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ABSTRACT

This report serves as a documentation of the design parameters and performance
characteristics of a C-band single antenna polarimetric active radar calibrator (SAPARC)
developed for JPL and NASA at the University of Michigan's Radiation Laboratory. The
device is one of four which are currently being constructed for future JPL/NASA
Synthetic Aperture Radar (SAR) missions. The report includes details of the SAPARC's
RF and digital / analog electronics design, as well as test results from a number of

anechoic chamber measurements. Application notes and suggestions are also included
throughout.



CHAPTER ]

INTRODUCTION

Active and passive radar calibrators are often used in conjunction with airborne and space
borne polarimetric imaging SAR platforms. When strategically placed, these devices
serve as ground-based calibration targets with specified radar cross sections (RCS).
Trihedrals / corner reflectors are by far the most common type of calibration device used;
however, their physical size and weight make them undesirable for field deployment.
The drawbacks associated with trihedrals are two-fold. First, an actual deployment of the
device can be physically awkward and inconvenient. Trihedrals can be as large as 12 ft
by 12 ft by 12 ft, and they can weigh up to 300 pounds. In addition to their cumbersome
size and weight, trihedrals tend to act like large rain and snow collectors, thus
complicating the chances of performing an accurate calibration.

The second drawback is a bit more subtle, but just as significant. The accuracy of an
external calibration of a radar system directly relies on the knowledge of the scattering
matrix of the calibration target. Although it is possible to estimate the elements of the
scattering matrix of a calibration target analytically, manufacturing tolerances may leave
a fair amount of uncertainty in the estimated values. Therefore, it is necessary to measure
the calibration targets against a precise calibration target, such as a metallic sphere. This
reveals the second drawback of passive calibrators with large physical dimensions,
namely that the far field condition and uniform illumination criteria are difficult to meet
in the laboratory. Hence, it becomes difficult to accurately define the performance
characteristics of passive calibrators of this size and type.

Polarimetric active radar calibrators (PARCs), on the other hand,‘vtend to be much smaller
and easier to handle than their passive counterparts. A PARC also yields better
calibration measurements since its SAR image can be translated over a dark background,
thus providing a higher signal to background ratio. As a result of these advantages,



PARC:s are rapidly becoming the calibration device of choice for future space borne
missions. ’

As a final point, PARCs traditionally are designed with two antennas which can cause
severe degradation in their performance, as will be explained later. Here a new design for
the C-band PARC is used which requires a single antenna.

The purpose of this report is to outline of the theory, design, and implementation of the
C-band single antenna PARCs developed for NASA and JPL at the University of
Michigan. The content of this project reflects the modifications and improvements made
to previous PARC and SAPARC units (specifically, an L-band SAPARC prototype built
by Sarabandi and Oh for the University of Michigan's Radiation Laboratory [1] ).
Currently, the C-Band SAPARGC: are tentatively planned for field deployment in October
1993, where they will be used as calibration devices for NASA's SIR-C (Shuttle Imaging
Radar -C) mission.



CHAPTER 11

PARC THEORY / DESIGN CRITERIA

In its simplest form, a PARC consists of a receive antenna, an amplifier, and a transmit
antenna (see Figure 2.1). With this configuration, the PARC merely acts like a repeater,
whereby an incoming radar signal is received, amplified, and re-transmitted back to the
SAR platform. Variations on this simple design do, however, lead to a variety of merits.

Figure 2.2 depicts the modifications which are employed in this project's SAPARC units.
The most notable difference is the addition of a delay line along with an orthogonal mode
transducer (OMT) / single antenna implementation. The device now serves as a
specialized type of repeater, where the signal is captured with respect to one polarization
and re-transmitted via its opposite polarization. The pre-amplifier and power amplifier
ensure the proper amplification of the signal, while the delay line electrically delays the
signal for reasons which will be given later. As a final note, the switches provide the
attenuation needed for applicability to SIR-C as well a JPL AIRSAR missions.

2.1 PARC Radar Cross Section

The fundamental equation defining the radar cross section (RCS) of a PARC is given by

GTGRJL2
an

0=G,,, 2]

where Grand CR are the transmit and receive antenna gains, and G, is the net loop
gain associated with the gains and losses from the system's amplifiers, switches, and
delay line. Generally speaking, a larger RCS is more desirable. Hence, the driving
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Figure 2.1: Basic PARC Configuration
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impetus behind most PARC designs is the maximization of Gop. G1. and Gg. These
parameters, in turn, are limited by beamwidth requirements, transducer isolation
performance, and physical size and weight considerations. The following sections
address each of these parameters in more detail.

2.2 Antenna Design

In the design of early PARC systems, two antennas, one for transmit and one for receive,
were employed to achieve the necessary isolation between the receiver and transmitter
modes of the PARC. The transmit and receive antennas were placed in close proximity
to one another to meet the compactness requirement of the PARC design. However,
since the antennas are in the near field of each other, the RCS pattern of the PARC
becomes asymmetric and causes ripples in the phase and amplitude responses which tend
to mar the PARC's performance [1] (see Figure 2.3). In order to counter these setbacks
and yet to meet the compactness requirement, a single antenna PARC was considered. In
this design, the PARC employs a dual polarized horn antenna with a very good
polarization isolation and low return loss for both polarization channels. Wide bandwidth
and beamwidth with high cross polarization isolation can be achieved through the
implementation of an OMT (Orthogonal Mode Transducer) in conjunction with a
piecewise tapered square horn.

The geometry of a piecewise tapered horn is shown in Figures 2.4a, 2.4b, and 2.4c. The
waveguide discontinuity at a flared intersection excites higher order waveguide modes
which are proportional to the flare angle. Since the waveguide is square, the higher order
modes can couple energy into the orthogonal channel (TEjg to TEp;, for example). It
was noticed that when the flare angle is less than 5°, the energy transfer from between the
orthogonal channels is minimized. However, in order to get the desired aperture over a
reasonable length, the square horn can be flared (with angles less than 5°) at many points
-along its length, thereby simulating an exponential taper. Note that the length of each
section should be longer than the wavelength.
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(unless noted otherwise)
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¢ All dimensions are in inches and all
values pertain to inner dimensions
as shown

Figure 2.4a: Side View of the C-Band Tapered
Square Horn Antenna
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Figure 2.4c: Frontal View of the C-Band Tapered
Square Horn Antenna



2.2.1 C-Band Antenna Specifications

The goal of the SAPARC's antenna design is to reduce the RF mismatch and cross-talk
(i.e. cross polarization generation) while at the same time providing adequate gain,
beamwidth, and bandwidth. For the C-band SAPARC, the primary concem of the design
was the trade-off between the reciprocal parameters of antenna gain and beamwidth.
Physical size and weight were not major factors due to the relatively small wavelength of
the C-band system.

From a practical point of view, the scattering matrix of the SAPARC must be rather
insensitive to orientation angles, i.e. a SAPARC should be immune to possible pointing
errors). Thus, one of the desigri goals is to achieve a two-way antenna beamwidth of
around 20°. Note that the relatively large beamwidth ensures a successful calibration
even if the SAPARC is not directly within the line of sight of the SAR platform. Figure
2.5 demonstrates pictorially the importance of having a wide antenna beamwidth.

A secondary goal was to reduce the sidelobes radiating from the aperture, thereby
minimizing the effect of multipath reflections to and from the SAPARC's ground-based
position. Multipath contributions yield inaccurate RCS responses since unwanted
electromagnetic energy is effectively being collected by the SAPARC antenna system
(see Figure 2.6). The nominal RCS response, however, is measured within an anechoic
chamber where multipath contributions are negligible. Hence, measurements taken
within anechoic chamber and field environments may differ considerably. Using an
antenna with small sidelobes is advantageous in that multipath contributions will be
reduced; thus, measurements taken during actual field deployment conditions will more
closely resemble measurements taken within the chamber environment.

One of the project's early prototypes incorporated the use of a corrugated horn with a
square aperture. Note that corrugated horns generally offer improved performance since
they reduce the sidelobes in the antenna pattern. Unfortunately, this prototype yielded a
high degree of co-polarized mismatch and extremely poor cross polarization isolation.
The concept of employing a dielectric lense was also tried; however, the costs of

12
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constructing adequate lenses or custom made corrugated horns became much too
prohibitive. Therefore, it was decided that the most economically feasible design would
forego the multipath considerations.

Due to the high costs involved, first a prototype horn (made from copper plated printed
circuit board material) was constructed and found to yield a one way 3 dB antenna pattern
beamwidth of 26°. The physical dimensions of the prototype horn was chosen to be 28
cm in length with a square aperture of 17.6 cm by 17.6 cm (3.11A by 3.114). Based on
these promising results, a final design was implemented using four equi-length sections
flared in 5° steps. As shown in Figure 2.4, the overall length of the horn is 30.11 cm with
an aperture of 16.98 cm by 16.98 cm (31 by 31). This final design also incorporated
rounded aperture edges which, in theory, reduce the diffraction effects inherent with the
abrupt edges of a typical horn [3]. For the center frequency of 5.3 GHz, the radius of
~ curvature for the rounded edge was chosen to be 2.83 cm, which corresponds to a A / 2
radius of curvature.

As a final point, the C-band SAPARC's design employs an OMT purchased from Atlantic
Microwave (model # OM1370). This device provides cross polarization isolation of
better than 50 dB with a VSWR smaller than 1.5 over the frequency range of 5.2 - 5.9
GHz. A VSWR of 1.07 to 1.08 is the typical value for this OMT. See Appendix A for

the detailed OMT test specifications. Figure 2.7 depicts the completed horn and OMT
combination.

2.2.2 C-Band Antenna Performance

The results from the final design varied from fair to excellent. The largest
disappointment came in the form of the narrow 3 dB beamwidths demonstrated in Figures
3.24 and 3.26 (0° and 45° Orientations). As shown in these pattern measurements, the
‘antenna provides two way beamwidths of 15° for both orientations. Although these
beamwidths are relatively narrow, the overall capabilities of the SAPARC will not be

degraded.

15



Figure 2.7: C-Band SAPARC Antenna System



The horn design does, however, provide exceptional cross polarization isolation between
the receive and transmit ports. Appendix D outlines the steps taken in measuring the
hom's cross polarization performance. These measurements were conducted within the
UM Radiation Laboratory's anechoic chamber, as shown in Figure D.1. Figures D.2a-h
reflect the time and frequency domain responses taken with a Hewlett Packard 8510
network analyzer. Note that the frequency domain plots incorporated time gating and
background subtraction over a frequency range of 5.0 - 5.6 GHz.

From the plots given in Figure D.2, we can deduce that the antenna system (horn and
OMT combination) yields a cross polarization isolation exceeding 42 dB. This quality of
the horn is instrumental in providing the SAPARC's 38 dB of overall cross polarization
isolation (Figure 3.24) and relatively high GL,op gain. Note the 4 dB discrepancy
between the system's RCS cross polarization isolation and the isolation resulting from
the antenna system alone (measured independently). One possible explanation is that the
system's RCS cross polarization isolation was measured in conjunction with another horn
and OMT combination (i.e. the radar's antenna system) which similarly possesses a finite
isolation capability. The antenna system isolation measurements, on the other hand, used
a metal sphere which theoretically acts like a perfectly pure reflective polarizer, i.e. the
sphere cannot de-polarize incident electromagnetic waves (as can an imperfect horn
antenna). Therefore, it is reasonable to expect that the 4 dB discrepancy is due, at least in
part, to the imperfections of the radar's antenna system. Other sources of calibration error
may contribute to the discrepancy as well.

Finally, it should be noted that the maximization of Groop is dependent upon the level of
isolation between the receive and transmit ports on the antenna. Refer to Figure 2.1.
From this simple diagram, one can see how a feedback scenario results whenever a small
fraction of energy is coupled from the transmit antenna to the receive antenna. The
coupled electromagnetic wave is then repeatedly amplified as the energy continues along
the feedback loop. Eventually, the coupled energy will increase to a magnitude which
saturates the amplifiers. For obvious reasons, this situation cannot be tolerated for a
PARC design. Therefore, the antenna system's cross polarization isolation must be large
enough to prevent the occurrence of a feedback loop.

17



2.2.3 Summary of Horn Performance

hysi h isti Electrical Ch risti
Aperture Size: 16.98cm X 16.98cm Gain: 1593 dB
Length: 30.11 cm 2-Way 3 dB
Weight: 3.5 1bs. Beamwidth: 15°
Material: Aluminum Cross Polarization
Manufacturer: Midwest Enterprises Isolation: 42 dB

Table 2.1: C-Band Antenna System Characteristics

2.3 GLoop Design
2.3.1 Delay Line

At the heart of any PARC system is the GLoop component of the RCS. As mentioned
above, a PARC can enhance a calibration measurement by translating its SAR response
over a dark background (i.e. a background with a specular surface, such as an airport
runway or a large body of water -- See Figure 2.8). This technique is easily implemented

by adding a low loss delay line between the receiver and transmitter, as shown in Figure
2.2.

When calculating the length of the delay line, a number of system parameters had to be
incorporated in order to insure an adequate SAR delay. The slant range resolution, Ty, is
given as 6.67 m for JPL's AIRSAR. As shown in Figure 2.8, the SAPARC should
“appear” as if it is situated directly over a body of water. The quantity Ap corresponds to

the distance between the physical location of the PARC and its desired SAR image
‘position. An acceptable Ap is approximately 10 pixels (i.e. 10 range bins); therefore,

Ap=10r, = 66.Tm

18
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Figure 2.9: C-Band 0.141 Inch Semi-rigid
Microporous Coaxial Delay Line



Figure 2.10: S11 Time Domain Response of the
C-Band Delay Line
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With Ap now known, the delay D can be found through the simple relationship

p=22

c

where c is the speed of light in free space. Lpy;p, the minimum length of line needed, is

L, =Dy, =208 _ 46 00m=150991
c

Note that v¢oax is the velocity of the wave within a coaxial medium. The minimum
length of line required is approximately 151 feet, yet in actuality, all of the L- and C-band
SAPARGCS developed for this project use line lengths of 200 feet (therefore guaranteeing
a sufficient delay). Figures 2.9 and 2.10 show the coil of delay line and its corresponding
S1; time domain response for the C-band SAPARC.

At C-band frequencies, the losses associated with any delay line tend to be quite severe.
These losses were minimized by using 0.141 inch semirigid microporous coaxial cable
(manufactured in 25 ft-long pieces by Precision Tube, Inc.). The total attenuation
resulting from the eight 25 ft-long sections was measured with a Hewlett Packard 8510
Network Analyzer, and was found to be approximately 41.4 dB (see Figure 2.11). Note
that the measured loss and the losses quoted by the manufacturer, namely 22 dB, differed
by almost 20 dB. It is assumed that this difference results from the losses associated with
the 16 connectors.

2.3.2 Amplifiers

The role of amplification in a PARC is to increase the RCS of the antenna system and to
compensate for the losses associated with the PARC's delay line and other passive
components. The amplifier gain of a SAPARC system must be chosen such that the
amplifier operates in the linear region. Amplifier saturation may occur for two reasons:
1. saturation due to high levels of input power received from the SAR platform, and 2.
saturation due to feedback oscillations. The latter of the two results from a finite receive

22



and transmit channel isolation (determined by the performance of the OMT and horn
antenna).

2.3.2.1 Input Power Calculations

In order to insure that the amplifiers would not be saturated by the received RF, a number
of preliminary calculations were made using the Friis transmission formula and known
system parameters for JPL's AIRSAR and NASA's Shuttle Imaging Radar (SIR-C).
Tables 2.2 and 2.3, respectively, summarize the JPL AIRSAR and NASA SIR-C
parameters.

Peak Power Pt = 1 kW (60 dBm)

Average Power Pt = 19W (42.79 dBm)

Wavelength A = 0.0566 m

Antenna Gain G =233dB

Altitude 15,000 - 40,000 ft (4,572 - 12,192 m)
Incidence Angles 20° - 70°

Pixel Resolution 3.03m or 12.01 m (1 or 4 Look Azimuth)

6.67 m (Slant Range)

Table 2.2: JPL AIRSAR Parameters

Peak Power Pt = 22-225kW (63.42-63.52 dBm)
Wavelength A = 0.0566 m

Antenna Gain Unknown (Assume G = 20dB)
Altitude 200 - 225 km

Incidence Angles 15° - 55°

Pixel Resolution 10 - 60 m Range Resolution

Table 2.3: SIR-C Parameters

24



For JPL's AIRSAR system, the following Friis transmission calculations are applicable.
Figure 2.12 depicts the geometry of a typical fly-by, where h is the height of the platform
and R is the corresponding range (i.e. distance between the SAR and the calibration unit).
The values used in this calculation are for the "worst case" scenario with respect to

possible amplifier saturation. Therefore, the dimensions correspond to the case where the
maximum amount of power will be received by the SAPARC.

R =4.865 km

r

SAPARC
(Receiver)

AIRSAR Platform

/<— (Transmitter)

20°
h=4.572 km

Figure 2.12: JPL AIRSAR Fly-by Geometry

The general form of the Friis transmission formula is

whereas

1\
Py = T(m) GG, (4]
R= h = 4.8654km

cos(@)

P, =1KW = 60dBm
2 2
( A ) _ 0.0566m =—120.67dB
4nR) ~ \ 47(4.8654km)
G, =23.3dB
G, =154B

25



Therefore, the maximum input power received by the first stage amplifier will be

P, = 60+23.3+15-120.67 = -22.37dBm

Similarly, NASA's SIR-C system, shown in Figure 2.13, will yield the following results.

SIR-C Platform

/(— (Transmitter)

15°
R =207 km h =200 km

r

SAPARC
(Receiver)

Figure 2.13: NASA SIR-C Fly-by Geometry

The Friis transmission formula gives

l 2
PR=PT(4nR) GG, [4]
whereas
h
R= = 207.05k,
cos(6) "

P, =2.25KW = 63.52dBm
2 2
(_11__) o[ 0:0566m ) _ _153554m
47R) ~ | 47(207.05km)
G, ~20dB
G, ~154B

26



Therefore, the maximum input power received by the first stage amplifier will be

P, =63.52-153.25+20 +15=-54.73dBm

The gain of the first stage amplifier (i.e. the pre-amplifier) is at most 44 dB (see
Appendix B). Hence, the first stage amplifier must be capable of producing the following
output power levels in order to insure operation within the linear range of the amplifier.

AIRSA.R Pou{ = PR+ Gpreamp = ‘22.37dBm +44dB = 21.63 dBm

As shown in Figure 2.2, an additional attenuator of 10 dB was added to the front end of
the pre-amplifier as an extra precaution to deter possible saturation during AIRSAR
calibrations. Note that the 1 dB compression point for this amplifier is approximately 15
dBm.

Adding an attenuator "in front" of the amplifier degrades the signal to noise ratio;
however, in this case, the signal level is much higher than the thermal noise, thus the
effect of the additional attenuator is negligible. As will be pointed out in the next section,
the noise inherent within the loop can lead to internal oscillations. Therefore, minimizing
the noise will theoretically lead to a maximization of GLoop. Yet, in light of the
seriousness of amplifier saturation, it was agreed that the benefits resulting from this
potentially lower noise performance could not outweigh the assurance that the pre-
amplifier is operating within its proper linear range.

2.3.2.2 Feedback Oscillations

An equally serious problem can arise when the system is driven into a state of feedback
oscillation. Section 2.3.2.1 alluded to the fact that noise inherent within the system can
be amplified just as easily as any incoming RF signal. Oscillations result whenever the
amplified noise exceeds the isolation of the antenna system. For the C-band SAPARC
design, the net GLoop gain must not exceed 42 dB (the antenna system's cross polarization
isolation).
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Since GLogp must be less than 42 dB, it follows that

Rearranging this equation gives

Therefore
GAmp < 84 dB

Due to the relatively high loss of the delay line, a second amplifier is needed to help
boost the signal before it is transmitted back to the SAR platform. As was done with the
preamplifier, care must be taken to insure that the second stage amplifier is not driven
into saturation. For this reason, the 1dB compression point of the power amplifier was
chosen to be 29 dBm.

2.3.3 Attenuation Switches

The principle goal of the attenuation switch (see Figure 2.2 and Appendix C, pg. 6) is to
reduce the loop gain thereby allowing the SAPARC to be used for both JPL AIRSAR and
NASA SIR-C missions with the maximum allowable RCS. As pointed out in Section
2.3.2.1, JPL's AIRSAR, which flies at significantly lower altitudes than SIR-C, has a
correspondingly higher risk for saturating the SAPARC's amplifiers. Conversely, an
excessively large Gpoop can lead to the saturation of the SAR platform's own receiver.

The original goal was to insert (via the microwave switches) a 10 dB pad within the
GLoop path for AIRSAR calibrations. This pad could then be "switched out" for SIR-C
applications; however, it was found that the system would occasionally slip into a
feedback oscillation mode whenever the 10 dB pad was out of the Gpgop line. These
oscillations occurred most prevalently whenever the amplifiers were not warmed up, thus
implying that the loop gain was right on the fringe of its maximum limit (the amplifiers
can exhibit a 1-2 dB drift in gain between initial turn-on and steady state / room
temperature operation). Reducing the loop gain by 3 dB eliminated this problem
altogether for operating temperatures of 20° C and greater. (See section 3.3 for cold
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weather operation). Hence, for SIR-C usage, the Mini-Microcircuits switches insert a 3
dB attenuator into the loop, whereas a 10 dB attenuator is inserted for the JPL AIRSAR
calibrations.

The Miteq pre-amplifier and power amplifier tandem provide approximately 96 dB of
gain, which is well above the limit shown above in Section 2.3.2.2 (see Appendix B).
Hence, this explains why an attenuator must be added in front of the first stage amplifier
since doing so makes GLoop less than the cross polarization isolation of the antenna
system. It would appear as if a 13 dB (i.e. 96dB - 13 dB = 83 dB < Gamp max = 84 dB)
attenuator is required; however, a trial and error approach showed that a 3 dB attenuator
is sufficient to prevent feedback oscillations.

Note that the results shown throughout this report reflect the SAPARC's operation
within the SIR-C mode. Similar results can easily be found for the AIRSAR case by
simply subtracting 7 dB from the overall SIR-C RCS measurements.

2.4 Control and RF Detection Circuitry

The control and RF detection circuitry serves a two-fold purpose. First, it provides the
necessary switching and timing functions for the various power loads; secondly, the
circuits display the operating status of the entire system, thereby alerting the user of
changes in battery capacity and calibration readiness. The system is comprised of three
major components: the Control Printed Wiring Assembly (PWA), the Detection PWA,
and the Control Panel. A more detailed description of each of these subsystems is given
in the following sections.

2.4.1 Control Circuitry / Control Panel

The single antenna PARCs developed through this project feature custom made control
and detection circuits. The features of the control circuitry are as follows:
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Figure 2.14: SAPARC Control Printed Wiring Assembly
(Unstuffed)



Figure 2.15: SAPARC Control Printed Wiring Assembly
(Stuffed)
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Figure 2.17: SAPARC Front Control Panel



LED Battery Power Monitor * Auxiliary Switching Capability

+ Battery Over-discharge Protection + External Source Hook-up
+ Automatic System Activation Timers * Recharge Ports for Internal Sources
* Voltage Regulation + Easy Detachability for Maintenance

Most of the circuitry (for the functions listed above) is mounted on the Control PWA.
This board was designed with EE Designer, a PWA layout software package which can
be run on most IBM pc's. The PWA was then manufactured by L. Ross industries in Ann
Arbor. (See Figures 2.14 and 2.15).

As a final note, the entire Control PWA / Detection PWA combination can be removed
from the system chassis by disconnecting the 50 - pin connector. Before doing so,
however, it is advised that the user first disconnect the internal supplies by removing the
7A fuses; the "BATTERIES" switch must then be turned on, and the "POWER RESET"
button depressed (for 10 seconds) so that all residual charge held by the internal
capacitance of the system can be safely discharged. (See Figure 2.16 and 2.17, both of
which depict the front control panel).

2.4.1.1 LED Battery Power Monitor

The LED display mounted on the control panel is driven by a differential amplifier circuit
which monitors the gradual drop in voltage of each separate lead acid battery (see
Appendix C, pg. 3). Preliminary tests showed that this drop is a linear function of time,
whereby the safe operating range exists between 10V <V < 12.5V (refer to the battery
operating curves given in Figures 3.12, 3.13, and 3.14). The entire system becomes fully
loaded whenever the LED display is activated, thus yielding a more accurate
measurement of the battery's remaining capacity. Note that under room temperature
conditions, the Yuasa 7 A-hr 12V batteries can operate for up t6 5.5 hours (under a full
load of 1.2A) before the lower operating voltage threshold is reached. Colder
temperatures will significantly limit this capacity; at -10°C, the system can only operate
for 4.5 hours before the same lower threshold causes the system to shut down.
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The LED display is currently set to measure a voltage range of 10.5V < V< 12.5V for
each supply. This range can be adjusted for supplies 1 and 2 by tweaking the
potentiometers R8 and R17, respectively.

2.4.1.2 Battery Over-discharge Protection

In conjunction with the LED bar graph display, the discharge protection circuitry
similarly monitors the supply voltages through the use of comparitors (see Appendix C,
pg. 4). When the lower voltage threshold is reached (i.e. 10V), power to the entire
system will be shut off, thus protecting the lead acid batteries from excessive discharging.
(The battery's capacity is severely degraded whenever this lower voltage threshold is
exceeded for extended periods of time.) This lower threshold can be easily adjusted by
tweaking potentiometers R3 and R15 (for supplies 1 and 2, respectively).

2.4.1.3 Automatic System Activation Timers

The system's built-in activation timers can control the operation interval for the
SAPARC. In almost all practical situations, the SAPARC needs to be on for a relatively
short period of time which can be programmed using the activation timers, thus
prolonging the SAPARC's use by conserving battéry capacity (see Appendix C, pp. 5-6).
Two separate clocks are used: one for activating the high load components, and one for
deactivating the entire circuit. The wiring design consists of a number of buffers and
opto-isolators which connect the output of the timers (i.e. piezo-electric connections) with
the rest of the control circuitry. Note that these connections were made with shielded 20
gauge wire; the first prototype, which did not use shielded wire, experienced occasional
transient responses resulting from the switching of the high load components (e.g.
amplifiers, heater, etc.). Proper shielding and the use of opto-isolators eliminated this
problem altogether.

The timer activation mode can be bypassed for manual operation as well. In the manual
mode, the system loads are all activated for immediate and constant operation, thus
making this mode ideal for testing purposes. When deploying the SAPARC within a
field environment, one should use the bypass in order to insure that the system cannot be
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driven into a feedback state. Feedback oscillations will occur whenever an object is
placed within the SAPARC's antenna beam pattern. Hence, a low-lying tree branch or
other similar object may drive the system into an oscillation state. Using the bypass
allows the user to "see" if any objects are within range of causing such problems. If the
system can operate correctly in the bypass state, then the user will have confidence that
the SAPARC will also work while in the automatic mode.

As a last note, the activation timers are independently powered by small cell 1.25V
batteries. These cells can be easily replaced by removing the top cover on the SAPARC
chassis. A small plastic cover on the clock units must also be removed in order to gain
access to the battery compartments.

2.4.1.4 Voltage Regulation

The various subsystems within the SAPARC require supply voltages of £15V, 8V, and
+5V. The +5V and 8V regulation is performed by basic 7800 series regulators, whereas
the £15V modes are supplied from DC-DC converters (one on the Detection PWA, and
the second on the Control PWA - see Appendix C, pp. 3,4, and 7). The +15V DC-DC
converter possesses an efficiency of greater than 80%; hence, the converter outperforms
conventional voltage regulation by a considerable margin (i.e. in terms of efficient power
use). It should also be noted that conventional regulators cannot supply the relatively
large amount of current which is required for the operation of the amplifiers and other
possible auxiliary loads.

2.4.1.5 Auxiliary Switching Capability

As mentioned above, the Control PWA is configured so that -additional loads can be
added (and thus controlled) as the user sees fit (see Appendix C, pg. 2). The voltage
output for these auxiliary ports includes £15V and +24V. Possible loads include
recording devices which can monitor the RF power levels received during SAR fly-bys,
thereby providing a means for measuring the pattern of the SAR's illuminating footprint.
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The Detection PWA does provide a correlation between detected RF and a specific DC
output voltage. This capability may be utilized for use with recording devices. Heaters
can also be connected to this circuit; however, testing has shown that their use is of little
value for reliable temperature stabilization. (See section 2.5).

2.4.1.6 External Source Hook-up

The user can bypass the internal battery supplies by employing the use of the external
hook-up jacks located on the front control panel (see Figures 2.16 and 2.17, as well as
Appendix C, pg. 1). If external sources are to be used, simply flip the "EXTERNAL
SOURCES" switch to the ON position. Hit the "POWER RESET" pushbutton and
continue the system operation in the normal fashion. As a final note, DO NOT
CONNECT THE GROUNDS FROM THE EXTERNAL BATTERIES
TOGETHER.

2.4.1.7 Recharge Ports

The user can also recharge the internal batteries via the recharging ports located on the
front control panel (see Figures 2.16 and 2.17, as well as Appendix C, pg. 1). Two
different port types are provided for the support of varying recharging devices. When
recharging, have the "BATTERIES" switch in the OFF / RECHARGE position. The
"CHARGING CONFIGURATION" switch permits the user to charge the batteries
individually or together in a parallel mode.

2.4.2 Detection Circuitry

The Detection PWA was acquired from an existing two-antenna PARC system developed
by Applied Microwave (see Appendix C, pg. 7). This subsystem monitors the power
levels which exist at the output of the power amplifier. The threshold for this detection
has been set low enough (Pmin detection = -48.6 dBm) so that oscillations as well as SAR
fly-bys can be recorded. In the original circuit design, a detection would illuminate a
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small red bulb; in addition to this, a .25A circuit breaker switch (which serves as a
permanent recording device) has been added to signal the user that a successful
calibration is complete. Note that the circuit breaker takes approximately 60 seconds to
trip once a detection is made.

When deploying the SAPARC, the user must be certain that feedback oscillations will not
occur during the calibration. Therefore, one must always monitor the detection lamp
during final setup preparations. (Recall that the SAPARC system is extremely sensitive to
adjacent objects which may reside within the antenna's beamwidth. These objects include
nearby bushes, tree limbs, etc.). If a feedback scenario is present, simply press the
RESET to clear the Detection PWA circuitry. Continue to re-position the SAPARC as
needed so that no errant detections are made.

2.5 Temperature Stabilization

During the initial design phase, one of the primary goals was to develop a system which
was insensitive to changes in the ambient temperature. It was assumed that the most
sensitive devices would be those which are active, namely the preamp and power amp.
To this end, a 24W hybrid heater had been placed on the amplifier combination.
Unfortunately, the temperature stabilization tests showed that the most sensitive device
was the passive delay line, and pot the amplifiers as first suspected. The following test
results demonstrate this fact:

38



Power Amp Gain
(with heater)

Preamp Gain
(with heater)

Delay Line
Loss

Total Line Loss
(without amps)
(with 10dB pad)

Ambient Temp

(20°C)

Measurement

51.12dB

43.33dB

42.53dB

53.94 dB

Lower Extreme

(-10°C)

Measuremen

50.46 dB

42.67 dB

39.39dB

49.67 dB

Difference

in

Measurement

0.66 dB

0.66 dB

3.14dB

4.27 dB

Table 2.4: Thermal Variations of Key SAPARC Components

As shown above, temperature stabilization would require either a number of high power
heaters or a variable attenuator / gain feedback circuit. The former of these alternatives is
somewhat impractical since it would require excessive amounts of battery power.

Similarly, the latter option is too expensive for a practical implementation.

An acceptable solution requires a mapping of the GLoop component of the RCS as a
function of temperature. Such a mapping is shown in Section 3.3. The goal, then, is to
accurately record the system's temperature during an actual field test. The temperature
(recorded as a function of time) will then be compared to the GLgop vs. Temperature chart
from Section 3.3. Hence, an accurate description of the system's total RCS can be

calculated for the exact fly-by time of the SAR platform.
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An automatic measurement is obtained through the use of a Dickson 24-hour
Temperature Recorder. This device is nestled within the delay line loop located at the
base of the SAPARC chassis. For an actual field deployment scenario, the user must
activate the temperature recorder while noting the exact time of initial operation. Once
this is done, the user is free to leave the deployment area while the rest of the equipment
remains in its automated mode.

2.6 Assembled Prototype

Figures 2.18 a-c show the SAPARC in its completed state. Note how the horn antenna is
detachable for quick and easy transport of the device.
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Figure 2.18a: Internal Components of the C-Band SAPARC



Figure 2.18b: C-Band SAPARC Disassembled For Transport
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CHAPTER III

EXPERIMENTAL RESULTS

As mentioned in Chapter 1, the accuracy of a SAR calibration is highly dependent upon
the measured performance of the calibration device. Hence, the measurements taken in
accordance with this project must adhere to the following goals:

* Accurate measurement of the scattering matrix for the 0° and 45° antenna
orientations.

* 0.2 dB accuracy in the mapping of the thermal gain variations.

* Overall characterization of SAPARC performance with respect to field
deployment conditions, including extremes in temperature, all-weather
performance, and battery capacity.

3.1 GLoop Measurements

Figures 3.1 and 3.2 depict the Sy frequency responses of GLoop for room temperature
operation (22° C). For this measurement, a 50 dB attenuator was placed on the receive
channel of the SAPARC in order to prevent amplifier saturation. The frequency response
for this attenuator is similarly shown in Figure 3.3. From these measurements, GLoop is
“found to be 44.08 dB. However, as section 3.3 will show, GLoop is highly dependent
upon the SAPARC's operating temperature. To find the correct value of GLoop for each
SAR calibration, one must refer to the thermal variation chart shown in Figure 3.14.

The SAPARC anechoic chamber tests were performed at room temperature

44



(approximately 22° C). Figure 3.9 (SAPARC RCS for the 0° Orientation) shows that the
maximum achievable value for the RCS is 40 dBsm. Using this data in conjunction with
the theoretical equation given in section 2.1, the gain of the C-band antenna system is
found to be 15.93 dB. The following calculations demonstrate this result.

where
o = 40dBsm
G, = 44.084B
G, = GR. = G prienna
22 (0.0566m)"

=-35.944dB
4n 4r

Rearranging the equation gives

(40.0dBsm — 44.084B + 35.94dB)

The equations above demonstrate how the user can easily find the RCS of the SAPARC
for any given operating temperature. In other words, when the operating temperature is
known, the corresponding value of GLoop Will also be known, and hence so will the RCS
of the SAPARC unit. The equations are similarly applicable to the 45° SAPARC
orientation. For this case, simply subtract the 6 dB difference from the 0° orientation
antenna results described above.

3.2 Anechoic Chamber Tests
The University of Michigan Radiation Laboratory maintains a fully equipped 60-foot-
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long, tapered anechoic chamber which is used for conducting antenna pattern
measurements and for measuring the scattering characteristics of man-made and natural
targets. This chamber is ideal for making accurate measurements of the SAPARC's RCS

within a relatively noise-free environment.

A major component of the Radiation Laboratory's polarimetric radar measurement
facility is the LCX POLARSCAT system. The parameters of the C-band subsystem are
as follows:

Center Frequency 5.3GHz

Frequency Bandwidth _ 0.5 GHz

Antenna Type Dual Polarized Pyramidal Horn
Antenna Gain 25.3dB

Beamwidth 8.0°

Far Field (2d2 /1) 5.8 m

XPOL Isolation 45 dB

Calibration Accuracy +0.3dB
Measurement Precision (N>100) +04 dB

Phase Accuracy +3°

Table 3.1: C-Band POLARSCAT Parameters

A large percentage of this system consists of Hewlett Packard components, including an
HP 8753 Network Analyzer and HP 9000 Computer with an additional disc drive. Using
computer control, polarimetric measurements of the phase and magnitude responses can
be taken with respect to changes in target elevation and azimuth angles (Figure 3.4).

The chamber experiments required a center frequency of 5.3 GHz with a 600 MHz
bandwidth. Calibrations were performed by using a 14" metallic sphere in accordance
with a calibration technique developed by Sarabandi [S] (See Appendix E). Time gating
was also employed, whereby a gate span of 10 ns (centered on the target's response)
provides an automatic subtraction of background scatterers.
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Figure 3.1: Frequency Domain Response of GLoop
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Figure 3.2: Detailed Frequency Domain Response of GLoop
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Figure 3.3: Frequency Domain Response of the 50 dB Attenuator

ZH) Q00VVRVBS S
ZH Q000200 " S

S —

dols

JuviSs

T

ZH9)

€ "4
H3

-

3
HVIN

dy

ar v86°6v— A
/8P 0°T T
apP 0°0S— 43d

gy Bo|

Al

ue TW

* U<



Figure 3.4: C-Band POLARSCAT Test Equipment
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Figure 3.6: 0° and 45° Orientation Modifications



A block diagram of the measuring facility is given in Figure 3.5. Figure 3.6 shows the
configurations used for the 0° and 45° Orientation tests.

3.1.1 SAPARC Time Domain Response

Section 2.3 mentioned that a SAR calibration can be enhanced by time shifting the
PARC's radar response so that it appears to originate over a dark background (refer to
Figure 2.8). Recall that a 200 foot delay line is incorporated into the SAPARC design to
accomplish such a feat. The effect of this delay is clearly shown in Figure 3.7, the time
domain response of the C-band SAPARC system. As an addendum, Tables 3.2 and 3.3
provide an identification and quantification of the five markers given in Figure 3.7.

Marker Identification
1 Leakage (i.e. cross talk) between the receive and transmit horns used in
the measurement
2 Backscatter from the SAPARC's antenna and chassis (physical location
of the SAPARC)
3 Primary time-delayed SAPARC response
4 First delayed multipath reflection
5 Response due to the ringing of the SAPARC unit

Table 3.2: Marker Identification for Figure 3.2

Time Delay (ns) Electrical Distance (m)
Referenced to Referenced to
Marker Magnitude (dB)  Measured Marker 1 Measured Marker 1
1 -100.39 53.75 0.00 16.11 0.00
2 -87.40 143.75 90.00 43.10 26.99
3 =36.31 408.75 355.00 122.54 106.43
4 -79.59 502.50 448.75 150.65 134.54
5 -49.37 672.50 618.75 201.61 185.50

Table 3.3: Magnitude and Position Values for the Markers Shown in Figure 3.2
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Figure 3.7: SAPARC Time Domain Response
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The values given in Tables 3.2 and 3.3 lead to a number of important conclusions. First,
the electrical length of the delay line is found to be the difference between markers 2 and
3, namely 265 ns. This, in turn, corresponds to an electrical length of 79.44 m; hence, the
SAPARC's SAR response has effectively been translated by nearly 80 m (i.e.
approximately 260 feet). Also note the ringing effect (marker 5) where a replica of the
original SAR response is periodically repeated every 263.75 ns, or 79.1 m. The
subsequent replicas are a product of the limited isolation of the OMT. During the
transmission of the first SAR response, a small amount of leakage RF makes its way
through the SAPARC loop where it is amplified, delayed, and re-transmitted as another
SAR response. Figure 3.7 shows how each of the recurring responses will decay by
approximately 13 dB; hence, this process continues until the net amount of leakage
becomes negligible. When processing the imaging data, the ringing effect inherent with
each SAPARC allows for easy identification and location of the calibration system, thus
providing another advantage over passive calibration devices.

Marker 4 shows the delayed response of the first multipath reflection. The distances
between markers 1 and 2 and markers 3 and 4 are virtually identical; therefore, it is
believed that the response labeled by marker 4 corresponds to a component of the original
signal which experienced multiple reflections from the SAPARC hom / chassis and the
receive / transmit antennas on the radar platform. In other words, this signal originally
reached the SAPARC unit where it was then reflected back towards the radar platform.
Once reaching the platform, the signal was then reflected back again towards the
SAPARC. Upon reaching the SAPARC for the second time, the signal was received,
delayed, amplified, and re-transmitted back to the radar platform. Similar multipath
signals are shown throughout Figure 3.7.

As a final point, the SAPARC provides an exceptional signal to noise ratio (SNR). The
difference between the SAR response (labeled as marker 3) and the anechoic chamber's
noise floor is over 70 dB. A 50 dB signal to clutter ratio (i.e. the difference between
markers 2 and 3) is also shown to be quite extraordinary. These relatively large values of
SNR will prove to be very beneficial for actual SAR calibrations.
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3.1.2 0° Orientation Test

The 0° orientation of a SAPARC refers to the case when there is no polarization
mismatch between the radar's antenna and the SAPARC antenna. In this mode, the
SAPARC provides a calibration of 6y, where a received vertically polarized signal is
amplified, delayed, and transmitted back to the radar with a horizontal polarization. The
phasor polarizations are given in Figure 3.8.

Figure 3.9 demonstrates the measured azimuthal pattern response for this orientation. As
shown, the SAPARC yields a maximum RCS response of 40 dBsm with a 15° half-power
beamwidth (for the oy case). (Note that the traditional convention of listing the target's
polarimetric RCS as oyy, where x and y refer to the received and transmitted
polarizations, respectively, is used.) A cross polarization isolation of 38 dB exists
between Opy and Oyy , Ohh . thereby giving credence to the excellent cross polarization
isolation performance of the horn / OMT design described in section 2.2.

As a final point, the 6y, response reveals the "noise floor" inherent with this
measurement. This RCS response is characterized by a 100% polarization mismatch for
both the radar and SAPARC antennas, and hence the extremely low RCS response of -40
to -60 dBsm is expected.

3.1.3 45° Orientation Test

The 45° orientation is accomplished by rotating the SAPARC horn as demonstrated in
Figure 3.10. Doing so allows a complete calibration of the Scattering Matrix since each
transmit and receive combination, namely Gyy, Ohh, Ohy, and Oyp, yields the same
RCS azimuthal pattern response with a half-power beamwidth of 15°. Figure 3.11
depicts the RCS azimuthal pattern response for the 45° orientation. Note how each trace
is symmetric and virtually equal over a 40° beamwidth, as expected. Also note how the
peak RCS of 34 dBsm is exactly 6 dB below the 0° orientation response of 40 dBsm.
Again, this result is in excellent agreement with the theoretical expectations (the two 45°
polarization mismatches, one for transmit and the second for receive, correspond to a
total loss in power of 1/2 + 1/2 = 1/4 = 6 dB).
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Figure 3.8: SAPARC 0° Orientation Phasor Polarizations




Figure 3.9: SAPARC 0° Orientation RCS Azimuthal Patterns (SIR-C Mode)
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Figure 3.10: SAPARC 45° Orientation Phasor Polarizations



Figure 3.11: SAPARC 45° Orientation RCS Azimuthal Patterns (SIR-C Mode
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Figure 3.12: SAPARC 45° Orientation Phase Patterns (SIR-C Mode)
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Figure 3.13: Phasor Diagrams for the 45° Orientation



The phase responses shown in Figure 3.12 are also noteworthy. Theoretically, we expect
Ohv - Oy =0°
®hh - Ow = Qvh - Oyy =180°
over an 80° beamwidth. The phase diagrams in Figure 3.13 help to explain these results.

Section 2.2 referred to the drawbacks encountered when using a two-antenna PARC
system; more specifically, these problems include pattern asymmetry and ripples in the
phase and magnitude responses. Figure 2.3 is an example of one two-antenna system
tested by Sarabandi and Oh [1]. By comparing Figure 2.3 with those in Figures 3.11 and
3.12, one can easily see the notable SAPARC improvements in magnitude and phase
performance.

3.3 Thermal Gain Testing

Section 2.5 alluded to the fact that PARC's are susceptible to gain variations due to
changes in the ambient temperature. Countering these thermal gain variations is
formidable task; therefore, it is much easier to compensate for the changes in the
SAPARC's RCS by mapping the GLoop dependency on ambient temperature.

The thermal gain tests were performed at ERIM (Environmental Research Institute of
Michigan) where a temperature-controllable refrigerator could be obtained. Figure 3.14

reflects the results of the experiment whereby GLoop is plotted over a temperature range
of -20°C to 50°C.

The user of the device must remember, however, that component aging may alter
the overall performance of GLoop. Therefore, periodic calibrations of GLoop Vvs.
temperature is recommended.

As a final note, special precautions must be taken when operating the SAPARC in
cold weather scenarios. Currently, the system is configured to provide the
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Figure 3.14: C-Band SAPARC Thermal Gain
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maximum allowable RCS for temperatures of 20°C or greater (see section 2.3.3).
However, Figure 3.14 clearly shows how Gy q0p can increase by as much as 7 dB for
temperatures below 20°C. Therefore, the user is encouraged to use the JPL
AIRSAR mode of operation whenever cold operating temperatures are anticipated.
Recall that the AIRSAR mode uses a microwave switch to insert 7 dB of attenuation
into the loop, thereby providing the needed cold weather protection against
feedback oscillations.

3.4 Field Deployment Conditions
3.4.1 Battery Capacity

The SAPARC units developed through this project require two 12V, 7 Amp+H lead acid
batteries. The power demands on Supply 2 (see Appendix C, pg. 1) is given as follows:

SAPARC Operating Condition Current Draw Power Demand
Timing Circuitry On 037A 444 W
System Active 1.09 A 13.08 W
System Active with LED Display On 1.20A 1440 W

Table 3.4: Power Demands on Supply 2

Figure 3.15 (1 A case) depicts the capacity performance of the Yuasa 12V battery used in
the SAPARC design. Figure 3.16 shows the results for the full load case (i.e. a current
draw of 1.2 A). Under full load conditions, the SAPARC can operate (at temperatures
above 20°C) for up to 5.5 hours; longer operating times are achievable when using the
Activation Timers.

Figure 3.17 shows the marked decrease in capacity during cold weather operation.
During this test, the Yuasa 12V battery was subjected to a temperature of -10°C while
providing a current of 1.2 amps. Under these conditions, the SAPARC's full load
operating time is reduced by one hour; therefore, the user must take special precautions
when planning to operate the SAPARC in cold climates.
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3.4.2 All-Weather Performance

Ideally, the SAPARC can be used in all types of weather; of course, there are a number
of practical limitations which concern the aperture on the horn antenna. Obviously, rain
and snow can accumulate inside the horn / OMT, and thus the calibration would be
ruined. In order to compensate for this occurrence, a polyethylene film (e.g. Saran Wrap)
was placed over the aperture to serve as a radome. This film was very effective in
keeping water out of the horn / OMT combination; however, an accumulation of water
droplets on the radome eventually lead to a feedback oscillation scenario (see Sections
2.3.2.2 and 2.4.2). Therefore, applying a thin-filmed polyethylene radome is suggested
for weatherproofing the horn, OMT, and waveguide adapters. Yet, do not expect the
SAPARC to operate correctly in adverse weather conditions.

As a sidenote, if the rainfall ceases and the radome is allowed to dry, the SAPARC will
“break-out" of its oscillation mode and return to its normal operating condition. The only
notable change is that the detection circuitry will be triggered prematurely. Finally, the
chassis of the SAPARC unit should be shrouded with a rain tarp to prevent excess
exposure to the elements.

69



CHAPTER 1V

CONCLUDING REMARKS

The report outlines the design and performance characteristics of the first single antenna
polarimetric active radar calibrator (SAPARC) prototype developed for NASA's SIR-C
mission at the University of Michigan's Radiation Laboratory. In addition to this specific
unit, a second C-band and two L-band versions are currently being constructed as part of
a continuation of this project.

This first C-band prototype possesses a nominal RCS of 34 dBsm with a 3 dB beamwidth
of 15°. One of its best attributes, however, is the fact that it can outperform conventional
PARC:s though its implementation of a single dual-polarized antenna. More specifically,

the pattern asymmetry and phase and magnitude ripples are eliminated through the use of
this design.

In addition to these RF characteristics, the prototype is also noteworthy in that it provides
a number of features which accommodate prolonged operation intervals and useful
system status updates. In the future, subsequent modifications to this basic design will
hopefully lead to more accurate and convenient calibrations of SAR platforms.
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APPENDIX D

CRroSS POLARIZATION ISOLATION TESTS
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Figure D.1: Cross Polarization Isolation Test Measurements
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Figure D.2a: Syv Time Domain Plot of a 14" Calibration Sphere
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Figure D.2b: Syv Frequency Domain Plot of a 14" Calibration Sphere
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Figure D.2c: Shh Time Domain Plot of a 14" Calibration Sphere
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Figure D.2d: Shh Frequency Domain Plot of a 14" Calibration Sphere

(With Background Subtraction)
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Figure D.2e: Spy Time Domain Plot of a 14" Calibration Sphere
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Figure D.2f: Spv Frequency Domain Plot of a 14" Calibration Sphere

(With Background Subtraction)
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Figure D.2g: Syh Time Domain Plot of a 14" Calibration Sphere
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Figure D.2h: Syn Frequency Domain Plot of a 14" Calibration Sphere
(With Background Subtraction)
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