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The design of the AQ/SAC-D system is to provide a global SSS map every seven days
using a polar-orbiting space-borne, and an active/passive remote sensor. Weekly observations are
combined to produce global measurements of SSS on a monthly basis with a required accuracy
of 0.2 psu (practical salinity unit) at a spatial resolution of 150 km. Figure 1.1 shows a global
image of sea surface measurements provided by the Aquarius instrument during the time period
between August 25, 2011 and July 7, 2012. The color scale is chosen to cover the dynamic range
of SSS with red representing the highest salinity of 40 psu and the purple representing the lowest

salinity of 30 psu.

Figure 1-1 Global image of sea surface temperature during the first 10 months of Aquarius

operation [18].



1.2 Aquarius/ SAC-D

The SAC-D spacecraft carries several instruments, but only two are relevant to this
dissertation, namely: Aquarius and the MicroWave Radiometer (MWR). Figure 1.2 illustrates the
Aquarius/SAC-D in the stowed launch configuration (left hand side panel) and in the deployed
on-orbit configuration (right hand side panel).

The primary SSS remote sensor is Aquarius [2], a combined passive/active L-band
microwave instrument operating at L-band (1.413 GHz, where the brightness temperature Tb is
sensitive to changes in salinity). Because the observed brightness temperature also depends on
surface roughness (ocean waves), Aquarius also includes a scatterometer operating at 1.26 GHz
to provide a critical roughness correction for this effect.

The Aquarius SSS measurements are complemented by a CONAE sensor known as
MWR. This instrument, which operates at 23.8 GHz (K-band) and 36.5 GHz (Ka-band),
measures the ocean brightness temperature (Th) and provides geophysical parameters such as
rain rate, water vapor, ocean surface wind speed, and sea ice that are used to derive accurate sea

surface salinity retrievals.
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Figure 1-2 Stowed and deployed configurations of Aquarius instrument on SAC-D.

1.3 Aquarius Measurement Geometry

Since the Sun is an intense interference noise source at L-band; the AQ/SAC-D was
designed to fly in a 98° inclined, sun-synchronous polar orbit with a sensor viewing away from
the sun (dark side of the day/night terminator) as shown in Fig. 1.3. This orbit satellite assures
that the Sun never crosses the orbit plane thereby reducing the unwanted effects of solar noise
caused by sun glint off the ocean. Further, this repeating ground track orbit results in a global

mapping of SSS in exactly 103 orbits (~7days).



The prime remote sensor of SSS, an active (radar)/passive (radiometer), is also named
Aquarius. For the passive measurement, AQ consists of three Dicke radiometers that measure
microwave brightness temperature in vertical and horizontal polarizations. The three radiometers
are connected to three separate horn antennas that share a common 2.5-m offset parabolic
reflector to produce three spot-beams. These beams view the surface in the cross-track direction
producing three elliptical footprints at earth incident angles (EIA) of 29.3, 38.4 °, and 46.3 ° for
inner (red), middle (green) and outer (yellow) beams respectively [1, 2], and the corresponding
instantaneous field of view (IFOV) are: 79 x 94 km, 84 x120 km, and 96 x 156 km, which results

in a measurement swath of 390 km.
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Figure 1-3 Aquarius footprints and on-orbit geometry



1.4 Dissertation Objective

The objective of this dissertation is the development of an improved version of the
counts-to-Th algorithm (V6.0) for the CONAE MWR Instrument. This research began with the
comprehensive on-orbit evaluation of the previous version of counts-to-Tb algorithm (V5.0S),
which was found to produce anomalous results. Based upon our discoveries, a new algorithm
was developed and was successfully validated using inter-satellite radiometric calibration with
the WindSat satellite radiometer. Results are presented and demonstrate that this new algorithm
(V6.0) is fully compliant with MWR requirements.

This dissertation is organized into six chapters. Chapter 1: Introduction, presents the
dissertation objective and an introduction to the Aquarius/SAC-D Mission. Chapter 2:
MicroWave Radiometer (MWR), describes the MWR science objectives, the instrument design,
and the on-orbit measurement geometry. Chapter 3: MWR Algorithm Counts-to-Th
Development, discusses the MWR algorithm (V5.0S) and presents anomalous Th measurement
performance related to the smear effect and to MWR system non-linearity. Chapter 4:
Development of Counts-to-Tb Algorithm (V6.0), is the focus of this dissertation that describes
innovative solutions to observed Th measurement anomalies. Chapter 5: MicroWave Radiometer
Post Launch Calibration and Validation, describes the post launch calibration and validation
using CFRSL XCAL approach for inter-satellite radiometric comparison with the WindSat
satellite radiometer. Chapter 6: Conclusion and Future Work, presents conclusions and

recommendations for the next generation of counts-to-Tb V7.0 algorithm.



CHAPTER 2
MICROWAVE RADIOMETER (MWR)

2.1 MWR Science Objectives

CONAE developed the MWR science instrument to fly on AQ/SAC-D satellite to
provide the retrieval of relevant geophysical parameters that support the AQ SSS mission
objectives. Specifically, MWR measures simultaneous and spatially collocated brightness
temperatures that are spatially and temporally collocated with the AQ 3-beam IFOV’s. The
choice of radiometer channels (frequencies and polarizations) was selected to retrieve the
following environmental parameters; ocean surface wind speed, oceanic rain rate, integrated
atmospheric water vapor, and sea ice concentration. These geophysical measurements (and other
auxiliary data) are used by the AQ data processing system to derive an accurate sea surface

salinity (SSS).

2.2 The MWR Instrument Description

MWR is a three-channel, push-broom, Dicke radiometer with noise injection for
radiometric calibration, which is similar to the AQ L-band radiometer described by Tanner et al.
[3] and the details of MWR are found in [4]. A simplified block diagram, shown in Fig. 2.1,
consists of five major subsystems, namely; antenna, antenna switch matrix, radiometer receiver,
power detector, and analog-to-digital electronics. Other subsystems, such as electrical power,

thermal control and telemetry, are not germane to this dissertation and are therefore omitted.
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Figure 2-1 MWR radiometer block diagram with two internal calibration

Antenna_Subsystem: The MWR antenna subsystem comprises two parabolic torus reflectors

and associated feeds to produce two push-broom antennas, one looking forward (Ka-band) and
one looking aft (K-band), as shown in Fig. 2.2 (a). Each reflector supports a different frequency
band and a set of eight feed-horns arranged in two rows. The MWR IFOV’s are approximately
50 km resolution and lie on two conical arcs (odd beams with earth incidence angle -EIA- of 52°
and even beams with EIA = 58°) in cross-track direction within the AQ measurement swath. As
shown in Fig. 2.2 (b), the 8 MWR beam footprints overlap the AQ beam swath, thereby

providing greater than Nyquist spatial sampling.
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Antenna Switch Matrix: Three antenna switch matrices (ASM) are used to guide the polarized

Tb signals captured by the feed-horns into the corresponding receivers. For each channel, the
ASM was divided into three layers for a total of seven switches. Four switches were located at
first layer (at the feed horns), two switches at the second layer, and one switch at the input to the
directional coupler, as shown in Fig. 2.3. The ferrite circulator switches (magenta color) are
electronically switched to a particular port by sending positive or negative current pulses to
individual switch drivers to change the magnetic field polarity contained inside the switch. This
results in the microwave propagation being either clockwise or counter clockwise within the
circulator ferrite puck.

Radiometer Receiver and Power Detector: A microwave radiometer antenna delivers a very

weak broadband noise to the receiver with the noise bandwidth higher than the receiver
bandwidth. To make measurements in the desired pass-bands in the receiver, a band pass filter is
used followed by an amplifier to increase the strength of the signal. Next, the desired signal is
extracted by a square-law detector. The square-law output voltage follows the low frequency of
the input power (envelop) and is proportional to the input. Next, the signal passes through an
integrator (low-pass filter) to remove the high frequency fluctuation of the rectified RF noise and
to estimate the mean noise power. Thus, the mean value of the detector output voltage is linearly
proportional to the brightness temperature at the input of the receiver.

Analog-to-Digital Electronics: The first stage of the signal processing electronics is a function

generator, which is a device that contains an oscillator to generate a waveform as an input to the
analog signal. Then an analog signal conditioning is performed to manipulate and make the

analog signal suitable at the input of the analog-to-digital converter where the signal is digitized.
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2.3 MWR Noise Injected Dicke Radiometer

The detailed block diagram of the MWR is shown in Fig. 2.4 [5]. While the MWR
measures 4 polarization states, this dissertation is concerned with only the horizontal and vertical
polarized Th measurement. At each feed there is an ortho-mode transducer (OMT) that separates
the brightness temperature into H-pol and V-pol components, connected to two Dicke
radiometers, which provide mitigation against the detrimental effects of receiver gain
fluctuations [6]. Also, a two point radiometric calibration is provided by using two internal noise
sources with different noise levels: 1) a blackbody waveguide termination at ambient physical

temperature and 2) an active noise diode that produces an equivalent “hot” blackbody source.

11
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Using the three ASM’s, each radiometer receiver time-shares the eight beams
sequentially with a beam integration time of 0.24 s, as illustrated in the MWR timing diagram
shown in Fig. 2.5, where the beam number corresponds to the feed horn number. Since there are
eight beams with an integration time of 0.24 s, each beam is sampled once every 1.92 s. Note
that the 0.24 s integration period is distributed into eight cycles, where each cycle includes
measurements from; antenna, antenna + noise, and reference load. The cycle integration period is
9 ms to obtain a Th, and 8 Tb’s are averaged on-board to yield a single MWR Th measurement
sample for a given beam. The 1 ms interval between two cycles Tb’s is used as a “blanking
interval” (null measurement) to protect MWR from potential radio frequency interference from

the AQ scatterometer transmit pulse [7].

Beam Beam Beam Beam Beam Beam Beam
o 1 F 3 4 5 6

Beam Beam

_‘_
:
of
=
-8
3
~
w

240 ms |-L

Cydle | Cycle | Cycle | Cycle | Cycle | Cyde | Cycle | Cycle | Cycle | Cycle | Cycle | Cyde [ Cycle | Cycle | Cycle [ Cydle
0 3 [ 0 1 2 3 5 7

4

] Te ] S Te ] S S+ Te ] S Ny Te f S Js+Nj Te | S ]S Te | S F5+N) Te | S JS+Nj Te

1 ms (Scatterometer)

10 ms
Antenna .
S |Antennal S+N + Te Dicke
. Load
Noise

Figure 2-5 The MicroWave Radiometer Timing Diagram.

14



Radiometer_Theory: A microwave radiometer is a very sensitive receiver that makes an

absolute measurement of "blackbody emission” power from Earth's surface. The radiometer
average noise power captured by the radiometer antenna is expressed as antenna brightness

temperature and is defined as:

Tb = <P>/kB (2.1)

where <P> is the average noise power collected by the antenna, k is Boltzmann’s constant and B
is the receiver bandwidth.

CONAE MWR is a 3-state Dicke radiometer, and a simplified block diagram of the
instrument is presented above in Fig. 2.1. The scene brightness temperature is captured by a feed
horn and sequentially routed through the switch matrix to a directional coupler and then to the
radiometer receiver input (antenna port of the Dicke switch). The directional coupler allows a
Gaussian noise signal (noise diode of known brightness temperature) to be periodically turned
on/off and then inject noise into the receiver, for radiometric calibration purposes. The Dicke
switch is used to alternately sample the noise collected from the antenna (Dicke switch in
antenna position), the antenna plus noise (Dicke switch in antenna position and noise diode is
on), and the waveguide terminated in a matched load (Dicke switch in reference load position).
After the signal passes through the receiver subsystem, it is detected by the square-law (power)
detector, and this analog output voltage is digitized (using the voltage to frequency converter and
a frequency counter) to produce the digital “Rad_counts” output.

Considering an ideal (total power) radiometer [6], the MWR radiometric transfer function

that relates the output Rad_counts to the radiometer input brightness temperature (T;n) is linear

15



(Fig. 2.6). The slope of the linear regression represents the receiver power gain, which is

independent of the input power. Thus, for the 3-Dicke radiometer states, the output counts are:

C, =Gain*T,, + offset (2.2)
C, =Gain*(T,, +T, ) + offset (2.3)
C, = Gain*T, + offset (2.4)

where C, is the radiometer digital output “antenna counts”, Cy, is the “antenna plus noise” counts,
C, is the “reference load” counts, T, is the physical temperature of the reference load, T, is the
injected noise diode temperature (constant and known), and T, is the brightness temperature at
the antenna port of the Dicke switch.

By subtracting Eq. 2.2 from Eqg. 2.3, the gain is derived as:

(CN _ Ca)
TN

Gain =

(2.5)

where C,, - C, is defined as the noise diode deflection (deflection counts).

For a linear radiometer, the noise diode deflection and noise injection noise are constant
and independent of the scene brightness temperature. From Eq. 2.5, it is concluded that the gain
for a linear radiometer is also constant and independent of the scene brightness temperature.
Using Eq. 2.5 and subtracting Eq. 2.4 from Eq. 2.2, the brightness temperature at the input of the

Dicke switch at the antenna port is:

16



_ (Ca _Co)
" (Cy —C,)

*Ty + T, (2.6)

The next chapter applies the above radiometer theory to a discussion of the counts-to-Th
algorithm V5.0S.
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CHAPTER 3
EVALUATION OF MWR ALGORITHM COUNTS-TO-TB (V5.0S)

A satellite microwave radiometer is a very simple instrument that measures power. It has
no knowledge of the radiometric brightness of the earth scene, nor of which antenna beam is
being sampled, nor of the satellite position in its orbit. In other words, the radiometer only
responds to the magnitude microwave power presented at its input, and its transfer function
(input power to output voltage) is independent of all external factors except the ambient physical
temperature and the applied electrical power supply (voltage/current). Thus, a reasonable test is
to examine the radiometer output voltage (digital counts) under a variety of on-orbit conditions
to assure that this fundamental hypothesis is satisfied.

The initial (pre-launch) MWR counts-to-Th algorithm was developed in 2011 by Biswas
[7]. This research effort included the analysis of the pre-launch laboratory testing, the
development of a statistical regression algorithm (version 2.0) using MWR thermal vacuum
radiometric calibration data, and limited post-launch Tb algorithm calibration/validation
(CAL/VAL) using ~ 90 days of on-orbit data. At the end of this period, a modified Th algorithm
(V2.1) resulted, and within the next 6 months, an improved V5.0 was developed and was used to
provide MWR Tb data for engineering and scientific utilization. It is important to note that the
development of V5.0 is not part of this dissertation; but the Tb validation and the associated
algorithm improvements resulting in V6.0 is. To provide background information, a brief

overview of the development of V5.0 follows.
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3.1 MWR Algorithm Counts-To-Tbh (V5.0)

The V5.0 algorithm was the result of the on-orbit calibration/validation (CAL/VAL)
analysis that occurred during the first 6 months following MWR turn-on (September, 2011 thru
February, 2012). A critical part of this process was the inter-satellite radiometric calibration
(XCAL) [8] with the well calibrated WindSat polarimetric radiometer [9] that was developed by
the Naval Research Laboratory and operates on board the USAF Coriolis satellite.

Fortunately, the MWR channel frequencies and polarizations are a subset of the WindSat
radiometer channels, and the AQ/SAC-D and Coriolis fly in similar sun-synchronous orbits.
Thus, on a weekly basis, the orbits drift with respect to one another such that on average ~ 60%
of MWR data can be collocated with WindSat data, within 1hr as described by Kahn [10].

Since the scientific objectives of MWR support those of the AQ sea surface salinity
mission, the primary MWR Tb validation was for ocean scenes. The polarized (V- & H-pol)
ocean brightness temperature depends on the atmospheric and oceanic environmental
parameters, on the earth incident angle (EIA), and on the channel frequency. Because MWR and
WindSat have different earth incident angles, a theoretical radiative transfer model [8] was used
to adjust the WindSat brightness temperatures at EIA = 53° to the corresponding values of MWR
odd beams (EIA =52°) and even beams (EIA = 58°) before XCAL comparisons were performed.

Further, the design of MWR is a push-broom system with 8 antenna spot beams, which
are time multiplexed into a single receiver (for each of 3 radiometer channels). This time-
division multiplexing is achieved by a 1 x 8 antenna switch matrix (ASM, see Fig. 2.2). Because
the losses in each path are not matched, the radiometric calibration is equivalent to 3 x 8 = 24

separate radiometers.
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The V2.0 Tb algorithm employed a statistical regression using MWR thermal vacuum
radiometric calibration data to find the ASM losses (b-coefficients). The scene brightness

temperature (Tb) received by each MWR feed is calculated using the inverse model:

Ty = by + b,Top + b T2 + b, T, + b, T,, 3.1)

2
n

where T, is the physical temperature of the internal calibration reference load of the
corresponding MWR receiver, Ty = (T1+T2+T3+T4)/4, where T1, T2, T3 are the physical
temperatures of the 3 switch levels in the ASM and T4 is the physical temperature of the antenna
feed-horns. The quadratic term bsTi,> is an ad hoc correction for the radiometer system non-
linearity, and T;, is the MWR antenna temperature at the antenna port of the Dicke switch, which
is computed from the digital counts (Eqg. 2.6).

For V5.0, the coefficients in (Eg. 3.1) were derived from the on-orbit XCAL data. Since
Tin, To, Tay are measured, the WindsSat Tb's adjusted to the MWR EIA’s were used in the
equation to obtain the regression coefficients bl through b5. The WindSat brightness
temperatures include the antenna pattern correction (APC); therefore, no explicit APC correction
to convert Ty to Th is necessary in this version of the calibration algorithm. All the coefficients
are tabulated in Appendix-A.

After collecting several months of on-orbit data, the detailed evaluation of V5.0 revealed
two major anomalies, namely; the “smear effect” and the MWR system non-linearity, which are

described in the following sections.
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