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Abstract—The high-frequency airborne microwave and
millimeter-wave radiometer (HAMMR) is a cross-track scanning
airborne radiometer instrument with 25 channels from 18.7
to 183.3 GHz. HAMMR includes: low-frequency microwave
channels at 18.7, 23.8, and 34.0 GHz at two linear-orthogonal
polarizations; high-frequency millimeter-wave channels at 90, 130
and 168 GHz; and millimeter-wave sounding channels consisting
of eight channels near the 118.75 GHz oxygen absorption line
for temperature profiling and eight additional channels near the
183.31 GHz water vapor absorption line for water vapor profiling.
HAMMR was deployed on a twin otter aircraft for a west coast
flight campaign (WCFC) from November 4-17, 2014. During the
WCFC, HAMMR collected radiometric observations for more
than 53.5 h under diverse atmospheric conditions, including clear
sky, scattered and dense clouds, as well as over a variety of surface
types, including coastal ocean areas, inland water and land. These
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measurements provide a comprehensive dataset to validate the
instrument.

Index Terms—Atmospheric profiling, coastal water vapor,
microwave radiometry millimeter-wave radiometry.

1. INTRODUCTION

HE 2007 U.S. National Research Council (NRC)’s Earth

Science Decadal Survey, entitled “Earth Science and Ap-
plications from Space: National Imperatives for the Next Decade
and Beyond,” [1] recommended the surface water and ocean
topography (SWOT) mission as one of its Tier Il Decadal Survey
Missions. The NRC’s midterm review in 2012, five years after
the Decadal survey, entitled “Earth Science and Applications
from Space: A Midterm Assessment of NASA’s Implementation
of the Decadal Survey,” [2] pointed out that, “the Earth Science
Decadal survey’s Surface Water Ocean Topography (SWOT)
mission is being considered as a multidisciplinary cooperative
international effort that builds on a long-lived and successful
U.S. and French partnership. The SWOT satellite mission will
expand on previous altimetry flights (e.g., TOPEX/Poseidon)
through wide-swath altimetry technology to completely cover
the world’s oceans and fresh water bodies with repeated high-
resolution elevation measurements.” [3]. The SWOT mission is
currently planned to be launched in September 2021 [4].

The SWOT mission has two broad scientific objectives in
oceanography and hydrology. The primary oceanographic goal
is to characterize mesoscale (~5-100 km) and sub-mesoscale
(<5 km) circulation by measuring the sea surface height at a
horizontal spatial resolution of 15 km (over 68% of the world’s
oceans) and a vertical resolution of 1 cm (baseline) to 3 cm
(threshold) [5]. Current constellations of altimeters can resolve
the ocean circulation only at a coarse horizontal spatial resolu-
tion >200 km. However, it is necessary to obtain measurements
at significantly smaller scales to understand the heat and carbon
exchange between the ocean and the atmosphere as well as to
improve knowledge of coastal and internal tides. The primary
hydrological objective of SWOT is to improve measurement of
the water cycle on a global basis. Specifically, the SWOT mission
intends to measure changes in water storage of large inland
bodies with surface area greater than 250 m? and rivers greater
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Fig. 1. HAMMR instrument block diagram indicating which participating
institution is responsible for that subsystem, i.e., CSU in green, JPL in red and
NCAR in blue.

than 100 m width by measuring changes in their surface height
[5]. These measurements of the global change in water storage
and river dynamics are intended to improve understanding of
changes in global fresh water on regional to global scales.

The high-frequency airborne microwave and millimeter-wave
radiometer (HAMMR) was designed with the following pri-
mary objectives: to assess water vapor variability on 10-km
and smaller spatial scales over the ocean and coastal waters;
and to demonstrate high-frequency millimeter-wave radiometry
using both window and sounding channels to improve coastal
and overland retrievals of wet-tropospheric path delay for high-
resolution ocean surface altimetry missions [6]. In addition,
HAMMR was intended to be an instrument available for cal-
ibration and validation (cal/val) programs in preparation for and
during the SWOT mission.

HAMMR is a cross-track scanning airborne radiometer in-
strument, similar in scanning configuration to HAMSR [7], with
25 channels from 18.7 to 183.3 GHz. A block diagram of the
HAMMR instrument is provided in Fig. 1.

HAMMR was jointly designed and fabricated by Col-
orado State University (CSU), the lead institution, and the
NASA/Caltech Jet Propulsion Laboratory (JPL). The University
of California at Los Angeles (UCLA) designed and fabricated
an application-specific integration circuit (ASIC) to serve as
an analog spectrometer for the millimeter-wave temperature
and humidity sounding channels. The offset paraboloidal and
scanning flat reflectors were fabricated under a sub-contract
from CSU to the design and fabrication services (DFS) of the
Earth Observing Laboratory (EOL) of the National Center for
Atmospheric Research (NCAR) in Boulder, CO, USA.

Once the construction and testing phases were completed, the
HAMMR instrument was deployed on a twin otter aircraft during
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Fig.2. HAMMR overview: CAD model showing the principal subsystems of
the HAMMR instrument.

a west coast flight campaign (WCFC) from November 4-17,
2014, during which more than 53.5 h of data were collected.
This flight campaign demonstrated the reliable operation of the
HAMMR instrument from an engineering point of view, raising
the system to technology readiness level 5 [8], as well as acquir-
ing radiometric brightness temperature data to validate the utility
of the HAMMR instrument for earth science measurements.

II. INSTRUMENT DESCRIPTION

HAMMR is a cross-track scanning airborne instrument that
provides two linear-orthogonal polarization microwave mea-
surements at 18.7, 23.8 and 34 GHz used for water vapor re-
trievals, similar to the advanced microwave scanning radiometer
[9], millimeter-wave measurements at 90, 130, and 168 GHz
used to improve spatial resolution of water vapor retrieval near
coastlines, and also measurements near 118.75 GHz and near
183.31 GHz for temperature and water vapor sounding over the
ocean and over land.

HAMMR is designed to fit into a small downward-looking
port on an aircraft. The HAMMR instrument is housed in an
aluminum structure measuring 79 cm long, 52 cm wide, and
73.5 cm tall. It has a total mass of 75 kg. A computer aided
design (CAD) model of HAMMR is provided in Fig. 2.

As shown in Fig. 2, the optical subsystem consists of a
rotating flat reflector for cross-track scanning and a static offset
paraboloidal reflector that collimates the incoming radiation
onto its focal point. The HAMMR scanning direction is per-
pendicular to the flight path, and its nominal scanning rate is
60 Hz. Each scan includes +45° of nadir scene measurements
as well as observations of an ambient blackbody calibration
target at zenith (with regard to the orientation shown in Fig. 2).
HAMMR has three sets of radiometric receivers, each using a
separate feed horn antenna. First, the low-frequency microwave
Dicke-type direct-detection radiometer channels at 18.7, 23.8,
and 34 GHz, based on monolithic microwave integrated circuit
(MMIC) technology, perform observations at both quasi-vertical
and quasi-horizontal polarizations. Second, the millimeter-wave
window channels use Dicke-type direct-detection receivers
at 90, 130, and 168 GHz based on 35-nm gate length InP
high-electron-mobility transistor (HEMT) MMIC low-noise
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amplifiers (LNA) [10], [11]. Third, MMIC-based millimeter-
wave spectrometers measure at eight channels just above
118.75 GHz for temperature profiling and at another eight
channels just below 183.31 GHz for water vapor profiling [12].
The spectrometer is an intermediate frequency (IF) heterodyne
receiver coupled with an ASIC that serves as a filter bank
and down-converts each channel to baseband. Although the
millimeter-wave window channels are not able to sense ra-
diometric emission from the earth’s surface under some cir-
cumstances, their frequencies are chosen to lie between the
temperature absorption lines near 60 GHz and at 118.75 GHz
and the water vapor absorption line at 183.31 GHz. Therefore,
the term “window” is used to differentiate the 90, 130, and 168
GHz channels from the millimeter-wave sounding channels near
the temperature and water vapor absorption peaks.

The command and data handling (C&DH) subsystem is based
on a field programmable gate array (FPGA) that controls the
data acquisition, the radiometer calibration and reads the motor
position from the motor encoder. The acquisition of the radio-
metric channels is performed on signal conditioning printed
circuit boards that integrate and digitize the output of each
channel. Each measurement is time stamped and associated with
a motor position. Additionally, the C&DH reads telemetry data
from 40 onboard thermistors for housekeeping and radiometric
calibration as well as global positioning system location and
platform attitude. All of the measured data are configured and
recorded by an on-board computer.

A. Optical Subsystem

The optical subsystem consists of a flat reflector, an offset
paraboloidal reflector and three feed horns, as shown in Fig. 3.
The flat reflector scans the antenna beams perpendicular to
the direction of flight to perform cross-track scanning. The
paraboloidal reflector reflects and focuses the emission onto the
three feed horns of the three sets of radiometer channels. When
the flat reflector is pointed within +45° of nadir, the emission
from the Earth scene is reflected onto the paraboloidal reflector.
The flat reflector was custom designed to be lightweight and
was fabricated from an aircraft aluminum honeycomb panel
structure. The paraboloid reflector’s front surface geometry was
imported from a CAD model generated by CSU into DFS’
computer-aided-manufacturing software for machining and sur-
facing of the reflective surface.

As shown in Fig. 3(a), the optical system includes a custom-
designed, built-in blackbody target for end-to-end calibration
that provides external calibration during each scan. When the
flat reflector is pointed within +40° of zenith, the emission
from the calibration target is reflected onto the paraboloidal
reflector. The three feed-horn antennas are mounted in the focal
plane of the paraboloidal reflector, with the feed-horn antenna
for the high-frequency millimeter-wave window channels at
the focal point. This feed horn was chosen to be at the focal
point because it has smaller wavelength than the microwave
channels and is therefore more sensitive to small displacements.
The millimeter-wave window channels are the principal new
technology demonstrated in the HAMMR instrument. Fig. 3(b)
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Fig.3. Optical subsystem. (a) Configuration of ambient calibration target, flat
reflector and three feed horn antennas. (b) Optical bench feed horn geometry
with feed horn offsets labeled. Notice that the picture (a) and the diagram
(b) have the same orientation.

shows a diagram of the geometric relationships between the
antennas and the paraboloidal reflector. As shown in Fig. 3(b)
as viewed from earlier, the microwave feed horn is offset by 8
cm to the left, and the millimeter-wave sounding channels by
2.7 cm to the right, of the focal point of the paraboloidal reflec-
tor. Since both the microwave and millimeter-wave sounding
feed-horn antennas are offset from the paraboloidal reflector’s
focal point, the feed-horn beams are not parallel to each other
when exiting the HAMMR chassis aperture. This angular beam
offset was determined theoretically and compensated in the
geo-referencing algorithm. The three feed-horn antennas and
the multichip modules (MCM) for the millimeter-wave window
channels are mounted on a single piece of aluminum referred to
as the optical bench, as shown in Fig. 4.

Since the feed horns are mounted on the optical bench, their
location and orientation are fixed with respect to the chassis,
ensuring the correct optical alignment of the flat reflector,
paraboloidal reflector and feed horns. As a result, the entire
optical assembly can be dismounted from and remounted to the
rest of the HAMMR instrument for testing and debugging.

The half-power beam width (HPBW) of each of HAMMR’s
radiometer channels is given in Table I. As shown in Table I
the 18.7 GHz microwave radiometer channel has the biggest
HPBW. The footprint diameter size of 18.7 GHz channels is
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TABLE I
HALF-POWER BEAM WIDTH OF HAMMR CHANNELS

Channel Half-
Frequency power
(GHz) Beam
Width
18.7 3.46°
23.8 3.06°
34.0 2.14°
90.0 1.36°
130.0 0.44°
168.0 0.34°
118.8 0.95°
183.3 0.67°
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Backead
_USB )
Front-End Control e
UsB)

- Control and Position Data

Temperature Data_ )

RS-485

Radiometer Acquisition System

Fig. 5. Block diagram of the HAMMR C&DH subsystem.

approximately 180 m, when then instrument is deployed in
nominal configuration, i.e., in an aircraft with an altitude of 3 km
above ground level. On the other hand, the best HPBW is for the
168 GHz millimeter window channel, with a footprint diameter
of approximately 20 m in the same conditions.

B. Command and Data Handling Subsystem

The C&DH subsystem provides signal conditioning of the
radiometric channel outputs, digitizes, time stamps and asso-
ciates each measurement with a motor position, and controls the
Dicke and noise diode switches in the radiometer for calibration
purposes. Fig. 5 shows a block diagram of the C&DH subsystem.
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Fig. 6. C&DH subsystem views. (a) ABEB. (b) C&DH board showing the
control signal connectors and the FPGA.

The core of the C&DH subsystem is an FPGA that: controls
the digitization of the analog signals from the radiometers; sends
and receives control signals to and from the radiometers and
motor; and synchronizes the outputs of the HAMMR subsystems
to be stored in the final acquisition files. Fig. 6 shows pictures
of the C&DH subsystem.

The ABEBs, shown in Fig. 6(a), condition the signal, time-
integrate and digitize the radiometer channel outputs using an
FPGA master clock. The digitized output data are sent to the
FPGA and then to an internal computer running a networked
Linux operating system. Each ABEB digitizes up to four chan-
nels. The C&DH subsystem has 7 ABEBs that provide a total of
28 channels of data acquisition for the HAMMR instrument. The
C&DH board, containing the FPGA, generates control signals
for the radiometers, ABEBs, and motor and drives them at the
appropriate voltage levels. The FPGA board is mechanically
and electrically integrated with the C&DH board through a
connector, as shown in Fig. 6(b). In addition, the C&DH sub-
system acquires GPS location and the aircraft attitude in terms
of roll, pitch and yaw using an inertial measurement unit, and
records the thermistor data for housekeeping and radiometric
calibration.

C. Microwave Radiometer Channels

The purpose of the microwave radiometer channels in the
HAMMR instrument is to perform brightness temperature mea-
surements at the same frequencies as the advanced microwave
radiometer (AMR), currently on orbit on both OSTM/Jason-
2 and Jason-3 [13]. The microwave radiometer channels are
Dicke-type direct-detection radiometers, as shown in the block
diagram in Fig. 7.
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The microwave radiometer channels have center frequencies
of 18.7, 23.8, and 34.0 GHz, each measuring at two orthogo-
nal polarizations, for six microwave channels. The cross-track
scanning rotates the polarization basis during the scan. The
two orthogonal polarizations are referred as quasi horizontal
(QH) and quasi vertical (QV) since the instrument optics do
not overlap with the true H and V planes based on the scanner
angle and the offset of the microwave radiometer horn antenna
with respect the focal point. The microwave radiometer feed
horn is followed by an orthomode transducer (OMT) to separate
the QV and QH polarizations. A directional coupler couples
into the receiver the outputs of two noise sources, one for 18.7
and 23.8 GHz and the other for 34.0 GHz, as shown in Fig. 7.
The noise sources are used for internal calibration to determine
the linear relationship between output voltage and measured
antenna temperature in addition to determining the receiver noise
temperature for each channel.

Fig. 8 shows the HAMMR microwave radiometer receiver.
As illustrated, after the signal is converted from waveguide to
microstrip, it is input to a Dicke switch. Band-pass filters (BPF)
are inserted between each low noise amplifier (LNA) stage for
band limiting to avoid saturation. The insertion losses of the
BPFs also help to set the correct power level for the input to
each detector diode.

Noise Source
(18.7 & 23.8)

Radiometer
Receiver (H)
18.7 & 23.8
GHz (| [ 187 Gz
L 238 GHz
To Analog
---------- Back-end
34.0 GHz L >
(H)
Radiometer
Receiver (V) -
18.7 & 23.8
GHz (V) 18.7 GHz
To Analog
23.8 GHz Back-end
34.0 GHz
TABLE II

PERFORMANCE OF QH POLARIZATION MICROWAVE RADIOMETER CHANNELS,
AS MEASURED IN THE LABORATORY

Receiver Noise Pre-Detection
Channel Temperature (K) Bandwidth
Frequency QH (MHz)

[GHz] (Theoretical)
QH
18.7 550 200
23.8 570 400
34.0 620 800

The output of each detector diode is input to a video amplifier,
not shown in Fig. 8, for additional amplification at baseband.
The outputs of each of the microwave radiometer channels are
connected to the inputs of the ABEB using coaxial cables.

Table II shows the measured receiver noise temperature and
theoretical noise equivalent bandwidth for QH microwave chan-
nel measured in the laboratory using the Y-factor method. For
the QV branch, the Y-factor measurement has not been measured
but the receiver noise has been inferred to be similar to the QV
channel, within 4= 15% range. This has been estimated from the
standard deviation of the subtraction of consecutive samples,
to mitigate the effect of gain fluctuation, when the QV channel
was looking at the external calibration target. The QV and QH
channels performance difference is not relevant and might have
two different sources: different front-end losses and different
bandwidth due to fabrication imperfections.

D. Millimeter-Wave Window Channels

Initial design of the millimeter-wave window channels and
the development of laboratory prototypes were completed dur-
ing the ESTO-funded Advanced Component Technology 2008
(ACT-08) project at CSU and JPL [14], [15]. The frequencies
of 90, 130, and 168 GHz were chosen to provide the maximum
amount of information content on wet-tropospheric path delay
[12]. The millimeter-wave window channels have a much larger



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING

PIN-Diode
Directional Seitsh
Coupler

1
—J

WGto MS -

Band Pass

WG toMS Filter (20 GHz)

I
]
:
Multi-Chip Module 1
1
I

Fig. 9. Millimeter-wave window channel block diagram.

bandwidth than the microwave channels and are more sensi-
tive to integrated water vapor. This is because the absorption,
and therefore emission, of the atmosphere is much greater at
millimeter-wave frequencies than at microwave frequencies.
The greater absorption also makes the millimeter-wave frequen-
cies less sensitive to surface emission [16], [17].

The millimeter-wave window channels are Dicke-type direct-
detection radiometers. The block diagram of each of the
millimeter-wave window channels is shown in Fig. 9.

Immediately following the trifrequency, feed horn input is a
directional coupler used for internal calibration of the radiome-
ter. The noise diode is turned on and off by changing its bias,
and the corresponding noise temperatures of these two states
are known values. The difference between the output powers in
each of these two states is called the noise deflection. The noise
deflection for each of the two noise diodes is used to verify
the stability of the calibration [18]. A single-pole double-throw
Dicke-type switch follows the coupler. The switch alternately
connects to the input of the receiver to the antenna port, an
unknown brightness temperature, and to the reference port, a
known brightness temperature, to minimize gain fluctuations.
The termination typically used at the reference port loads the
switch differently from that at the input at the antenna port. To
mitigate this imbalance, a coupler and a noise diode identical
to the one at the antenna port are installed at the reference port.
After the switch, the RF signal is input into an RF chain of
three LNAs, where the second and third are each separated by a
BPF to avoid saturation of the final LNA. The amplified signal is
converted back to waveguide by a microstrip-to-waveguide tran-
sition. Directly after the MCM is a waveguide band definition
filter to set the radiometer receiver’s bandwidth. The filtered RF
signal is directly detected by the detector diode without being
down-converted.

The detector diode converts the RF signal power (input) into a
baseband voltage signal (output) proportional to the input power.
A video amplifier then amplifies the baseband voltage signal
before being output to the ABEB, where it is digitized and
integrated for data processing. Fig. 10(a) shows a photograph
of the 168 GHZ module assembly and Fig. 10(b) shows the
complete window millimeter wave receiver set.

Table III shows the receiver noise temperature and noise
equivalent bandwidth for each millimeter-wave channel mea-
sured in the laboratory using the Y-factor method and stan-
dard gain horn antennas for each waveguide band. In addition,
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Fig. 10. Overview of the millimeter-wave window channel receivers.
(a) Populated multichip module at 168 GHz. (b) Millimeter-wave window
channels at 90, 130, and 168 GHz fully assembled and ready to test. Note that
(b) is not the final hardware arrangement for the airborne instrument.

TABLE III
PERFORMANCE OF MILLIMETER-WAVE RADIOMETER CHANNELS, AS
MEASURED IN THE LABORATORY, ALONG WITH THE OUTER DIMENSIONS AND
MASS OF EACH POPULATED MULTICHIP MODULE

Channel Receiver Noise Pre-Detection
Temperature (K) Bandwidth
Frequency (MHz)
|GHz] (Theoretical)
90 818 8
130 1369 12
168 2142 12
TABLE IV

MILLIMETER-WAVE RADIOMETER OUTER DIMENSIONS AND MASS OF EACH
POPULATED MULTICHIP MODULE

Channel Length Width Height Mass
Frequency (mm) (mm) (mm) (g)
|GHz]
90 74 28 28 523
130 76 25 28 522
168 76 28 28 498

Table IV shows the outer dimensions and mass of each populated
MCM.

E. Millimeter-Wave Window Channels

Unlike the microwave radiometer channels and millimeter-
wave window channels, the sounding radiometers have a
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superheterodyne topology. The block diagram of the millimeter-
wave sounders is shown in Fig. 11.

A quad-ridge feed horn, a single antenna covering the fre-
quency range of 118 to 183 GHz, is connected to the input
of the millimeter-wave sounders. The first block following the
quad-ridge horn contains an OMT and two LNAs. The OMT is
a polarization diplexer that divides the signal into horizontally
(H) polarized and vertically (V) polarized signals. Each of the H
and V signals are then amplified by an LNA.

Since only a single polarization is used for the HAMMR
millimeter-wave sounders, only the H-polarization output is in-
put to the two sounding receivers, and the V-polarization output
is terminated. The output signal from the quad-ridge horn LNA
is split by a waveguide diplexer into the two bands just above
118.75 GHz and just below 183.31 GHz. These two signals are
input to the respective receivers for further amplification, down-
conversion, and power detection. Although the 118 and 183
GHz receivers have different components that operate at their
respective frequencies, their functions are identical. Once the
signal enters the sounding receiver, it is input to a miniaturized
housing referred to as the MMIC low mass/power radiometer
(MIMRAM) [19]. The MIMRAM has two inputs: the RF input
from the quad-ridge horn and the local oscillator (LO) input
for the subharmonic I/Q mixer. Inside the MIMRAM are two
RF LNASs and the subharmonic I/Q mixer for down-conversion.
Even though the mixer produces a double sideband output, the
118 GHz receiver uses only the upper sideband (USB) and the
183 GHz receiver uses only the lower sideband (LSB).

To remove the unused sideband for each receiver, the sub-
harmonic 7/Q mixer first splits the signal into two outputs 90°
out of phase with each other [20]. The I/Q outputs are output
from the MIMRAM to the IF board, shown in Fig. 12.

There are two identical IF chains, one for the 7 signal and the
other for the Q signal. Each IF chain has a low-pass filter and
three IF amplifiers. At the output of the IF board, the signals
travel equal lengths to a 90° hybrid coupler. The 90° hybrid
coupler achieves image rejection through phase cancellation of
the 7 and Q signals, resulting in two single sideband signals (one
USB, one LSB) at the two outputs of the 90° hybrid coupler.

f=14.840 GHz

Fig. 12.

Millimeter-wave sounding channel IF board.

Depending on which sideband is used, the corresponding
output of the 90° hybrid coupler is input to the ASIC spec-
trometer. The ASIC divides the spectrum of the output signal
from the hybrid coupler into eight frequency bands that are
offset in increments of 1 GHz from the center frequencies of
118.75 and 183.31 GHz, as given in Table V. Three of the seven
temperature profiling channels near 118.75 GHz, i.e., the low
IF-frequency outputs given in Table V, are low-pass filtered
directly from the hybrid coupler output instead of being input
into the ASIC. Table V shows the receiver noise temperature and
noise equivalent bandwidth for each millimeter-wave sounder
channel measured in the laboratory using the Y-factor method
and standard gain horn antennas.

III. HAMMR FIRST FLIGHT CAMPAIGN

Following the integration of the HAMMR instrument and
extensive ground testing, initial engineering flight tests were
conducted at Lake Powell, UT, USA, in July 2014. Then, a
WCEFC was conducted between November 4 and 17, 2014.

The primary goal of WCFC was to collect radiometric ob-
servations for atmospheric water vapor retrievals onboard Twin
Otter aircraft cruising at a maximum altitude of 3 km. Fig. 13(a)
shows the process of integration of the HAMMR instrument on
the Twin Otter aircraft.
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TABLE V
PERFORMANCE OF MILLIMETER-WAVE SOUNDING CHANNELS, AS MEASURED
IN THE LABORATORY, ALONG WITH OFFSET FROM CHANNEL CENTER
FREQUENCIES AND BANDWIDTH

Channel Receiver Noise Pre-Dete.ction
Temperature (K) Bandwidth
Frequency (GHz)
|GHz| (Theoretical)
118.75+0 1233 0.2
118.75+0.25 1243 0.2
118.75+0.5 1223 0.3
118.75+1 1263 0.5
118.75+2 1265 1
118.75+3 1258 1
118.75+7 1361 1
183.31-1 1553 0.5
183.31-2 1534 1
183.31-3 1580 1
183.31-4 1635 1
183.31-5 1614 1
183.31-6 1633 1
183.31-7 1622 1

race S b -
HAMMR with ! 71
Twin Otter o ;
(a)

Fig. 13.  'WCEFC overview. (a) Integration of the HAMMR instrument into the
port on the Twin Otter Aircraft. (b) Flight paths during the HAMMR WCFC
from November 4-17, 2014.

The HAMMR instrument operated successfully to collect
more than 53.5 h of data during the WCFC under diverse
atmospheric conditions, including clear sky, scattered and dense
clouds, as well as a variety of surface types, including coastal
ocean areas, inland water and land, as shown in Fig. 14. The
WCEFC began and ended at Twin Otter International, Ltd., Grand

Junction, CO, USA. The flight path of the WCFC measurements
is shown on Fig. 13(b).

Five flight days out of 11 were devoted to traversing nearly
the entire West coast of the U.S., with overnight bases in Ca-
marillo, CA, USA; Stockton, CA, USA; and Salem, OR, USA.
HAMMR also performed radiometric measurements over inland
waterways, in particular the San Joaquin River Delta (extending
inland from San Francisco Bay), CA, USA, and the Strait of
Juan de Fuca (leading to Puget Sound), WA, USA.

Some of the coastal and inland water areas were overflown
multiple times at different times of the day to perform mea-
surements under a variety of atmospheric conditions, including
clear sky, clouds and fog. Finally, the majority of two flight days
was devoted to overflights of Lake Tahoe, CA/NV, USA, and
Mono Lake, CA, USA, along with the AirSWOT radar, which
overflew the same two lakes on a King Air B-200, significantly
higher and faster than the Twin Otter [21]. The AirSWOT radar
is an airborne demonstration instrument for the KaRIn (Ka-band
Radar Interferometer) for the SWOT mission.

A. Radiometric Calibration Strategy

Pre- and postflight ground calibrations were performed 18
times throughout the WCFC using a separate calibration target
(external to the HAMMR instrument) consisting of a microwave
absorber soaked with liquid nitrogen (LN2) (cold load) at the
nadir-looking position, as well as the HAMMR built-in black-
body target for end-to-end calibration at ambient temperature
(warm load) at the zenith-looking position. Ground calibrations
were taken at various elevations above mean sea level and at
a variety of ambient physical temperatures to determine the
receiver noise temperatures of the 25 channels under different
environmental conditions.

The basic radiometric calibration equation for a scanning
radiometer such as HAMMR is provided in.

Tant = Gy (t, T) * Vant — Trec, (T) [K] (H

where

1) j is the jth revolution of the scanning motor.

2) Trec, (T') is the equivalent receiver noise temperature, and
can be modeled as a function of receiver temperature based
on the external pre and post flight LN2 calibration series.
It is updated once per scan based on physical temperature
of the receiver.

3) G,(t,T) depends not only on physical temperature but
also on time, so this value is calculated from the mea-
surements instead of from a model. This coefficient is
calculated using a single point calibration, as Py(t) =
(VExtCal(t)7 TExtCal(t))a where VExtcal(t) is the internal
calibration target voltage measurement for an angular
range from +5° to —5°, and Trxical(t) is the spatial
average of the physical temperature of the calibration
target in the radiometer measured by eight thermistors
distributed inside the calibration target. It is updated once
per scan. Since this is an end-to-end calibration, it takes
into account the antenna loses. The external calibration can
be characterized as shown in (2), and after some algebraic
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(d)

Fig. 14.

(b)

Various atmospheric conditions observed during the WCFC in 2014. (a) Near Camarillo, CA, USA, November 5. (b) Near Salem, OR, USA November 7,

(c) Near Port Angeles, WA, USA, November 10. (d), (e) Near Eureka, CA, November 11. (f) Over Lake Tahoe, CA/NV, USA, November 12.

manipulation, the calibration gain is determined as shown
in (3)

TExtCal (t) = Gj (ta T) * VExtCal (t) - TreCj (T) [K]
(2)

Trxtcal (t) + Trec; (T
Gy(t, 1) = Doea W Do, ) ey )

Vextcal (t)

Both calibration coefficients, G;(t, T') and Ty, (T'), are
updated each scan based on a single point calibration from the
built-in external calibration target and physical temperature of
the receiver, respectively.

A Tiec; (T) model is developed using the 18 ground calibra-
tion points dataset using the equations shown

(Tambs — Trn,)
(Vamb - VLNg)

TrecLN2 - GLN2 * Vamb - Tamb [K] (5)

[K/v] “4)

Grne =

where

1) G2 is the calibration gain in Kelvin/volt.

2) Tiecr.N2 18 the radiometer noise equivalent temperature in
Kelvin.

3) TiN2 is the physical temperature of the liquid nitrogen in
Kelvin.

4) Tomp is the physical temperature of the built-in blackbody
target for end-to-end calibration in Kelvin.

5) Vame is the antenna voltage measured when pointing to
the built-in blackbody target for end-to-end calibration.
This value is averaged over an angular range of +5° to
—5° from zenith.

6) V1w, istheantenna voltage measured when pointing to the
separate LN2 external calibration target in volts, averaged
over an angular range of 4+5° to —5 from nadir.

For both, V,,,,;, and VN2, averaging over the angular range

considers the fact that the angular offset due to the antenna

horn may is not the focal point for the microwave and sounders
channels. The results of the 18 ground calibrations showed
that the gain and receiver noise temperature of each of the 25
channels is linearly related to the physical temperature of the
corresponding radiometer front-end, as shown in Fig. 15.

A linear best fit is used to obtain a model of the receiver noise
as a function of the physical temperature of the corresponding
radiometer front-end.

The small residuals of the best-fit curves obtained for all
channels are given in Table VI. Residuals include both ra-
diometer noise and errors from the calibration setup procedure
when performing the calibration. The fitting lines started the
assumption that the gain and receiver noise depend only on the
temperature of the receiver. This was corroborated when none
of the other collected parameters such as atmospheric humidity,
pressure, temperature, altitude, and time of the day show any
type of correlation with gain and receiver noise. Residuals are
considered noise in the calibration procedure, i.e., a measure-
ment on how confident we are on the 18 ground points collected
Tcold-Thot external calibration points. As given in Table VI,
low values of the residuals indicate a high degree of consistency
of the recorded data and that the radiometer front-end physical
temperature explains the gain and receiver noise well, indicating
that the instrument is performing as expected.

The final calibration equation allows more frequent calibra-
tion, once per calibration sequence, much faster than once per
second. This means that the calibration coefficients are updated
every 5 ms for the millimeter-wave channels and every 123 ms
for the microwave channels. There is no change for the sounders
since the sounding receivers do not have a Dicke switch or the
ability to inject noise at the input of the RF chain. The final
calibration is obtained using (6) [22]

Ta = Grery,; * Va (£) = Tree; (T) [K] ©)

where
1) j is the jth revolution of the scanning motor.
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T,ec Vs Temperature for MMW_90_GHz TABLE VII
13 HAMMR NEAT MEASURED FROM THE DATA FOR INTEGRATION TIME 7 =
2.78 MS FOR Tapt = 290 K (CALIBRATION TARGET)
12 = 0.0032*T+0.93, R:0.342%
§ 3 Channel Measured Radiometer
N * . Frequency Uncertainty Theoretical
g ' : e [GHz] QV|QH [K] NEAT [K]
2 18.7 131]1.34 127
= os 23.8 0.87/0.87 0.82
. 34.0 0.99/0.81 0.70
90 0.76 0.57
0675 0 5 10 15 20 25 30 35 40 130 196 063
Ten receiver [C] 168 338 0.76
(@) 118.75+0 2.62 2.08
Gain vs Temperature for MMW_90_GHz
. 118.75+0.25 2.39 2.09
* o Calibration Gain 118.75+0.5 1.79 1.69
12 - 0.0024*T+0.95, R:0.396%
118.75+1 1.89 1.34
gn . 118.75+2 242 0.95
8 ol L 118.75+3 1.66 0.94
2 118.75+7 2.44 1.01
S 183.31-1 1.63 1.59
O o8
183.31-2 1.42 1.12
i 183.31-3 2.18 1.14
05—5 0 5 10 15 20 25 30 35 40 18331_4 164 117
Ton receiver [C] 183.31-5 1.72 1.16
(b) 183.31-6 2.07 1.17
183.31-7 1.60 1.16

Fig. 15. Two-point ground calibration during WCFC: Linear fit for the 90

GHz channel of (a) receiver noise temperature and (b) normalized gain. Notice .. . . . . . .
that the gain is only shown for comprehension, but the model is not used for the 2) i s the ith calibration sequence durmg the jth revolution

final calibration. of the scanning motor.
3) Trec, (T') is the equivalent radiometer noise temperature,
and can be modeled as a function of radiometer front-end

TABLE VI : : .
RESIDUALS OF THE NORMALIZED CALIBRATION GAIN AND RECEIVER NOISE phySlcal. temP eratu1je using the model obtained from the
TEMPERATURE WITH RESPECT TO SYSTEM TEMPERATURE LN2 calibration series.
4) GREF].J is the gain calculated using the Dicke reference,
Channel Normalized Gain Receiver Noise and is calculated as shown in.
Frequenc Fit Residuals (%) Fit Residuals
[((}lﬂz] ' QH | QV ’ (%) TrEFgcca,; T Trec; (1)
QH | QV GREF,,; = v
18.7 0.5001 [ 0.4077 0.13790.1761 REF;
23.8 1.0938 | 0.4377 0.16270.2544 = Grxical, (t, T) * Rrgr,, [K/v]  (7)
34.0 0.2497 1 0.7254 0.137910.1761
90 0.3956 0.6386 where
130 0.3419 0.4752 1) TREFEXtCalj + Trecj (T) = GEXtCalj (t7 T) * VREFEMCM‘7
168 05671 0.5489 is the measured equivalent noise temperature when the
118750 5125 3524 Dicke switch is pointing to the reference load while the
118754025 5185 3260 antenna is looking at the built-in blackbody target for
118.75+0.5 4581 3351 end-to-end calibration during the jth revolution of the
118.75+1 4720 2.099 scanning motor. This value is averaged over arange of 4-5°
118.75+2 4.818 1.485 to —5° zenith angle. This value is updated once per scan.
118.75+3 4.800 2.035 2) GExtcal, (t,T) is the calibration coefficient calculated
118.75+7 4230 1385 using the built-in blackbody target for end-to-end calibra-
183.31-1 0.969 0.875 tion, as shown in (4). This value is updated once per scan.
183.31-2 0.901 0.809 3) VREFg. .. 1S the voltage of the of the Dicke reference
183.31-3 1.906 1.020 load when fookjng at the built-in blackbody target for end-
183.31-4 1.496 0.856 to-end calibration averaged over a range of +5° to —5°
183.31-5 2.386 0.926 zenith angle. This value is updated once per scan.
183.31-6 2.299 1.371 4) Vrgr, is the voltage of the of the Dicke reference load for
183.31-7 2.552 0.863 the ith calibration sequence during the jth revolution of




This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

BOSCH-LLUIS et al.: INSTRUMENT DESIGN AND PERFORMANCE OF THE HAMMR

(a)

Antenna Temperature for Microwave 18 GHz First Stokes Antenna Temperature for Microwave 24 GHz First Stokes Antenna for Microwave 34 GHz First Stokes
200 200 1200
18.7 GHz 1 23.8 GHz 165 34.0 GHz s
4198 H 1198 4198
Bolinas, CA, USAN | - .
4196 4196 196
by : ' w2 o Z .
© 4194 o © 4194 © 4194 .
-1 i -] ]
2 % G- ws_ E L. E] -
S a2 g 2 g 3 2192 A ud |
3 % % o) )_; 3 3 o T =
3 N N - : g
S a190 A 132 4190 e
5 . - £ % < »- = B, 153
5 5 5 4 "
Z a8 120 % a1ss 150 Z q88 5 150
g g g
4186 . 4186 4186 &
126 147 147
184 184 1184
123 144 104
82 ne2 182
520 525 530 5 520 525 530 5 520 535
Km East of Longitude 126" W UTM Zone: 10 Km East of Longitude 126° W UTM Zone: 108 Km East of Longitude 126° W DT T 106
(b) (© (d)
Antenna Temperature for Millimeter-wave 90 GHz — Antenna Temperature for Millimeter-wave 130 GHz Antenna Temperature for Millimeter-wave 168 GHz
) o S | 00 4200
90 GHz 130 GHz 168 GHz 200
s 4198
198 275 a108 50
4196 4196 4196 2675
250
z . %25
5 nm 5 n 5 a1 265.0
H 225 g 500
s a9 g Z w92 - R s
3 ok 3 £3 bt |
= - & 24758 5
= o 25 2 a0 2
5 ~ £ £ 260.0
- 2075
Z uss Z s 450 2 niss
g g w 2 2575
4186 Clouds 250 4186 2425 4186
255.0
4184 2125 4184 2400 184
182 4182 4182 #25
520 525 530 5 520 525 520 525 535
Km East of Longitude 126 W UTM Zone: 105 Km East of Longitude 126° W UTM Zone: 105 Km East of Longitude 126° W UTM Zasari 08,
(© ® (2
Geo-referenced Antenna Temperature for SND_118+5 GHz Geo-referenced Antenna Temperature for SND_118+4 GHz
21 2625 4200 275 Geo-referenced Antenna Temperature for SND 1838 GHz
T o S | ol
118.75+ 4.0 GHz 118.75+ 5.0 GHz
a198 oo 4198 2650 183.31-8 GHz
4198 290.0
4196 4196
2575 %25 419 s
g 4104 Rl H
—‘_E_ 255.0 = 260.0 5 e 285.0
° a9 5 5
3 E £sum P
3 w190 =255 3 mrsy 3 s
z 3 a0 3 4190
£ . £ 550
S 250.0 S 55. H 280.0
Z 4188, Z 4188, 2 a8,
186 u75 . 252 oo N
184 250 1184 2500 4184 275.0
20 525 30 55 20 5 20 =5 50
East of lon. 118.51° W [km] UTM Zone: 108 East of lon. 118.51° W [km] UTM Zone: 105 East of lon. 118.51° W [km] UTM Zone: 105
(h) (1) )

Fig. 16.

Geo-referenced HAMMR-measured antenna temperatures over (a) Marin County, CA, USA. Multispectral view of the same scene. First Stokes parameters

for channels (b) 18.7, (c) 23.8 and (d) 34.0 GHz channels, the millimeter-wave window (e) 90, (f) 130, and (g) 168 GHz channels, which is saturated due to the
atmospheric humidity. Temperature sounder channels (h) 118.75-4 GHz and (i) 118.75 4+ 5 GHz. Finally a single sample for the water vapor sounder at (j) 183.31-8,

which is also saturated due to water vapor content in the atmosphere.

the scanning motor. Therefore, this value is updated each
calibration sequence (every 5 ms for the millimeter-wave
channels and every 123 ms for the microwave channels).
Furthermore, this value is averaged to reduce the measure-
ment noise using a moving window.

5) Rggr,,; is the ratio of Vrprp,,c., and Veer, ie.

RREF; ; = VREFgaca, / VREF, -

B. Data-Driven Radiometric Resolution

The NEAT is defined by ISO and the Guide to the expres-
sion of uncertainty in measurement as a type A measurement

uncertainty [23]. The radiometric resolution (NEAT) for each
channel of the HAMMR instrument is given in Table VII for an
integration time 7 = 2.78 ms and 290 K TanT. Antenna duty
cycle is 50% for the microwave, 48% for the millimeter-wave
window channels and 100% for the millimeter-wave sounding
channels.

A comparison between the theoretical NEAT values and the
measured ones is given in Table VII. The channels showing
substantial disagreement between measured and expected values
are the 130 and 168 GHz window millimeter-wave channels.
This was caused by the LNA 1/f noise due to a sub-optimal
choice of the duration of the calibration cycle, resulting in an
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increase in measured NEAT over the theoretical value of a factor
of three or more.

As demonstrated afterward in [24], radiometers achieve the
theoretical NEAT when the effect of 1/f noise is minimized
by switching between the antenna and the Dicke reference
load at 1 kHz rate with 50% duty cycle. Furthermore, there is
a disagreement between the theoretical and measured values
for the millimeter-wave sounders. This is due to the fact that
the down-converted signal is send to an external SMA power
detector and low pass filter, then send to the ABEBs where the
signal is finally video amplified, integrated and digitized. The
SMA cables between the down-converter and the video amplifier
allow external noise to couple in, resulting in a degradation of
the NEAT performance. This can be solved by moving the video
amplifiers inside the down-converter box. These radiometric
resolution (NEAT) values do not consider spatial averaging,
which is necessary and substantially reduces the noise.

C. Geo-Referenced Antenna Temperature

Fig. 16(a) shows an optical image for the measured scene to
provide geographic context. The rest of the Fig. 16 shows an-
tenna temperature multispectral information of an atmospheric
state that contains clouds on November 11, 2014. The im-
ages are obtained by scanning for from —45° to 445° nadir
defined angles. The first Stokes parameter for the microwave
channels are presented [23], which accounts for any angular
dependence with the measurement geometry. Channels 168 and
183.31-8 GHz are saturated due to the high water vapor content
of the atmosphere.

The improved spatial resolution obtained using the
millimeter-wave channels is shown in comparison to the mi-
crowave channels. Also, the level of detail in the 90 GHz image is
observable due to its higher spatial resolution (nadir resolution of
25 x 36 m). In contrast, the 34 GHz image has blurred transitions
between land and the sea, indicating a lower spatial resolution
(nadir resolution of 159 x 224 m).

IV. SUMMARY AND CONCLUSION

The 25-channel, cross-track scanning HAMMR instrument
was designed, built, tested and demonstrated on a Twin Otter
aircraft as a collaborative effort between CSU, the lead institu-
tion, and the JPL. HAMMR consists of three sets of radiometer
channels, the newly-developed high-frequency millimeter-wave
window channels (90, 130, and 168 GHz), millimeter-wave
sounding channels (near 118 and 183 GHz), and low-frequency
microwave channels (18.7, 23.8, and 34.0 GHz), similar to the
AMR instrument on OSTM/Jason-2 and Jason-3.

The HAMMR instrument was deployed on a Twin Otter
aircraft during the WCFC from November 4—17, 2014. This
campaign provided more than 53.5 h of observations from
HAMMR under diverse atmospheric conditions, including clear
sky, scattered and dense clouds, as well as a variety of surface
types, including coastal ocean areas, inland water and land.

In the future, the HAMMR instrument is capable of serving
a number of functions for NASA Earth Science. Deployed
with AirSWOT, it could provide measurements of the wet

tropospheric path delay reducing any ambiguities from the
wet tropospheric correction in interpretation of the radar data,
thereby improving understanding of the AirSWOT performance
and the SWOT error budget. The broad frequency coverage
and high spatial resolution of HAMMR also make it ideal for
science-focused campaigns in the areas of weather, water and
energy cycles and climate variability and change. In addition,
the HAMMR instrument can provide high-spatial resolution
measurements of atmospheric water vapor profile, atmospheric
temperature profile, ocean surface wind speed, sea ice charac-
terization and extent, snow water equivalent, and soil moisture
over bare and lightly vegetated soils.
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