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ABSTRACT

A METHODOLOGY FOR THE DESIGN OF SPACEBORNE

PENCIL-BEAM SCATTEROMETER SYSTEMS

Michael W. Spencer
Electrical and Computer Engineering

Doctor of Philosophy

Spaceborne scatterometer instruments are important tools for the remote
sensing of the Earth’s environment. In addition to the primary goal of measuring
ocean winds, data from scatterometers have proven useful in the study of a variety of
land and cryosphere processes as well. Several satellites carrying scatterometers have
flown in the last two decades. These previous systems have been “fan-beam” scat-
terometers, where multiple antennas placed in fixed positions are used. The fan-beam
scatterometer approach, however, has disadvantages which limit its utility for future
missions. An alternate approach, the conically-scanning “pencil-beam” scatterometer
technique, alleviates many of the problems encountered with earlier systems and pro-
vides additional measurement capability. Due to these advantages, the pencil-beam
approach has been selected by NASA as the basis for future scatterometer missions.
Whereas the fan-beam approach is mature and well understood, there is a need for a

fundamental study of the unique aspects of the pencil-beam technique.



In this dissertation, a comprehensive treatment of the design issues associ-
ated with pencil-beam scatterometers is presented. A new methodology is established
for evaluating and optimizing the performance of conically-scanning radar systems.
Employing this methodology, key results are developed and used in the design of
the SeaWinds instrument — NASA’s first pencil-beam scatterometer. Further, the
theoretical framework presented in this study is used to propose new scatterometer
techniques which will significantly improve the spatial resolution and measurement

accuracy of future instruments.
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Chapter 1

Introduction

1.1 Radar Remote Sensing of the Environment

Remote sensing of the environment from space is becoming an increasingly
important tool for researchers studying this planet and its physical processes. Data
from Earth-orbiting satellites contribute to such diverse fields as geology, oceanog-
raphy, meteorology, climatology, archeology, agriculture, and urban planning. Re-
searchers seek not only to understand natural geophysical processes, but also en-
deavor to assess man’s impact on the environment. Critical issues confronting Earth
scientists include the prediction of natural hazards (such as earthquakes and severe
weather events), global warming, ozone depletion, and tropical forest reduction. The
science of remote sensing involves the determination of geophysical parameters from
electromagnetic radiation that is either reflected from or emitted by the Earth’s sur-
face. Sensing systems have been developed which operate from the radio to the
ultraviolet region of the electromagnetic spectrum.

An important class of remote sensing devices employs radar [15, 95]. In
radar remote sensing, the Earth is illuminated with a microwave frequency signal,
and the resulting reflection from the surface is detected. The characteristics of the
reflected signal are a function of the surface electromagnetic scattering properties,
which are, in turn, related to various geophysical parameters of interest. In addition
to the unique phenomenologies that a radar can observe, other advantages of active
microwave remote sensing include the ability to make measurements at night and

through cloud cover.



1.2 Scatterometer Measurements

An important class of radar instrument, and the focus of this dissertation,
is the scatterometer. A scatterometer is a sensor specifically designed to precisely
measure the normalized backscatter cross-section (¢°) of the Earth’s surface [15, 95].
In this section, an overview of scatterometer applications is presented. In order to mo-
tivate the problems addressed throughout this dissertation, key challenges confronting

future scatterometer designers are also discussed.

1.2.1 Current Scatterometer Applications

The main purpose of scatterometers has been to determine ocean surface
wind speed and direction. The wind speed can be determined by a microwave radar
because higher winds produces a larger 0° on the ocean surface. The wind direction
can also be inferred because o varies as a function of illumination azimuth angle —i.e.,
observed backscatter is larger when the radar is looking “up-wind” or “down-wind” as
opposed to “cross-wind.” Consequently, backscatter data from a radar which views a
given point on the ocean from multiple azimuth directions can be used to determine
the surface wind vector. Scatterometer wind data has contributed significantly to the
scientific study of air/sea interaction, storms, and global climate phenomena such as
El Nino (8, 42, 57]. Scatterometer winds are also being used operationally to improve
the fidelity of numerical weather forecasts [2, 6].

In addition to ocean winds, scatterometer backscatter data is being ap-
plied to an expanding list of land and ice applications. Although the spatial reso-
lution achieved is much lower than that of synthetic-aperture radar (SAR) systems,
scatterometers have proven advantageous in these research areas because of (1) the
frequent Earth coverage associated with the wide scatterometer swath, and (2) ex-
cellent radiometric calibration stability which enables the detection of subtle climate
change signatures [81, 101]. Examples of new scatterometer applications include po-
lar ice mapping and classification [28, 55], snow coverage and depth analysis [65, 100],

soil freeze/freeze thaw tracking [76, 99], vegetation classification and change studies



Wind Speed (m/s)

GOES 8 IR4 (19990913T1109)

Figure 1.1: SeaWinds scatterometer wind field overlaid on cloud image of hurricane
Floyd, September 1999.

[22, 50], flooding [66], and soil moisture retrieval [97]. Indeed, the scatterometer is

becoming a true general purpose global climate sensing device.

1.2.2 Design Challenges for Future Scatterometers

As the scientific application of scatterometer data expands, so does the
need for better scatterometer instrument designs. A key area of present interest is
spatial resolution improvement. Current scatterometer systems have inherent spatial
resolution on the order of 25 km, which is too coarse for many geophysical applica-
tions. An order of magnitude improvement in resolution is required to observe many
phenomenologically significant mesoscale wind features associated with storms and in

coastal waters [20, 70]. For land and ice applications, spatial resolution comparable



Figure 1.2: Backscatter image of the Amazon region of South America from NSCAT
data.

to current visible/IR and SAR imaging sensors — on the order of 1 km — is desired to
address such issues as flooding, ecosystem boundaries, snow cover, and sea ice extent
[5, 76, 90].

In addition to spatial resolution, there is a desire to improve the quality
of geophysical parameters derived from the scatterometer measurements. Because
the accuracy of a given geophysical parameter (such as wind, soil moisture, etc.) is
directly related to the accuracy with which the surface backscatter is measured, a key
scatterometer design challenge is the reduction of backscatter measurement variance.
The ability to detect different scattering phenomena can also be used to improve
the quality of the ultimate geophysical product. Whereas current scatterometers

measure only the co-polarized backscatter from the surface, it has been shown that



polarimetric measurements of both the co- and cross-polarized returns simultaneously
can dramatically improve ocean surface wind retrievals [93, 104]. Naturally, along
with these enhancements to scatterometer performance, future design concepts must

be both technologically feasible and compatible with realizable spacecraft.

1.3 Scatterometer Design Approaches

To date, two fundamentally different strategies for scatterometer design
have emerged: the “fan-beam” approach, employed by earlier instruments, and the
“pencil-beam” approach, a relatively new technique which shows promise for many

future applications. The features of these approaches are described in turn.

1.3.1 Fan-Beam Scatterometers

The first radar instrument to thoroughly demonstrate the feasibility of
wind measurement from space was the Seasat-A Scatterometer System (SASS) which
was flown aboard the Seasat mission in 1978 [24]. The SASS instrument employed
a “fan-beam” antenna approach. With the fan-beam design, several fixed antennas
are used to cast long, narrow illumination patterns at the multiple azimuth angles
required for wind retrieval [see Fig. 1.3(a)]. The narrow width of the antenna beam
pattern provides resolution in one dimension, and Doppler or range filtering is em-
ployed to provide resolution in the long dimension of the footprint. As shown in
Fig. 1.3(a), each point on the ground is viewed from different azimuth angles (cor-
responding to the different antennas on either side of the spacecraft) as the satellite
flies by.

The SASS mission demonstrated the validity of the scatterometer wind
technique and the utility of the resulting wind data. Due to this success, other fan-
beam systems have been developed and flown during the last decade. These have
included the C-Band scatterometer aboard the European Remote Sensing Satellite
series (ERS-1 and -2) and the Ku-Band NASA Scatterometer (NSCAT) which flew
aboard the Japanese Advanced Earth Observation Satellite (ADEOS-I) [3, 64].
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Figure 1.3: Conceptual diagram of scatterometer system options: a) Multiple antenna
“fan-beam” wind scatterometer, b) Conically scanning “pencil-beam” scatterometer.



Although extremely successful, fan-beam systems suffer from several dis-
advantages that make them difficult to implement and limit the quality of data they
collect [81]. The first disadvantage is the requirement for multiple antennas. These
large (typically longer than three meters) antennas generally require complex de-
ployment mechanisms, and wide, unobstructed fields-of-view. Consequently, these
systems are difficult and expensive to accommodate aboard spacecraft. A second
disadvantage is that the backscatter measurements obtained with fan-beam systems
cover a wide range of surface incidence angles. Because scattering phenomenology —
and ultimately the geophysical interpretation of the backscatter data — changes as a
function of incidence angle, the retrieval of environmental parameters is thus made
more difficult [21, 68]. For wind applications there is even a low incidence angle re-
gion near nadir where wind vectors can not be effectively be retrieved at all. This
“nadir-gap” limits Earth coverage and causes discontinuities in the measurements of

large scale features [21].

1.3.2 Pencil-Beam Scatterometers

An alternate scatterometer design, which alleviates many of the disadvan-
tages encountered with the fan-beam technique, is the “pencil-beam” approach. In
contrast to fan-beam systems, pencil-beam systems employ a single antenna which
is conically scanned about the nadir axis to provide multiple azimuth measurements
[see Fig 1.3(b)] [15, 21, 81]. Pencil-beam systems designed to measure ocean wind
illuminate the surface with two beams slightly offset in angle: an “inner” beam and
an “outer” beam. With this configuration, each point on the surface is viewed from
up to four different azimuth directions — twice by the inner beam looking forward
then aft, and twice by the outer beam in the same fashion.

Because the pencil-beam approach employs a single, more compact an-
tenna, it is easier to accommodate on a variety of spacecraft. This is a significant
advantage in an era when smaller, lighter spacecraft are mandated. Also, because the
pencil-beam approach views the surface at one or two discrete incidence angles, geo-

physical interpretation of data is simplified and there is no nadir-gap where wind can



not be retrieved [21]. Because of the these and other advantages, NASA has selected
the pencil-beam architecture for future Ku-Band scatterometer missions [21, 86].
Whereas the fan-beam approach has been flown on multiple missions over
two decades and has been thoroughly studied, there has been significantly less re-
search directed toward the unique aspects of the pencil-beam technique. Although
an experimental sensor was flown on Skylab in the early 1970’s and several proposals
for flying a pencil-beam instrument have been advanced over the years, it is only
relatively recently that serious plans have been made to fly such a system [48, 58, 64].
As the advantages of this promising approach become apparent in the Earth science
community, there is a strong need for further research in the area of pencil-beam

scatterometer design theory.

1.4 Problem Definition, Contributions, and Dissertation Overview

This dissertation addresses the need for a detailed study of the pencil-beam
scatterometer problem. Here, a comprehensive methodology is developed for the
design and performance optimization of advanced conically-scanning scatterometer
systems. This represents the first instance in which the pencil-beam approach has
been treated in a comprehensive fashion, and expands the existing body of radar
remote sensing theory to cover this increasingly important case. As a key component
of this study, the utility of this methodology is demonstrated with “real world” design
examples. These include contributions made to the development of the SeaWinds
scatterometer system, which has been successfully demonstrated in orbit. Further,
the design framework established here is used as a basis to propose new pencil-beam
techniques which significantly improve upon the resolution and accuracy achieved

with previous scatterometer systems.

1.4.1 Contributions
A list of the key contributions from this study is summarized below:

1. An integrated summary of design issues and tradeoffs which are unique to

conically-scanning pencil-beam scatterometers is presented. Addressing each
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of these issues in turn, a design framework which facilitates the development of

advanced scatterometer instruments is developed.

. A generalized expression for the spatial response function (SRF) of a conically
scanning radar is formulated. The SRF is demonstrated to be a valuable tool
in analyzing the resolution and measurement accuracy performance of a variety
of pencil-beam scatterometer implementations. (Results are reported in IEEE

Transactions on Geoscience and Remote Sensing [87].)

. Methods are established for improving the measurement accuracy of beamwidth-
limited scatterometers by employing transmit pulse modulation techniques.
These methods were adopted by NASA in the original design of the Sea Winds
instrument. (Results are reported in IEEE Transactions on Geoscience and

Remote Sensing [53, 81].)

. Techniques are developed for improving the spatial resolution of pencil-beam
scatterometers by utilizing range discrimination processing. The specific range
discrimination SRF used in the final design version of the Sea Winds instrument
is derived. (Results are reported in IEEE Transactions on Geoscience and

Remote Sensing [84].)

. A general expression is developed for the measurement variance associated with
a real-aperture pencil-beam scatterometer. This expression was used for opti-
mizing the performance of the SeaWinds design, and in the Sea Winds ground
data processing algorithms. (Results are reported in IEEE Transactions on

Geoscience and Remote Sensing [84].)

. A characterization of the effects of nadir return contamination and rain con-
tamination on Ku-Band pencil-beam scatterometer measurements is presented.
(Results reported at IEEE International Geoscience and Remote Sensing Sym-

posium [83].)

. A system design framework, error model, and measurement variance equation

are presented for a polarimetric pencil-beam scatterometer system. (Results
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reported in IEEE Transactions on Geoscience and Remote Sensing and at IEEE

Aerospace Conference [86, 93].)

8. The application of synthetic-aperture techniques to a pencil-beam scatterometer
in order to significantly improve the spatial resolution is evaluated. Equations
are derived to facilitate the design of advanced, high-resolution pencil-beam
scatterometers which employ combined range/Doppler processing. (Results re-
ported in IEEE Transactions on Geoscience and Remote Sensing and at IEEE

International Geoscience and Remote Sensing Symposium. [85, 87].)

1.4.2 Dissertation Outline

Chapter 2 begins by reviewing the current state-of-the-art in scatterometer
instrument design. Here, the characteristics of the fixed-antenna fan-beam scatterom-
eter approach are summarized. Also included is a discussion of how both real- and
synthetic-aperture techniques have been applied to previous fixed-antenna radars.
This chapter is intended to serve as background material, and provides motivation
for the new problems addressed in the dissertation.

In Chapter 3 a general design framework addressing the unique issues en-
countered with pencil-beam scatterometers is developed. First, the overall architec-
ture and governing constraints of the pencil-beam approach are discussed. In order
to evaluate spatial resolution performance, a generalized expression for the spatial
response function (SRF) of a conically-scanning radar is derived. Also presented
are generalized expressions for calculating signal-to-noise ratio (SNR), measurement
variance, and radar timing solutions. Finally, the impacts of rain and specular-point
reflections on the pencil-beam measurement are evaluated. This chapter provides the
theoretical “building blocks” for the analysis in the rest of the dissertation.

Chapters 4-7 address a range of pencil-beam techniques, starting with the
simplest and ending with the most sophisticated. In Chapter 4 the most basic pencil-
beam scatterometer design — the “beamwidth-limited” approach where the spatial
resolution is determined by the dimensions of the antenna footprint on the surface

— is treated in detail. The use of transmit pulse modulation is demonstrated to

10



significantly improve the measurement accuracy of beamwidth-limited systems. An
overall description of the Sea Winds scatterometer system, the first in a series of pencil-
beam systems developed by NASA, is provided. Trade-offs involving the application
of transmit modulation techniques to the original beamwidth-limited version of the
SeaWinds design are described.

In Chapter 5 the real-aperture resolution approach is treated. The real-
aperture approach involves the application of range discrimination to improve the
spatial resolution, and represents an increase in capability over the beamwidth-limited
technique discussed in Chapter 4. Again, the Sea Winds instrument is used as a exam-
ple of how real-aperture methods are applied to an actual pencil-beam scatterometer
system. Theoretical expressions for the SeaWinds measurement accuracy, spatial
response function, and calibration parameters are derived.

As an extension of the material in Chapters 4 and 5, Chapter 6 introduces
the concept of a polarimetric scatterometer. The addition of polarimetric capability
has the potential to significantly improve scatterometer wind retrieval performance.
Here, a new design framework is presented for the analysis of a pencil-beam system
employing polarimetric detection and processing. This framework is applied to illus-
trate how a SeaWinds-class design may be augmented to include the polarimetric
function.

In Chapter 7 the adaptation of synthetic-aperture techniques to a pencil-
beam scatterometer is analyzed in detail. Synthetic-aperture techniques are proposed
as a means to dramatically improve the spatial resolution of future scatterometer
systems, and consequently expand the utility of spaceborne scatterometer data to
a variety of new applications. Expressions for the best theoretical resolution of a
pencil-beam scatterometer are derived.

Finally, Chapter 8 summarizes the conclusions and contributions of this
research, and discusses the implications these results have for future scatterometer
development efforts. Appendices then follow which provide auxiliary results and

derivations used in the main body of the dissertation.
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Chapter 2

Review of Current Fan-Beam Scatterometer Techniques

In this chapter, a review of current fan-beam scatterometer systems is pre-
sented. The fan-beam approach has been implemented on several previous missions
for the measurement of ocean winds, and is a mature, well-understood technique.
The two methods for achieving spatial resolution with a fan-beam system — Doppler
discrimination and range discrimination — are described. The important issues of scat-
terometer measurement variance and calibration accuracy are also discussed. This
review provides important background material as well as motivation for the discus-
sion of rotating pencil-beam techniques in the succeeding chapters.

Although the emphasis in this chapter is on multi-antenna, wind scatterom-
eter systems, a brief discussion of synthetic-aperture radar (SAR) is also included.
While generally used for imaging applications, SAR systems do in fact function as high
resolution scatterometer devices when sufficient amplitude calibration is performed.
Like fan-beam scatterometers, SAR systems typically employ fixed antennas that look
to the side of the spacecraft. The inclusion of SAR is thus important for a complete
overview of the state-of-the-art in scatterometer system design. This chapter con-
cludes with a discussion of the shortcomings of current fixed-antenna scatterometer

techniques.

2.1 Fan-Beam Wind Scatterometer Systems

As the wind blows over the ocean, centimeter-scale capillary waves are

formed on the surface. These capillary waves are responsible for a Bragg resonance
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scattering phenomenon when illuminated with a radar signal [95]. Because the mag-
nitude of this scattering is a function of both the surface wind speed and direction,
it has been recognized for several decades that a radar scatterometer can be used
to measure ocean surface wind vectors [71, 78]. The first full demonstration of this
theory from space was performed in 1978 with the Ku-Band Seasat-A Scatterometer
System (SASS) [4]. The success of the SASS instrument spawned the development of
the Ku-Band NASA scatterometer (NSCAT), launched in 1997, as well as the C-Band
European Remote Sensing (ERS) series of scatterometers first launched in 1996 [3, 64].
All of these systems are “fan-beam” systems where multiple, fixed, broad-beam an-
tennas are employed to make the required measurements of ocean backscatter. In
addition to ocean winds, these systems have also proven useful in land and ice studies
[49, 100]. In this subsection, the overall system design features of fan-beam scat-
terometers are described. Included is a discussion of measurement geometry, spatial

resolution, and radiometric accuracy.

2.1.1 Fan-Beam Measurement Geometry

The fundamental requirement for any wind scatterometer system is that
the backscatter cross section, 0°, be measured at the same point on the ocean surface
from multiple azimuth angles. Only in this way can both the wind speed and direction
be unambiguously determined [64]. In Fig. 2.1, the fan-beam approach to making
these multiple measurements is shown. (Although only the NSCAT system geometry
is displayed in Fig. 2.1, the technique is similar for any fan-beam implementation.)
Here, three antenna beams are broadcast at the surface on each side of the spacecraft:
one beam illuminates the surface looking forward, one beam looking aft, and a third
beam positioned between these two. For instance, on the right side of the NSCAT
instrument a given point on the ocean surface is viewed from azimuth angles of 45°,

115°, and 135° as the spacecraft flies past.
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In order to insure that sufficient coverage of the ocean is obtained, the
antenna beam is designed to be extremely broad in one dimension and narrow in the
other — hence the term “fan-beam.” The measurement swath formed by these elon-
gated footprints on each side of the spacecraft is 600 km for the NSCAT instrument.
The swath width is selected to obtain maximum Earth coverage in the shortest period
of time. Typically for scatterometers, it is desirable to cover the entire Earth in one
or two days.

Another feature of the fan-beam design is that a wide range of surface in-
cidence angles are illuminated. In the NSCAT inner swath region, which corresponds
to a cross-track distance of 200 km from the sub-satellite ground track, the surface
is viewed with a measurement incidence angle of approximately 20°. At the outer
edge of the swath, the incidence angle is near 60°. The influence of the Bragg reso-
nance phenomenon, and consequently the scatterometer sensitivity to wind direction,
breaks down at incidence angles below 20° because of the increasing dominance of
quasi-specular scattering effects [95]. Because of this, there is a “nadir gap” region
where wind vectors can not be retrieved. The nadir gap region for NSCAT is a 400
km wide region centered on the sub-satellite track (see Fig. 2.1).

The use of three antenna beams was adopted for the NSCAT and the
ERS scatterometers because the original use of two beams on the SASS mission was
demonstrated to be insufficient to resolve wind direction ambiguities inherent to the
wind retrieval process [3, 9, 64]. The major differences between the NSCAT and ERS
beam geometry are: (1) the ERS center beam is positioned at 90° azimuth, rather
than the 115° chosen for NSCAT (for reasons explained in the next subsection), and
(2) the ERS scatterometer uses three antennas instead of six, and consequently only
forms a swath on one side of the spacecraft.

Another important consideration for a wind scatterometer is the polariza-
tion. As concluded from the Ku-Band SASS data, the use of multiple polarizations
improves the wind direction retrieval performance [64]. As indicated in Fig. 2.1,
NSCAT makes both V and H-polarized backscatter measurements. The C-Band ERS

scatterometer employs only V polarization.
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2.1.2 Fan-Beam Measurement Resolution

For the design of any scatterometer, spatial resolution is an important
consideration. In general, the resolution should be consistent with the scale of the
geophysical phenomena of interest. For instance, if global-scale winds for long-term
climate studies are desired, scatterometer resolution on the order of 25-100 km is
acceptable. If small-scale features such as hurricanes are to be observed, however,
resolution on the order of 10 km or less is required. In general, the spatial resolution
is defined by the dimensions of the 0° measurement cell (or pixel, as it is often called
in imaging radar applications).

For fan-beam scatterometers, the azimuth resolution of the ¢° cell is de-
fined by the narrow dimension of the antenna footprint. Resolution in elevation is
achieved by using radar processing techniques to discriminate specific regions along
the broad dimension of the antenna footprint. The two primary techniques used
to obtain elevation resolution are Doppler discrimination and range discrimination.
Post-processing resolution enhancement algorithms may also be applied to improve

the utility of the data.

Doppler Discrimination

The Doppler discrimination approach was employed on both the SASS and
NSCAT scatterometers. The nature of this technique is illustrated in Fig. 2.2. The

azimuth width of the resolution cell, d,,, is

(5az = Rﬂaza (21)

where R is the range from the spacecraft to the measurement cell and f3,, is the 2-way
3 dB beamwidth across the narrow dimension of the fan-beam antenna pattern. As an
example, the 3-meter long slotted waveguide antennas used by the NSCAT instrument
form a narrow beam pattern which is approximately 0.4° wide. This leads to o° cells
which vary in width from seven kilometers in the inner portion of the swath to 9

kilometers in the outer swath [64].
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Figure 2.2: Conceptual diagram of fan-beam resolution approaches which use Doppler
discrimination (left) and range discrimination (right). In both cases, the resolution
cell is indicated by the shaded area, and the azimuth resolution, ¢,,, is given by the
narrow dimension of the antenna footprint. In the elevation dimension the length
of the o° cell is 6. The iso-Doppler or iso-range lines associated with the radar
processing are used to “cut out” a series of resolution cells from the long dimension
of the footprint.

Because the Doppler shift due to spacecraft motion (and, to a lesser extent,
Earth rotation) varies over the length of the fan-beam footprint, Doppler information
can be used to discriminate different regions along the broad portion of the antenna
pattern [4, 15, 64, 95]. With the Doppler discrimination approach, a CW radar pulse
is transmitted and the return echo is processed with a filter bank that selects the
signal corresponding to a specific Doppler shift [45]. Thus Doppler discrimination
effectively “slices” the broad fan-beam footprint into smaller o° cells.

The elevation width of the o cell, ¢, is a function of the Doppler band-
width of the filter, By,p. The relationship between d, and By, can be expressed
as

0e1 = kBaop; (2.2)
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where the parameter k£ varies as a function of orbit altitude, beam azimuth, and
measurement cell position on the broad beam pattern. For SASS and NSCAT, k varies
from about 2.5 km/kHz for the inner portion of the swath, to about 12 km /kHz for the
outer edge of the swath. Doppler filtering may be implemented as a fixed filter bank,
as in the case of SASS, or as an FFT of the return signal, as implemented in NSCAT.
The FF'T approach has the advantage of easily adapting to the change in the Earth
rotation Doppler component as a function of latitude [45]. With NSCAT, the filter
bandwidths were set to maintain a constant d,; = 25 km. Note that, when Doppler
discrimination is used, all of the fan-beams must be “squinted” either somewhat
forward or backward from an exact side-looking direction (i.e., away from an azimuth
angle of 90°). This is because for a fan-beam positioned at an azimuth of 90°, the
iso-Doppler lines are parallel to the long dimension of the footprint, and consequently

Doppler filtering does not provide sufficient elevation resolution [95].

Range Discrimination

Range discrimination is an alternate technique to sub-divide the broad
fan-beam footprint into resolution cells. The ERS series of scatterometers use this
approach. As shown in Fig. 2.2, the azimuth resolution associated with this technique
is again given by the narrow dimension of the antenna footprint [as in Eq. (2.1)]. The
elevation dimension of the o cell, however, is determined by the range resolution
associated with the transmit pulse. The inherent elevation resolution, d,;, is thus

given by
c

0t = s>
! 2B, sin 0,

(2.3)

where B; is the bandwidth of the transmitted pulse and #6;,. is the incidence angle
at the center of the measurement cell. For the ERS scatterometer system, 3-meter
long antennas are used in combination with range processing to form resolution cells
of approximately 25 x 25 km [69]. Note that for scatterometers employing range dis-
crimination, the iso-range contours are always perpendicular to the broad dimension
of the fan-beam footprint. Thus, the center beam of the ERS scatterometer may be

(and, in the actual implementation, is) positioned at an azimuth angle of 90°.
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Fan-beam scatterometers which employ range resolution are a sub-class
of instruments called real-aperture radars. With a generic real-aperture system, one
dimension of the resolution cell is determined by the antenna beamwidth, and the
other is determined by range resolution. In addition to multi-beam scatterometer
instruments, single-beam real-aperture systems have been widely employed on aircraft

as imaging radars [15, 95].

Resolution Enhancement Techniques

Although adequate for ocean wind studies, the resolution of current fan-
beam systems is too coarse for many emerging land and ice applications of the scat-
terometer data set [13, 49, 69]. In both the Doppler and range discrimination cases,
the resolution is fundamentally limited by the azimuth beamwidth of the antenna
pattern. In order to improve the resolution, the antenna would have to grow larger.
This is problematic because the 3-meter long antennas currently employed are already
difficult to accommodate on many spacecraft systems.

To improve the effective resolution of current fan-beam scatterometer sys-
tems, several resolution enhancement algorithms have been developed. With these
techniques, multiple overlapping ¢° measurements are used to solve for the underly-
ing surface backscatter scene at higher resolution than achieved by the beamwidth-
limited instantaneous measurements [13, 49, 69]. These algorithms are applied as a
post-processing step, and effectively deconvolve the blurring effect of the finite-width
resolution cells initially generated by the scatterometer. Because these techniques
usually involve multiple observations of the same point on the surface — either from
the multiple fan-beams or multiple orbit passes — the surface must typically be as-
sumed temporally stable and azimuthally isotropic. These resolution enhancement
techniques have been successfully applied to the SASS, NSCAT, and ERS fan-beam
scatterometer data sets. The resulting higher-resolution backscatter measurements

have been used in land and ice studies [50, 55, 72].
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2.1.3 Fan-Beam Radar Equation and Measurement Accuracy

Equal in importance to spatial resolution is the issue of scatterometer mea-
surement accuracy. Backscatter measurements are “noisy” due to the random effects
of radar fading and receiver thermal noise. Additional measurement error is imparted
by calibration uncertainties associated with the radar electronics and antenna. The
greater the 0° measurement error, the larger the uncertainty in the geophysical pa-
rameter of interest. Thus, a consideration of the measurement accuracy is critically
important in the analysis of any scatterometer design.

With a scatterometer, an estimate of ¢° is obtained using the radar equa-
tion [44, 80, 95]

o°=—. (2.4)

Here, E; is the measured energy in the echo return for a given cell, and X is a

calibration factor defined by

_ VB GF()
X_(47r)3L d RA(F) (2:5)

where )\ is the transmit wavelength, L is the total system loss, 7 is the location of
each point on the surface, G(7) is the antenna gain pattern on the surface, F'() is the
effective response of either Doppler or range filtering, R(7) is the slant range to each
surface element, and the integral is performed over the illuminated region. Because
the echo energy is measured in the presence of thermal noise, an unbiased estimated
of E; is given by

Es = Esin — Eno, (2'6)

where F,, is the measurement of the echo signal plus the noise energy and E,, is
an independent estimate of the “noise-only” energy. The noise-only measurement is
obtained by observing the system noise floor either during a time, or in a frequency
band, where the echo signal is not present [53, 64]. Note from Eq. (2.4) that the error
in the estimation of 0° can be decomposed into: (1) the error associated with the
measurement of F, which, for historical reasons is referred to as communication noise;
and (2) the error associated with the determination of X, referred to as calibration

error.
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Communication noise results from the random effects of radar fading and

system thermal noise. The normalized standard deviation of this error term is defined

_ yVarlBi] 2.7)

K,. =
" ElE]

Here, “€” and “Var” are the expectation and variance operators respectively. A goal

as K., where

of scatterometer design, therefore, is to minimize the value of K.
The K, for a fan-beam scatterometer employing Doppler filtering has been
a topic of several detailed studies [17, 45]. A useful approximation for this case is

given by

1 2 1 T, Baop\ ) ?
K, = {1-1— + (1+ g 0”)} , 2.8
" \/BinT, SNR ~ SNR? T, B, (28)

where By, is the Doppler bandwidth of the 0° measurement cell, T}, is the transmit
pulse length, T is the range gate “open” time for the measurement of the signal+noise
energy, and B, and T, are the bandwidth and integration times for the noise-only
estimate respectively [17, 45, 84]. The measurement signal-to-noise ratio is defined as

EEs]

NR =
SNR E[Ey]’

(2.9)

where E[E,,] is given by B,T,N,, and N, is defined to be the thermal noise power
spectral density. Equation (2.8) was used to calculate K, for the SASS system, which
performed Doppler filtering using analog components. A significantly more complex
equation was developed for the digital processing used by NSCAT, and is described
in [45]. [The NSCAT K, expression, however, is reasonably well approximated by
Eq. (2.8).]

For the ERS-1 scatterometer, which employs range discrimination, K. is

given by

K, = \/LH (1 + ﬁ) (2.10)

where M is the equivalent number of range “looks” on the surface — i.e., the number
of individual range cells averaged to form one o cell. Here the expression is approxi-

mated as a linear function of 1/SNR rather than the quadratic given in Eq. (2.8) due
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to the very high SNR that the ERS scatterometer typically maintains, allowing the
noise subtraction step to be neglected [30].

In addition to the random errors associated with the estimation of F, there
are also errors in the determination of the calibration parameter X. This calibration
error is the result of the combined uncertainty in all the radar systems parameters
listed in Eq. (2.5), such as uncertainties in the antenna pattern, systems loss, etc.

Similar to K.

pe, it is convention to quantify this error as a normalized value, K,

T

given by
AX

Kpr: X’

(2.11)

where AX is the calibration error associated with the determination of X (AX =
X (actual) — X (estimated)). To the extent that AX can be assumed to be a random
quantity, the total o° error is expressed as \/m. A key goal of scatterometer
design is the minimization of this total measurement error. The concepts expressed
by Egs. (2.1)-(2.11) have been used extensively to accomplish design optimization for
fan-beam systems [30, 45].

2.2 Synthetic-Aperture Techniques

In addition to wind scatterometers, the other major class of spaceborne sen-
sor which has been employed to measure o° is synthetic-aperture radar (SAR). The
primary advantage of the SAR technique is that spatial resolutions on the order of
meters can be obtained — dramatically better than that achievable with real-aperture
fan-beam systems described above — although at a cost of significant additional in-
strument complexity. The first spaceborne SAR system flew on the same ground-
breaking Seasat satellite as the first fan-beam scatterometer, and operated at L-Band
[43]. Since then, spaceborne SAR’s have been operated at C- and X-Band as well.
In the following subsections, a brief description of the nature of the SAR technique,

capabilities, and accompanying system requirements is provided.
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2.2.1 Synthetic-Aperture Resolution

A SAR operates by using the motion of the spacecraft to synthesize an
effective aperture much longer than the “real” azimuth length of the antenna. This is
accomplished by coherently combining echo pulses during the time that the region to
be measured resides in the antenna beam footprint [11, 15, 95]. An equivalent way to
view SAR is as a radar which simultaneously resolves the surface scene in both range
and Doppler, as shown in Fig. 2.3 [15]. The range resolution of a SAR is equivalent to
that given in Eq. (2.3). It can be shown that the best azimuth resolution of a SAR,
however, is given by

laz
daz = =5 (2.12)

where [,, is the length of the azimuth dimension of the antenna. This is a theoretical
result which, for reasons discussed in the next subsection, is rarely achieved by actual
spaceborne systems. Equation (2.12) nevertheless illustrates the potential resolving
power of the synthetic-aperture technique. With the SAR approach, resolution on the

order of the antenna physical length — typically on the order of meters — is possible.

2.2.2 Synthetic-Aperture System Requirements

There are a number of considerations that make SAR systems much more
complex than the fan-beam scatterometer systems discussed in the previous section
[11, 95]. A key complexity for spaceborne SAR systems is the antenna minimum area
constraint. This constraint is based on range and Doppler ambiguity considerations
and provides a bound on the minimum size of the antenna necessary to successfully
perform synthetic-aperture resolution processing on the echo return signal [15, 19].
When ambiguity contamination below -20 dB is desired, the constraint can be sum-

marized as

10 v, R tan 6;,,
c b

lazler > (2.13)

where [,, and [ are the azimuth and elevation dimensions of the antenna respectively,
A is the radar wavelength, v, is the spacecraft velocity, R is the average slant range to

the illuminated region, and #;,. is the average incidence angle across the illuminated
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Figure 2.3: Conceptual illustration of spaceborne SAR system. Here, the dark oval
represents the illuminated region. The resolution cell (shaded region) is defined by
the intersection of iso-Doppler and iso-range contours as projected on the Earth’s
surface.

region. It follows from Eq. (2.13) that SAR antennas must be quite large. The Seasat
SAR, for example, required an approximately 2 x 11 meter deployable phased-array
antenna (see Fig. 2.4).

A corollary to Eq. (2.13) is that because the antenna is required to be larger,
the illuminated region on the surface is actually quite small. With the Seasat SAR,
the swath width was only 100 km, much smaller than the 500 km swath of the Seasat
fan-beam scatterometer system. Thus, although 25 m resolution was achieved by the
Seasat SAR, only a very small region of the Earth could be covered at a given time.
The limitations imposed by the narrow SAR swath have been overcome somewhat by
the recent use of SCANSAR techniques, where a single beam is electronically scanned

to different elevation positions in order to increase the effective swath width. The
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SCANSAR technique, however, requires an even larger and more complex antenna

[60].

2.3 Disadvantages of Fan-Beam and SAR Scatterometer Techniques

The scatterometer techniques discussed in this section have been used suc-
cessfully over the past two decades, providing measurements which have greatly ex-
panded understanding of many geophysical processes. Despite these successes, how-
ever, there are disadvantages to these systems which must be overcome to meet future
scatterometer science objectives.

Fan-beam scatterometers — which employ multiple fixed antennas and re-
quire wide fields-of-view — are difficult to accommodate on spacecraft, and necessitate
complex deployment mechanisms to allow the antennas to fold into the spacecraft
shroud during launch. A more compact instrument would consequently have many
more opportunities to fly at considerably less expense. In addition, the nature of
the fan-beam measurement geometry produces measurements at many different in-
cidence angles. Because the scattering phenomenology (and hence the geophysical
interpretation of the 0° measurements) changes as a function of incidence angle, this
feature makes fan-beam measurements difficult to calibrate and interpret. As shown
in Fig. 2.1, there is even a region of the fan-beam swath where the incidence angles are
so low that wind vectors can not be retrieved at all. Finally, because the resolution of
fan-beam systems is strictly limited by the antenna beamwidth, only spatial features
on the order of 20 km can realistically be resolved.

The use of SAR to obtain measurements of surface backscatter is a well
known solution to resolution problem, but it suffers to an even greater extent in
terms of implementation complexity, spacecraft accommodation, and cost. SAR sys-
tems typically require large, deployable, phased-array antennas, which, for SCANSAR
applications, must be electrically steerable. Because of this, it is extremely difficult
to utilize multiple SAR antennas placed in different azimuth positions for the mea-
surement of ocean wind vectors. Thus, SAR measurements can only feasibly be

performed at one azimuth angle to obtain non-wind measurements over land and
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ice. Finally, even when a SCANSAR approach is adopted, it is difficult to obtain
the wide-swath Earth coverage necessary for many global scatterometer applications.
Given the listed drawbacks of conventional fixed-antenna scatterometer systems, it is

desirable to investigate alternative design approaches.
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Figure 2.4: Diagram of the very large Seasat-A spacecraft showing the position and
size of the various microwave instruments onboard. Particularly noteworthy for the
present discussion are the size and configuration of the fan-beam scatterometer and
SAR antennas. For scale, the scatterometer antennas are approximately 3 m long,
and the SAR antenna is approximately 11 m long
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Chapter 3

Fundamental Theory and Design Considerations for a Pencil-

Beam Scatterometer

In the preceding chapter, the well-established theory of conventional fixed-
antenna, fan-beam scatterometers was summarized. Such systems have demonstrated
utility in measuring ocean winds and in obtaining other important geophysical mea-
surements of the Earth’s surface. These systems nevertheless have recognized deficien-
cies. An alternative scatterometer approach which eliminates many of the deficiencies
associated with conventional systems is to use a conically-scanning pencil-beam an-
tenna. Key features of the pencil-beam approach that are advantageous for a number
of applications include: (1) a single rotating antenna is more easily accommodated
on spacecraft than several fixed antennas, (2) the conical scan allows a wide swath
of measurements to be obtained at a constant incidence angle, which is desirable for
many geophysical retrieval algorithms, and (3) multiple polarizations and/or frequen-
cies are more easily accomplished with this antenna design [15, 21, 84, 93]. Because
of these advantages, the pencil-beam approach has been adopted for future NASA
wind scatterometers [86].

Although the basic concept of a pencil-beam scatterometer is not new
— an experimental system was flown on Skylab in the 1970’s and various pencil-
beam systems have been proposed to replace fan-beam systems since then — it is
only recently that such systems have been seriously pursued for actual spaceborne
implementation [26, 48, 58]. Whereas much has been written about design procedures

for conventional fixed-antenna systems, such as the fan-beam scatterometers and
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SARs discussed in the previous chapter, no equivalent design framework currently
exists for the pencil-beam case. The development of a new design framework is
necessary to address the unique issues presented by the conical geometry and rapid
scanning motion of the pencil-beam case. In this chapter, key results useful for the
design of pencil-beam systems are developed. These results form a set of analysis
tools which are applied in later chapters where specific pencil-beam implementations
are treated in detail.

This chapter is organized by topic, addressing each major pencil-beam
design consideration in turn. First the overall pencil-beam measurement geometry
is described, and important terms and constraints are defined. Secondly, techniques
for achieving spatial resolution with a pencil-beam system are addressed. Here, the
concept of the spatial response function (SRF) is introduced, and a formulation for the
SRF of a conically-scanning radar is derived. The issue of backscatter measurement
accuracy is then discussed, and a generalized framework for the analysis of pencil-
beam scatterometer measurement variance is presented. Finally, additional error
sources that are particularly problematic with the pencil-beam geometry — specular

nadir return and rain contamination — are discussed.

3.1 Pencil-Beam Geometry, Definitions, and Constraints
3.1.1 Pencil-Beam Measurement Geometry

The overall geometry of the pencil-beam measurement is shown in Fig. 3.1.
The instrument is at altitude h above the surface. The antenna beam boresight is
pointed at an angle 6,,; from the spin axis, which is in the direction of nadir. The
antenna beam intersects the surface at a constant incidence angle 6;,,., which is greater
than 6,,,4 due to the Earth curvature effects. The distance along the Earth’s surface
from the nadir point to the center of the measurement is given by d, and thus the
total swath width is 2d. The slant range to the measurement point is R. Assuming
that the Earth’s surface is locally spherical, an assumption sufficiently accurate for

high level system analysis, the relationship between these geometrical parameters is
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given by the equations

R= ((re)2 + (e + h)? = 2r(re + h) Cos(i))

Te

0;ne = arcsin (——(“gh) sin(%))

gnad = einc - %a (31)

where r, is the radius of the Earth.

-
-

7 Orbit track

nadir track

~

e crosstrack  ~~o.

Figure 3.1: Pencil-beam measurement geometry. Shown is the spacecraft and instru-
ment in orbit at height h above the Earth. The antenna boresight is conically scanned
making an angle 6,,4 with the nadir vector. The antenna footprint on the surface is
represented by a small oval.

With pencil-beam systems, the antenna is continuously rotated about the
nadir axis. The instantaneous azimuth position of the antenna beam, 6,,, is measured
clockwise relative to the forward direction. The antenna spins at a rate of ) rotations

per second, where
_1.db,,

Cor dt

(3.2)

The scanning motion causes the antenna footprint to sweep over the surface, where
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the local speed of the footprint motion, v, is given by
v = 2mdS. (3.3)

Another important geometric consideration is how the Doppler shift, which
is created by the motion of the satellite relative to the Earth, varies over the surface.
In Fig. 3.2, contours of the Doppler shift are plotted on the Earth’s surface for a
typical scatterometer orbit. Two important implications of the Doppler shift are
manifest in Fig. 3.2. First, note that the Doppler frequency of the footprint center
varies as the antenna rotates, imparting a continuously varying frequency shift on
the echo return. This effect must be taken into account in the signal processing
design of the system. Secondly, note that the contours describe a mapping between
the delay/Doppler coordinate system and the various spatial coordinates that can be

used to express location on the Earth’s surface.

3.1.2 Antenna Footprint Coordinates

The antenna footprint is defined to be the antenna pattern two-way 3
dB contour projected on the Earth’s surface. It is convenient to define a set of
perpendicular coordinates that are fixed relative to the antenna footprint as it moves
over the surface. The azimuth axis is defined to be in the direction of footprint
motion due to the rotation of the antenna. Perpendicular to this is the elevation axis,
which is in the direction of increasing range from the sensor along the surface. These
coordinates are illustrated in Fig. 3.3.

From an examination of Fig. 3.2, it is noted that the transformation be-
tween delay/Doppler coordinates and the local footprint coordinates varies as a func-
tion of the scan angle #,,. When the antenna is scanned to the side-looking direction
(0az = 90° or 6,, = 270°), the iso-delay and iso-Doppler contours are locally parallel
to the elevation and azimuth axes respectively. When the antenna is scanned to the
foreword or aft looking directions (6,, = 0° or ,, = 180°) however, both the iso-delay

and iso-Doppler lines are parallel to the azimuth axis but perpendicular to the eleva-
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North-South Distance

East-West Distance

Figure 3.2: Iso-Doppler and iso-range (delay) contours on the surface for an 800
km sun-synchronous orbit. The antenna footprint is represented by an oval. Iso-
Doppler lines are hyperbolic and spaced at 20 kHz intervals. (The slight tilt in
the iso-Doppler contours is due to the Earth rotation Doppler effect.) Iso-range (or,
equivalently, iso-delay) contours associated with the footprint dimensions are shown as
concentric circles on the surface. Only iso-range contours associated with the antenna
footprint are shown. The cross-track distance (CTD) is defined as the position of the
measurement projected on the axis perpendicular to the spacecraft motion.

tion axis. These variations in mapping between delay/Doppler and elevation/azimuth
spaces will be of importance in succeeding chapters.
For a pencil-beam scatterometer, the azimuth and elevation widths of the

footprint, z,, and x.;, can be written as

Tar = Bo R (3.4)
and
_ ﬂelR
Tel = P ginc, (35)
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Figure 3.3: Diagram illustrating succession of the pencil-beam footprint locations on
the surface. The azimuth and elevation axes are shown. The azimuth spacing is due
to the scanning motion of the antenna and the radar sampling interval. The elevation
spacing is due to the motion of the spacecraft, with successive rows of footprints due
to successive rotations (or scans) of the antenna.

where (3,, and 3, are the 3 dB beamwidths of the azimuth and elevation dimensions
of the antenna pattern respectively. Note that in the case of the elevation width there
is an elongation effect (given by cos;,.) due to the oblique projection of the pattern

on the surface.

3.1.3 Measurement Continuity Constraints

An important issue for pencil-beam systems is the spatial continuity of
measurements. In order to insure that complete coverage is obtained over the swath
with no gaps, neighboring measurement footprints must either overlap (as shown
Fig. 3.3) or at least touch. The along-track continuity constraint states that during
one rotation of the antenna, the spacecraft must not move a distance more than the
elevation width of the footprint. This insures that adjacent measurements will be

contiguous in elevation. This constraint can be summarized in equation form as
Q>—= (3.6)
where v, is the velocity of the spacecraft projected on the Earth’s surface.
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The along-scan continuity constraint insures that the measurement foot-
prints will be contiguous in the along-scan or azimuth direction. Here, the constraint
is that

‘/'ECLZ

MRI < =, (3.7)

where MRI represents the measurement repetition interval, or the rate at which mea-
surements are taken as the footprint moves in the azimuth direction. Both Egs. (3.6)
and (3.7) are minimum criteria in the sense that often substantial overlap, and not
just simple continuity, are desired for adjacent measurement footprint regions (as will

be addressed in later chapters).

3.2 Pencil-Beam Resolution

A key consideration which governs the design of any remote sensing device
is spatial resolution. The resolution of an instrument is generally defined by the
smallest spatial feature that can be distinguished on the surface. For a radar, the
achievable resolution is a function of both the antenna gain pattern and the signal
processing scheme employed. With a pencil-beam scatterometer, there are essentially
four techniques for achieving spatial resolution [95]. These methods are illustrated in

Fig. 3.4 (a)-(d), and are discussed in detail in the following sub-sections.

(@ (b) (© (d)

RN |
el IL
NS N

[ I I I I

Xaz

|

Figure 3.4: Techniques for pencil-beam scatterometer resolution: a) Beamwidth-
limited resolution, b) range (delay) discrimination only (lines are iso-range contours),
c¢) Doppler discrimination only (lines are iso-Doppler contours), d) simultaneous range
and Doppler discrimination. The shaded region indicates the resolution cell or “pixel.”
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3.2.1 Beamwidth-Limited Resolution

As shown in Fig. 3.4(a), the beamwidth-limited resolution is defined as
the two-way 3 dB contours of the antenna pattern as projected on the surface — i.e.,
the elevation and azimuth resolution are simply z. and z,, as given by Eqgs. (3.4)
and (3.5) respectively. With this technique, higher resolution is obtained in either
dimension simply by making the antenna larger, thus narrowing the beam pattern.
The key advantage of the beamwidth-limited approach is its simplicity. The radar
signal processing is designed only to detect the total power in the echo return. No
effort is made to resolve regions smaller than the antenna footprint itself.

A generic processor for the beamwidth-limited resolution approach is shown
in Fig. 3.4(a). Here, the incoming return pulse of bandwidth B is filtered, square-
law detected, and integrated to form an estimate of the total echo energy E. The

integration period 7 is generally given by
T =T, + ATy, (3.8)

where T}, is the transmit pulse length and AT}, is the time required to fill the an-
tenna footprint in the elevation dimension. Although the resolution analysis for the
beamwidth-limited case is quite simple, there are additional subtleties relating to

measurement accuracy which are discussed in more detail in Chapter 4.

3.2.2 Range and Doppler Discrimination Techniques

If spatial resolution finer than the dimensions of the antenna footprint is
required, regions of the surface within the footprint may be discriminated by range
(equivalent to round-trip signal delay), Doppler shift, or both. In the case of range
resolution, the footprint is divided into iso-range “slices” as shown in Fig. 3.4(b). Here
the narrow dimension of the measurement cell is defined by the range processing, and
the long dimension of the cell by the azimuth width of the antenna footprint. In a
similar fashion, discrimination by Doppler shift can be used to make one-dimensional
slices through the footprint. In both cases, however, the limiting resolution is still

the antenna beamwidth. If both range and Doppler discrimination are employed
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Figure 3.5: Generic signal processing techniques for a) beamwidth-limited systems
where total power square-law detection is performed, and b) correlation detection for
range delay discrimination, Doppler shift discrimination, or both. In b), the signal 7;
is a reference function used in a correlation operation to discriminate the energy, E;
returning from the 7th measurement region.

simultaneously, as in Fig. 3.4(d), the footprint can be sub-divided in two dimensions
yielding the best spatial resolution.

For all three of these cases, the discrimination technique involves a corre-
lation (or, equivalently, matched filter) detection scheme. As shown in Fig. 3.5(b), a
modulated transmit signal is broadcast. Then, to extract the energy returning from
the ith region of the footprint, the echo signal is correlated with a reference function
which has the same Doppler and/or range characteristics as the region to be discrim-
inated. Because this process must be repeated for each region within the footprint,

signal processing is more complicated than for the beamwidth-limited case.

3.2.3 Spatial Response Function (SRF) for Pencil-Beam Scatterometer
Systems

To perform detailed analysis for the range and/or Doppler discrimination

methods discussed above, the concept of the spatial response function (SRF) is intro-

duced. The SRF is a two dimensional function which quantitatively represents the

characteristics of the 0° measurement cell on the surface given the antenna pattern,

scan rate, and transmit pulse modulation. Because the SRF is a general tool that can
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be applied to any radar geometry, it is particularly useful in the analysis of the pencil-
beam case, where the orientation of the footprint with respect to the range/Doppler
coordinates is continuously changing. The SRF is frequently employed in subsequent
chapters of this dissertation.
To derive the pencil-beam SRF, we begin by assuming a transmit signal of
the general form
T(t) = m(t)e’", (3.9)
where m(t) contains the amplitude and phase modulation imparted to the transmit
pulse and w is the transmit carrier frequency. The echo return from a distributed
target can be treated as a collection of returns from many infinitesimal surface patches
[95]. The echo return from the ith patch is given by a time-delayed, frequency shifted

version of the transmit signal with an additional random phase term

5¢@M0iaf$ (t)al® (t)ym(t — t;)elwited“tel¥i, (3.10)
where &; is a Rayleigh distributed random variable such that E[£?] = 1, oq,; is the
normalized backscatter cross-section at the patch, dA; is the area of the patch, t;
is the round-trip flight time of the transmit pulse to the surface patch, w; is the
Doppler shift of the patch, and ?; is a random phase term distributed uniformly over
[0 — 27]. The terms a’* and a!* represent the normalized antenna amplitude gain
response in the direction of the patch during transmit and receive respectively. They
are functions of time because the antenna is rotating during pulse transmission and
reception. Two different functions (indicated by “tz” and “rz”) are used to represent
the antenna because either (1) a single antenna beam rotates to a different position
during the round trip flight of the pulse, or (2) separate transmit/receive beams are

used to avoid scan loss (see Section 3.3.2). The antenna power gains on transmit

rr

o, to|2 respectively. The term c¢;

are defined as |a! re|2

and receive, ¢/* and g and |a]

represents the other system gain terms for the ¢th patch, and is given by

212
2= M’ (3.11)
Y (4m)2Lr?

where P, is the transmit pulse power, G, is the peak antenna power gain, A is the

radar wavelength, L, is the atmospheric and system losses, and r; is the slant range.
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The echo return from a collection of infinitesimal patch scatterers, representing the
distributed target, can thus be written
R(t) = &i\/00\/ 0 Aicial® (t)al” (t)m(t — t;)elwitedtedVi (3.12)
ieF
where the summation is performed over all patch scatterers in the radar field-of-view,
F.
For a correlation detector, the echo return is multiplied by the reference

function

m*(t — tg)e Iotem It (3.13)

where t; and wy are the time delay and Doppler frequency coordinates for which
maximum response is desired. Integrating, and then computing the magnitude, the

detected signal energy, E, is

2

(3.14)

E = ‘/OO dt Z §zmMsz(t — tz)m* (t _ to)ej(wi_wo)tejwi

i€F
The measured energy is a random variable (due to the random variables £ and @).
To assess the mean behavior of the detection process, the expected value of F must

be determined. Using

g (/ f(t)dt) (/ f*(t’)dt') (3.15)

RO

and

eIV =1, (3.16)

and assuming that the scattering patches are uncorrelated with one another, i.e.,

E(mén) =1 for m=n

E(efPme™i9m) =0 for m #n, (3.17)

(where £ is the expectation operator), £[E] becomes

o0 3 2
EE) =Y api0Aict / dt ol (t)al® (t)m(t — t;)m* (t — to)ed@i=wolt|  (3.18)

ieF
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In order to evaluate how various regions of the target scene are resolved,
it is convenient to define the spatial response function, |x|?, as the energy detected

per unit area at each surface patch location:

oo - 2
Ix(t,)]? = ¢ /_oo dt a®(t)at®(t)m(t — t'")m* (t — to)el @' —wolt| (3.19)

where w' and ¢’ are the Doppler and delay coordinates of the ith scattering patch.
Note that the SRF can be transformed into |x(z,y)|?, where the Doppler and delay
coordinates have been replaced by elevation and azimuth coordinates (x and y) using
the mapping described in Section 3.1.1.

An important decomposition of Eq. (3.19) is obtained by assuming that
the radar parameter ¢; is constant (i.e., ¢; = K) over the footprint, and that a**
and a'® can be assumed constant in time. Defining the variables t; = ¢ty — ¢’ and
wq = wp — w' as the differential delay and Doppler frequencies respectively, the SRF

can be re-written as

|X(td’wd)|2 = K2 |Xcmt(tdawd)|2 |me(td’wd)|2' (320)

Here, |Xqnt|? represents the weighting of the antenna gain pattern on the response

function and is given by

|Xant (ta; wa) | = 6" (ta, wa) g™ (ta, wa) (3.21)

(where again a notational change is made from indexing the surface element location
with “3,” to locating it in delay/Doppler space). The transmit and receive antenna
gain functions are thus specified as projections in delay/Doppler space via the map-
ping illustrated in Fig. 3.2.

Returning to Eq. (3.20), the term |X,qf|* is

(o] ) 2

Xrag(ta, wa)|? = ‘/ m(t)m* (t — tg)e! e | . (3.22)
—0oQ

Here, |Xraf(ta, wq)|? represents the resolving capabilities inherent to the the modulated

transmit signal 7'(¢). The function X,.f(t4, wq) is equivalent to the radar ambiguity

function [53, 74, 95]. The ambiguity function is central to many concepts in this

dissertation and will appear repeatedly in subsequent analyses.
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It is instructive to apply Eq. (3.20) to examine the resolution characteristics
associated with several example transmit waveforms. In the following subsections,
sample SRF’s for an interrupted CW pulse, a chirped pulse, a periodic pulse train,

and a pulse with pseudo-random phase modulation are given.

Single Long ICW Pulse for Doppler Discrimination

An interrupted continuous-wave (ICW) pulse is defined as

et fo<t<T,
T(t) = B ",
0 otherwise

where T}, is the pulse length. In Fig. 3.6, the SRF for the ICW pulse is computed. The
underlying contour plot is the ambiguity function (|Xrqf|?), and the oval represents an
idealized antenna footprint function (|xan¢|?) projected in the delay /Doppler plane for
a side-looking geometry. For the purposes of this discussion, the footprint function
is assumed to have a value of one within the oval and a value of zero outside the
oval. Note that a long ICW pulse is able to discriminate Doppler quite well, with
the Doppler resolution, d40p, approximately equal to %p Thus the longer the ICW
pulse, the better the Doppler resolution. The resolution along the delay axis, dge;,
however, is given by d4,, = T}, and consequently becomes worse as the pulse duration

is lengthened. Long ICW pulses are typically employed in situations where only

resolution in the Doppler dimension is desired.

Linearly Chirped Pulse for Range Discrimination

A linear FM chirped waveform is employed when high range resolution is
desired using a relative low power. A single linearly chirped pulse has a waveform

given by

efol’ it if 0 <t < T,
T(t) == I
0 otherwise

where « is the “chirp rate.” With a linear chirp, the frequency is linearly increasing

(or decreasing) with time over the length of the pulse. An example SRF for such
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Figure 3.6: SRF for single long ICW pulse. The contours are the ambiguity function
response (|xrar|?) for the ICW pulse, and the oval represents the antenna footprint as
projected in delay/Doppler space for a side-looking antenna azimuth. Inside the oval,
|Xant|? is assumed to have a value of one, outside the oval |xqn|* is assumed 0. This
modulation scheme is primarily used to resolve the antenna footprint in the Doppler
dimension.

a waveform is shown in Fig. 3.7. Note that, again, the single pulse resolves a one-
dimensional slice across the antenna footprint. With the linear chirp modulation,
however, the discrimination in primarily in the delay dimension. The time delay
resolution is approximately given by d4, = aT},. Thus, the higher the chirp rate, the
finer the delay resolution achievable. The pronounced tilt to the ambiguity function
“blade” or “slice” indicates that the waveform is not purely discriminating in range.
This tilt is the result of the coupling between the chirp waveform and the Doppler
shift on the surface. As addressed in more detail in Chapters 4 and 5, the tilt of the
blade can be adjusted by changing the chirp rate, a.
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Figure 3.7: SRF for single linear FM chirped pulse. The contours are the ambiguity
function response (|xrqs|*) associated with the waveform, and the oval represents the
antenna footprint as projected in delay/Doppler space. Inside the oval, |xan:|?® is
assume to have a value of one, outside the oval | g, |? is assumed 0. This modulation
scheme is primarily used to resolve the antenna footprint in the delay (or range)
dimension, although there is a Doppler component to the response (manifested by
the pronounced tilt of the “blade” formed by the ambiguity function) due to coupling
between the chirp and the Doppler frequency variation on the surface.

Periodic Pulse Train for Simultaneous Range and Doppler Discrimination

In the two previous examples, the resolution is improved by forming one-
dimensional slices through the antenna footprint. Although this narrows the width of
the o resolution cell, the length is still determined by the real dimensions of the an-
tenna pattern. These approaches are therefore referred to as real-aperture techniques.
To further improve the resolution of the measurement cell, a narrower antenna beam
must be used. Because a narrow antenna beam implies a larger antenna aperture,
there are often practical limitations on how much resolution can be improved. It is
therefore desirable to achieve resolution in both delay and Doppler simultaneously,

effectively sub-dividing the footprint in two dimensions.
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Figure 3.8: SRF for example periodic pulse train. The underlying contour plot is for
the ambiguity function response for the periodic train waveform. The ovals represent
example antenna footprints as projected in delay /Doppler space. Two ovals are shown
in order to highlight the concept of ambiguity rejection: i.e., in order to achieve
unambiguous two-dimensional resolution, the antenna pattern must isolate only one
peak of the ambiguity function. Here, the small antenna footprint achieves this,
whereas the larger footprint does not.

A well known technique to achieve two-dimensional resolution is to trans-

mit a periodic pulse train of the form

() = et ifnt, <t <n1p+1, |
0  otherwise
where 7, is the period of the pulse repetition and n is the pulse index [95]. The SRF
for such a pulse train is plotted in Fig. 3.8. Note that the radar ambiguity function,
|Xraf|?, appears as a “bed-of-nails,” with sharp two-dimensional responses spaced at
multiples of 7, in the delay dimension and multiples of 1/7, in the Doppler dimension
[95]. Each “nail” in this function is called an “ambiguity.” In order to achieve two-

dimensional resolution, the antenna pattern (the |xqn|? term in the SRF) must isolate

only one ambiguity. This concept is illustrated in Fig. 3.8 by showing two antenna
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pattern contours. The outer contour encompasses three Doppler ambiguities, and
thus is too wide to unambiguously resolve a single region of the surface. The inner
antenna pattern is just narrow enough to reject all ambiguities but the desired central
point. Thus, when a pulse train is employed to achieve two-dimensional resolution
of the antenna footprint, care must be taken to insure that the antenna beams are

sufficiently narrow (as will be discussed in detail in Chapter 7).

Pseudo-random Phase Shift Modulation

The periodic behavior of the ambiguity function in the previous example
results because the original transmitted pulse train is periodic. Two-dimensional res-
olution of the footprint is successfully achieved provided that the antenna beamwidth
is sufficiently narrow. To avoid the antenna beamwidth constraint associated with
the use of this waveform, an ambiguity function with only one central peak is ideally
desired. An ambiguity function of this type can be realized if the modulation within
the waveform occurs at random, rather than periodic, intervals. An example of such

a waveform is the so-called pseudo-random phase-shift keying signal, given by

el9eWeiwt if 0 <t < T,
T(t) = )
0 otherwise

where the phase term ¢ (t) shifts randomly between the discrete values § and —7 at
the chip period 7. [38]. The SRF of this waveform is shown in Fig. 3.9. Note that there
is, as desired, one central peak. Rather than additional peaks spaced periodically,
however, there is a background level of many smaller ambiguity sidelobes spread
evenly over delay/Doppler space. This function shape is typically referred to as a
“thumbtack” ambiguity function [74].

Although Fig. 3.9 appears to contain a promising solution for our desire to
obtain two-dimensional resolution without any constraints on the antenna beamwidth,
consider the fact that the energy returned to the sensor is the integrated value of
the SRF [see Eq. (3.18)]. When the sidelobe pedestal region is integrated over the
illuminated footprint region, the resulting value may be equal to or greater than

the response due to the central peak. This explains why this waveform is typically
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Random Phase Modulation
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Figure 3.9: SRF for pseudo-random phase modulation. The contours are the am-
biguity function response plotted in delay/Doppler space. Note that the ambiguity
function consists of a high central peak, surrounded by a lower “pedestal” region.
The oval represents a sample antenna footprint as projected in delay/Doppler space.

used for point targets, such as airplanes, and not distributed targets, such as the
Earth’s surface. Consequently, in the majority of remote sensing cases, a shaper two-
dimensional resolution is obtained by employing the periodic pulse train methods
of the previous example. The features associated with the pseudo-random phase
waveform, however, will prove useful in the performance optimization of beamwidth-

limited resolution systems, as is discussed in Chapter 4.
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3.3 Measurement Error Considerations

As previously noted for fan-beam systems in Chapter 2, a consideration
equal in importance to spatial resolution is that of measurement accuracy. Errors in
the measurement of ¢ show up as errors in the wind or other geophysical parameters
of interest. To address the pencil-beam case, new expressions for these measurement

error sources must be developed.

3.3.1 Random Error, K,

To determine ¢°, an estimate of the energy backscattered from the surface,
E, must first be obtained. However, the signal incident on the radar receiver consists
of both echo and thermal noise components. Because the combined signal plus noise
energy, F,,,is what is actually detected, a separate estimate of the noise-only energy,
E,,, must subtracted in order to obtain an unbiased value for F;. The most general

equation for determining the echo energy is given by,
Es = a’lEs—I—n — a’ZEno- (323)
The measurements E;.,, and E,,, in turn, are given by
Ts
Eyin = / (1) [2 dt (3.24)
T

T>
By = [ l2(0) at,

Ty
where the signals z(t) and z,(t) are the outputs of the signal+noise and noise-only
processing respectively, and the integration is over the range gate “open” time 77 —
T, (see Fig. 3.10).

Because both E,,, and E,, are random variables, the estimate of the
backscattered energy F; is likewise a random variable. The variance of the estimate
E, determines the random error associated with the measurement of ¢°. As in the
case of fan-beam systems, the random “noise” associated with the estimate of Fj is

quantified by the parameter K., where

Var|E,]
Kpe="grpy (3.25)
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Figure 3.10: Generalized signal processing diagram for pencil-beam systems. The
signal+noise processing yields the signal z(t) which contributes to the energy estimate
E,,. This signal contains the echo energy as well as the thermal noise energy present
in the echo band. The noise-only processing produces the signal x,(¢). This signal
typically contains a wide bandwidth thermal noise component, and may also contain
a portion of the echo energy.

and “Var” and “£” are the variance and expectation operators respectively. Note that
K, is the normalized standard deviation of the backscattered energy measurement.
A key goal of scatterometer design is the minimization of K.

The calculation of K. for a specific scatterometer design may be quite
complex, and is a function of the pulse modulation and signal processing employed
(see, for example, [45]). As discussed in Chapter 2, expressions for K. have been
derived for a variety of fan-beam cases. In Chapters 4-7, K. expressions are derived
for pencil-beam cases of interest. It is instructive, however, to consider a generic case
in order to highlight the functional form of the K, parameter.

Utilizing the definition of variance, Var[E;] is expanded to
Var|E,] = o?Var[E,,] + a2Var[E,,| — 20100Cov[Es 0 Fpo). (3.26)

Note that with fan-beam scatterometers, the term Cov[FE;,,E,,] is usually zero be-
cause the signal4+noise and noise-only measurements are made at different, non-
overlapping times, and hence are uncorrelated. Because the pencil-beam footprint
is scanning rapidly over the surface causing the noise floor to be non-stationary, how-
ever, it is highly desirable to make the E,,, and FE,, measurements simultaneously
(563, 81]. Consequently, the potential correlation between Ej., and E,, must be taken

into account for the pencil-beam case.
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To evaluate Eq. (3.26), the term Var[F,,,| defined by
Var|Ey,] = E[E?,,] — E*[Esia) (3.27)

is first addressed. For either the square-law or matched-filter detection approach, the

output of the signal+noise processing, z(t), can be written as

z(t) = \/E,s(t) + VEan (). (3.28)

Here, E, and E,, are the expected echo and noise energies respectively, and s(¢) and

n(t) are normalized such that

/. Ve ls(ol] de= /T25[I77(t)|2] dt =1. (3.29)

Ty T1

Both s(t) and 7(t) are Gaussian random processes. This is true for the echo because
it is the composite return from many randomly oriented scatterers on the surface
[17, 53, 95]. Receiver noise can likewise be modeled as a filtered white Gaussian noise

process [38]. An estimate of the signal+noise energy is thus obtained by
T
Eyin = / 2(t)[? d. (3.30)
T
Addressing the second term in Eq. (3.27), we have that
E|Esyn) = Es + E,. (3.31)

The first term of Eq. (3.27) is somewhat more involved. Inserting Eq. (3.28)
into Eq. (3.30), expanding, assuming the echo and noise are uncorrelated, and ap-
plying a well-known identity for the forth-order moment of a set of Gaussian random

variables [67], we have that
2 s [T 2
el = B2 [ [ IR dt dr (3.32)
+2EERe[/ / s(t, TRy (t,7)| dt dr

+E2/ / R, (t,7)|? dt dr
+E? + 2E,E, + Eg
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where Ry (t,7) and R, (t, ) are the correlation functions of the processes s(t) and 7(?)

respectively (given by £[s(t)s*(7)] and E[n(t)n*(7)]). From Eq. (3.27), we then have
Var[E2,,] = E? / / IR(t,7)|? dt dr (3.33)
+2EERe[/ / tTR*tT)] dt dr

+E§/ / R, (t,7)[2 dt dr.
T T

In order to evaluate the second and third terms in Eq. (3.26), we first define z,(t) as

To(t) = k1 Egso(t) + \ ko Enno(t), (3.34)

where k; and ko represent the percentage of echo or noise energy contained in z,(%)
relative to z(t), and the processes s,(t) and 7,(t) are normalized in the same manner

described by Eq. (3.29). The mean value of the noise-only energy is then
E[Eno] = klEs + kgEn (335)

Inserting Eq. (3.35) together with Eq. (3.31) into Eq. (3.23), oy and ay must be

ks
kg — kl
1
kQ — kl

(3.36)

a1 =

Qo =

in order to achieve an unbiased estimate of E,
A full evaluation of Eq. (3.26) proceeds in a similar manner as shown for
the first term given in Egs. (3.30)-(3.33). The tedious algebra is omitted here, and

only the result is presented. First, the following definitions are established:

a = / / S(t,7)|? dt dr (3.37)
b o= /T/ Re [R,(t, 7)Rn(t, )] dt dr

c://\ W (t,7)[? dt dr
T T

Ty pT>
d = / / Ryo(t,7)[2 dt dr

Ty T
b’ = / / Re [Rso(t: T)Rno(t’ T)] dt dr
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T
v / / Reolt, ) dt dr
n — T2 2
a = SSO t 7-)‘ dt dT
o= / / Re [Ryso(t, T) Runo(t, 7)) dt dr
n T2 2

where R, (t,7) = E[s,(t)s%(t)], Rssolt, 7) = E[s(t)si(t)], etc. Further, we define

A = oo+ adk’d — 20y00ka" (3.38)
= 20!%1) + 2a§k1k2b' — 40!1&2 klkzb”

C = odlc+ a2kicd — 20n05kyc”,

and the signal-to-noise ratio in the signal+noise channel, SNR, as

E,
SNR =" (3.39)

Utilizing Egs. (3.25) and (3.26) and the above definitions, K, can be written in the

form

B C \:
K,. = (A tong T SNR2> . (3.40)

Thus, K. — or, equivalently, the percentage measurement error due to random effects
— is a quadratic in 1/SNR. This functional form is the same for all scatterometer
systems, and is consequently a general expression which applies to pencil-beam as
well as fan-beam systems. The coefficients A, B, and C are related to the correlation
statistics associated with a particular instrument, transmit modulation, and processor
implementation.

The expressions for the coefficients A, B, and C represented by Eqs. (3.37)
and (3.38) are somewhat involved. Fortunately, there is a simplification that will ap-
ply to most of the K, related analyses in this dissertation. Typically the noise-only
measurement is made over a much wider bandwidth than the signal+noise measure-
ment. This has two important implications. First, that ks > k. Thus when o and

ay are defined as in Eq. (3.36), all terms of O(é) are approximately 0. Secondly,
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because 7,(t) is a wide bandwidth process, ¢ > ¢ and ¢ > ¢’. When these approxi-
mations are applied, the coefficients in Eq. (3.40) become A = a, B = b, and C = c.
This simplification will be utilized repeatedly in Chapters 4, 5, 6 and 7.

A particularly informative case to examine is when SNR, > 1, and Eq. (3.40)
becomes K, = V/A. Here, the term 1 /A is equivalent to the number of independent
samples or “looks” associated with the resolution cell [11, 95]. One intuitive way
to view the concept of independent radar looks is to recognize that the number of
looks is equal to the number of unique segments into which the cell may be resolved.
Because the achievable resolution is given by the spatial response function, there is
an important relationship between the SRF and the coefficient A. The precise math-
ematical relationship between the SRF and A is explored in detail in Section 4.1.4.
A key result which derives from this analysis is that

l ~ ff |Xant(td;wd)‘2 dtgdwy
A ff |Xant(tdawd)‘2|xraf(td,u)d)|2 dtddwd

(3.41)

where the integrals are performed over the extent of the measurement cell. The
righthand side of Eq. (3.41) is the ratio of the cell area to smallest resolvable surface
area, or, equivalently, the number of surface segments which can be independently
discriminated by the ambiguity function within the backscatter cell. Thus, the higher
the inherent resolution associated with the radar ambiguity function X,.f, the more
independent regions the backscatter cell may be divided into, and the greater the
number of independent looks.

Another useful way to consider the concept of radar looks is as the time-
bandwidth product associated with the measurement of the return echo. The higher
the bandwidth and the longer the integration time associated with the return echo
signal, the better the averaging statistics and the lower the noise variance of the
signal energy estimate. For instance, the time bandwidth product appears explicitly
in Eq. (2.8) for the Doppler fan-beam system. This representation of equivalent looks
is important because it highlights a potential disadvantage of pencil-beam systems.
Whereas fan-beam systems use the spacecraft motion to move the footprint along the

surface, pencil-beam systems use the rapid scanning motion of the antenna. Because
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the pencil-beam footprint motion is much more rapid (i.e., v > v,), the available
integration time is much shorter than for the fan-beam case. Thus, in order to obtain
measurement performance equal to fan-beam systems, techniques must be devised to
improve the effective signal bandwidth. These techniques are addressed in detail in

Chapters 4 and 5.

3.3.2 SNR for Pencil-Beam Systems, Scanning Loss

Because the signal-to-noise ratio appears explicitly in the expression for K,
[see Eq. (3.40)], it is important to have a convenient expression for SNR in conducting
scatterometer design studies. For conventional side-looking radar systems, the SNR
is well approximated by [74, 95]

P,G?AN?0°

NR = 17 AeA707
SNR = RN,

(3.42)

where P, is the peak transmit power, GG is the antenna gain, A, is the area of the
resolution cell, A is the carrier wavelength, R is the slant range, L is the total system
loss, and N, is the system noise power spectral density. This approximation is valid
for pencil-beam systems as well with one important exception: the antenna gain in
the direction of the measurement cell (G) is no longer a constant value, but varies
with time as the pencil-beam footprint is rapidly scanned. The rapid motion of the
antenna gain pattern effectively creates an additional signal loss, termed scanning
loss, which must be taken into account in the computation of pencil-beam SNR [62].

During the round-trip flight time of the radar pulse to the surface and
back, the rotating antenna beam sweeps away from the region originally illuminated.
Scanning loss is defined as the loss of signal power that occurs because of this antenna
pattern shift [62, 81]. Assuming that the slant range, R, is approximately constant

over the footprint, the scanning loss, Lgcu,, is defined by

L — fgtw(F)gr:c(T) dA
S A .

Here, ¢;, and g,, are the beam patterns on the surface at the time of transmit and

(3.43)

receive respectively, and the integral is performed over the surface footprint region.
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For pencil-beam systems, the value of L., must be included in the total system loss
term, L, in evaluating Eq. (3.42).

When z, < d, the antenna pattern motion during the pulse flight time
can be modeled as a simple translation in the azimuth direction, Ax,..,, Wwhere

2Ry

AT goqn = (3.44)

Using Egs. (3.43) and (3.44), the scanning loss as a function of the separation factor, p,

is calculated and shown in Fig. 3.11. Here, p is defined as the azimuth displacement

AZscan ) .

Baz

normalized by the two-way azimuth beam-width (i.e., p = As expected,
scanning loss increases with increasing azimuth separation. The allowable amount
of signal loss is dependent on the measurement accuracy requirements for a specific
system design.

The scanning loss calculation represented by Egs. (3.43) and (3.44) applies
for the case where the same antenna beam is used for both transmit and receive.
If scanning loss, according to Fig. 3.11, becomes too large, it may be necessary to
employ separate transmit/receive beams. In the separate beam case, the antenna
patterns are steered to different positions in azimuth alternately on transmit and re-
ceive so as to compensate for the azimuth separation in Eq. (3.44). Transmit/receive
azimuth steering may be accomplished, for example, by switching between two adja-
cent feeds — one which looks slightly ahead in azimuth and one slightly behind — so
as to compensate for the movement of the footprint during the round-trip flight time.
In general, such azimuth steering complicates the antenna design and calibration, so
it is desirable to use a single beam where possible. Combining Eqgs. (3.3) and (3.6)
with Eq. (3.44), a constraint on the antenna pattern dimensions such that a single
beam may be used for both transmit and receive is

4mdvg cos Ojn,

ﬂelﬂaz 2 ; (345)

cRpmin
where pp,;, is the separation factor that corresponds to the maximum acceptable
scanning loss for a given application. Equation (3.45) indicates that higher resolution,
higher gain beams also imply more complex antennas where transmit /receive steering

is required.
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Figure 3.11: An example of scanning loss (in dB) vs. scan separation factor p. For
the purposes of analysis, the antenna pattern has been modeled as a uniformly illu-
minated circular aperture. Due to the normalization by the beamwidth in calculating
p, however, sensitivity to the precise antenna pattern in estimating scanning loss is
small (see text).

3.3.3 Pencil-Beam Radar Equation, Calibration Error

As in the fan-beam case, an estimate of ¢° is obtained from the measure-

ment of echo return energy utilizing the radar equation,
o°=—. (3.46)

For the pencil-beam case, however, the expression for X must be modified to take
into account the spinning motion of the antenna and the resulting separation of the
transmit and receive antenna patterns (as discussed in the context of scanning loss in

the previous subsection). The expression for the X of a pencil-beam system is then
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[compare to Eq. (2.5)]

. )\QEt — gtm(T)grm(F)gTP(F)
X = rPL dr R : (3.47)

where E; is the transmit energy, L represents the total system and instrumental
losses, ¢;; and g,, are the beam patterns on the surface at the time of transmit
and receive respectively, g,,(7) is the surface discrimination function due to radar
resolution processing, R(7) is the slant range to each surface element, and the integral
is performed over the surface footprint region. The K, calibration error term is then
computed in a similar fashion to that described for the fan-beam system in Section
2.3, the primary difference being that now the uncertainty in scanning loss is also a

contributing factor to the overall calibration error.

3.4 Radar Pulse Timing and Nadir Contamination

Fundamental to any radar design is the appropriate selection of transmit
pulse and echo return timing. In this section, the basic transmit and receive timing
considerations for a pencil-beam scatterometer system are described. Because of the
rapid scanning motion of the antenna and the relatively small footprint, the pulse-
repetition frequency (PRF) of a pencil-beam system may be much higher than that of
a fan-beam system. These higher PRF’s, in turn, create more stringent requirements

for pulse interleaving and for the rejection of nadir return contamination.

3.4.1 Transmit/Receive Timing Constraints

A generic illustration of spaceborne radar timing is shown in Fig. 3.12.
Here, transmit pulses of width 7, are repeated at the pulse repetition interval, PRI
(where the PRI is the inverse of the pulse repetition frequency, PRF). The round
trip flight time of the echo to the surface and back is given by %. The echo return
from the ¢th pulse is shown as a large trapezoid. Note, in the case shown, that there
are always two pulses in flight. The small trapezoids in Fig. 3.12 represent the echo

returns from the direction of nadir (the effect of which will be considered shortly).

26



15

| H.alals

PRI

2h/c

2R /c

Figure 3.12: Sample radar timing diagram. Shown are transmit events (tall rect-
angles), echo returns (tall trapezoids), and returns from nadir (small trapezoids).
Numbered labels are used to match echoes to the corresponding transmit events.

In general, the PRI is selected to satisfy the required along track sampling,
such as that dictated by Eq. (3.7), or to produce desirable ambiguity patterns when
two-dimensional resolution is sought, as discussed in Section 3.2.3. The PRI must
also be selected to achieve a proper interleaving of transmit and receive events as

shown in Fig. 3.12. Quantitatively, this interleaving constraint can be expressed as

1 2 PRI — 2T, — ATy, — AT,
(n+§)PRI——R < R p 5 Ip marg.
C

(3.48)

where n is an integer representing the number of pulses in flight, 7}, is the pulse length,
AT}, is the round-trip delay between the inner and outer edges of the footprint, and
AT4rg is timing margin allowed for uncertainties in the precise value of R. For
Ze <K d, a convenient approximation for ATy, is given by

251 Ginc
ATfp = Slnf.’]}'el. (349)

Once selected, the PRI limits the allowed length of the transmit pulse, 7}, such that

PRI — AT}, — AT par

T <
P = 2

(3.50)

The higher the PRI, the more difficult it is to find a timing solution which maintains

adequate timing margins.
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Figure 3.13: Near-nadir return contamination geometry.

3.4.2 Nadir Return Contamination

In addition to the interleaving of transmit and receive events, a timing issue
that is of particular concern for pencil-beam scatterometers is the suppression of the
unwanted echo reflection from the specular point in the direction of nadir. (These
spurious signals are shown as small trapezoids in Fig. 3.12.) As shown in Fig. 3.13, the
main beam of the scatterometer instrument illuminates the surface at relatively high
incidence angles (47° and 55° in the case of the SeaWinds scatterometer described
in Chapter 4) where Bragg scattering dominates the ocean return. At these high
incidence angles, 0° values are relatively low, ranging from about -30 dB for 3 m/s
winds to -14 dB for 20 m/s winds at Ku-Band. However, the near-nadir region is also
illuminated by the antenna sidelobes. In the incidence angle regime near 0°, specular
reflection and quasi-specular scattering dominate, and ¢° ranges from around 0 dB
for rough surfaces to over 30 dB for very smooth surfaces.

Because of the very large discrepancy in backscatter between the Bragg

and specular regimes, and because pencil-beam scatterometers typically have multiple
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transmit pulses and return echoes in flight, care must be taken in the scatterometer
design to insure that the near-nadir return is sufficiently suppressed so it does not
contaminate the main beam measurements. Examining Fig. 3.12, the most desirable
solution is to select the timing so that the nadir echo returns at a different time as the
main beam, therefore allowing it to be “gated out.” This approach, however, severely
limits the available timing schemes for future advanced scatterometers. In particular,
if a higher PRF (corresponding to a higher sampling rate on the Earth’s surface) is
desired, it becomes increasingly difficult to find acceptable solutions where the nadir
return can be gated out. With higher PRF’s, it is likely that a return from the nadir
region will appear in the same gate as the desired off-nadir return. While Doppler
filtering may also be used to eliminate the near-nadir return, this strategy does not
work when the antenna beam is scanned to +/ —90° azimuth where the Doppler shift
is near zero Hz. The best way to alleviate the specular region contamination problem
is to insure that the antenna side-lobe levels in the direction of nadir sufficiently
suppress this signal.

To assess the level of contamination from regions outside the main mea-

surement footprint, the contamination ratio, I, is defined as

P out

I'= .
P, main

(3.51)

Here, P, 4 and P,,; are the returned powers from inside and outside the main beams
respectively. The power returned from a given region of the surface, R, is expressed

_ PX TGQ(T)O'O(T)
7 (am)3L Jr RYF)

where P, is the transmit power, A is the wavelength, and L is the total system loss.

(3.52)

Here, the integral is performed over the selected illuminated surface region R (either
the main beam or elsewhere in the pattern).

In general, a comparison of the power from the main beam region to the
return from all areas outside of the main beam is desired. For this analysis, how-

ever, the very strong contamination due to the specular region is of primary interest.
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Assuming that the specular region is many beamwidths away from the antenna bore-
sight, several simplifications may be applied to Egs. (3.51) and (3.52). First, for the
main beam return it is assumed that the beamwidth is sufficiently narrow so that o°

and R may be set as constant over the footprint. P,,,;, may then be expressed

Pt)‘2G12)A€ffo-?nain

main

Here, G}, is the peak antenna gain, A.¢; is the effective two-way illuminated area,

1)
and 02, .

and R,,.n are the backscatter cross-section and range at the main beam
defined footprint.

For the near-nadir return, the primary simplification made is that the
antenna pattern in this region may be modeled as a constant value, Gj.y. This
assumption will yield an upper-bound on the allowable sidelobe level in the far region

of the antenna pattern. P,,4 can thus be approximated as

Pt)‘QGgmd O-romd(r)
) d = (An) L I R r drdf. (3.54)

Here, the Earth’s surface in the vicinity of nadir is approximated as flat, and the in-
tegration has been changed to polar coordinates where r and # are the radial distance
and angle of the surface scatter relative to the nadir point. It is also assumed that

02,4 1s only a function of the radial distance from the nadir point. (This is equivalent

0

© 4> O average, is only a function of incidence angle.) Note that in

to assuming that o
Eq. (3.54) the integration is performed over the nadir region, N, only. The extent of
the nadir region is determined by the radius over which contamination is significant.

Combining Egs. (3.51), (3.53) and (3.54),

GiadR4 on (T)

I = main nad

a G]2)A€ff0’ronain N R4(7')

r drdf. (3.55)

This expression can then be evaluated for different o?, . in order to determine the
nadir interference as a function of wind speed, and in order to determine the required
side lobe level, G,/ Gpaq4. As an example, consider the case of a Ku-Band scatterometer
system operating at the Sea Winds measurement geometry (h = 800 km, 6;,. = 55°).

First, it is assumed that a I' value of -10 dB provides sufficient suppression of the
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nadir contamination. Evaluating Eq. (3.60) for ¢2,,,, = -32 dB, which corresponds to

o

o 4(r), which is derived

a very low wind speed, and with a “worst-case” profile for o
and presented in Appendix B, it is determined that GGLZ”! = -44 dB is required. This

level is readily achievable in hardware.

3.5 Rain Contamination

The purpose of a scatterometer is to obtain a very accurate measurement of
the surface backscatter cross-section. To the extent that the intervening atmosphere
is not completely transparent to the microwave signal, an error in the measurement
will result. The dominant error source at frequencies up to Ku-Band (14 GHz) is the
presence of rain. Previous analyses have addressed the impact of rain on fan-beam
scatterometer systems [61]. These studies, however, have only emphasized the signal
attenuation produced by atmospheric liquid water. For pencil-beam scatterometers,
which operate at high incidence angles where the surface backscatter cross-section is
very small, the backscatter from the rain itself may be significant. In this section,
a model for rain contamination which includes the influence of volume scattering
from raindrops is developed. Using actual rain profiles, the effect of these errors is

characterized for a Ku-Band system.

3.5.1 Rain Contamination Model

Atmospheric rain has two effects on the measurement of surface ¢°. First,
the radar signal which passes through the rain is attenuated. Secondly, backscatter
from the rain itself adds unwanted echo power to the return signal. These combined
effects can be described by

o™ =ac’+o", (3.56)

where ¢ is the measured cross-section, ¢ is the actual surface cross-section, « is the
effective path attenuation, and ¢” is the “rain equivalent backscatter cross-section”
which represents the increase in apparent backscatter due to scattering from the rain.

(Strictly speaking, both atmospheric water vapor and clouds may cause attenuation
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even when rain is not present. These effects, however, are much smaller than those
due to rain [94].)

Figure 3.14 illustrates the geometry assumed for the calculation of o and
o". Note that, in addition to the direct scattering paths from the rain and surface to
the sensor, multi-path components which reflect off both the surface and the rain also
exist. In general these multi-path terms will increase the value of o” relative to that
calculated using only the direct scattering term. Here, because of the complexity in

estimating the multi-path components, this contribution is assumed small, and thus

our calculation will represent a lower bound on o".
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Figure 3.14: Rain contamination geometry.

In building the rain contamination model, it is convenient to first define
the function p(z,y, z), which quantifies the two-way attenuation from the sensor to

a point at (z,y, z) located within the rain layer and back:
wu(z,y, z) = Z/ds k(x',y, 2"). (3.57)
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Here, k(z,y, z) is the attenuation per unit path length and the integral is performed
over the line from the point (z,y,2) to the sensor. With p so defined, the total
attenuation « is written

1
Aesy

=

/dA G(z,y,2)u(z,y, 2), (3.58)

where A.fy is the effective area of the antenna footprint, G(z,y, 2) is the total gain
function associated with the measurement, and the integral is performed over the

Earth’s surface. The rain-equivalent backscatter, 0", is given by

1
o' = q /dV G(z,y,2)u(z,y, 2)o’(z,y, 2), (3.59)
eff

where ¢?(z,y, z) is the volume backscattering coefficient of the rain and the integral

is performed over the raining volume.

3.5.2 Rain Errors

In order to evaluate Egs. (3.57)-(3.59) and obtain a quantitative assessment
of rain contamination effects, it is desirable to use realistic values for u(z,y, z) and
0%(z,y,2). An ideal source for these functions is the Tropical Rainfall Mapping
Mission Precipitation Radar (TRMM-PR). This instrument directly measures these
parameters a Ku-Band. Using the TRMM-PR data, o and o" are calculated for a
variety of actual rain conditions. Inserting these values into Eq. (3.56), the error in
the measurement of 0° due to rain contamination, Ag?, is given by

)

Ac® = 101og (0_—> . (3.60)
In Fig. 3.15, parametric curves for this error as a function of average column rain
rate — the vertically integrated rain rate averaged over the scatterometer footprint —
are derived for different assumed values of surface 0°. Note that for low to moderate
values of ¢° (-30 and -20 dB which correspond to winds from 3 to 10 m/s), the
scattering from the rain dominates, and rain actually increases the apparent surface
cross-section. For higher values of 0° attenuation is the dominant effect and the

measured values are lower than expected. Due to the relatively high incidence angles
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at which pencil-beam systems operate, the majority of the 0°’s encountered over the
ocean fall into the -30 to -20 dB range. Because of this, rain is predicted to generally
increase the apparent cross-section for most measurements. (This effect is indeed

what is observed from an analysis of the SeaWinds data [39].)

20

15 .
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g, Error (dB)
(63}
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Figure 3.15: Scatterometer measurement error as a function of average column rain
rate for four values of surface o°: -30 dB (black, corresponding to very low wind), -20
(red, corresponding to moderate wind), -14 dB (green, corresponding to high wind),
and -10 dB (blue, corresponding to extremely high wind).

To further illustrate the effects of rain contamination, consider the example
in Figs. 3.16 and 3.17. Here, TRMM PR data has been used to calculate the total
attenuation, «, and the rain-equivalent backscatter cross-section, o”, over hurricane
Floyd which formed in September, 1999. Also, in Fig. 3.18, the percentage of the

detected signal which is coming from the surface, as opposed to the rain, is calculated.
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An examination of Fig. 3.18 indicates that in heavily raining regions, such as the main
hurricane bands, most of the backscattered signal is actually coming from the rain and
not the surface. In such situations it is impossible to accurately retrieve the surface o°.
Thus, it is critically important in the planning of Ku-Band scatterometer systems to
be able to flag raining regions. This may be accomplished using a separate radiometer
system located on the spacecraft platform or by identifying the signature of rain in
the backscattered signal itself [39, 61]. When lower scatterometer frequencies, such as

C-Band or L-Band, are used, rain contamination is of significantly less concern [25].

Figure 3.16: Two-way rain attenuation («) calculated from TRMM-PR data over
Hurricane Floyd, September 1999.
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Figure 3.17: Rain equivalent cross-section (¢") calculated from TRMM-PR data over
Hurricane Floyd, September 1999.
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Figure 3.18: Percent of total echo energy actually coming from surface, calculated
from TRMM-PR data over Hurricane Floyd, September 1999.
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Chapter 4

Measurement Accuracy Optimization for Beamwidth-Limited

Pencil-Beam Scatterometer Systems

In this chapter pencil-beam systems which employ the beamwidth-limited
resolution approach are treated in more detail. These systems are easy to imple-
ment in hardware because they typically use band-pass filtering and square-law power
detection, as opposed to more complex correlation detection approaches treated in
succeeding chapters. As discussed in Chapter 3, the spatial resolution of a beamwidth-
limited scatterometer is simply determined by the dimensions of the antenna foot-
print as projected on the surface. Once an antenna design which meets the spatial
resolution requirement has been specified, the major design issue associated with
beamwidth-limited systems is the minimization of backscatter measurement error.

Previous authors have addressed the measurement accuracy issue for space-
borne scatterometers and considered only the case where an unmodulated interrupted
CW signal was transmitted [17]. It is demonstrated in this chapter that by appropriate
modulation of the transmit signal, the measurement variance for beamwidth-limited
systems can be significantly improved. In general, modulating the transmit signal to
a higher bandwidth improves the equivalent number of independent looks obtained.
Increasing the transmit bandwidth of the pulse, however, lowers the SNR. These com-
peting effects must be carefully traded-off in order to achieve optimal performance.

This chapter is divided into two main parts. In Section 4.1, a signal pro-
cessing framework for the beamwidth-limited case is described. General expressions

are developed for the measurement variance when transmit modulation is employed,
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and a discussion is provided concerning which modulation formats are optimum for
a given application. In Section 4.2, these measurement variance optimization strate-
gies are applied to the real-world example of the Sea Winds instrument, NASA’s first
pencil-beam scatterometer. It is shown how, using the methodology developed in
Section 4.1, an optimal transmit modulation was selected for the initial beamwidth-

limited version of the Sea Winds design.

4.1 Signal Processing Framework for Beamwidth-Limited Scatterometer
Systems

In this section the signal processing for the general beamwidth-limited scat-
terometer case is described. Equations are presented which allow the unbiased esti-
mation of signal energy given the signal+noise and noise-only measurements. Next,
the issue of backscatter measurement variance is addressed. Uses the equations devel-
oped in Section 3.3.1, expressions are derived for the normalized measurement error
(K,c) when arbitrary transmit modulation is employed. Finally, the advantages and

disadvantages of four different transmit modulation formats are discussed.

4.1.1 Beamwidth-Limited Echo Detection Approach

The overall signal detection approach for a beamwidth-limited scatterom-
eter system is shown in Fig. 4.1. The input signal, which consists of both the echo
return from the surface and thermal noise, is passed through a band-pass filter of
bandwidth B,. The resulting filtered output echo-plus-noise signal, represented by
s(t) + n(t), is squared and then integrated over the receive gate period 77 — T, to
estimate the echo-plus-noise energy, F;,,. To obtain information necessary to re-
move the thermal noise component in E,,,, a separate “noise-only” measurement is
made over a wider bandwidth, B,,. The output of this noise-only filtering process is
represented by s,(t) + 7,(t). As described in Section 3.3, an estimate of E; is then
formed by

Es=a1Fs p, — agFp,. (4.1)
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Note that in Fig. 4.1 the noise-only energy is integrated over the same
period as the signal+noise energy (73 — 7T5). For pencil-beam systems it is ad-
vantageous to perform the noise-only integration simultaneous with the signal+noise
measurement, rather than at a different time as typically done with fan-beam sys-
tems. This is because the footprint is scanned over the surface at an effective speed
that is much greater than the spacecraft motion. Consequently, the scene bright-
ness temperature, which contributes to the noise power energy to be subtracted in
Eq. (4.1), may change quickly. Thus, a simultaneous integration insures that 7(¢)
and 7,(t) are filtered versions of the same process, and eliminates errors caused by

non-stationarity.

T2

2
/ By \ 0200 ,, | . | ™ S — Es+n

T

Surface Echo
+
Thermal Noise

T2

/_\Bn So® + o), | . |2 ] X - Epo

T

Figure 4.1: Signal processing approach for beamwidth-limited scatterometer systems.
The combined echo and system noise signals are band-passed filtered to bandwidth
B, for the “signal+noise” channel, and B, for the “noise-only” channel. (Note that
the term “noise-only” is used for historical purposes. In reality, the noise-only mea-
surement can contain some or all of the echo energy as well.) The energy in the two
channels is detected by magnitude squaring and integrating the detected voltages.

In Fig. 4.2, a frequency domain representation of the processing in Fig. 4.1
is shown. The thermal noise spectrum is assumed to be a white noise process with
a constant power spectral density over the frequencies of interest. The echo return
has a narrowband spectrum of width B centered on the transmit carrier frequency
(plus or minus the Doppler shift due to the relative motion of the satellite and the
Earth). Superimposed on these spectra are the signal+noise and noise-only bandpass

filter operations. Indicated are two approaches for the noise-only filtering: a non-
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Figure 4.2: Signal processing of Fig. 4.1 shown from the perspective of the frequency
domain. The echo signal spectrum and thermal noise floor are shown. As described in
the text, the noise-only filtering pass-band may or may not overlap the echo spectrum.

overlapping placement of the bandpass region which rejects the echo spectrum, and
an overlapping placement of the bandpass region which includes the echo spectrum.
When the noise-only filtering rejects the entire echo spectrum this is termed

the “non-overlapping” case for which

E|Egin]) = Es + B.(Tx — Ty) N, (4.2)
5[E7w] == Bn(TQ - TQ)NO,

where E; is the total energy in the echo, B, is the effective bandwidth of the sig-
nal+noise channel, B,, is the effective bandwidth of the noise-only channel, and N, is
the thermal noise power spectral density. In order for Eq. (4.1) to yield an unbiased

estimate of the echo energy, the coefficients «r; and as for this idealized case become
o = 1 (43)

B,

B,

Qo =

Using the notation of Section 3.3.1, this is equivalent to setting k1 = 0 (because there

is no signal component in the noise-only channel) and ky = %’:.
For the “overlapping” case, often easier to implement in hardware, the

noise-only filter includes the echo, and we have that

ElEsn] = By + B.(Ty — Ty)N, (4.4)

E[Eno] = Es + Bn(TQ - TQ)Noa
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and consequently

By
B,
o = g (4.5)
By
1
Qo = B,
B 1

For large values of %’:, the coefficients for the two filtering strategies approach the
same value. Note that Eqgs. (4.2)-(4.5) are exact only for the “ideal” spectral shapes
and filter responses shown in Fig. 4.1. These equations are adequate for initial per-
formance modeling purposes, consistent with the primary goals of this section, but
may require small modifications for realistic signals where not all of the echo signal

is passed by the signal+noise filter (see Section 4.2.2).

4.1.2 Measurement Variance for Interrupted CW Transmit Signal

The bandwidth of the received echo, B, is a function of the nature of
the transmit pulse. The simplest transmit signal is a single interrupted CW (ICW)
pulse (see Section 3.2.3). The RADSCAT scatterometer flown on the Skylab mission,
an experimental pencil-beam scatterometer and the precursor to modern systems,
utilized this approach [17]. The measurement variance associated with the echo from
an ICW transmit pulse is treated in a straightforward manner utilizing standard
stochastic signal processing theory. The resulting equation for K, is discussed here
to motivate the need for more sophisticated transmit signal modulation addressed in
the following section. This development also provides some simplifying results that
are of use in these later discussions.

The transmit bandwidth, B;, of an ICW pulse is given by By = 1/T),
where T, is the pulse length. The Doppler shift bandwidth covered by the antenna
beam footprint is defined as Af;. When Af; > B,;, the bandwidth of the echo
return is approximately By = Af;. Furthermore, when the transmit pulse length is
much longer than the beam fill time [i.e., T, > AT}, where AT}, is defined as in
Eq. (3.52)], the echo return can be modeled as a stationary band-limited white-noise

process with bandwidth By [17]. Assuming that the power spectral density of the
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echo is rectangular in shape (as illustrated in Fig. 4.3) the correlation function of s(%)
is given by [38]
1
Ry(t,7) = Tsinc(?Bs(t —T)). (4.6)

p
When 7,B, > 1, which is typically the case for a single long transmit pulse, the a

term in Eq. (3.37) is well approximated as [17]

1 T (T2 2
a = T—]DQ/T1 /Tl sinc®(2By(t — 7)) dt dr =~ Tsz. (4.7)

Note that the thermal noise is a band-limited white noise processes. When B, = B;

and the receive gate is set such that T, — T} =T, then R, (¢,7) = R,(¢,7) and

2
~ 4.
b B (4.8)

pPs
1

cC~

T,Bs

With scatterometer systems, it is possible to have a very wide bandwidth for the
noise-only measurement. This is desirable because a wide bandwidth reduces the
noise-only contribution to the overall measurement variance. When B, > B,, then
ko > ki, and the simplifications discussed at the end of Section 3.3.1 apply (i.e.,
A =a, B=0b,and C = ¢). Also, when B, is large, a; ~ 1 for the overlapping
bandwidth case. Utilizing these approximations with Egs. (4.7) and (4.8), the best

achievable K, for the interrupted CW transmit pulse becomes

1 2 1 3
Kp=—— 14—+ —= , 4.9
P /%Bs(+SNR+SNW> (4.9

where the signal-to-noise ratio is given by
E;

SNR = .
T,B,N,

(4.10)

Equation (4.9) has important implications for motivating the advanced
pencil-beam scatterometer measurement techniques discussed in the following sec-
tions. In this expression a key factor determining the measurement variance is the
time-bandwidth product, T}, By, which effectively sets the number of independent looks

achieved for the measurement. With pencil-beam systems employing ICW pulses,
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however, there are fundamental limits on how large this term can be. The signal
bandwidth is limited by the Doppler range associated with the size of the antenna
footprint on the surface, A f;. Larger footprints leading to larger Doppler bandwidths
can be employed, but at the expense of degraded resolution, an unacceptable option
for many applications. The available pulse length, T}, is even more strictly limited by
the timing constraints as discussed in Section 3.4. Because the pencil-beam footprint
is moving so quickly over the surface, there is much less integration time available
compared to the fan-beam case. All these effects serve to limit the achievable 7, B,
once a given antenna beamwidth has been selected. Therefore, to further improve K,
it is necessary to consider methods which may involve more sophisticated transmit

pulse modulations than the interrupted CW case discussed thus far.

4.1.3 K, for Beamwidth-Limited Pencil-Beam Systems Employing Mod-
ulated Transmit Pulses

Although the integration time for pencil-beam systems is tightly limited
by the rapid scanning motion of the antenna, it is possible to increase the effective
number of looks by transmitting a wider bandwidth signal than that created by the
Doppler shift alone. This may be accomplished by modulating the transmit pulse in
a variety of different ways. For a modulated signal, however, the echo return does
not have same simple stochastic description as that presented in Eqgs. (4.6) and (4.7).
A new, more general formulation for the coefficients a, b, and ¢ (and consequently A,
B and C) must be derived.

In general, the transmit signal can be written in the form

T(t) = \/E, m(t)ei, (4.11)

where FE} is the total energy in the transmit pulse and m(t) is the complex modulation

imparted to the transmit pulse which is normalized so that

/OTP m(t)[? dt = 1. (4.12)

The return echo is the sum of returns from infinitesimal scattering patches on the

ocean surface. The return from each patch can be represented as a Doppler shifted,
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range delayed, phased shifted, and path attenuated replica of the transmitted signal.
In this analysis, it is convenient to locate the position of each patch by its coordinates
in delay /Doppler space as illustrated in Fig. 3.2. When the dimensions of the footprint
are small compared to the scan radius (i.e., d > z, z,,) these coordinates uniquely
locate each point within the antenna footprint.

Assuming that the backscatter cross-section over the footprint is constant,

the combined echo return, S(¢) can be written

E,G2)\2g0
Sit) = 54;7)3; /td » &(wa, ta)g(wg, ta)m(t — tq) (4.13)

. ejwcejwdejw(wdatd) 5A(wda td) dwd dtd

where G, is the net peak gain of the combined transmit/receive antenna beam pat-
terns, 7 is the average range over the footprint, the integral is performed over all
Doppler (wq) and delay (t4) positions within the footprint region, g(wq, t4) is the net
normalized gain pattern at the position of the patch, and 0A(wy, tq) dwy dty is the
infinitesimal surface area associated with the scattering patch at location (wg, t4).
The terms £ and 9 represent the random amplitude and phase due to the fading (or

speckle) from the scattering patch, and have the properties

£l (warta)] = 1 (4.14)

Defining the effective footprint area, Ay, as

Aepy = /t 9 (Wa ta)0 A(wa, ta) dwa dta, (4.15)
d>Wd

Eq. (4.13) is rearranged into the form used in Section 3.3.1 by writing

S(t) = v E,s(t), (4.16)

where the expected total energy in the echo return is given by

o EtGg/\ZAeffO'o
; (47)37

(4.17)
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and thus

1

s(t) = o /td,wdg(wd,td)g(wd,td)m(t—td) (4.18)

. ejwctejwdtej'lﬁ(wd:td) 514((4)(1, td) dwd dtd

The correlation function of the signal s(t) is

1 . ,
Acsy / / m(t —ta)m’ (1 —ta)g” (ta, wa) (4.19)

. €jwd(t_7—)(5A(wd, td) dtd dwd.

Ri(t,7) =

When the signal+noise and noise-only filtering operations are approxi-

mated as ideal bandpass filters, we have that

R,(t,7) = sinc(2B,(t — 7)) (4.20)

1
(T, = T)

Ro(t,T) = sinc(2B,(t — 71)).

1
(T, - T)
For the non-overlapping noise-only filtering case of Fig. 4.2, the correlation function
definitions given in Eqs. (4.18)-(4.20) allow a complete solution to the K. equation
when inserted into Eqgs. (3.37)-(3.40). (This is true because k; = 0 and R,,;,,(¢,7) = 0).
When the signal+noise filter bandwidth is wide enough to pass the entire echo return
signal, and the noise-only filter overlaps the echo, then R, (t,7) = Rss0(t,7) = Rs(t,7)
and Ryn.(t,7) = R,(t,7). These functions can also be used with Eqs. (3.37)-(3.40)

to obtain a general solution for K.

4.1.4 Simplified Analysis of Transmit Modulation Strategies

Exact solutions to K. based on the general expressions given in Eqgs. (4.18)-
(4.20) may be calculated numerically, but yield little insight into what transmit mod-
ulation is best for minimizing measurement variance. In this subsection, an approxi-
mate formulation for K, is used to provide a more intuitive assessment for the effect
of transmit modulation.

We begin by assuming that the antenna beam footprint can be approxi-

mated by a rectangular region on the surface, where
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1 t4,wq € illuminated rectangle
g(td: wd) =

0 otherwise.
This idealized rectangular antenna pattern is illustrated in Fig. 4.3. Note that as
the antenna is scanned in azimuth, the delay and Doppler lines assume a different
geometry relative to the antenna pattern (compare to Fig. 3.2). To assess the effect of
this varying geometry, two cases are considered: (1) the case of the antenna scanned
to a side-looking azimuth (,, = 90°), where the iso-Doppler and iso-range lines are

perpendicular; and (2) the forward-looking case (6,, = 0°), where the iso-Doppler

and iso-range contours are parallel.
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Figure 4.3: Simplified antenna geometry. The bold rectangles are idealized shapes of
the antenna footprint on the surface. At; and Awy are the delay and Doppler widths
of the footprint respectively. The lines of iso-range are shown in black, and the lines
of iso-Doppler are shown in gray (compare to Fig. 3.2).

Case 1: Side-Looking Geometry

For the side-looking geometry case, the dimensions of the rectangular an-

tenna pattern in delay/Doppler space are given by Aty = tg9 — t41 and Awg =
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wa,2 — wg respectively. Consequently, the elemental area term in Eq. (4.15) is given
by

Ae
SA(r, wq) = ngd (4.21)

Applying this definition and the idealized antenna pattern assumption discussed

above, the correlation function Rs(t, T) becomes

ty2  [wWd,2
Ri(t7) = Fyao Awd / / m(t — tg)ym* (T — tg) (4.22)

Wd,1
. ejwd(t 7) dtd dwd.

Inserting Eq. (4.22) into the expression for a, Eq. (3.37) becomes

ta2 fta2 [fwWd2 [Wd2 t t ; 493
o = s o o L e tam e ) a29)

m*(t — t})m(r — td)eﬂ(“’d YD) dty dwg dtly dw!ly dt dr.
As a simplification, consider the integral

T o,
/ S — )m* (1 — tg)ed i) g, (4.24)
T

Utilizing the substitutions y = 7 — t, and p = t; — t};, this becomes

. . fTo—t! -
¢/ Wil / " m(y)mt(y — p)el e dy. (4.25)
Tl—t&

When the range gates are sufficiently wide to admit the entire echo signal, the inte-
gration limits in Eq. (4.24) may be set at infinity without changing the value. The
integral in Eq. (4.24) thus becomes the radar ambiguity function as defined in Section
3.2.3. Equation (4.23) can now be written

a= AtzAwd /t“ /td ’ /wji ’ /w:)i’z IXrap(ta — thwa — wh)|? dty dwg dt}y dw'y.  (4.26)
If the ambiguity function is symmetric in time and frequency, a very good assumption

for most transmit signals used in remote sensing, Eq. (4.26) can then be written

Aty Awg 9
S / / (At — [ta))(Awa — |wal) [Xras (tas wa) > dba dwy . (4.27)
tAwd

Aty Awg
Equation (4.27) is a key result. It demonstrates that the ¢ term, which is related to
the number of independent looks obtained over the measurement footprint, can be

approximated by a weighted integral over the radar ambiguity function.
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It is useful to consider solutions to the integral in Eq. (4.27) for three
idealized ambiguity function shapes (illustrations of which can be found in Section

3.2.3):

Doppler Resolving “Blade”: When the ambiguity function is a blade-like
function which is much longer than At; in the delay dimension, but much
shorter Awy in the Doppler dimension; the value of a in Eq. (4.27) is
approximately the ratio of the Doppler width of the blade to the Doppler

width of the antenna footprint.

Delay Resolving “Blade”. When the ambiguity function is a blade-like
function which is much longer than Aw, in the Doppler dimension, but
much shorter At; in the delay dimension; the value of ¢ in Eq. (4.27) is
approximately the ratio of the delay width of the blade to the delay width

of the antenna footprint.

Doppler/Delay “Spike”: When the ambiguity function is a “spike” narrow
in both the Doppler and delay dimensions relative to the dimensions of
the footprint, the value of a in Eq. (4.27) is approximately the ratio of the
area under the spike to the area of the footprint in delay/Doppler space.

Given the above approximations, one intuitive interpretation for the concept of “in-
dependent looks” is the number of independent regions into which the ambiguity

function can divide the footprint.

Case 2: Forward-Looking Geometry

For the forward-looking geometry case, the iso-Doppler and iso-range lines
are parallel, and consequently a change in delay is equivalent to a change in Doppler.
Defining g = ﬁ—‘;’j, we have that wy = [ty. Making this substitution, Eq. (4.23)

becomes
1 /T2 /T2 /td,z /td,2 (t t) *( t 4.28
a = —5 mit = - '
At?i Ty JTr Jigy Jtgy v d) ( )
o’ (= tg)m(r — 1)ty dt it dr.
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Utilizing similar substitutions applied to a obtain Eq. (4.27),

L /Atd Aty — |t ty. Btg) [ dt 4.99
a_A—t(Qi _Atd( d = |tal) [Xras (ta; Bta)|” dta. (4.29)

Equation (4.29) is a weighted line integral through delay/Doppler space of the ambi-
guity function. This is consistent with the fact that as the antenna is scanned toward
the forward-looking direction, the shape of the antenna pattern footprint projected in
delay/Doppler space gradually collapses from a rectangle to a line. As the a value for
the side-looking case can be approximated by ratios of the ambiguity function area to
the footprint area, the a value for forward looking case can be approximated a ratio

of lengths along (¢4, 5t4) through ambiguity space.

4.1.5 Evaluation of Specific Modulation Formats

In this subsection, Eqgs. (4.27) and (4.29) are applied to four specific trans-
mit modulation examples to illustrate strategies for minimizing the measurement vari-
ance of a beamwidth-limited scatterometer. Here, it is initially assumed that the SNR
is high, and therefore K,. = 1/y/a. (A discussion of how the results change for lower
SNR is provided in the following Section 4.2.) Interrupted CW, narrow-bandwidth
FM chirp, high-bandwidth FM chirp, and pseudo-random phase modulation formats
are addressed in turn below. In all of these examples, the Doppler width of the
footprint is assumed to be 10 kHz, the delay width 0.3 ms, and the length of the
transmit pulse is assumed to be T, = 1.5 ms. (These parameters are the same as for

the SeaWinds design discussed later in this chapter.)

Interrupted CW Pulse Modulation

The ambiguity function for an ICW pulse is conceptually shown in Fig. 4.4(a).
Here, the dark band represents the “blade” in delay/Doppler space that results from
a CW pulse 1.5 ms long. The black-outlined square is a representation of the idealized
antenna footprint projected in delay/Doppler space when the antenna is side-looking
(scanned to 6,, = 90°). This is the region over which the integration in Eq. (4.27) is

performed. The red-outlined linear region is a representation of the idealized antenna
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Figure 4.4: Conceptual illustration of ambiguity functions and integrations regions
associated with the evaluation of Egs. (4.27) and (4.29). An idealized ambiguity
function is shown for a) Interrupted CW [compare with Fig. 3.6], b) Narrow-Band FM
chirp [compare with Fig. 3.7], ¢) Wide-Band FM chirp [also compare with Fig. 3.7],
and d) Pseudo-random phase modulation [compare with Fig. 3.9]. In each case, the
shaded region shows the non-negligible portion of the idealized ambiguity function
response where white represents |x,qs|?> = 0, and the dark gray represents |x,.r|* = 1.
The pedestal region of the pseudo-random phase modulation case is shown in light
gray and has a small average value. The black square represents the idealized antenna
footprint projected in delay/Doppler space for the side-looking case over which the
integral in Eq. (4.27) is performed. The red-outlined linear region is the idealized
antenna footprint projected in delay/Doppler space for the forward-looking case over
which the integral in Eq. (4.29) is performed.

footprint for the forward-looking geometry projected in delay/Doppler space. This
is the line over which the integral in Eq. (4.29) is performed. Evaluating high-SNR
K, for the side-looking and forward-looking cases, the results listed in Table 4.1 are
obtained. Note that for this modulation scheme example, K, is only a function of

the Doppler resolution and is independent of azimuth angle.
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Narrow-Bandwidth FM Linear Chirp Modulation

The ambiguity function for an FM linear chirp of bandwidth 40 kHz is
conceptually shown in Fig. 4.4(b). Note that the relatively low bandwidth imparted
to the signal means that a significant tilt in the Doppler dimension is imparted to
resulting ambiguity blade. The high-SNR K. associated with this signal is shown in
Table 4.1. Here, the side-looking K. is comparable to the interrupted CW case, but
the forward-looking value is somewhat worse. Examining Fig. 4.4(b), this is because
the line integral required to evaluate Eq. (4.29) is almost parallel to the tilt direction
of the blade, consequently picking up a larger value. In fact, if the tilt direction of
the blade had been the same as the integration path, the value of K. would become

unity.

Wide-Bandwidth FM Linear Chirp Modulation

The ambiguity function for an FM linear chirp of bandwidth 400 kHz is
conceptually shown in Fig. 4.4(c). There are two important differences to note relative
to the low bandwidth case. First, there is a much less pronounced tilt in the Doppler
direction, and the blade is consequently more purely resolving the surface in the delay
dimension. Secondly the width of the blade is much narrower. Both of these effects

lead to much smaller values of K),. as shown in Table 4.1.

Pseudo-random Phase Modulation

As a final example, the ambiguity function of a pseudo-random phase mod-
ulated pulse of bandwidth 40 kHz is illustrated conceptually in Fig. 4.4(d). Here the
small, dark square region represents the central ambiguity “spike” where the ambigu-
ity function has a value of one. The lighter shaded region is the ambiguity “pedestal”
where the ambiguity function has a much smaller value (an average ambiguity level
of approximately 0.01 in this particular example). Note from Table 4.1 that the K,
value for the side-looking case is approximately the same as for the high-bandwidth
linear FM modulation, but the forward-looking geometry yields performance more

similar to the CW and low-bandwidth chirp signals.
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The significant difference between the side-looking and forward-looking
geometries in this example is intuitively explained from a closer examination of
Fig. 4.4(d). The proportion of the ambiguity “spike” which lies within the side-
looking integration region is smaller than the proportion which contributes to the
forward-looking line integral. This feature yields the observed increase in K, for this

modulation scheme as the antenna is scanned to 0° azimuth.

Table 4.1: High-SNR values of K. for the transmit modulation schemes shown in
Fig. 4.4.

Modulation K, for 0,, = 90° | K, for 0,, = 0°
Interrupted CW 0.26 0.26
Narrow-Bandwidth Chirp 0.23 0.31
Wide-Bandwidth Chirp 0.13 0.14
Pseudo-random Phase 0.13 0.27

4.1.6 Comparison of Beam-Limited Pulse Modulation Formats

The combined results summarized in Table 4.1 allow a comparison of the
various pulse modulation formats which may be applied to a beamwidth-limited scat-
terometer design. Clearly, of the options examined, the best is the wide-bandwidth
FM chirp. For the detection scheme shown in Fig. 4.1, however, the maximum SNR
available is given by E,/T,BsN,, where B, is the bandwidth of the signal. This
means that a larger bandwidth signal has associated with it a lower SNR. Thus, to
achieve the high-SNR conditions assumed by Table 4.1, the high-bandwidth chirp
signal must be generated with a higher transmit power. Because of power limitations
aboard the spacecraft, this could be problematic.! An alternate approach to achieve a

more bandwidth efficient improvement in K, is to employ the pseudo-random phase

! This conclusion is based exclusively on the simple “unmatched” filtering shown in Fig. 4.1. When
pulse compression matched filtering is employed with high-bandwidth pulses, as will be discussed
in Chapter 5, a net SNR gain is realized, and a wide-bandwidth FM chirp remains the superior
performance choice.
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modulated signal. This approach allows an improvement in K, with a narrower-band
transmit signal, albeit with a degradation in performance as the antenna is scanned

to the forward-looking position.

4.2 The SeaWinds Scatterometer: Beam-Limited Design Version

The utility of the results presented in the previous section can be illus-
trated by considering the real-world design example of the Sea Winds scatterometer.
SeaWinds is NASA’s first conically-scanning pencil-beam scatterometer, and was de-
veloped to replace the fan-beam NSCAT system. Although, as described in the next
chapter, the final SeaWinds design implementation uses a range-discrimination res-
olution approach, an initial SeaWinds design concept used the beamwidth-limited
resolution approach treated in this chapter [21, 81]. The signal processing framework
developed in Section 4.1 was applied in the design of this initial beamwidth-limited
concept. In this section, the tradeoffs performed by the author to select an opti-

mum modulation scheme for the initial beamwidth-limited version of SeaWinds are

described.

4.2.1 Overview of the Sea Winds Design

Before addressing the analysis performed in support of the Sea Winds ef-
fort, the overall characteristics of the Sea Winds instrument are first described. The
Sea Winds measurement approach is illustrated in Fig. 4.5. Sea Winds is operates at an
orbital altitude of 800 km. The antenna illuminates the surface with two beams: an
outer beam using V-polarization, and an inner beam using H-polarization. Because
the beams have different scan radii, each point within 700 km of the nadir track is
viewed from four different azimuth angles; twice by the outer beam looking forward
then aft, and twice by the inner beam in the same fashion. The multiple azimuth
views insure that ocean surface wind vectors can be accurately retrieved.

An overriding consideration which governed the design of the SeaWinds
instrument was the desire to keep the instrument compact. For this reason a one meter

scanning dish antenna was selected. The beamwidth-limited resolution associated
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Figure 4.5: (a) The SeaWinds instrument aboard the QuikSCAT spacecraft which
was launched in June, 1999. (b) The overall geometry of the Sea Winds measurement
showing both the inner and outer antenna beam footprints.

with the SeaWinds antenna footprints is approximately 25 km (azimuth) by 35 km
(elevation). In order to meet the along-track continuity constraint with a 30% overlap,
a rotation rate of 18 rpm is selected [see Eq. (3.6)]. The antenna and measurement
geometry parameters are summarized in Table 4.2.

Figure 4.6 depicts the basic design of the SeaWinds radar electronics and
shows the transmit, receive, and processing functions. Upon command from the
timing controller, the transmitter issues a 1.5 ms duration Ku-Band pulse. Available
Ku-Band amplifier technology limits the peak power of the pulse to 110 Watts (an
issue of significance in this and the following chapters). The pulse is routed to either
the inner or the outer beam through an RF rotary joint to the spinning section of the
antenna assembly.

The echo return is likewise directed to the receiver where it is amplified,
downconverted, and detected. Details of the transmit pulse and echo detection tim-

ing are shown in Fig. 4.7. The transmit events occur every 5.4 ms and alternate
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Table 4.2: SeaWinds beam geometry and antenna parameters.

Parameter Inner Beam | Outer Beam
Polarization H \Y%
Elevation Angle 40° 46°
Surface Incidence Angle 47° 55°
Slant Range 1100 km 1245 km
3 dB Beam Widths (az x el) 1.8° x 1.6° | 1.7° x 1.4°
Two-Way 3 dB Footprint Dimensions (az x el) | 24 x 31 km | 26 x 36 km
Peak Gain 38.5 dBi 39 dBi
Rotation Rate 18 rpm

Along Track Spacing 22 km 22 km
Along Scan Spacing 15 km 19 km

between the inner and outer beams. This produces a PRF of 92.5 Hz on each beam
individually and 185 Hz overall. The range gate length (or signal sampling interval)
is approximately 2 ms long. During this time, both the signal4+noise and noise-only
measurements are made. The PRF was selected to insure that adequate surface sam-
pling is achieved (see Section 3.1.3), and that the strong nadir return arrives outside
the sampling interval (see Section 3.4.2). A summary list of the key radar parameters

is given in Table 4.3.
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Figure 4.6: Diagram of the SeaWinds radar electronics showing transmit, receive,
Doppler compensation, and calibration loop functions.
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Figure 4.7: Diagram showing Sea Winds radar timing. The dark shaded rectangles
and trapezoids are transmit pulse and receive echo events which occur on the inner
beam. The light shaded areas are the same events which occur for the outer beam.

Table 4.3: SeaWinds radar electronics and timing parameters

Parameter Value

Transmit Frequency 13.402 GHz

Transmit Power 110 Watts

Transmit PRF 186 Hz (93 Hz each beam)
Transmit Pulse Length 1.5 ms

Receive Gate Length 2.0 ms

Receive Gate Delay 7.3 ms (inner beam), 8.3 ms (outer beam)
System Noise Temperature 740°K

Due to the motion of the satellite relative to the Earth, a Doppler shift
between £500 kHz is imparted to the echo return signal. When the antenna is
pointing forward or behind relative to the spacecraft motion, the Doppler shift is
at a maximum or minimum. When the antenna is scanned perpendicular to the
spacecraft ground-track, the shift is near zero. In the Sea Winds design, the Doppler
shift is pre-compensated by tuning the transmit carrier frequency to 13.402 GHz
minus f4.p, Where fqop is the expected frequency shift to be imparted to the return
signal (see Fig. 4.6). The compensation frequency is computed by the SeaWinds
on-board processor using the measured antenna position, orbit location, spacecraft
velocity, and Earth rotation. Pre-compensating the transmit pulse for Doppler shift
produces an echo signal that always occurs at the same center frequency, simplifying

the RF downconversion and detector electronics.
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An important feature of any scatterometer system is the accurate calibra-
tion of the transmit power and receiver gain [80]. In the SeaWinds instrument design,
these parameters are measured simultaneously by periodically injecting the transmit
pulse, attenuated by a known amount, into the receiver. To avoid corruption by spu-
rious leakage power during a “loop-back” calibration event, a high loss receive protect

switch is enabled.

4.2.2 K, Trade-Offs for the Beam-Limited Sea Winds Design

With the high-level system parameters decided, the next major design con-
sideration for a beamwidth-limited system is the identification of a pulse modulation
which minimizes the value of K,.. Here, the framework derived in Section 4.1 is
applied to obtain optimum signal processing parameters for the specific case of the

Sea Winds scatterometer.

Modulation Format Selection

The signal processing for the initial beamwidth-limited version of the Sea-
Winds design is the same as that shown in Fig. 4.1. In general, the Sea Winds hardware
is flexible enough to implement any pulse modulation scheme. In Section 4.1, it was
shown that pseudo-random phase modulation provides measurement accuracy per-
formance better than a simple interrupted CW pulse, and yet still utilizes a relative
small bandwidth. For this reason, pseudo-random phase modulation was selected for
the beamwidth-limited version of the Sea Winds instrument.

Thus far in this dissertation, only binary phase modulation, where the
phase is toggled randomly between 0° and 180°, has been considered. This format
was assumed in generating Fig. 3.9 and in the calculation of the values in Table
4.1. Nearly identical K, enhancement results can be obtained with quadrature phase
modulation, where the phase is toggled randomly between 0°, 90°, 180°, 270°. Be-
cause the phase transitions are less abrupt, quadrature phase modulation leads to
lower spectral sidelobes in the signal spectrum, and thus is somewhat more desirable

than binary schemes. A specific form of quadrature modulation known as multiple
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phase-shift keying (MSK), widely used in communications applications, was selected
for use with the beamwidth-limited version of the Sea Winds scatterometer. The char-
acteristics and performance of the MSK modulation approach are addressed in the

following subsections.

Relationship Between Signal+Noise Bandwidth and MSK Modulation Band-
width

With the modulation scheme chosen, the remaining design decisions neces-
sary to optimize measurement accuracy performance are the selection of a modulation
bandwidth, B, a signal+noise channel bandwidth, B,, and a noise-only channel
bandwidth, B,,. The spectrum of the MSK modulation transmit signal is given by
[38]

(4.30)

cos Tyw 2
Spsi (W) :167r2Ethl b ] ,

A12w? — 2
where Ej; is the total energy in the transmit pulse and 7, is the modulation “chip”

period. The 3 dB bandwidth of the transmit pulse, B, s, is approximately given by

By = 20 (4.31)

Te
The spectrum of the echo return, E(w), is somewhat different from that
of the transmit pulse. The spectrum of the echo is a result of the interaction of the
transmit signal with the ocean surface over the illuminated footprint. The echo energy
spectrum is a summation of replicas of the transmit energy spectrum weighted by the
antenna pattern and shifted by the Doppler frequency. The echo return spectrum
can be written as a frequency domain convolution of the transmit spectrum and the

footprint Doppler spectrum, D(w),
E(w) = Smsk(w) * D(w), (4.32)

where the Doppler spectrum represents the degree to which the transmit signal is
spread in frequency due to the Doppler shift encountered over the illuminated area.
Figure 4.8 is a graphical example of how the echo spectrum is formed. Here,

the transmit spectrum was computed from Eq. (4.30) assuming B,,sx = 40 kHz. The
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Figure 4.8: Sample plot of transmit spectrum (B,,s;, = 40 kHz), the Doppler spectrum
associated with the Sea Winds antenna footprint, and the resulting echo return spec-

trum. Also plotted, for comparison, is a sample signal+noise filter response where B,
= 80 kHz.

Doppler spectrum shown is for the Sea Winds footprint parameters given in Table 4.2,
and has a 3 dB bandwidth of approximately 10 kHz. The resulting baseband echo
spectrum was computed from Eq. (4.32). All spectra were normalized to a peak value
of unity. Note that for the case shown, and indeed in all cases where By,s; > Bgp,
the transmit spectrum is the dominant factor in determining the bandwidth of the
echo return.

The signal+noise filter bandwidth, B,., must be sufficiently wide to accom-
modate the echo return spectrum, yet as narrow as possible to minimize the amount
of thermal noise passed. In the Sea Winds design process, two metrics are employed
to assess the performance of the signal+noise filter: the fraction of the echo energy

passed by the filter, and the Doppler compensation error. The fraction of the echo
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energy passed, pg, is given by

T @PE) do
g JEW)dw

(4.33)

where |H,(w)|? is the magnitude response of the signal+noise filter. The Doppler
compensation error is caused by inexact pre-compensation of the transmit carrier
for echo Doppler shift. Nominally, the Doppler shift imparted to the return signal
is perfectly pre-compensated and the echo spectrum is centered in the signal+noise
filter. In reality, antenna position uncertainty and spacecraft attitude uncertainty
lead to errors in Doppler tracking. The resultant error in detecting the echo energy,

Ag, is given by
Ap = / H,(w)E(w) dw — / Hy (0)2E(W = wer) doo, (4.34)

where we,, is the error associated with an inexact nulling of the Doppler center fre-
quency, leading to an offset in the baseband echo spectrum. The filter bandwidth
must be sufficiently wide to accommodate this “jitter” in the echo center frequency,
without producing excessive error.

In examining the performance of the signal4+noise filter, “filter overhead”
is defined as B, — B,,s, or the additional bandwidth of the filter over the 3 dB
bandwidth of the transmit pulse. In Figs. 4.9 and 4.10, pg and Ag are calculated for
five different values of B, as a function of filter overhead. Note that in the case of
Bsi = 0 kHz, the transmit signal is the unmodulated carrier and the echo spectrum
is the same as the Doppler spectrum. The filter magnitude response is a 5th order
Butterworth type, an example of which for B, = 80 kHz is shown in Figure 4.8. In
computing Ag, the Doppler compensation error was fixed at 10 kHz (we,, = 27 x 10%
rad/sec), the anticipated maximum value for the SeaWinds design.

From Figs. 4.9 and 4.10, a relationship between the transmitted B,,s; and
the required B, can be determined. To insure that a sufficient fraction of the echo
energy is passed, it is required that the filter be wide enough to pass 90% of the
echo energy. To minimize frequency jitter induced errors in the measurement of echo

return energy, it is required that Ag < 0.15 dB. Applying these criteria to Figs. 4.9
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Figure 4.9: Plot of the percentage of echo energy passed, pg, by the signal4noise
band-pass filtering operation for different values of By,s and filter “overhead” (B, —
Bmsk)-

and 4.10, it is observed that they are satisfied for a filter overhead of between 30 kHz
and 50 kHz, depending on which B, is examined; the Doppler induced error being
the primary factor for low values of B,,s; and the percentage energy requirement being
more important for large values of B,,s. In trade-off analyses to find the optimum
modulation bandwidth, it is useful to have a generalized relationship between B,

and B,. Such a relationship is:
B, = B, + 40 kHz. (4.35)

Thus, the bandwidth of the signal+noise filter is sized to be 40 kHz larger than the
3 dB bandwidth of the transmit pulse spectrum.
The role of the noise-only filter is to provide a separate measurement so that

the thermal noise component can be subtracted from the signal4+noise. As discussed in
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Figure 4.10: Plot of the Doppler compensation error, Ag, in dB for different values
of By, and filter “overhead” (B, — Bpsk)-

Section 3.3.1, the contribution to K. due to the noise-only measurement is minimized
for B, >> B,. For the range of B,,;; and B, considered in the SeaWinds trade-off
analyses (Bnst = 0 to 160 kHz, B, = 40 to 200 kHz), a noise-only filter bandwidth
of B, > 1 MHz meets this condition. In general, however, the precise selection of the
noise-only filter parameters is a less critical one than the selection of the signal+noise

filter parameters.

Selection of B, for Optimization of K,

Given B, and the relationship between B,,,. and B,, the value of B,
which provides optimum measurement variance performance is considered. Recall

that K, is given by

D=

B c
K, = (A +oem —SNR2> , (4.36)
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where, for this case,
E;
(T2 - Tl)NoBr .

The parameters A, B, and C can be evaluated using Eqgs. (4.19) and (4.20). These

SNR = (4.37)

equations are computed for the example case of B,, = 10 MHz, B,,;; = 40 kHz and
B, = 80 kHz in Fig. 4.11. Note that, as predicted in Section 4.1.5, the value of the
A term varies with antenna azimuth angle for the pseudo-random phase modulated
transmit pulse. The terms B and C, however, are primarily dependent on the noise

statistics which do not vary with azimuth angle.
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Figure 4.11: Sample values of the K. coefficients A, B, and C, calculated for B,
= 40 kHz, B, = 80 kHz, and B, = 1 MHz.

In general, as the bandwidths B,,,; and B, increase, the values of A, B,
and C decrease. This is because the wider bandwidth signals produce a narrower

correlation function, and, consequently, lower variance estimations of the signal+noise
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and noise-only energies. As these bandwidths go up, however, the SNR associated
with the measurement goes down via Eq. (4.37). From Eq. (4.36), it is observed that
a decreasing SNR forces K. to go up. Consequently there is a trade-off associated
with selecting a modulation bandwidth which gives the lowest value of A, B, and C,
without generating too low of an SNR. This trade-off is complicated by the fact that
the design optimization must be valid for a wide range of ocean surface ¢° values. In
Table 4.4, the values of ¢° for a range of ocean surface conditions and the resulting

echo return energies calculated from the Sea Winds design parameters are shown.

Table 4.4: Expected Sea Winds echo energies for low (3 m/s), medium (8 m/s) and
high (20 m/s) ocean wind speeds.

Inner Beam Outer Beam
Wind Speed || o (dB) | Es (dBJoules) || o (dB) | Es (dBJoules)
3m/s 32 184 o7 179
8 m/s 23 175 -20 172
20 m/s 14 167 14 167

Utilizing the values in Table 4.4 and Egs. (4.36) and (4.37), K, is calcu-
lated as a function of antenna azimuth angle for low, medium, and high wind speed
conditions and for a range of values of B, and displayed in Fig. 4.12. Note that for
high wind speeds (20 m/s) where SNR is inherently high, increasing B,,s; up to 160
kHz leads to a monotonic reduction in K. for both the Sea Winds inner and outer
beams. For low wind speeds (3 m/s), however, increasing By,s; leads to a higher
value of K, on the inner beam as the SNR is reduced due to the larger value of B,
that is required. For the beamwidth-limited version of the Sea Winds design, values
of B,,sx = 40 kHz and B, = 80 kHz were chosen to yield the best overall performance

at all wind speeds.
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Figure 4.12: Calculated values of K, for three wind speeds ( 3, 8, and 20 m/s) shown
as a function of antenna azimuth angle and for different B,,s and B, combinations.

4.3 Conclusions Concerning Beam-Limited Scatterometer Design

In this chapter, the trade-offs involved in the design of beamwidth-limited
scatterometer systems have been addressed, and a new signal processing framework
for the utilization of transmit modulation has been developed. As an illustration of
this methodology, the tradeoffs performed for an initial design version of the Sea-
Winds scatterometer have also been presented. The major conclusion from both the
theory and the design example is that by careful selection of the transmit modulation,
the measurement error performance of beamwidth-limited systems can be optimized.
Using this novel technique, the limitations imposed by the short integration times

associated with pencil-beam systems may be overcome.
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Chapter 5

Real-Aperture Pencil-Beam Scatterometer Systems

In the previous chapter the beamwidth-limited resolution approach, which
represents the simplest pencil-beam scatterometer design, was treated. In this chapter
real-aperture approaches which “slice” the antenna footprint into smaller resolution
cells in either the range or Doppler dimension are considered. These techniques
represent a medium level of complexity in pencil-beam scatterometer design in that
they improve upon the resolution capability of beamwidth-limited systems, but do
not obtain the fine two-dimensional resolution achieved with the synthetic-aperture
technique discussed in Chapter 7.

To illustrate the utility of the real-aperture concepts developed in this
chapter, the real-world design example of the Sea Winds scatterometer is once again
invoked. Based in part on the arguments presented here, NASA decided to change
the design of Sea Winds from a beamwidth-limited system to a real-aperture system.
This was the design version that was ultimately launched on the QuikSCAT satellite
in June 1999. Many of the concepts and equations developed by the author here
were adopted for use by the SeaWinds project. Although discussed primarily in the
context of Sea Winds, these contributions apply to the analysis of any real-aperture

pencil-beam scatterometer system.

5.1 Desire for Higher Resolution Scatterometer Techniques

Although the resolution achieved with beamwidth-limited designs is ade-
quate for measuring large scale (> 25 km) wind and land features, many geophysical

applications benefit from finer spatial resolution. These include the study of mesoscale
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wind features, such as coastal zone winds and hurricanes; cryospheric phenomena,
such as sea ice extent and the Greenland ice sheet; and terrestrial processes, such as
rain forest depletion and soil moisture monitoring.

A technique which has been demonstrated to significantly improve the
resolution, and hence utility, of scatterometer measurements is enhanced resolution
imaging (ERI). With ERI, multiple, overlapping scatterometer measurements from
the same region are combined to solve for backscatter images that have higher spatial
resolution than the original measurements. Examples of ERI algorithms that have
been successfully employed to achieve resolution enhancement include Backus-Gilbert
inversion and scatterometer image reconstruction and filtering (SIRF) [13, 49].

As observed with the SIRF algorithm, the practical resolution achievable
with ERI is roughly equivalent to the narrowest dimension of the backscatter measure-
ment cell. For example, the beamwidth-limited version of the Sea Winds instrument
has an azimuth resolution of 25 km (see Table 4.2). By employing either range or
Doppler resolution techniques, however, a resolution “slice” is created through the
footprint, and a resolution cell results which is much narrower in one dimension (see
Section 3.2.3). For a Sea Winds-class system, the narrow dimension of such a slice is
much smaller than 25 km, and consequently would allow a dramatic improvement in
resolution when ERI is employed. This improvement in resolution must be traded-off
against the increased measurement noise inherent to smaller measurement cells. In
the following sections, the issues and tradeoffs associated with modifying the origi-
nal beamwidth-limited version of the Sea Winds instrument to yield higher resolution

backscatter measurements are addressed in detail.

5.2 Doppler vs. Range Discrimination for the Sea Winds System

In this section, options for improving the Sea Winds spatial resolution are
examined. The approximate dimensions of the antenna two-way 3 dB footprint con-
tour, along with the associated two-way iso-range and iso-Doppler lines are concep-
tually illustrated in Fig. 5.1. Two representative cases are shown: the case where the

beam is scanned to an azimuth angle of 0° (beam looking in the direction of spacecraft
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Figure 5.1: Conceptual diagram of Sea Winds 3-dB antenna footprint projected on
the surface (oval) with two-way iso-range (solid) and iso-Doppler (dashed) contours.
Shaded areas illustrate range-filtered (dark) and Doppler-filtered (light) resolution
elements.

motion), and the case where the beam is scanned to an azimuth of 90° (beam looking
perpendicular to spacecraft motion). Note that for the 0° azimuth case, the iso-range
and iso-Doppler lines are approximately parallel, whereas in the 90° case they are
nearly perpendicular. Other azimuth angles yield various intermediate states of these
two cases, with the range and Doppler lines slanting with respect to each other.
Ideally, a processing scheme which resolves the footprint in two dimensions,
such as the periodic pulse train discussed in Section 3.2.3, is desired. This approach
yields the highest possible resolution, and would effectively make the scatterometer
a conically-scanning SAR system (as discussed in Chapter 7). Unfortunately, the
ambiguity rejection constraint required for two-dimensional resolution can not be
satisfied with the Sea Winds instrument parameters. As an alternative, simple range
filtering or simple Doppler filtering, which form spatial slices through the antenna
footprint, are considered to improve the resolution in one dimension. Idealized slices,
formed either by range or Doppler discrimination, are illustrated in Fig. 5.1. As
discussed in Section 5.1, the sharpening of resolution in at least one dimension is
of benefit, particularly for land and ice images constructed with ERI. To determine

whether range or Doppler filtering should be employed for Sea Winds, two issues are
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considered: the backscatter measurement variance and the geometrical orientation of
the resultant o cells.

The measurement variance tradeoff can be addressed by calculating the
number of independent looks achieved with either the range or Doppler resolution
approach (see Section 3.3.1). In the Doppler filtering case, the maximum number
of “looks” available is related to the Doppler frequency resolution achieved with the
transmit signal. For the selected Sea Winds timing, the maximum integration time
on each scene is 1.5 ms, implying a best Doppler resolution of 1/(1.5 ms) = 666 Hz.
Given that the total Doppler bandwidth of the illuminated region is about 10 kHz, the
footprint could theoretically be resolved into as many as 10,000 + 666 = 15 separate
elements, each constituting one independent look at the surface. If the footprint is
equally divided into four resolution slices, each slice would thus contain the equiva-
lent of 3.75 independent looks, corresponding to a normalized measurement standard
deviation of 52% (1/v/3.75 = 0.52) of the actual o° value. Measurement variance can
not be further reduced without improving the Doppler resolution by lengthening the
transmit pulse, which is not allowed by the Sea Winds timing constraints.

In the range filtering case, however, the inherent resolution is a function of
the bandwidth of the modulated transmit pulse. If the transmit pulse is modulated
with a linear chirp at a rate of 250 kHz/ms, the resulting pulse has a bandwidth of
375 kHz, corresponding to a time delay resolution of 1/(375 kHz) = 2.7 us. This
in turn corresponds to a surface distance resolution of about 0.7 km for the outer
beam. If the 36 km long outer beam footprint is divided equally into four 9 km slices,
this implies 9 + 0.7 = 12.86 looks per slice, or a measurement standard deviation
of 28% (1/4/12.86 = 0.28) of the true ¢® value. If SNR is sufficiently high, the
measurement variance can be further improved in the range filtering case by increasing
the bandwidth of the transmitted pulse. The flexibility to improve the measurement
accuracy of the slices, and consequently the accuracy of geophysical products such as
winds and surface images, by adjusting the transmit modulation bandwidth is a key

advantage of the range filtering approach.
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A rough, intuitive assessment of the comparative wind performance for
different modulation approaches may be made by considering the variance when all
backscatter measurements are combined in the wind retrieval. For wind estimates
at 25 km resolution, all ¢ slices from all azimuth directions which fall in a 25 km
box or “wind vector cell” on the ocean surface are used in the wind retrieval. If
each footprint is divided into four slices, the Sea Winds PRF and scan rate dictates
that there are, on average, about 40 slices available for each wind measurement. In a
simplified sense, the wind speed accuracy achievable can be estimated by considering
the standard deviation that results when all forty ¢° measurements are averaged.
For the Doppler resolution case discussed above, the effective combined standard
deviation is thus 8% (1/4/40 x 3.75 = 0.08) or, equivalently, 0.33 dB of the true
value. For the range resolution case, the corresponding standard deviation is is 4%
(1/4/40 x 12.86 = 0.04) or 0.17 dB about the actual value. Measurements of high
wind speed are most sensitive to errors in ¢°. For a 20 m/s wind, a 0.33 dB or 0.17 dB
backscatter error translates into a 1.7 m/s or 0.9 m/s wind speed error respectively.
Thus, the use of range filtering has the potential to improve wind performance by at
least a factor of two over Doppler filtering for the original Sea Winds design.

A secondary consideration is the orientation of the o slices. Because ERI
algorithms utilize many overlapping ¢° measurements, possibly from multiple orbits,
it is generally desirable to have the slices oriented at different angles so that resolution
may be enhanced effectively in all directions. As shown in Fig. 5.1, this requirement
favors range filtering because the orientation of the cells rotate with azimuth angle, as
opposed to Doppler filtering where the cells are oriented roughly perpendicular with
the direction of flight. Because of the above described advantages in measurement
variance and cell orientation, the range discrimination approach was chosen for the

real-aperture Sea Winds design ultimately adopted by NASA.

5.3 SeaWinds Range Filtering Approach

The final, real-aperture version of the Sea Winds instrument is identical to

the initial beamwidth-limited design described in the previous chapter except for the
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Figure 5.2: Functional diagram of SeaWinds digital range processing and “noise-
only” processing. The range processing is achieve by multiplying by a chirped refer-
ence signal (or “de-ramping”), and then performing an FFT to extracted the range
information from each region of the antenna footprint.

addition of range processing. Instead of an MSK modulated signal, a 1.5 ms FM lin-
ear chirped pulse is transmitted. In the receiver, the band-pass filter and square-law
detection approach is replaced with a signal processing scheme capable of extract-
ing the range information from the echo return. The new receiver implementation is
shown in Fig. 5.2. After downconversion to baseband, the echo is digitally sampled.
The total echo return, which is the sum of all the echo returns from scatterers across
the illuminated region, is then digitally “deramped” by mixing with a chirped ref-
erence single. This operation effectively converts range delays into frequency shifts.
To extract the range information, a DFT (implemented as an FFT) is performed on
the deramped signal and a periodogram is formed by applying a magnitude squared
operation. The periodogram bins are then summed into twelve range slice energy
measurements to be telemetered to the ground. The deramp/FFT implementation
has been extensively employed with altimeter systems (see [105]).

To illustrate further, Fig. 5.3 shows a conceptual plot of the deramped
power spectral density (shaded region) and slice bandwidths. For the selected Sea-
Winds chirp rate of 250 kHz/ms, the deramped spectral density has a 3 dB bandwidth

(Bsgp) of approximately 40 kHz. The returned energy for the gth slice, EY,,, is formed
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by summing adjacent periodogram bins over the slice bandwidth, B,. For Sea Winds
it was decided to construct o cells which resolve the surface to approximately 7 km in
the range dimension. For the given chirp rate, this corresponds to B; = 8.3 kHz. This
bandwidth is used for the ten innermost slices. The two outermost slices are termed
“guard slices” and are assigned a somewhat larger bandwidth. The total bandwidth
spanned by all twelve slices, B,, is approximately 200 kHz, and is designed to capture
the entire deramped echo spectrum. As in the beamwidth-limited design, a wide-
band “noise-only” measurement, E,,, is made by passing the return echo and system
noise through a filter with bandwidth B, = 1 MHz, square-law detecting, and then
integrating. This measurement is used in determining the thermal noise background

component to E7,, which must be subtracted off before 0° can be estimated.

Bn
—
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B3dB
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Figure 5.3: Conceptual diagram illustrating deramped echo spectrum (shaded), fre-
quency “slices,” and other bandwidths used in processing. The energy in the gth
spectral slice is accumulated to form the measurement EY, .

5.4 Characterization of Measurement Accuracy for Sea Winds with Range
Filtering

As described in Section 3.3, the estimation of ¢ is essentially a two-step

process. First, an estimate of the thermal noise contribution in each slice, £, must
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be subtracted from the signal4+noise estimate in each slice to yield the signal-only
energy, B

E{ = Ej,, — E}, (5.1)
where EY is obtained from E,,, using the methods discussed in Section 4.1.1. Secondly,

o for each slice is then calculated by applying the calibration factor X?
E1
] S
0’ =<

(5.2)

Here, X7 incorporates all instrumental and geometrical parameters necessary to de-
fine the relationship between the detected energy and the surface backscatter cross-
section. The overall backscatter measurement accuracy is thus the combination of
the uncertainties associated with determining E? and X1.

In general, achieving the desired measurement accuracy is more difficult
with o° cells formed by “range slicing” than in the beamwidth-limited case, and
requires the introduction of new formulations for the radar equation and backscatter
measurement variance calculation. The following subsections provide the necessary
analytical framework for addressing the issue of ¢° accuracy for the real-aperture
version of Sea Winds, and address several of the trade-offs that must be conducted
to optimize performance. First, a formulation for X7 and the associated calibration
error are provided. Following this, an expression for the K, of the range-filtered case

is presented.

5.4.1 Derivation of X7 for Sea Winds and Associated Calibration Errors

The first step in the calibration of the instrument involves the development
of an expression for the parameter X 9. In deriving X7, the radar signal is followed
through its interaction with the surface and the subsequent echo signal processing.

The transmitted signal can be written as
T(t) = Etp(t)ej27r[fc+fdc+%ﬂt]t, (5.3)

where ¢ is time from transmit pulse onset, F; is the total energy in transmit pulse,
p(t) is the transmit pulse power envelope such that [p?(t) = 1, f. is the transmit

carrier frequency, f4 is the Doppler compensation frequency, and y is the chirp rate.
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The echo return from the surface can be treated as the summation of
returns from many independent scattering “patches”, each with a different range
delay and Doppler shift (see Section 3.2.3). It is assumed that each patch is large
relative to the correlation length of the surface, but sufficiently small so that the
Doppler shift and slant range do not vary significantly over its dimensions. The echo

return from the ith scattering patch is expressed as
Ri(t) =& /O-ipKBi (t)ej27f{[fc+fdc+fd,i+%M(t*td,i)](t*td,i)'ﬂbi}_ (5.4)

Here, o) is the normalized backscatter cross section at the scattering patch, & is a
uni-variant Rayleigh random variable for the signal amplitude due to fading, ¢; is a
uniform random variable (over 0 - 27) for the random phase of the return from the
patch, fu; is the Doppler shift of the patch, and t4; is the round trip flight time to
the patch given by t4; = 2r;/c where r; is the slant range to the patch.

The value K in Eq. (5.4) is defined such that

© = () (") >

where A is the transmit wavelength, G is the receiver gain, G, is the peak antenna

gain, and L, is total two-way system loss. The echo return is windowed by the

function B;(t) .
BA(t) = plt — tas) (ﬁ) 0:(0)g:(t = ta)]}, (5.6)

2

=

where 0A; is the area of the scattering patch, and g;(¢) is the normalized antenna
pattern gain in the direction of the ith scattering patch at time ¢. The term g;(t)g;(t—
tq;) reflects the fact that the antenna gain is changing as a function of time as the
antenna rotates.
The composite return over the entire footprint, R(t), is given by
R(t) = Ri(t), (5.7)
i€F

where the summation is over all contiguous, unique patches in the illuminated region
F. In this analysis, discrete summation over the illuminated region, rather than

the more conventional integral representation, is used for clarity and to reflect the
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fact that X is evaluated numerically in practice. As with all numerical integrations,
the size of JA; and the extent of F are ultimately selected such that acceptable
convergence is achieved.
At the receiver, the signal is downconverted and deramped by multiplying
R;(t) with
M(t) = exp{—mpj(t — t,)(t — 1,)}, (5.8)

where ¢, is the reference delay, to yield
Ry(t) = R(YM(t) = K 3 &/o? Bi(t) exp{2mj fo it + jibi}- (5.9)
i€F

Here, f3; is the baseband frequency of the return from the #th patch and is given by

Joi = fai+ fac+ p(ty —ta;). (5.10)

The new phase term ?; is a function of ¢;, but is still a random variable uniformly
distributed over (0 - 27). Examining Eq. (5.9) and Eq. (5.10) it is evident that the
deramped echo is a composite of many scaled, windowed, single frequency tones with
random phase. (Fig. 5.4 is provided to illustrate this summation over the scattering
patches.) Each tonal frequency is determined by the range delay and Doppler shift
associated with each scatterer. Note, then, that the processing does not represent pure
range filtering because the iso-baseband frequency lines on the surface are somewhat
tilted with respect to the iso-range lines, the magnitude of the tilt being a function
of the chirp rate p.
The deramped signal is digitally sampled and gated to form the sequence,
d[n]
din] = K'Y €1/0?G (ta) Bi(tn) exp{2m foi(ta) + jii}- (5.11)

i€F

Here, the sample time, ,, is equal to ?4, + nT', where t,, is the time associated with
the first sample input to the DFT, n is the sample number, and 7" is the sample
period. G(t) is a rectangular window function representing the range gate (G =1 for
signal “on” or G = 0 for signal “off”).

To form the slice measurement E?, a DFT is applied to the sample se-

quence, the Fourier domain sequence is magnitude squared, and then the appropriate
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Figure 5.4: X parameter calculation geometry. Shaded region represents ith surface
element with incremental area d A;. Dotted lines represent lines of constant base-band
frequency, with baseband frequency of 7th element f, ;. Offset ovals represent antenna
footprint position at time of transmit and receive. Range from ith element to sensor
1S 7;.

periodogram bins are summed. Also, it is assumed that the backscatter cross section

is constant over the slice to obtain

ke 2

E? = o°K? Z
k=ks

I

= . . kn
> [Z &G (tn) Bi(tn) exp{27] fo,i(ts) + Jwi}] exp{—2mj—}
n=0 LicF N

(5.12)
where ks and k. are the start and end bin numbers (corresponding to the bounding
frequencies from Fig. 5.3) of the gth slice and N is the total number of samples input
to the DFT (i.e., the FFT size).

Because EY is a random quantity, the expected value is taken to find X:

2

i G (tn)Bi(tn) exp{2mj(fo, T — %)n} : (5.13)

n=0

EP] =K Y Y

k=ks i€F

where, to eliminate the random variables and reorder the summations, it is assumed
that separate scattering patches are uncorrelated (i.e., that E[e/¥me=%»] = 0 for

m # n). Referring to Eq. (5.2), it is concluded that

2

. (5.14)

il G(tn)Bi(ts) exp{27 (fo,T — %)n}

n=0

ke
X=K Y Y

k=ks i€F
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Equation (5.14) is a general expression for X for a rotating antenna with digital range
filtering.

Under certain conditions (which apply in the case of Sea Winds) the compu-
tation of X may be simplified somewhat. If the transmit pulse envelope is rectangular,

we write

for tp, <t <ty +1T,

p(t) =0 otherwise, (5.15)

where ¢, is the time of transmit pulse start. If it is further assumed that the antenna

gain in the direction of a given surface patch is constant during the pulse period, then

D=

Bitt) =t = 10 (%) (el (516)

i

where g;(ti5) is the gain in the direction of the ith patch at the time of transmit,
and g;(t,e) is the gain in the direction of the ith patch at the time of receive after
the antenna has rotated during the pulse round-trip flight time ¢;,. The above two
assumptions are equivalent to assuming that the echo return from a given scatterer
is flat, and is not modulated by either the pulse envelope or the rotating antenna
beam. The sampled signal values thus correspond to a rectangular window whose
length is determined by the overlap between the delayed return pulse and the range
gate window.

Employing Eqgs. (5.15) and (5.16), Eq. (5.14) can be written as

2
K2 ke 5A1 (2 tTS (2 t"'ec ns,i+Np,i . k
xi= 0 3 5 (PAeoled ) S oyt - o)) 5
p k=kg 1€F 'L N=nNs,;

Here, n,; is the sample in the sequence d[n| associated with the leading edge of the
gated echo from the ith patch. N, ; is the length of the echo from the 7th patch

expressed in number of samples) captured by the range gate. N, ; is given by
ge g pi 185 8

N,; = int (Tp Nz_l Pr(tn — td,i)G(tn)> . (5.18)

n=0
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Figure 5.5: X parameter for example “slice” vs. orbit time (one complete orbit =
6080 seconds) and antenna scan azimuth angle. Here X has been normalized by its
mean value.

It is convenient, particularly for the analysis of measurement variance, to

define the DFT term in Eq. (5.17) as the function 3, where

Ns,i+Npi k

Bli k) = _Z | exp{ 27 (fo T — N)"} (5.19)

Evaluating Eq. (19) we have that

eXP[jﬂ'(Np,z' + 2ns,¢)(fb,iT — %)] Sin[ﬁNp,i(fb,iT _ %)]
eXP[jW(fb,iT - % ] ) ( Sin[ﬂ(fb,,-T _ %)] ) . (520)

Note that because the complex phase term in |3(i, k)|> cancels, we can always sum

gtk = (

from 0 to V,; in the DFT regardless of the pulse position in the range gate. Equation
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(5.17) then becomes,

5 { <5Azgz tm)gz(tm)) 5= lsr;:r[zz(fgf; " )%)]] } o)

Ty ic7 ri k=k.

Using Eq. (5.21), X7 for a sample slice is plotted versus orbit position and
antenna azimuth angle for the expected QuikSCAT orbit in Fig. 5.5. Note that the
value of X varies significantly as a function of orbit position and azimuth. Despite the
simplifications embodied in Eq. (5.21), X7 is still too computationally expensive to
compute repeatedly for each individual pulse during ground data processing. Where
the satellite orbit is very stable, as is expected for both the QuikSCAT and ADEOS-
IT spacecraft, X? may be precomputed in tabular form which is then interpolated in

azimuth and orbit position to obtain values for each pulse and slice [1].

Spatial Response Function (SRF) and Surface Sampling

It is insightful to view the X parameter as an integration of the instrument
spatial response function (SRF) on the Earth’s surface. The SRF can be constructed
from Eq. (5.21) by taking the energy contribution to the slice from each scatter-
ing patch, and then normalizing by the area of the patch. Utilizing the notational
convention established in Section 3.2.3,

ol

2 _ K2gi(ttrs)gi(trec) i Sin2[7er,i(fb,iT -
k=ks sin’ [7(foi T — %)]

2
Tpr;

(5.22)

|X(~’Uz', yi)‘

where z; and y; are the surface position coordinates (in latitude and longitude, for
instance) of the ith patch.

In Fig. 5.6 the SRF is displayed for two cases. In Fig. 5.6(a), the response
for the beamwidth-limited case (no range filtering) is shown. In Fig. 5.6(b), the re-
sponse for an example range slice of width 7 km (B; =8.3 kHz for u = 250 kHz/ms)
is shown. In Fig. 5.6(b), note the sharp drop-off of the response function in the range
direction. Such a sharp edge in the spatial response preserves high frequency infor-
mation in the spatial frequency domain, and thus is a highly desirable property for
enhanced resolution image reconstruction purposes. Note also the tilt in the orien-

tation of the slice due to Doppler shift across the footprint. In Fig. 5.7, the surface
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Figure 5.6: (a) Example o° cell spatial response for beamwidth-limited (no range
filtering) case. (b) Example o cell spatial response for center range slice. Contour
spacing is at 1 dB intervals.

sampling achieved by the center eight slices for several consecutive pulses is shown.
The eight center slices correspond approximately to the extent of the antenna main
beam, and thus are the slices expected to yield measurements of sufficient accuracy.
Here the o cell outlines are delineated by plotting the approximate 3 dB contour of
the slice response. As is evident, the measurements form a very dense sampling of
the surface with many overlapping cells. This is another property favorable for ERI

[13], as well as higher resolution wind retrieval.

Errors in X¢

Regardless of the care taken in deriving an expression for X?, the calibra-
tion accuracy can only be as good as our knowledge of the various instrumental and
geometric parameters comprising X?. The parameter K in Eq. (5.21) embodies all
radiometric components of X?. Although there is potential for error in determining
the value of K, this error is likely to be a constant bias for all measurements and
should not contribute significantly to relative calibration error. This is because the
determination of transmit power and receiver gain through periodic “loop-back” cali-
bration measurements relies on a very stable, thermally controlled waveguide coupler.
Furthermore, the antenna gain and system losses are likewise expected to be quite

constant because of reliance on equally stable passive RF components. What can
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Figure 5.7: Center eight slice outlines for eleven consecutive transmit pulses for the
inner antenna beam. Slice outlines are given by approximations to the 3 dB spatial
response contour.

change on-orbit, however, is the measurement geometry, primarily through variations
in the spacecraft attitude. In fact, attitude knowledge errors were observed to con-
stitute the dominant source of relative calibration error for both the SEASAT-A and
NSCAT scatterometers [40, 80].

As the attitude changes, the antenna pattern shifts with respect to the
lines of constant baseband frequency on the Earth which form the slice edges. If the
attitude change is unknown, an error in X%, and consequently an error in ¢°, results.
The magnitude of this error can be evaluated by taking the ratio of X? calculated at
the true attitude to the estimated attitude. In general, there is much more sensitivity
to attitude variations which change the elevation angle than to those which change
the azimuth angle. In Fig. 5.8, the error in 0 is plotted vs. the error in elevation
angle for different slices. The slices are numbered according to their position in the

antenna beam: Slice 1 being an “inner” slice near the peak of the antenna pattern as
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Figure 5.8: The o° calibration error (or, equivalently, X? error) as a function of
antenna pointing elevation angle knowledge accuracy. As labeled, “Slice 1”7 is the
slice nearest the center of the frequency spectrum in Fig. 5.3, and “Slice 5” is on the
right outer edge of the spectrum. Similar curves apply for the slices to the left side
of the center of the spectrum.

projected on the surface, and Slice 5 an “outer” slice further down on the main beam.
It is evident that slices near the peak where the antenna pattern is varying slowly are
relatively insensitive to changes in pointing, whereas the outer slices where the pattern
is changing rapidly are quite sensitive to pointing errors. Thus attitude knowledge
becomes a key design consideration for improved resolution measurements that did
not exist for the low resolution case. To achieve the desired calibration accuracy for all
slices requires spacecraft pointing knowledge on the order of 0.02 degrees. Calibration
goals can still be met on the inner slices, however, if less ambitious attitude control

techniques are employed.
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5.4.2 Measurement Variance of EY

Measurements of the detected energy, EY, are “noisy” due to radar fad-
ing and the presence of system thermal noise. The random variations in E? place a
fundamental limit on the instrument precision. For the selected range filtering imple-
mentation, however, measurement precision is optimized by careful selection of the
transmit chirp rate and slice bandwidth. Similar to the analysis presented in previous
chapters, the measurement variance is quantified by the parameter K., where, in the

case of range filtering,

B \/Var[a"] B \/Var[Es]
K=l = EE]

where the slice index “¢” has been dropped for notational simplicity. As discussed in

(5.23)

previous chapters, a key goal of the signal processing design is the minimization of

Ky From Eq. (5.1), the variance of P? is
Var[E,] = Var[Fy.,] + Var[E,] + 2(E[Fsin]E[En] — E[FEsinFEn))- (5.24)

As discussed in Chapters 3 and 4, when B, > B,, the second and third terms of
Eq. (5.24) are much smaller than Var|E,,,]. For SeaWinds, because B, = 1 MHz

and B, = 8.3 kHz, this condition applies and allows us to assume

K, = VYAl 5.25
p— 5[35] . ( : )

As discussed in Section 3.3.1, K, is written as

B C \?
K,,=1[A 5.26
P ( +SNR+SNR2> (5.26)

Where, for the range filtered case,
X40°

NR = . 5.27
SNE TyBs N (5.27)

Here T, is the range gate length and NV is the noise floor power spectral density
expressed in suitable units. The parameters A, B, and C for the range filtered case

are derived in Appendix B, and are given by
1 o\ er s o
A= 5303030 Dl Bli, k)G (i, ) B (1, k) B (L h)
k h i 1
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™ (Ny-+2n0)gip (7 = h)N)

= B(i, k)B* (i, h)
MNX kK h i eJ“(th)sin(W—(k;vh)‘))
Ny~1Ny—1
g oo o », e nEhmmm), (5.28)
NV k h n=0 m=0

where (i, k) is as defined in Eq. (5.20), n, is the sample number in the series d[n]
corresponding to the opening of the range gate, IV, is the duration (in number of
samples) of the range gate open time, M is the total number of periodogram bins

summed to form the slice, and ¢; is defined as

K 5Azgz (ttrs)gz (t'rec)
T, ri

(5.29)

C; =

Equation (5.28) can be approximated in a form more suited to intuitive
analysis by making the following three assumptions: 1) the echo return is nearly
stationary — i.e. the pulse length 7, (1.5 ms for SeaWinds) is much greater than
the time it takes the fill the entire antenna beam (about 0.5 ms for SeaWinds), 2)
Bsyg > By, and 3) T,B; > 1. Under these conditions, which apply for Sea Winds, A,
B, and C are approximated by (see Appendix B)

1
A=
B.T,
B= .
BT, (5.30)
C—&E.

Note that the K, for each slice is thus approximately the same as for a bandlimited
white-noise process as discussed in Section 4.1.2. Again, the “A” term is the contri-
bution to the variance due to radar signal fading alone, with B,T},, approximating the
number of independent looks associated with a given measurement slice. Assuming
that T, is fixed due to timing and sampling constraints, the term A can only be re-
duced by increasing the bandwidth of the slice measurement, B. The slice bandwidth
is, in turn, related to the narrow (range) dimension of the slice spatial response on

the surface and the transmit chirp rate. For the Sea Winds orbit altitude of 800 km,

B, ~ Wy/2 x 10-522 + 0.14, (5.31)
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where B is the slice bandwidth in kHz, 4 is the transmit pulse chirp rate in kHz/ms,
and W is the mean range dimension of the slice in kilometers. Thus, for a given slice
dimension the bandwidth is increased by increasing the chirp rate. As discussed in
Chapter 4, it is desirable to make B; as large as possible for a scanning scatterometer
to compensate for the relatively short integration times (as opposed to the longer
dwell times available with non-scanning, fan-beam systems).

As in Chapter 4, a trade-off exists because as By is increased, SNR de-
creases [see Eq. (5.27)], and the second and third terms of Eq. (5.26) increases. In
other words, the benefits of a larger measurement bandwidth must be balanced with
the effects of allowing more thermal noise to enter the measurement. This analysis
is governed by a consideration of the backscatter strength from ocean winds, which
generally have lower SNR than land targets. A chirp rate of u =250 kHz/ms was se-
lected for SeaWinds. This strikes a balance in K, performance for high wind speeds,
which have high inherent SNR (> 6 dB) and hence benefit from larger measurement
bandwidths, and low wind speeds, which have low SNR (< 0 dB) and where the

variance may be made worse by increasing the measurement bandwidth.

5.4.3 Measurement Variance of Combined Slices

For some applications it is desirable to combine individual range slices
into “composite” ¢° cells. The formation of a composite cell can be viewed in two
ways: (1) The 0°’s are retrieved from each slice separately, and a weighted average
is constructed to form the composite using the X?’s as weights; or (2) The detected
energy from several slices is summed, and a composite value of X is applied. Both
approaches lead to the same result for the composite backscatter, o2,

o_ LE?
C_EXq’

g

(5.32)

where the summations are performed over the N slices which are used to form the

composite, and the individual slice values are again indexed by “q.”
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An expression for the composite value of K, is next derived. First, from

Eq. (5.23) we can write
(K5.)?
E2[E9]’

where K] is the K. for each individual slice within the composite. If it is assumed

Var[E1] =

(5.33)

that the energy estimates are uncorrelated from slice to adjacent slice, a good as-

sumption when many (> 10) periodogram bins are summed into each cell, then

Var [ EY) = Y- Var[EY). (5.34)

The total composite K, then becomes
, _ LEUE(KL)?
" (T E[E9)?

To mirror previous analyses, it is desirable to write the composite K. in

(5.35)

the form

B C
K2 — AC C c
pe T SNR. T SNRZ

where the subscript “c” indicates an effective value of these parameters for the com-

(5.36)

posited cell. Letting Ny equal the expected noise energy in a given slice, then

ELEY

0

SNR! = (5.37)

Assuming that each slice has the same bandwidth and that the noise power spectral

density is constant over the cells, SN R, becomes

_ X EET]
SNR, = =

(5.38)

Solving for the parameters in Eq. (5.36) by using Eqs. (5.33), (5.34), and (5.35),
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I

S
Il
z Q| w

(5.39)

Note in Eq. (5.39) that it is necessary to know E[EY] for each slice to

compute A.. This is acceptable for the simulation case where the values of the £[E?]’s
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are known in advance. When K, is to be estimated from actual data, the values of
E[E7] will be noisy. If it is known a priori that ¢° is uniform over the composite
cell, or if the fundamental variance in the estimate of E[EY] is larger than the change
in 0° between slices to be composited, it is acceptable to substitute X? for E[FY] in
Eq. (5.39) to yield

Py (5.40)

(CX9)*

Because X7 is not a random variable, this may improve the estimate of A.. If the

C

variance in 0 between slices is larger than the variance in EY, however, it is more

accurate to use FY as an estimate of E[E1].

5.5 Enhanced-Resolution Imaging Performance

As one example of how the addition of range filtering capability expands
the utility of SeaWinds, in this section the resulting ERI land/ice imaging perfor-
mance is examined. As previously noted, Ku-band scatterometer ¢° measurements
have proved to be very useful in land and ice studies; hence the desire to maintain a
long time series of such measurements. While the original design of Sea Winds would
have provided usable measurements, the modified design provides ¢° measurements
with significantly improved resolution. This is expected to extend the utility of the
SeaWinds measurements in land/ice science studies as well as for the primary wind
observation mission. Here, the land/ice imaging resolution of the original and modi-
fied SeaWinds designs are compared using conventional gridding and a particular ERI
technique known as the Scatterometer Image Reconstruction with Filtering (SIRF)
[13].

To make the performance comparison, both beamwidth-limited and range
sliced o cells are used. Simulated backscatter measurements are generated with
the aid of a synthetic image of the surface o° [see Fig. 5.9(a)], which is similar to
that used in [49]. For each beamwidth-limited footprint or range slice, the effective
0° measurement is computed as the weighted average of the pixels of the synthetic

image, where the weighting is the spatial response function described earlier. Then,
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Figure 5.9: Simulated images from QuikSCAT/SeaWinds. a) Simulated truth image.
b) Gridded image [25 km grid] using beamwidth-limited footprint [no range slicing].
c¢) SIR-enhanced resolution image using beamwidth-limited footprint. d) Gridded
image using the 10 inner slices [25 km grid]. e) SIRF-enhanced resolution image
using range slices. Pixel resolution is 4.5 km. The area is a small, synthetic region in
Wilkes Land in Antarctica [hence the odd shape which is a box in lat/lon space but
is mapped using a Lambert projection to a flat map].

K

»e 1s computed and Monte Carlo noise is added to generate a simulated noisy o°

measurement. For this analysis, calibration errors are neglected.

In order to simulate the Earth location and orientation of the measure-
ments, the synthetic test image was located over Wilkes Land in Antarctica. The test
region is approximately 1000 km x 800 km and is centered at 74.5° S and 128.5° W.
Over a one day period, at least part of the test site is observed during 5 passes of

QuikSCAT. The imaging results for a number of cases are compared in Fig. 5.9. Using
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the simulated 0° measurements, images were computed using a (non-enhanced) grid-
ding approach and the SIRF resolution enhancement technique for both beamwidth-
limited cells and slices. The non-enhanced grid images have a pixel resolution of
approximately 25 km while the SIRF images have a pixel resolution of approximately
4.5 km.

To generate the non-enhanced images, each ¢° measurement is assigned
to the grid element in which its center falls. The average ¢° is then computed and
assigned to the associated pixel. The SIRF images were generated with a modified
form of the SIRF algorithm [13]. While the original SIRF algorithm (described in
[49]) is bi-variate, estimating both the incidence angle normalized ¢° and the incidence
angle dependence of o°, the algorithm used here is modified to image only ¢, similar
to the radiometer version of the algorithm [13, 54].

Subjectively, the addition of range resolution capability is observed to sig-
nificantly improve the effective two dimensional resolution of land/ice images pro-
duced from the simulated SeaWinds measurements whether or not resolution en-
hancement is applied. This is true, even though range filtering resolves the footprint
in just one dimension, because of the different orientations of the ¢ cells contributing
to each pixel. Using the SIRF algorithm further improves the image resolution over
the gridding approach. Because the SeaWinds measurements densely overlap, rea-
sonable images can be made from only one day of data in this polar region. However,
the noise level in the images can be reduced if multiple days are combined and the

surface is temporally stable.

5.6 Considerations for Single-Pass Resolution Enhancement

In the previous section, the performance of a multi-pass resolution enhance-
ment algorithm applied to the Sea Winds data was evaluated. By “multi-pass” it is
meant that ¢° measurements from both the forward and aft portions of the antenna
scan, as well as from different orbits, are combined to yield the higher resolution im-
ages. The theory and performance of such multi-pass techniques, where the spatial

sampling of the data is often irregular and the orientation of the o cells is variable,
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is addressed in detail in [13]. The multi-pass approach has been applied to previous
scatterometer data sets such as NSCAT [49].

A significant limitation of the multi-pass approach is that the target scene
must be assumed temporally stable over the integration period, in order to allow
multiple orbits to be combined, and azimuthally isotropic, to allow measurements
from the entire 360° scan of the antenna to be combined. These assumptions are
invalid for ocean wind measurements, which are distinctively anisotropic and vary
over short time scales. Further, these assumptions are also problematic for fast-
varying land and ice phenomena, such as freeze/thaw events and flooding. It is
therefore desirable to achieve higher resolution within a single-pass of the target
scene. In this section single-pass resolution enhancement of real-aperture radar data
is briefly addressed, and fundamental deconvolution theory is applied to establish

rules-of-thumb for the limits on the performance of such algorithms.

5.6.1 One Dimensional Signal Deconvolution and Restoration Concepts

The surface sampling associated with real-aperture scatterometer measure-
ments is shown conceptually in Fig. 5.10. Note that the elevation dimension of the
measurement cell, d,;, is much narrower than the azimuth dimension, §,,. Indeed, the
elevation resolution can be made arbitrarily narrow by utilizing a wider bandwidth
transmit pulse (as described by Eq. 2.3), and consequently the azimuth resolution is
typically the limiting factor. The single-pass resolution enhancement problem, then,
reduces to the one-dimensional problem of improving the azimuth resolution. Fur-
thermore, when the o° cells are uniformly spaced in azimuth, as they are for a single
rotation of the antenna, this case simplifies to a uniformly-sampled, one-dimensional
signal reconstruction problem. Thus, for the discussion here, we consider only a
one-dimensional deconvolution approach.

For a specific elevation location, the measured surface ¢, b, as a function

of azimuth position, z, can be written

b(z) = h(x) * s(x), (5.41)
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Figure 5.10: Conceptual diagram of surface sampling with a real aperture radar
system. The thin rectangles represent real-aperture measurement cells (or slices)
with elevation dimension J.; and azimuth dimension J,,. Successive cells are placed
on the surface at regular intervals of x; in azimuth, and correspond to individual
transmit pulse events.

where s(z) is the actual surface 0° as a function of azimuth, A(x) is the antenna aper-
ture function, and the asterisk indicates that a convolution operation is performed.
This formulation is equivalent to many signal reconstruction problems where the ob-
served scene is the convolution of the “channel” response and the original scene, with
the measured scene being a low-pass filtered or “blurred” version of the original.

In practice, the scene is sampled at discrete points, so that a series of

measurements, m[n], is obtained where
m[n] = b[n] + n[n]. (5.42)

Here, b[n] = b(nxz;), where n is the measurement number index and z, is the spatial
sampling interval. The noise on each measurement is represented by n[n]. In the

Fourier domain, this becomes
M(w) = H(w)S(w) + N(w), (5.43)

where the capital letters represent the discrete Fourier transforms of the above series.
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The ultimate goal is to recover an estimate of the actual surface, S. To

this end, a generalized inverse filtering operation denoted by H'lis applied:
S=H'HS+ HN, (5.44)

where the dependence on discrete angular frequency, w, is now implied. Note that the
operation H~' is intended to be our best attempt to “un-do” the smoothing effect of
H. The ideal inverse filter is one where H'H = 1, but this is rarely realizable due
to zero crossings in H, or desirable due to noise amplification problems (as discussed
further when Wiener filtering is addressed in Section 5.6.3).

The new effective aperture function, h.(x), is given by the inverse Fourier
transform of the product H-'H. The width of the aperture function in the spatial
domain is inversely proportional to the width of its spectrum in the spatial frequency
domain. As a metric of the spatial resolution improvement associated with the ap-
plication of the inverse filter the resolution enhancement factor (RIF) is defined as

J|H 'H|

RIF = ,
NE]

(5.45)

where the integration is performed from 0 to 7 in the discrete angular frequency
domain. As H~! restores the original backscatter scene with higher and higher fidelity
(equivalent to the recovery of more and more of the original frequency content), the
value of the RIF will increase.

A well know problem with inverse filtering operations, however, is noise
amplification [27]. When the noise on the measurements is modeled as an additive
process, the ratio of the inverse-filtered noise power to the original noise power present

in the measurements is given by

Jy NW)H! (w)[dw
fow./\/(w)dw !

where A (w) is the noise power spectral density. This ratio is equivalently the average
increase in the noise variance due to the inverse filtering process. As a metric of the
increased measurement error due to noise, it is convenient to consider the increase

in noise standard deviation. In the scatterometer case, the measurement noise is
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typically a white process where each noise realization is uncorrelated with all others.
Consequently, N' becomes a constant with frequency, and thus a noise amplification

factor (NAF) can be defined as

NAF = (%/|I:I_1(w)|2>%. (5.46)

A key goal of single-pass resolution enhancement is thus to maximize RIF while

minimizing NAF.

5.6.2 Single-Pass Resolution Enhancement Analysis

To generate a quantitative assessment of how a single-pass resolution en-
hancement algorithm will perform, it is first necessary to model the aperture function
and its spectrum. It is assumed that the antenna pattern in the azimuth dimension
can be give by the square of a first-order Bessel function. An example aperture func-
tion is shown in Fig. 5.11. The magnitude of the Fourier transform of this aperture
function is shown in Fig. 5.12. Note that because the spatial function is approximately

Gaussian, the transform is approximately Gaussian of the form

[H(f)| = exp[—41n(2)5f?], (5.47)

where f is the spatial frequency and 3 is the two-way 3 dB width of the antenna
aperture function. When the surface is sampled at a spatial sampling rate of f;,
corresponding to a sample spacing on the surface of z; (where f, = i), the discrete
spatial frequency response becomes

|H(w)| = exp [- In(2) <ﬁ>2 (fﬂ , (5.48)

Ts

where the necessary periodicity in 27 is implied.
For analysis purposes, the Gaussian form assumed for H allows us to con-

struct a very simple inverse filter given by

H'= for w<w, (5.49)

1
H
0
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Figure 5.11: Example azimuth aperture function in the spatial domain. Here an
antenna 2-way 3 dB width of 4 km on the ground is assumed.

where w,. is a cutoff frequency above which no information about the scene is obtained.
In practice, the actual filter might be of the modified Wiener form which does not
have such sharp frequency cutoffs and thus is more implementable (see the following
discussion in Section 5.6.3), but this form is adequate for evaluating the approximate
enhanced resolution performance of a given system. An additional consideration
with this inverse filter formulation is the possibility for alias contamination. The

requirement is to sample at a sufficiently high frequency such that

H (we)]
———— > thresh, 5.50
Hw—2m) 7 (550
where thresh is some threshold value so that unacceptable amplification of alias power
does not occur.

Using the above expressions, curves of NAF versus RIF are constructed by

varying w, from 0 to m. This is performed for different sampling rates in Fig. 5.13.
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Figure 5.12: Magnitude of Fourier transform of aperture function shown in Fig. 5.11.

Here the sampling rate is expressed as (3/xs, which is the fraction of the beamwidth
at which the surface is sampled. A reasonable Nyquist rate given the scatterometer
spectrum is z; = (3/2. In general, as reconstructions at higher frequencies are at-
tempted, RIF improves, but a higher value of NAF results. At the Nyquist sampling
rate of 3/2, a factor of 1.5 resolution enhancement is achieved at a cost of a factor
of two increase in the noise. Beyond this, the noise as well as aliasing increase dra-
matically. As the sampling rate increases, aliasing is no longer a problem and better

NAF performance is obtained for a given RIF due to the averaging effect.

5.6.3 Example Single-Pass ERI Implementation: Modified Wiener Filter

In the preceding discussion, an ideal inverse filter was assumed. In reality,
such a filter will have a very long impulse response due to the spectral “spikes” as
shown in Fig. 5.14. A more implementable filter is a modified Wiener filter approach,

where

N H*
H'=Hy|—+|. 5.51
o) o2y

Here, Hy, is an ideal bandpass filter with cutoff frequency w,., and the parameter s

is selected to smooth the transition between the rapidly growing response at higher
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Figure 5.13: Plots of NAF versus RIF for various surface sampling rates. Here, the
sampling rate is expressed as (3/xs. The dotted line represents a region of the curve
where significant aliasing may occur.

frequencies and the passband cutoff. Such smoothing in the spectral domain will
insure a stable and implementable filter. As an example, Fig. 5.15 shows the modified
Wiener inverse filter constructed from the response in Fig. 5.14. In Fig. 5.16, the
impulse response function of this filter is shown.

As an example of how this filter is employed, consider Fig. 5.17. Here
the original one-dimensional scene, s(z), is a step function. The dotted line is the
aperture smoothed measured function, m(z) [in this case noise-free]. After inverse
filtering, the reconstructed scene, §, is given by the dashed line. Note the sharpening
of the 3 dB boundary consistent with approximately a factor of two improvement
in resolution. (As indicated by Fig. 5.13, it is possible to obtain more resolution
enhancement if sufficiently dense sampling is obtained. For the purposes of analysis

of a SeaWinds-class system, however, this example represents typical performance.)
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Figure 5.14: Ideal inverse filter spectral response.
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Figure 5.15: Modified Wiener inverse filter spectral response.
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Figure 5.16: Impulse response of filter in Fig. 5.14.
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Figure 5.17: Example reconstruction of a 3 dB step function (solid). The dotted line
is the aperture smoothed measured function, and the dashed line the inverse filter
reconstructed version.
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5.7 Summary and Conclusions

In this chapter, a framework for the design of pencil-beam scatterometers
employing the real-aperture resolution approach has been presented. As discussed,
range filtering is generally preferred over Doppler filtering because of lower measure-
ment variance and more favorable geometric orientation of the o° cells. Although
range discrimination by deramp processing is a relatively straightforward approach,
its implementation must be accompanied by a careful accounting of calibration factors
in order to meet backscatter measurement accuracy goals. This involves a formula-
tion for the SRF and radar equation which includes digital processing and antenna
rotation effects, as well as a consideration of spacecraft attitude variations. Trade-offs
to obtain minimum measurement variance by optimizing the chirp rate and detection
bandwidth for the available signal-to-noise ratio must also be conducted to obtain
the best performance.

It was shown how the spatial resolution performance of Sea Winds has been
significantly improved by the addition of a range filtering scheme. This was demon-
strated to be particularly useful for land and ice images constructed using multi-
pass enhanced resolution imaging algorithms. Range slicing of the antenna footprint,
coupled with the application of ERI, is thus an economical way of extending the
capabilities of small, scanning pencil-beam scatterometers such as SeaWinds. The
application of single-pass resolution techniques was also examined. While multi-pass
techniques achieve resolution on the order of the narrow elevation dimension of the o°
cell, a reasonable bound for the single-pass resolution improvement is approximately
a factor of 0.5 - 0.7 times the azimuth dimension of the ¢° cell when the surface is
sampled at a minimum Nyquist rate. When a more dense sampling is achieved, the

spatial resolution can be further improved.
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Chapter 6

A Design Framework for Polarimetric Scatterometer Systems

Scatterometer instruments discussed thus far in this dissertation have been
based on the co-polarized backscatter measurement (i.e., the transmit and receive sig-
nals have the same polarization). In remote sensing applications, it is often useful
to also detect the cross-polarized return (i.e., the transmit and receive signals have
orthogonal polarization) [29]. The cross-polarized signal contains additional infor-
mation about the surface properties, and may contribute to improved retrieval of
geophysical parameters of interest. Scatterometers which measure both the co- and
cross-polarized returns are termed polarimetric systems.

Of particular interest in wind scatterometry is the mathematical corre-
lation of the co-polarized and cross-polarized returns [93, 104]. Theoretical studies
have demonstrated that whereas both the co-polarized and cross-polarized backscatter
from the ocean surface are odd functions of illumination azimuth angle, the correla-
tion between the co- and cross-polarized signals is an even function of azimuth. The
orthogonal symmetry of this correlation term consequently has potential to further
constrain the wind direction solution and thus improve wind retrieval accuracy [93].
As with conventional co-polarized scatterometers, the ability of the co-pol/cross-pol
correlation term to contribute meaningfully to wind retrieval is related to the measure-
ment accuracy achieved. A concern for spaceborne scatterometer systems, however,
is that because the cross-polarized return is so weak, the resulting SNR may be too
small for a statistically meaningful measurement to be made. This, and other prob-
lems associated with designing a spaceborne polarimetric scatterometer have not been

previously addressed.
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In this chapter, key design issues for a polarimetric scatterometer are ad-
dressed. A generalized signal processing framework is presented which facilitates the
analysis of polarimetric scatterometer systems, and allows the quantification of mea-
surement errors encountered with this advanced technique. Finally, a new expression
for the measurement variance associated with the co-pol/cross-pol correlation term
is derived. This expression is used to demonstrate that statistically meaningful mea-
surements may be obtained with a polarimetric system, even when the cross-polarized

return is very weak.

6.1 Utility of Polarimetric Scatterometry

With a co-polarized measurement, a specific polarization is transmitted
and the backscattered energy in that same polarization is measured. On the Sea Winds
outer beam, for instance, vertical polarization (V-pol) radiation is transmitted and the
backscattered V-pol power is then measured. For this case, the normalized backscatter
cross-section is proportional to the detected power in the like-polarized echo signal,
or

Ovy X (SyvSpy)- (6.1)

Here, the V'V subscript indicates that V-Pol is transmitted and received, s is
the like-polarized return signal, and the brackets indicate that a time average is
performed.

The cross-polarized backscatter cross-section is, in turn, proportional to
the power in the cross-polarized signal. For the case where V-pol is transmitted, but
H-pol is received,

Oy X (SuvSiv), (6.2)

where the subscript HV indicates the polarization sense of the measured and trans-
mitted signals respectively. Examples of o, and oy, for an 8 m/s ocean wind
speed at 54° incidence angle are shown in Fig. 6.1. Note that (1) both the co- and
cross-polarized signals are similar even functions of wind direction, and (2) the cross-

polarized return is around 15 dB below the co-polarized return. Because of these
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Figure 6.1: Co-pol and Cross-pol model functions for 8 m/s wind at 54° incidence
angle. The co-polarized curve was generated using the NSCAT-2 model function. The
cross-polarized curve was generated by taking the co-polarized curve and subtracting
15 dB, representing the theoretical difference between the co- and cross polarized
backscatter (see [86]).

characteristics, the addition of the cross-polarized backscatter cross-section, by itself,
adds little to the wind retrieval process.
A different phenomenology emerges when the correlation of the co- and

cross-polarized signals is taken. Here,

Ohvww X (SuvSyy) (6.3)

represents the polarimetric correlation cross-section associated with the HV and VV
signals. Similar cross-sections can be defined for any combination of polarizations [see
Eq. (6.5)]. As shown in Fig. 6.2, unlike the co- and cross-pol cross-sections, the cor-
relation cross-section is an odd function of wind speed. This symmetry is orthogonal
to the even symmetry of the traditional scatterometer co-pol measurements, and con-
sequently adds new information to the wind retrieval process [93]. The measurement
of polarimetric correlation cross-section is an important capability being considered

for future scatterometer systems [86].
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Figure 6.2: Co-pol/Cross-pol correlation cross-section for 8 m/s wind at 54° incidence
angle. This curve is computed from a theoretical model of backscatter from periodic
surfaces [93].

6.2 Polarimetric Instrument Modifications

A modified pencil-beam radar schematic, which includes the capability to
make polarimetric measurements is shown in Fig. 6.3 (compare to the Seawinds de-
sign in Fig. 4.6). Here a single transmitter generates a pulse that is either routed to
the inner or outer beam by switch S1. The transmit signal crosses the rotary joint
interface to the moving antenna. Switches S2 and S3 are used to control which polar-
ization is transmitted by routing the signal to the appropriate port of an orthomode
transducer and antenna feed horn assembly.

As on transmit, the receive function alternates between the two beams.
When the echo for a given beam returns, switches S2 and S3 are set so that both the
co-polarized return and cross-polarized return may be passed by the two channel ro-
tary joint to two separate receivers. Here, the signals are downconverted and digitally
sampled in quadrature to form two complex data streams. In general, the design de-
scribed involves only a moderate expansion of the current non-polarimetric Sea Winds

architecture; the key differences being the addition of dual polarized antenna feed
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Figure 6.3: Representative polarimetric scatterometer schematic (compare to
Fig. 4.6). Relative to a conventional scatterometer, the polarimetric design imple-
ments an additional receiver for simultaneous detection of the cross-pol return and
additional switches for routing the two signals.

horns, some additional switching on the rotating side of the antenna subsystem, and
an addition receiver chain. It is emphasized that this is just one representative im-

plementation of the polarimetric capability.

6.3 Polarimetric Signal Description

In this section a general formulation for analyzing the polarimetric signal
measurement process is developed. The echo signal amplitude detected in the H-pol
and V-pol channels, Ry and Ry, at time ¢ from a single scatterer located at position

7 is represented by
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Ry (t,7) UmPPIEE | | b @) (@) | [ Sua(®) Suv(P)
) )] [Tate =220 1) o
Hon(F) B (1) | | Tt = 2)eisun
Here, Ty and T, are the transmit signals generated for the H- and V-pol channels.

The echo from each scattering element is delayed by 2|7|/c and Doppler shifted by
wg- The hf’s and hj

;s are the total amplitude gains for transmission and reception
through the radar system. In general, all the h;;’s are complex, and take into account
the antenna pattern, RF component gains and losses, phase shifts, and all cross-talk
between the two channels. When reciprocity conditions apply, hyyv = hyy in both
the transmit and receive gain matrices. The S;;’s are complex random variables and

form a scattering matrix defined such that
(Sij (T) Sy (7)) = oijad (T — 7). (6.5)

The total signal received in each channel is the combination of echo returns

from all scatters, plus thermal noise:

Cult) = / &7 Ry (t,7) + vy (1)

Cy(t) = / & Ry (1,7) + vy (1), (6.6)

where the integral is performed over the illuminated ocean surface and the noise

components in each channel (vx and vv) may be partially correlated due to cross-

talk.

6.3.1 The Co-Pol Measurement

As an example of how the above framework can be used, consider the case
of the conventional measurement of the co-polarized backscatter cross-section — either
Ovvvy OF Opuny (Which are abbreviated as oy and o). This process was described
in previous chapters, and is reexamined here in light of the expression for the fully

polarimetric system described by Eq. (6.4).
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Assuming that only a V-polarized signal is generated by the transmitter,
then T}, = 0. Because h,, > hy, and oy, > 0y, it is typical to assume that all
cross terms in the matrices of Eq. (6.4) are negligible. Noting that the signal and

noise are uncorrelated, the total integrated power in the V channel is
<|CV|2> = Xoyy + <|VV|2>7 (6.7)

where dependence on ¢ has been dropped for notational convenience. It is assumed
that the wind, and hence backscatter, is constant over the illuminated footprint. The

parameter X is thus defined as

)\2 . |ht |2‘h,r |2
X= (i /d P (6.8)
An estimate of oy, is then obtained from
N2\ (|2
G = ) 6.9
(G2 = (]}

where the tilde indicates that an estimate of an inherently random quantity is ob-
tained. Typically, an estimate of the channel noise power is obtained by observing
the noise floor at a time or in a bandwidth when the signal is not present. (Note that
this is identical, although with somewhat different notation, to the process described
in Section 3.3.3.)

For scatterometer performance evaluation, it is also important to know the
variance of the cross-section estimate. For the co-polarized return case, this has been
derived in Chapters 4 and 5. Assuming that the echo return has a Doppler bandwidth
B, and a pulse duration 7}, and that the time-bandwidth product of the noise-only

estimate is > BT, the cross-section estimate variance may be approximated as

vv

<1+ A ) (6.10)
»Bs SNR,, SNRZ, )’ '

__ o
Var[oy, ]| = T

where the signal-to-noise ratio is defined as

(6.11)

Similar results are obtained for the measurement of g, ,.
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6.3.2 Polarimetric Signal Detection

To obtain the correlation cross-section oy discussed in Section 6.1, a
correlation of the return from the two polarization channels must be performed. For

the measurement of oy, from Egs. (6.4) and (6.6) we have that
<Cvc;;) = XIO-HVVV + XQGVVVV + .. + <Vvl/1*1), (612)

where the term X 04, contains the desired information with

)\2 o |ht |2hr hZ*H
Xi= (o /d Fo e, (6.13)

and the largest “cross-talk” term is Xy0y with

)\2 - ht Zhr hT*
X2 = Gy / o e P Ty VV'mgv “v (6.14)

The “4...” in Eq. (6.12) represents all 14 other cross-talk terms with the appropriate
X'’s similarly defined. Note that when the cross-terms in the gain matrices are small,
the contribution of the cross-talk power to Eq. (6.12) is small as well. The term
(vyv%) represents the potential for the noise in the channels to be partially correlated
due to cross-talk effects.

An estimate of o4y is thus obtained from

G = (Xaoyyuy . ()
Opvvv = ! < V;;/lV v ) (615)

Note that in order to estimate o4y, an estimate of both the signal and noise cross-
talk powers must be obtained and subtracted from the channel correlation measure-
ment. In the case of the noise correlation term, this is accomplished in a manner
analogous to the co-pol “noise-only” calibration where periodic observations of the
noise floor are performed. For the signal cross-talk terms, it is most desirable to de-
sign the system so that the cross-talk gains are very small, thus making the cross-talk
power negligible. If this can not be achieved, then the cross-talk contamination may
be subtracted out by a thorough calibration of all system gains in Eq. (6.12).

As an example of how strong the cross-talk terms may be, consider the

case of V-Pol transmitted and incident on the surface at 54° (the incidence angle
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for the SeaWinds outer beam). If the wind is blowing at 8 m/s, then o, = 0.012
and 0y = 0.0006 — indicating that the cross-section of the co-pol return is 13 dB
higher than the correlation cross-section. This creates the potential for significant
contamination from the first and largest cross-talk term in Eq. (6.12). If, however,
the A7, term in Eq. (6.14) provides sufficient attenuation relative to the A7, term
in Eq. (6.13), this cross-talk is reduced. Let us now assume that |h,,|/|h%,| <
—20dB for all 7. This then implies |X3|/|X1| < —20dB, and thus the total cross-talk

contamination is 7 dB below the desired signal power.

6.4 Polarimetric Signal Variance

Because of the existence of the cross-talk terms and the correlations be-
tween them, the variance analysis for the estimate of oy is quite complicated. An
analytic expression for the measurement variance and its sensitivity to signal-to-noise
ratio, however, is critical for instrument concept design and performance simulation.
A derivation of the measurement variance for a polarimetric scatterometer system is
provided here for the first time. Two simplified cases are examined: a) where no cross-
talk contamination is assumed, and b) where some in-phase cross-talk contamination

is allowed.

6.4.1 Measurement Variance With No Cross-Talk

In this analysis the case is addressed where pure V-polarization is trans-
mitted and where both V-pol (co-pol or “VV”) and H-pol (cross-pol or “HV”) are
received [i.e., Ty = 0 in Eq. (6.4)]. This can easily be extended to the case where
pure H-pol is transmitted. Because it is also assumed that the instrument has been
designed such that cross-talk is negligible, then all cross-gains in Eq. (6.4) are zero

and consequently

)‘2 2~ hTI;THSHVh%/V 2|7_1| twgt
)‘2 2~ h’\T/VSVVh%/V 2‘77| twqt
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which can be notationally simplified to

Cut) = suv(t) + va(t)
Co(t) = suv(t) + (D). (6.17)

If we further make the assumption that A%, = h”.., = h!_ (i.e., transmit and receive

gains for each channel have the same magnitude and phase), then

_ (Svvsyy)
Oyvy = X
SuvSh
Ouy = < H‘;(HV>
Opvvv = @‘;(i‘), (6.18)
where
/\2 |ht ‘4
X = / d2r vl 6.19
any 7 (0:19)
The no cross-talk condition also implies
(vyvy) = 0. (6.20)

In general, sy (%), svv(t), vu(t), and vy (t) are complex random processes.

The “in-phase” condition guarantees that

Im {&[syv (t)syy ()]} = 0

and
Im {E[wy (t)v;; (¢)]} = 0

for all ¢ and #. Each process is Gaussian distributed — the v’s because they are
generated by thermal noise, and the s’s because they are generated by a summation
over many random surface scatterers. In this development, only the variance for
an interrupted CW signal is derived, but the results are easily extended to other
modulation formats. The bandwidth of the echo, By, is determined by the range
of Doppler frequencies that are illuminated by the antenna footprint. If filtering

is performed to exactly match the signal bandwidth, the normalized power spectral
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Figure 6.4: Ideal power spectral density assumed for signals in Eq. (6.17). The
spectrum is shown before the removal of the carrier frequency f..

density, S(f), may be approximated as the same for both the echo and noise processes.
This is illustrated in Fig. 6.4.
Using Egs. (6.16)-(6.20), Eq. (6.15) becomes

Var C:é;‘;
Var [04vvv]| = %, (6.21)
where
Var [(C,C;)] = € [(CvC3)?] - €2 [(CuC3)].- (6.22)

Because the likely system design employs digital processing, we now treat the esti-
mation problem in the discrete time domain. Due to our “in-phase” assumption, an

estimate of the correlation between the two channels can be constructed as

(CC3) = X RelCutn)Ci )}, (623)

where n is the discrete sample index. The real part of the correlation is taken because
Ouvyy is real [104], and X is real under the assumptions of this analysis.

Equation (6.23) can be expanded as

1 N-1

(CoCi) =5 2 sty (n)shy (n) + by (n)siy (0)

n=0

+vi(n)vi(n) + vl (n)vi(n). (6.24)



Where the “R” and “I” denote the real and imaginary components of the signals
respectively. Using the fact that the thermal noise is uncorrelated with the signal,
and assuming the signals are stationary, we drop dependence on the sample index in

the expectation, and
E[(CvCr)] = Elstusi] +Elsvsiy]. (6.25)
Because E[sf, sk | = E[s], sk, ], then
£ [(C.Ci)] = 2€lstustn). (6:26)
To complete the variance calculation, we next evaluate

e[0T )] = 3z | T Re (G300} T Re (Gl Y] - (62)

To expand this equation, the following relations and properties are applied to reduce

the number of terms:
o Elabed] = E[abE[cd]+E[ac)E[bd]+E [ad]E [be] for real Gaussian random variables.

e The noise in the co-pol channel is uncorrelated with the noise in the cross-pol

channel.
e The signal is uncorrelated with the noise in either channel.
e All imaginary components are uncorrelated with all real components (see [38]).

The remaining terms from an expansion of Eq. (6.27) are

ENCC] = 5 X X Elsty(m)shy (m)sy, (m)s, (m)] (6.28)

+Esvv (n)siy (n)syy (M) sy, (M)] + Elsyy (1) sy (n) sy, (m)sg, (m)]

+Esvy (n)syy (1) sy, (M) 83, ()] + €57, (R)vy (n) sy, (m)vy (m)]
n)syy (M) (m)] + Elsy, (v (n)sy, (m)vy (m)]

1)y (m)vy (m)] + E[vy (n)vy (n)vy (m)vy (m)]



Equation (6.28) can be further reduced by again applying the forth order
moment expansion for Gaussian random variables, and by recognizing that E[a(n)b(m)] =
0 when n # m. This second property is a result of the fact that when rectangular
spectra are sampled at exactly the Nyquist rate, the samples are uncorrelated. (Our
ultimate result, of course, only requires that the signal be sampled at the Nyquist
rate or higher. The assumption of the exact Nyquist rate, however, makes the math-
ematics of this problem easier.) Applying these simplifications, Eq. (6.28) becomes
2 2
N N
g [s%, 5, JE ]+ €l s IR (629

E[(CCy] = 4€lsTysh]+ €05ty sh] + Elsty s E Ty sh ]

2
S EE R,

where it is again assumed that stationarity and the statistical equivalence of the real
and imaginary components hold.
Subtracting off the square of the expected value from Eq. (6.29),

Var[(CC3)] = (E%1st i) + 1G5, VIE N5

+E[(s0,)IEwR)"] + El(s5 ) JEN))7]
+ E[)IENwR)]) - (6.30)

Because 2€[sys;] is equivalent to (s;s;), Eq. (6.30) becomes

—~ 1
Var [(CvCi)] = g ((svvsin)” + (svust ) (smvsin ) + (svvsty ) vavy)
+(suvsuy ) (vviy) + (g ) (vavy)) - (6.31)
Defining
2 2
SNRyy = B3vl) q SRy, = L) (6.32)

(I 2) (lval?)

and employing Eq. (6.18), Eq. (6.21) becomes

_ 17, 1 1
HVVV] — Sar vvOmv 1 1 . .
Varlowvn] = 557 |Tuver + 0o ( * SNRVV> ( * SNRH‘,)] (6.33)

When sampling is limited to the duration of the echo, the value of N is equal to the

pulse width, 7T;,, divided by the sample period. Because the signal is sampled at the
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Nyquist rate for quadrature, the sample period is simply the inverse of the signal

bandwidth, Bs. Equation (6.33) then becomes

2

1 1
UHVVV + OvvOnv (1 + SNRVV> (1 + SNRH‘,)] . (6-34)

Equation (6.34) is a significant result. Note that the variance of the cor-

Var[a;fvv] = ﬂ
pDPs

relation term is a function of both the co- and cross-pol SNR’s. Because SNR,,, >
SNR v, the variance is dominated by the signal-to-noise ratio in the cross-polarized
return. As an example, let us consider the case previously described of a measure-
ment made at an incidence angle of 54° with an 8 m/s wind blowing at an azimuth of
45°. Here, oy = 0.012, 04, = 0.00038, and o4y = 0.0006. For a Sea Winds-class
scatterometer, these values imply SNR;,, = 11dB and SNRy,, = —4dB. Also for a
SeaWinds class instrument, 7, = 1.5 ms and B; = 40 kHz. Defining the normal-
ized standard deviation of the correlation as K. = \/\m /Ouvvy, we have
from Eq. (6.34) that K,. = 54%. Because the standard deviation is smaller than the
value of the correlation term itself, the measurement may be considered statistically

significant.

6.4.2 Variance Calculation: Cross-Talk Present

The preceding analysis addressed the idealized case where the co- and cross-
polarized terms were perfectly isolated and the noise components in each channel were
independent. In reality this is never exactly the case. In this section, the variance
analysis is extended to the situation where cross-correlation between the channels
may be significant.

We begin by assuming that the signal in each channel can be approximated

as
Cult) = % [ 7%’1“9_’*';}”3%5(1:— A7) (6.35)
/d2 iﬂv‘;hvv st (t — @)ei‘”dt + vy (t)
Cult) = % [ 7hCV‘T;‘VhVV it = 2t 4, (1),
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Equation (6.35) is equivalent to assuming that the dominant cross-talk contamination
is from the co-pol (VV) term leaking into the cross-pol (HV) channel. We further

assume that A7, = Al

. and that A", /b7, = «, where « is a real constant for all

7. This is equivalent to saying that the cross-polarized gain of the H-pol channel
on receive is identical to the co-polarized gain attenuated by some real constant.
By forcing all the signal terms to be “in-phase” a more tractable problem is achieved
that also produces a conservative bound on the variance. The noise terms are likewise
assumed to be “in-phase.” Utilizing the above assumptions, Eq. (6.35) is expressed

as

Cr(t) = spv+asyv(t) +va(t)

Co(t) = sy + y(t). (6.36)

Next an expression for the variance of onvvv is derived. First, it is assumed
that the estimate of (v, v%) — which is now non-zero due to cross talk — is determined
by an independent, large band-width measurement, and hence has negligibly low-

variance. Secondly, it is noted that X; = X and X,/X; = a. We then write

Var [(C,Cy)]

X2
2a

+22 (e 1ot € [(ow)] — € [(GTsdiow)]).

Var [ogvvyv] = + onVar((;‘:,) (6.37)

The term Var(;;,) is given by Eq. (6.10). Using stochastic signal process-
ing techniques similar to that employed for the no cross-talk case, it can be shown,

after some tedious algebra, that

Var [(CVCI*J>] - 1 [0_2 R +0'VV0'HV OyvOgvy
X2 ©2T,B, L™V VYTV T ONRyy - SNRyy

OyvvOmv

* SNR,,SNR,,

T 2K'O'HVVV\/ OyvOgv + 2K’X0-VV\/ OvvOpgv
\/SNRV‘/SNRHV \/SNRV\/SNRHV
2XOuvvvOvy X20"2/V K;QO-VVO-HV

SNR,. T SNR,. T SNR,.SNR,.|® (03%)

+ 4XOuvvvOvy + 2X20x2/v
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and that,

2 (e [even] € [ow)] - € [(CCadon)]) =
_4a20‘2,v _Aaovyopvyy  AKXOvv/OvvTav ] . (6.39)
SNRy+ SNRy v SNR,+v/SNR,SNR
Here, k is defined as
= Sl (6.40)

NGEEZR

in order to characterize the inter-channel noise correlation. Note that when x = 0
and a = 0, a case equivalent to having no cross-talk between channels, Eqgs. (6.37)-
(6.40) reduce to Eq. (6.34). Another useful case to examine is when k = 1, a = 1,
Ouy = Oyy = Ogyvy, and SNR,,, = SNRy,,. This case is equivalent to a situation
where the two terms to be correlated are the same, and is identical to the detection
in co-pol scatterometry, where

o2 2 1

vv
_ !
T,B, | © SNRyy, | SNRZ,

Var [0 zvvv]

(6.41)

To assess the impact of cross-talk on the variance, some sample cases are
examined. First, the assumption is made that the noise in each channel can be

modeled as
! /
Vy = Uy, + oyl
! /
Vy = Uy + o, (6.42)
where v{, and v/, represent uncorrelated components of the noise in each channel,

and «,, is the voltage cross-talk attenuation factor between the two channels. If it is

further assumed that £[v2] = £[v2], and that «, is small, it can be shown that
Kk~ 20, (6.43)

Adopting the above assumption, we address the variance for the previously
discussed case (where V-Pol is transmitted, the incidence angle on the surface is

54°, the wind speed is 8 m/s, and the wind direction is 45° in azimuth relative to
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the illumination direction). To evaluate the effect of cross-talk, it is assumed that
o, = a = 0.03. This corresponds to a case where the power isolation is -30 dB.
Evaluating all the terms in Eqgs. (6.37)-(6.40), a normalized standard deviation of 57%
is calculated, compared to 54% calculated for the no cross-talk example of Section
6.4.1. This represents only a small increase despite the fact that the correlation bias,
defined as the ratio of aoy to o4y, is relatively large. This result is due to the
fact that the variance estimate is still primarily determined by the high level of noise
in the cross-pol measurement. Thus, the existence of a reasonable level of cross-talk

does not effect the measurement variance of oy .

6.5 Conclusions

In this chapter, a framework for addressing the measurement accuracy for
a polarimetric scatterometer was presented, and expressions for the measurement
variance of the polarimetric correlation term were derived. It was shown that despite
the significantly lower SNR, associated with the cross-polarized return, statistically
significant measurements can still be made of the polarimetric correlation effect. It
was further demonstrated that the deleterious effect of channel-to-channel cross-talk
contamination may be sufficiently suppressed for most wind scatterometer applica-
tions.

These results are of great significance to future scatterometer systems. A
Sea Winds class pencil-beam scatterometer instrument can be augmented to make po-
larimetric measurements by employing an additional receiver, some additional switch-
ing, and an antenna which has adequate cross-pol isolation. Because of the superior
cross-pol isolation of reflector antennas relative to array antennas, pencil-beam scat-
terometer systems are uniquely capable of making the polarimetric measurements

required for wind retrieval improvement.
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Chapter 7

Synthetic Aperture Techniques

In both Chapters 4 and 5, a major limiting factor for the pencil-beam
scatterometer resolution was observed to be the width of the antenna beam pattern.
As discussed in Chapter 5, this limitation can be overcome somewhat by employing a
combination of range processing and enhanced resolution imaging (ERI) techniques.
Both multi-pass and single-pass ERI techniques were considered. A shortcoming of
multi-pass techniques is that they typically require the scene to be temporally stable
and/or azimuthally isotropic. Many natural phenomena violate these assumptions.
The primary shortcoming of single-pass techniques is that it is difficult to obtain
the approximately 1 km resolution desired for many Earth science applications (see
Chapter 1).

As discussed in Section 3.2.3, an established method for improving reso-
lution beyond the real-aperture limit is to employ Doppler discrimination simultane-
ous with range discrimination in order to obtain a spatial response function which
is narrow in two dimensions. This approach is the basis of synthetic-aperture radar
(SAR) — widely used in high resolution imaging applications — but has not been previ-
ously applied to the conically-scanning scatterometer case. In this chapter, combined
range/Doppler discrimination techniques are proposed for the first time as a means to
improve the single-pass resolution of future pencil-beam scatterometer systems. The
unique considerations associated with the addition of Doppler beam sharpening to a
conically scanning radar are described, and expressions for the fundamental perfor-

mance constraints and best theoretical resolution of such a system are derived. To
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illustrate the utility of the combined range/Doppler resolution approach, two concep-
tual design examples based on pencil-beam scatterometer systems of current interest
are provided. It is shown that an order of magnitude improvement in spatial reso-
lution can be achieved by employing the Doppler-sharpening technique, albeit with
requirements for a somewhat larger antenna and increased PRF relative to either

beamwidth-limited or real-aperture systems.

7.1 Real- vs. Synthetic Aperture Techniques

Figure 7.1 illustrates the two primary techniques for obtaining sub-footprint
resolution with a pencil-beam scatterometer system. The real-aperture approach
discussed in Chapter 5, where only range discrimination is employed, is shown in
Fig. 7.1(b). The resolution cell is indicated by the shaded region. Here, the az-
imuth resolution is the azimuthal width of the antenna footprint, z,,. The elevation
resolution, d.;, is achieved by applying range processing to the radar echo return,
forming narrow elevation “slices” through the footprint. As previously discussed, the
real-aperture approach is relatively easy to implement in hardware and is employed
with SeaWinds [84]. The key disadvantage of this approach is that large antenna
apertures are required to obtain high-resolution. For example, to achieve an instan-
taneous azimuth resolution of 1 km with a Ku-Band system operating with the same
measurement, geometry as Sea Winds, an antenna length of over 20 meters is required.

In order to obtain improved azimuth resolution without resorting to an
unrealistically large rotating antenna, the target scene can be discriminated in both
range and Doppler simultaneously. The resulting resolution is shown conceptually in
Fig. 7.1(c). In this case, the azimuth width of the resolution cell, d,,, is determined
by the Doppler resolution achieved by the instrument and processor design. The
technique of employing both range and Doppler discrimination simultaneously will

equivalently be referred to as “Doppler-sharpening” in this chapter.
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As shown in Section 3.2.3, combined range/Doppler processing can be
viewed as a correlation operation applied to an echo pulse train which extracts the
backscattered energy from specific locations in range/Doppler space. Key design con-
siderations include the selection of an antenna pattern and PRF which suppress range
and Doppler ambiguities, and which yield the desired azimuth resolution and swath
width. Such techniques are the foundation of synthetic-aperture radar (SAR), which
has been used extensively for high-resolution imaging applications, and form the basis
for the improved-resolution scatterometry discussed in this chapter.

Although the application of Doppler techniques to a conically-scanning
scatterometer system is similar in principle to the familiar SAR case, there are key
differences. SAR systems typically employ array antennas which view the surface
at a fixed (usually side-looking) azimuth angle — as in strip-map or scan-SAR - or
are steered in azimuth to dwell on a specific target region — as in spotlight-SAR. By
contrast, the antenna footprint of pencil-beam scatterometer is continuously rotated
away from the target scene at a rate much faster than that generated by the spacecraft
motion alone. This dramatically reduces the target dwell time relative to conventional
SAR, and thus limits the achievable azimuth resolution. Another consideration for
a conically-scanned radar is that the azimuth angle of the measurements varies over
the measurement swath. This is equivalent to having a different squint angle for each
measurement, and leads to a variation in resolution performance over the swath. In
order to address these and other considerations in detail, a new design framework is
developed which adapts established Doppler techniques to the unique issues associated

with a conically-scanned radar geometry.

7.2 Instrument Design Considerations for Pencil-Beam Scatterometers
Employing Simultaneous Range/Doppler Discrimination

In this section, key considerations governing the design and performance of

a conically-scanned scatterometer utilizing combined range/Doppler discrimination

techniques are addressed. For brevity, familiarity with standard SAR terminology

and techniques is assumed (see [11, 18, 95]), and emphasis is therefore on the unique
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system design issues posed by such an approach. This analysis results in a set of
equations which can be used for conceptual design tradeoffs in the development of

future high-resolution pencil-beam scatterometer systems.

7.2.1 Doppler Geometry and Azimuthal Dependent Resolution Effects

When applying Doppler discrimination techniques, a fundamental consid-
eration is the geometrical relationship of the range and Doppler contours over the en-
tire region scanned by the antenna. In Fig. 7.2, contours of iso-range and iso-Doppler
are plotted for the example case of an 800 km, sun-synchronous orbit (the same as
SeaWinds). The antenna beam position is termed “side-looking” when 6,, = 90°
or 270°, and “forward-" or “aft-looking” when 6,, = 0° or 180° respectively. Note
that the pencil-beam azimuth angle, 6,,, is the complement of the squint angle as
typically defined for a SAR systems. The cross-track distance, CTD, is defined to be
the distance of a given measurement from the spacecraft nadir track.

The above described Doppler geometry has important implications for the
achievable azimuth resolution. A spatial resolution cell is delimited by the intersec-
tion of range and Doppler bands, where the width of these bands corresponds to the
Doppler and range resolution achieved by the radar instrument. When the antenna is
pointed to the side-looking direction, the angle between the Doppler and range con-
tours in the vicinity of the footprint is 90°, and the resolution cell is rectangular. As
the antenna is scanned (or squinted) toward the forward or aft direction, however, we
observe from Fig. 7.2 that the Doppler contours shift from perpendicular to parallel
with the range contours. This rotation of the iso-Doppler lines distorts the resolu-
tion cells into parallelograms whose azimuth width, ¢,,, is elongated with respect to
the azimuth width for the side-looking geometry. This elongation effect is further
enhanced by the fact that the spacing between the iso-Doppler lines on the surface
grows wider as the antenna is rotated away from the side-looking direction (again,
see Fig. 7.2). The total azimuth resolution degradation relative to the side-looking

pointing shall be termed “squint elongation.”
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Figure 7.2: Lines of iso-Doppler and iso-range for 800 km sun-synchronous orbit at
ascending equator crossing. The hyperbolic iso-Doppler contour spacing is 20 kHz.
Also shown are circles representing the iso-range contours associated with the antenna
footprint. Other iso-range lines, if plotted, would appear as more concentric circles
likewise centered on the nadir point. The sidebar at right illustrates the relationship
of the range/Doppler contours local to the antenna footprint for two antenna azimuth
positions, with the shaded region representing the resolution cell.

An exact quantification of squint elongation requires a calculation which
includes accurate satellite orbit propagation, Earth rotation, and Earth oblateness ef-
fects (these are taken into account in producing the iso-Doppler contours of Fig. 7.2).
The assumption of a non-rotating, spherical Earth, however, yields results with suf-
ficient accuracy for the concept analysis presented here. Adopting this assumption,

the first derivatives of the Doppler shift components along the elevation and azimuth

!

uz» are approximated by:

directions in the vicinity of the surface footprint, s, and s

s, = [—2vs.sin(fq,)] / [RA]
Sty = 205 €08(0a2) (1 — sin(Binc))] / [RA]. (7.1)
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Because the iso-range lines are locally parallel to the footprint azimuth axis, the angle
between the iso-Doppler and iso-range contours, 1, is
s.
¢ = arctan | —= |, (7.2)
az
and the magnitude of the Doppler frequency gradient along the surface of the Earth,
', is given by

s' =/ (su)? + (s.)* (7.3)

Using these definitions, the “angular” component of the elongation, fung(6a.), due to

the rotation of the iso-Doppler lines is

1

an Haz = s 7.4
fong(02) = 5o (74)
and the additional elongation due the Doppler contour spacing, fs,(6,), is
s'(6,2)
s eaz = . 7.5

In Fig. 7.3, the angular and Doppler spacing elongation effects, as well as
the combined elongation effect given by f(0..) = fang(0az) fang(faz), are plotted vs.
CTD for the geometry corresponding to Fig. 7.2. (Similar curves apply for other
orbit and scan geometries.) The significance of Fig. 7.3 for the present analysis is
that, unlike the conventional real-aperture or SAR case where azimuth resolution is
essentially a constant value over the measurement swath, the azimuth resolution for
the Doppler-sharpened pencil-beam scatterometer case is highly dependent on cross-
track position. As an illustration, consider that a system design capable of achieving
1 km azimuth resolution at a cross-track distance of 800 km (side-looking case), can
only obtain an azimuth resolution of 2 km at a cross-track distance of 400 km, and
4 km at 200 km cross-track. The azimuth resolution quickly degrades near the nadir
track, ultimately becoming the same as that achieved by a real-aperture system. The
variation in azimuth resolution over the swath must be taken into account when

assessing the performance of a high-resolution pencil-beam design.
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Figure 7.3: Angular, Doppler spacing, and combined elongation effect for scan geom-
etry of Fig. 7.2.

7.2.2 Range/Doppler Ambiguity Considerations

As discussed in Section 3.2.3, another fundamental consideration is the
suppression of range and Doppler ambiguities associated with the transmitted wave-
form. Ambiguity rejection constraints limit the allowable dimensions of the antenna
footprint, and hence strongly impact the overall resolution performance of the radar
design. The ambiguity issue can be visualized and addressed in a variety of ways.
Given the rapid scanning motion of the antenna, an analysis based on the radar am-
biguity function is found to be particularly useful for the pencil-beam scatterometer
case. Our approach here is to first perform an ambiguity function analysis for the
side-looking geometry, and then extend these results to the case of arbitrary azimuth

angle.
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In Fig. 7.4, a conceptual depiction of the ambiguity function of a peri-
odic pulse train is shown. The dark spots represent the location of ambiguities
in delay/Doppler space — the center spot representing the location of the desired
resolution cell, and the other spots representing locations of unwanted ambiguities
spaced at multiples of the pulse repetition frequency (PRF) and the pulse repeti-
tion interval (PRI=1/PRF) along the Doppler and delay axes respectively. As il-
lustrated by Fig. 7.2, the local delay/Doppler coordinates may be transformed into
elevation/azimuth coordinates, where the transformation is a function of the antenna
azimuth position, 6,,. For the side-looking case the delay/Doppler axes are parallel
to the elevation/azimuth axes.

In order to unambiguously detect the echo at the desired resolution cell, the
unwanted ambiguity peaks must be suppressed by appropriate design of the antenna
gain pattern. In Fig. 7.4, the effect of the antenna pattern is conceptually illustrated
by concentric rectangles which represent contours of the two-way antenna gain pattern
as projected on the delay/Doppler plane (or, equivalently for the side-looking case, on
the elevation/azimuth plane). The outer rectangle is the contour that produces the
desired level of ambiguity suppression. This contour may correspond, for example, to
the -20 dB point in the two-way antenna pattern. The inner rectangle represents the
“usable” region of the antenna footprint within which individual scatterers can be
unambiguously detected. This contour, for instance, could correspond to the -3 dB
level of the antenna pattern. The dimensions of the usable footprint in delay/Doppler
space are Zqe and Tq0p, and are related to the dimensions of the outer contour by the
parameters a and b as shown in Fig. 7.4. For the side-looking case, these dimensions

are approximately related to the equivalent elevation/azimuth dimensions by

c
Tel = mxdela (7-6)
and, utilizing Eq. (7.1) with 6,, = 90°,
RA
Taz = o dor (7.7)

As discussed in the following subsection, the best azimuth resolution is

achieved by mazimizing the usable footprint size. The relationship between the usable
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Figure 7.4: Spatial ambiguity diagram for the side-looking geometry. Dark spots rep-
resent Doppler/delay ambiguities for side-looking case. Concentric squares represent
antenna pattern, with the center region defined as the usable footprint area.

footprint dimensions in delay/Doppler space and the PRF is summarized by

QAT del S PRI

bZ4ep < PRF. (7.8)

Recalling that PRF = 1/PRI, we combine the two inequalities in Eq. (7.8) to write
1

T delT dop S % (79)
Using Eqs. (7.8) and (7.9), when can then write
cRA
< — i
TelTaz = 4abvg, sin 6, (7.10)
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Equation (7.10) is a key result for the current analysis. Based on ambiguity sup-
pression considerations, it establishes a maximum constraint on the usable footprint
dimensions.

Strictly speaking, Eq. (7.10) is valid only for the side-looking geometry. As
the antenna is scanned forward or backward of this position, the Doppler and azimuth
axes are no longer parallel as shown in Fig. 7.4, but are rotated and transformed con-
sistent with Eqs. (7.1)-(7.5). As viewed from the perspective of the elevation/azimuth
plane, this transformation neither changes the shape or dimensions of the projected
antenna footprint (which is still z, X z,,), or the location of the ambiguities on the
elevation axis. However, the loci of the ambiguities along the azimuth axis change,
with the azimuth spacing between the ambiguities growing larger due to the same ge-
ometrical effects which lead to squint elongation discussed in the previous subsection.
Consequently, as the antenna position points forward or aft, there is less contami-
nation from the azimuth ambiguities than for the side-looking geometry. Equation
(7.10) thus represents the limiting case, and we conclude that if the ambiguity con-
straint is satisfied for the side-looking case, it is satisfied at all other scan positions
as well. (This argument is validated in a more quantitative fashion in Section 7.3.)

An important application of the constraint provided by Eq. (7.10) is the
specification of antenna design parameters. In order to illustrate the tradeoffs as-
sociated with the antenna beamwidth, usable footprint dimensions, ambiguity level,
and the a and b parameters; the design curves in Fig. 7.5 have been constructed.
Here, the maximum ambiguity level associated with scatterers within the usable foot-
print is plotted vs. a (if elevation/range ambiguities are being addressed) or b (if
azimuth /Doppler ambiguities are being addressed). Each curve, in turn, represents
a different value of the usable footprint width expressed as a fraction of the two-way
3 dB beamwidth. The parameter x is defined as xe = Ze; €0S Oine/RBe for the el-
evation dimension, and X., = Z.,/RB,, for the azimuth dimension. The ambiguity
levels are computed assuming a representative antenna gain pattern roll-off function

(Bessel function squared, in this case). As an example of the application of this plot,
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Figure 7.5: Design curves for trading-off antenna beamwidth, ambiguity, and the a
and b parameters (see text).

if the requirement for ambiguities is -20 dB and the usable footprint is defined by the
two-way 3 dB antenna contour, then ¢ = x4, = 1 and, from Fig. 7.5, a = b= 1.72.

Inserting the definitions for x; and x,, into Eq. (7.10),

cAcot 6,
abXelXaz Rvsc ‘

Eq. (7.11) represents a constraint on the product of the antenna beamwidths and

ﬂelﬂaz S (711)

consequently on the minimum antenna area, and is similar to constraints used in the
design of conventional SAR systems [11]. It is important to note that, depending on
the requirements for a given application, an antenna with larger beamwidth may be
acceptable if either the ambiguity suppression requirement is relaxed or if a smaller

footprint can be tolerated [19].
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7.2.3 Spatial Resolution

With constraints established for the usable footprint dimensions and an-
tenna spin rate, we return to the topic of spatial resolution. When range discrimina-

tion is employed the finest elevation resolution achieved, d., is

Cc

O = ————
el 2sin 0;,.B;’

(7.12)

where B, is the bandwidth of the transmit pulses. Note that Eq. (7.12) applies to
all remote sensing radars, including real-aperture scatterometer systems and SAR.
The key point of departure in the analysis of high-resolution conically-scanning scat-
terometers is the calculation of azimuth resolution. Due to the rapid scanning motion,
commonly used design equations developed for conventional SAR systems do not fully
apply.

The fundamental limit on azimuth resolution is determined by the antenna
dwell time — i.e., the length of time a given scatterer is observed as the antenna
footprint sweeps past. The relationship between the Doppler resolution, d4,, and the
dwell time, 74, is approximately 040, = 1/74. Employing an approximation similar to
that used to obtain Eq. (7.7), the achievable azimuth resolution, d,,, is

5, = RA
2VgeTy

f(8az)- (7.13)

Here, the first (quotient) term is the azimuth resolution for the side-looking geometry
and the term f(6,,) represents the degradation in resolution due to squint elongation
effects as discussed in Section 7.2.1.
The maximum available footprint dwell time for a given point on the surface
is
Loz

Tg = —, 7.14
4= (7.14)

where x,, is the azimuthal width of the usable footprint, and 7 is the azimuthal ground
speed of the footprint due to the scanning motion as defined Eq. (3.3). Note that
because 7 is typically much greater than vy, the dwell time available is dramatically

shorter for the scanning pencil-beam case when compared to the typical SAR case.
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The shorter dwell time reduces the azimuth resolution, and is the price paid for the
extremely wide swath achieved by the conically-scanned pencil-beam approach.

As discussed in Section 3.1.3, the rotation rate of the antenna, and conse-
quently the available dwell time for obtaining azimuth resolution, is a function of the
antenna beamwidth dimensions. The ambiguity suppression constraints discussed in
the previous subsection often require the antenna beam to be quite narrow. This
has two impacts on the design of the scatterometer system. First, as addressed in
Section 3.3.2, the scanning loss will increase. Secondly, as the beamwidth narrows,
the rotation rate must increase in order to meet the along-track continuity constraint
given by Eq. (3.6). The higher angular momentum that results from faster spin rates
is undesirable because it requires a larger and more complex spacecraft attitude con-
trol system. In situations where it is undesirable to lengthen x.; in order to reduce
the spin rate — such as when range ambiguities must be rejected — multiple antenna
beams offset in elevation so as to cover a wider elevation range must be used. When
this approach is adopted Eq. (3.6) becomes

v
Q> 9
T Nz

(7.15)

where NV, is the number of independent elevation beams employed. The term “inde-
pendent” here means that the beams are sufficiently isolated in space, frequency, or
polarization so that ambiguities associated with one beam do not contaminate the
adjacent beams.

Inserting Eq. (7.14) into Eq. (7.13), applying both the along-track continu-
ity constraint of Eq. (7.15) and the maximum usable footprint constraint in Eq. (7.10),
and making the conservative assumption that v, ~ vy the best achievable azimuth
resolution is then

4mdvg, sin 6;,.ab

0oz < Nyc (). (7.16)

Equation (7.16) indicates that d,, is not a function of antenna size or carrier frequency,

but depends only on the orbit and measurement geometry, the required ambiguity
level (via a and b), and the number of independent elevation beams. The example

system designs presented in Section 7.3 demonstrate that a value of J,, on the order of
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one kilometer can be readily achieved using this approach. This is significantly finer
resolution than can realistically be achieved with real-aperture systems, but coarser

than that achieved by typical SAR systems.

7.2.4 Transmit Pulse Timing

As discussed in Section 3.4.1, a practical consideration to be addressed in
the design process is the selection of a radar timing scheme which insures that the
transmission of pulses does not interfere with the reception of echo returns. In the
development of Eq. (7.16) it was assumed that a given scatterer is observed for the
entire the footprint dwell time — i.e., that the radar is pulsing continuously. This
continuous pulse timing scheme is illustrated in Fig. 7.6(a). In addition to meeting
the constraints in Eq. (7.8), the PRI must be selected to allow proper interleaving of
the transmit events and receive echoes. Utilizing Eqs. (3.48)-(3.50) this interleaving

constraint is expressed as

1 9R| _ PRI— 2T, — 24e — ATinar
(n+ 3)PRI- =~ < p ;dl g,
C

(7.17)
where n is an integer representing the number of pulses in flight, 7}, is the pulse length,
Zge 1S the round-trip delay between the inner and outer edges of the usable footprint
[see Eq. (7.6)], and AT,44 is timing margin allowed for uncertainties in the precise
value of R. The limit on the transmit pulse length is then

Tp S PRI — xde;_ ATmarg .

(7.18)

For the wide swath and high incidence angles typically used for pencil-
beam scatterometers, however, the constraints of Eq. (7.17) and Eq. (7.18) may be
difficult to meet simultaneously. This is particularly true if significant timing margins
are required in order to allow for spacecraft attitude variations and for land surface
topography. We also see from Eq. (7.18) that, after the beam filling effect and neces-
sary timing margin are taken into account, the available time for the transmit pulse
width is limited. One solution to these problems is to adopt a burst pulsing scheme as

shown in Fig. 7.6(b). For this timing scheme, a multiple-pulse burst of length 7, is
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Figure 7.6: Pulse timing schemes: a) Continuous, b) Burst. Rectangles represent
transmit events and trapezoids represent return echoes.

repeated at the burst repetition interval, BRI. The entire echo burst is then processed
to obtain a range/Doppler discriminated “snapshot” of the surface, after which the
footprint scans to an adjacent location.

With burst pulsing, however, new factors serve to decrease the available
dwell time, and, consequently, the achievable azimuth resolution. Due to the rapid

scanning of the antenna, the azimuthal width of the region imaged by a burst of

!/

pulses, 7, is given by

.T;z = Taz — VYTour- (719)
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Equation (7.19) indicates that only the surface region within the usable footprint
during the entire burst period can be unambiguously measured. The constraint on

allowable values of BRI is given by

./,C,

27y < BRI < 7 (7.20)

Here the upper bound on BRI results from the necessity to interleave transmit and
receive burst events, and the lower bound results from the requirement to achieve
azimuthal continuity of imaged regions on the surface. Inserting the definition of z/,
from Eq. (7.19) into Eq. (7.20), an expression for the maximum burst length, and

hence maximum dwell time, is

(7.21)

Note that the maximum available dwell time is one third that of the continuous

pulsing case, yielding

127dv,, sin 6;,.ab

0z < Nyc f(6.y). (7.22)

Thus, the timing simplicity obtained with burst pulsing comes at the price of a factor
of three decrease in achievable azimuth resolution. However, the burst timing used
here does not require interleaving of transmit and receive events, and thus is freed
from the tight constraints imposed by Eq. (7.20) and Eq. (7.21).

Although only two timing schemes are addressed in detail — continuous,
interleaved pulsing and non-interleaved burst pulsing — hybrid approaches are pos-
sible. One option applicable when more than one independent elevation beam is
employed (N, > 1) is to transmit pulse bursts alternately on each beam. In this
way inter-beam interference may be avoided. For this case, the reception of the indi-
vidual pulses within the burst may be interleaved with the transmit events in order
to achieve longer integration times than if the scheme illustrated in Fig. 7.6(b) were
strictly adhered to. This timing approach is applied to the L-Band design example

in Section 7.6.
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7.2.5 Scatterometer Measurement Variance

As with the beamwidth-limited and real-aperture systems discussed in pre-
vious chapters, it is important to consider the issue of backscatter measurement ac-
curacy. In this section, the system trade-offs associated with minimizing backscatter
measurement variance for a system employing simultaneous range/Doppler discrimi-
nation are addressed.

An estimate of normalized backscatter cross-section is obtained by sub-
tracting the noise power component from the combined signal-plus-noise value de-
tected by the receiver (as discussed in previous chapters.) Here, we express this

process in a notation more consistent with synthetic-aperture analysis as
g° = 0%, — 02, (7.23)

where o, is the apparent value of 0° due to the combined echo signal and noise, oy,
is the noise-equivalent value of ¢° (i.e., the apparent ¢° if no echo is present and only
the thermal noise is processed), and the tilde indicates that the value is an estimate
of a random quantity. An estimate of o2, is obtained by making an independent
measurement of the receiver noise floor in a frequency band separate from the echo
band, or at a quiescent time when the echo is not present. This estimate of the noise-
only component must be subtracted to insure that estimates of 0° are not biased high
at low signal-to-noise ratios. Utilizing this notation, the signal-to-noise ratio (SNR)
is given by ¢°/a?,.

An expression for the normalized measurement variance, K., associated
with the synthetic-aperture case is developed by extending the results of previous
chapters. As discussed in Section 3.3.1, a single resolution element of dimensions d,; x
04, represents one independent look at the surface. In order to lower the measurement
variance, it is necessary to average multiple independent looks together. The term
A in Eq. (3.40) is consequently the inverse of the total number of d X d,, elements
which are averaged to form a resolution cell. Defining N, and N,, as the number

of looks in the elevation and azimuth dimensions respectively, and utilizing the same
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assumptions used in the development of Eqs. (4.9) and (6.33),

PP A Gl D (1+i+ ! ) (7.24)

o  +/N,N,, SNR = SNR?

Note that the formation of multi-look cells degrades the overall elevation and azimuth
resolution to Ngd, and N,,0,, respectively.

A convenient approximation to the SNR achieved by synthetic-aperture
systems is given by [95]

_ BG25815a2A2 (inp)O'o

SNR
(4rR'LN,

(7.25)

where P, is the peak transmit power, GG is the antenna gain in the direction of the
resolution cell, d.,; and d,, are the dimensions of the single-look resolution cell, R is
the slant range to the cell, L is the total system/path loss (including Lgcqy), Vo is the
thermal noise power spectral density, T}, is the length of an individual transmit pulse,
and n, is the number of coherently integrated pulses processed to form the cell.

Taken together, Egs. (7.23) and (7.25) describe a key trade-off that must
be performed in the design of high-resolution scatterometer systems. In order to min-
imize the measurement variance, it is generally desirable to average as many indepen-
dent looks as possible. As discussed in Section 7.3, the ability to achieve fine azimuth
resolution given the conically-scanning geometry is somewhat limited. Consequently,
the ability to average multiple azimuth looks without significantly degrading the ul-
timate resolution is limited. There is considerably more flexibility to achieve finer
elevation resolution, and hence more elevation looks, by utilizing a higher bandwidth
transmit signal [see Eq. (7.12)]. As the elevation resolution decreases, however, there
is a commensurate decrease in SNR via Eq. (7.25), which tends to increase the mea-
surement variance as expressed in Eq. (7.24). The key trade-off here, as with the
beamwidth-limited and real-aperture systems, is to obtain as many elevation looks as
possible without overly degrading SNR.

Another source for additional looks is the overlap in the measurements
due to successive rotations of the antenna. The along-track continuity constraint of

Eq. (7.15) insures that measurements along the nadir track are just contiguous, but
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there may be significant overlap in the measurements in regions of the swath away
from nadir. When overlapping resolution cells from successive scans are combined,
the total number of looks can be increased without degrading the final resolution

associated with the multi-look cell.

7.3 Instrument Design Examples

The application of combined range/Doppler discrimination techniques to
pencil-beam scatterometers is illustrated with two system examples of current inter-
est. In each case, the framework described in the previous sections is used to establish

high-level instrument design parameters and performance.

7.3.1 Ku-Band Design Example

First, the example of a Ku-Band system operating with the same orbit and
measurement geometry as the Sea Winds scatterometer is considered (see Table 7.1).
Assuming a circular reflector antenna is used, the antenna diameter must be increased
from 1 m (current SeaWinds design) to 2.5 m in order to satisfy the ambiguity con-
straints as expressed in Eq. (7.11). The antenna size determines the beamwidth, as
well as the footprint dimensions on the surface. These parameters then determine the
required PRF via Eq. (7.8), which is 7.5 kHz. If only one elevation beam (N, = 1) is
employed, the spin rate must be at least 30 rpm to satisfy the along-track continuity
constraint in Eq. (7.15). However, to allow a slower spin rate more comparable to the
Sea Winds case of 18 rpm, two elevation beams are assumed for this example. Despite
being slower, the spin rate combined with the narrow antenna beamwidths still leads
a relatively high scanning loss of 8 dB. To compensate for this loss, transmit/receive
beam steering must be performed on both elevation beams, complicating the antenna
feed design somewhat.

The next major consideration is the pulse timing scheme. Because of the
very high PRF required, it is difficult to maintain proper interleaving with a con-
tinuous pulsing scheme. A much more robust strategy for this system is to employ

the burst pulsing approach, with bursts of 1.5 ms duration repeated every 3.2 ms,
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Table 7.1: Example Ku-Band system employing range/Doppler resolution.

Parameter Value
Frequency 14 GHz
Spacecraft Altitude 800 km
Measurement Incidence Angle 04°
Antenna Diameter 2.5 m
One-Way 3 dB Beamwidth 0.5°
Number of Elevation Beams 2
Rotation Rate 15 rpm
Uncompensated Scanning Loss -8 dB
PRF 7.3 kHz
Burst Timing 74 = 1.5 ms, BRI = 3.2 ms
Resolution (6,, = 90°) 1 km

selected to satisfy the constraint of Eq. (7.20). Utilizing Eq. (7.21), the resulting 1.5
ms dwell time yields an azimuth resolution of 1 km for the side-looking geometry.
With the squint elongation effect taken into account, a resolution of between 1-3
km may be obtained over 70% of the total measurement swath, with the resolution
rapidly degrading to the real-aperture limit near nadir (see Fig. 7.3). This example
demonstrates that an order of magnitude improvement over the current SeaWinds
resolution of 25 km may be obtained by incorporating the techniques described in
this paper. The primary instrument enhancement required to achieve this perfor-
mance is a larger antenna with a more complex feed system. An increase in antenna
size appears readily feasible since spinning reflector antennas with diameters 2 meters
or greater are planned for radiometer missions in the near future (such as the AMSR

instrument to fly on the ADEOS-II mission in 2002).

7.3.2 L-Band Example

As a second example we address an L-Band system similar to a combined
radar/radiometer instrument proposed in [68] for the measurement of soil moisture.
For this concept, a six-meter deployable mesh reflector antenna is used at an orbital

altitude of 670 km (see Fig. 7.7). As in the Ku-Band example, two elevation beams
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are used to reduce the spin rate and consequently the angular momentum that must
be compensated for by the spacecraft attitude control system. Unlike the Ku-Band
example, however, the scanning loss is only -0.1 dB, a consequence of the wider L-
Band beamwidths as well as the lower orbit. The low scanning loss allows a single
antenna feedhorn to be used for both transmit and receive, significantly simplifying

the feed design.

Table 7.2: Example L-Band system employing range/Doppler resolution.

Parameter Value
Frequency 1.2 GHz
Spacecraft Altitude 670 km
Measurement Incidence Angle 40°
Antenna Diameter 6.5 m
One-Way 3 dB Beamwidth 2.7°
Number of Elevation Beams 2
Rotation Rate 6 rpm
Uncompensated Scanning Loss -0.1 dB
PRF 3.5 kHz
Burst Timing Tq¢ = 15 ms, BRI = 40 ms
Resolution (6,, = 90°) 1 km

Another beneficial consequence of the frequency and measurement geom-
etry of this example is that a lower PRF (3.5 kHz) is required to perform the high
resolution processing, which allows interleaving of transmit and receive events to be
achieved more easily. In this design, bursts of 15 ms are alternately transmitted on
the inner and outer beams to avoid interbeam interference. As in the previous exam-
ple, the length of these bursts yields an azimuth resolution of 1-3 km over most of the
swath. Again, the major design issue is the antenna size. Deployable mesh antennas
larger than 6 m have been utilized for space communications, and the issues associ-
ated with spinning such antennas for remote sensing applications have been studied
in detail. The L-Band system is currently under serious consideration for an actual

mission in the 2005-6 time frame [68].
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Figure 7.7: Conceptual drawing is shown of L-Band pencil-beam scatterometer uti-
lizing six meter deployable mesh antenna proposed for future NASA mission.

7.4 Point-Target Response and Data Processing

In the preceding sections, Doppler beam-sharpening techniques have been
adapted to the scanning pencil-beam scatterometer to yield a set of fundamental
design equations and constraints. Although these expressions are sufficient to es-
tablish an initial conceptual design, more detailed calculations are required to verify
the complex interplay between the Doppler geometry, ambiguities, antenna pattern,
and scanning motion. Furthermore, the issue of data processing, which is a major

consideration in the design of conventional SAR systems, must also be addressed.

7.4.1 Use of Spatial Response Function as Idealized Point-Target Re-
sponse

An approach widely used in conventional SAR analysis to assess the com-

bined effects of the instrument and processor design is the point-target response

(PTR). The PTR quantifies the processor response at all locations within the scene

to a single point scatterer. This concept is comparable to that of the spatial response

function (SRF) derived in Section 3.2.3. The SRF represents the magnitude-squared
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response to each location in the target scene when a correlation detector is exactly
matched or “tuned” to the range/Doppler characteristics of a particular scatterer.
The SRF is thus equivalent to the “ideal” PTR achieved if a perfect reference function
is employed in the correlation process. Consequently, the SRF is useful to establish
the best theoretical performance of the instrument design if a perfect processor is
realized.

In Fig. 7.8, the SRF is computed for the Ku-Band example described in
the previous section. This plot exhibits the effects discussed previously — including
azimuth elongation, range/Doppler ambiguities, cell resolution — as well as important
considerations not yet addressed — such as range/Doppler side-lobes. Note that the
resolution and ambiguity levels are as predicted by the development in Section 7.2.2,
hence validating the use of these design equations. In Fig. 7.9, the 3 dB contour for
the SRF is shown for different azimuth angles, and the squint elongation predicted in
Section 7.2.1 is evident.

By integrating over the SRF the effects of side-lobes, shown cascading from
the central peak in Fig. 7.8, can be calculated. When N is large, the sidelobes in
azimuth become the primary issue. If no windowing of the echo return is employed
[equivalent to time domain windowing of the R(¢) term in Eq. (3.12)], the integrated
side-lobe ratio (ISLR) is only about -10 dB, which may not be acceptable for many
applications. Azimuth sidelobes can be minimized by applying a time-domain window
function during processing. When a Hamming window is applied over the dwell
period 74, the ISLR improves to -16 dB. The windowing, however, degrades the
effective azimuth resolution and the measurement variance performance by a factor

of approximately 1.6.
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Figure 7.8: SRF diagram for the Ku-Band example of Section 7.3.1: (a) for side-
looking geometry. The main ambiguity is indicated by “M”, the first azimuth ambi-
guity by “A”, and the first range ambiguity by “R.” The SRF for 6,, = 30° is shown
in (b). (exactly side-looking) for center pixel.
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Figure 7.9: Comparison of -3 dB contour regions of the example SRF in Fig. 4.8 for
cross-track distance of 800, 400, and 200 km.
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7.4.2 Data Processing Issues

The primary goal of this chapter is to address the instrument require-
ments and theoretical performance of a conically scanning radar employing combined
range/Doppler discrimination. However, it is clear that this resolution technique
imposes new requirements on data processing beyond what is needed for current
real-aperture pencil-beam systems. A treatment of the specific processing algorithms
necessary to form the final high-resolution backscatter product is beyond the scope
of the present analysis. High-resolution radar processing is an expansive and well
studied topic (see [11], for example), and a variety of existing SAR algorithms can
be adapted for the pencil-beam scatterometer case. In this subsection, some special
processing considerations associated with a conically scanning radar are briefly dis-
cussed. In general, because the pencil-beam system achieves a low resolution (order
of kilometers) when compared to conventional imaging SAR’s, a relatively simple
processing approach can be employed. New provisions must be made, however, for
unique aspects of the conical geometry which include a continuously varying Doppler
centroid and a helical posting pattern on the surface.

An important indication of processor complexity is the degree to which the
Doppler shift of a given scatterer changes over the integration time. Using a criterion
similar to that described in [95], it is noted that when

2,2
% = 27;%—"’;‘1 <1, (7.26)
the Doppler shift change during the dwell time is smaller than the Doppler resolution.
When Eq. (7.26) holds, an “unfocused” azimuth processing approach may be applied,
where the Doppler for each scatterer is essentially assumed constant during the in-
tegration time. Because of the relatively short dwell times implied by Eq. (7.14), an
unfocused Doppler compression algorithm can usually be applied to the pencil-beam
scatterometer case, simplifying the processing.

Just as the Doppler shift of a specific scatterer my vary over the integration

time, the range may vary as well. This “range walk” effect is known to be potentially

severe for high squint angles [95]. If the range changes a significant fraction of the
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range resolution, the range samples must be resampled to the desired locations previ-
ous to azimuth compression to avoid a de-focusing effect. To avoid having to correct
for range walk, the following condition must hold:

UgT d
5el

<1 (7.27)

Equation (7.27) insures that at high squint angles (i.e., extreme forward or aft looking
directions) that the range cell only moves a small fraction of the overall range reso-
lution. Like Eq. (7.26), Eq. (7.27) generally holds for pencil-beam systems because
of the very short integration times allowed by the rapidly moving footprint. When
both of these conditions apply, a given scatterer may be assumed to be fixed in both
range and Doppler, allowing the ideal PTR to be achieved with a relatively simple
processing architecture.

As an example, consider the processing necessary for the Ku-Band exam-
ple summarized in Table 7.1. Assuming that 10 range looks are desired for each 1
km resolution cell, there are a total of 110 single-look range pixels. For the burst
integration time of 1.5 ms, a maximum of 11 pulses are used to form a synthetic
aperture. Thus, the dimensions of the footprint is 110 by 11 single-look pixels. If,
as is likely, a chirped transmit signal is used, range processing may be performed on
the samples from each pulse by applying a 128-point forward FFT, multiplying by a
de-chirp reference in the Fourier domain, and then applying a 128-point inverse FFT.
Because the criteria in Eq. (7.27) is well satisfied for this example, the 110 range
lines may be used “as is” (i.e., with no resampling to account for range walk effects).
The condition given in Eq. (7.26) is also met for this example, so azimuth processing
may be accomplished using a simple unfocused technique. For each range location,
11 sinusoidal reference functions are applied to remove the Doppler centroids. The
11 azimuth pixels are then formed by coherently summing the resultant signals, and
then magnitude-squaring to obtain the backscattered power. This process is repeated
for each pulse burst.

The above described processing is similar to unfocused algorithms used

for conventional SAR [11, 95]. A key deviation for the pencil-beam case is that the
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Doppler centroid for each azimuth pixel varies continuously over the antenna scan.
When the orbit altitude is repeatable to within 1 km and the spacecraft attitude is
known to < 0.1° — which is generally the case for modern satellite systems — these
reference functions may be pre-computed and tabularized. The tabularization of
computationally intensive aspects of scatterometer processing was used successfully
with the SeaWinds system [1]. Lastly, it is noted that the natural posting of the
pencil-beam pixels is in a helical pattern on the surface. If desired, the final multi-
look product can be generated by averaging the Earth-located single-look pixels into

“bins” in rectilinear coordinates centered on the spacecraft subtrack.

7.5 Summary and Conclusions

In this chapter, Doppler beam-sharpening techniques are employed with
pencil-beam systems to achieve significant improvement in spatial resolution over
current systems. A set of design equations have been presented to characterize the
performance and facilitate design tradeoffs for such a system. Relative to current scat-
terometer instruments, the main impact of implementing combined range/Doppler
discrimination is the requirement for a somewhat larger and more complex antenna.
The required antenna diameters are within the range of what is feasible with to-
day’s technology, and are similar to devices which have flown on other scientific or
commercial missions. As briefly noted, processing complexity — either on-board the
instrument, within the ground data system, or both — also increases with the ne-
cessity to perform Doppler compression. Because resolution on the order of 1 km is
obtained, with no need for focusing or range migration corrections, the additional
processor complexity is modest relative to many conventional SAR systems.

A pencil-beam scatterometer with combined range/Doppler resolution rep-
resents an viable alternative to current scatterometer systems. The resolution achieved
(order of 1 km) is between the coarse real-aperture resolution of scatterometers (tens
of kilometers) and very high-resolution SAR’s (tens of meters). Further, these mea-

surements are obtained over a very wide swath — providing the frequent revisit time
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necessary for studying global and mesoscale phenomena — and at near constant inci-
dence angle — often simplifying geophysical parameter retrieval. The utilization of a
reflector antenna to form the pencil-beam also allows multiple frequencies, multiple
polarizations, and passive radiometer channels to be incorporated more easily than
with an array design. These capabilities are becoming important as multi-channel
techniques are increasingly used to obtain environmental parameters. Thus, with the
noted advantages, and with no major theoretical or technological barriers, the im-
proved resolution scatterometer approach addressed in this chapter can be seriously

considered for future radar remote sensing missions.
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Chapter 8

Summary and Conclusions

In the preceding chapters, a methodology for the design optimization and
performance analysis of advanced pencil-beam scatterometers was developed. In
Chapter 1, the importance of scatterometer data in a variety of Earth science ap-
plications was described. The state-of-the-art in scatterometer instrument theory
was then reviewed in Chapter 2, and the shortcomings of current fan-beam scat-
terometer and side-looking SAR systems were addressed. In Chapter 3, advantages
of a conically-scanning pencil-beam scatterometer approach were described. Here, a
comprehensive framework was presented for the design of pencil-beam scatterometer
systems.

In Chapters 4, 5, 6, and 7, a progression of increasingly advanced pencil-
beam scatterometer design strategies was addressed. As shown graphically in Fig.
8.1, these include methods which can be used to improve both the spatial resolu-
tion and measurement accuracy of pencil-beam systems. In Chapter 4, it was shown
how the addition of transmit signal modulation can be used to improve the mea-
surement accuracy of simple beamwidth-limited scatterometer systems. In Chapter
5, real-aperture systems, where range discrimination processing is added to improve
both resolution and measurement performance, were addressed. Results critical to
the design and operation of the SeaWinds scatterometer were derived. This chapter
also included a brief discussion of enhanced resolution processing. The new topic of
polarimetric scatterometers, which have the potential to dramatically improve wind
retrieval performance, was treated in Chapter 6. Finally, in Chapter 7, the applica-

tion of synthetic-aperture techniques to obtain the highest possible resolution with a
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Figure 8.1: Diagram showing how the material in dissertation Chapters 4 through
7 has expanded the understanding of pencil-beam scatterometers. The “X” axis
represents improved pencil-beam scatterometer resolution. The “Y” axis represents
improved pencil-beam scatterometer measurement accuracy. Note that the boxed
items represent areas of contribution from this dissertation.

pencil-beam scatterometer was studied, yielding a set of design formulae applicable

to the next generation of scatterometer systems.

8.1 Contributions

This dissertation contains significant contributions to the field of microwave
Earth remote sensing. These contributions can be categorized and summarized as

follows:
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8.1.1 General Pencil-Beam Theory

Side-looking fan-beam scatterometer systems have been extensively stud-
ied, with a well-established set of standard design equations available in the remote
sensing literature. With the adoption of the pencil-beam approach for future NASA
wind scatterometers, however, there is an increased need for a design framework
which addresses the conically-scanning radar case. This dissertation fills this need.
In Chapter 3, a series of equations are developed which serve as basic design aids in
the selection of viewing geometry, antenna beamwidth, rotation rate, and pulse tim-
ing for pencil-beam systems. The generalized spatial response function (SRF) for a
scanning pencil-beam system was derived. The SRF was shown to be a valuable tool

in the analysis of pencil-beam resolution performance as the scan geometry changes.

8.1.2 Measurement Accuracy

Because fan-beam systems utilize fixed antennas, the target dwell time is
very long, and the resulting averaging of the random radar echo produces very high
measurement accuracy. With pencil-beam systems, however, the rapid scanning of
the antenna yields relatively short dwell times. In this dissertation, new techniques
are described which use transmit pulse modulation to achieve more independent looks
in a shorter period of time. In Chapter 4, the SRF was demonstrated to be valuable
in the analysis of pencil-beam measurement accuracy performance. It was concluded
that the number of statistically independent looks associated with a measurement is
equivalent to the number of independent resolution elements formed by a given mod-
ulated transmit signal. This result greatly simplifies scatterometer concept analysis,
and was applied to demonstrate how pseudo-random phase modulation provides the
best measurement performance with beamwidth-limited resolution systems.

When deramp processing is used to obtain range resolution, as discussed
in Chapter 5 in the context of the Sea Winds scatterometer, it is shown that a wider
bandwidth transmit pulse will improve measurement accuracy for each of the resulting
o° cells. Finally, addressing the new technique of polarimetric wind scatterometry, an

expression for the measurement error of a polarimetric signal in the presence of noise
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was derived. It was further demonstrated that statistically significant measurements

of the polarimetric signal can indeed by made.

8.1.3 Spatial Resolution

To expand the utility of scatterometer data to a range of new geophysical
applications, it is desirable to improve the spatial resolution of the measurements.
Previous to this dissertation, only beamwidth-limited pencil-beam scatterometers had
been considered. In Chapter 5, it was discussed how range discrimination can be used
to improve spatial resolution in the elevation dimension. The resulting formation
of long, narrow o slices was demonstrated to be particularly advantageous when
multi-pass enhanced resolution imaging (ERI) algorithms are applied. Theoretical
results for a single-pass ERI approach are also presented. The demonstration of such
techniques is an important contribution because it allows a very simple hardware
implementation to achieve a resolution finer than the inherent dimensions of the
antenna footprint.

To obtain high resolution directly, without using post-processing methods
such as ERI, Chapter 7 addressed how synthetic-aperture techniques can be extended
to the pencil-beam scatterometer case. Here, a set generalized design equations for
simultaneous range/Doppler discrimination with a conically-scanning radar are pre-
sented, and an expression for the highest theoretically achievable resolution of such a
system was derived. This work is being employed in advanced NASA radars, such as

the planned HYDROS mission.

8.1.4 The SeaWinds Mission

Many of the results presented in this dissertation were developed for, and
have since been utilized by, NASA’s Sea Winds scatterometer project — the first pencil-
beam wind scatterometer to be flown in space. These results include the derivation
of the exact spatial response function necessary for the calibration of the Sea Winds
instrument, as well as the derivation of the expression for K. adopted in the Sea Winds

wind processing algorithm. These results were developed and published previous to
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the first flight of Sea Winds on the QuikSCAT satellite in June, 1999, and have been
validated by the successful operation of the Sea Winds instrument over the past two

years.

8.1.5 Pencil-Beamm Measurement Contamination Sources

This dissertation provides an analysis of other unique issues presented by
the conically-scanning pencil-beam measurement geometry. In Chapter 3 (as well as
Appendix A), the contamination experienced by Ku-Band scatterometers due to the
specular reflection of signals from the nadir direction is examined. Here, an analysis
of data from a variety of nadir viewing Ku-Band radars is performed to develop an
empirical curve for the mean and worst-case specular point returns for different Earth
surface types. These curves were used to develop an expression for the minimum an-
tenna sidelobe levels necessary to suppress the undesired nadir echo. It was also
shown that, for the high incidence angles at which pencil-beam scatterometers oper-
ate, rain contamination can be severe at Ku-Band frequencies. Utilizing data from the
TRMM rain radar, it was demonstrated that the dominant rain induced error source
for moderate and high wind speeds is the backscattered signal from the rain itself,
not attenuation through the rain layer as previously believed. The backscatter from
the rain drops is predicted to produce an apparent enhancement of the echo signal
strength, a conjecture which has subsequently been verified by analysis of Sea Winds

data.

8.2 Future Work

The work presented in this dissertation addresses critical aspects of pencil-
beam scatterometer design. Nevertheless, several important areas for future research
are suggested in order to expand upon this study.

8.2.1 Pencil-Beam Wind Retrieval Algorithms

The primary focus of this dissertation is to develop a methodology for the

optimum design of pencil-beam scatterometer instruments. The issues associated
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with designing geophysical processing algorithms, such as those applied to the raw
backscatter measurements to obtain estimates of the ocean wind vector, are not ad-
dressed in any detail. This is an important area for future research. Algorithms to
process fan-beam scatterometer data into wind are quite mature, but the same can
not be said for pencil-beam systems. The nature of the wind retrieval is quite different
for the two different scatterometer approaches. Whereas a fan-beam scatterometer
obtains measurements at fixed azimuth angles but different incidence angles, pencil-
beam scatterometers do the opposite — collecting backscatter measurements at con-
stant incidence angles but at variable azimuth angles over the swath. Although the
pencil-beam measurement strategy is fundamentally different, the algorithms applied
to recent systems (such as SeaWinds, for instance) have been simple extensions of
those used for fan-beam instruments.

The results of applying fan-beam algorithms to the pencil-beam case have
been mixed. Although the generation of data without a “nadir-gap” has been very
useful to the science community, some researchers have claimed that the wind retrieval
performance is insufficient. The general topic of wind retrieval utilizing a conically-
scanning radar thus requires further study. As discussed in Chapter 6, polarimetric
measurements have the potential to dramatically improve wind direction accuracy. As
part of an overall reevaluation of pencil-beam wind retrieval, polarimetric techniques
should be thoroughly investigated, where possible with ground and/or aircraft based

measurement experiments.

8.2.2 Rain Contamination

A second major area for future study is how to alleviate the effects of rain
contamination. As shown in Chapter 3, the combined effects of backscatter from the
rain drops and attenuation through the raining layer can significantly corrupt the
measurement of surface backscatter cross-section. These phenomena are particularly
severe for the high incidence angles employed by pencil-beam scatterometers, and at
the Ku-Band frequency often preferred for the measurement of ocean winds. Because

of the existence of rain induced errors in the wind measurements, it is critical that
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algorithms be developed to identify raining areas. This may or may not use data
sources external to the scatterometer. Also, because the regions where rain occurs
— fronts, storms, hurricanes, etc. — are of intense interest to meteorologists, it is
also desirable that algorithms be developed to correct for the effects of rain. These
algorithms will likely require multi-frequency radiometer measurements. Fortunately,
the pencil-beam antenna architecture allows for straightforward incorporation of such
capability (see below).

The same sensitivity that allows rain to corrupt scatterometer wind mea-
surements, however, may also allow the scatterometer to function as a rain measuring
radar. Although current rain radars (such as TRMM) provide high-quality rain pro-
files, the very narrow swath of these instruments limits their usefulness in global
studies. The wide swath and frequent Earth coverage of the scatterometer, along
with the rain sensitivity exhibited at Ku-Band frequency, offer the intriguing possi-
bility of adding “rain measurement” to the growing list of scatterometer applications.
The issues associated with radar rain retrieval at high incidence angles, as well as the
role that range and/or Doppler processing might play in rain detection algorithms

require further study.

8.2.3 Passive Channels and Multi-Frequency Scatterometers

The pencil-beam scatterometer technique typically involves the use of a
near-circular reflector antenna. Because such antennas are inherently radiometri-
cally stable and broad-band, passive radiometer channels as well as multiple radar
frequencies may be accommodated simultaneously. In addition to the detection of
rain discussed above, such multi-channel capability has the potential to dramatically
expand the list of environmental parameters addressed by spaceborne scatterome-
ters. For example, a Ku-Band channel can be used to detect and characterize snow,
whereas an L-Band channel can penetrate the snow layer to determine whether or
not the underlying surface is frozen. The planned HYDROS mission, discussed in
Chapter 7, uses a combination of active radar and passive radiometer channels to

more accurately retrieve soil moisture. Many measurement combinations currently
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performed by different instruments may be consolidated into a single pencil-beam

instrument in the future.
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Appendix A

Characterization of Global Near-Nadir Ku-Band Backscatter

In this Appendix, a model is developed for Ku-Band backscatter in the
nadir region (i.e., at near-specular incidence angles). These results are primarily
intended for the analysis of nadir contamination as discussed in Chapter 3. This
characterization is performed empirically using data from spaceborne radar missions

which obtained near-nadir measurements.

A.1 Data From Spaceborne Nadir-Looking Ku-Band Radars

The approach to characterizing o7 ,, is an empirical analysis of data col-
lected by three different sensor systems: the Tropical Rainfall Measurement Mission
(TRMM) Precipitation Radar, the Seasat-A Scatterometer System (SASS), and the
Topex Altimeter. Taken together, these data sets allow a thorough characteriza-
tion of near-nadir backscatter over a wide range of surface conditions and seasonal
variations. Although primarily an empirical analysis, scattering theory is applied to

interpret and inter-relate the results from the different sensors.

A.1.1 TRMM Rain Radar

The TRMM mission was launched in October 1997 in order to study the
climatically important phenomena surrounding precipitation in the tropics. Among
its suite of sensors is the Precipitation Radar (PR), the first such active rain radar
to fly in space [34]. The PR is designed to profile rain by transmitting a pulse in
the direction of nadir, and measuring the resultant echo in each of sixty 250 m range

gates to determine the rain rate at each altitude in the atmosphere. In addition to
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detecting backscatter from hydrometeors, the PR measures the surface backscatter
cross-section. Although this feature primarily exists to derive attenuation values for
the rain retrieval algorithms, the surface backscatter data by itself forms an unprece-
dented data base of near-nadir ¢° as a function of incidence angle.

The TRMM spacecraft orbits the Earth at an altitude of 350 km with
an inclination angle of 35°. The PR consists of a 2.3 m x 2.3 m phased array
antenna with associated electronics operating at 13.8 GHz. The antenna forms an
H-polarized beam which is 0.71° in width and which is scanned +17° from nadir in
a plane perpendicular to the motion of the spacecraft. This scanning creates a 215
km measurement swath. TRMM Earth coverage for one day and four day periods is
shown in Fig. A.1. In any given 4-day period, the TRMM PR covers virtually all land
and ocean areas between +35° latitude, corresponding to 57% of the Earth’s surface.
Note, however, that the Earth’s polar regions are not covered. In this analysis, we
refer to the £35° latitude region as “tropical”, even though this range includes much
of the mid-latitude region as well.

In Fig. A.2, typical swath data for the TRMM surface backscatter mea-
surement is shown. In this case, taken from late April 1998, the satellite is passing
first over the east coast of Africa (on the left), and then over the Indian ocean (on
the right). The center of the swath corresponds to 0° incidence, and the edges to
approximately 17° incidence. Note that over land, 0 is generally low over most inci-
dence angles, but sporadically “spikes up” near nadir. Over ocean, the nature of the
backscatter dependence is completely different. Here ¢° is uniformly high, rolling off
slowly with incidence angle.

A more quantitative picture is given by sample scatter plots of TRMM data
vs. incidence angle for both land and water in Fig. A.3. The TRMM PR samples
the surface at discrete incidence angles spaced approximately 0.7° apart. Note the
different character of the backscatter data over water as compared to the backscatter
over land. The mean backscatter over water is higher than the mean backscatter over
land at all incidence angles. Also, the water mean rolls off more gently from the nadir

value, whereas the land mean drops more precipitously. The much higher variance of
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Figure A.1: TRMM PR one day coverage (top) and four day coverage (bottom).
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Figure A.2: Example TRMM swath of 0° data coming off the coast of Africa (left)
onto the Indian ocean (right).

the land values, however, has the effect of making the peak values at each incidence
angle approximately the same for both water and land.

The observed behavior of the mean ocean backscatter is predicted in this
incidence angle regime by modeling the sea as an undulating collection of surface
facets of varying slopes [23]. On occasion, particularly in inland water-ways near
coastlines where swell and wind are damped out, the ocean surface becomes extremely
smooth and acts like a specularly reflecting surface. Under these conditions, the
backscatter at < 5° incidence increases sharply as the signal is reflected in a mirror-
like fashion back to the sensor. Under these same conditions, the signal is reflected
away from the sensor at incidence angles greater than 5°, thus sharply lowering the
value of 0°. The behavior over land is consistent with a varying target, corresponding
to the different terrains encountered — forests, desserts, cities, mountain slopes, lakes,
etc. The area exactly at nadir is often dominated by a strong surface specular return,

as can be noted from Fig. A.2.
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Figure A.3: Scatter plots of TRMM ¢° vs. incidence angle from July, 1998 for ocean

(top) and land (bottom). Also shown is a third order polynomial curve fit to the
data.
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The TRMM data set has the limitation that only the tropical and lower
mid-latitudes are covered. This is problematic because new sea ice is known to be
a very bright target at nadir. Also, TRMM only utilizes H-polarization, and a scat-
terometer may use both H- and V-pol. For these reasons, the complementary data

sets provide by Seasat and Topex are examined as well.

A.1.2 SASS Near-Nadir Measurements

The Seasat-A scatterometer system (SASS) flew as the first validation flight
of a spaceborne, fan-beam wind scatterometer aboard the Seasat mission in 1978. The
mission lasted from June 28, 1978 until a satellite failure ended the measurements on
October 10, 1978. In addition to the standard Bragg-regime measurements made to
determine wind, the SASS also collected measurements of nadir region backscatter
near 0°, 4°, and 8° incidence [4]. These measurements were collected at both V- and H-
Polarization, with each measurement cell having spatial dimensions of approximately
10 km x 50 km. The Seasat spacecraft flew in a 790 km altitude orbit with an
inclination of 108°, and thus collected measurements up to 4+72° in latitude. In
Fig. A.4, the one day coverage of the SASS near-nadir measurements are shown. Note
that the SASS sensor collected data in the polar regions, and thus can be expected
to yield information on backscatter from new sea ice in the winter southern oceans
and on melting sea ice in the summer northern oceans.

Sample scatter plots of SASS ¢° vs. incidence angle for both ocean and
land scenes are displayed in Fig. A.5. Note that the data is limited to incidence angles
less than 10°. Note also the general qualitative agreement with the TRMM data over
the same range in Fig. A.3.
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Figure A.5: SASS mean and max ¢°’s for land (top) and ocean (bottom).

196



A.1.3 Topex Altimeter ¢° Data

Although designed for the measurement of sea surface height, spaceborne
altimeters also measure surface backscatter cross section. Altimeter measurements,
however, are generally insufficient for a complete characterization of near-nadir backscat-
ter, due to the fact that the ¢° measurements are only collected at 0° incidence. In
this analysis, data from the Topex altimeter, a successful mission which has been
operated continuously for a number of years, is included primarily for a calibration
validation of the other instruments. Topex flies in a 1400 km sun-synchronous orbit
and has ground track coverage very similar to that shown for SASS in Fig. A4. A
sample time series of ocean ¢°’s from the Topex mission is shown in Fig. A.6. Note
that the ocean backscatter concentrates about an average value of 12 dB. This mean
behavior is occasionally punctuated by sharp ¢ increases or “blooms” when a par-

ticularly specular surface is encountered, generally over very calm water conditions.
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Figure A.6: Topex one orbit time series of ocean o°.
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Although it is possible to use altimeter data to produce land and ice nadir
0%’s, this typically requires an analysis of the returned waveform and is beyond the
scope of this analysis [16]. (The Topex algorithm specification cautions against using
the o° values reported in the standard data product over land and ice.) Because
backscatter from ice regions is such an important factor in determining the “worst-
case” nadir return that may be encountered, however, the work of other researchers
who have studied the altimeter return from ice extensively is addressed in a later

section.

A.2 Near-Nadir Data Intercomparison and Fusion
A.2.1 Calibration Comparison

To gain confidence that data from the various instruments discussed above
can be “fused” to form a complete description of near-nadir backscatter over a range
of incidence angles, polarizations, and Earth locations, it is first necessary to validate
that the instruments are calibrated sufficiently accurately relative to one another.
As a calibration “target,” the mean ocean backscatter between +35° latitude during
the month of July was selected. The ocean was selected because it exhibits lower
backscatter variance than land, and the latitude band is where all three sensors over-
lap. The TRMM data and Topex data used in the calibration comparison were from
July, 1998 and the SASS data was from July 1978.

Figure A.7 compares the mean ocean backscatter of the three sensors. The
SASS and TRMM data are third order fits to the data as a function of incidence
angle, and the one Topex point is the mean value at nadir. Note that the sensors
agree to within 1 dB or better. Also note that the V-pol and H-pol curves from SASS
are within 0.3 dB of each other. This is an expected result in this incidence angle
regime. To assess the sensitivity of seasonal changes, the TRMM data from February,
1999 was examined (not shown). It was found to be less than the July, 1998 curve
by about 0.3 dB at all incidence angles. It is not know whether this is a geophysical
or instrumental effect, but this level of calibration variation is negligible for our goal

of characterizing the nadir contamination for a scatterometer.
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Figure A.7: Comparison of July mean tropical ocean backscatter of TRMM, Topex,
and SASS H-pol and V-pol.

A.2.2 Comparison of ¢° Distributions over Different Earth Scenes

Having established that the sensors are sufficiently well calibrated and that
the nadir region backscatter is relatively insensitive to polarization, an examination
of how the distribution of ¢ varies as a function of surface type and incidence angle is
performed. In Fig. A.8, normalized histograms of TRMM ¢ for three incidence angle
ranges (0-1, 3-4, and 6-8 degrees) are plotted for the tropical ocean. For comparison,
the tropical land backscatter distribution between 0-1 degrees is also plotted. As
mentioned earlier, both the TRMM ocean and land distributions exhibit a hard cut-
off near 28 dB due to dynamic range issues. Note the much broader distribution of
land values, and the narrowing of the ocean distribution centered at 5°. Note also
that for the 0-1 degree region, the land backscatter has a greater probability of giving
a strong specular return higher than 20 dB.
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Figure A.8: TRMM ocean 0-1, 3-4, and 6-8 deg incidence and TRMM land 0-1 deg
incidence.

0.20
Tropical Ocean (solid)
Polar Ocean (dotted)
Land (gray)
0.15 ~ A
[}
o
c
g
3 010 - .
o
(e}
X
0.05 ~ A
0.00 . w SSusEES —
-10.0 0.0 10.0 20.0 30.0

a, (dB)

Figure A.9: (a) SASS 0 deg incidence.
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Figure A.9: (c) SASS 6-8 deg incidence.
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Figure A.10: Topex ocean distribution.
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For comparison, Fig. A.9(a)-(c) shows the normalized histograms of SASS
data in the same incidence angle ranges of 0-1, 3-4, and 6-8 degrees. Here, each
plot contains distributions of the tropical ocean, the extra-tropical ocean (i.e. at
latitudes above 35 degrees), and of combined tropical and extra-tropical land. All
SASS data shown is from periods in mid- and late-July (namely, orbits 180-210 and
orbits 316-400), where H- and V-polarization have been combined.

Of primarily interest in Fig. A.9 is the behavior of the extra-tropical ocean,
which is not covered by TRMM. Importantly, we note that the SASS data collected
here has not been flagged for sea ice, so the extra-tropical data contains both open
ocean and sea ice areas. In July, it is expected that the Antarctic ice sheet is reaching
its greatest extent and the Arctic ice sheet is in a late melting stage. In Fig. A.9(a),
it is observed that the peak of the extra-tropical ocean distribution is about 1 dB
lower than the tropical ocean distribution — likely caused by the higher winds and
consequently lower nadir backscatter at high latitudes. The extra-tropical ocean
distribution, however, has a pronounced high ¢ “tail” which indicates a much greater
probability to produce strong specular returns. This tail is most likely due to the
presence of new sea ice in the Antarctic, which forms a very flat specular surface, and
melting ice in the Arctic, where enclosed areas of calm water form.

Consistent with the evidence for the presence of ice in Fig. A.9(a), the
extented tail in the extra-tropical ocean distribution reverses positions at the slightly
off-nadir angles shown in Figs. A.9(b) and A.9(c), and exhibits a higher probability for
lower backscatter values. Whereas flat ice surfaces may create a strong specular return
near zero incidence, a small angular distance off nadir causes the backscatter to drop
considerably. This is a commonly observed characteristic of smooth surfaces where
specular scattering dominates [16]. For the liquid ocean, which generally scatters
more diffusely because of roughness, the drop-off in backscatter with incidence angle
is much more gradual than that of ice. The evidence for the presence of specularly
scattering ice in Fig. A.9 emphasizes the importance of including SASS extra-tropical

data in the characterization of global backscatter. For completeness, a histogram of
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Topex ocean values for July 1998 is plotted in Fig. A.10. Note the general agreement
with ice-free nadir ocean backscatter in Fig. A.8 and Fig. A.9(a).

A.2.3 Global Average and Global Peak Backscatter

Taking the TRMM and SASS data sets collectively, a global model of near-
nadir backscatter can be constructed. Such a model, expressed in terms of mean and
peak backscatter values encountered at each incidence angle, is shown in Fig. A.11.
Here the mean curve has been constructed as a fit to both the SASS global and
TRMM tropical data, where weighting has been applied to account for the relative
frequency of measurements in each data set and for the percentage of the Earth’s
surface that each data set covers. The peak backscatter is represented by the 99th
percentile high backscatter observed at each incidence angle. The peak curve is used
to assess the worst-case near-nadir contamination.

It is important to elaborate on the meaning of “peak” backscatter at in-
cidence angles very close to 0° incidence. For a highly specular surface, the effective
0° varies rapidly with incidence angle and thus becomes a strong function of both
the footprint area and range of incidence angles illuminated [16]. For instance, in a
study by Ulander and Carlstrom, GEOSAT altimeter ice data was processed so that
the footprint diameter was approximately 2 km, thus limiting the measurement to a
very narrow range of incidence angles [96]. Ulander and Carlstrom noted that under
such conditions, new ice could produce a ¢ approaching 40 dB.

For the present application, however, we need only be concerned about the
integrated value of 0° over a somewhat wider range of incidence angles near nadir.
As discussed in [16], the theoretical integrated o° for a perfect specularly scattering
surface is

0’ = ‘Rg;)P exp [—4k2p2], (A.1)

where |R(0)| is the Fresnel reflection coefficient at zero degrees incidence, (3 is the

half-angle of the nadir solid-angle illuminated, k£ is the wave number of the radar,
and p is the surface roughness. For a minimum integration step size of 1°, then the

minimum value of § = 1° applies. If it is further assumed that |R(0)| =1 and p = 0,
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Figure A.11: Global mean and peak (99th percentile) near-nadir backscatter profiles.

creating perfectly specular surface, then 0° = 35 dB. At Ku-Band, this value rapidly
decreases with any realistic roughness whatsoever. Thus the peak value of 30 dB

given in Fig. A.11 is quite reasonable.
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Appendix B

K,. Formulation for SeaWinds with Range Discrimination

In this appendix stochastic signal processing theory is applied to derive

Eq. (5.28).
B.1 K, Definition
Let the returned energy for a given slice be E,, where
E,=FE,.,—E,. (B.1)

Here, E, is the signal-plus-noise energy measured for the slice, and F,, is an estimate
for the noise-only energy associated with the slice. K, is defined as the normalized

standard deviation of F;, or

% Var|E;] B2
T EE] o

In general, Var[E,| can be written as
Var[E,]| = Var[Es,] + Var[E,] + 2(E[Esin]E[En] — E[EsinEn])- (B.3)

An expression for K, is developed by addressing each term in Eq. (B.3) individually,
and then inserting these results into Eq. (B.2).

B.2 Calculating Var[E,,,]

Because

Var[Ey,,] = g[E52+n] - 52[Es+n]a (B.4)

expressions for £[F,,,] and E[EZ, ] are needed.
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B.2.1 £[E,;,| Term

The digitally sampled, deramped signal+noise signal incident on the FFT
processor is given by

z(n) = s(n) + v(n), (B.5)

where s(n) is the signal component and v(n) is the thermal noise component. The de-
tected signal4noise energy at the output of the FFT processing and binning operation

is
2

N-1
Egin=1_|> z(n)e "k, (B.6)
k In=0

where the outside summation is over the total periodogram bins used to form the cell

and W = %7’ Expressing E,., as

Egin=Y_ [Z x(n)e IWkn %j a:*(m)ejka] , (B.7)

k n

and then taking the expectation,

E[Esin] = Zk: an ; Elz(n)a* (m))e’Hm=m), (B.8)
Assuming the signal and noise are un-correlated, then
EEsin] = E[ES] + E[Ey] (B.9)
and
Elz(n)a*(m)] = E[s(n)s"(m)] + E[v(n)v"(m)]. (B.10)

The signal and noise terms are now addressed in turn.
From the discussion on the X factor in Chapter 5 the return pulse envelope
from each surface scatterer may be assumed rectangular in shape, and thus the de-

chirped signal component can be written as
s(n) = Voo &icipi(n)ed @it (B.11)
i

Here it is assumed that ¢° is constant over the footprint. The summation is over
each ith scattering patch, with & the Rayleigh random magnitude term for which
E[€?] = 1, ¢; is the total instrument system gain at the patch (including the effects

208



of antenna gain, range, incremental area, etc.) w; is the de-chirped baseband angular
frequency corresponding to the patch, and 1); is the random phase term. The function
pi(n) is defined to be 1 when the sample n corresponds to a time when a backscattered
signal from the ith scatterer is present, and 0 otherwise. p;(n) thus takes both the
pulse length and range gating effects into account.

The signal term expectation then becomes
Els(n)s*(m)] = o ZZ &) cicipi(n) py(m)E el Wimv0)|gdwin—wim), (B.12)

Because of the assumed independence of the surface scatterers, £[e/~%)] = 1 for

i =1, and E[e/¥¥)] = 0 for i # |. Equation (B.12) becomes
E[s(n)s*(m)] =0 Zc pi(n) pi(m)e?i=m) (B.13)
The expected value of the signal component is then written as
Z ZZ o Z 2 p;(n) p; (m)edwitn=m) gdWkim=n)_ (B.14)
Reordering the above terms,
E[E) =00 2> 33 pi(n)pi(m)elwitnmleiWhim=n), (B.15)
i k n o m

Note that

2

ZZPz(n)pz( ele(n m)€]Wk m— n) sz 6me —jWkn ) (B16)

Assuming that the echo return envelope from a given scatterer is flat, the

DFT in Eq. (B.16) is performed to obtain
S pi(m)eime Ve = GG k). (B.17)

where

expjm(Npi + 2ns:)(fo. LT — %)] sin[m Ny i(foi T — %)]
exp[jﬁ(fb,iT - %)] ) ( Sin[’ﬂ'(fb,iT _ %)] ) . (B18)

Here, fy; is the baseband frequency, T' is the sample period, NV is the number of

ik = (

FFT samples, NV,; is the number of samples in the return envelope, and n; is the

209



number of the first sample in the return envelope. The factor X from Chapter 5 can

be written
X =3 &Y |86k, (B.19)
i k
and consequently

B = Xo°. (B.20)

As for the thermal noise component of Eq. (B.10),

Elv(n)v*(m)] = E[va(n)vr(m)] + Evi(n)vr(m)] + jE[vi(n)vr(m)] — jE[vR(n)vi(m)],

(B.21)
where v and v; are the real and imaginary components of v. Assuming stationary
white Gaussian statistics for the digitized thermal noise sequence, vz and v; are
uncorrelated so the imaginary cross correlation terms go to zero. In addition, when
noise is sampled at the Nyquist frequency, the autocorrelation terms are equal but

only contribute when n # m. Consequently,
Elv(n)v*(m)] = Nod(n —m)p,(n)p,(m), (B.22)

where ¢ is the Kronecker delta and p,(n) is the time gating function applied to the

thermal noise signal. Applying the FFT, magnitude square, and binning operations,

Y3 Nod(n—m)py(n)p,(m)e’™* " = MN, Ny, (B.23)

where M is the total number of bins summed and N, is the number of samples in the

range gate noise sampling. Ultimately,
E|Esin] = X0°+ M N, N, (B.24)

representing the result that the expected signal+noise energy is equal to the sum of

the expected signal energy and the expected noise energy.

B.2.2 £[EZ] Term

The term £[EZ, ] is initially written

Z m(n)e*jWk"

n

B, = (Z 2) , (B.25)

k
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which can be expanded into
= Y [Z z(n)e ?WE " g (m)ejka] (B.26)
k n m

h

lz o~ IWhp Z o (q)ejth] .
q
Re-ordering the terms and taking the expectation,

s—|—n

p

EBL = > Elm)a* (m)a(p)a’(q)]e" eV, (B.27)

k,h,n,m,p,q
where the multiple summations have been represented by one summation symbol.
Assuming that z(n) is Gaussian distributed and zero mean, we employ the

expansion for the forth order moment of Gaussian random variables to obtain

Elz(n)z*(m)z(p)*(9)] = E[z(n)z”(m)l€x(p)z(q)] (B.28)
+E[z(n)z(p)E[z" (m)z" (q)]
+&[z(n)z" (q)|€ [z (p)z" (m)].
An expression for each of the three terms in Eq. (B.28) is found in turn and then
inserted into Eq. (B.27).

Examining the second term in (B.28), the signal and noise are uncorrelated,

Elz(n)z(p)] = E[s(n)s(p)] + Ev(n)v(p)]- (B.29)
From Eq. (B.12),

Es(n)s(p)] = o 225 g8l cicupi (n) pu(p)E el Wit |gd wintwm), (B.30)
Because E[e/¥i+¥1)] = 0 for all 4 and [, Eq. (B.30) is always zero. Further,

Elv(n)v(p)] = Evr(n)vr(p)] — Elvi(n)vi(p)] + jE[vi(n)vr(p)] — j€[vr(n)vi(p)]
= 0, (B.31)

so the second term in Eq. (B.28) is zero. Now, examining the first term in Eq. (B.28),
from Eq. (B.13) and (B.22) we have that,

Elx(n) = 0y Z A pi(n) pi(m)ed@i=m) L N5 (n —m)p,(n)p,(m).  (B.32)

211



The first term in Eq. (B.28) can then be expanded as
Ela(n)z™(m)|€[z(p)z"(g)] =
ZC pi(n) pi(m)e? @ tr=m) Zcz pi(p)pu(q)e’ =)
+oo ZC pi(n)pi(m )e““l‘" m”Noé(p —q)pu(p)pu(q)
+00 Z ¢ o (p) pi (@) P Nod(n — m) p,, (n) pu(m)
!

+N5d(n —m)d(p — q)p.(n)p, (M), (p) P (9)- (B.33)

Inserting Eq. (B.33) into Eq. (B.27),

Y Elz(n)zt(m)|E[x(p)a* (q)]eHm meIWhiar) (B.34)
k,h,n,m,p,q
(00)2 Z C?,Oz' (n)pz (m)ej(wi(n—m))elec(m—n) Z C?pl (p)pl(q)ej(wl(p—q))ejWh(q—p)
kon,m¢ h.p,q;l

+ o° Z cfpi(n)pi(m)ej(“”("’m))No(ﬂp —q)py (p)py(q)ejWk(mfn)ejWh(qu)
k,h,n,m,p,q,i

+ 0% Y dp@p(@)ePD NS (n — m)p,(n)p, (m)el " Fmm i W Har)
k,h;n,m,p,q,l

+ 3" N3s(n —m)(p — q)pu(n)pu(m)pu(p)pu(q)e? Em—medWh(a=p)
k,hsm,m,p,q

Which, performing the summations, becomes

3 Ela(n)zt (m))E[z(p)a* (g)]e?" Em—m)iWhia=p)

k,h,n,m,p,q

= (X0°)*+2X0°MN,Ny + (MN,Ny)? (B.35)
- E[Es+n]2.

Addressing the third term in Eq. (B.28),

Elx(n)a”(q)I€[x(p)a™(m)] = (B.36)
o Z cipi(n ef(“’l n—q)) Z cp(p ey(wz(p*m))

+0y Zci pi(n)pi(q)e? @it q”Noé(p — m)p, (p)py(m)
+00 Y ¢t pi(p) pu(m)e P Nos(n — g)p, (n) pu(g)
!

+N5d(n — q)d(p — m)p,(n)p, (q) pu () o ().
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Inserting Eq. (B.36) into Eq. (B.27),

>l @lEl(ple (m]e MmN (B.37)
k,h,n,m,p,q
@)? Y Epi(n)pi(@)plp) pi(m)ewin=a) giwip—m) oW k(m=n) ojWh(q—p)

k7n5m5h7p,q7i7l

+ 0% Y Epi(n)pi(q)et im0 e WhmmmIWhia=P) Ny 5 (p — m) p,, (p) pu, (m)
k7nﬂm7h,p’q’i

+ o0y o) p(m)e Tl VI WER NG (n — g)p, (n) py (q)
k,n,m,h,p7q,l

+ 3 N2§(n— q)8(p — m)p,(n)p,(q)pu (p) p, (m)e?VEm—m) I Wh(a—p)
k,h,n,m,p,q

B.2.3 Variance of F;,

The variance of F;, is given by
Var[E,] = E[EZ,,) — E[Esinl’. (B.38)

Note that the term given by Eq. (B.35) for £[EZ, | cancels with £[E,]?, and the
only contribution to the variance is from the term given in Eq. (B.37). Assuming that
the echo return is flat, Eq. (B.17) is employed in the evaluation of the summations
over n, m, p, and ¢ for the signal terms in Eq. (B.37) to obtain

Var[Ey ] = (0°)° Y B, k)33, h)5* (1, k)B(L, h) (B.39)

k,hyi,l

. (k—h) . _
"R (N”+2””)sm(7r—(th)N,/)

o 2
+20°N, Z c; pRC=D )
k,hyi &N sin(m=5)

N,—1 N,—1

+N52 Z Z ejW(k—h)(m—n)’

k,h n=0 m=0

B(i, k)" (i, h)

where n, is the sample corresponding to the beginning of the range gate, and N, is
the total number of samples during the range gate “open” time.
B.3 Expression for K,

It is now possible to construct a formula for K. If it is assumed that
Var[Fs,,] > Var[FE,], a reasonable assumption if the bandwidth of the noise-only

measurement is large relative to the signal+noise measurement, and further assumed
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that the noise-only estimate and signal+noise estimate can be approximated as inde-

pendent, from equations Eq. (B.2) and Eq. (B.3),

Var[FEs,,]
K? = — % B.40
Defining the energy signal-to-noise ratio, SNR, as
XO'()
SNR = B.41
MN, N, ( )
allows us to substitute for N, as
XO'()
No= ——. B.42
°~ MN,SNR (B42)
Combining the above,
B C
K:=A+_ — 4+ —— B.43
pe TS8R T sNRY (B43)
where
1 . . .
A= 5333 Y B, k)8 (i, h)B* (1, k)B( h)
k h i 1
- (k=h) . _
) eI (Ny+2nu)81n(ﬂ-MN )
B = c — N_—"2B(i, k)3 (i, h)
MN,X % ;; e”(klv—h)sin(ww)
1 NN ey men)
— JW(k—h)(m=n) B.44
C MZNE ;; n=0 mZ:O ‘ ( )

To verify the digital K,. results, the expressions for A, B, and C in
Eq. (B.44) were numerically evaluated using values of ng, IV;, and ¢; as generated
by the BYU X-Factor computer code [1]. These values are then compared to the ap-
proximate values obtained for an ideal band-limited white-noise signal as presented

Chapter 4,

A=t
B,T,
B =
B,T,
1
C= : B.45
BT, (B.45)

Here, B; is the slice bandwidth, B, is the noise channel bandwidth (nominally 1 MHz),

T, is the transmit pulse length (nominally 1.5 ms) and 7T} is the range gate length
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(2.1 ms). To make the comparison more meaningful, the parameters are computed
for a case where they are expected to agree well: a center cell (slice 7, in this case),

inner beam, azimuth angle = 90°.

Table B.1: K,, Parameter Comparison: Inner Beam, Cell 7, 6,, = 90°.

Parameter | Approximate Value | Computed Value
A 0.080 0.078
B 0.120 0.120
C 0.060 0.058

Examining Table B.1, it is concluded that the values in Eq. (B.45) rep-
resent a very good approximation to the exact values given in Eq. (B.44). This is
an indication that, for the Sea Winds timing, modulation, and processing parameters,
the return signal in a slice may be assumed to be bandlimited, stationary random

process.
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