three lines in b) would be

almost on top of each other.
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Figure 156: Results of the Tilt Test for the 18 GHz QV Microwave Channel, a) With

No Correction, b) Corrected to Have the Same Zenith Angle

As Figure 156 b) shows there is a scan bias present in the microwave channels. We
believe that this bias is primarily due to the beam offset discussed in Section 3.4.5
as one side of the scan, 100-160°, shows the most disagreement between tests. An
additional source of error for these tests is that when the instrument is tilted 12°
the scan on the side that it is tilted to will begin to be contaminated by things close
to the horizon 12° sooner. These tests will be redone after the HAMMR chassis

aperture has been trimmed.

8.2.3.2 Millimeter-Wave Window Channel Results

The results of the tilt test for the 90 GHz mm-wave window channel are shown in

Figure 157. Figure 157 a) shows the results of the three tests with no angular
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correction while b) shows the results of the three tests corrected to have the same

zenith angle.
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Figure 157: Results of the Tilt Test for the 90 GHz Millimeter-Wave Window

Channel, a) With No Correction, b) Corrected to Have the Same Zenith Angle

Figure 157 b) shows that there is no scan bias present in the mm-wave window
channels. There is a small disagreement between antenna temperatures due to
system gain fluctuations during the time between when the LN2 was viewed for

calibration and when the data was taken.

8.2.3.3 Millimeter-Wave Sounding Channel Results

The results of the tilt test for the 118.75 GHz mm-wave oxygen sounding channel
are shown in Figure 158. Figure 158 a) shows the results of the three tests with no

angular correction while b) shows the results of the three tests corrected to have the

same zenith angle.
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Figure 158: Results of the Tilt Test for the 118.75 GHz Millimeter-Wave Oxygen
Sounding Channel, a) With No Correction, b) Corrected to Have the Same Zenith

Angle

Figure 158 b) shows that there is no scan bias present in the mm-wave window
channels. There is a two kelvin difference in the antenna temperatures for the +12°
tilt due to system gain fluctuations during the time between when the LN2 was

viewed for calibration and when the data was taken.

8.3 Twin Otter Aircraft

In July 2014 the team at CSU brought HAMMR to Twin Otter International LLC.
(TOIL) in Grand dJunction, Colorado for aircraft integration and airborne
demonstration. TOIL has a fleet of Twin Otter aircrafts specifically modified for
testing scientific instruments including onboard 115 V AC power and an instrument

port in the floor of the aircraft.
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Mechanics at TOIL built a mechanical brace interface to hold HAMMR in the Twin
Otter and had an FAA Designated Engineering Representative sign off that both
the instrument and the interface meet FAA safety requirements. Once the
mechanical brace interface was completed HAMMR was mounted in the aircraft
using a manual floor crane as seen in Figure 159. The mechanical brace interface
holds the top of the instrument above the cabin floor to ensure ease of access to the
instrument for maintenance and is attached to rails on the floor of the Twin Otter
aircraft via four mounting points shown in Figure 160. Figure 160 also shows the
three external connections, power, GPS antenna input, and Ethernet to external

computer, needed to operate the instrument in flight.
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Figure 160: Top of HAMMR Mounted in Twin Otter
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Once HAMMR was integrated into the Twin Otter aircraft two fairings, mounted
fore and aft, were fabricated by TOIL to increase the aerodynamics of HAMMR. A
third fairing or “wind dam” was also fabricated and mounted just in front of the
chassis aperture. This is beneficial as it diverts air away from the chassis aperture
which reduces turbulence and mechanical forces on the spinning flat reflector. The
“wind dam” also reduces the amount of airflow in the bottom part of the HAMMR
chassis which reduces temperature gradients in the radiometers and internal
blackbody calibration target. The three fairings integrated with HAMMR while

mounted in a Twin Otter are shown in Figure 161.
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Figure 161: HAMMR in Twin Otter with Fairings

A desk with a power strip was mounted in the Twin Otter cabin to house the laptop
used to operate the instrument during flight. The power switch on the power strip
also provides a redundant point for powering off the instrument in case of an
emergency. The final configuration of HAMMR mounted in the Twin Otter aircraft

can be seen in Figure 162 where the Twin Otter is being prepared for takeoff.
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Figure 162: Twin Otter and HAMMR Being Prepared for Takeoff

8.4 Airborne Demonstration

The airborne demonstration of HAMMR has two phases. The first phase, called the
engineering flights, is to verify instrument functionality on an airborne platform.
The major concerns for the engineering flights are motor errors, overheating,
temperature stability, vibrational effects, and radiometer functionality. The second
phase which will be conducted in fall of 2014 will focus primarily on the retrieval of
brightness temperatures and the verification of measured results. This chapter only

contains results for the first phase or engineering flights.

8.4.1 Blue Mesa Reservoir

The first day of flights were done over Blue Mesa Reservoir near Gunnison,

Colorado on dJuly 9, 2014. Blue Mesa Reservoir was chosen because it is close to
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Grand Junction and is the largest body of water in Colorado (Wikipedia, 2014). The
primary concern for the first day of flights was to verify functionality of the system

and to monitor the motor error before flying out to Lake Powell in Utah.

8.4.1.1 Blue Mesa Reservoir Flight Plan

The flight plan for Blue Mesa Reservoir is broken up into two stages. The first stage
involved the Twin Otter aircraft circling the Grand Junction airport while motor
position and system functionality were tested. If any problems were encountered
that could not be fixed in flight the Twin Otter would land and necessary
adjustments would be made. If the system was functioning properly the team would
continue on to the Blue Mesa Reservoir to take brightness temperature
measurements. A flight path was decided upon that would maximize the time over
water, have areas where both land and water were being observed simultaneously,
and include land to water transitions. The flight path, with the critical paths shown
in red, is shown in Figure 163 with the waypoints marked with latitude and
longitude. Each critical path was repeated three times to allow verification of

measurement repeatability.
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Figure 163: Blue Mesa Reservoir Flight Path

On the critical paths the Twin Otter was flown at an altitude of approximately 3 km
(10,000 feet) above mean sea level (AMSL). A set of priorities was given to the pilots
so they could determine the optimal attitude and speed of the plane to follow the
critical paths with the least amount of variation. The priorities were that the
aircraft should fly at the lowest speeds possible while maintaining pitch and roll
deviations less than +10°, no requirement for yaw was given. The average speed of
the aircraft for these measurements was about 80 knots (92 mph). The GPS/IMU

module in the instrument records all of these parameters at 16 Hz.

8.4.1.2 Motor Position Error

The first test done on the Blue Mesa Reservoir flights was to test the motor position
error while in flight. To do this the motor was controlled using Quicksilver’s

proprietary motor control software QuickControl (Quicksilver Controls, Inc., 2014).
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As discussed in Section 3.5.4 the motor has an encoder that discretizes each 360°
revolution into 16000 counts of 0.0225° each. The motor controller stores the
measured and expected count values in the Current Position Error register which
can be viewed in the software and recorded to a text file. By comparing the

measured value with the expected value the motor position error can be found.

Tests were done in the lab at CSU to determine the motor position error with no
external forces. The average motor position error in the lab was determined to be 10

counts or 0.225°. The goal for in-flight motor position error was 50 counts or 1.125°.

To test the in-flight motor position error the scanning reflector was programmed to
hold position at zenith, rotate at 1 Hz, and then to hold position at zenith over a five
minute period. The motor position error was logged to a text file and plotted in

counts, with the three command periods labeled as seen in Figure 164.

The results of this test show that the average motor position error remained far
below 50 counts and had a higher average error for the periods where the motor was
holding a position than when spinning. The average error for holding the zenith
position was 14.8 counts (0.3°) and while spinning at 1 Hz was 9.1 counts (0.2°).
This confirms that the scanning motor can maintain a scanning speed of 1 Hz (60

RPM) during flight while maintaining negligible error.
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Current Motor Position Error In-Flight Test Results
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Figure 164: Current Motor Position Error In-Flight Test Results
8.4.1.3 Liquid Nitrogen Calibration Target

Similar to Section 8.2.2 an LN2 calibration target was used to characterize the
Instrument immediately before take-off and immediately after landing. This helps
to track the how to instrument fluctuates during flight. For the Blue Mesa
Reservoir flights the LN2 calibration target had not yet been finalized so the wings
and the internal wall foil discussed in Section 8.2.2 were not present. The test
performed a Y-factor measurement using the LN2 target as the cold load and the
internal blackbody target as the hot load. To test the effectiveness of the internal
blackbody target the LN2 target was measured before adding any LN2 and was

considered a hot load. The setup for the test is shown in Figure 165 a) and b).
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Figure 165: a) Initial Version of Hot Calibration Target and b) Initial Version of

Cold Calibration Target with LN2

Although the target was not in its’ final configuration for the Blue Mesa Reservoir
flight adjustments were made and it was completed before the Lake Powell flights

were done.

8.4.2 Lake Powell

The purpose of the Lake Powell flights was to retrieve brightness temperature
measurements over a large body of water that included land to water transitions.
Lake Powell straddles the southern border of Utah and the northern border of
Arizona with the majority of the water mass being located in Utah. It was chosen

for these flights because it is about a 1 hour flight from the Grand Junction airport
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and it 1s the second-largest artificial reservoir in the United States (Wikipedia,

2014). The flights over Lake Powell were done on July 10 and 11, 2014.

The results presented in Sections 8.4.2.3 through 8.4.2.5 show measured brightness

temperatures for the corresponding radiometer channels.

8.4.2.1 Lake Powell Flight Plan

The flight plan for Lake Powell was very similar to that of the Blue Mesa Reservoir
discussed in Section 8.4.1.1 with the same requirements of maintaining pitch and
roll deviations of less than +10° while maintaining minimum flight speed. The
critical paths for the Lake Powell flights are shown in Figure 166 with each critical
path having a different color. This was done to easily distinguish the critical paths
from each other while discussing flight plans with the pilots. Each path was

repeated four times consecutively at approximately 3 km (10,000 feet) AMSL.
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Figure 166: Lake Powell Flight Plan with Critical Paths Highlighted in Colors

The results presented in the following sections are for the part of the blue line

shown in Figure 167.

Figure 167: Google Earth Image of Lake Powell Flyover for the Presented Results
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8.4.2.2 LN2 Calibration Target

The LN2 calibration target used for the Lake Powell flights is the same as the
target described in Section 8.2.2. The target was used to perform Y-factor
measurements immediately before take-off and immediately after landing. The

setup configuration can be seen from two different perspectives in Figure 168 a) and

b).

“Wings” Cover

Entire Swath

Interior Lined
with Foil

Foil-Lined “Wings”

Figure 168: a) Front View of Improved Calibration Target and b) Side View of

Improved Calibration Target
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8.4.2.3 Microwave Radiometers

The results in this section are measured microwave radiometer antenna
temperatures taken over Lake Powell on July 11, 2014. The radiometers are
calibrated using the LN2 target after landing as the cold load and the internal

calibration target after landing for the hot load in a Y-factor calibration.
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Figure 169: Microwave Channel Results

These results show that both polarizations of the microwave radiometers are

sensitive to changes in brightness temperature in the observed scene. The

microwave radiometers remained functional throughout all 15 hours of flight.



8.4.2.4 Millimeter-Wave Window Radiometers

The results in this section are measured millimeter-wave window radiometer

antenna temperatures taken over Lake

Powell on July 11, 2014. The radiometers

are calibrated using the LN2 target after landing as the cold load and the internal

calibration target after landing for the hot load in a Y-factor calibration.
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Figure 170: Millimeter-Wave Window Channel Results

These results show that the mm-wave windows channels show sensitivities

corresponding to their measured receiver temperatures given in Section 6.4.1. This

1s expected as the receiver noise temperature is a key component in radiometric
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resolution as shown in (I1.34). The major contributor to noise in the 168 GHz
module is gain instability as shown in Section 6.4.2. The instability of the 130 and
168 GHz receivers can be mitigated by using the Dicke switch to perform gain

fluctuation cancellation as detailed in Section 2.5.

8.4.2.5 Millimeter-Wave Sounding Radiometers

The results in this section are measured millimeter-wave sounding radiometer
antenna temperatures taken over Lake Powell on July 11, 2014. The radiometers
are calibrated using the LN2 target after landing as the cold load and the internal

calibration target after landing for the hot load in a Y-factor calibration.

The temperature sounding channels, shown in Figure 171, were sensitive to the
changes in brightness temperature of the measured scene and the coastline of Lake
Powell can be seen in the data. There is no data for the +0 GHz offset channel and
grainy data in the +5 GHz offset channel because an ABEB was malfunctioning at
the time of the engineering flights. This problem was subsequently fixed and all

eight oxygen sounder ABEB channels now function properly.

The water vapor sounding channels, shown in Figure 172, are almost all saturated.
This i1s expected as a large amount of water vapor was present in the atmosphere
and there is very high absorption at these frequencies. As the channels get further
away from the absorption line, specifically the -7 and -8 GHz offsets, a faint outline

of Lake Powell can be distinguished.
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Figure 171: Temperature Sounding Results
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Figure 172: Water Vapor Sounding Channel Results

8.4.3 Microwave and Millimeter-Wave Window Resolution Comparison
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The main purpose of this IIP-10 project was to demonstrate improved special
resolution of measured wet-tropospheric path delay over the currently used
microwave radiometers at 18.7, 23.8, and 34.0 GHz. To this end the mm-wave
window radiometers at 90, 130, and 168 GHz have been developed and deployed.
This section shows a comparison of the spatial resolution for these two frequency

sets.

Figure 173 shows the retrieved brightness temperature for the microwave channels
on the left side and the mm-wave window channels on the right side. A comparison
of the two shows that the mm-wave window radiometers have far better spatial
resolution for the retrieval of brightness temperatures than the microwave
radiometers. This improved spatial resolution in brightness temperature retrieval
directly corresponds to an increase in spatial resolution of wet-tropospheric path
delay. The 130 and 168 GHz radiometers could have improved results with the
reduction of system noise temperature thought to be caused by Dicke switch

isolation and imbalance at their front ends.
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8.4.4 Beam Offset Analysis
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Because the microwave and mm-wave sounder feed horn antennas are offset from
the paraboloid focal point as discussed in Section 3.4.5 the antenna beams do not
leave the chassis aperture normal to the chassis. Instead, some offset is introduced
which 1s discussed in detail in Section 3.4.5. This section illustrates the empirical
results of these antenna offsets. Figure 174 shows the difference of the magnitudes
of the spatial gradients normalized to antenna temperature between the 34.0 GHz
microwave channel (red) and the 90 GHz (blue) mm-wave window channel. It can be

seen that there is and offset in the location of the image between the two channels.

34 - 90 GHz gradient magnitude difference
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Figure 174: Difference of the Magnitudes of the Spatial Gradients between the 34.0
GHz Microwave Channel (red) and the 90 GHz (blue) Millimeter-Wave Window

Channel
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Chapter IX. Summary, Conclusions, and Future Work

This thesis illustrates the design, integration, characterization, validation, and
successful airborne demonstration of the 25-channel cross-track scanning high-
frequency airborne microwave and millimeter-wave radiometer (HAMMR). The
higher spatial resolution of the mm-wave window channels over that of the
currently used microwave channels, as shown in the engineering flights, is expected
to improve satellite-based retrieval of tropospheric wet path delay near coasts and
over inland bodies of water. The theory, design process, and measured performance
of all 25 radiometer channels and the supporting mechanical systems are presented.
The work completed for this thesis contributed to the development,

characterization, and initial airborne demonstration of the HAMMR system.

9.1 Thesis Summary

In Chapter I the scientific motivation for this project is summarized and the
objectives of the Instrument Incubator Program that funded this project are

explained.

Chapter II discusses the principles of atmospheric microwave radiometry including
blackbody radiation, the radiative transfer equation, and atmospheric absorption
models. The underlying principles of radiometer performance including noise and
methods of calibration are explained as well as common radiometer architectures

with detailed analysis of both direct detection and Dicke radiometers.
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An overview of the HAMMR instrument is presented in Chapter III. This includes a
description of how the sub-systems interact to achieve the system goals as well as
the initial design, fabrication, integration, and verification of the instrument
chassis, testing cart, and scanning motor assemblies. The design, fabrication
integration and verification of the reflector sub-systems and feed horn placement is
also expanded upon. A brief overview of the supporting sub-systems such as the
power distribution, temperature sensing, GPS/IMU, and signal processing and

digital back-end is also presented.

The internal blackbody calibration target is discussed in Chapter IV primarily
focusing on the design and fabrication process. The results of the internal blackbody

calibration target are also presented in this chapter.

Chapter V focuses on the architecture, integration, calibration and verification of
both polarizations of the microwave radiometer channels at 18.7, 23.8, and 34.0
GHz. An overview of the system, including a block diagram and laboratory test
results, are presented. A discussion on the internal calibration and stability of the
instrument with respect to Allan variance is also included as well as a description of
the effects of offsetting the microwave feed horn from the offset paraboloid

reflector’s focal point.

Chapter VI expands upon the architecture, integration, calibration and verification
of the mm-wave window radiometer channels at 90, 130, and 168 GHz. An overview

of the system including previous work, improvements made during this project, a
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block diagram and laboratory test results are presented. A discussion on the
internal calibration and stability of the instrument with respect to Allan variance is

also included.

Chapter VII presents a summary of the mm-wave sounding radiometer channels at
118.75 and 183.31 GHz, including the system overview and architecture focusing on
the difference between these channels and the mm-wave window and microwave
channels. Results for laboratory tests on these channels are discussed and the 60 Hz

noise seen in these channels is explained.

Chapter VIII focuses on the characterization and calibration of the fully integrated
HAMMR system. This includes a description of how external calibration is
accomplished, what a tipping curve measurement is, and tests done in the parking
lot of the CSU Lory Student Center to characterize any scan bias due to the
HAMMR chassis. The Twin Otter aircraft used for the flight tests is described and
the results of the flight campaign are presented and discussed. The effect of
offsetting the microwave and mm-wave sounding feed horn is also shown in the

results.

9.2 Conclusions

Two key scientific objectives of NASA’s Surface Water and Ocean Topography
(SWOT) mission are to characterize the ocean’s mesoscale and sub-mesoscale
circulation with a spatial resolution of 15 km, monitor the height of inland bodies of

water with areas larger than 250 m2, measure flow rates of rivers at least 100 m
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wide. To this extent, tropospheric wet-path delay needs to be accounted for to
achieve 1 cm (baseline) to 3 cm (threshold) vertical resolution for sea surface height
measurements.

Past and current satellite altimeter missions include nadir-viewing microwave
radiometers from 18-34 GHz to retrieve tropospheric wet-path delay. These low-
frequency microwave radiometers achieve retrievals with rms errors of less than 1
cm in the open ocean, up to about 40 km from the coasts. However, due to the large
footprint of low-frequency microwave radiometers, land emissions contaminate the
measurements in coastal areas, increasing the errors. To address this issue, we
propose the addition of higher-frequency radiometers operating from 90-168 GHz to
retrieve wet-path delay near the world’s coastlines and potentially enabling
retrievals over inland bodies of water.

The High-frequency Airborne Microwave and Millimeter-wave Radiometer
(HAMMR) instrument was designed, built, tested and demonstrated on a Twin
Otter aircraft as a collaborative effort between the Colorado State University (CSU)
Microwave Systems Laboratory (MSL) and the Jet Propulsion Laboratory (JPL).
HAMMR consists of three sets of radiometer channels, the newly-developed
millimeter-wave window channels (90, 130 and 168 GHz), millimeter-wave
sounding channels (near 118 and 183 GHz), and the low-frequency microwave

channels (18.7, 23.8 and 34.0 GHz).
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The HAMMR instrument successfully performed measurements on a Twin Otter
aircraft based in Grand Junction, CO, from July 9-11, 2014. The first airborne
demonstration of the high-frequency radiometers showed improved resolution
compared to low-frequency microwave radiometers. In addition, the data set from
the airborne demonstration is the first to combine all of these channels in a single

measurement.

9.3 Lessons Learned

Throughout this project many lessons were learned concerning individual
component design as well as overall system considerations. The major lessons

learned for each part of the project are presented below.

9.3.1 HAMMR Chassis and Physical Layout

The design of the HAMMR chassis was done before the individual components for
the sub-systems were chosen. This caused issues with the availability of space for
subsequently designed sub-systems, problems with accessibility for mounting parts
and maintenance, and thermal dissipation problems due to crowding. If time and
budget had allowed, a much more efficient system could have been designed if the
internal components had been specified before the chassis was finalized and

fabricated.

Although the power distribution for the system works quite well and the ability to

easily measure the current of each voltage for each subsystem is very beneficial.
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The system could be improved by following more standard wiring practices that
were learned after the assembly of HAMMR such as leaving service loops for each
wire. If minimum wire gauges had been selected based off of expected current
values for each cable the clutter in the system could have been reduced by not using

unnecessarily large wires.

Another design error in the HAMMR chassis is the difficulty of installing and
aligning the optical bench. If a system for this had been designed at the beginning
of the project and subsequent sub-systems had been designed around this system
the optical bench could have been easily installed and aligned. The last minute
alteration of the mm-wave sounding channels ended up occupying much of the space
left for the operator’s hands when installing the optical bench making the process of

installation and aligned extremely difficult.

9.3.2 Millimeter-Wave Window Channels

The mm-wave window channels were designed and fabricated without a plan to
attach them to the optical bench. This forced a last minute design to be done for the
mounting brackets that did not account for space limitations or ease of access,
resulting in a difficult to disassemble system and a modification of the already
installed internal blackbody calibration target. If mounting hardware had been
built into the MCMs, the module could have been easily attached to the optical
bench and could have remained easy to access for removal and maintenance. The

box that thermally insulates the mm-wave window MCMs and all three feed horn
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antennas was also severely limited in size due to this problem. This resulted in a

very long design process for the box that could have been avoided.

9.3.3 Millimeter-Wave Sounding Channels

Due to time and budget constraints the mm-wave sounding channels were not
fabricated to their design specifications. This resulted in two modifications that

affected the rest of the system.

The first modification was that the 100 MHz clock for the sounder ASICs could not
be integrated into the receivers, this forced an external clock and power splitter to
be used to provide this clock signal. Because the optical bench was already quite
crowded there was very little room for these components and they were placed
where room had been left for tools to dismount, mount, and align the optical bench,
leaving only 1.78 cm (0.7”) of space between the mounting screws and the nearest
component on each side. Prior to this design change there was greater than 7.62 cm

(3”) of clearance on each side.

The second modification was that the band definition filters, diode detectors, and
video amplifiers were not integrated into the receivers. This means that the output
of each sounder channel is a 1 mV approximately -26 dBm signal with 1 GHz of
bandwidth. Because the power level for these signals was so low, 60 Hz noise from
the linear power supply transformers was coupled into the coaxial output at a level

of about 100 mV totally obscuring the measured results as discussed in Section 7.4.
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The effect of the first modification is an extra 20-30 minutes and added difficulty
when mounting or dismounting the optical bench. The effect of the second
modification was 10 weeks of working overtime trying to solve the noise problem as
well as spending approximately $1000 purchasing components to mitigate this
issue. If the sounders had been built to specification a large amount of time and
money could have been saved on this project by avoiding disassembling the entire
instrument and debugging for 10 weeks which could have been spent finalizing the

instrument and data processing.

9.4 Future Work

After the successful completion of the initial engineering flights in July 2014,
HAMMR will be flown on a Twin Otter over the coast of Southern California in the
early fall of 2014 for validation flights focusing primarily on data retrieval. In the
time between the engineering and validation flights the frequency offset in the
118.75 GHz oxygen sounding channels can be further investigated and fixed and the
chassis aperture may be modified to compensate for the beam offset in the
microwave channels. After completion of the validation flights the instrument could
be further optimized with the award of new grants. Ultimately, the HAMMR
technology will hopefully be co-located with satellite altimeters to correct for

tropospheric wet-path delay near coastlines and over inland bodies of water.
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Appendix I

AC DC

0.25A X3 White [Neutral 2-Wire
0.315A X 2 Black |Live Red/White + Live
0.5A X3 Red/Gre{Ground Black Return
1A X 2 3-Wire

1.6A X2 Red + Live

3A X2 Black Return
4A X 2 White - Live

Figure 175: Color Code Legend for Fuse Ratings and HAMMR Wiring

+7V -5V
Current (mA) Sub-System Current (mA) Sub-System

600-640 30-45
600-640 AMRs 30-45 AMRs

3 x 60 =170-200 Window 3x6=18-25 Window

183 Sounder

420-500 (OMT) 1
410-490 118 Sounder 1 Sounder

Figure 176: Expected Current Values for the +7 and -5 V Distribution Blocks
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+11.5V -11.5V

Current (mA) | Sub-System | Current (mA) Sub-System
19-22 19-22
19-22 AMRs 19-22 AMRs
7Tx175= 7x 160 =
1190-1300 ABEB 1085-1180 ABEB
2x635=
1100-1300 Freq Mult |3 x 11.5=30-45 Window

3x 11.5=30-45 Window

Figure 177: Expected Current Values for the +12 V Distribution Blocks

+15V +16 V
Current (mA) Sub-System  |[Current (mA) Sub-System
0-80 AMRs + Window 0.6 FPGA
0-80 NSs
2x 50+ 65=

150-175 DROs + OP Amp
Start = 600-900 | Thermistors +
SS = 500-600 SND CLK

Figure 178: Expected Current Values for the +15 and +16 V Distribution Blocks
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Appendix 11

Table 19: List of Screws Used in HAMMR Instrument

Component Type Size Length |[#Used |Misc

+12and 7V Acopian PSUs Machine CS=82° 8-32 1/2" 4 |Locking

ABEB Chassis SHCS 10-32 3/16" 8 [Locking

AC Power Distribution Machine CS=82° 8-32 3/8" 4 |Locking w/nuts
Acopian PSUs Small Machine CS=82°| 4-40 3/8" 16 |Locking

AMR Back Bracket SHCS 4-40 1/4" 2 |Locking

AMR Block Mounting SHCS 1/4-28 1/2" 23 |Locking w/nuts
AMR Front Bracket SHCS 10-32 3/8" 2 |Locking

AMR Horn Mount Brackets SHCS 8-32 3/8" 3 |Locking

AMR Receiver Mounting SHCS 8-32 1" 24

Buffer Board Chassis SHCS 10-32 3/8" 4 |Locking
Computer Mount SHCS 10-32 3/16" 4 |Locking

FPGA Platform Poles Machine CS=82° 8-32 1/2" 4 |Locking
HAMMR Lid Machine 8-32 1/2" >25 |Mil Spec

Int Computer PSU Mount Machine CS=82° 8-32 1/2" 2 |Locking w/nuts
Motor Controller SHCS 4-40 3/4" 3 |Locking

Motor PSU SHCS M4 8mm 4 |Locking

Op Bench Brackets SHCS 8-32 3/8" 16

Sounder Horn Mount SHCS 2-56 5/8" 3 |Locking
Sounder Horn Mount Bracket [SHCS 8-32 3/8" 4 |Locking
Thermistor ADCs SHCS M3 30 mm 8 |Locking w/nuts
Thermistor ADCs Mounts SHCS 10-32 3/16" 8 [Locking
Tri-freq Horn Mount SHCS 2-56 5/8" 6 |Locking
Tri-freq Horn Mount Bracket [SHCS 8-32 3/8" 4 |Locking

Upper Bench Machine 10-32 1/2" >25 [Mil Spec
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