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ABSTRACT 

A frequency modulated, continuous wave Ku-band, ground based scat-

terometer was modified into a full polarimeter for measurement of the back-

scattered polarization characteristics of crops and soils. This thesis starts 

with a summary of important topics in radar, fading, and polarization theory 

applied to the Canadian Centre for Remote Sensing / (CCRS) Ground 

Microwave Operations (GMO) Ku-band Polarimeter. Once the polarimeter 

hardware is described, then the 1987 GMO polarimeter experiment on the 

polarization characteristics of spring wheat, durum wheat, barley, and canola 

is discussed. To properly evaluate this polarimeter data set, the analysis 

section considers the statistical independence and processing of the six, se-

quentially scanned, polarimeter intensity measurements. These six intensity 

measurements are partially dependent, but they are considered to be inde-

pendent, for the purposes of calculating the estimated averages and variances 

of the polarization state parameters (the ellipse angles: &, orientation angle 

and x, the ellipticity angle; and m,the polarization ratio). 



The calculated polarization state parameters are displayed, graphically, 

for qualitative evaluation of the change in the received polarization state 

from that transmitted, for the four different crops under a variety of 

measurement conditions (transmit polarization, incidence angle, time [days 

during the growing season], range cell, row aspect angle, and planting con-

ditions. From a review of the data, crop canopies primarily unpolarize the 

incident Ku-band polarized radiation, with no consistent depolarization effects 

observed. The crops display significantly different unpolarization signatures 

(from 3-D graphs of the polarization ratio) as a function of transmit 

polarization, incidence angle and time: 

• wheat, durum and barley (all cereal crops) exhibit significant un-
polarization for vertical linear transmit polarization, but minimal 
unpolarization for horizontal linear transmit polarization; 

• canola exhibits similar unpolarization signatures for both linear 
transmit polarization states. 

The three cereal crops can be distinguished from canola , but wheat, durum, 

and barley can not be clearly distinguished among each other. The stronger 

interaction of the cereal crops with the vertical transmit polarization state 

confirms earlier work on the importance of e vii [1] in attenuation studies of 

wheat. Further, the polarization characteristics of canola indicate a much 

different, less orientation dependent scattering process. Finally the 

predominence of unpolarization in the canopy scattering process indicates that 

the cross polarization measurements done in scatterometer studies are 

primarily unpolarized power measurements. 
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1. INTRODUCTION 

1.1. Background 

In the field of remote sensing over the past decade there has been a 

resurgence of interest in measurements of the earth's surface at frequencies in 

the microwave portion of the electromagnetic spectrum, where there is an at-

mospheric transmission window for 24 hours a day, even in the presence of 

cloud cover. Adding to this interest have been several technological ad-

vances, particularily the development of high resolution Synthetic Aperture 

Radar (SAR) techniques and improvements in satellite technology. As 

described by Carver [2], the development of microwave remote sensing tools 

steins from the 1930s when radar was invented for military purposes, right 

through to the 1950s and 1960s when interest in non-military microwave 

remote sensing began with the space program. Once the potential uses of 

visible light and infra-red remote sensing were established, interest in imaging 

microwave scanning systems began to grow. Eventually the developments in 

Side Looking Airborne Radar (SLAR), image processing techniques and high 

speed computing led to the establishment of SAR as a very reliable remote 

sensing technique. Most recently all types of microwave sensor systems, pas-

sive radiometers, altimeters, scatterometers, or SARs are mounted on satellite 

platforms for global study. 

Microwave radiometers, which, like their optical counterparts (the 

photometers and spectrometers) are passive electromagnetic wave receiver sys-

tems, have been used to infer all types of meteorological data from both 

Venus and Earth [2]. Scatterometers, which measure the absolute scattering 

cross-sections of targets, have been used on ground-based, airborne and 



spaceborne platforms to aid in geographical surveys of cloud bound regions 

and to observe all types of terrain for geologic, agricultural, geographic and 

meteorological studies [2]. Whereas radiometers and scatterometers suffer 

from poor spatial resolution when used from spaceborne platforms, SAR has 

a resolution which rivals the present optical scanning systems. 

The bulk of the research in microwave remote sensing has followed the 

trends of the more popular visible and infra-red techniques. Usually the 

returned signal intensities from a target are quantified into a grey level im-

age, for a given combination of polarizations of the transmit and receive an-

tennas. The grey levels can be related to the true scattering cross-section of 

a scene through calibration with a scatterometer. But with the the coherent 

nature of active radar techniques, both the magnitude and phase of the 

returned radiation can be used to establish the returned polarization state. In 

this way, for a given transmitted polarization, measurements of the target 

can be obtained for several different received polarizations. The selection of 

more than one transmit polarization allows for an even more flexible measur-

ing system. 

The term polarimeter is used to describe an instrument which transmits 

at a fixed polarization and then measures the complete polarization state of 

the returned radiation. Polarimeters have been researched extensively in the 

1950s and 1960s, but the complexity and the expense of these studies slowed 

progress [3]. The rationale for polarimetry is based on the fact that the 

complete information contained in an electromagnetic signal is obtained only 

by measuring the complete polarization state at each frequency within the 

signal bandwitdth. In practice, the average polarization state within a finite 

frequency band is measured. Several recent radar systems (scatterometers) 

have been designed to make partial polarization state measurements by trans-

mitting a known polarization and measuring two received polarization com-

ponents usually the same as and orthogonal to the transmitted state. Of 

course the measurement of the complete polarization state of the received 
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radiation more completely defines the scattering properties of the target than 

do the copolar and cross-polar components [3]. As Stokes [4] showed, the 

complete polarization state requires the measurement of the intensity or 

power from four independent components, not just the two components now 

commonly acquired. 

A SAR can be used for polarimeter studies, as the SAR technique 

retains both amplitude and phase information for standard processing. Be-

cause of the advances in space based SAR such as the SIR-A to SIR-C 

series from JPL/spaceshuttle program and the RADARSAT program through 

CCRS, interest in this branch of microwave remote sensing is increasing [2]. 

On the forefront of new methods are the polarimeter studies which can 

derive a more complete data set to describe the scattering process . From a 

survey of the literature on polarimetry, there are several SAR polarimeter 

projects ongoing at the National Aeronautics and Space Administration 

(NASA) (the SIR-C SAR polarimeter), at the Jet Propulsion Laboratory 

(JPL) (the NASA/JPL airborne SAR, the prototype for SIR-C), and at the 

Environmental Research Institute of Michigan (ERIM) (the ERIM X-, C- and 

L-band polarimetric SAR). The most extensive polarimetric investigations to 

date have been on the theory and results of SAR polarization measurements 

of different terrain types by Van Zyl, Zebker, Elachi and Held et. 

al. [5, 6, 7, 8] using the NASA/JPL airborne SAR. 

1,2. University of Saskatchewan Ground Microwave 

Operations 

Although the ultimate spatial coverage is obtained by remote sensing 

systems which are spaceborne on satellite platforms, there is still a need for 

ground based remote sensing systems. One fundamental purpose for ground 

based systems is to provide calibration to the airborne and spaceborne sys-

tems. The secondary purpose is to perform detailed experiments involving 

extensive ground truthing of the realitively small test sites. These studies 

are used to determine the target medium interaction with microwave radia-



4 

tion and to subsequently develop models which relate important parameters 

of the target (such as crop and soil geometry and moisture content) to the 

radar measurements. In general the ground based systems are more cost ef-

fective for modelling experiments, compared to the airborne and spaceborne 

systems. Thus there is still a need for ground based scatterometers and 

polarimeters. A new system containing three ground based scatterometers 

(L-, C- and Ku-bands) is being operated at the University of Saskatchewan 

(U of S) in the Ground Microwave Operations (GMO) team. Under contract 

to the Canadian Centre for Remote Sensing (CCRS), the GMO team has 

performed several different experiments on crop and soil conditions since 

1986. 

The GMO radar system at the U of S consists of three (L-, C-, and 

Ku-band) frequency modulated, continuous wave (FM - CW) truck mounted 

scatterometers for the study of agricultural plant canopy and soil response to 

microwaves. As part of this research program, the Ku band scatterometer 

has been modified into a polarimeter by Poettcker [9], whose thesis describes 

the theoretical and practical design considerations for this conversion and 

presents the chosen implementation with test results. With the polarimeter 

in this first stage of development, an entire growing season of data was 

gathered in 1987 [10], [11]. This thesis represents the first comprehensive 

analysis of the 1987 Ku-band polarimeter data. 

1.3. Thesis Summary 

This thesis will describe some basic FM-CW radar principles, radar 

fading for distributed targets and the details of the GMO Ku-band 

polarimeter in Chapter 2, followed a description of the 1987 GMO ex-

perimental program in Chapter 3. 

The fourth chapter is a discussion of the polarimeter data analysis in-

cluding: 
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• the statistical independence of the raw radar measurements 

• the variability of the raw radar measurements 

• the estimation of the variance of the polarization parameters. 

• the processing of the raw radar measurements into estimates of 
the average polarization state parameters. 

Finally, in Chapter 5, a subset of the 1987 data is presented and evaluated 

for significant variations of the polarization state variables with crop type, 

incidence angle, time during the growing season, transmit polarization, range 

resolution cell and row aspect angle. A concluding chapter summarizes the 

results uncovered by this thesis and suggests hardware/software changes that 

might be appropriate for future polarimeter work, and recommends several 

possible directions for future polarimeter research using the GMO Ku-band 

polarimeter. 

For reference, the Appendices contain: 

• a more detailled summary of radar theory (Appendix A); 

• a detailed derivation of the polarization parameters which define 
the polarization state of a received wave (Appendix B); 

• partial derivative derivations which are too lengthy to include in 
body of the thesis (Appendix C); 

• data summaries of the 1987 daily check polarimeter data 
(Appendix D); 

• circuit simulations of the linear power detector circuit currently 
implemented (Appendix E); 

• important data structures which are used in the analysis and plot-
ting software (Appendices F and G). 
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2. An FM-CW Scatterometer / Polarimeter 

This chapter is an introduction to FM-CW radar scatterometry and 

polarimetry techniques. Appendix A contains a complete discussion of radar 

fading theory, from which all important fading equations will be referenced in 

this chapter. In a similar fashion, Appendix B, a discussion of polarization 

theory, is referenced for equations relating FM-CW radar measurements with 

polarization parameters (ellipse parameters, Stokes parameters, or the 

coherency matrix). 

The general discussions section will define terms and acronyms that are 

used in this chapter. The next two sections describe FM-CW radar theory 

and desribe the CCRS/GMO FM-CW radar scatterometer hardware. To 

completely understand the operation of the hardware, radar fading is dis-

cussed in detail in the next section. Finally the last section describes the 

conversion of a Ku band scatterometer into a polarimeter, the basic process-

ing to attain the polarization parameters from the hardware measurements 

and the measurement limitations of the polarimeter. 

2.1. Definition of Terms 

The Term radar was originally coined from the phrase "radio detection 

and ranging" during the development of World War II remote sensing sys-

tems. Now radar has grown to refer to any radio frequency technique for 

the remote measurement of information about one or more targets. The 

acronym FM refers to frequency modulation, which denotes the inposed 

variation of the transmitted carrier frequency, usually by a periodic frequency 

deviation. A CW (continuous wave) radar system has a continuous trans-
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mission with a 100 percent duty cycle, in contrast to pulse or chirp radar 

systems, which transmit at a higher power but with a small duty cycle. 

The full title FM-CW radar means a radar system which modulates the 

transmitted carrier frequency and which transmits continuously with a 100% 

duty cycle. 

The terms scatterometer and polarimeter describe specific applications of 

FM-CW radar techniques. A scatterometer transmits a known power and 

measures the absolute intensity of the electromagnetic energy that is sub-

sequently scattered by the target to the receiving antenna. Often a scat-

terometer is set up to transmit, alternately, in one of two polarizations 

(horizontal and vertical linear or left and right circular) and to receive both 

polarizations simultaneously. In a scatterometer, the reception of more than 

one polarization is an attempt to quantify some polarization effects, but only 

a polarimeter can measure the entire returned polarization state. In a 

polarimeter, a minimum of four measurements are required to determine the 

three parameters which define the elliptically polarized state and the single 

parameter that defines the unpolarized component of the received radiation. 

The term polarimeter, in the context of this document, always refers to an 

absolute polarimeter, which measures the absolute polarization state of the 

received radiation. Many simple polarimeters are not calibrated to obtain 

the absolute intensities, which are required to determine the radar scattering 

cross section or the differential scattering coeffecient. 

2.2. FM-CW Radar Theory 

In general, an FM radar system has a transmitting and receiving an-

tenna; they are often the same antenna, but for simplicity Figure 3-1 il-

lustrates two separate antennas. The transmitting antenna is fed with a fre-

quency modulated carrier signal, generated by a waveform generator which 

drives a variable frequency oscillator. The transmitted radiation travels to 

the target, where some of the incident RF (radio frequency) energy is scat-

tered in the direction of the receiving antenna. The received signal is then 
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mixed (in an RF mixer circuit) with the current transmitted waveform or lo-

cal oscillator (LO) signal. 

Variable 
Waveform Frequency 
Generator Oscillator 

Bandpass 
Filter 

IF Output 

Transmitting Antenna 

IF 

LO 

Mixer 

Receiving Antenna 

RF 

Figure 2.1: A Simple FM Radar Transceiver 

Target 

The non-linear mixing process has the effect of generating an output 

signal (labelled as IF or intermediate frequency) which contains frequency 

components at the sum and difference of the received RF and LO fre-

quencies. Because the received RF is essentially a slightly delayed version of 

the current LO signal, the difference IF frequency components are in the 

audio range while the sum IF frequencies are at about twice the carrier fre-

quency. This means that a simple audio frequency bandpass filter can be 

used to isolate the difference frequencies. The purpose of this mixing process 

is to frequency shift the received signal information down to the audio fre-

quency range where inexpensive electronics can be used to measure the 

received power. By modifying the sweep rate of the modulating waveform it 

is possible to select a specific range for observation. The target range is im-

portant in establishing the exact physical target for which the absolute 

measurement of received RF energy is being made. 

In FM radar, a periodic triangular wave is commonly used as the 

modulation signal [12, 131. The upper plot in Figure 2.2 illustrates the RF 
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frequency as a function of time for transmitted and received triangular wave 

modulated FM radar signals. The lower plot in Figure 2.2 represents the 

resulting IF frequency as a function of time for the FM signals plotted in 

the upper drawing. The lower plot (the result at the point labelled IF out-

put on Figure 2.1) shows the difference frequency components generated by 

mixing the present transmitted signal frequency with the delayed received fre-

quency. 
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Figure 2.2: (TOP) Transmitted and Received RF Frequencies Plotted 
as a Function Time. (BOTTOM) The Resulting IF Fre-
quencies Plotted as a Function of Time. Both Plots for 
FM-CW Radar. 

The target range, R, is expressed as 

where 

R = 
2B 

ctuflF

• c is the velocity of electromagnetic radiation in free space; 

(2.1) 
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• t is the upsweep time for the modulation triangular wave; 

• 11F is the constant IF frequency during the upsweep period; 

• f u — .1'1 = B, and B is the peak to peak frequency deviation or FM 

bandwidth. 

A set of targets distributed at different ranges create returned RF energy at 

time delays distributed about the desired range. The dotted lines in Figure 

2.2 in both the upper and lower curves illustrate the effects of targets at 

ranges R± AR/2, resulting in IF frequencies f IF ± A f /F/2. From equation 

(2.1), the range resolution OR can be expressed as a function of the allowed 

IF bandwidth, A f /F1 as follows: 

c tu f IF 
OR — 

2 B 
(2.2) 

If equations (2.1) and (2.2) are compared, the relative range resolution 

is equated to the relative IF bandwidth as 

OR IF
(2.3) 

R IF 

Thus a five percent bandpass filter with a center frequency ' IF will accept 

scattered RF energy from targets within ±2.5 percent of the desired radar 

range. Note that this relation is independent of the actual range that is set. 

Of course this simple model does not allow for multiple scattering, which can 

cause targets to appear at larger ranges, than their true range. 

In the FM radar technique the received frequency spectrum is not a 

single discrete spectral line. Fourier analysis of an FM signal, such as a tri-

angle wave modulated FM carrier, yields a harmonic line spectrum. If the 

analysis is extended to the IF level, the result is a harmonic line spectrum, 

where successive lines are separated by the modulation frequency, fm = 

The spacing of these spectral lines will change as a function of the selected 

target range because an increase in selected range requires that the upsweep 

time or period be increased, as shown by equation (2.1). Hence, the spectral 
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line spacing 1 m decreases and for a fixed IF bandwidth there will be more 

spectral lines crowded into the IF filter bandwidth as the radar range is in-

creased. A complete derivation of the Fourier analysis for the RF spcetrum 

and the IF spectrum can be found in the M.Sc. thesis by Poettcker [9]. 

2.3. The CCRS/GMO Scatterorneter Hardware 

Description 

The multiband FM-CW scatterometer, property of the Canadian Centre 

for Remote Sensing (CCRS), a branch of Energy, Mines and Resources, is 

operated under contract by the Ground Microwave Operations (GMO) group 

at the University of Saskatchewan (U of S) for the collection of microwave 

scattering data from agricultural crops and soils. The basic scatterometer 

was manufactured by Applied Microwave Limited of Lawrence, Kansas. This 

design was a modified version of another scatterometer, the Microwave Active 

Spectrometer (MAS) [13] which was designed for the University of Kansas at 

Lawrence. As supplied by Applied Microwave, the data acquisition computer 

was not adequate for the proposed experiments, therefore the original HP85 

computer was replaced by a PC compatible Olivetti microcomputer by the 

GMO team. The modified scatterometer system is described in this section. 

2.3.1. Functional Description 

The ground based scatterometer is a three band, truck mounted, FM-

CW radar interfaced to a data acquisition and control unit (DACU) which is 

controlled by the Turbo Pascal programs running on an Olivetti PC. The 

truck flat bed is fitted with a hydraulic boom for positioning the radars at 

the desired height, and a diesel generator for supplying the 110 volt AC 

power for the electronics. The radar section consists of three separate 

transceivers in the L, C, and Ku bands, with nominal center frequencies of 

1.5, 5.17, and 12.81 GHz respectively. The FM bandwidth of the 

transceivers is fixed at 500 MHz. The DACU performs all analog and digi-

tal (or relay logic) control and interfacing with the transcievers under the 
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direction of the microcomputer. This microcomputer also provides the user 

interface to the truck operator and provides the diskette drives for data 

storage. 

For reference Figure 2.3 contains a picture of the truck during data 

collection from a field (top) and a picture of the three transceivers as they 

are mounted on the boom. Note that each of the transceivers has a metal 

weatherproof box to house the electronics and microwave sections and a 

paraboloid antenna is mounted directly onto the side of the box. 

For normal operation the tranceivers are lifted to a nominal vertical 

height of 11 meters above the ground and positioned to the side of the truck 

bed. This places the target range in the far field pattern of the antennas, 

but within the operational range of the transceivers (9 to 40 meters). In or-

der to control the exact direction of the radars, the boom is mounted on a 

turret which is used to rotate the boom to any desired angle with respect to 

the truck motion (used to set the row aspect angle)1 . The tranceivers are 

mounted on a rotatable frame so that the incidence angle (IA) of the radar 

can be controlled2. To aid the operator in checking the position and direc-

tion of the antennas, a TV camera is mounted on the rotatable frame, with 

the TV monitor placed in the truck cab. 

Figure 2.4 is a functional block diagram of the entire electronics system 

of the scatterometer. The angle of the radar support frame is controlled by 

a DC motor/reduction gear assembly, which drives a gear section mounted 

on the frame. The incidence angle is measured by a pendulum detector, 

which measures the position of the frame with respect to the nominally ver-

I-The row aspect angle (RAA) is defined as the angle between the horizontal projection of 
the transmitted radar beam and the direction of the furrows ploughed in the field in view. 

2The incidence angle is defined as the angle of the antenna boresight with respect to the 
surface normal. 
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Figure 2.3: (TOP) Truck Mounted Scatterometer in Operation; 
(BOTTOM) A Close Up of the Radar Transcievers . 
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tical equilibrium position of the pendulum. When the truck is moving in a 

rough field, or when a there is a wind, the boom will rock from side to side. 

This rocking motion causes the reference pendulum to move continuously, 

creating a significant measurement error. 
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Figure 2.4: Scatterometer Functional Block Diagram 

All control and data lines are routed from the pivoting scatterometer 

frame, through the hollow boom sections into the truck cab, where the con-

trol and data acquisition electronics are mounted. The passenger's seat in 

the cab has been removed to make room for a half height 13" rack and the 

TV monitor. The rack contains the 512 Kbyte Olivetti PC compatible 

microcomputer (two 5.25 inch floppy diskette drives), a Roland dot matrix 

printer, the Hewlett-Packard 3497A DACU, power supplies, electrical tran-

sient protectors and manual controls for the positionor motor and the TV 

camera focus and zoom. As illustrated in Figure 2.4, the DACU has several 

plug-in modules to multiplex several input analog channels, to output analog 

channels, to input and output digital signals and to perform analog to digital 
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Table 2.1: Transceiver Specifications 

GENERAL 

Intended Target Range 
Temperature Stability 

TRANSMITTER 

Frequency Bands 
Transmit Power(nominal) 
RF Center Frequency 
RF Frequency Deviation 
Polarization 
Modulation Source 
Modulation Type 
Modulation Frequency 
Upsweep/Downsweep Time Ratio 

RECEIVER 

Type 
Polarization 
Intermediate Frequency 
IF Bandwidth 
Detection Type 
Detection Bandwidth 

ANTENNA 

Type 
Diameter 
Far Field Distance 
Beamwidth(3 dB) 
Product Beamwidth(3 dB) 
Sidelobe level 
Gain(boresight) 

9m to 40w 
-.2 dB, -10 to +40 degrees Celsius-

L-Band 
12 dBm 
1.5 Ghz 
500 Mhz 

C-Band Ku-Band 
10 dBm 10 dBm 
5.17 Ghz 12.8 Ghz 
500 Mhz 500 Mhz 

Horizontal or Vertical 
 YIG Tuned GUNN 

 Linear Sawtooth 
 110 to 490 Hz 
Approximately 2/1 

 Single Conversion 
--Simultaneous Horizontal and Vertical 
 22 kHz 
 Selectable 1,2,3,4 k 5% of IF 
 Full Wave Linear Detector 
 7 Hz 

--Parabolic Reflector with custom feed--
1.37m .61m .305m 
9.7m 6.7m 4.2m 
7.7 deg. 5.1 deg. 4.6 deg. 
5.6 deg. 3.7 deg. 3.4 deg. 
-14 dB -16 dB -17 dB 
26 dB 29 dB 31 dB 

(A to D) conversions. The DACU communicates with the microcomputer 

over the Hewlett-Packard Interface Bus (HPIB) through a commercially avail-

able HPIB interface card for the microcomputer. For reference a complete 

specification sheet for the scatterometer is included in Tables 2.1 and 2.2. 
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Table 2.2: Microcomputer and DACU Specifications 

PERSONAL COMPUTER 

Type 
Operating System 
Memory 
Disc Storage 
Software 

 IBM Compatible Olevetti 
----Microsoft Disk Operating System 
 512Kbyte 
-Dual 5.25in 640Kbyte Floppy Diskettes 
 Turbo Pascal 3.0 

DATA ACQUISITION AND CONTROL UNIT 

Type 
Conversion Time 
Sampling Time 
Sampling Rate - Single Channel 
Sampling Rate - 6 Adj. Channels 

2.3.2. The Scatterometer Transceivers 

 Hewlett Packard 3497A 
 16.7mS to 17.9mS 
 17.7mS to 18.9mS 
 Maximum 39 Samples/s 
Approximately 48 Samples/s 

Functionally, all three transceivers are the same. Each transceiver can 

be broken into three sections, namely: 

• the oscillator data selection and driver section, 

• the microwave section, and 

• the IF processing section. 

Figure 2.5 is a block diagram of a transceiver with these three sections 

labelled. Note that the IF processing section consists of the three bottom 

dotted boxes. 

The operation of the microwave section is the same as described in sec-

tion 2.2 on the basic FM radar theory. The unique peice of hardware in 

this particular design is the custom made orthomode coupler/antenna feed 

which allows transmission at either horizontal or vertical linear polarization 

and simultaneous reception at both linear polarizations. The oscillator driver 

and data selection section forms the triangular wave signal for modulation of 

the output frequency. The most important section of the transceiver is the 

IF processor section which processes the IF mixed signal into a linear power 



120 VAC 

r yiG DRIVER DATA SELECT 

AF 

L _ _ 

Fo 

DATA 
SELECT 

A
•  

AsEt t ECTA TEST DATA OUT 

FM RATE DATA SELECT 

r 

MICROWAVE SECTION 

POWER 
SPLITTER 

30db 
—6.44  DETECTOR

L 

ANGLE OUT r ___-----

y ---IIF PRE AMP  
CHANNEL   o

IF I IF POST AMPI I 
PROCESSOR   I 

I DETECTOR I
  I 

t jA 
GAIN SELECT V- CHANNEL 

OUT 

r 

TRANSFER 
SWITCH 

1 IIFPRE AMP}--- H 

r.A IF FILTERS 1 
 i  CHA 

EL 
NN 

IIF POST AMP I IF Iii. 

I  I  PROCESSOR 

1 1 'DETECTOR I 

L _ -_ _r 
A 

---J L ___i___ .4.. ..... 

A 
FILTER SELECT H - CHANNEL GAIN SELECT 

OUT 

POLARIZATION SELECT 

1 
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measurement. In a later section 2.5.2, a description of the conversion of the 

Ku band scatterometer transceiver into a polarimeter transceiver, the IF 

processor section is the primary section of modification. Therefore the IF 

processor section is described in more detail in the next subsection. 

2.3.2.1. The IF Processor Section 

The IF processor section consists of three subparts: two IF processor 

boards (one for each mixer output) and a bandpass filter board. The IF 

processor board prefilters and preamplifies the input IF, then routes the sig-

nal to the bandpass filter board for range resolution filtering. Finally the 

signal is rerouted back to the IF processor for linear power detection. The 

prefilters, designed as high pass filters, are important in eliminating the un-

wanted coherent noise due to internal reflections. The most significant 

source of coherent noise in this system is found to be the internal reflection 

of the transmitted signal from the disk reflector back into the wave guide 

antenna feed for the orthomode transducer. This received RF signal appears 

as a target reflection at a very close range, which creates a very low fre-

quency IF signal. 

The bandpass filter board has five possible bandwidths from one per-

cent up to five percent, all with center frequency set to 22 kHz. The 

labelled filter select digital inputs are supplied to select one of the filters. A 

second function of the IF filter board is to blank out the IF signal during 

the downsweep interval by internally grounding the filter inputs over this in-

terval. The downsweep IF signal is considered as a noise source. 

The linear power detector section of the IF processor board consists of 

an amplifier stage followed by a precision full wave rectifier and a 39 Hz low 

pass output filter. The amplifier has two dip switch set gains which can be 

selected by the single digital input labelled gain select. These two gain 

levels allow the IF processor sensitivity to be changed from a small value for 

the co-polarized received signals to a large value for cross-polarized received 
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signals. The precision full wave rectifier and following low pass filter con-

stitute an approximation to a linear power detector. This means that the 

the measured voltage is approximately proportional to the square root of the 

received power. 

2.3.2.2. Basic Transceiver Operation 

Once the antenna is pointed at the desired incidence angle and row 

aspect angle, and the transmit polarization is selected, the transceiver can be 

set up to measure the returned scattering signal from a specific range cell. 

Equation (2.1), given by 

R —
ctu fIF 

2B 

relates the desired range to t u, which is proportional to the modulation fre-

quency (1/fm) of triangle wave in the oscillator drive circuit. In the 

transceiver the modulation frequency is controlled by the analog input, FM 

Rate, while the RF bandwidth (B) is controlled by the OF select digital in-

put. Then for the selected RF bandwidth, there is a calibration program 

which relates the desired modulation frequency to the input analog voltage at 

FM Rate. Because FM Rate is an analog voltage generated by the DACU 

digital to analog converter (D to A), there is a relation between digital 8 bit 

value and the desired modulation frequency. Using equation (2.1), the equa-

tion t = 0.632t m and a calibration curve, the computer is programmed to 

calculate the 8 bit digital word which sets the modulation frequency required 

to select the desired range R, so that the IF frequency is centered at 22 

kHz. 

The selection of the bandpass filter percent bandwidth must be con-

sidered carefully depending upon the type of target. Because the spacing of 

the received line spectrum will have spacings ranging from 50 to 300 Hz, the 

selected bandwidth might include only one or two spectral lines inside the 

pass band. A one percent filter will have a half power band width of 220 

Hz, which will include from 0 to 4 spectral lines over the full range limits of 
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the radar. When only 1 spectral line is important, the exact range selected 

will significantly affect the output of the IF processor because the single line 

could exist anywhere from the middle of the characteristic out to one edge. 

Given this potential random location of spectral lines the output received 

power could vary substantially from the theoretical value. In order to 

prevent this potential error, all measurements are taken with the 5 percent 

bandwidth filters. 

With a measurement of the transmitted power, the boom height, the 

incidence angle, and the received power in the H and V channels, a scatter-

ing cross section or a differential scattering coeffecient can be calculated. 

2.4. Fading Statistics for Distributed Targets 

This last theoretical issue in practical FM radar is radar fading. The 

term fading is a description of the random or noise-like nature of radar 

measurement from any group of scatters. Fading is characterised by a varia-

tion of the received radar signal intensity and phase. Different target types 

exhibit statistically different fading. Of interest in this discussion are the 

fading statistics of distributed scatters, a topic extensively discussed most 

recently by Ulaby [15] and previously by Bush [16]. Once a statistical 

analysis is complete, the theory is applied to determine the number of inde-

pendent samples of a measured random variable that are required to reduce 

the standard deviation of the average value to acceptable limits. 

2.4.1. Statistical Analysis of the Distributions 

For a linear power detector connected to a receiving antenna for a 

radar, the amplitude and phase of the resultant measured voltage will be 

random variable with a probability density functions (PDFs) to describe the 

distribution of that measurement. For a distributed scattering target the 

two random variables have Rayleigh and uniform distributions respectively, 

as described by equations (2.4) and (2.5) below. 
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2 7r 

V p-V p2 / 2a2 
p(VR) p(V R,0 d(/) R -= „ 

0 

and 

(2.4) 

00 1 
p(0) = f 0 p(V R,0) dV R = —27r (2.5) 

where 

• V is the resultant magnitude of the measured voltage from a 

linear power detector; 

• R is the resultant phase of the measured voltage from a linear 

power detector; 

• a = 2a2 is the single parameter which defines the Rayleigh PDF. 

These distributions are derived in Appendix A following the random walk 

problem, as outlined in Ulaby [12] and Bush [16]. The phase PDF is 

uniform over [0,27r] and the amplitude PDF, the term important in fading 

analysis, is a Rayleigh distribution which has limits of [0,00]. 

In a real radar system, a linear power detector will measure the 

Rayleigh distributed random variable which is proportional to the square root 

of the signal power (or intensity) of the received RF energy. A square law 

power detector will measure an exponential random variable which is directly 

proportional to the received power. By the same technique used to derive 

the Rayleigh distribution from rectangular to polar conversion of two Gaus-

sian random variables, the exponential can be derived from the square of 

Rayleigh random variable [12]. From this transformation it is clear also that 

the square of the value measured by the linear power detector will have an 

exponential distribution. 

These PDF's for the two types of power detectors are a description of 
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the received radar signal fading exhibited by distributed scattering targets. 

Statistically, a single sample from either a Rayleigh or an exponential PDF 

is a very poor estimate for the mean value of that random variable. A bet-

ter estimate for the mean value is attained by averaging several statistically 

independent samples of the random variable. 

A statistical analysis of the Rayleigh PDF has been done [12, 17] to 

determine the ratio of the estimated mean value divided by the the true 

median as a function of the number of independent samples in the estimate. 

This analysis was performed at 50%, 80% and 90% confidence levels; the 

results are plotted as the ratio in dB versus the number of samples on a log 

scale. From this graph, included in Figure 2.6 , the ratio is essentially the 

error of the estimate plotted as a function of the number of independent 

samples. For an error of < 2dB with a 90 percent level of confidence, the 

number of samples must be N > 30. As a guideline for reducing the effects 

of fading, it is desirable to average 30 or more independent samples of the 

received radar signal for a particular target. It is important to know all of 

the measurement conditions of the radar system for this analysis, so that the 

true number of independent samples can be estimated. 

2.4.2. Statistically Independent Samples in an FM-CW Radar 

System 

Now that a guideline of 30 statistically independent samples is set as a 

goal, a definition for statistically independent is needed. In statistics, in-

dependence is established by ensuring that two measurements are taken on 

physically separated regions and by ensuring that the measurements are per-

formed at different times. In the case of a truck mounted FM scat-

terometer, for which the truck is moved at a slow speed along a measure-

ment field, there are two methods to acquire independent samples: 

• spatial sampling, 

• the excess bandwidth or range extent of the radar. 
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Figure 2.6: The Ratio of Mean Value of N Samples to Median Value 
(in dB) as a Function of N [17] 

Spatial samples are independent if the truck moves sufficiently between 

sampling times so that the area illuminated by the radar contains a different 

set of scatterers. This infers that the radar footprint must be moved by at 

least one illuminated width of the beam spot between samples, as depicted in 

Figure 3-3 below. The footprint appears as an ellipse with major axis a and 

minor axis b, which means that the beam spot width will be 2b which is ex-

pressed as 

2b = R/3 (2.6) 

where /3 is the 3 dB product beamwidth of the antenna and R is the target 

range, which can be expressed as a function of the boom height and the in-

cidence angle, as has been previously shown. Therefore if the radar footprint 

moves a minimum of #R between samples, the samples are independent. 

The second requirement is that the samples must be separated in time. The 

lowpass filter on the output of the detector circuit in the IF processors has a 
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Figure 2.7: Independent Spatial Beam Spots for a Truck Mounted 
Scatterometer 

corner frequency which corresponds to a time constant of 26 milliseconds. 

This means that a minimum of five time constants (128 ins) must be al-

lowed to ensure that the output of the lowpass filter has responded to the 

changed inputs in the detector circuit. If two samples meet both the time 

requirement and the distance requirement, then those two samples can be 

considered as spatially (and statistically) independent. 

The second effect to consider in an FM radar system is the effect of 

the large bandwidth of the FM signal, compared to the bandwidth required 

to attain a certain resolution. As suggested by Ulaby, Bush and 

Moore [15, 16, 181, an FM radar is considered a source of panchromatic 

radiation. Ulaby develops an expression that shows the number of independ-

ent samples contained in an FM modulated received signal to be 

B 
(2.7) 
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where B is the FM bandwidth and AvB is the decorrelation bandwidth, 

which is controlled by the system range resolution AR. The decorrelation 

bandwidth is defined as 

Au I — 
2AR 

(2.8) 

The maximum range extent of a distributed target, such as a crop, can 

be greater than the effective range extent accepted by the IF bandpass filters 

(AR f) This possibility is illustrated in Figure 3-4 below. 
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Figure 2.8: Geometry for a Truck Mounted FM Radar 

From this geometric description of the radar system, the maximum range ex-

tent can be expressed as 

h — hc
A R —  (2.9) 

m cos (00+0/2)  cos (00- 113/2) 

where the terms are defined in Figure 2.8. The IF range extent is expressed 

by rearranging equation (2.3) as 
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A IF 
AR IF — R. 

f IF 
(2.10) 

It is clear that there are two possible range extents to use, but only one will 

dominate the equation for the decorrelation bandwidth. If equation (2.7) is 

rewritten incorporating equation (2.8), the number of independent samples is 

directly proportional to the range resolution. Then as the incidence angle of 

the antenna is changed from close to zero towards 70 degrees, the smaller of 

the two possible range extents will be the limiting case. Then equation (2.7) 

can be rewritten as follows to take both cases into account: 

2B 
N 

c 
1 Pe. —min (ARm, ARIF 1 , • (2.11) 

Because ARm is a function of he  the crop height, the incidence angle at 

which the maximum range extent exceeds the filter range extent will vary as 

the crop develops and grows up to full height. 

In summary the number of independent samples needed to attain a 

fading tolerance of < ± 1.8 dB at the 90 percent confidence level is N > 30. 

The total number of independent samples measured by an FM radar on a 

distributed scatterer such as a crop will be the product of the spatial 

samples and the excess bandwidth samples. Note that at small incidence 

angles the value of I S T f will drop below one; in this case there is assumed to 

be effectively one independent sample as fractional samples have no meaning. 

The final result of this exercise is to determine the minimum number of spa-

tial samples that are required to meet the suggested total number of inde-

pendent samples. As a function of Nr  which varies with the incidence angle 

(Bo), the number of spatial samples can be expressed as 
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30 

N8min 
=— . 

Nf 
(2.12) 

Tables 3.3 , 3.4 and 3.5 are tables of Nf, Ns  , Ns  (actual number of 
man 

spatial  samples collected) and the limiting case in the calculation ( range 

limited or filter limited). Note that in these tables, Nf appears as a value 

less than one . The minimum number of independent samples taken in a 

single spatial sample must be > 1.0, regardless of the theoretical value of N.f. 

2.5. An FM-CW Ku Band Polarimeter 

The Ku band scatterometer transceiver was modified into a polarimeter 

in 1987 by Martin Poettcker as a M.Sc. thesis project PI. This section of 

the chapter is a summary of the design, testing and evaluation of the Ku 

band polarimeter. The measurement limitations of the polarimeter are given 

in a table at the end of the section for reference in later chapters. The first 

subsection describes basic polarization theory. The next subsection describes 

the implemented conversion of the scatterometer into a polarimeter, relying 

on the theory derived in Appendix B. The final subsection briefly describes 

the testing performed on the polarimeter and the error tolerances established 

from those tests. 

2.5.1. Basic Polarization Theory 

The polarization state of an electromagnetic wave in space is defined as 

the polarization ellipse or the path traced by the electric field vector on a 

plane perpendicular to direction of propagation of the radiation . This is il-

lustrated in Figure 2.9, which depicts a wave in space travelling in the Z 

direction, with X and Y electric field components and a resultant electric 

field vector ER(t). As the wave passes through the imaginary X-Y plane, 

the tip of the resultant electric field vector traces a shape on the plane 

which can be described by the equation for an ellipse for a completely 

polarized wave. A completely unpolarized wave would trace a random path 
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on the plane, such that the resulting shape would be a filled circle, such 

that at any orientation the amplitude of the trace would be the same. The 

most general case is a combination of polarized and unpolarized components. 

Ey (0 

x - y 
plane 

E x(t) 

ry 

Elliptical Unpolarized 

z 
Linear 

0 
Circular 

Figure 2.9: Polarization Theory 

Path 
Traced by 

ER(t) 

General 
Case 

Special Cases 

As mentioned previously, scatterometers usually transmit at known 

polarization states which are realizable with simple antennas. The simplest 

antennas are used to transmit linear or circular polarization states, which 

represent special cases of the ellipse shape. A linear polarization state has 

an electric field vector whose alignment or orientation is constant at all 

times, which traces a straight line. In contrast a circular polarization state 

has a fixed amplitude electric field vector, which rotates at a constant rate 

to produce a circular trace. These traces are also demostrated in Figure 2.9. 
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A polarimeter measures the polarization state of the received 

tered quasi-monochromatic radiation3 , which is compared with the known 

transmitted polarization state. Any changes in the polarization state are at-

tributed to the target characteristics. The polarization state of a 

monochromatic or a quasi-monochromatic plane wave can be fully specified 

by four parameters, of which there are three methods of presentation4 : 

• the four elements of the 2 by 2 coherency matrix, [J]; 

• the four Stokes parameters, (so, sl, s2 and s3); 

• the three polarization ellipse parameters (Ipoll x) and the un-

polarized intensity ('a) or the polarization ratio, (m), where 

m I poll (I pol + UL 

Each of these sets of parameters can be used to express the polarized and 

the unpolarized components of the full polarization state. 

The complete polarization state, in the form of the polarization ellipse 

parameters and polarization ratio, is characterised by a polarized component, 

as defined by the polarization ellipse parameters, and by the unpolarized 

component, as defined by m. The ellipse is defined by the major and minor 

axes of the ellipse (a and b) or by the ellipse angles (0, the orientation 

angle and x, the ellipticity angle) and the polarized intensity /poi. The un-

polarized component can also be defined indirectly using the polarization 

ratio, m, which is the ratio of polarized power to total power. Figure 2.10 

illustrate the ellipse angles, the polarized intensity (or power) and the 

polarization ratio. 

3The term "quasi-monochromatic" refers to radiation having a small infinite bandwidth 
about a central value, as opposed to monochromatic, which refers to a single frequency. A 
breif summary of polarization theory is included in Appendix B. 

4Born and Wolfe [41 give complete derivations for these three methods of specifying the 
polarization state of the quasi-monochromatic radiation. 
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2.5.2. The Conversion of a Ku Band Scatterometer to a Polarimeter 

In order to convert a scatterometer into a polarimeter there are two 

methods described in Appendix B: 

1. the cross multiplication method, 

2. the intensity method. 

In reviewing these two implementations for the case of an FM-CW radar 

with a five percent bandpass IF filter and a linear power detector, Poettcker 

chose to implement the intensity method of polarization measurement. 

The Intensity Method for measuring the polarization state requires a 

minimum of four specific intensity measurements: 
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• an orthogonal pair such as horizontal and vertical (H and V) 
linearly polarized intensities (this is what already exists with the 
two channel scatterometer); 

• one of the two linearly polarized intensities which are oriented at 
45 and 135 degrees with respect to horizontal, an orthogonal pair 
designated as X and Y intensites, respectively; 

• one of the two circularly polarized intensities, the left and right 
circular intensities, designated as L and R intensities, respectively. 

In order to implement a full polarization measurement the H and V in-

tensities [1(0 ° ,0) and /(90 ° ,0)] are already measured by the scatterometer 

channels labelled in the same fashion. The intensity notation used here, 

/(1/) ° ,7), denotes special cases of the intensity polarization state, where ir,b is 

the orientation of the polarization ellipse and where -y is the phase delay be-

tween horizontal and vertical linear components. When 7=0 the intensity is 

a linear polarization at the specified orientation angle, but when 7=7/2 the 

intensity is a circular polarization. Therefore a minimum of two more inten-

sities must be measured from the four possible intensities mentioned. As ex-

plained in Appendix B, X and Y [1(45 ° ,0) and /(135 ° ,0)] are the time 

averaged sum and difference of H and V signals at RF frequency. Similarly, 

the R and L intensities [1(45 ° or/2) and 1(135 ° 42)] are the time averaged 

sum and difference of the H channel and a 7/2 delayed V channel. This 

simple application of polarization theory shows that RF summing networks 

are required in order to measure X, Y, R, and L intensities. 

In the scatterometer, power is measured after the RF signals have been 

converted to IF signals. The summing networks can be implemented easily 

and cost effectively at IF rather than RF. In order to justify IF processing 

for the case of FM-CW radar Poettcker proves, theoretically, that under cer-

tain conditions hardware summing and filtering done at IF will yield the 

desired intensities [9]. 

The conditions for valid implementation of the intensity method at IF 

are: 
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• the integration time for each of the linear power detectors must 
be the same for all intensity channels; 

• the gain and phase characteristics of all IF filters in each channel 
must be matched across the passband; 

• all channels must receive signals from the same effective range 
(same target area), so that all the spectral lines are positioned in 
the same region of the IF filter bandwidth; 

• the differential phase delay between the H and V channels prior 
to the summing networks must be minimized to zero for the full 
FM bandwidth. 

The hardware implementation of the polarimeter conversion is il-

lustrated in Figure 2.11 in a modified block diagram. The modifications to 

the original system, shown outside the solid box, consist of two sets of sum-

ming circuits. Notice that all four extra intensities are measured (X, Y, R, 

and L). 

The summing networks receive the prefiltered H and V IF signals and 

route the summed outputs through the IF bandpass filter banks. The same 

type of linear power detector used for the H and V channel is used for the 

new channels. One consequence of the summing process is that the outputs 

are smaller by a factor v  in voltage or by a factor of 2 in power or inten-

sity. As a result, the intensities measured with the summing networks must 

be scaled by this factor prior to any polarization state calculations. 

In order to relate the measured voltages from the linear power detec-

tors to the intensities that are referred to in Appendix B, the following equa-

tions show the desired intesities as a function of the measured voltages H, V, 

X, Y, R, and L : 

I(0 ° ,0) = H2

1(90 ° ,0) = V2

(2.13) 

(2.14) 
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1 
/(45 ° ,0) = X2 x 2 (2.15) 

1(135° ,0) = Y",   x 2 (2.16) 

r 1 
/(45 ° '2) = R2  x 

2 
(2.17) 

r 1 
1(135 ° ,2) = L2 x 2 (2.18) 

The complete polarization state of a received RF wave can be charac-

terized by several different methods: 

• the coherency matrix elements; 

• the Stokes parameters; 

• the polarization ellipse parameters and the polarization ratio. 

In Appendix B (section B.2) the three sets of parameters are expressed 

in terms of the measured intensities. The elements of the coherency matrix 

are defined below as 

J xz 

J zy 

= 1(0 ° ,0) (2.19) 

1 
= 2

 
1 /(45 ° ,0) —1(135 ° ,0) — [ /(45 ° ,-

2
) — /(135 ° ,-

2
) } (2.20) 

1 
J yx = —2 1(45 ° ,0) —1(135 ° ,0) + i [ 1(45 ° ,-2) — 1(135 ° ,2) [ } (2.21) 

Jay = 1(90 ° ,0) (2.22) 

In a similar fashion, the Stokes Parameters are defined as 

so = 1(0 ° ,0) + 1(90 ° ,0) 

= 1(0 ° ,0) — /(90 ° ,0) 

s2 = 1(45 ° ,0) — 1(135 ° ,0) 

(2.23) 

(2.24) 

(2.25) 
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83 = 1(45 ° ,2) — 1(135 ° ,2) (2.26) 

In the last method of specification, the polarization ellipse parameters 

define the polarized part of the received radiation, and 

defines the unpolarized part of the total received power: 

I = ° ,0) + 1(90 ° ,0) = s 

the polarization ratio 

(2.27) 

(2.28) 1 pol = Y s12 + 822 + $32 = 

\/[i(0,0) —.490,0)12+ 

1 
ti) = 

[/(45,0) — i(135,0)12-11445i)— 

° ,0) — 1(135 ° ,0) 

/(135;)12 , 

(2.29) 
(1(45 

2ARCTAN 
/(0 ° ,0) — /(90 ° ,0) 

1 
v,b = 2ARCTAN 2)

81

1 
1(45°,2 5 —I(135°,2) 

X = (2.30) 2-ARCSIN( 
1 pol 

1 83

X = —2ARCSIN 

( 

pod) 

pol 
(2.31) 

I ' 

where 

• I is the total intensity or the total received power; 

• /poi is the polarized intensity or the elliptically polarized portion 

of the total intensity; 
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• m is the polarization ratio (the ratio of the polarized power over 
the total power); 

• & is the orientation angle (the orientation of the major axis of the 
polarization ellipse); 

• x is the ellipticity angle (the ARCTAN of the ellipse axial ratio). 
The ellipticity angle is a measure of the shape of the ellipse. If 
the ellipticity is ±45 degrees, then the ellipse is a circle and the 
radiation is circularly polarized. Conversely, if the ellipticity is 
zero, then the ellipse is a line, which indicates linearly polarized 
radiation. 

These methods of specification have all been justified for the case of 

quasi-monochromatic plane wave radiation (see Appendix B) which will 

generally include both a polarized and unpolarized component. The goal of 

this polarimeter is to study the polarization state of the received radiation 

scattered from different crop types in order to distinguish among those crops. 

Therefore a specific set of parameters must be selected for use in crop dis-

crimination. 

The coherency matrix cross terms J zy and J ui are complex valued 

terms. Complex numbers are difficult to display graphically so this method 

of specification is not desirable. The Stokes parameters are all real quan-

tities which are easily calculated from the intensity measurements, but the 

individual parameters are not as easy to visualize as the polarization ellipse 

parameters and the polarization ratio. All three methods of specification are 

mathematically related, as reviewed in Appendix B, but the method of 

presentation is important for qualitative judgement of the different polariza-

tion effects due to different crop types. Hence, for studying the polarization 

characteristics of a scatterer, qualitatively, the best set of specifiers includes 

the polarization ellipse parameters, which identify depolarization effects from 

changes in and/or x and unpolarization effects from changes in the 

polarization ratio. 

In terms of the measured voltages H, V, X, Y, R and L, the equations 
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below define the polarization parameters for the ellipse and the polarization 

ratio: 

HV = k 
(H2 + V2) 

pol 
= \pH2._ v2I2 0.25[X2 — Y2]2 + 0.25[R2 —L2]2

Ipol
m = --- 

/ 9

1 (0.5[X2 — Y2] 
= —2arctan  

H2 V2 ) 

1 0.5[R2 — L2] 
X = —2arcsm  1pol ) 

9 

2.5.3. Polarimeter testing and measurement limitations 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

A major part of the work done by Poettcker [9] was the testing and 

evaluation of the polarimeter performance. This subsection reviews the tests 

performed, the measurement limitations determined, and the experimental 

polarization parameter error limits measured using different targets. In order 

to ensure that the intensity method of polarization state measurement can be 

used at IF, the conditions mentioned in the previous section (on page 31) 

must be satisfied. 

2.5.3.1. Bench tests of the electronics 

A differential phase delay between the H and V channels occurs due to 

component differences in the RF section and to filter mismatches in the IF 

section. To correct this phase mismatch, a line stretcher is inserted into one 

of the LO lines going to either the H or the V mixer (refer to the block 

diagram in Figure 2.11). By adjusting the line length for one of the LO in-

puts to one mixer, any differential phase difference can be reduced over the 

FM bandwidth. After careful adjustment and measurement, the differential 
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phase delay was reduced to 10 to 15 degrees over the sweep bandwidth. In 

the final adjustment, the minimum phase delay was set at the center fre-

quency in order to minimize the effects of the delay over the whole sweep. 

The measurement of the circular components required a pure r/2 delay 

in one channel over the entire IF filter bandwidth. An all pass r/2 delay 

filter network was designed to give exactly a r/2 delay at the IF center fre-

quency. The actual phase delay varied from 90.67 to 90.78 degrees over the 

accepted 5% passband about the 22 kHz IF center frequency. 

The phase and gain response of the IF filters for each of the six inten-

sity measurement channels must be the same. To ensure this, the summing 

networks occur after the prefiltering stage and the same IF bandpass filter 

components are used for all six of the bandpass filter sections. The only dif-

ferences should be due to the component tolerances within the component fil-

ters. Unfortunately, full measurements of the filter gain characteristics 

revealed that the original H and V filters had significantly different responses 

than the new X,Y,R and L filters. As documented by Poettcker, this dif-

ference in gain response caused some of the polarization measurement errors 

that show up in later tests. 

A fixed amplitude 22 kHz signal was fed into the IF section in order 

to measure the AC and DC gains of each of the IF processor channels. The 

DC gain follows through to the output of the linear power detector. By ad-

justing some component values on the IF processors, all six channels were 

matched in AC and DC gains to within 3% at the 22 kHz frequency. 

An analysis of the lowpass filter on the output of the precision rectifier 

yields a nominal response time of 26 milliseconds (corresponding to a 3dB 

corner frequency of 39 Hz). The integration time for each channel should be 

approximately 26 ms, within component tolerances for the filter. The actual 

corner frequency was not measured for all six channels but the nominal 

corner frequency is assumed to be the same for all. 
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In the FM radar process, all channels should measure the power con-

tent of the spectral components included inside the IF bandwidth. With the 

correction of a differential delay between H and V, the summing networks 

will combine H and V in the desired phase relation, thus creating the same 

group of spectral lines for each network. This insures that the same spectral 

line content occurs within the filter bandwidth for all channels, within the 

component tolerances of the summing networks. 

2.5.3.2. Antenna lab tests 

Once the basic electronics had been tested and verified, a lab antenna 

testing apparatus was set up for accurately rotating a transmitting antenna 

about the boresight direction with the actual scatterometer/polarimeter an-

tenna. By using a horn antenna, a whole range of known orientation angles 

can be measured by the polarimeter and compared to the settings on the ap-

paratus. Also a helical antenna can be mounted on boresight to generate an 

elliptically polarized wave for measurement by the polarimeter, 

In this way error tolerances for the measured polarization parameters 

can be determined for the orientation angle, ellipticity angle and the 

polarization ratio. As a system check, the total power measured on any or-

thogonal set of channels should be equal. The total intensity on the three 

orthogonal pairs in the Ku band polarimeter are 

Icy=(H2 +V 2) 

1 
I XY = -2 x (X2 + 172) 

1 
'Dr = 

2 
x (R2 + L2) , 

I Lid 

so the power calibration is correct if 

I  = HV = I  XY = I  RL • 

(2.37) 

(2.38) 

(2.39) 

(2.40) 
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If all channels are perfectly matched, equation (2.40) should hold, but 

in actual measurements Ixy and I n  were higher than Illy, which has been 

attributed to the differences in the filter responses of the two groups . The 

best method of comparison is to calculate the ratios /xyfilly and I RLII/HV° 
For the horn antennas mounted in the lab the values for either of these 

ratios ranged from 1.02 to 1.12, where in theory they should always be 1.00. 

In a similar fashion the errors determined for the other polarization 

parameters is included in Table 2.3 below. 

Table 2.3: Lab Tests of Error Tolerances For Polarization 
Parameter Measurements 

Lab Tests for Polarization Parameter Measurements 

Antenna Value I xyl i By i n i I Hy m tk( ° ) X( ° ) 

Horn Min 1.02 1.02 0.99 -6.0 -5.5 

Horn Max 1.12 1.12 1.09 +6.0 +5.5 

Helical MM 1.025 1.014 1.013 -7.8 -42.7 

Helical Max 1.073 1.062 1.07 +7.8 -33.1 

2.5.3.3. Field Tests using Calibrated Radar Reflectors. 

The final qualification tests done on the polarimeter were performed 

with the entire system operating on the truck and with known targets, 

namely, the trihedral corner reflectors and the active radar calibrators 

(ARCs). The trihedral corner reflector will reflect the all incident 

radiation in the same linear polarization state as that transmitted. This 

means the corner reflector will return H for a transmitted H signal and V 

for a transmitted V signal. The ARC receives the fraction of a linear 

polarization state that is oriented at 45 degrees, and then retransmits that 

signal at a 45 degree orientation. The ARC uses a fixed orientation horn 

antenna to receive and a second fixed orientation horn antenna to transmit

The field measurements for the polarimeter, with the corner reflectors 
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mounted on a wood and ABS plastic tower and the ARC leveled on the 

ground were used to establish error tolerances for the polarization 

parameters. The results are included in Table 2.4, where txH and txV 

denote transmit polarizations linear H and V, respectively. 

Table 2.4: Field Tests of the Error Tolerances For Polarization 
Parameter Measurements 

Field Tests for Polarization Parameter Measurements 

Target Value /xyi /Hy I  RLI I HV m 0( 0 ) X( O ) 

C-Band 
CR txH Ave 1.086 1.099 1.00 0.746 -1.941 

C-Band 
CR txV Ave 1.147 1.173 1.00 88.58 1.67 

Ku-Band 
ARC txH MM 0.935 0.936 0.929 -45.8 0.059 

Ku-Band 
ARC txH max 1.013 1.008 0.999 -44.72 1.567 

Ku-Band 
ARC txV Min 0.968 0.961 0.956 -45.1 0.057 

Ku-Band 
ARC txV Max 1.03 1.03 1.024 -44.6 0.53 

2.5.4. Reducing the Effects of System Generated Noise 

The noise contributions in each of the polarimeter channels are 

primarily due to the cross polarization isolation of the orthomode transducer 

and internal reflections from the disk reflector and the paraboloid antenna. 

These effects are hypothesized to be the dominant contributing factors to the 

system noise. This internal noise can be modelled as point targets appearing 

at a range less that 2.0 meters for the Ku band radar. Poettcker [9] applied 

Fourier analysis to the FM-CW radar case in order to derive the equation of 

the line spectrum for the IF signal due to a point scatterer at any range, R, 

as described by 
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vIF(t) — 
Apt usin (Awr) 

cos (wa r)
t (Awr) 

Apt usin (Awr— nrt ult m) 

t m 
n=1 (Awr— nirt u/tm) 

Ap tu sin (Awr+ flirt  /tm ) 

t m (Awr + flirt u/t m) 

cos (nt w xr) 

cos (nw0 — wX r) 

The theoretical spectrum for a point scatterer at a range of LO meters 

is a line spectrum with a peak located a few hundred Hz above DC. This 

theoretical IF spectrum is plotted in Figure 2.12. The components of the 

noise signal within the 22 kHz IF bandpass filter bandwidth are reduced if 

the entire noise spectrum can be shifted closer to DC. The method devised 

by Poettcker to accomplish this noise reduction was to add a delay line be-

tween the power splitter and mixer for both H and V channels in the 

microwave section of the transceiver. This added line length in transmitted 

signal path to the mixer delays the transmitted signal until the internally 

reflected receiver signal reaches the mixer. As illustrated in Figure 2.13, the 

new fIF is smaller, or closer to DC. If the added line length is selected to 

delay the transmitted signal by the same delay experienced by the internal 

reflection, then the resulting IF due to the reflection will appear at DC. 

The resulting noise spectrum as illustrated in Figure 2.12 is shifted towards 

DC and and the amplitude of the spectral line components contained within 

the IF filter bandwidth are reduced in amplitude to a minimum. 

Even though this hardware delay line does reduce the effect of the sys-

tem noise, it also introduces an error in the range selection of the Ku band 

transceiver. This has to do with the operation of the transceiver. A close 

evaluation of Figure 2.13 reveals that the modulation period is selected for 

the desired target range R, but that the added delay shifts the IF frequency 
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Theoretical Noise Power Spectra for Ku Band 
Fbr an Internal Reflection at 1 m. and a Target Range 11 m. 
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Figure 2.12: Theoretical Noise Spectrum Modelled by an Internal 
Reflection at R = 1 m. 

toward DC. Then for the desired range the modulation frequency is cal-

culated as 

2 B [21 
t t

u 3 m f IF c
(2.41) 

where ' IF is supposed to be 22 kHz and where B and c remain constant. 

The power collected from a range R is supposed to appear at 22 kHz but 

the line length delay shifts the spectrum down by —A f IF which is propor-
LO 

tional to the change in delay, Ar Lo as in 
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where 

B 

f IFLO 
= 

t rLO, 
.

rLO = 
41 LO 

2 
—
3

c 

(2.42) 

(2.43) 

and where 1L0 is the added line length in the local oscillator (transmitted 

signal) to mixer line. To quantify this effect, an example is to calculate the 

IF frequency shift for the desired range of 11.25 m. The upsweep period of 
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M modulation waveform frequency is calculated, using equation (2.41), to 

e 1.7 ms. Then the line length addition of 1 m creates a delay of 5 ns 

rom equation (2.43), which yields a frequency change of 1467 Hz by 

ng equation (2.42). This results in the spectrum due to a target at range 

f 11.25 m appearing centered near 20.5 kHz, instead of 22 kHz as desired. 

n alternate view of the effects of the line length addition is that the tran-

eiver sets up to measure ranges that are long by approximately 0.67 m (a 1 

line length with a propagation velocity of 2/3 c). 

In the operation of the polarimeter/ scatterometer system the range for 

ach set of trials at one incidence angle is determined using the C-band 

ransceiver. This measured range is used to set the ranges for all three 5 

percent range cells5 . Because the C and Ku band transceivers use the same 

D/A channel to set the modulation frequency (which sets the modulation 

period and range), the data collected by the Ku band transceiver actually 

represent measurements from ranges offset by +0.67 m. This offset con-

stitutes a range shift of an entire range cell longer than desired, at lower in-

cidence angles. As the target range increases with the large incidence angles 

the range offset becomes less sigificant. Table 2.5 shows the desired range 

and the actual range for range cells 1, 2 and 3 as a function of incidence 

angle, with a boom height of 11 m. 

In analysing the Ku band polarimeter measurements, it is important to 

know the ranges to each cell exactly in order to establish what type of scat-

ter should be dominant within each range cell. Table 2.5 shows that range 

cell 1 actually ranges to the desired range for incidence angles below 50 

degrees. The C-band transceiver was used to establish the target range be-

cause the 6 cm wavelength radiation will penetrate the crop canopy by 

several wavelengths. Thus the peak received power, used to determine the 

5For the 1987 data set there were three range cells selected: the middle cell is set by the 
C-band measurement, while the first and third cells are 5 percent (in range) below and 
above the middle cell. 
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Table 2.5: Range Offset Effects for the Ku Band Transceiver 

Range Cells Theoretical and Actual (m) 
for A/LO ' = 1 0 m. 

Incidence 
Angle 

Theory 
Cell 1 
Range 

Actual 
Cell 1 
Range 

Theory 
Cell 2 
Range 

Actual 
Cell 2 
Range 

Theory 
Cell 3 
Range 

Actual 
Cell 3 
Range 

10.0 10.61 10.94 11.17 11.50 11.73 12.06 

15.0 10.82 11.15 11.39 11.72 11.96 12.29 

20.0 • 11.12 11.45 11.71 12.04 12.29 12.62 

25.0 11.53 11.86 12.14 12.47 12.74 13.08 

30.0 12.07 12.40 12.70 13.04 13.34 13.67 

35.0 12.76 13.09 13.43 13.76 14.10 14.43 

40.0 13.64 13.97 14.36 14.69 15.08 15.41 

50.0 16.26 16.59 17.11 17.45 17.97 18.30 

60.0 20.90 21.23 22.00 22.33 23.10 23.43 

70.0 30.55 30.89 32.16 32.50 33.77 34.10 

target range, will come from a range several centimeters into the crop, where 

the central C-band range cell (cell 2) is desired. To check this theoretical 

assertion of the range error a small experiment was performed: 

1. The polarimeter was set up to measure plot 53, barley, and 
"AUTOSCAN.PAS" was run to establish the desired range, cell 2 
or rc2 = 11.25 m. 

2. "PEAK.PAS" was run set for Ku-band operation, at cells 1,2 and 
3 or rcl = 10.69, rc2 = 11.25, and rc3 = 11.81. 

3. At each setting the IF spectrum was measured using an HP 
3580A spectrum analyser, and recorded by photograph. 

The resulting photographs are included in Figures 2.14, 2.15 and 2.16 for ref-

erence and verification of the effect of the extra line length. 

If the desired ranges were selected correctly, then the sprectrum for 

range cell 1 should have a desired peak in power occurring at a frequency 

larger than the IF center frequency, 22 kHz. Similarily the spectrum for 
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range cell 2 should have a power peak at 22 kHz and the spectrum for 

range cell 3 should have a power peak that occurs before 22 kHz. The three 

photographs in Figures 2.14, 2.15 and 2.16 show that cell 1 centers the 

power peak near 22 kHz and that cells 2 and 3 further ahead of the power 

peak. These photographs are measured using an HP 3580A Spectrum 

Analyser with the following settings: 

• fc=22 kHz; 

• horizontal scale 500 Hz/div; 

• vertical scale 10 dB/div; 

• 10 V max input selection; 

• x1 amplification setting; 

• 10 Hz bandwidth. 

The assertion that, atKu-band, range cell 1 is actually the desired central 

target range holds. Furthermore range cell 2 is placed where range cell 3 

should be and the third range cell is approximately one 5 percent range cell 

out of the desired region of interest for the 1987 experiment. 

This example does not examine the range offset effects at higher in-

cidence angles, but similar spectrum measurements were performed at IA

40 ° and at IA = 60 ° . The results at IA = 40 ° are similar to the results 

presented, where there is a one range cell shift in the information. However 

at IA = 60 ° the spectral response exhibits a very broad peak, which extends 

through several range cell widths (several 5% IF bandwidths or ap-

proximately 1.1 kHz). This implies that the range offset does not have a 

severe effect at the higher incidence angles. 

In conclusion, the change in the LO-mixer line length does shift the 

noise spectrum closer to DC, but it also shifts the scattering spectral com-

ponents down by the same amount. This shift reduces the noise contained 

by the IF bandpass filter, but it also introduces a ranging offset of +0.67 m 

_I: T- LLC M.1v. 
1:3 

15 ° or Range RC2 = 11.25 m. 

in the Ku-band transceiver. At small incidence angles the polarimeter essen-

tially ranges one range cell longer than desired, but at higher incidence 
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Figure 2.16: Ku-Band VV IF Spectra for Barley (Plot 53), IA = 
15 ° or Range RC3 = 11.81 m. 

angles (corresponding higher ranges) the error constitutes less that a full 

range cell offset and the spectrum itself is more spread out. Both factors 

tend to reduce the effects of the range offset. 

2.5.5. Polarimeter Noise Measurements 

The polarimeter system noise can be measured so that a noise floor is 

known for the Ku band radar intensity measurements. The noise floor is 

measured by raising the transceivers as high as possible and pointing the an-

tennas above the horizon into the sky (skynoise measurements). This orien-

tation of the antennas minimizes any antenna sidelobe scattering effects and 

presents no scatterers (within the range limits) to the antenna main lobe. 

The polarimeter operates under the control of "MANSCAN4.PAS" in order 

to measure the received power, which is in fact the noise level in each chan-

nel. Figure 2.17 shows graphs of the system generated noise as a function 

of range, for all polarimeter channels under horizontal and vertical transmit 

polarizations. 
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This data was collected in August 24, 1988. The measurements that 

are analysed later in this thesis were taken in the 1987 collection campaign, 

but the polarimeter remains essentially unchanged from 1987 to 1988, except 

the gain on the IF amplifiers for H and V channels was increased by a fac-

tor of 2 times (or 6 dB in power). The noise floor as a function range is 

not altered by this change, so a scaled version of the noise floor measure-

ment for 1988 is used to approximate the 1987 noise floor. The noise floor 

curves for each of the polarimeter channels for 1988 are divided by a factor 

of 2 or reduced in power by 6 dB, which means that the curves used for 

1987 are the curves used for 1988 shifted down by 6 dB. 

Table 2.6: Noise Floor Measurements at Range = 9.5 m. Data from 
Calibration File "4C990T00.RW2", Taken on June 5, 1987. 

Noise Floor Voltages For Polarimeter Channels 

Transmit 
Polarization 

H 
(Volts) 

V 
(Volts) 

X 
(Volts) 

Y 
(Volts) 

R 
(Volts) 

L 
(Volts) 

Horizontal 0.013 0.001 0.018 0.013 0.016 0.015 

Vertical 0.004 0.008 0.014 0.009 0.012 0.010 

Table 2.7: Noise Floor Measurements at Range = 9.5 m. Data from 
Calibration File "6EER11SN.0 AL" , Taken on Aug 17, 
1988. 

Noise Floor Voltages For Polarimeter Channels 

Transmit 
Polarization 

H 
(Volts) 

V 
(Volts) 

X 
(Volts) 

Y 
(Volts) 

R 
(Volts) 

L 
(Volts) 

Horizontal 0.023 0.004 0.021 0.028 0.026 0.025 

Vertical 0.007 0.016 0.011 0.025 0.020 0.019 

Tables 2.6 and 2.7 compare a set of noise measurements at the same 

range of 9.5 m for 1987 and 1988, respectively. The values measured in 

1987 are all approximately half of those measured in 1988 at the same range. 

The only exception is the X channel which changed less than expected. 
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3. The 1987 GMO Experimental Program 

This chapter describes the GMO experimental program for 1987 

ing the calibration procedures and daily operational checking, the daily field 

operation for radar data collection and a summary of the daily radar system 

checks and the daily radar polarimeter data collected. 

3.1. Experiment Design 

The 1987 GMO polarimeter experiment followed the CCRS contracted 

scatterometer research proposal objectives because the scatterometers and 

polarimeter acquire data using the same hardware. The primary objective of 

this experiment is to measure the radar backscatter properties of spring 

wheat, durum (bearded) wheat, barley and canola as a function of 

• day number during the year (temporal development), 

• incidence angle of the radar, 

• row aspect angle (RAA) of the radar, 

• transmit polarization of the radar, 

and at the same time to make agricultural measurements of crop and soil 

parameters. The row aspect angle for a radar is the angle between the 

horizontal projection of the antenna boresight vector with the field furrows or 

rows. 

The long term purpose of this research is to compare the radar scatter-

ing coefficients to the measured ground truthing data, which quantify the 

crop and soil conditions, in order to establish the sensitivity of each radar 
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band to specific agricultural parameters and to determine how successfully 

one can classify soil and crop conditions on the basis of radar signatures 

alone. Because little is known of the full polarization effects (depolarization 

and unpolarization of incident radiation) demonstrated by crops and soils, 

the polarimeter experiment objective is to establish the polarization state 

variables which are sensitive to crop type, crop development and soil con-

ditions, and to observe the differences in polarization state variables with 

respect to the independent variables of the experiment for each crop type. 

The GMO experiment had several secondary objectives: 

• to measure the backscatter properties of soils as a function of 
roughness and moisture, 

• to determine the changes in backscatter for wheat to plant and 
soil surface moisture, 

• to measure the backscatter variation of wheat over an entire 24 
hour period in order to observe diurnal changes. 

In this thesis the focus will be on the analysis of the polarimeter data for 

the primary objective. This analysis includes the calculation of the polariza-

tion state parameters and an error figure for each parameter and the qualita-

tive analysis of the polarization characteristics for a data set containing data 

for the whole growing season for all crop types. 

3.2. Experiment Details 

The experimentally planted one acre plots ( 210 ft. by 210 ft.) were 

rented from the Kernen Farm, a U of S crop research facility. Figure 3.1 is 

full description of the plot layout and the planting conditions for each plot. 

The details of the crop planting date and seeding density, as well as other 

important dates in the growing season, are summarized in Table 3.1. Each 

crop type was planted on two different dates with two different planting 

densities. This variety of planting conditions was devised to simulate dif-

ferent quality and yields (diversity in growing patterns) for each crop type. 
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Figure 3.1: The Experimental Plot Layout at Kernen Farm for 1987 
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Table 3.1: The Planting Conditions for All Plots at Kernen Farm for 
1987 

GROUND MICROWAVE OPERATIONS IMPORTANT DATES - 1987 

CROP TYPE PLOT 
NUMBER 

SEEDING 
DATE 

SWATHING 
DATE 

HARVEST 
DATE 

Spring Wheat 
Katepawa 
E.P. 11,12,21,22 May 8 August 21 September 8 
L.P. 13,14,23,24 May 25 August 27 September 8 

Durum Wheat 
Wakooma 
E.P. 31,32,41,42 May 8 August 21 September 8 
L.P. 33,34,43,44 May 26 August 31 September 8 

Six—Row Barley 
Johnson 
E.P. 51,52,61,62 May 8 August 13 September 8 
L.P. 53,54,63,64 May 27 August 27 September 8 

Canola Tobin 
E.P. 71,72,81,82 May 9 August 6 August 22 
L.P. 73,74,83,84 June 4 August 27 September 8 

E.P. — Early Planting 
L.P. — Late Planting 

L.D. — Low Density 
H.D. — High Density 

Note : Plot 01 - summer fallow 
Plot 02 - furrows formed by seeding implement (seed drill) 
The idea of Plot 02 is that the furrows will decay as those in the 
crops. Some problems with this are: 1) the late date at which the 
furrow plot was created (June 23) and 2) the fact that the surface 
is not influenced by plant cover. 

Seeding Rates 

Spring Wheat 

Durum Wheat 

Six-Row Barley 

Canola 

L.D. — 30 lbs./acre (33.6 kg/hectare) 
H.D. — 90 lbs./acre (100.8 kg/hectare) 

L.D. — 30 lbs./acre (33.6 kg/hectare) 
M.D. — 90 lbs./acre (100.8 kg/hectare) 

L.D. — 26 lbs./acre (29.1 kg/hectare) 
H.D. — 79 lbs./acre (87.4 kg/hectare) 

L.D. — 4 lbs./acre ( 4.5 kg/hectare) 
H.D. — 9 lbs./acre (10.1 kg/hectare) 

Note : All plots were seeded with the furrows running north-south. The 
number of furrows per meter (furrow density) was 5 furrows/meter. 
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There were primary and replicate sets of four one-acre plots planted in 

a 2 by 2 acre square for each crop type, making a total of 32 one-acre plots 

for crop studies. For the soil moisture studies and for soil background refer-

ence, there were two additional fallow plots added to the experiment. 

The specific crop varieties planted were: 

• hard red spring wheat (Katepawa), 

• Wakooma durum (bearded) wheat (Wakooma), 

• 6-row barley (Johnson), and 

• canola (Tobin). 

The radar data was collected for both horizontal and vertical transmit 

polarization modes, for row aspect angles (RAA) of 0, 45 and 90 degrees and 

for incidence angles (IA) of 10, 15, 20, 25, 30, 35, 40, 50, 60, and 70 

degrees. For each plot observed on a given day, data was collected for all 

combinations of the independent variables listed . 

3.3. The Calibration/Daily Operations Check Site 

3.4. Calibration Procedures 

The calibration of all three transceivers, as documented by Poettcker 

[9], is done using two sizes of trihedral corner reflector. The primary pur-

pose of the system calibration is to evaluate the system gain constants for all 

the received channels for each of the transceivers. The basic procedure is to 

align the desired transceiver antenna on the boresight of one of the corner 

reflectors, and then to take a measurement of the received voltages with the 

scatterometer in full operation. The antenna alignment is accomplished by 

running a diagnostic program ("PEAK.COM") on the system computer. 

This program prompts the user for the desired transceiver and range, and 

then sets the DACU display to continuously monitor the receiver output. 
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The alignment of the antenna is adjusted by means of the boom hydraulic 

system and the positioner system, until the receiver voltage peaks, which in-

dicates the closest position to boresight. 

Another program called "AUTOPEAK.PAS" is run to determine the 

range to the corner reflector based on the largest signal returned across the 

full measurement range of the transceivers. Once the exact target range is 

determined, "MANSCAN4.PAS" is used to collect ten trials of received vol-

tages in each of the transceiver channels. The comment section of the saved 

data file identifies the exact measurement taken, for example "Ku band radar 

on the C band corner reflector" is a typical first comment. In this way the 

first letter of the "commentl" field identifies the file as a calibration file for 

the L, C, or Ku band radar. 

3.5. Daily Radar System Operation Checks 

The radar system is complex enough that an operational check is re-

quired each day in order to ensure that the data collected for that day is 

not corrupted. The daily operation check is the same procedure performed 

in calibration of the radar system, except that the truck is kept in the same 

fixed position for every check. During the calibration procedure measure-

ments were taken from several different ranges. The constants for each 

range were calculated and an average was obtained for the calibration con-

stants from all ranges. 

The only feasible daily check is to align each antenna on boresight with 

the appropriate corner reflector using "PEAK.PAS" and "AUTOPEAK.PAS" 

and then to save a set of ten measurements for all channels and all transmit 

polarizations using "MANSCAN4.PAS". If the antennas are positioned and 

aligned in a repeatable fashion, the measured scattering cross section should 

be very repeatable as well. The polarimeter operation is checked in general 

by the measurement of the same polarization state as that transmitted, be-

cause the trihedral corner reflector returns the same linear polarization as 



58 

that incident upon it. If one of the receiver channels stops working, there 

will be noticeable divergence in the measured polarization state. 

An important feature of "MANSCAN4.PAS" is that it allows the user 

to view the collected raw data in several forms before the data is stored. 

The raw voltages for each trial, the calculated radar cross sections and the 

calculated polarization state parameters can be viewed. For extra infor-

mation the overhead data, which includes the transmitted power, the RF 

center frequency and the transceiver cabinet temperature, can be viewed. 

Generally the daily check procedure is repeated if the results from the quick 

view of the data are markedly different from the nominal data values found 

from previous daily checks. 

For each daily check there are three data files collected. The files are 

named according to the day and time of collection. In order to determine 

which of the three file applies to which radar band the commentl field in 

the stored file defines the contents of the file. In order to view the com-

ment fields, other overhead and auxiliary data and the raw data, there are 

two TurboPascal 3.0 utility programs that can be used: "READCAL3.PAS" 

AND "GETSTATS.PAS". 

"READCAL3.PAS" is a utility program which reads the user-prompted 

calibration file and allows all of the data in the file to be displayed in the 

same fashion as in the "MANSCAN4.PAS" utility. In this way calibration 

files can be reviewed in the lab environment using the same calculation 

routines as in the field. The data displayed includes: 

• the raw received power measurements for all bands, polarizations, 
and range cells on a trial by trial basis; 

• the calculated radar scattering cross sections for all bands and 
(H,V) polarizations; 

• the calculated polarization parameters for all range cells and trans-
mit polarizations; 
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• the overhead data included in the calibration file header. 

"GETSTATS.PAS" is used to read in a group of calibration files, per-

form some calculations on the data in each file and store the resulting data 

into an array format for storage as a data file. The Turbo Pascal 3.0 

program reads in a text file which is a list of the calibration files to be 

read. Each file name read from the list is retrieved and all radar cross sec-

tions, polarization variables and overhead data are calculated and loaded into 

an array. The array is indexed by date and band. When all files have 

been read in, the entire data structure of arrays is stored as a data file for 

analysis and display on a VAX/VMS system. 

On the VAX/VMS system there are two analysis programs which ac-

cept Turbopascal 3.0 data file from a PC compatible environment as input. 

The data file ("CAL PLOT.DAT") is transferred to the VAX/VMS _ com-

puter using the "KERMIT" file transfer utility program. 

"DISPLAY CALDATA.PAS" is a VAX pascal program which reads the 

data file, calculates the mean and standard deviation of each variable where 

each day represents a single trial, and then displays the data on the stan-

dard output as text. "PLOT_CALDATA.PAS" is a VAX pascal program 

which does the same calculations as the previous utility, but displays the 

data under user control using the ISAS graphical output systems. 

Using all 1987 daily check files, the above utility programs were run to 

generate a full listing daily check data for 1987. The full results are not in-

cluded here, but Table 3.2 is a summary of the mean and standard devia-

tions of the daily check data for 1987. This table inlcudes values of the 

power ratios and in, t& and x. The list of files processed, the data listings 

and plots are all included in Appendix . 
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Table 3.2: Daily Check Data Summary for The Ku-band Polarimeter 
(1987) 

Polarimeter Daily Check Data for 1987 

Parameter 
TX-H 
Count 

TX-H 
Mean 

TX-H 
Std.Dev. 

TX-V 
Count 

TX-V 
Mean 

TX-V 
Std.Dev. 

I xyl I Hy 50 0.856 0.153 50 0.856 0.144 

/RL,/ I  HV 50 0.861 0.145 50 0.864 0.138 

m 50 0.985 0.011 50 0.989 0.010 

0( 0 ) 50 -4.868 2.061 50 4.734 1.933 

x( ° ) 50 0.453 0.806 50 88.234 1.096 

3.6. Daily Field Operation of the Polarimeter 

Once the radar system is checked each day, the regular field data col-

lection operation is started. The transceivers are positioned 11 meters above 

the top of the crops by adjusting the height of the boom arms. The row 

aspect angle is set by rotating the boom arm turret to position the boom 

arm either at 45 degrees or perpendicular to the motion of the truck. With 

the boom perpendicular to the truck motion, driving along the two exposed 

edges of the field will yield RAA = 0 ° and RAA = 90 ° . With the boom arm 

at 45 degrees, driving along either of the exposed edges of the field will yield 

RAA = 45 ° 

The set of data collected for each plot on each day consists of three 

sets of runs, one for each RAA. A set of runs consists of one or more raw 

radar data files collected at each of the designated incidence angles. The 

combination of the positioner system and the pendulum look angle detector 

are used to iteratively set the incidence angle to within ±0.5 degrees of the 

nominal value. The look angle describes the angle measured by the pen-

dulum detector, which is different than the true incidence angle primarily be-
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cause the pendulum detector measures the angle with respect to a gravity 

normal. If the terrain is not level, then the gravity normal and the surface 

normal directions are different. The Kernen Farm terrain is approximately 

level, so the measured angle is considered as a good estimate of the incidence 

angle. However measurements by Morton [14] indicate that the movement of 

the truck introduces an oscillation of the boom arm which translates into a 

standard deviation of ±2.5 degrees in the measured angle. This does intro-

duce some uncertainty into the angle measurements. Note also that opera-

tion of the polarimeter under moderate wind conditions will also introduce 

errors into the measurement of the look angle. On windy days, the number 

of user controlled iterations required to set the look angle within ±0.5 

degrees of the nominal value can increase substantially. 

The data collection software, "AUTOSCAN.PAS", prompts the 

user for comments, plot number, crop type, incidence angle specifications 

(referenced by crop height or by file generation) and row aspect angle. In 

operation the program prompts the user with the measured incidence angle 

and will iterate under user control until the displayed measurement falls 

within the specified range. Once the incidence angle is set the user is 

prompted to set the truck in motion and to start the data scanning proce-

dure. When ten data trials have been scanned for both horizontal and ver-

tical transmit polarizations, one full scan is completed and the stored data is 

written to a structured data file on floppy diskette. 

As indicated by the discussions on fading in section 2.4, more than ten 

trials are required at the lower incidence angles. In order to acquire the 

larger number of spatial samples, several data file are needed in order to 

maintain the desired of 30 independent samples. In order to differentiate 

among files when there were more than one file collected under a certain set 

of conditions, the filename extension was modified with an incremented ver-

sion number. This means that there can be files with the extensions 

".RW1", ".RW2", and ".RW3". The incidence angle data files consist of a 
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Table 3.3: A Comparison of Theoretical and Implemented Spatial 
Samples Collected as a Function of Incidence Angle for a 
Crop Height of 0 cm. 

For a Boom Height : 11.0 m, For a Canopy Height : 0 in. 
For NTotal = NR NS — > 30 

Incidence 
Angle ( ° ) 

Limited 
by .. NR

Ns

Minimum 

Ns

Collected 

10 range 0.39 30 30 

15 range 0.60 30 20 

20 range 0.84 30 20 

25 range 1.1 30 10 

30 range 1.5 30 10 

35 range 1.9 15 10 

40 filter 2.4 15 10 

50 filter 2.9 10 10 

60 filter 3.7 8 10 

70 filter 5.4 6 10 

list of incidence angles terminated with a "99" to indicate the end of the list 

of angles. There were three incidence angle files for a crop height of 0 cm, 

20 cm and 40 cm. The list of angles included in these files was generated 

by Morton [14]. 

Some undersampling occurred at intermediate incidence angles during 

both the 1987 and 1988 data collection campaigns, based on the criterion of 

30 samples needed for a ± 1 dB accuracy in u°. Tables 3.3, 3.4, and 3.5 

contain the theoretical values and actual values used for the number of inde-

pendent samples due to excess bandwidth and spatial sampling all as a func-

tion of incidence angle for different crop heights. 

"AUTOSCAN.PAS" has a built in feature to test for diskette space 

availability. This is used to check the disk for the space required to store 
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Table 3.4: A Comparison of Theoretical and Implemented Spatial 
Samples Collected as a Function of Incidence Angle for a 
Crop Height of 20 cm. 

For a Boom Height : 11.0 m, For a Canopy Height : 20.0 cm. 
For N = N N > 30 Total R S — 

Incidence 
Angle ( ° ) 

Limited 
by .. NIt 

NS 
Minimum 

Ns 
Collected 

10 range 1.1 30 20 

15 range 1.3 30 10 

20 range 1.6 30 10 

25 range 1.9 15 10 

30 filter 2.1 15  10 

35 filter 2.2 15 10 

40 filter 2.4 15 10 

50 filter 2.9 10 10 

60 filter 3.7 8 10 

70 filter 5.4 6 10 

the data file present. If there is insufficient free space, the user is prompted 

to exchange the present full data diskette with a new formatted diskette in 

data drive B. Each day two to three data diskettes of data are collected and 

brought in for storage, error checking, correction backup and processing. 

For general reference, Figure 3.2 illustrates the flow of data from the 

field for both the agricultural and radar field operations. 

3.7. Radar Data Summary for the 1987 GMO Campaign 

This section is devoted to outlining the radar data that was collected 

during the 1987 campaign. The 34 one-acre test plots were divided into 

primary coverage and secondary (repilicate) coverage plots. The primary 

plots (11-14, 31-34, 51-54. and 71-74) were sampled twice a week as weather 

permitted over the entire growing season from June 9 to September 28 
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Table 3.5: A Comparison of Theoretical and Implemented Spatial 
Samples Collected as a Function of Incidence Angle for a 
Crop Height of 40 cm. 

For a Boom Height : 11.0 m, For a Canopy Height : 40.0 cm. 
For NTotal = NR NS — > 30 

Incidence 
Angle ( ° ) 

Limited 
by .. NR

Ns

Minimum 

Ns

Collected 

10 range 1.7 15 10 

15 filter 1.9 15 10 

20 filter 2.0 15 10 

25 filter 2.0 15 10 

30 filter 2.1 15 10 

35 filter 2.2 15 10 

40 filter 2.4 15 10 

50 filter 2.9 10 10 

60 filter 3.7 8 10 

70 filter 5.4 6 10 
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(corresponding to day numbers 160 to 271). The replicate test plots (01-02, 

21-24, 41-44, 61-64, and 81-84) were sampled whenever possible, once the 

primary plots had been sampled sufficiently. Table 3.6 contains a complete 

summary of the date and row aspect angles for which data was collected for 

all 34 test plots. The row aspect angles are included in the table to denote 

days that were halted in the middle of a data collection sequence due to 

rain or excessive wind conditions (this would leave an incomplete data set on 

certain days, when an entire row aspect angle of data was not collected). 

For this same reason it is possible that not all incidence angles were covered 

on every day that data was collected for a particular test plot. 

During the season there were some user induced errors in the entry of 

identification information into some data files and there were some data col-

lection system errors which corrupted some raw radar data in some files 

(these errors are attributed to electrical transients caused by the start up 

currents supplied to the electrical airconditioner unit in the truck). All of 

the erroneous data files and the corrective actions taken are described in a 

GMO technical report (GMO-TR-005-88) [11]. More information on other 

aspects of the GMO 1987 campaign can be found in the following technical 

reports: 

• Data Structures in Ground Microwave Operations Software - 1987 
(GMO-TR-001-88) [20] 

• Software User's Manual for Ground Microwave Operations - 1987 
(GMO-TR-002-88) [21] 

• Agricultural Field Manual and Data Summary for Ground 
Microwave Operations - 1987 (GMO-TR-003-88) [10] 

• Radar Field Manual for Ground Microwave Operations - 1987 
(GMO-TR-004-88) [22] 
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Table 3.6: A Summary of the 1987 Radar Data Files Collected 

DATA SUMMARY TABLE FOR DATA FILES IN (HINDS.REMTE.DATA87) 

ENTRY KEY: " - " ... NO DATA FILES. 
" 04" ... DATA FOR ROW DIR 0 and 4. 
" 9 " ... DATA FOR ROW DIR 9 ONLY. 
" A " ... DATA FOR ALL ROW DIRECTIONS. 

PLOT NUMBER : 01 02 11 12 13 14 21 22 23 24 31 32 33 34 41 42 43 44 51 52 53 54 61 62 63 64 71 72 73 74 81 82 83 84 

DAY 

9 
11 
12 
19 
22 
23 
24 
25 
26 
27 
29 
30 
2 
3 
6 

13 
14 
15 
16 
17 
20 
21 
22 
23 
24 
27 
28 
29 
30 
31 

4 
5 
6 
7 
9 

12 
13 
14 
17 
18 
19 
20 
21 
24 
25 
26 
27 
28 
31 

1 
22 
28 

MDNTH DAY NUMBER 

6 160 (4G) - -AAAAAAA  
6 162 (4I)   AAAA AAAA  
6 163 (4J) A   A A 04  
6 170 (4Q)   49 A A - A A - 
6 173 (4T) - AAAA   A  
6 174 (4U)   AAAA AAAA  
6 175 (4V)   09 09 09 09 - - - 
6 176 (4H)   AAAA   AAAA 
6 177 (4X)   AAAA AAAA  
6 178 (4Y) A A  
6 180 (50) A A A A A A  
6 181 (51)   09 09 A 09  
7 183 (53)   AAAA - - - - AAAA - - - 
7 184 (54)   AAAA AAAA  
7 187 (57) - 09 09 A 09  
7 194 (5E) - AAAA - - - AAAA  
7 195 (5F)   AAAA - - - - AAAA -
7 196 (5G)   AAAA AAAA  
7 197 (511) A A   AAAA  
7 198 (5I) - AAAA   AAAA 
7 201 (5L) A A A A A A  
7 202 (5M)   AAAA AAAA  
7 203 (5N)   A A  
7 204 (50)   A 4 4 49   AAAA --- - 
7 205 (5P)   AAAA AAAA  
7 208 (56) - - AAAA - - - - AA  
7 209 (5T)   A A AAAA   A A  
7 210 (5U) AA - - - - AAAA   A 
7 211 (5V)   AAAA   AAAA 

7 212 (5W)   AAAA   AAAA  
8 216 (60) - - AAA 04   A A - - A A - - 

8 217 (61)   A 09 A A  
8 218 (62)   AAAA - - - AA 49A - - 

8 219 (63)   04 A A A AAAA  
8 221 (65)   09  
8 224 (68) - - AAAA - - - AAAA  
8 225 (69)   A A A A - - AAAA -

8 226 (6A) AA - - - - AAAA - - - - 09A - 09  
8 229 (6D) - - A A A A - - - 09 09 09 09  
8 230 (6E)   A A   AAAA   A A - 
8 231 (6F) 09 09  
8 232 (60) - - - 09 09   AAAA  
8 233 (6H) - - - -AA - - A A   09 09 A 09 

8 236 (6K) - - AAAA - - - AAAA  
8 237 (6L)   AAAAAA - - AA - - - - 

8 238 (6M) - - AAAAAA   A A 

8 239 (6N)   A A A A  
8 240 (60)   A A   A A  
8 243 (6R)   A A   A A   A A 

9 244 (6S)   A A A A A A  
9 265 (7D) - - AAAA - - AAAA  
9 271 (7i)   A   A  
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4. Analysis of Experimental Data 

In general, the analysis of polarimeter data can be cumbersome because 

a minimum of four channels of valid data are required to calculate the 

polarization state parameters. This chapter is devoted to the analysis of the 

1987 GMO polarimeter data with emphasis on determining the errors 

(systematic and statistical) associated with each of the calculated polarization 

state variables. Because the six polarimeter channels are not sampled simul-

taneously, the level of statistical independence among the channels must be 

assessed. Given some degree of independence among the six sampled random 

variables (the measured voltages for each intensity channel), a statistical 

variance analysis of the polarization state parameter is possible. Once the 

distribution or at least the variance of each measured quantity is established, 

then it is possible to estimate the variance of the calculated polarization 

variables. The final goal of the analysis procedure is to establish a practical 

estimator for the variance (or standard deviation) of the calculated polariza-

tion variables. 

4.1. Calculation of the Polarization State Parameters 

from Polarimeter Measurements 

The six intensity measurements, for each trial, were made sequentially 

in time as the truck moved along the field edge. Ideally the six measure-

ments should be sampled either simultaneously, making them completely de-

pendent, or sequentially with sufficient separation (time and distance) be-

tween samples to make them completely independent. 

A polarimeter which measures all six intensities simultaneously 
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(simultaneous measurements are taken at the same instant in time on the 

same scattering region) obtains the polarization state for a specific il-

luminated region of scatterers. A polarimeter which measures all six inten-

-ities non-simultaneously cannot be used to determine the polarization state 

or a specific illuminated region, but can be used to determine a mean 

polarization state for a larger illuminated region if a number of independent 

measurements of that region are averaged. The processing for these two 

cases is significantly different: 

Completely Dependent Samples: 
The polarization state parameters for each trial are cal-
culated and then the averaged parameter is calculated; 

Completely Independent Samples: 
The average intensities, over all trials, are calculated, which 
are then used to calculate the average polarization state 
parameters. 

Mathematically these two methods calculate exactly the same average Stokes 

parameters and coherency matrix elements. For example the first stokes 

parameter, so or I, is calculated as 

= 
0 

s oi 
(I + I ) H. V. 

N N 1 1 x---, . . 
8 = 7v- E ' Hi + -N 2_, I v. = IR. + I v

i = 1 i=1 
for completely dependent samples and as 

:9' = 1H + Iv

(4.1) 

(4.2) 

for completely independent samples. Both results yield the same answer. 

The same proof holds for the other Stokes parameters which are differences 

of the intensities. Similarily, the coherency matrix element, J xy is calculated 

as 
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iffy 
1 

1 1 1 
Iy 

NE 
J- NE i— 

NE IL• 
:=1 i=i i=i 

for completely dependent samples and as 

A A 

J HV = I X — I Y + jI R — jI L 

(4 .3 ) 

(4 .4 ) 

for completely independent samples. Again both results yield the same 

answer and the same proof can be applied to the other coherency matrix ele-

ments. 

However, the third representation of the polarization state, the ellipse 

angles and the polarization ratio, exhibits different results for the two dif-

ferent processing methods. As illustrated by equations (4.5) and (4.6), the 

average orientation angle is not equal to the orientation angle calculated with 

the average intensities. Because of the non-linear equations for m, ti) and x, 

the two processing methods do represent different results. 

1 nr 1 I — I 

= E [ -2 ARCTAN 
: /

Yi) (4.5) 

=1 H. V. 

ti)  
I 1 

2 
= ARCTAN 

X — Y) 
(4.6) 

— Iv

A second issue associated with the assumptions of independence among 

the six intensity channels is the determination of the distribution function 

(PDF) which describes any random variable which is a function of these six 

intensities or even the variance of that random variable. The determination 
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of the PDF for any function of several measurements is significantly affected 

by the dependence among those measurements. In this respect, the variance 

or PDF calculation for independent intensity measurements may be com-

pletely different than that for completely dependent intensity measurements. 

In the GMO polarimeter, the six intensity measurements for one trial 

are taken from slightly different illuminated target regions, with a minimum 

time separation of one A to D conversion period between samples. The next 

subsection is an analysis of the independence among the six intensity 

measurements for each trial. The second subsection describes the imple-

mented processing equations based on the independence analysis. 

4.1.1.. Statistical Independence of the Six Polarimeter Intensities 

The GMO Ku band polarimeter does not effect simultaneous sampling; 

no sample and hold circuits are installed at the outputs of the linear power 

detectors for each intensity channel. Hence, the six channels are sampled in 

adjacent time slots in the sequential scanning cycle set up by the 

"AUTOSCAN.PAS" software. Figure 4.1 describes the general scanning cycle 

for one scan of radar data on the (TOP) part and the detailed timing se-

quence for one set of ten trials (BOTTOM) for the system running as a 

polarimeter. 

The detailed timing sequence can be further broken down to determine 

the timing of sampling a single range cell of data for one trial. Based on 

the specification for the DACU from Table 2.2, several adjacent channels will 

be sampled at approximately 48 samples per second. This yields an inter-

sample time of approximately 20 ms. Then the minimum time between ad-

jacent samples, within one range cell during one trial, was approximately 20 

ms. The scanning order of the Ku-band polarimeter variables is mixed with 

the scanning of the scatterometer channels for the L and C band 

transceivers. Based on the order of scanning, revealed by the bottom part of 

Figure 2.2, the exact inter-sample times are listed in Table 4.1. 
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General Timing Sequence For One Scan 

initialize 
Set Angle 
Set Range 

Scan Polarimeter 
Data 

Check Data 
and Store 

10 - 30 s 
48 s Using 3 Range Cells 
78 s Using 5 Range Cells 12 s

Detailed Timing Sequence For 
A Polarimeter Data Scan 

Aouire and Calculate Auxiliary Data 
Set up Horizontal TX Polarization 

Cell Cl. Setun (al 
Cell C2. Setun (a) 

e I C3. Setup (a) 

LH, CH, KH, LV, CV, KV, KX, KY, KR, KL 

LH, CH, KH, LV, CV, ICV, XX, KY, KR, KL 

LH, CH, LV, CV, KV, KX, KV, KR. KL 

Store (10 

Store fit) 

Store (hi 

T 
R 
I 1 
A 

2 

10 

Aquire and Calculate Auxiliary Data 
Set up Vertical TX Polarization 

Cell Cl. Setup (a) 
Cell C2. Setup (a) 
Cell C3. Setup (a) 

LH, CH, KR, LV. CV, KV, KX, KY. KR, XL 

LH, CH, KR. LV, CV, KV, IOC. KY, KR, KL 

LH. CH, KH. LV, CV, KV, KX, KY, KR. KL 

Store (13) 

Store (II) 

Store (h) 

a 
I 1 
A 

2 

10 

Figure 4.1: Data Collection Scanning Timing Sequences for 
Polarimeter Operation; a general timing sequence (TOP) 
and a detailed timing sequence (BOTTOM) 

Statistical independence, as defined in the discussions on fading in sec-

tion 2.4, requires both time separation and spatial separation between 

samples. Table 4.1 above yields interchannel sampling time ranging from 20 

to 60 ms. These values are the same order of magnitude as the response 

time (filter delay) of the detector 7Hz low pass filter (approximately 26ms). 
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Table 4.1: Interchannel Sampling Times for All Polarimeter Channels 

Interchannel Sample Times For Polarimeter Channels 

Timing Interval Time Seperation (msec) 

HH to HV 60 

HV to HL 20 + 

HL to HR 20 

HR to HY 20 

HY to HX 20 

VH to VV 60 

VV to VL 20 + 

VL to VR 20 

VR to VY 20 

VY to VX 20 

Unfortunately a MicroCapH [23] simulation of the detector circuit6 response 

time to different step inputs is approximately 100 ms. When two adjacent 

channels are sampled in less than 100 ms, then those two samples can not 

be considered as completely independent. 

The criteria for spatial independence suggested in section 2.4.2 requires 

that successive illuminated areas be separated by at least half the antenna il-

luminated beamwidth. The distance moved between adjacent samples can be 

determined from the truck speed which is set at 0.6 m/s. The distance the 

truck moves is calculated as the intersample time multiplied by the truck 

speed. Based on the range of intersample times discussed above, the inter-

sample movement for Ku band was 1.2 to 3.6 cm. The beamwidth is cal-

culated as 

2b = # (4.7) 

6This simulation is included in Appendix for reference. 
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where b is the minor axis length for the illuminated ellipse region, /3 is the 

antenna 3dB product beamwidth (in degrees or radiens of spread) and R is 

the target range. Figure 4.2 illustrates the illuminated region approximated 

by an ellipse with major axis a, minor axis b, both of which change with in-

cidence angle (or range). The beam spot will be smallest at the closest 

range of 11 meters which corresponds to the radars working at an incidence 

angle of 10 to 20 degrees. For example, the calculated beam spot width for 

the Ku band antenna is 0.65 m. Note that the 3dB product beam widths 

for all three transceiver antennas is found in Table 2.1. For small incidence 

angles, the truck will move between 0.02 and 0.055 times the beam spot 

width. A distance separation of 0.02 to 0.055 times the beam spot width 

does not satisfy the suggested criteria. Therefore, most adjacent channels in 

the sampling sequence are not considered independent in spatial separation. 

Beam spot size as a function of 
incidence angle 

Antenna 

• No 

00=10 

Rio 

el b 

small incidence angles 

circular spot 
large incidence angles 

elliptical spot 

Figure 4.2: The Illuminated Beamspot Ellipse Shape for Small and 
Large Incidence Angles 

As the incidence angle is increased and there are effectively more than 
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one independent samples per measurement (see section 2.4) the beam spot 

width also increases up to 0.95 m for Ku band at an incidence angle of 70 

degrees. The effect of the increasing beam spot width is counter balanced 

by the increase in the number of independent samples considered to be 

tained within the measurement. Due to these complications it is difficult to 

draw any exact conclusions about the independence between samples at the 

larger incidence angles. 

The general conclusion, when considering all incidence angles equally, is 

that adjacent samples are neither completely independent nor completely de-

pendent. These partially independent samples can not be analysed as de-

pendent samples. Any theoretical analysis that follows must assume that all 

six of the channels are sampled independently, even though partial depen-

dence exists between adjacent channels in the scanning sequence. It is also 

assumed that the results of the analysis performed will have some bias as-

sociated with it, but it may be difficult to isolate the bias and remove it. 

Although adjacent sampled channels can be partially dependent, 

separate trials of each set of six measured channels are completely independ-

ent, as proven in section 2.4.2. As mentioned previously, another method of 

processing the data, if the intensities are not completely dependent, is to cal-

culate an average intensity for each measured channel and then use these 

average values to calculate an estimate for the average polarization state 

variables. This method of processing assumes that the six intensities are 

completely independent. The averaging of several independent measurements 

for each of the six intensity channels may reduce the inter-channel indepen-

dence. 

The best measure of the dependence between two random variables (x 

and y) is the correlation coefficient given by Kennedy [24] as 

[(xi - Az) (Yi- Ay)] 
ply = E (4.8) 

a x a 

where 
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• x. and y are single samples of the random variables x and y, 

• u and u are the population means for the random variables x 

and y, 

• ox and a are the population standard deviatons for the random 

variables x and y. 

Equation (4.8) can be reduced to a more compact form by multiplying 

through and evaluating the expected value of each individual term. 

pxy 

pxy 

pxy 

pxy 

1 

a 
 E[(xi — p z) (y ley)) , (4.9) 
Z y 

1 
— 

Cr (7 
E[ —yi px +tizpy (4.10) 

x y 

— a 1 a E[x 3 — E[xs y] — E[y j41x ] + E[px py I) (4.11) 
x y 

CI (7 
- -(E[xiy) — E[xi]µy — E[y)px + pzpv (4.12) 

x y 

But the expected value of xi evaluates to px and the expected value of 

yi evaluates to py . Substituting these two results into equation (4.12) and 

reducing yields the condensed form to be 

pxy — a a
x y 

E[xiy2]— pr it y ) (4.13) 

The next step is to perform the same calculations of the correlation 

coefficient for two new random variables (experimental averages) as defined 

by equations (4.14) and (4.15). 

(4.14) 

(4.15) 
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These experimental averages are estimators of the mean values of the ran-

dom variables x and y, using N independent samples of those random vari-

ables. The correlation coefficient between Tc and si is defined as 

Pxy

A z) (p 
(4.16) 

ax a

where the population means and standard deviations for x and y are used 

again. Now if equations (4.14) and (4.15) are substituted into equation 

(4.16) and the expression is reduced the result is 

Pl y 

P xy 

P y-

1 

cr 

N 
1 E  x 1-1 x)) egE 

x 
 y i=1 j = 1 

1 1 2 
— E E xi E 

µy (NE xi) 
x y 

i = 1 j = 1 i = 1 

a 1  ) 2 E

x y \ 

1 
µx—  (N 1 I 3-) +µ xµ y l 

j = 1 

N N N 

x f — E N E x 

i = 1 j=1 i=1 

1 
- A z  E y11+ A xpy ) 

j = 1 

But the expected value of the mean value estimators can be evaluated as 

(4.1) 
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and 

E 

E 
NE 

y
i 

i= 1 

= 

1 1 
N 

-KTE[E = —N N = A y • 

j=1 

By substituting equations (4.17) and (4.18) into 4.1 to yield 

pxy  a la 

( 

Nl 2 E E xi EN ya _ tizmy . 
x y 

ti =1 j=1 

(4.17) 

(4.18) 

(4.19) 

But the first term in equation (4.19) can be reduced by expanding the sum-

mation, 

N N 
(1)2 E [ 

x • E yi

i=1 j= 

1 2 
E[xiyi] E[x02] + E[xiy3]+...+ E[x Ny 

and evaluating each individual expected value for the result 

[N N 
1 2 1 2

E E E — (N) (./V` E[x 

1=1 j=1 

(4.20) 

Then the final form for the correlation coefficient for the average value es-

timates is 



79 

1 
p — 

C r 47 
E[xiy] + xpy ) 

x y 

(4.21) 

If equation (4.21) is compared to equation (4.13), the two correlation 

coefficients are equivalent. In conclusion the averaging process does not 

change the correlation coefficient, which indicates that the degree of inter-

channel dependence is unchanged by the averaging process. 

4.1.2. Polarization State Calculations Assuming Partial Independence 

Based on the independence analysis in the previous section, of the six 

measurements the adjacent intensity channels in the scanning sequence are 

all partially independent, but the first channel is independent (in time) of 

the last two channels. Hence, the six channels must be considered partially 

dependent. Of the two possible processing methods listed, the method for 

dependent channels can not be implemented because a polarizaton state cal-

culated from a single trial of 6 partially dependent intensity measurements is 

subject to large errors. The errors occur because a single intensity measure-

ment is subject to fading, which implies that the the total intensity cal-

culated from the first two channels (I ) could be significantly different from 

that calculated from the last two channels  (Ix ,). Basic polarization theory 

states that I = Illy= x1,; this condition is not satisfied under the dependent 

processing method. However, the other possible processing method, the inde-

pendent channel processing technique, is more suitable to the intensity 

measurements which are subject to fading variation even over relatively small 

sampling times and target differences. As a result, an average intensity is 

calculated for each channel before calculating a polarization state with these 

average intensities. 

The equations for the polarization state variables must be written in 
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terms of the average value of Ns  trials for each of the sampled random vari-

ables. The new random variables are estimates of the mean value of the in-

tensity for each of the channels as expressed by equations (4.22) to (4.27) 

below. 

1 
fry = 

n N
8

1 

= 
IV N 8

ix = 
1 
N8

N 8 

 N8E (B-1)2 = - 
N 

8 i=i 

N 8

i=1 
1 N8

(V = —
N 

E 
8 i=1 t=1 

N 8

E 2(X i)2 = i=i 

N 8 N 8

I = —
N 

E 2(Y)2 = N E 
8 

i=1 i=1 

N 8 
1 1 ID = - - 

it N 2 
8 

i=1 

' Hi 

IY

N 8

1 2 = I E
N 

 IR. 
8 

ti =1 

N 8 Ns 
1 1 1 

I L = —N E -2(Li)2 = —N  > /Li 
8 8 

i =1 z=1 

(4.22) 

(4.23) 

(4.24) 

(4.25) 

(4.26) 

(4.27) 

The calculations for the average polarization state variables are cal-

culated in terms of these new random variables as 
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4.2. Estimating an Error Figure for the Estimated 

Polarization State Variables 

(4.28) 

(4.29) 

(4.30) 

(4.31) 

(4.32) 

(4.33) 

(4.34) 

In comparing the measured polarization states for different types of tar-

gets, such as crops, it is important to have an estimate of the error in those 

measurements to assess the significance of the differences among different sets 

of measurements. For any instrument there is a systematic experimental er-

ror associated with the physical process of measurement and with the instru-

ment calibration. The lab and field measurements, as outlined in Tables 2.3 

and 2.4, define the systematic error in the polarization state parameters due 

to component tolerances and phase imbalances and offset voltages in the IF 
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summing networks and linear power detectors. The measured voltage from a 

linear power detector is a Rayleigh distributed random variable, when the 

target is a distributed scattering medium, such as crops or soil [12]. Because 

each intensity measurement is a statistical quantity, a statistical variation in 

the measurement is introduced along with the systematic measurement errors. 

The statistical variation of each polarimeter intensity measurement affects the 

variation of the calculated average intensities and the calculated polarization 

parameters. This statistical variation must be quantified. In this section, 

the systematic and statistical components of the error in intensity measure-

ment are compared, then three statistical error estimation techniques are dis-

cussed and the implemented techniques for the average intensities and the 

calculated polarization parameters are examined. 

4.2.1. Sources of Error in the Intensity Measurements 

As discussed previously in section 2.4, a single sample of a Rayleigh or 

exponentially distributed random variable is a poor estimate of the mean 

value of that random variable. The process of averaging creates a better es-

timator for the mean value, but this estimator still has a variance associated 

with it. The variance of the estimator is a measure of the variability of the 

estimator. The standard deviation of the estimator is used as an statistical 

error figure. 

To establish an error figure for each polarization state variable, both 

the systematic and statistical components of the error figure must first be 

determined for each measured intensity. Each polarimeter intensity channel 

is sampled by the DACU digital volt meter (DVM), which introduces a 

measurement error of ±1/2 of the least significant digit. The DVM collects 

data in the 5 1/2 digit mode and a ±10 volt range, which yields a 100 pv 

resolution. Therefore one component of the systematic experimental error for 

each measured voltage is ±50pv or 0.6 % error (based on a minimum input 

voltage of The statistical error associated with one sample from a 

Rayleigh PDF is approximately +4 dB to -6 dB based on the graph in 
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Figure 2.6 [17]. Related to voltage this represents a relative error of +60 % 

to -50 %. Clearly the statistical error for a single sample is much larger 

than the experimental error except at very low conversion voltages (in the 

100µv order of magnitude). Even though the experimental errors add with 

the averaging process and the statistical variations reduce with the averaging 

process, the dominant error component is still the statistical variation of the 

data. Because the systematic experimental error has been measured and 

recorded in the previously mentioned tables, and because the statistical error 

component is significant, the next step in analysis is to consider methods of 

theoretically calculating or experimentally estimating the variance of the 

polarization state variables. The standard deviation is then considered a sig-

nificant component of the error associated with each calculated polarization 

state variable ( m, ti) and x). 

4.2.2. Variance Estimation Techniques 

The proposed method of calculating the polarization state parameters 

from the average intensities is a complex variance estimation task, even un-

der the assumption that the six polarimeter channels are independent. The 

estimation process must assess the variability of each average intensity and 

then transform these variances through the functional relations to arrive at a 

variance estimate for each of the polarization state parameters. Three dif-

ferent approaches will be considered: 

1. theoretical joint probability density function (PDF) calculations, 
assuming independence among all polarimeter intensities; 

2. partial theoretical/ partial numerical integration of joint PDFs; 

3. experimental variance calculation and propagation of variances 
using a taylor series expansion of each polarization state 
parameter function. 
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4.2.3. The Implemented Variance Estimator 

Although the theoretical estimator is the ideal solution, a brief review 

of the mathematical effort required to perform each transformation and the 

difficulty associated with transformations of ratios and transcendental 

tions indicates that it is not practical to follow through with this analysis. 

The convolution technique using PDF characteristic functions will re-

quire several numerical integrations for each of the polarization variable 

variance estimates, which can be done with present day computers. 

However, the major drawback of this method is that a complete set of 

numerical integrations is required for each and every data file processed. 

This would be a prohibitive amount of computing cost, therefore this method 

is not considered to be a viable method either. Another problem with using 

either the theoretical or numerical integration techniques is that the number 

of independent samples changes with incidence angle, which adds significant 

complication to the software processing. 

The variances for each component intensity and the partial derivatives 

are possible to calculate and practical to implement using the propagation of 

variances technique. The resulting estimators are large equations but are 

computationally simple to implement compared to numerical integrations. 

This experimental estimator for the variances of the polarization state vari-

ables is the practical choice. The only potential problem with this estimator 

is that it could very well have a bias that changes as a function of the 

mean values of the component average intensities. The determination of the 

bias is a difficult problem in itself, and will not be attempted in this thesis. 

An estimate for the statistical error in the estimated polarization state is im-

portant regardless of the potential bias of the variance estimation method. 
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4.2.3.1. The experimental propagation of variances technique 

The experimental method is to calculate an experimental estimate for 

the variance of each polarization state variable based on the partial deriva-

tives of the variable function with respect to each component random vari-

able in the function and on the variance estimates for each component ran-

dom variable. Kennedy [24] suggests that the appropriate technique to 

propagate variances through a functional relation is summarized in general 

form by equation (4.35) 

VAR (f (ai,a2,a3,..„aN)) = 

N (a f (ava2,a3,...,a1 2 

8a . 
VAR(a .). t 

i = 1 2

where f(ai,...,an) is a function of n random variables, ai,...,an. 

(4.35) 

This technique requires the partial derivatives of the polarization state 

variable functions with respect to each component random variable and the 

individual variances of each component random variable. The equations for 

the polarization state random variables are summarized by equations (4.28) 

through to (4.34) where the estimators for the mean intensities are given by 

(4.24) to (4.27). The variances for each component intensity and the partial 

derivatives are possible to calculate and practical to implement. 

4.3. The Analysis of the Experimental Variance 

Estimators and the Propagation of Variances 

In this section, two implementations of the experimental estimator for 

the variance of the intensities are described and one is selected and imple-

mented in the propagation of variances technique to estimate the variances of 

m, tk and x.
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4.3.1. The Experimental Variance of the Average Intensity 

In initially analysing the experimental variance estimator, the polariza-

tion state variables were considered to be either functions of the measured 

voltages (Hi, Vi, Xi, Yi, Ri, and Li) or the calculated powers (1H., Iv., Ix., 
t 

Iv , I R , and /L ) as illustrated by equations (4.22) to (4.27). Based on the 

expression for propagating variances experimentally (equation (4.35)), all par-

tial derivatives must be calculated in terms of the voltages or powers respec-

tively. By writing out the full equations which describe the calculation of 

polarization state variables from n trials of measured voltages (equations 

(4.28) to (4.34)), the polarization state variables are calculated with the 

average intensities. Thus the polarization state parameters are functions of 

the average powers (1H, i v, 1x, iy, IR, IL) described by equations (4.22) to 

(4.27). Then the partial derivatives of each polarization parameter, with 

respect to each average intensity variable and the variance of each average 

intensity must be determined. 

An estimate for the variance of the average intensity can be calculated 

in two ways: 

1. the sample variance estimator (equation (4.36) below); 

2. the propagation of variances estimator (equation (4.35)). 

The first estimator is directly related to the experimental calculation of 

the sample variance for a small number of samples, N, as defined below. 

VAR(a) 

where 

NE ail — N a1 
=1 i =1 

N(N— 1) 
(4.36) 
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• a is some random variable for which there are N samples, indexed 
by i in the equation, and 

• (N-1) term in the denominator is the Bessel correction factor for 
small sample numbers [24]. 

Note that the Bessel correction factor is well documented to reduce the bias 

introduced, under the assumption of a normally distributed random variable. 

For the sample variance estimator (1.), the desired variance is of a ran-

dom variable, d, which is an estimator for the mean intensity from N 

measurements. In general the experimental variance of an experimental 

mean value is related to the variance of a single measurement as [24] 

VA k(a) V A Nk(a) 
( 4.37) 

The final expression for the first estimator will be the combination of the 

previous two equations to result in 

1

NE a .2 — (E , as)
i =1 i =1 

VAR(a) — (4.38) 
N2(N— 1) 

where . . indicates that the expression is an estimator for the true value of 

the variable under the hat, ".". 

The second estimator relies on the theoretically described variance es-

timator equation (4.35) in the previous section on page 85. The variance of 

the mean intensity is being approximated by estimating the sample variance 

of a single intensity measurement and then applying the relation in equation 

(4.37). In this case a single sample of the intensity is calculated as a func-

tion of the measured detector voltage, H.. The functional relation is shown 

below, followed by the partial derivative of the function with respect to H..
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= Hi' 

and 

a IHi 
  — 2H. . a H • 

Then the variance of a single intensity sample, I , is given by 
"2 

VAR(IH) = (211)2 VAR(H) (4.39) 

The final form of this second estimator is given below, by substituting equa-

tion (4.37) to get the variance of the mean intensity. 

(217)2 VAR(H) 
VAR(IH) —  N (4.40) 

where the variance of H is calculated experimentally using the propagation of 

variance calculation introduced as equation (4.38). 

The first estimator for the variance of the average intensity can be ap-

plied to determine VAR(IH) as 

VAR(IH)_ 

N 

NE 

1=1 

N 

I Hii2 (E 

N2(N— 1) 
(4.41) 

By comparing the form of the two estimators as expressed by equations 

(4.40) and (4.41), the first estimator seems to be less complicated to imple-
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ment. But there is an ulterior motive for showing both estimators; the 

second estimator can be a biased estimator, while Kennedy suggests that the 

standard Bessel corrected variance calculation is unbiased. For this reason, 

the sample variance estimator (1.) is selected for estimating the variance of 

the average intensities (IH ... 

4.3.2. The implemented estimators for the polarization state variable 

variances 

The implemented variance estimator for the individual average inten-

sities is estimator 1 as described in the previous section. To apply the ex-

perimental method of propagating variances to the polarization state variable 

functions , the partial derivatives of each function with respect to each com-

ponent intensity must be calculated. The general form of the variance es-

timator for the polarization variables can be rewritten in terms of the six 

average intensities in equation (4.42) below. 

VA:k( f (I H,Iv,I x,Iy,I R,I I)) = (4.42) 

L oaf  xj y,I 

al. 
The important polarization state variables are I or I llv, m, 0, and 

which are defined in terms of the average intensities /H, /v, /x, / y, I R, 

2 VAk(ii). 

X, 

I L

by equations (4.28) through (4.34). The complete set of derivations are con-

tained in Appendix C, but the derivation of one estimator is included as a 

simple application of the technique. 

The variance of the total intensity is estimated as 

L ai 2 
VAR(I) = E (-) VAR(Ii) 

H al. 
(4.43) 
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where / = /H i v . Then the summation can be expanded to be 

VAR(I) = 
ai )2  ai) 2 

  VAR(/H)  VAR(k) 

aiH 81v 

where the partial derivatives are solved as 

and 

aI
1 

81H 

ai = 1 

aiv 

(4.44) 

(4.45) 

(4.46) 

The final expression for the variance estimator for I is obtained by substitut-

ing the partial derivatives into equation (4.44), as shown below. 

VAR(I) = VAR(IH) + VAR(Iv) (4.47) 

The final expressions for the variance estimators for m, 0, and x are 

given below. Note that the full derivations of the partial derivatives and the 

final variance expressions are included in Appendix C. 

VAR(m) — 

S 1-
I  poi inn 

12

2 
VAR(///) + 

8 1- 

pol —i"72 2
VAR(IV) (4.48) 

82 )2 33)2 - 
VAR(s2) VAR(s3) 

/i pol I I po 
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VAR(b) — 

VAR(X) — 

1 2 

-2 ( 1 +
8
1 2)- 

82 2 
VAk(i) (1-)  2 VAR(s2)

/ 1 1 

-2V 1 — T poi 

(4.49) 

x 
(— 8183) 2 

VAR(s1) (4.50) 
/ poi' 

3233) 2

2 

33 (— VAR(s2)3 2
p

) ) 2 VA ii(s3) — 
3 

ol pol I pol 

In the above three equations the Stokes parameters Si, 82, 83 are 

defined in terms of intensities as 

= I 1 H Iv 

82 = — 

s 3 = I R — I L 

(4.51) 

(4.52) 

(4.53) 

and the variance estimators for the stokes parameters, as calculated in Ap-

pendix C are: 

va(si) = VAR(IH) + vAk(10 

VAR(2) = VAR(IX) + vAii(10 

(4.54) 

(4.55) 
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VAR(s3) = VAi? (iR) + VAR(IL) (4.56) 

For completeness, the estimators for the variances of the average intensities 

are all of the same form as equation (4.41) as listed below. 

VA 1? (4)—

N 

NE 

i=1 

I11.2 - E I Hi) 2

1=1 

N2(N— 1) 
(4.57) 

The original analysis of the polarimeter data (by Poettcker [9]) showed 

that the ratio of powers of the circular (R and L) and linear (X and Y) or-

thogonal pairs to the power in the linear (H and V) pair could be larger 

than 1.0. Had the channels been sampled simultaneously, this condition is 

considered to be impossible because the power measured by any orthogonal 

set of intensities should be the same. However, as a result of non-

simultaneous sampling of the six intensity channels, there is fading variation 

of all six channel and it is possible to have a power ratio that is larger than 

1.0 simply due to the statistical variation of the measurements. 

These anomalies in power ratios are largely due to statistical variation, 

the variance estimators for both of these ratios have been calculated as given 

below. 

1
XY A A 

VA 1? th xy) = 2 ixy) VA RIHo (4.58) ) - 
2
)2 

IHV HV

VA ii(thRL) = (4.59) 
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. . 
where IRxy and IRRL,the two power ratios, are defined by equations (4.60) 
and (4.61) below, 

and 

IR = ( 1X + 1Y)XY 

IH + IV 
(4.60) 

/RRL = ( IR + IL) (4.61) 

III + IV 

where VAR(IRR-v), VAR(/Rxy) and VAR(IRRL),the variance estimators for 

the three powers, are defined by equations (4.62), (4.63) and (4.64) below. 

VA R(illv) = VAR(i) = VATR(IH)+VAR(Iy) (4.62) 

VA.k(ixy) = VAk(,;2) = VAk(4)-F-VAk(iy) (4.63) 

VAR(IRL) = VAR(s3) = VAk(4)+VAR(IL) (4.64) 

Note that these calculations (above) have also been derived in Appendix C. 
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4.4. Polarimeter Data Processing 

The derived equations for the polarization state parameters and their 

variances were incorporated into a VAX/VMS Pascal module, which is called 

to process raw polarimeter intensity measurements into process polarization 

state estimates. This section briefly describes the raw radar data files 

created by "AUTOSCAN.PAS" during field operations, the data processing 

programs, which check raw radar data and calculate the processed polariza-

tion states, and the motivation for the data checking and processing tech-

niques implemented in software. 

4.4.1. The Radar Data Software Data Structures 

The raw radar data files contain header information which completely 

identifies the radar measurements that are contained by the file and some 

auxilliary data, and the raw radar measurements for all three transceivers, at 

all polarizations, at three range cells and at ten trials for each. The PC-

compatible Turbo Pascal 3.0 data structures which describe the raw radar 

data files are included for reference in Appendix F. For a given day and for 

one plot there are between 30 and 42 raw data files collected, depending 

upon the selected row aspect angles (RAA) in the experiment (usually 0 0 , 

45 ° , and 90 °) and the number of trials required to maintain acceptable 

fading statistics (see section 2.4). 

Easy access to this large data set was simplified by creating a 

processed data record type to store all of the calculated polarization state 

parameters and radar cross sections for one set of measurements on one test 

plot. One set of raw radar data files is read, processed and stored in a data 

record. All of the data for one test plot for the whole growing season can 

be stored in a single file, by creating a file of processed data records . The 

different file and record types are illustrated by Figure 4.3. All of these 

data files are processed into a processed data record in order to condense the 

storage space required for an entire year of data. The VAX/VMS Pascal 



95 

Plot # file Day # Record 

Day *A 

Day #B 

Day 

Day #D 

Day # 

Header 
Information 

-Date 
-Agricultural Data 
-Data Present Array 

Data 
Section 

-Row Aspect Angle (RAA) = 0° 
-Incidence Angle (IA) = 10° 
-Information Specific 
to RAA = 0° and IA = 10° 

- RAA = 0° 
- IA = 20° 
- Information Specific to 

RAA = 0° and IA = 20° 

- RAA = 90° 
- IA = 70° 
- Information Specific to 

\ RAA = 90° and IA = 70° 

Figure 4.3: The Raw Data File and Processed Data File Structures 

data structures for the processed data records are included in Appendix 

G. For a more comprehensive summary of the data structures refer to GMO 

technical report [20]. 

For polarimeter data processing the main VAX/VMS Pascal module is 

"CALCULATE POLARIZATION.PAS". This set of procedures is a 

separate compiled module, which accepts the available radar data as an ar-

ray structure, and which provides the calculated estimates for the means and 

standard deviations of the polarization state variables in a set of arrays. 

The estimated means and variances for the individual measured intensities 

follow equations (4.22) to (4.27) and the form of equation (4.57). It is im-

portant to note that the polarization state intensity means and standard 
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deviations are calculated from all trials for a given incidence angle and a 

given range cell, regardless of whether there are one or three files of ten tri-

als (N is either 10, 20 or 30). Similarily the calculation of the estimated 

means and standard deviations polarization variables follow equations (4.28) 

to (4.34) and equations (4.47) to (4.50), using the intensity mean and stan-

dard deviation estimates above as the inputs. Processing programs which 

call the "CALCULATE POLARIZATION.PAS" module are: 

• "PP.PAS" or "PROCESS POLARIZATION.PAS", which cal-
culates the polarization state parameters only for range cell 1 and 
stores the results into processed data records; 

• "PP NEW.PAS" or "PROCESS POLARIZATION NEW.PAS", 
which calculates the polarization state parameters for range cells 
1, 2 and 3, and stores the results into processed data records; 

• "MTNEW.PAS" or "MAKE_TELAGRAF_FILES.PAS", which 
calculated the polarization state parameters and creates 
"Tel-a-graf' graph files of the polarization parameters as a 
function of incidence angle. 

The basic processing algorithm followed in this calculation module is il-

lustrated in Figure 4.4, which is a software block diagram of data flow and 

processing for "CALCULATE_ POLARIZATION.PAS". For details about 

the software described here refer to GMO technical reports [21] and [22]. 

In scatterometer data processing the absolute scattering cross-sections 

require accurate calibration constants and accurate measurements of the 

transmitted power and the average target range. However the polarization 

variables selected are all ratios of powers (intensities) which normalize the 

calculations against fluctuations in the absolute power level. The total inten-

sity calculation is the only polarization state parameter which should be ab-

solutely calibrated. 

The selection of polarization parameters which are normalized with 

respect to total power, such as the polarization ratio, or which are ratios of 

intensities such as the polarization ellipse angles, are excellent parameters for 
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Processing Block Diagram 
raw radar data files 

read raw radar data files I-•----

load header and data into records 

check radar data for errors 

calculate average intensities, and 
variances for six channels 

calculate polarization state parmeters 

calculate polarization state parmeter 
vaiance estimates 

store into procesed data record 
for this incidence angle and 

row aspect angle 

( Done Processing 

Only present for 
incidence angles 

10,15,20 

•111 .1.• 110•M inI 

.rwl 

10 

.rw2 
111•1•1=1• 11. 

• .rw3 

20 30 
s........____-1 1 

number of trials 

Figure 4.4: A Data Flow and Processing Block Diagram for 
"CALCULATE POLARIZATION.PAS" 

comparative studies. Because the important polarization variables are rela-

tive parameters the calculated intensities were not calculated as absolute 

values, but left in raw form. This is a reasonable reduction in calculation 

complexity under certain assumptions: 
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1. the calibration constants for the six intensity channels for the 
polarimeter should be matched; 

2. the transmitted power should be the same for all trials included 
in the calculation; 

3. the target range, or selected range should be the same for all tri-
als included in the calculation. 

In fact the calibration constants for all intensity channels have not been 

determined, but the six receiver channels are matched to within 3 percent as 

mentioned in section 2.5.3 which satisfies assumption 1. The transmitted 

power flucutates with a very small standard deviation over the entire 1987 

year based on the daily check statistics for 1987 as summarized in Appendix 

E, which satisfies assumption 2. The variation in target range addresses the 

potential range difference between one set of ten trials and a second or third 

set of ten trials collected when more than ten trials are required. If there 

are large differences in the target range determined by "AUTOSCAN.PAS" 

for the same incidence angle (IA), then the voltages measured for each set of 

ten trials could vary significantly. The only way to determine the severity 

of this problem is to examine the variance of the ranges measured at IA = 

10, 15, and 20 degrees, where multiple files are stored during the 1987 data 

collection period. Notice that a failure in this assumption really has an ef-

fect only on a small segment of the data set, and at only three incidence 

angles, when there is little or no crop present in the field. For these 

reasons this particular assumption was considered insignificant. 

A significant difference between the polarimeter and scatterometer data 

processing is that the polarimeter variables are calculated and analysed for 

each range cell individually, while the cross-sections are calculated as the 

sum of the power contributions from each range cell. There are several 

reasons for this. The Ku band ranging offset, explained in section 2.5.4, 

causes ambiguity in determining the type of targets contained within each 

range cell. The polarization characteristics of different scattering targets are 
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hypothesised to be different, therefore analysis at the range cell resolution 

may aid in determining the different scattering properties of different media, 

especially at lower incidence angles. 

The variation in the contents of each range cell depends upon the in-

cidence angle, as illustrated by Figure 4.5, where the diagram shows the 

range cell contents at a small incidence angle on the left and at a larger in-

cidence angle on the right. 

Range cell contents as 
a function of incidence angle 

Antenna 

7-7?-01 ang101Tfri. 
1111111111111IL t io 
III Imp 

Figure 4.5: Range Cell Contents for Small and for Large Incidence 
Angles. 

At lower incidence angles the three range cells are hypothesised to con-

tain different scattering materials, assuming a significant crop height. This 

means that the first cell may be more responsive to the heads of the crop 

for grain crops or the flowers for broad leaf crops. Next the second range 

cell should contain the bulk of the crop stems and leaves, and finally the 

last range cell may contain the lower parts of the stems and some of the 
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soil, depending upon the crop height. This simplified model of the scattering 

process does not include the possibility of multiple scattering paths that will 

place cell 1 scattering effects within cell 2 collection times and cell 2 effects 

into cell 3. Nevertheless, first order effects can be studied using this simple 

model. At higher incidence angle the concept of roughly homogeneous media 

in each range cell is less and less valid, and multiple scattering may have a 

greater effect on the contents of cells 2 and 3. 

At low incidence angles, because of the LO line length added to the 

Ku-band scatterometer in the polarimeter conversion, Ku-band range cell 1 

contains signals from the center of the crop, whereas range cell 2 for the L 

and C-band scatterometers contains that information. Therefore the Ku-band 

analysis focused on range cell 1, with a brief study of cells 2 and 3 to deter-

mine any significant differences in the polarization characteristics with range. 

Note that at higher incidence angles the extra Ku-band LO line length 

causes less relative ranging error and all range cells contain approximately 

the same heterogeneous scattering medium, based on Figure 4.5. 

4.4.2. Error Checking and the System Noise Thresholds 

A last concern in calculating the polarization parameters is data in-

tegrity for all six channels used. To convert the raw data into m, 0 and 

for each range cell, all six mean values must be valid. Similarly, to cal-

culate the estimated variances for the six mean values there must be a min-

imum of 2 valid raw data points for each channel at a given range cell (this 

is an artifact of the experimental variance calculation). 

The question to answer is:"What is a valid data point"? 

linear power detector, any measured voltage which is less than 

the experimentally determined noise floor can be questioned, 

theoretical signal to noise ratio (SNR) would be much less than 

is suggested by Ulaby [12] as the minimum SNR for a reliable 

the mean power value. A more detailed analysis of the power 

From the 

or equal to 

because the 

3 dB, which 

estimate for 

contained in 
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ach range cell and the noise floor for all 12 possible polarimeter channels is 

ncluded in the next section. 

As a precaution, "CHECK_RADAR_DATA.PAS", a data checking 

routine, was added as an initial step in processing the data in order to find 

all data points which were greater than -300 µV (a negative going power 

detector with a resolution of 100 µV should not measure positive numbers!), 

This routine allows for the display of any or all layers of information col-

lected including the error thresholds, the error status flags and the total 

valid data point count for all channel/cell combinations. This routine reads 

in a text file, "noise_thresholds.dat", which contains threshold information 

for each channel and sets the thresholds either at the nominally selected -300 

µV or levels contained in the file. This software sets a single threshold 

value for all range cells, at all incidence angles to flag corrupt data. 

Some nominal data checking is necessary to eliminate floating point and 

divide by zero errors in the variance, mean and polarization calculations. If 

only one valid data point is passed to the mean/variance calculation routine, 

an error is registered for that channel because the mean is a very poor es-

timate and the variance can not be calculated. If any one of the six chan-

nels has one or zero valid data points, then the polarization calculations are 

discontinued for that transmit polarization/range cell combination. 

4.5. An Analysis of Experimental Variance Estimator 

Results for Polarimeter Measurements on Spring 

Wheat 

In this section some polarimeter field measurements are examined, in 

graphical form, with statistical error bars included. Although no theoretical 

variances are calculated to compare with the experimental results, the 

variance estimates for the intensities from each range cell, the total power 

ratios (/xy//Hv and i mp lly, and the polarization state parameters (m, ti) 

and x) should conform to basic polarization theory. For example, theoreti-
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cally the power ratios should be exactly 1.0 if all six intensities are measured 

simultaneously. However, the partially dependent polarimeter intensities in-

troduces some variability into the power ratios. If the statistical error bar 

estimates are large enough to place the power ratios at the theoretical value, 

the polarimeter data processed as independent intensities is partially 

validated. 

The experimental results are presented for spring wheat (plot 13) on 

August 4, 1987, for row aspect angle (RAA) 90 degrees, both transmit 

polarizations and range cells 1, 2, and 3. Figures 4.6 and 4.7 are plots of 

-,he polarimeter intensities for horizontal and vertical transmit polarizations 

respectively. The statistical error bars included in the intensity graphs show 

that the variability of the intensities changes as a function of incidence angle 

and that the added polarimeter intensities (X, Y , R, and L) have slightly 

larger variances than the original (H and V) intensities. The intensity error 

Figures are not large enough to remove the main trends in the data, mainly 

that the intensity decreases significantly with incidence angle. 

As hypothesized previously, the measured power ratios with error bars 

should overlap the theoretical value (1.0) if the polarization state parameter 

processing technique and variance estimates agree with basic polarization 

theory. Figures 4.8 and 4.9 contain graphs of the power ratios for horizontal 

and vertical transmit polarizations on two days August 4, and August 24, 

1987. In general, the calculated power ratios, within the error bar extent, 

overlap with 1.0 except at IA = 15 or 20 (often) and IA = 50 or 60 occas-

sionaly. . The divergence from theory at IA = 15 to 25 is partially explained 

by the reduced number of samples taken at the lower incidence angles as 

pointed out by tables 3.3, 3.4 and 3.5. The other interesting observation is 

that the TXPOL = HP power ratios show a much greater divergence from 

theory than the TXPOL = VP power ratios, even though the next chapter 

will show that the most obvious polarization characteristics for wheat occur 

for vertical transmit polarizations. 
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Figure 4.6: Polarization Intensity Measurements for Plot 13, on 
Aug. 4, 1987, RAA = 90, TXPOL = HP and Cell = 1. 
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Figure 4.7: Polarization Intensity Measurements for Plot 13, on 
Aug. 4, 1987, RAA = 90, TXPOL = VP and Cell = 1. 
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Figure 4.9: Power Ratio Measurements for Plot 13, on Aug. 24, 
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The polarization state measurements are plotted with statistical error 

bars in the next chapter, Figure 5.4. The polarization ratios have error bars 

which are usually ± 0.02 to ± 0.2, but significant variations are still visible in 

the presence of these error bars. The orientation angles show variations in 

the error bars from ±5 to ±25 degrees, but no trends were visible with such 

large error bars. Similarly, the ellipticity angle has error bars that range 

from ±5 to ±20 degrees, with no trends visible in the presence of such large 

error bars. The interpretation of these results is left to the next chapter. 
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5. Polarimeter Measurement Results 

5.1. Polarization Characteristics: The Change in 

Polarization from the Transmitted to the Received 

State 

The polarization characteristics of a scattering medium can be studied 

by transmitting a radar signal of known polarization and then measuring the 

polarization state of the backscattered signal. Therefore the polarization 

characteristics of the medium are identified by the changes in the received 

polarization state, when compared to the known transmitted polarization 

state. These changes can be broadly classified into two categories: 

1. depolarization; 

2. unpolarization. 

"Depolarization" is described by IEEE Standard 145-1983 as: 

The conversion of power from a reference polarization into a cross 
polarization [25). 

The "reference polarization" in the polarimeter system is the transmitted 

polarization state (or ellipse), while the term "cross polarization" refers to 

the polarization orthogonal to the chosen reference polarization. There are 

two different ways in which polarized power can be converted from a refer-

ence to an orthogonal component: 

1. Linear Components: 
Depolarization of a linear polarization state means that the 
sharing of power between any two linear orthogonal chan-
nels that describe that linear state changes. This can be 
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observed directly as a change in the orientation angle of the 
polarization ellipse. 

2. Circular Components: 
Depolarization of a circular polarization state means that 
the sharing of power between the two circular components 
(left and right) changes. This can be observed directly as 
a change in the ellipticity angle of the polarization ellipse. 

These two different types of depolarization are further explained by the ex-

amples in Figure 5.1, where the transmit state is horizontal linear and the 

depolarization effects are shown individually and then combined to give a 

general depolarization effect. 

1.4110.-

Linear H Linear H + V 

or 

Elliptical H 

Or 0 
Linear H + V 

+ Elliptical 

Figure 5.1: Depolarization of a Horizontal Transmit Polarization. 

"Unpolarization" refers to the conversion of elliptically polarized power 

to unpolarized power. Unpolarized power is characterised by a resultant 

electric field vector which, during the response time of the detector, varies 

randomly in phase, but has equal amplitude in any two orthogonal direc-

tions. Completely unpolarized power, when measured, has equal intensity in 

any pair of orthogonal components. An unpolarization effect is described by 

a decrease in the polarization ratio, m. As the polarization ratio decreases 

the polarized power decreases or the unpolarized power increases. The un-

polarization effect is illustrated by the example in Figure 5.2. In this ex-

ample the transmit polarization is horizontal linear, while the received 

polarization is totally or partially unpolarized. 
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Linear H 

••111110-

Unpolarized 

Or -m41111111:1416-

Linear H + 
Unpolarized 

Figure 5.2: Unpolarization of a Horizontal Transmit Polarization. 

In general, a scattering medium can exhibit both depolarization (0 or x 

or both change) and unpolarization characteristics (m changes); in this 

general case the three polarization state parameters m, 0 and x will change 

from the transmitted to received polarization state. 

m W X 
transmit linear H 1.0 0 0 

linear V 1.0 90 0 

receive states: <1 .0 W'-SW 

Z .  I X t 8X 

Unpolarization 
-decrease in 

m. 

Depolarization 
-change in Iv or x 
from the tx state. 

Figure 5.3: Possible Changes in the Polarization Variables. 

Figure 5.3 illustrates the two possible transmit polarization states and 



111 

,he expected changes that can occur due to the polarization characteristics of 

the medium. A scattering medium will directly reflect some of the incident 

radiation in single or multiple reflection paths, or will absorb some of the in-

cident radiation and re-radiate some portion. Both reflection and 

absorption/re-radiation processes within scattering medium cause changes in 

the backscattered radiation. 

5.2. Presentation of Results 

This chapter presents some of the 1987 polarimeter data in two graphi-

cal formats: two dimensional (2-D) plots of a polarization variable as a 

function of incidence angle, with vertical error bars for each point, and three 

dimensional (3-D) plots of the polarization variables along the Z axis as a 

function of time (in day numbers) and incidence angle on the X and Y axes, 

respectively. The received polarization state, as described by the variables 

m, tfi and x, is studied as a function of the following experimental independ-

ent variables: 

crop type: the four crop types are hard red spring wheat, Wakooma 
durum wheat (or bearded wheat), 6 row barley, and canola; 

transmitter polarization: 
the polarimeter is designed to transmit either linear horizon-
tal or linear vertical polarization states as denoted in short 
form as TXPOL = HP, or VP; 

incidence angle: the polarimeter is operated at ten incidence angles: 10, 15, 
20, 25, 30, 35, 40, 50, 60, and 70 degrees; 

time or day number: 
each raw radar data file contains the full date and time of 
the start of the measurements, which allows accuracy of 
time down to seconds (in most of the studies, only the day 
number (1 to 365) is used); 

row aspect angle: the row aspect angle (RAA) is set at 0, 45 or 90 degrees; 

range resolution cell: 
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the polarimeter collects scattered radar returns from range 
cells which are 5 percent of the set range. A minimum of 
3 - 5 percent range cells are required to measure all of the 
scattered power from the illuminated volume of crop. For 
the Ku band polarimeter cell 1 is centered near the range 
with peak power returned, while cell 2 and cell 3 are suc+ 
cessively 5 percent further away? . 

As illustrated in Figure 3.1, the crops are planted in one acre test plots 

with two different planting dates and with two different seeding densities, as 

described by Table 3.1. Because of the relatively dry conditions during the 

growing season, none of the crops was exceptional, therefore the choice of 

which test plots to study is based on the number of days that the test plot 

was observed over the summer and on the actual condition of the crop. 

The best plots to study, based on these criteria, are the late planted, high 

density test plots 13, 33, 53, and 73, for the four crops, spring wheat, 

durum wheat , 6-row barley, and canola, respectively. For a more extensive 

study of wheat plots 11, 12, and 14 are also studied. The polarization 

characteristics may change for each range cell, especially at the lower in-

cidence angles, therefore the measured results are studied for each range cell 

separately, with emphasis on cell 1 which is the peak power cell for most in-

cidence angles. Part of the study is a determination of potential range ef-

fects by comparison of the signal received from all three range cells for plot 

13 (wheat). 

The 3-D plots allow the study of a large segment of data in one view 

to discover features of interest. The 2-D plots are useful to examine specific 

features in detail with error bars for determining the significance of the 

7Section 2.5.5 describes the ranging error introduced into the Ku band transceiver and 
more clearly explains the exact range of each cell as a function of incidence angle 
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changes observed.8

5.2.1. The Two Dimensional Graph Formats 

The two dimensional (2-D) graphical format presents the measured 

quantity ( m, 0, and x) as a function of incidence angle over the range 10 

to 70 degrees. To judge the significance of observed changes in one of these 

calculated variables, vertical error bars are plotted to represent an estimated 

statistical variance error of the calculated value. Chapter 4 contains a 

detailed summary of the equations for the calculated polarization variables, 

and of the estimated variances for each variable, based on the calculated ex-

perimental mean power values and variances. Chapter 4 also contains the 

equations used to calculate the experimental mean and variance of several 

power measurements per intensity channel. 

There are six 2-D graphs grouped in one figure composed of the cal-

culated polarization state parameters (m, t& and x), for both the H and V 

transmitted polarizations. This conserves space and facilitates the display of 

a complete polarization state measurement for one day or the comparison of 

several related graphs of one variable. Each graph is labelled with a title 

block listing the independent variables which define measurement conditions, 

with clearly defined axis labels and numbers. An example of a set of 6 2-D 

plots is Figure 5.4, which displays the entire set of polarization variables for 

one day on one test plot measured at row aspect angle 90 ° and at both 

transmit polarization (TXPOL = HP, and VP). In this specific set of 

graphs the title describes the measurements and independent variables which 

are: 

8The estimated standard deviation for each variable, as calculated in chapter 4, is a 
measure of the statistical variation or error in that calculated value. The error bars in the 
2-D plots represent ± one estimated standard deviation from the calculated value. 
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measurements: Polarization Ratio, Orientation Angle, or Ellipticity Angle 
from top to bottom in order; 

plot number: Plot 13, which is late planted, low density Wheat as 
previously described in the previous section and from refer-
ence to Figure 3.1; 

Gate: August 24, 1987; 

row aspect angle: RAA = 90; 

transmit polarization: 
TXPOL = HP and VP; 

range cell: CELL = 1. 

By reviewing the graphs in this form the error bars indicate whether or 

not the measured variable has diverged significantly from the transmitted 

polarization state. If no unpolarization occurs, the polarization ratio, for a 

linear transmitted polarization state, should stay at or near 1.0. The right 

:land graph, for TXPOL = VP, shows that m undergoes a significant 

decrease, which is much greater than the extent of the plotted error bars. 

A comparison of the top pair of graphs indicates that the scattering medium 

..mpolarizes vertically oriented waves much more than horizontally oriented 

waves. If the scattering medium had a consistent depolarizing effect upon 

the incident radiation, then at least one of the four remaining graphs would 

show a consistent trend. However none of these graphs shows any consis-

tency of variation. In fact the only observation that can be made about the 

ellipse angle graphs is that, although the error bars vary dramatically over 

the range of incidence angles, there is almost no significant divergence from 

the transmitted polarization state. 
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Figure 5.4: Polarization State Measurements for Plot 13 (Wheat), 
on Aug. 24, 1987, RAA = 90, and Cell = 1. 
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5.2.2. The Three Dimensional Graph Format 

The three dimensional (3-D) format is a method of presenting on one 

graph any single polarization state variable for one test plot for the whole 

growing season. The 3-D format can be considered to be a series of 2-D 

plots placed one behind the other, each spaced by the time between succes-

sive measurements. The X and Y axes are the time (in day numbers) and 

incidence angle respectively. For each combination of day number and 

cidence angle, the calculated polarization variable determines the height of 

the surface in the Z axis. The polarimeter data was not collected at regular 

intervals, therefore the irregularly spaced grid of 3-D points is fitted to a 

regularly spaced grid of points over the entire X-Y range.9

Because many effects change as a function of transmit polarization 

state, only two 3-D plots are grouped on a single full page figure, the 

TXPOL =HP graph on the top and the TXPOL = VP on the bottom. 

Each set of two plots contains data for only one row aspect angle and one 

range cell. The variation of polarization state measurements with RAA or 

with cell can be studied by reviewing a series of 3-D graph sets and observ-

ing any changes. It is important to note that the 3-D graphs are too 

crowded with data to include error bars in the plot. The second important 

feature of this format of graph is that the bottom (X-Y plane) contains a 2-

D contour projection of the 3-D surface plotted above this plane.19 The 

contour plot allows the user to locate important features accurately on both 

the X and Y axes. The contours also provide a way of studying hidden 

regions of the surface. 

9The regular spaced grid of points is created using DISSPLA [26] subroutine calls. These 

routines will produce regions of minimum Z values if there is a large jump in time between 

sets of 2-D data. In order to create smoother surfaces, a user written subroutine was added 

to apply linear interpolation between known data points. 

10The contour plot is generated from the regularly spaced grid that forms the surface by 

using a second set of DISSPLA [26] subroutines. Note that the contour interval is set as 

0.05 for polarization ratio and as 4 degrees for the ellipse angles. 
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Polarization Ratio Fbr Plot 13 (WHEAT), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28, 1987. 

Polarization Ratio For Plot 13 (WHEAT), 
RAA = 90 ,TXPOL = VP , CELL = 1, 

June 9 to Sept 28, 1987. 
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Orientation Angle Fbr Plot 13 (WHEAT), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28, 1987. 
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Figure 5.6: Orientation Angle Signature for Plot 13 (Wheat), for 

1987, RAA = 0, and Cell = 1. 
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In this chapter the term "signature" is used to describe the characteris-

ics of the surface variations in a set of two 3-D plots. The signatures for 

ach polarization variable can be compared under different conditions of crop 

ype, RAA, and CELL. Once a specific feature is isolated, a set of 2-D 

raphs can be reviewed to determine whether an observed trend is sig-

ificant. Hence, the 3-D signatures are excellent for a qualitative review of 

he data but the 2-D graphs with error bars are important in interpreting 

he significance of differences in features among several 3-D signatures. 

Figures 5.5, 5.6 and 5.7 are the polarization ratio, orientation angle and 

llipticity angle signatures for wheat from plot number 13. The title with 

each 3-D graph completely identifies the variable that is plotted, the plot 

number, the crop type, the row aspect angle, the transmit polarization and 

the cell number. The polarization ratio signature clearly shows an almost 

flat surface for the TXPOL = HP graph on top, but a dipping surface for 

the TXPOL = VP graph on the bottom of Figure 5.5. The contour plot in-

cluded with the dipping surface reveals that the deepest part of the dip 

(below m = 0.55) occurs from incidence angles 40 to 60 degrees and from 

day numbers 194 to 240. 

5.3. The Polarization Characteristics of Different Crops. 

By comparing the polarization signatures for each of the crop types for 

the same set of independent variables (RAA, CELL) it is possible to find 

differences which can be used to discriminate among the crops. This section 

will be devoted to displaying and comparing the polarization signatures for 

all four crop types (wheat, durum, barley, and canola) at a row aspect angle 

of 90 degrees and for range cell 1. The polarization signatures for each crop 

type are displayed by three full page figures, one page for each of polariza-

tion ratio, orientation angle and ellipticity angle and one full page figure of 

2-D graphs for one day. The figures are referenced according to the follow-

ing list: 
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Wheat (Plot 13): Polarization Ratio Signature - Figure 5.5. 

Wheat (Plot 13): Orientation Angle Signature - Figure 5.6. 

Wheat (Plot 13): Ellipticity Angle Signature - Figure 5.7. 

Wheat (Plot 13): Polarization State Parameters for August 4, 1987 - Figure 
5.8. 

Durum (Plot 33): 

Durum (Plot 33): 

Durum (Plot 33): 

Polarization Ratio Signature - Figure 5.9. 

Orientation Angle Signature - Figure 5.10. 

Ellipticity Angle Signature - Figure 5.11. 

Durum (Plot 33): 
Polarization State Parameters for August 12, 1987 - Figure 
5.12. 

Barley (Plot 53): Polarization Ratio Signature - Figure 5.13. 

Barley (Plot 53): Orientation Angle Signature - Figure 5.14. 

Barley (Plot 53): Ellipticity Angle Signature - Figure 5.15. 

Barley (Plot 53): Polarization State Parameters for August 18, 1987 - Figure 
5.16. 

Canola (Plot 73):Polarization Ratio Signature - Figure 5.17. 

Canola (Plot 73):Orientation Angle Signature - Figure 5.18. 

Canola (Plot 73):Ellipticity Angle Signature - Figure 5.19. 

Canola (Plot 73):Polarization State Parameters for August 13, 1987 - Figure 
5.20. 
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The polarization characteristics for each crop type will be discussed 

separately followed by a comparison of the dominant polarization features 

which may distinguish among the crops. 

Wheat exhibits a minor unpolarization characteristic and no consistent 

depolarization characteristic for the horizontal transmit polarization. The un-

polarization effect is characterised as a gently sloped (relatively flat) surface 

in the polarization ratio 3-D plot where the lowest contour (0.80) appears for 

the early part of the growing season at large incidence angles. Both ellipse 

angle signatures do not show any smooth trends; in fact these surfaces ap-

pear as a series of peaks and valleys which indicates an irregular variation of 

the parameters. In contrast the vertical transmit polarization signatures 

show a very large unpolarization effect but still no consistent depolarization 

effect. This significant unpolarization effect is evident as drop in the 

polarization ratio to below 0.5 from day number 194 to 236 (July to mid 

August) over the range of incidence angles from 35 to 60 degrees. 

The significance of the changes observed in these signatures can be 

judged by reviewing the 2-D plots in Figure 5.8 which are for plot 13 on 

Aug. 4, 1987 , RAA = 90, Cell = 1. The error bar size (from 0.03 to.075) 

for the polarization ratio indicates that the variation seen in this variable is 

significant. The error bars for the ellipse angles range from 3 to 12 degrees. 

In general the ellipse angle error bars indicate that the angles do not vary 

significantly from the transmitted polarization state in most cases, and that 

no trend exists. If the error bars were taken into consideration an almost 

flat surface could be substituted for the current ones. The only qualitative 

observation about the ellipse angles is that the TXPOL = VP surfaces ap-

pear to be more irregular (more and larger spikes present) than the TXPOL 

= HP angles. Given the error bar size and the angle measurement errors as 

recorded in Table 2.4 no trend can be assessed reliably. 

Durum wheat (or bearded wheat) is structurally very similar to wheat 
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aside from the development of the "beards" on the heads of the crop. Be-

cause the absorption and reflection of microwave radiation is primarily a 

unction of the dielectric properties of the plant material and of the geometry 

of that plant material, one might guess that wheat and durum wheat would 

have similar polarization characteristics. In fact the polarization signatures 

for durum are very similar to those of wheat, with only a few minor 

ferences. The unpolarization signatures for TXPOL = VP shows a less 

smooth surface in the region of the dip, the dip appears about one week ear-

lier in mid June (day number 186) and the dip is deeper reaching values of 

m down to 0.4. The polarization ratio signature for TXPOL = HP shows 

that durum and wheat have similar surfaces, with the same sloping trends. 

The ellipse angles present similar variability, with the minor observation that 

the ellipticity angle signatures for durum show the same variability for both 

transmit polarizations. The durum polarization measurements in the 2-D for-

mat for plot 33, RAA = 90, and CELL 1 on August 12, 1987 are shown in 

Figure 5.12. The error bars for m, tb and x are similar to those for both 

spring and durum wheat. 

Barley (the 6 row variety) is a cereal grain crop which is also similar 

in general structure to both types of wheat. A significant difference in the 

growth of barley is that the stems are subject to lodging"- , which gives bar-

ley different stem geometry from the wheat crops and which may show more 

differences in its polarization signatures, compared to wheat. The polariza-

tion ratio signatures for barley are quite similar to those of both wheats with 

a flat surface at TXPOL = HP and with a dipping surface at TXPOL = 

VP. The ellipse angles show the typical multi-peaked surfaces with no dis-

tinct depolarization trends. The major differenece between the barley and 

wheat unpolarization signature is that the barley dip in m occurs later in 

the growing season in mid July (day number 200) and in a lower range of 

11As barley develops and the head of the crop takes on moisture, the stems bend over to 
grow at angles off vertical. This process usually occurs several times during the development 
of the crop, which leaves the barley stems bent two or three times. 
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incidence angles, from 25 ° to 55 ° . This yields a slightly different surface 

shape, but the difference is not large enough for a clear discrimination be-

tween barley and the wheat crops. Again, polarization measurements in the 

2-D format for plot 53, RAA = 90, and CELL 1 on August 18, 1987 are 

contained in Figure 5.16. 

Canola has a completely different plant structure than the cereal crops, 

so the microwave scattering signatures of this crop should be significantly 

different from the ones reviewed up to now. This is indeed the case. 

Canola exhibits a very different polarization ratio signature. Both transmit 

polarizations show the same sloping valley surface, where the valley appears 

between day numbers 200 and 230 (mid July to mid August) over the entire 

range of incidence angles. The TXPOL = HP characteristic is higher at the 

low incidence angles and deeper at the 60 and 70 degrees incidence angles 

than to the TXPOL = VP characteristic. Again there are no consistent 

depolarization features illustrated by the ellipse angles. A review of the 2-D 

format graphs for plot 73, RAA = 90, cell 1 on August 13, 1987 in Figure 

5.20 reveals that canola has larger error bars than the cereal crops, for all 

polarization parameters. Even with larger error bars the variations in both 

transmit polarization signatures are significant and different from each other. 

Because of the larger error bars for the ellipse angles, there are no discern-

ible trends in this data. 

From a review of polarization signatures for all four crop types, there 

are some general and specific observations about the polarization characteris-

tics of plant canopies and some specific characteristics which can be used to 

distinguish between cereal crops and canola. In general, unpolarization of 

the incident microwave energy in the Ku band appears to be the dominant 

polarization effect for all plants observed. It also appears that there are no 

significant or consistent depolarization processes ever occurring in the scatter-

ing process. Thus of the three parameters (m, b and x), the most sig-

nificant single polarization variable is the polarization ratio which is an in-
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Ellipticity Angle Fbr Plot 33 (DURHAM), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28, 1987. 

Del Stenberzs ir elte Angk 
20 20 

223 11__....001111111:01q1010•IimaL° 00
181 .0011/7001p0-10 

15 1101111:111.101111161.111111.1111 
111-•401mitati te 100.111-1011/ 01101/ 00.1

t 4 %.•11. rieu.s. • I% . imii 0) io •070.0,iorigo _ 4.v.,::r.--.4›..% iiiisai loeimis... 0000,00.01,4\ •-it.t....----- -7 1111141111111411011 
t p 5 11111111rttr4 414trlikigz5. --._tit..1.001 ••' -=`-,--4\=.̀ .4:sti .1t-- v&-- ----40411.14,*- 1.--,.-±,4,..4,, 4.4.4,,.., _Am \\‘....:._ 
4 2 -5 OilL • •Itt ,t4. 1 4. A. ...14 

w....., 1111114; goos' inz,--= ----..----t..... ija,40Ajblti\L•1%4 -45 111400/1010.41,02\ 4 144S•1491%1 TO100010 7000..- 4111111410 0444% 

16 
.e+ /AO 4114 1440111

 617 141% l• 

Der.

15 
so 

Ellipticity Angle Fbr Plot 33 (DURHAM), 
RAA = 90 , POL = VP , CELL = 1, 

June 9 to Sept 28, 1987. 

DaYilely, 29 ' a 
„ oils 

110 9 00010,:j1910:1041111 0012..._ 

1-A i5 oall00115100•10 0.101%%441-4111111%
a) 0001.00101100.0 Z•ttli 11114111111111:4 lo 

/06•00:0000.4tr %.,4 tttill% 
1° 01110--•■• .....016;" ,;,....N...i.-14410 4,-.04-......a."-- 15

DO 5 A gr. 70 -7. 1_7•NNOrldWee• VrAl. -%40iirgem 
g 0 .1,,,;,..06%Ay- --\ • '..---..---..-..,---.--.,--_..„„" 

— . -_. •ok Av 1 si I-1 .4%, % 1,74̀- 44.9:10;:-.-.---,Nit 

lido 
a/ -5 SioligolAi ift--1 \ 4411_,*-‘ ii-'-40isi, _ 

q _to 

1)". -2° 90111000:11011.7. 

0 10000; 0 L: , iL.1..VA. tq;:: 44::;: 
001001011%. ti 4r4N* \ P.41%-41/1141%%0111 
1.011111.1000.ii-4-411rk -44%11%\i %11.41 

..1 0101% --.10 41101-..- Isit
111114144110.001% 

10 l i

S. -25 1111111111111‘..  ...' , 
%6,..1%14041-90111

-Ill 
065

s 
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Orientation Angle Fbr Plot 53 (BARLEY), 
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Figure 5.14: Orientation Angle Signature for Plot 53 (Barley), for 
1987, RAA = 90, and Cell = 1. 
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Ellipticity Angle Fbr Plot 53 (BARLEY), 
RAA = 90 , POL = HP , CELL = 1, 

June 9 to Sept 28,1987. 
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Polarization Ratio Fbr Plot 73 (CANOLA), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28,1987. 
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Orientation Angle Fbr Plot 73 (CANOLA), 
RAA = 90 , POL = HP , COLL = 1, 

June 9 to Sept 28.1987. 
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Ellipticity Angle Fbr Plot 73 (CANOLA), 
RAA = 90 ,TXPOL = VP , CELL = 1, 

June 9 to Sept 28, 1987. 
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dicator of the power sharing between the elliptically polarized and un-

polarized components. The orientation and ellipticity angles do not yield 

much if any information about this scattering process except that they 

clearly establish that no consistent depolarization occurs. 

For distinguishing among the different crop types, the polarization ratio 

signatures are the most useful of the three polarization state parameters 

studied. The cereal crops (wheat, durum and barley) all exhibit unpolariza-

ton effects primarily for vertically oriented transmit polarizations, with minor 

unpolarization for horizontally oriented transmit states. However, canola has 

an unpolarization signature which is much less sensitive to the orientation of 

the transmit state. Hence, if both transmit polarization states are available, 

then cereal crops can be easily distinguished from canola using polarimeter 

measurements. Unfortunately it appears that the polarization ratio measure-

ments alone are not enough to separate (or distinguish) among wheat, durum 

and barley. 

5.4. The Variation of Polarization Characteristics for 

Wheat with Range Cell 

In the previous section, the Ku band polarimeter data set shown only 

for range cell 1, the cell which contains the peak power returns from the il-

luminated scattering region at low incidence angles (see section 2.5.5). In 

this section, all three range cells are included, for two reasons. First, a set 

of radar measurements for all three range cells and for all 12 received 

polarimeter channels is analysed to examine the power contributions for each 

range cell with respect to an estimate of the noise floor for each channel. 

Secondly, the polarization signatures for a specific set of wheat data are 

analysed as a function of the three possible range cells. This second reason 

is to determine the range cell sensitivity of the polarization measurements. 
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5.4.1. Polarimeter raw power channel variation with range cell. 

The polarimeter raw data channels are defined in terms of the transmit 

state (t = H or V) and receive state (r = H, V, X, Y, R, and L) where 

the relative power measurements for t = H and receive state r = H would 

be labelled as I HH. The relative power is specified as the square of the 

measured linear power detector voltage. The graphs contained in Figures 

5.21 and 5.22 are the measured powers for the six transmit horizontal 

polarization channels and the six transmit vertical polarization channels 

respectively for August 24, 1987 on Plot 13 (Wheat). For each channel 

there is one graph, which contains curves of the mean power (from 10 trials) 

for each range cell (RC1, RC2, and RC3) and an estimated noise floor for 

that channel plotted as a function of incidence angle. 

As the radar system ranges further and further away from the position 

of maximum power return (cell 1), the received power drops off and at some 

point the backscattered power may be the same order of magnitude as the 

noise floor. At this point the signal to noise ratio (SNR) is very poor and 

the measurement may be in error significantly. Ulaby suggests a minimum 

SNR of 3 dB for estimating the mean value of the measured power [12]. 

Under measurement conditions where the SNR is less that 3 dB the cal-

culated estimate for the mean power is biased high. There should be no 

measurements below the noise boundary, which effectively removes some of 

the lower values from the average calculation resulting in a biased average. 

A review of the two sets of power measurement graphs reveals that the 

original scatterometer channels (HH, HV, VH, and VV) do not come close to 

the noise floor thresholds for any of the range cells, but that the added 

polarimeter channels appear closer to the noise thresholds. This result oc-

curs because the polarimeter channels are summations of the H and V chan-

nels in the analog summing networks. This means that the total noise 

power in the added channels will be the average of the noise from both H 

and V receive channels. A further complication exists because the dominant 



140 

Ihr 

.1

1 cum 

a 

Fbr Plot 13 on August 24,1987 
RAA = 0 ,TXPOL = HP 

Nt• 
S -8-6---• ..„ • 

°I • 
.A -......." 

Ihl Fbr Plot 13 on August 24,19137 
RAA = 0 ,TXPOL = HP 

— --•-........... 

•—b-, ----11--

*AMA I 

a 

A

AIWA 
'AVM 
• m.i___ 

....A Legend 
• Nu_ 

A W__ I • c•is___ 
.A.....

0 o effil____ .. .... 
WU-- 

Ms* poor poise flaw 
GAMMA 

10 20 30 40 60 60 70 
Incidence Angle (Degrees) 

GAMMA 

10 20 30 40 60 60 70 

Incidence Angle (Degrees) 

Ihx 

i 

Fbr Plot 13 on August 24,1987 
RAA = 0 ,TXPOL = HP 

• 
ue----• 

11---a....... 

Ihy Fbr Plot, 13 on August 24,1987 
RAA = 0 ,TXPOL = HP 

• 
• •---&-.... 

a e 
lk i......... A 

a 

•••• Legend 
• mii___ 

Legend 
• W

• eau 2 • mt
e*".." 0 Cie 3 0M_ 

110” ,eIrlm &M D= 
GAMMA 

10 20 30 40 50 60 70 
Incidence Angle (Degrees) 

AMMO 

10 20 30 40 50 60 70 

Incidence Angle (Degrees) 

Ihh 

.. 
• 

Fbr Plot 13 on August 24,1987 
RAA = 0 ,TXPOL = HP 

-..--•.__. 
-\\ . • ‘-_, • 

Ihv 

., 

. 

—.1_ 
i

Fbr Plot 13 on August 24, 1987 
RAA = 0 ,TXPOL = HP 

.,. 
- .....-111T11—.-11....... ................... 

NA•••••"&•••••‘,........" .." --116....._ 

i 
Legend Legend 

• Ce111 
a.... 

• NU 1 

A C•U 2 A Call 2 
o 010 Y.

ASSAM 
0 GUY 

" 01. Hear NotirsMIE --
••••••• 

10 90 90 40 50 60 70 
Incidence Angle (Degrees) 

GAwn 
10 20 90 40 50 60 70 

Incidence Angle (Degrees) 
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noise process in the radar system is internal reflections, as discussed in sec-

tion 2.5.5, which implies that the noise from the two original channels may 

be correlated. Correlated signals add on a voltage (phasor basis), which 

could lead to a larger average noise floor for the added channels, than just 

the average noise power for uncorrelated noise in a summing network. 

5.4.2. Polarization signature variation with range cell 

The analysis of the variation of polarization signature with range cell 

will be concerned with range cells 1, 2, and 3 for Wheat in Plot 13, at RAA 

= 90. As seen previously, the polarization signatures for cell 1 are included 

previously in Figures 5.5, 5.6, and 5.7. This section includes the polarization 

signatures (m, & and x) for Wheat in Plot 13, at RAA = 90, for cell 2 

Figures 5.23, 5.24, and 5.25 respectively and for cell 3 Figures 5.26, 5.27, 

and 5.28 respectively. The motivation behind studying different range cells, 

especially at the lower incidence angles, is to determine whether or not the 

different range cells have scattering mechanisms which depend on the 

primary constituent of the range cell. At low incidence angles the first 

range cell contains a volume of the crop, the second range cell contains the 

crop and soil and the final cell contains mostly soil. As the incidence angle 

increases, each range cell gets less homogeneous, until at large incidence 

angle each cell contains soil, crop and air. Considering a simple scattering 

model not accounting for multiple reflections, the signal reflected or scattered 

from each range cell is due to the contents of each range cell. If measure-

ments for different range cells do contain power returns from different scat-

tering targets, then each cell may have a different polarization signature. 

This concept is illustrated in Figure 4.5 for low incidence angles and for high 

incidence angles. Notice that the range cells at the higher incidence angles 

contain some crop and soil components, and that the incident radiation will 

be scattering off the sides of the plants, as opposed to the tops. The 

returns for the larger incidence angles should be similar in nature for all 

range cells, because the cell constituents are common for all cells. 
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Polarization Ratio Fbr Plot 13 (WHEAT). 
RAA = 90 ,TXPOL = HP , CELL = 2, 

June 9 to Sept 28,1987. 
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Figure 5.23: Polarization Ratio Signature for Plot 13 (Wheat), for 
1987, RAA = 90, and Cell = 2. 
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Figure 5.24: Orientation Angle Signature for Plot 13 (Wheat), for 
1987, RAA = 90, and Cell = 2. 
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Polarization Ratio Fbr Plot 13 (WHEAT), 
RAA = 90 ,TXPOL = HP , CELL = 3, 

June 9 to Sept 28, 1987. 
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Orientation Angle Fbr Plot 13 (WHEAT), 
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1987, RAA = 90, and Cell = 3. 
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A review of the polarization signatures for cells 2 and 3 reveal similar 

general characteristics to those of range cell 1. The polarization ratio sig-

n ture for TXPOL = HP is a nearly flat surface with a minor slope for all 

t s ree range resolution cells. Similarily the polarization ratio for TXPOL 

VI' is a dipping surface in the same general shape and placement as for cell 

1. This general unpolarization characteristic is not exactly the same for all 

t ee range cells. Progressing from cell 1 to cell 3, the dipping region ap-

p ars earlier in time (back to the third week in June) and the dip drops in 

p larization ratio from 0.5 to 0.3. As a result of the increase in the dip, 

t e same contour line appears as a lower incidence angle in the. X-Y contour 

p ot. There appear to be no significant depolarization effects, as the ellipse 

gle signatures do not change form from cell 1 to cell 3. Because the el-

li se angle signatures show no consistent trends, the only distinct qualitative 

c anges observed with increasing cell number are: 

• the orientation angle TXPOL = HP and the ellipticity angle for 
both transmit polarizations become less and less variable with 
range cell; 

• the orientation angle TXPOL = VP becomes increasingly variable. 

I he variability is qualitatively judged as the number and size of peaks and 

v lleys in the surface. The error bars plotted on 2-D graphs of both ellipse 

gles show most variations to be within the error limits. 

These results indicate that there are some effects that vary with range 

c 11. The effects observed in range cell 1 appear to be more prominent at 

f rther range cells. Clearly the vertically polarized transmit state interacts 

ore significantly than the horizontal transmit state for all range cells and 

ore significantly with the further range cells. The suggestion, previously in 

ti is section, that the three range cells may show distinctly different results, 

ue to different contents at lower incidence angles, has not been verified. In 

descriptive way the three range cells do have slightly different characteris-

ics, but the change with range cell appears to be a smooth transition, as 

pposed to distinct changes from cell to cell. One explanation for seeing 

SO 
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more significant unpolarization at the further range cells is that the power 

collected in the further range cells must pass through a full volume of the 

crop (that region contained by earlier cells), so the probability of multiple 

scattering is larger at the further range cells. 

5.5. The Variation of Polarization Signatures with 

Different Test Plots of Wheat 

The polarization characteristics for any specific crop vary with the 

growth conditions of the crop. In order to experimentally create crops of 

different growth patterns, stress conditions and yield, four test plots of wheat 

were planted, each with different combinations of planting date and seeding 

density (as summarized in section 3.1). The resulting crops did show some 

diversity during the growing season, which may show up as different 

polarization signatures. In order to study changes in the polarization sig-

nature data for test plots 11, 12, 13 and 14 will be compared and con-

trasted. As the test plot 13 signatures at RAA = 90 degrees are already in-

chided earlier in this chapter in Figures 5.5, 5.6, and 5.7 only the polariza-

tion signatures for plots 11, 12, and 14 will be included here. From all the 

previous studies in this chapter the polarization ratio has yielded interesting 

results, but the ellipse angle signatures have added little information. There-

fore, only the polarization ratio signatures will be included here in Figures 

5.29, 5.30, and 5.31 for plots 11, 12, and 14 respectively. 

Crops planted at different dates under different seeding densities should 

develop at different rates. These effects should show up in the time develop-

ment of the vertical transmit state polarization ratio signature but the shape 

of the dip should remain very consistent. If this is the case the polarization 

ratio may be very useful at determining the development stage of wheat and 

other crops. Note that any seeding dates, swathing dates or harvest dates 

referred to are summarized in Table 3.1 on page 55. Plots 11 and 12 were 

planted on May 8 which is over two weeks before Plots 13 and 14 (planted 

on May 25, 1987), so one would expect to see the polarization ratio sig-
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nature dip earlier in time (a smaller value of day number) for plots 11 and 

12 compared to plots 13, and 14. However these sets of crops were swathed 

less than a week apart, which suggests that, if the polarization ratio sig-

nature tracks the crop development, then the dipping surface should end 

closer to the same time for all four test plots. 

A review of the polarization ratio signatures for all four test plots of 

wheat show the same surface shape for both transmit polarization states, but 

there are some differences in emergence of the characteristic dipping surface 

for TXPOL = VP. Both plots 11 and 12 show dipping action at day num-

ber 184 while the late planted plots 13 and 14 show the dipping action at 

day number 194 and 200 respectively. "Dipping action" refers to the ap-

pearance and placement of a nominally selected polarization ratio contour of 

0.55. The end of the dipping region will also be quantified by the 0.55 con-

tour to maintain consistency. The dipping regions end on day numbers 222, 

227, 232, and 239 respectively for plot numbers 11 through 14. Plots 11 

and 12 were swathed on August 21,1987 (day number 233) while late 

planted crops were swathed on August 27,1987 (day number 239). From the 

agricultural data summary and report [10], test plots 11, 12, 13, and 14 were 

considered to be ready for harvest on day numbers 224, 227, 237, and 240, 

respectively. There is very good correlation between the suggested end of 

the dipping region and the maturing of the crops. From this qualitative as-

sessment it is clear that there is a relationship between the unpolarization 

dip in the TXPOL = VP polarization signature and the development stage 

of wheat. 

5.6. The Variation of Polarization Characteristics with 

Respect to Row Aspect Angle 

As outlined at the start of this chapter and in chapter 3, the row 

aspect angle is one of the independent variables which influences the scatter-

ing process, so scattering at angles 0 , 45 and 90 degrees were studied. 

Ulaby [12] suggests that scattering at RAA = 90 (perpendicular to the 
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Figure 5.29: Polarization Ratio Signature for Plot 11 (Wheat), for 
1987, RAA = 90, and Cell = 1. 
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Polarization Ratio Fbr Plot 12 (WHEAT), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28.1987. 
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Figure 5.30: Polarization Ratio Signature for Plot 12 (Wheat), for 
1987, RAA = 90, and Cell = 1. 
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Polarization Ratio Fbr Plot 14 (WHEAT), 
RAA = 90 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28, 1987. 

Polarization Ratio Fbr Plot 14 (WHEAT), 
RAA = 90 ,TXPOL = VP , CELL = 1, 

June 9 to Sept 28, 1987. 
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Figure 5.31: Polarization Ratio Signature for Plot 14 (Wheat), for 
1987, RAA = 90, and Cell = 1. 
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furrows) is different than at RAA = 0 (parallel to the furrows). The 

hypothesis is that the furrows generate a different scattering cross section at 

perpendicular alignment because the furrow surfaces appear rough and there 

are more facets which are perpendicular to the antenna boresight than at 0 

and 45 degree. The motivation for this study is to determine what, if any, 

row aspect angle effects are visible in the polarization signature. The facet 

effects referred to by Ulaby may not appear at Ku band when observing a 

field with a crop in place, because the short wavelength ('Ae.2 cm) may not 

penetrate to the soil consistently through the 40 cm or more plant material. 

Also, as with the previous study, only the polarization ratio signature will be 

studied, because of the limited variation in the ellipse angle signatures. 

The plot 13, cell 1 polarization ratio signatures for RAA = 0 and 45 

degrees are included in Figures 5.32 and 5.33 respectively, while the sig-

nature for RAA = 90 is included in Figure 5.5. Comparison of these three 

graphs indicates very little that is discernibly different. The dipping regions 

for transmit V polarization appear to overlap quite well in time and in-

cidence angle, for all three angles, but the RAA = 45 signature appears to 

dip lower than the other two RAAs, (m goes down to 0.35). There are no 

significant trends noted in the transmit H polarization signatures as a func-

tion of RAA. Other than the deeper dip in m at RAA = 45, there are no 

startling changes in the signatures with row aspect angle. In the final use 

for a remote sensing system it would be desirable if a selected parameter did 

not vary as a function of row aspect angle so that field orientation does not 

change the measurement observed by a given radar. 

5.7. The Implications of Crop Polarization Characteristics 

The crop canopies backscatter incident polarized Ku-band radiation with 

a significant unpolarized power component. This unpolarization effect is 

characterized by a decrease in the polarization ratio, m, as the canopy 

develops and an increase in m as the crop matures and dries out. The 

canopies for wheat, durum, barley and canola exhibit no consistent 
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Polarization Ratio Fbr Plot 13 (WHEAT), 
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Polarization Ratio Fbr Plot 13 (WHEAT). 
RAA = 45 ,TXPOL = HP , CELL = 1, 

June 9 to Sept 28,1987. 
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depolarization effects, as demonstrated by relatively small changes in the 

polarization ellipse angles (t and x). This indicates that distributed scatter-

ing media, such as crops, do not change the transmitted polarized power to 

a new elliptically polarized state. Instead the primary scattering mechanism 

for the crops observed is the conversion of polarized power to unpolarized 

power. 

5.7.1. Polarization Measurements Related to Plant Volumetric 

Water Content and Geometry 

The polarization characteristics of crop canopies can be related to scat-

terometer and attenuation studies of crops by Ulaby [12] and Le Toan [1]. 

Le Toan et. al. show that the attenuation or loss factor, L, is correlated 

with volumetric water content, m v. As shown by Figure 5.3412, the loss fac-

tor, L, is positively correlated with my. 

Ulaby has documented changes in X-band VV attenuation as a function 

of time for soybeans, as illustrated in Figure 5.3513 The polarization 

measurements of canopies indicate that one part of the scattering process in-

volves the conversion of polarized V power (the transmitted state) into un-

polarized power, as exhibited by the decrease in the polarization ratio. In 

the 1987 GMO data set for plot 13, spring wheat, the unpolarization sig-

nature (m) for incidence angles from 40 to 60 degrees shows a gradual 

decrease as the crop grows and then a rapid increase as the crop matures. 

Clearly, the attenuation in Figure 5.35 and the polarization ratio sig-

natures in the previous sections exhibit similar trends. Visually, the 

polarization ratio is negatively correlated, or the unpolarized power positively 

12This figure is from the IGARSS'84 conference proceedings, a paper by Le Toan et. 
al. [1.] 

13This figure is from the NASA SAR Instrument Pannel Report, Vol IIf, which cites the 
figure to Ulaby [12]. 
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Figure 5.34: Loss Factor (Attenuation) versus Canopy Volumetric 
Water Content (from Le Toan et. al [1].) 

correlated, with the attenuation (which indicates an indirect relation between 

/ and m 

The scattering process as seen by the change in m, involves the conver-

sion of polarized power to unpolarized power by the crop canopies. Any 

measured intensity has a polarized and unpolarized component, which means 

the intensity measurement /yv is: 

1 
= /yy + —2 /u , (5.1) pot

where Iyy is the VV polarized component of the measured intensity, and 

I u  is the unpolarized component of the measured intensity. Any intensity 

measurement will include 1/2 /u, regardless of the size of the polarized com-

ponent of the intensity. Therefore, as the crop develops and my increases, 

the unpolarization effects increase, which increases the unpolarized power con-

tent. Similarly, as the crop matures and my decreases, the unpolarization ef-

fects decrease. 
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Figure 5.35: Measured and Calculated X-band VV Attenuation ver-
sus Time for Soybeans(from Ulaby [12]) 

A second interesting feature of the measured polarization characteristics 

of different crop canopies are the different sensitivities to transmit polariza-

tion states. Wheat, durum and barley (all cereal crops) have unpolarization 

signatures which change markedly with time, for V linear transmit polariza-

tion, but show little change for H linear transmit state. On the other hand, 

canola (a broad-leaf crop) displays unpolarization signatures which are rela-

tively insensitive to the selection of linear transmit polarization; the signature 

is similar for both H and V linear transmit polarizations. Work by Le Toan 

et. al. [1] indicates that the loss factor, L (proportional to my), is a max-
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imum at VV and a minimum at HH polarization for wheat. Figure 5.36 

from Le Toan et. al. [1] is a plot of loss factor with respect to polarization 

orientation angle 0, which is the angle between the wheat stalks and the 

measured linear polarization state orientation. 
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Figure 5.36: Loss Factor versus 9 for Wheat from Le Toan 
al [1]. 

Thus, the polarization ratio signature results agree with Figure 5.36, where 

the polarization ratio is negatively correlated or the unpolarized power is 

positively correlated with the loss factor. To further expand on this work by 

Le Toan, one can reason that the loss factor plot for canola should be ap-

proximately constant with respect to linear polarization orientation, 

Geometrically, cereal crops grow with long vertical stalks and leaves that 

grow at small angles from vertical, so the crops are primarily vertically 

aligned. In contrast, canola grows in a much more chaotic fashion, with no 

specific geometric alignment. These geometrical differences are an important 

factor in the crop transmit polarization sensitivity. 
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ential scattering coefficients measurements on crop canopies are a measure 

half the unpolarized component of the total received polarization state. 
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Figure 5.37: Classification of Five Crops with C-band a°HH and 

a°R-v from Ulaby [27] in conjunction with CCRS 

In the classification of crops at C-band, Ulaby uses a scatter plot of 

a' HH versus a° Hv, Figure 5.3714, to discriminate among fallow, wheat, bar-

ley, peas and canola. Clearly, the cross-polar term is important in the dis-

crimination between fallow, wheat and barley. In terms of the work done in 

this thesis, the scattering mechanisms responsible for the large variation of 

the a°HV can be understood. The GMO polarization measurements show 

that o-'11v, which is dominated by unpolarized components, varies with the 

scatterer geometry. Fallow, with a uniform moisture content, is a uniform 

14This• figure is also from the NASA Instrument Pannel Report, Vol IIf [271. 
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g °metrical scattering medium, which exhibits the smallest unpolarized com-

p nent. The crops - in the order wheat, barley, peas and canola - present a 

p i ogressively chaotic geometric structure. As hypothesised earlier, the more 

r. ndom the structure, the more insensitive the crop is to transmit polariza-

ti • n and the more the unpolarized power relative to the total scattered 

p ewer. The selection of H transmit polarization is convenient for crop clas-

s 'cation, because neither wheat nor barley have strong unpolarizatiox 

r sponses at this polarization, while canola exhibits uniform unpolarizatioi 

c aracteristics for either H or V transmit state. Peas are similar to canola 

structure and should have a relatively uniform response to all linear trans-

it polarizations. 

The successful use of the a° HH and ceRv for discrimination indicates 

t at the polarized power, unpolarized power and total power may be better 

ameters to use for classification, than the polarization ratio. For example 

o e could plot the polarized power against the unpolarized power for crop 

c assification studies; this procedure is similar to the scatter plot shown. 
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6. Summary and Conclusions 

In the Ku-band polarimeter, the six polarimeter intensity channels can 

be considered independent in calculating the polarization state parameters. 

This allows for simple processing summing several measurements from the in-

dependent polarimeter channels to obtain the average intensities, from these, 

the mean polarization state parameters can be readily obtained. 

The analysis of the polarization characteristics of different crop types, 

and of spring wheat at different development intervals, yields interesting 

results. In general, crop canopies tend to unpolarize, but not consistently 

depolarize, the incident polarized Ku band radiation. Specifically, spring 

wheat, durum wheat, and barley all exhibit similar polarization ratio sig-

natures; the polarization ratio for the vertical transmit polarization decreases 

significantly with time, over a range of incidence angles, while the polariza-

tion ratio for the horizontal transmit polarization decreases only slightly. 

The decrease in the polarization ratio indicates that the unpolarized com-

ponent of the received power is increasing, and that the scattering medium is 

unpolarizing the transmitted radiation. 

These results suggest that the primary interaction of incident Ku band 

radiation with crop canopies is unpolarization, rather than depolarization. 

This has implications in the interpretaton of the cross-polar channels, HV 

and VH, measured by standard dual polarization scatterometers. Since a sig-

nificant portion of the backscattered radiation is unpolarized, with very little 

depolarization of the transmitted polarization component power in the cross 

polar channel, the co-polar channel measurement is the sum of a polarized 

and an unpolarized component, while the cross polar channel measurement is 
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1p imarily unpolarized power (over the expected noise due to internal 

r flections). 

The unpolarization characteristics for all crops appear to follow the 

development of the crops. The correlation of polarization ratio with the 

d velopment of wheat exhibits the same trends established by Ulaby [12], 

where the X-band VV attenuation of soybeans varies as a function of time, 

increasing as the crop increases its volumetric moisture (greening up) and 

then decreasing as the crop dries out (maturity). The polarization ratio is 

t erefore useful for establishing the growth stage for a crop. The polariza-

t on ratio decreases with crop growth over all incidence angles and increases 

a ain as the crops mature and dry out. The canola polarization ratio sig-

ture is clearly distinct from that of the cereal crops, which allows easy dis-

imination between canola and cereal crops. 

The cereal crops, with vertically aligned stalks, interact much more 

strongly with the vertically aligned transmit polarization states, which agrees 

with previous assertions by Le Toan et. al. [1], that the X-band attenuation 

for wheat is strong for V and much weaker at H transmit linear polariza-

tion. Although the polarization ratio signatures for the three cereal crops 

are not exactly the same, the results in this thesis suggest that they must 

not be different enough to allow for accurate discrimination among the three. 

Canola (a broad leaf crop) exhibits unpolarization characteristics which are 

similar for both transmit polarizations. These results suggest that the 

geometry of the plant material (along with the volumetric water content) 

plays an important role in the scattering process. Because of the strong ver-

tical alignment of cereal crops, they are more sensitive to the vertical trans-

mit polarization state than the more random structure of a broad-leafed crop 

(canola). 

From these discussions of the polarization characteristics of crop 

canopies, it is clear that the measurements of the complete polarization state 
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of the backscattered radiation are very useful for determining the scattering 

processes. Thus any changes which improve the measurement capabilities of 

the system could lead to a better understanding of the scattering process. 

The most important change is to add sample and hold circuits to the data 

acquisition system in order to take simultaneous samples of all six 

polarimeter channels. This would allow a determination of the complete 

polarization state of the backscattered radiation from a single target area 

within the antenna beam. Furthermore, since variations in the radar cross-

section with frequency are useful in studies of plant classification 

(Shepherd [28]) and soil moisture content and agricultural parameters impor-

tant to the scattering process (Morton [14]), it is clear that the frequency 

dependence of the complete polarization characteristics of the scatterer 

promises much more insight into studies of remote sensing targets. Thus the 

conversion of the L and C-band scatterometers to polarimeters should be un-

dertaken. Also, the use of these polarimeters in the study of a wide range 

of other nature resource targets (forests, ice and snow, grassland, and rock 

outcrops) would undoubtedly produce new information about these resources. 
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A. FM-CW Radar Fading Theory 

1. Fading Statistics for Distributed Targets 

The term fading is a description of the random or noise-like nature of 

dar measurement from any group of scatters. In imaging radar this 

• henomenon is referred to as speckle. Fading is characterised by a variation 

f the received radar signal intensity and phase. Different target types ex-

ibit statistically different fading. Of interest in this discussion are the 

f ding statistics of distributed scatters, a topic extensively discussed most 

cently by Ulaby [15] and previously by Bush [16]. Once a statistical 

nalysis is complete, the theory is applied to determine the number of inde-

endent samples of a measured random variable that are required to reduce 

he standard deviation of the average value. 

.1.1. The Probability Density Functions for Distributed Target 

Fading 

The classic random walk problem is used to derive the probability den-

ity function (PDF) for the received radar signal from a distributed scatterer, 

hich is modelled as a large number of point scatterers. The received signal 

rom a large number of illuminated point scatterers will be the vector sum of 

he electric field vectors or of the corresponding measured voltage phasors. 

he measured voltage due to the ith point scatterer, Vi, is expressed as a 

hasor with a magnitude VR  and a phase cbR  or as rectangular z and y 
: 

omponents 

V. = V •ejOi = Vx +V (A.1) t • y I• E 
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where the rectangular components are 

Vx = Vicos i • 

and 

Vy = Vsin • . • s 

(A.2) 

(A.3) 

The resultant x and y components will be the sum of all i voltages 

such that 

Nbig

Vx = E Vxi 

i=i 
and 

Nbig
Vy = v . 

Yi 
1=1 

(A.4) 

(A.5) 

The central limit theorem [291 states that the sum of a sufficiently 

large number of samples from any distribution type will result in a random 

variable which is approximately normally distributed. This theorem holds for 

> 30 when the region of interest is the main body of the distribution; 

when the tails of the distribution are important i has to be much larger and 

even then the approximation may not hold. The random orientation of the 

scatterers within the illuminated area leads to the assumptions that the all 

individual scatterer magnitude and phase terms are independent and that the 

phase term Oi will be uniformly distributed over the counterdomain [0,24 

These two assumptions yield mean values of zero for both V and V . Fur-

thermore the cross correlation between the resultant rectangular components, 

VxVy), for example, the time average of the product of the two signals, will 

be zero. For two normally distributed random variables, a cross correlation 

of zero indicates independence, therefore the jointly normal PDF for a func-

tion of both rectangular components will be the product of the individual 

PDFs: 
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1 V2p(V z,V) = p(V z) p (V y) = e- ( x + V2 y ) 1 2a2
211;2

(A.6) 

where the jointly normal standard deviation a is equal to the standard 

deviation of each component, a=a z =a. 

The resultant rectangular components can be combined to yield a resul-

tant voltage phasor, V with magnitude VR and phase R. The jointly nor-

mal PDF for a function of Vx and V can be transformed into a joint PDF 

for the polar co-ordinate representation of the phasor. The cumulative dis-

tribution function technique [29] equates the two joint PDF areas as in the 

eauation below, 

p(V x,V)clV zdV y = p(V R,0 R)dV Rd0 R (A.7) 

where 

dVxdVy = V RdV Rdck R (A.8) 

is the conversion from rectangular to spherical co-ordinate systems. By rear-

rangement of terms and substitution of 

v2R = v2x v: 

the PDF p(V R,0 R) can be written as 

VR 
p(V R,0 — e-VR2 1 202 

2 2ra 
(A.9) 
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where the random variables have ranges 0 < V R < co and 0 < R < 2r, 

Since the polar components are independent, the joint density function is the 

product of the individual density functions or 

p(vR,OR) = P(vR)P(OR) • (A.10) 

The individual PDF's can be calculated by integrating the joint PDF 

with respect to the range of the other random variable to yield 

2r 
V

_v 
p(V = . p(V R,0 dd, = _ e R2 / 2a2

J0 11. a2

and 

(A.11) 

co 1 
P(0R) = 

JO 
p(VR,0R)dV R = —27 (A.12) 

The phase PDF is uniform over R E [0,2r] and the magnitude com-

ponent PDF, the term important in fading analysis, is a Rayleigh distribu-

tion which has a range of V R E [0,00]. 

A.1.2. Statistical Analysis of the Probability Density Functions for 

Linear and Square Law Power Detectors for Radar 

Measurements of Distributed Scattering Targets 

In a real radar system, a linear power detector will measure a Rayleigh 

distributed random variable which is proportional to the square root of the 

signal power (or intensity) of the received RF energy. A square law power 

detector will measure an exponential random variable which is directly 

proportional to the received power. The square of the value measured by 

the linear power detector or the value measured by the square law detector, 

will have an exponential distribution. The proof for this assertion follows. 

The measurement, V R, at small incidence angles, can be written as: 
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I R = f(VR) = VR2 (A.13) 

Or 

VR = f -1(IR) = (A.14) 

which means that the new random variable, / has a distribution function-r 

al y related to p(VR). Applying the transformation technique [291 to equation 

(A.14) yields: 

/R = I --(1 f-1 (IR ) I PyR( ri(IR)) dIR

which can be rewritten by substituting the defined inverse function of I R, 

f-1(.), to give: 

P(IR ) = I dI ( R) x 

The new PDF for I R becomes: 

where 

and 

p( I R ) = 1 e- IR / 2a2
2c2 

1  1 

I TT - (‘/IR- ) I = 
R 2 .\/7"-

PVR(VR)= — e- I R / 2a2
0.2 

(A.15) 

(A.16) 

(A.17) 

(A.18) 

(A.19) 

are the substitutions made. Equation (A.17) is exponential in form where 

the standard single parameter for an exponential distribution is A = 2c2. 

These PDF's for the two types of power detectors are a description of 

the received radar signal fading exhibited by distributed scattering targets. 

Statistically, a single sample of a Rayleigh or an exponential distributed ran-
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dom variable is a very poor estimate for the mean value of that random 

variable. A better estimate for the mean value is attained by averaging 

several statistically independent samples of the random variable. Because 

both the linear power detector and the square law power detector measur6-

ments are used to calculated the power measured (an exponential distributed 

random variable), the next step in this analysis is to determine the PDF for 

the average or mean value of N samples of I R, labelled as p(IR). 

The averaging process can be broken into two operations: 

• c is defined as the sum of N samples of the exponential random 
variable, IR, in equation (A.20); 

• g is defined by the scaling of the sum by the factor 1/N, used in 
the calculation of the average power, in equation (A.20). 

C = 

= 1 

1 
g = E I Ri = 

= 

1 

N c

(A.20) 

(A.21) 

The exponential distribution is a special case of the chi-squared dis-

tribution: 

1 1)1 (1/2)(n/2) e((n/2) — 1) e— c / 2 
Pc(c) — (n/2 — 

over the interval /0 .(c), and for positive integer n (in this special case 

n = 2), where c = 202 x I R is the transformation from exponential to chi-

squared [x 2( n=2)]. Then the sum of N X 2 ( n=2) random variables is found 

to be the new random variable c, which is x2(n=2N) using the characteristic 

function technique [29]. 

(A.22) 

By a change of variables [16], the factor 1/N is incorporated into the 

new random variable, g, which is gamma distributed: 
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(n/2)(0 ) 

Pg(g) — (n/2 —1)! 
(1/2)(n/2) g(n/2 — 1) e— (n/2)g / 2 

This transformation into a gamma distributed random variable 

[T(n=2N)] is useful in determining the number of exponential random vari-

ables averaged in the measured quantity. This relates to the incidence angle 

at which the power measurement is taken. The theory introduced in section 

2.4.2 suggests that at larger incidence angle the power measured contains 

more than one independent sample averaged, due to the excess FM 

bandwidth in the radar signal. Under the assumption that the independent 

samples within each of these measurements are averaged on a power basis, 

each power measurement contains the equivalent of NR averaged independent 

exponential random variables. 

The gamma distribution allows one to estimate the number of inde-

pendent samples averaged in each measurement (at a given incidence angle). 

The square of the mean value of g = I R is, 

E[g] = = piR --  2a2 , 

and the variance of IR is, 

(A.23) 

1' 04 
VA R[g] = a 9 

2 = 0..
/ 

2 
— (A.24) 

R NR • 

The square of the mean, divided by the variance for the transformed gamma 

random variable data, yields the number of independent samples, NR: 

  — NR • 
(A.25) 

Ai. 2 
R 

Given a set of experimental measurements, the number, NR can be es-

timated by calculating the sample mean and the sample variance for the 

data at a given incidence angle. Tables A.1 and A.2 contain the results of 
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calculations of NR for a subset of the GMO 1987 diurnal data set (only data 

for the hours from 10 am to 6 pm). 

Table A.1: Table of Experimentally Calculated Values of the Num-
ber of Independent Samples Contained in Each Measure-
ment for RAA = 0 ° 

Experimentally calculated NR

for RAA = ° 

INC 
ANG Count IHR IHV 1VH IVV 

IA=10 140 1.04 1.62 1.47 0.92 

IA=15 140 1.29 2.17 1.93 0.80 

IA=20 150 1.08 3.22 2.36 1.88 

IA=25 150 2.92 3.22 2.59 1.25 

IA=30 150 1.83 3.02 2.14 1.95 

IA=35 140 3.16 3.20 3.49 1.44 

IA=40 140 5.14 3.84 3.02 4.01 

IA=50 140 6.42 4.54 3.46 3.25 

IA=60 140 5.15 3.86 4.34 4.62 

IA=70 140 9.55 5.82 --- 5.85 
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Table A.2: Table of Experimentally Calculated Values of the Num-
ber of Independent Samples Contained in Each Measure-
ment for RAA = 0 ° 

Experimentally calculated NR
for RAA = 90 ° 

INC 
ANG Count I HH 1HV ' VII I vy 

IA=10 150 1.24 1.84 2.19 0.93 

IA=15 150 1.69 2.05 2.57 1.13 

IA=20 150 1.41 1.44 1.89 1.29 

IA=25 150 1.29 2.14 2.85 1.14 

IA=30 150 1.73 2.87 3.34 1.57 

IA=35 150 3.38 4.44 2.91 2.34 

IA=40 150 3.47 4.09 3.40 2.21 

IA=50 150 5.47 5.12 4.22 5.34 

IA=60 150 7.29 5.41 5.06 2.22 

IA=70 160 6.23 6.25 4.29 2.62 
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B. Polarization Theory 

An excellent review of the polarization of electromagnetic radiation has 

been given by Born and Wolf [4]. The simplest mathematical characteriza-

tion of the polarization state is for the case of a monochromatic uniform 

plane wave travelling in free space. The polarization state is characterized 

by a polarization ellipse which, for a coherent wave in space, is the path 

traced out by the tip of the resultant electric field vector on a plane perpen-

d cular to the direction of propagation. 

The more complex practical case involves the time-averaged (over the 

receiver response time) sum of several monochromatic uniform plane waves 

from a distributed target region. This time-averaging results in a partially 

polarized state, which has both a polarized and an unpolarized component. 

The most complex practical case involves the time-averaged sum of several 

quasi-monochromatic uniform plane waves from a distributed target region. 

Quasi-monochromatic radiation describes the case of radiation with a finite 

bandwidth f , where O f is much smaller than the mean frequency in the 

band. 

The polarization state of a monochromatic or a quasi-monochromatic 

plane wave can be fully specified by four parameters. There are three com-

mon methods used to describe partially polarized signals: 

• the four elements of the 2 by 2 coherency matrix, [J]; 

• the four Stokes parameters, (so, s1, s2 and .93); 

• the three polarization ellipse parameters (ip, x) for the 

polarized component and either the unpolarized power (1pol) or 

the polarization ratio (m = i pop poi + /0. 
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Born and Wolfe [4] give complete derivations for these three methods of 

specifying the polarization state of the quasi-monochromatic radiation. Each 

of these sets of parameters can be used to determine or define the complete 

polarized component and the unpolarized component of the full polarization 

state. Even monochromatic radiation can be completely unpolarized, so all 

four parameters are required. 

B.1. The Polarization Ellipse for Monochromatic 

Radiation 

The complex time-harmonic differential form of Maxwell's equations for 

a plane wave in free space are solved to yield the resultant electric field. 

Given a cartesian co-ordinate system with axes z,y and z, if the wave is 

propagating in the z direction, there will be only x and y components of the 

electric field in the solution. The following two equations describe the real 

part of the resulting electric field solution: 

E .(t) = Azcos (wt— igoz z) (B.1) 

E y(t) = Aycos (cut— i3oz—Oy) (B.2) 

where 

• Az and A are the x and y amplitudes, 

• x and are the constant phase terms relative to time t = 0, 

and 

• t is the time. 

ote that E = 0. 

The term polarization ellipse is used to describe the path traced by the 

tip of the resultant electric field vector on a plane perpendicular to the 

direction of propagation, z (The following mathematical derivation is similar 

to that of Born and Wolf [4] on pages 23-25). To simplify the equations let 

the plane be z = 0. The equations (B.1) and (B.2) can be combined using 

simple trigonometry identities to generate the equation of an ellipse: 
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E2 E2 2E E x y 
- COS (6) = sin 2(5). 

A2 A2 AzA 
Y 

y 

(B.1) 

where the phase difference is S = Oy - Ox. This equation completely 

describes the polarization state of any monochromatic planar wave 

in terms of the parameters Ax, Ay, and 5. 

B.1.1. Common Polarization State Ellipses 

radiation 

The most common polarization states represent special cases of this 

general expression. For example a linear polarization state occurs when 

equation B.1 reduces to: 

A 
E = — E 

Y Az

for phase differences S = 0 or S = 27r. In this case, the tip of the electric field 
Ay

vector would trace out a line of slope ± -A on the x-y plane. 
z

A second special case for the ellipse occurs when the phase difference is 

an odd multiple of 
2 
— and when Ax = A. If

2 
= ±— and Az = A = A then 

equation B.1 reduces to, 

E2x + E2y = A2

which is the equation for a circle in the x-y plane. This case is referred to 

as a circularly polarized state. The path followed in tracing out this circle 

on an x-y plane will be either clockwise or counterclockwise (alternately left 

and right handed rotation corresponding to S = +-2 and -2' 
respectively). 

In the exact definition of circular polarization there is a divergence in 

onventions between optics theory(as in Born and Wolf [4]) and antenna 

heory (as defined by the IEEE Standards [251). For all discussions in this 
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thesis the IEEE Standards will be followed. In brief this standard defines 

the sense of rotation to be viewed looking at the z-y plane in the direction 

of propagation. Thus if the phase difference is S = + 2 then the vector will 

trace out a counterclockwise circle which is a left hand circularly polarized 

wave. Conversely a phase delay of (5=--
2 

will trace out a clockwise circle, 

which is defined as a right circularly polarized wave. In order to define 4 

circularly polarized wave only the magnitude and sense of rotation are 

needed. 

B.2. The Experimental Measurement of the Polarization 

State 

In the previous sections the theory of the polarization state of a 

monochromatic plane wave has been defined using the polarization ellipse, 

the polarization states have been defined for quasi-monochromatic plane 

waves in terms of the coherency matrix and Stokes parameters, and a set of 

parameters have been proposed for describing the average polarization state 

for quasi-monochromatic radiation. Now the focus shifts to the measurement 

of the polarization state of planar quasi-monochromatic radiation. In order 

to determine the four coherencies, the four Stokes parameters or the four 

polarization parameters, a minimum of four measurements are required. 

The various polarization measurement techniques are discussed in detail 

by Cohen [30], by Kraus [31], Sofko [32] and by Poettcker [9]. Cohen 

[30] describes three methods: the two component, the three component and 

the four component methods. In these methods two, three and four anten-

nas are required for implementation. Both Kraus and Sofko discuss methods 

which use only two antennas. Either the intensity of two orthogonal com-

ponents and phase between the two must be measured or at least four 

specifically selected intensities must be measured. 

With modern RF and audio electronics available only two antennas are 
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n 

0 

t 

t 

S 

eded; a common configuration is 

iented horizontal and vertically. 

e cross-multiplication method and 

g the GMO Ku-band polarimeter, 

to use two linearly polarized antennas 

Two possible processing techniques are 

intensity method. Poettcker, in design-

chose the intensity method of measuring 

e polarization state as first implemented in a VHF polarimeter by 

fko [32]. 

.2.1. Intensity Measurement Methods 

The intensity of an electric field is another representation of power 

c rried by that wave. However, the measurement of the intensity of 

icrowave radiation is dependent upon the antenna polarization used; usually 

1- ear or circular polarized antennas are implemented. A linearly polarized 

a tenna, oriented at some angle, 0, with respect to the x axis, measures the 

tensity of the linear electric field component oriented at 0. This electric 

eld component (E(t;0)) is defined by two rectangular co-ordinate coin-

onents, along the x and y axes. If the y component is retarded by a phase 

elay of -y to the reference x component, then the electric field component 

(t;0,7) is expressed as 

el 

E(t;0,7) = Ex(t)cos E y(t)sin . (B.2) 

ow the intensity of this component of the electric field I(0,7), a function of 

oth 0 and 7, is calculated as the following time average: 

I(897) = ( E(t;0 ,-y),E(t;0 ,7)*

1(0,7) = ( { Ex(t)cos B + E y(t)sin Be — $7 x 

{ E x(t)cos B + E y(t)sin e+t7 } ) (B.3) 

I(0,7) = ( E x(t)E x(t) ) cos 20 + ( E y(t)E y(t) ) sin 20 + 

( E.(t)Ey(t) ) cos Osin e+:7 + ( E y(t)E x(t) ) cos Osin e — (B.4) 

This general expression' for the intensity takes on a complicated form, 
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but a careful selection of the parameters 0 and 7, corresponding to linear 

and circularly polarized antenna structures, will reduce this equation into a 

practical form. For example, if 0 = 0 and 7 = 0 then 

1(0,0) = ( Ex(t)Ex(t) ) 

where there is only one non-zero term left. Similarily, with 0= 90 ° and 

= 0 

1(90 ° ,0) = ( Ey(t)Ey(t) ). 

If the x axis is horizontally aligned, then these two cases represent the 

measurement of the horizontal and vertical electric field intensity with a 

horizontally or vertically tuned antenna, respectively. 

B.2.2. The Intensity Method 

The intensity method requires a minimum of four intensity measure-

ments: a pair of orthogonal linear channels, a single other linear channel and 

a single circular channel represent a simple selection. In this method only 

carefully selected intensities can be used to determine the full polarization 

state. 

By referring to equation B.2, the electric field or intensity for two other 

linear polarizations (linear 45 degree and linear 135 degree) can be deter-

mined by a set of linear summing networkI(0,-y). With 0 = 45 ° or = 135 ° 

and 7 = 0 equation B.2 is rewritten as 

E(45 ° ,0) = Ex(t)cos (45 °) + Ey(t)sin (45 ° )e—i°

1 
E(45 ° ,0) = 

N/2 
--[E.(t) + E (t) 

and 

E(135 ° ,0) = Ex(t)cos (135 °) + Ey(t)sin (135 ° 

1 
E(135 ° ,0) = Ex(t) — E y(t)] . 

-i0 
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Thus these equations can be used to yield 1(45 ° ,O) and 1(135 ° ,0), which are 

equivalent to intensity as measured with a linearly polarized antenna, 

oriented at 45 degrees or at 135 degrees with respect to the horizontal x 

axis. To implement this function in hardware requires only a summing net-

work for 1(45 ° ,O) and an inverted summing network for 1(135 ° ,0). A block 

diagram of the necessary circuit is included in Figure 2-3 below. 

In a similar fashion, it can be shown [4] that the left and right circulaX 

intensities, written as 1(135 ° ,-2 ) and 1(45 ° ,-2 ) respectively, can be derived by 

summing the x component with the delayed (by 7 = 2) y component. 

Figure 2-3 is a block diagram which illustrates the summing networks needed 

to measure all six of the suggested intensities. 

The Intensity Method 

p 

linear 
vertical 

Receving Antennas 

Tr 

Wear 
horizontal 

Detector 
Circuit 

7172 

Delay 

Detector 
Circuit 

Detector 
Circuit 

Detector 
Circuit 

Detector 
Circuit 

Detector 
Circuit 

I I I 

1(90,0) 1(0,0) 1(45,0) 1(135,0) 1(45,!.) 1(135,!..) 
2 

Figure B.1: The Intensity Method 

As examined in section B.1.1 the careful selection of the orientation and 

hose of the electric field components ( which means the antenna polariza-



187 

tion and orientation) allows the intensity, equation BA, to reduce to a 

simple form. 

I(0,7) = ( E .(t) E x(t) ) cos 20 + ( E y(t) E y(t) ) sin 20 

( Ez(t)E (t) ) cos Osin Oe+i1 ( Ey (t) E (t) ) cos Osin B&+:7

To re-examine the two cases covered notice that the intensities 1(0 ° ,0) and 

1(90 ° ,0) for two linear rectangularly polarized antennas are directly related 

to the coherencies as 

1(0,0) = ( E z(t) E x(t) ) = J x

(90 ° ,0) = ( Ey(t)Ey(t) ) = Jyy. 

In a similar way the other coherencies can be expressed in terms of different 

antenna intensities [4] 

j 2 

Jyy

J xy 

= /(0 ° ,0) (B.5) 

= 1(90 ° ,0) (B.6) 

1 1 
= { /(45 ° ,0) — /(135 ° ,0) 1 ± —2 i /(45 ° , ) — /(135 ° 1 (B.7) 

1 1 r IT 
J yx = 2 { 1(45 ° ,0) — 1(135 ° ,0) } — 2i { 1(45 ° ,2) — 1(135 ° ,i) } (B.8) 

In fact the Stokes parameters can be express in terms of measured intensities 

as [4] and [30] 

so = 1(0 ° ,0) + 1(90 ° ,0) (B.9) 

s 1 = /(0 ° ,0) — 1(90 ° ,0) (B.10) 

s2 = 1(45 ° ,0) - 1(135 ° ,0) (B.11) 

83 = 1(45 ° — 1(135 ° 2) (B.12) 

Note that the total intensity could also be measured by the sum of any 

two orthogonal pairs of antenna channels, for example 
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so = 1(0 ° ,0) + 1(90 ° ,0) or, 

so = 1(45 ° ,0) + 1(135 ° ,0) or, 

so = 1(45 ° 2
2' 

+1(1350,_iri. 

where the 1(45 0 ,0) and 1(135 ° ,0) are the linear 45 degree and 135 degree 

components and where 1(45 ° '-2 ) and 1(135 °-2) are the left and right circular 

components. Thus if any pair of orthogonal channels are measured then the 

intensity can be calculated. The total intensity can be used to calculate the 

intensity of the second component of an orthogonal pair, given that one in-

tensity of that pair has been measured. 

From the expressions above it is obvious that a pair of orthogonal 

channels must be measured and then two other channels that are not or-

thogonal must be measured to determine all of the desired polarization 

parameters. If three pairs of orthogonal channels are measured, then the in-

tensities calculated from each pair can be compared as a check of the sys-

tem. 

The desired method of defining the polarization state for comparison is 

the polarization parameters and the polarization ratio. These parameters can 

also be expressed in terms of the measured intensities as: 

I= s 0 

I pol = 

1[/(0,0)—/(90,0)12±[/(45,0)—/(135,0)12-1-[/(45,; )--/(135,; )12

or in terms of the Stokes parameters, 

I pol =  
V s 12 s 2

2 
+ 8

32 

(B.13) 

(B.3) 

(B.14) 
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/ poi

(B.15) M - 
5I 

1 
I,b =  ARCTAN 

,0) — /(135 ° ,0)
(B.16) 

(/(45° 

2 /(0 ° ,0) — /(90 °,0) ) 

2- 
° 

7 
1 1(45 ° ,i) — 1(135 ,i)]

X = —
2 

ARCSIN (B.17) 
I pol 
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C. Propagation of Variance Calculations 

The propagation of variances technique is summarized by the general 

equation: 

VAk( f (I 11,117,1 x,Iy,I R,IL)) 

L 

i=H 
(a f(IH,Iv,I RA) 

)2VA 
j(Ii). 

aii

(C.1) 

The polarization ellipse parameters and the polarization ratio are expressed 

as functions of the individual average intensities (IH, I v, I x , I y, I R and /1), 

described by equations (C.2) to (C.7), or the Stokes parameters (so = I, 82, 32

and .93), expressed in terms of the average powers by equations (C.12) to 

(C.14). A full summary of equations for the polarization intensities, Stokes 

parameters, power ratios and polarization state parameters is: 

N8
:.• 1 1 N8
H LT 

N 
=  E (H1)2 = 

1 ' 
-,- E 8

13
i = 1 Z=1 

Iv = 
N8 

N8

E (v.)2 E 
N s i=1 s i =1 

Hi 

I v

(C.2) 

(C.3) 

(C.4) 
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1  1
N as N a

= 
_0712 = 

Y N 
= 

2' 21 Na
i=i 

1  1
N as N s

- ip E (R.)2 = E 
N a 2 Ns 

i=1 i =1 

N  
1 

8
1 

L = - E -(Li)2 = 2 
i = 1 

1 
Na 

N a

Li

(C.5) 

(C.6) 

(C.7) 

The calculations for the average polarization state variables are cal-

lated in terms of these new random variables as: 

I= I =1 .HV H V 

I = 1 + XY X Y 

IRL = + I L 

(C.8) 

(C.9) 

(C.10) 

The stokes parameters 80' 1, 32, and 83 are defined in terms of the 

average intensities as: 

s = I = I 0 HV 

„ L•• 
sl = I H I V 

3 2 = / X — / Y 

3
3 

= I R — I L 

(C.11) 

(C.12) 

(C.13) 

(C.14) 
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IRxy and IRRL,the two power ratios, are defined by equations (C.15) 

d (C.16): 

(Ix + Iy)
IRxy

IR RL
I R +

+ Iy 

Finally the polarization state parameters are defined as: 

\I ( 2pol = H — I V) 

pol 
= 

1 
= —

2 
ARCTAN 

+ (IX- 102 + IL)2

1 1R — I L
X = 

2 
ARCSIN 

p ol 

(C.15) 

(C.16) 

(C.20) 

.1. The Propagation of Variances Technique Applied to 

the Intensities 

Applying the propagation of variances technique to all of the functions 

defined previously, from the simplest to the most complex yields the full cal-

culation of the variance estimators for those functions. The variance es-
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timator will be included directly if the partial derivatives are simple, but for 

more complex partial derivatives, all partials will be included. The first ex-

ample will be the variance estimator for I, VAR(I): 

L ) 
VAR(I) = E ai 2 

(— VAR(Ii) 

i=H 

where I = I H Iv Then the summation can be expanded to be 

(C.21) 

VAR(I) =(-1 2 VA ki ll) + (--ai ) 2 VAk(iv) (C.22) 

a 11-1 a iv 

where the partial derivatives are solved as 

and 

ai 1 

a IH

ai — 1 
air

(C.23) 

(C.24) 

The final expression for the variance estimator for I is obtained by substitut-

ing the partial derivatives into equation (C.22), as shown below. 

VAR(I) = VAR(IH) + VAR(iv) (C.25) 

Similarly, the variance estimators for all sums and differences of average 

intensities are: 
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VAI?(iHv) -1- VAR(I) = VAk(iH) VAR(4) 

VAR((i0) = = vAk(1H)+ vAk(ly) 

V.A.R(ix.y) = VAk(S2) = VAR(IX) + VA:R(Iy) 

VAR(IRL) = VA liCa3) = Va(Il?) + VAR(IL) 

(C.26) 

(C.27) 

(C.28) 

(C.29) 

VA k(thxy) = 2 VAh(ix y) iXY ) 2 VAk(iiiv) (C.30) ( l
i 

= VAR(IRRL) 
1 

2 VA/ORL) + 
i  RL 

2 VA:R(//fv) (C.31) 7,-- ( 
I Hv

— 7, --
I Hv2

where 

a (ikxy) a (ikxy) 

a 1H a iv 
a (ii?xy) a (thxy) 

a ix a IY

i XY 

2 
HV 

IRy

(C.32) 

(C.33) 
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° ) a ( thRL 

.91H 8 i v

° thm, ) a ( MRL 

a IR a IL 

RL
) 

I 2HV 

IHV 

(C.34) 

(C.35) 

C.2. Propagation of Variances Applied to the Polarization 

State Parameters 

In this section the calculation of the variance estimators for the 

polarization state parameters is performed. 

C.2.1. The Variance Estimator for the Polarization Ratio 

The general form for the propagation of variances applied to the 

polarization ratio is: 

IL

vAk(in) E 
INT = H

(  am 2
8 INT 

VAR(INT) (C.36) 

The first step in these calculations is to compute the partial derivatives 

of m with respect to each average intensity. 
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where 

acn 

aiH 

pol 

8(11 
(ipod  8 1 — 

aix aIH

arH

a [V,12 + 822 + 832

a I pol 

4•. arH a I H

1 1 

2 
pol 

a ( 812 + 82
2 + 83

2) 

a 1H 

81pol 1 0 31 81 
  2 si — — 

aiH 2 
I pol 81.11 I poi 

Now substituting equation (C.37) back into equation C.1 to yield: 

am 

81H 

8n 

s1 

poi — I -,-.,--

poi 

12 

poi — 

si

in 
(C.39) 

( C.1) 

(C.37) 

(C.38) 

Using a similar method, the partial for i v is: 
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8 

a Iv

s1 
/ poi + 

1 
(C.40) 

2 

where 

a Ipol 81
— A . (C.41)'.

I pol 8 Iv

Now the same partial derivatives must be calculated for the other four 

intensities all in the same fashion as below. 

8 I , 8 poi (ipoi)

8 in. 
a

pol) 
(— 

I a i x a i x 
(C.42) 

.Ls 
a rx aix 

i2 

where 

a p oi 

ai x aiX

8(8 2 + 822 + .932) 

8 I  pol 1 1 

2
p olaix a ix 

1 

2 /poi

s 2 

I pol 

a 82 
2 s2

ai x

(C.43) 
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Now substituting equation (C.43) back into equation (C.42) to yield: 

82 
0 — / 

a in I pot 

a x 

a ;i2 82 

a I X

A. • 

/ I poi 

Using a similar method, the partial for /I, is: 

am 

a fy 

82 

I I pol 

Using a similar method, the partial for ./R is: 

am 

8 I  R 

s 3 

I I pol 

Using a similar method, the partial for IL is: 

am 

a L 

83 

—   • 
/ I pol 

(C.44) 

(C.45) 

(C.46) 

(C.47) 

(C.48) 

Finally, the partial derivative equations can be substituted into the 

equation for the propagation of variances and the final expression for the 

variance estimator for m determined: 

;L 
VAR(in) E  8 

m 2 

)  
a INT 

VAR(INT) 

INT =1H

(C.49) 



199 

vAk(i,n) _ 

VAR(in) _ 

81 81 

I pc). — in 2 
I2 VAR• (IH) + 

Ipoi + FT.1 2

  VARCY 

82 ) 2 

H pol 

83 )2 

// poi

( VA (I X) + VAR (i) ) 

VAR (IX) + vAk(10) 

81 81-
poe fn 2 /poi + ,i72

/2  VAR• (IH) 

. 
2

VAR(iv) 

(C.50) 

82  2 

//poi 
VAR(s2) 83 ) 2 VAR(s3) (C.51) 

▪ // poi

C.2.2. The Variance Estimator for the Orientation Angle 

The general form for the propagation of variances applied to the orien-

tation angle is: 

VAR(b) = 

IL

INT = H

( 8 TI) )2 a INT 
VAR(INT) (C.52) 
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0 

The first step in these calculations is to compute the partial derivatives 

tk with respect to each average intensity. 

8 
1

x — ARCT AN 
2 

_ I y) ( 

8 tk IH IV 

alH aIH

1 IH — 

(I x — I y ) 2 
1 + 

L‘, 
/H — I V

I y

IV
) 

a 1H

(C.53) 

(C.54) 

where the small intermediate partial derivative must be calculated: 

Ix — iy)

IH — IV  1  ) 8 ( - V) 
— (C.55) 

a IH H — afH 
a Ix — 1r)

— I Y 32 
(C.56) 

811-1 H — Iv? 
Now substituting equation (C.55) back into equation (C.54) and rewrit-

g the differences of intensities as the Stokes parameters yields: 

1 1 ( :92 

2 2)

(2)2 

;41 

Using the same procedure: 

(C.57) 
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where 

d 

1 

a iv

1 :42 
^ 2 81 

Now the partials for / x and / y must be calculated: 

, st a t Ix — Iv \ 

t` I' ) 

IH — I v

( 

1 ) 8(4 — i ll) 

.,:, 
a Ix (ix — Iv) a ix 

( Ix — Iv

111 - IV 
.t• ( 

1  ) ( 
'; 
1 

- 

) 

= 

a Ix (ix — iv) 1

Iv 

a IY 

(C.58) 

(C.59) 

(C.60) 

(C.61) 

(C.62) 

Finally, the partial derivative equations can be substituted into the 
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equation for the propagation of variances to determine the final expression 

for the variance estimator for ti: 

IL 

VAR( b) = E ( )2 Viti?(INT) a INT 

VAR(ii) — 

VAR(b) — 

INT= IH

1  2 

[ 2 ( 1+ ( 18 ) 2) 1
1 

x 

[ 322) 2
 VAil(4) + VAkiv)) 

\ 1 \ 

+ (1 ) 2 ( VAR(4) + VA hay)) 
81 

1 2 

[ 2 ( 1 + () 2) 1
82 

sl

x 

[ ( 8-8-2-) 2 
+ 

(Ls- 
2 

VAR(s2)
1) 

(C.63) 

(C.64) 

(C.65) 
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2.3. The Variance Estimator for the Ellipticity Angle 

The general form for the propagation of variances applied to the ellip-

ity angle is: 

O 

IL

VAR(X) E (  8 X )2 
8 INT 

VATR(INT) 

INT=IR

(C.66) 

The first step in these calculations is to compute the partial derivatives 

of 0 with respect to each average intensity. 

a X 

81H ai H

a k ARCSIN ( )] 
1 

pol 

8 X 1 1 I  poi 
— 

2 
(C.68) 

81H 

) 
I + 

( 
.

Ix — hr 

2

t t 

pol 

where the small intermediate partial derivative must be calculated: 

(C.67) 

z z 
IR -- IL)

a( 
pol 

a H 

(IR — IL) 

a
p ot 

81H 

IH 

(C.69) 
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IR a(  .‘ 
— I L ) 

I poi

  — — IL) ( --21) 
a.r1.1

IR — ) 
a( 

pol 

a I H
— 83 

3)pol 

a (_ 01 2 2 u + 
02 -1- 

332 

( 1 
3pol 

x 

(  
a " 

2 81

8 4-1 

(C.70) 

(C.71) 

IR — IL 

pol 8133 
(C.72) 

pol3 

Now substituting equation (C.71) back into equation (C.68) and rewrit-

ing the differences of intensities as the Stokes parameters yields: 

a x 1 1 
2 

+ 
83 2 ( 
„ 
/poi

I pol

(C.73) 

Using the same procedure the partials of x with respect to i v, i x and 

are. Y • 
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p 

a x 1 

a% 

a x 

a 

2 

( 3 2 

\ I pot

1 1 

- 2  

( 83 
V 

) 2 
1 — 

I pol 

a x
- 2  

a lfy

( 8183)
+ 

pol3 

8283 

3

) 

i pol

8283)
+ 

rpol3 

(C.74) 

,and (C.75) 

(C.76) 

The partials of x for l it and IL must be calculated using the same 

ocedure as above: 

ax 

aiR 

ax 

°IR 

[ 
1 C — 
—28 ARCSIN R,

I pol '11 

2 

a IR 

1 

\/1 
( 1 X — iv 

I pol 
) 2

LI R — I L)
a(  

p„ ot 

8 4 

where the small intermediate partial derivative must be calculated: 

(C.77) 

(C.78) 
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IR — IL)
a( 

poi 

IR 
„

— 11 a( )

I poi 

a IR

I R — IL)
a( 

poi 

8 4 

a (IR IL\ 

pol

81R 

poi 
8 —

8 IR 

poi 
(1) 

I L) alpoi
— I L) P°

81R 
(C.79) 

pol2 

1 
— 83 2/pol 

8(812 ▪ s2 2

a iR 

pol2 

1 a 83
— 83  2 s3 2/pol a I R

(C.81) 
po• l2 

8 32 
p oi 

(1) — 
I pol — (C.82) 

' poi2 

a ( L)

poi 83

(  

2 ) 

poi poi a I R

(C.83) 

Substituting equation (C.83) back into equation (C.78) and rewriting 

the differences of intensities as the Stokes parameters to yield: 
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a ;  1  1

a IR 

2 

J. 8
3 )2 

pol 

Using the same procedure: 

1 
8
3

2

I pol I poi3 
(C.84) 

[ 

1 1 
2 

a X 
  — 

( 

1 
— 

83 )

pol 

(C.85) 2 1  
I poi 31 ) 

( 
a IL 83 )2 1 - . 

p ot 

Finally, the partial derivative equations can be substituted into the 
equation for the propagation of variances to determine the final expression 
for the variance estimator for x: 

VAR(X) 

VAR(; ) = 

IL

INT ='H

8; 2  a I1V7' 
vAk(INT) 

1  2 8183 2 
VAR(si) 

pot3 
83 2 

p oi 

) 2 
  VAR(s2) + (1

1 s 23

Pol poi 

(C.86) 

233 
2 VAR(s3) (C.87) — 3) 

ipoi
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D. MicroCapII Simulations 

D.1. Simulations of the Linear Power Detector Response 

The linear power detector circuit (in MicroCapII format), shown in 

Figure D.1, is supplied with a 1 Volt peak, 220 Hz sinusoid with the circuit 

starting with initial conditions set to zero, using Micro-cap II [23] analog cir-

cuit simulation software. Table D.1 lists the transient response analysis in-

put data for this simulation. Figure D.2 is a plot of the input sinusoid on 

top (node 1 on the schematic) and the circuit output (node 12) as a function 

of time. Clearly the circuit has a settling time of approximately 100 ms, 

based on when the circuit output to a fixed amplitude sinusoid reaches a 

steady state DC output. Note that these linear power detectors are part of 

the original scatterometer equipment provided by Applied Microwave Ltd. 

The full schematics are included with the system documentation [17]. 

D.2. Simulation of the Detector Full Wave Rectifier 

The active full wave rectifier uses an op amp super diode circuit to clip 

the positive half cycle of the input waveform and to invert and amplify the 

remaining negative half cycle unity voltage gain. The original input 

waveform is summed with the half wave rectified (the half wave rectified sig-

nal has a gain 2 time the original signal due to an input resistor of one half 

the value) using an inverting op amp circuit, which results in a negative full 

wave rectified output waveform. The MicroCapll schematic for the full wave 

rectifier is included in Figure D.3. For the Mcapll transient analysis, Table 

D.2 lists the parameters and options for the simulation and Figure D.4 is a 

plot of the input sinusoid (node 1) and the circuit output (node 7) as a 

function of time. The full wave rectifier works as specified. 
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FULL LINEAR POWER DETECTOR CIRCUIT 

Figure D.1: Linear Power Detector Schematic 

Table D.1: Mcapll Transient Analysis Parameters and Options 

RECTLPF ANALYSIS LIMITS 

Simulation time (Tmax/Tmin/Timestep) 
time (Dmax/Dmin/Printstep) 
accuracy (X) 

A waveform spec 
B waveform spec 
range (High/Low) 
A waveform spec: 
B waveform spec 

Lower trace range (High/Low) 
Zero, Read, Leave initial values (Z, F. L) 
Edit/review initial conditions (Y, N) 
Dump node waveform to uP.er file (Y,N) 
Calculate D.C. operating point (Y,N) 
Temperature (Low/High/Step) 
Number of cases 
Output to Disk, Printer, None (D,P N) 
Save, Retrieve, Normal run (S,R,N) 
Default plotfing par ,meters (Y,N) 

Display 
Minimum 
Upper trace 
Upper trace 
Upper trace 
Lower trace 
Lower trace 

120E-3/0 
170E-3/0 

1 
1 
1/-1 

1'7

0/-7 

tit 

V 

1 
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1 1.89 

.68 

.28 

-.28 

-.68 

-1.88 

1 0.08 
2 

.48 

V .88 

-1.28 

..... ...... 

DETECTOR CIRCUIT RESPONSE TO A 1 VP? 228 NZ INPUT 

24 48 
TIME IN 09 

72 96 128 

Figure D.2: Linear Power Detector Response to a 1 Volt Peak 220 
Hz Sinusoidal Input 

LINEAR POWER DETECTOR (RECTIFIER CIRCUIT ONLY) 

281 

11 

1VP22K 

108PF 
11- MAt-

181 
1K 

103989 1N3
4 

Lm3e1 
6 

4991 

24.91 

LM301 
rt.*/ a 

7 

499K 2.2K 

Figure D.3: D.3: Linear Power Detector Full Wave Rectifier Schematic 
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V 

Table D.2: Mcapll Transient Analysis Parameters and Options for 
the Linear Power Detector Rectifier 

RECTONLY ANALYSIS LIMITS 

Simulation time (Tmax/Tmin/Timestep) 
Display time (Dmax/Dmin/Printstep) 
Minimum accuracy (7.) 
Upper trace A waveform spec 
Upper trace B waveform spec 
Upper trace range (High/Low) 
Lower trace A waveform spec 
Lower trace B waveform spec 
Lower trace range (High/Low) 
Zero, Read, Leave initial values (Z,R,L) 
Edit/review initial conditions (Y,N) 
Dump node waveform to user file (Y,N) 
Calculate D.C. operating point (Y,N) 
Temperature (Low/High/Step) 
Number of cases 
Output to Disk, Printer, None (D,P,N) 
Save, Retrieve, Normal run (S,R,N) 
Default plotting parameters (Y,N) 

1 1.88 --

.68  

-

.28 

-.28 

-.68 

-1.88 

7 1.88 

1.48 

1.88 

.60 

.28 

-.28 

....... • ..... 

............ N 

.......... 

••• ............. 

• 

........

..... 

1E-4/0 
1E-4/0 
= 

1 
1 
1/-1 

1.8/-0.2 

N 
N 
Y 
27 
1 
D 

LINEAR POWER DETECTOR (RECTIFIER CIRCUIT ONLY) 

28 48 
TIME IN US 

60 88 188 

Figure D.4: Linear Power Detector Rectifier Response to a 1 Volt 
Peak 220 Hz Sinusoidal Input 
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D.3. Simulations of the Detector Lowpass Filter 

Frequency Response 

The lowpass filter section of the detector is required to convert the full 

wave rectified signal into slowly varying voltage, which can be converted 

using an external A to D system. The lowpass filter circuit, as illustrated in 

Figure D.5, is a two stage design, combining the summing stage of the full 

wave rectifier circuit with the first stage of the two stage active lowpass fil-

ter: The two stage active filter has three capacitors (reactive elements) 

which create a three pole lowpass filter, with a roll off of 18 dB/Octave. 

The simulation results as shown in Figure D.6 set the 3dB point of the filter 

at approximately 10 Hz, with the expected 18 dB/Octave. 

LINEAR POWER DETECTOR (LPI' 0,11.V) 

8.8801 

281 24.:1 

I 4991 

Lt1381 

6841 

88511, 

61141 8811 
3' 

L11381 LI1381 
• 

6 7 
.112_281? 
T 6841 2.21 

Figure D.5: Linear Power Detector Lowpass Filter Schematic 
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Table D.3: Mcaprl Frequency Response Parameters and Options for 
the Linear Power Detector Lowpass Filter 

LPFONLY ANALYSIS LIMITS 

Lowest frequency 0.1 
Highest frequency 100 
Lowest gain (db) 
Highest gain (db) 
Lowest phase shift -270 
Highest phase shift 0 
Lowest group delay 200E-6 
Highest group delay 200E-7 
Input node number 
Output node number 7 
Minimum accuracy (%) 5 
Auto or Fixed frequency step (A,F) A 
Temperature (Low/High/Step) 27 
Number of cases 1 
Output: Disk, Printer, None (D,P,N) 
Save, Retrieve, Normal run (S,R,N) 
Default plotting parameters (Y,N) 

GAIN 
DO 
3.68 

88 

1.88 

8.88 

-1.88 

-2.88 
180. 

LINEAR POWER DETECTOR (LPF ONLY) 
TEMPERATURE= 27 CASE= 1 

1 18 
FREQUENCY IN HZ 

188 

PHASE DELAY 
DEC SEC 
8.8 wens 

54.8 58.24MS 

188.0 12.62MS 

162.0 3.17MS 

216.8 796.21U3 

278.8 288US 

Frequency = 188.888886-84 HZ Gain = -47.413 DB 
Phase angle= -246.743 Degrees Group delay= 881.12190E-86 Sec 
Gain slope = -178.84688E-81 DB/OCT Peak gain = 1.982D11/F= 108.88888E-83 

Figure D.6: Linear Power Detector Lowpass Filter Frequency 
Response 
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E. Daily Calibration Check 
Data Summary for 1987 

E.1. A List of Daily Check Files Processed 

131 File(s) 3407872 bytes free 
Directory of C:\CALIDATA 
Volume in drive C is DISK DE JIM 

4Q1719XX CAL 7713 1-01-80 6:54a 
4Q1743XX CAL 7713 1-01-80 7:18a 
4Q1807XX CAL 7713 1-01-80 7:42a 
4Q1821XX CAL 7713 1-01-80 7:56a 
4T0926XX CAL 7713 1-01-80 12:34a 
4T0942XX CAL 7713 1-01-80 12:50a 
4T1000XX CAL 7713 1-01-80 1:09a 
4U829XX CAL 7713 6-23-87 8:32a 
4U846XX CAL 7713 6-23-87 8:48a 
4U91XX CAL 7713 6-23-87 9:03a 
4V921XX CAL 7713 6-24-87 9:23a 
4V937XX CAL 7713 6-24-87 9:40a 
4V97XX CAL 7713 6-24-87 9:10a 
4W851XX CAL 7713 6-25-87 8:51a 
4W914XX CAL 7713 6-25-87 9:14a 
4W923XX CAL 7713 6-25-87 9:24a 
4X822XX CAL 7713 6-26-87 8:25a 
4X837XX CAL 7713 6-26-87 8:40a 
4X851XX CAL 7713 6-26-87 8:53a 
4X90XX CAL 7713 6-26-87 9:02a 
4X918XX CAL 7713 6-26-87 9:20a 
4X927XX CAL 7713 6-26-87 9:29a 
4Y1054XX CAL 7713 6-27-87 10:55a 
4Y1118XX CAL 7713 6-27-87 11:21a 
4Y117XX CAL 7713 6-27-87 11:09a 
501026XX CAL 7713 6-29-87 10:27a 
501040XX CAL 7713 6-29-87 10:41a 
50108XX CAL 7713 6-29-87 10:09a 
51834XX CAL 7713 6-30-87 8:36a 
51847XX CAL 7713 6-30-87 8:48a 
5191XX CAL 7713 6-30-87 9:02a 



215 

53911XX CAL 7713 7-02-87 9:12a 
53921XX CAL 7713 7-02-87 9:22a 
5392XX CAL 7713 7-02-87 9:03a 
54817XX CAL 7713 7-03-87 8:18a 
57717XX CAL 7713 7-06-87 9:22a 
57728XX CAL 7713 7-06-87 9:33a 
57747XX CAL 7713 7-06-87 9:53a 
5E635XX CAL 7713 7-07-87 8:42a 
5F736XX CAL 7713 7-14-87 7:36a 
5G853XX CAL 7713 7-15-87 8:55a 
5G922XX CAL 7713 7-15-87 9:24a 
5G99XX CAL 7713 7-15-87 9:11a 
5H847XX CAL 7713 7-16-87 8:48a 
511857XX CAL 7713 7-16-87 8:58a 
5H991X CAL 7713 7-16-87 9:10a 
5I821XX CAL 7713 7-17-87 8:23a 
5I834XX CAL 7713 7-17-87 8:36a 
5I843XX CAL 7713 7-17-87 8:45a 
56927XX CAL 7713 7-20-87 9:32a 
5L937X1 CAL 7713 7-20-87 9:41a 
5L946X1 CAL 7713 7-20-87 9:50a 
5M815XX CAL 7713 7-21-87 8:17a 
5H824XX CAL 7713 7-21-87 8:27a 
56(835XX CAL 7713 7-21-87 8:37a 
5N831XX CAL 7713 7-22-87 8:35a 
5N851XX CAL 7713 7-22-87 8:53a 
5N92XX CAL 7713 7-22-87 9:05a 
50838XX CAL 7713 7-23-87 8:41a 
50851XX CAL 7713 7-23-87 8:52a 
551110XX CAL 7713 7-27-87 11:10a 
5U846XX CAL 7713 7-29-87 8:48a 
5U855XX CAL 7713 7-29-87 8:58a 
5U93XX CAL 7713 7-29-87 9:05a 
5V746XX CAL 7713 7-30-87 7:47a 
5V754XX CAL 7713 7-30-87 7:55a 
5V89XX CAL 7713 7-30-87 8:10a 
5W753XX CAL 7713 7-31-87 7:57a 
5W813XX CAL 7713 7-31-87 8:13a 
5W820XX CAL 7713 7-31-87 8:19a 
5W84XX CAL 7713 7-31-87 8:05a 
60848XX CAL 7713 8-04-87 8:50a 
60858XX CAL 7713 8-04-87 9:01a 
60910XX CAL 7713 8-04-87 9:11a 
61843XX CAL 7713 8-05-87 8:44a 
61852XX CAL 7713 8-05-87 8:53a 
6191XX CAL 7713 8-05-87 9:03a 
62850XX CAL 7713 8-06-87 8:52a 
6295XX CAL 7713 8-06-87 9:06a 
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63850XX CAL 7713 8-07-87 8:52a 
63859XX CAL 7713 8-07-87 8:58a 
6396XX CAL 7713 8-07-87 9:06a 
651855XX CAL 7713 8-09-87 6:56p 
651922XX CAL 7713 8-09-87 7:24p 
65194XX CAL 7713 8-09-87 7:06p 
661024XX CAL 7713 8-10-87 10:30a 
651036XX CAL 7713 8-10-87 10:37a 
651043XX CAL 7713 8-10-87 10:45a 
651052XX CAL 7713 8-10-87 10:54a 
68832XX CAL 7713 8-12-87 8:34a 
63916XX CAL 7713 8-12-87 9:18a 
6899XX CAL 7713 8-12-87 9:10a 
69918XX CAL 7713 8-13-87 9:19a 
69927XX CAL 7713 8-13-87 9:28a 
69940XX CAL 7713 8-13-87 9:40a 
6A916XX CAL 7713 8-14-87 9:17a 
6A926XX CAL 7713 8-14-87 9:29a 
6A93XX CAL 7713 8-14-87 9:05a 
6D917XX CAL 7713 8-17-87 9:19a 
6D925XX CAL 7713 8-17-87 9:27a 
6D99XX CAL 7713 8-17-87 9:11a 
6F836X1 CAL 7713 8-19-87 8:36a 
6F846XX CAL 7713 8-19-87 8:47a 
6F9311 CAL 7713 8-19-87 9:05a 
6G1238XX CAL 7713 8-20-87 12:39p 
6G1243XX CAL 7713 8-20-87 12:44p 
6G1249XX CAL 7713 8-20-87 12:50p 
6H919XX CAL 7713 8-21-87 9:17a 
6H91XX CAL 7713 8-21-87 8:59a 
6H928XX CAL 7713 8-21-87 9:27a 
6K916XX CAL 7713 8-24-87 9:18a 
6K924XX CAL 7713 8-24-87 9:30a 
6K96XX CAL 7713 8-24-87 9:08a 
6L927XX CAL 7713 8-25-87 9:25a 
6L936XX CAL 7713 8-25-87 9:35a 
6M849XX CAL 7713 8-26-87 8:51a 
6M913XX CAL 7713 8-26-87 9:15a 
6M95XX CAL 7713 8-26-87 9:06a 
• 917XX CAL 7713 8-27-87 9:13a 
6N930XX CAL 7713 8-27-87 9:26a 
6N98XX CAL 7713 8-27-87 9:04a 
60918XX CAL 7713 8-28-87 9:19a 
60920XX CAL 7713 8-28-87 9:21a 
60928XX CAL 7713 8-28-87 9:30a 
60929XX CAL 7713 8-28-87 9:30a 
6097XX CAL 7713 8-28-87 9:10a 
6099XX CAL 7713 8-28-87 9:10a 
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6R106XX CAL 7713 8-31-87 10:08a 
6S915XX CAL 7713 9-01-87 9:18a 
6S926XX CAL 7713 9-01-87 9:28a 
6S93XX CAL 7713 9-01-87 9:04a 

E.2. Ku-band Daily Check Header Information Summary 

ku band calibration header information: 

day temp freq txpow(v) txpow(dB) mid range 

170 41.79 12.82 -0.508 9.059 17.110 
173 24.29 12.81 -0.504 9.024 17.200 
174 26.43 12.80 -0.504 9.024 17.690 
175 24.29 12.81 -0.505 9.033 17.040 
176 24.64 12.81 -0.504 9.024 17.500 
177 20.36 12.80 -0.505 9.033 17.200 
177 24.64 12.80 -0.504 9.024 17.210 
178 33.93 12.80 -0.505 9.033 17.120 
180 30.36 12.81 -0.504 9.024 17.210 
181 24.64 12.81 -0.505 9.033 17.030 
183 25.71 12.80 -0.503 9.016 16.920 
187 27.14 12.80 -0.504 9.024 16.950 
194 20.36 12.79 -0.502 9.007 17.090 
196 23.21 12.81 -0.503 9.016 17.240 
197 26.79 12.79 -0.503 9.016 17.540 
198 19.29 12.79 -0.503 9.016 17.300 
201 24.64 12.80 -0.503 9.016 17.360 
202 22.86 12.80 -0.501 8.998 17.280 
203 21.79 12.79 -0.502 9.007 17.500 
210 23.93 12.80 -0.504 9.024 17.320 
211 21.07 12.80 -0.503 9.016 17.400 
212 20.71 12.79 -0.503 9.016 17.240 
212 23.21 12.79 -0.503 9.016 17.240 
216 20.71 12.80 -0.503 9.016 17.100 
217 18.93 12.80 -0.501 8.998 17.190 
218 18.57 12.80 -0.502 9.007 17.290 
219 20.36 12.80 -0.503 9.016 17.140 
221 21.79 12.80 -0.503 9.016 17.090 
222 18.57 12.79 -0.502 9.007 17.170 
222 24.29 12.80 -0.505 9.033 17.240 
224 12.50 12.80 -0.499 8.981 17.160 
225 15.71 12.80 -0.502 9.007 17.150 
226 15.00 12.80 -0.500 8.990 17.200 
229 16.43 12.79 -0.502 9.007 17.100 
231 10.36 12.80 -0.499 8.981 17.110 
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232 36.43 12.81 -0.506 9.042 17.400 
233 15.00 12.79 -0.502 9.007 17.050 
236 14.64 12.80 -0.500 8.990 17.240 
238 15.36 12.80 -0.503 9.016 17.170 
239 16.79 12.80 -0.503 9.016 17.200 
240 31.79 12.80 -0.502 9.007 17.640 
240 17.14 12.80 -0.502 9.007 17.180 
244 15.36 12.80 -0.502 9.007 17.220 
266 23.21 12.80 -0.505 9.033 16.930 
268 14.64 12.80 -0.502 9.007 16.800 
271 11.43 12.80 -0.498 8.972 17.270 
310 18.57 12.81 -0.501 8.998 16.830 
310 19.29 12.81 -0.501 8.998 16.830 
313 13.21 12.80 -0.497 8.964 17.600 
313 13.93 12.80 -0.498 8.972 17.500 

MEAN: 
21.321 12.801 -0.503 9.012 17.210 

STANDARD DEVIATION: 
6.368 0.006 0.002 0.018 0.19866 

E.3. Ku-band Daily Check Polarization Parameter 

Summary 

Ku-band polarization data (TXPOL = HP): 

day 
---

pol-ratio I45-ratio Icir-ratio ellipticity orientation 

170 1.002 1.063 1.085 -1.988 1.388 
173 0.980 0.792 0.800 -5.888 -0.208 
174 0.999 0.706 0.715 -0.878 0.405 
175 1.000 1.051 1.044 -1.479 0.303 
176 1.000 1.047 1.043 -2.182 0.674 
177 0.980 0.794 0.802 -5.861 0.112 
177 0.978 0.972 0.978 -4.080 0.298 
178 0.967 0.582 0.598 -4.590 -0.269 
180 1.000 1.036 1.036 -0.113 2.174 
181 0.999 1.044 1.034 -1.419 0.150 
183 1.000 1.049 1.041 -1.817 0.489 
187 1.000 1.034 1.026 -2.218 0.515 
194 0.980 0.720 0.739 -4.844 0.276 
196 0.983 0.768 0.779 -5.328 -0.224 
197 0.984 0.817 0.827 -5.586 0.315 
198 0.984 0.886 0.886 -7.455 0.453 
201 0.981 0.810 0.820 -6.074 0.310 
202 0.986 0.857 0.860 -6.415 0.414 
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203 0.983 0.806 0.819 -5.687 0.304 
210 0.978 0.684 0.700 -4.827 0.389 
211 0.969 0.698 0.717 -5.677 0.134 
212 0.967 0.713 0.726 -6.123 0.164 
212 0.981 0.805 0.822 -6.231 0.260 
216 0.974 0.774 0.787 -6.293 0.025 
217 0.970 0.603 0.626 -4.919 0.402 
218 0.975 0.760 0.777 -6.399 0.350 
219 0.976 0.751 0.764 -5.617 0.206 
221 0.984 0.873 0.875 -6.942 0.370 
222 0.989 0.933 0.940 -7.043 0.132 
222 0.986 0.910 0.909 -7.039 0.620 
224 0.980 0.853 0.873 -6.955 0.345 
225 0.988 0.940 0.941 -7.454 0.130 
226 0.975 0.748 0.754 -5.717 0.635 
229 0.983 0.869 0.876 -7.372 0.453 
231 0.989 0.919 0.927 -7.225 0.523 
232 0.983 0.817 0.822 -5.808 0.341 
233 1.007 1.020 0.866 -5.504 5.397 
236 0.976 0.710 0.729 -5.594 0.380 
238 0.981 0.808 0.822 -6.395 0.483 
239 0.972 0.668 0.686 -5.141 0.313 
240 0.977 0.754 0.769 -6.059 0.763 
240 0.980 0.845 0.857 -7.143 -0.372 
244 0.968 0.501 0.513 -3.634 0.256 
266 0.971 0.570 0.584 -4.257 0.208 
268 0.995 1.004 0.999 -7.713 -0.157 
271 1.000 1.034 1.016 -1.824 -0.049 
310 1.001 1.029 1.047 -2.338 0.443 
310 1.001 1.030 1.048 -2.326 0.442 
313 1.000 1.113 1.110 -2.142 0.405 
313 1.000 1.089 1.089 -2.229 0.451 

MEAN: 
0.985 0.856 0.861 -4.868 0.453 

STANDARD DEVIATION: 
0.011 0.153 0.145 2.061 0.806 

Ku-band polarization data (TXPOL=VP): 

day pol-ratio I45-ratio Icir-ratio ellipticity 

170 
173 
174 

1.001 
0.986 
0.999 

1.071 
0.798 
0.692 

1.102 
0.807 
0.703 

1.288 
5.857 
0.993 

orientation 

88.222 
88.329 
89.500 
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175 1.000 1.076 1.079 1.649 89.477 
176 1.000 1.065 1.070 2.417 89.122 
177 0.984 0.786 0.797 5.640 87.921 
177 0.970 0.895 0.902 3.894 89.687 
178 0.977 0.601 0.621 4.729 88.339 
180 1.001 1.065 1.074 0.103 87.371 
181 1.000 1.075 1.074 1.770 89.526 
183 1.000 1.078 1.080 2.171 89.249 
187 1.000 1.065 1.067 2.511 89.357 
194 0.985 0.723 0.745 4.698 88.218 
196 0.988 0.765 0.777 5.157 89.406 
197 0.989 0.825 0.837 5.448 87.850 
198 0.986 0.856 0.860 6.904 87.879 
201 0.988 0.814 0.825 6.215 87.896 
202 0.992 0.855 0.860 6.263 87.870 
203 0.988 0.805 0.822 5.528 87.839 
210 0.983 0.704 0.723 4.707 88.138 
211 0.975 0.714 0.736 5.333 87.788 
212 0.976 0.727 0.743 5.931 87.576 
212 0.986 0.809 0.825 6.023 87.849 
216 0.981 0.778 0.792 6.018 87.854 
217 0.976 0.642 0.670 4.877 88.071 
218 0.982 0.765 0.782 6.270 87.991 
219 0.982 0.759 0.775 5.521 88.099 
221 0.988 0.866 0.870 6.604 87.889 
222 0.991 0.907 0.913 6.648 88.004 
222 0.989 0.896 0.904 6.537 87.670 
224 0.986 0.859 0.877 6.559 87.411 
225 0.991 0.925 0.927 6.925 87.749 
226 0.980 0.744 0.755 5.154 87.600 
229 0.988 0.869 0.877 6.945 87.282 
231 0.993 0.910 0.916 6.791 87.596 
232 0.987 0.823 0.832 5.992 88.220 
233 1.021 1.053 0.880 5.439 82.849 
236 0.980 0.688 0.672 4.860 87.046 
238 0.989 0.823 0.837 6.351 87.699 
239 0.980 0.669 0.691 4.864 87.799 
240 0.986 0.775 0.793 6.178 87.586 
240 0.988 0.845 0.857 6.971 88.034 
244 0.973 0.517 0.539 3.632 88.552 
266 0.981 0.679 0.698 5.058 88.436 
268 0.995 0.951 0.948 7.225 88.444 
271 1.000 1.062 1.053 2.295 89.766 
310 0.999 1.016 1.043 1.994 89.643 
310 0.999 1.016 1.044 1.990 89.631 
313 1.000 1.018 1.025 2.083 89.469 
313 1.000 1.017 1.026 1.989 89.446 
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MEAN: 
0.989 

TANDARD DEVIATION: 
0.856 0.864 4.734 88.234 

0.010 0.144 0.138 1.933 1.096 
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F. Data Structures for 
the Raw Radar Data Files 

iword 
ibyte 
bd 
pl 

lc, v45, v135, 

= [word] -32768..32767; 
= [byte] 0..255; 
= (1, c, k); 
= (hh, hv, vh, vv, h45, h135, hrc, 
vrc, v1c); 

row dir_type = (r0,r4,r9); 
,45,90 DEGREES with respect to the furrows.} 

radar angle_ type = (a10,a15,a20,a25,a30,a35, _ 
a40,a50,a60,a70); 

{ radar view angle 

bandarray = ARRAY[bd] of REAL; 

var string = VARYING [name length] of char; 

cell_array = array[1..maxcells] of real; 
cell type = array[bd,p1,1..maxcells] of real; 

sigma array = array[bd,hh..vv] of real; 

} 

tpol = (hp,vp); 
tokes variable_type = (I,Q,U,V,I45,Icir,polratio,I45ratio,Icirratio, 

ellipticity,orientation); 
tokes array = array[tpol,stokes variable_type,1..maxcells] of real; 

radar _data array = ARRAY [bd,p1,1..maxcells,1..maxtrials] of REAL; 
aw data array = ARRAY [bd,p1,1..maxcells,1..maxnumber trials] of REAL; _ _ 

checkflag_array = array [bd,hh..v1c,1..maxcells] of boolean; 

trials used array = array [bd,hh..v1c,1..maxcells] of integer; 

radar_header_type = RECORD 
year, 
month, 
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day, 
hour, 
min, 
sec, 
plotnumber : iword; 

cropstring : PACKED ARRAY [0..10] of CHAR; 
row direction, 
boom height, 
radar_angle : REAL; 
testchar, 
ranged with : CHAR; 
if bandwidth, 
number_cells, 
number_trials iword; 

range_cells: ARRAY [1..maxcells] of REAL; 
txpower, 
txfreq, 
radar temp : bandarray; 
scatterometer, 
polarimeter : ARRAY [bd] of BOOLEAN; 
commentl, 
comment2, 

comment3 : PACKED ARRAY [0..70] of CHAR; 
CASE tag:iword of 

1: (comment4, 
comments : PACKED ARRAY [0..70] of CHAR); 
2: (future use : ARRAY [1..196] of ibyte); 
{makes total record 512 bytes long} 

END; {header type record} 

data type 

in type 

= RECORD 
band : bd; 
poll : pl; 
rawl : ARRAY [1..maxcells,1..maxtrials] of REAL; 
pol2 : pl; 
raw2 : ARRAY [1..maxcells,1..maxtrials] of REAL; 
pol3 pl; 
raw3 : ARRAY [1..maxcells,1..maxtrials] of REAL; 
pol4 : pl; 
raw4 : ARRAY [1..maxcells,1..maxtrials] of REAL; 

END; {data type record} 

= RECORD 
CASE rec:iword of 

1: (header 
2: (data 

END; 

radar_header_type); 
: data type); 
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G. Data Structures for 
the Processed Radar Data Records 

processed data type = record 
hour, 
min : iword; 
row direction, 
boom height : real; 
number_cells : iword; 
total trials : iword; 

radar_angle : array [1..3] of real; {for storing } 
range_cells : array [1..3] of ce4_array; {arrays for} 

{data for each version number } 
ave radar angle : real; 
ave range_cells : cell array; 
ave:txpower, 
ave txfreq, 
ave radar temp : bandarray; 
errorf lags : checkflag_array; 
trials used : trials used array; 
sigma, 
sigma0, 
sigmav : sigma array; 
kstokes : stokes array; 
end; 

agri_data type = RECORD 
prim plant ht, 
sec_plant 17;t, 
percent sec ht, _ _ 
wet_grn_bio, 
dry_grn_bio, 
wet brn bio, _ _ 
dry_brn_bio, 
percent_plant_moisture, 
LAI_green, {LAI = leaf area index} 
LAI_ brown, 
top_moisture, 
sub moisture :REAL; 

END; 
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agri_record type = RECORD {Output data file } 
year, 
month, 
day, 
plot number :IWORD; 
testchar : CHAR; 
agri_data : agri_data_type; 

END; 

processed header_type = record 
year, 
month, 
day, 
plot_number : iword; 
testchar : char; 

dataflag : packed array[row dir_type,radar_angle_type] 
of boolean; 

agri_data agri_data_type; 
end; 

record data type = array[row_dir_type,radar_angle_type] of 
processed_data_type; 

plot_ record_ type = record 
header : processed_headertype; 
data : record_data type; _ 
end; 
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