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ACTS Ka-BAND DIVERSITY MEASUREMENTS IN FLORIDA 
Henry Helmken* ,Joey Duvall** and Rudolf Henning** 
*Florida Atlantic University 
777 West Glades Road 
Boca Raton, Florida 33431 
* *University of South Florida 
4202 East Fowler Avenue 
Tampa, Florida 33620 

The NASA Advanced Communications Technology Satellite (ACTS) Propagation 
Measurements program has accumulated five years of continuous propagation data at 20.185 
GHz and 27.505 GHz at seven selected sites spanning the North American continent from 
Alaska to Florida. Since path loss at these frequencies is strongly affected by intense weath­
er phenomena, reliable signal transmission system designs must rely heavily on both mea­
surement data and validated models of channel characterization. The most stressed area in 
North America, weather-impact-wise, is Florida with its sub-tropical climactic region. In 
order to mitigate the effects of severe rain attenuation, the Florida ACTS propagation team 
has been conducting a series of experiments to study diversity gain. The study has concen­
trated on short base line (2-4 km) diversity gain which may be of most relevance to com­
mercial systems. 

NASA's ACTS program was developed to foster the creation and validation of 
communication technology expansion into the millimeter region. At Ka-band frequencies, 
reliable signal transmission system design depends heavily on validated channel models and 
accurate propagation statistics. The Space Communications Technology Center (SCTC) 
headquartered at Florida Atlantic University (FAU) is a NASA sponsored Center for the 
Commercial Development of Space and is developing systems for digital satellite commu­
nication of voice, data and video via Ka-band and thus is very dependent on accurate prop­
agation information. 

The diversity study was conducted with both the ACTS Propagation terminal 
(APT) and second transportable terminal expressly built for these experiments. The 1.2 m 
antenna is identical to that of the APT and the 20.185 GHz beacon signal is down convert­
ed to 70 MHz and measured with a digital receiver identical to that used in the APT termi­
nal. The data is collected at the same rate and format which allows direct and easy compar­
ison with the APT data. Rain events in either terminal are delineated and the APT calibrated 
baseline before and after each event is used to calibrate the baseline in the transportable unit. 
This procedure was validated by taking and comparing data with both terminals side by side. 

This paper will focus on the results of a I year comparison of simultaneous rain 
event data collected by the APT terminal and by the transportable terminal located 2.4 km 
distance. Diversity gain will be examined for both t'1e relatively dry winter months and the 
sub-tropical summer season. Data will be further sub-divided to examine possible diurnal 
variations of diversity gain. 
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WET ANTENNA EFFECT ON Ka-BAND 

SYSTEMS 

Roberto J. Acosta 
NASA Lewis Research Center 

Cleveland, Ohio 44070 
USA 

Phone: 0-001-216-433-8016 
e-mail: Roberto.1.Acosta@lerc.nasa.gov 

Abstract 

This paper describes an experimental and theoretical treatment of the contribution of wet 
reflector antennas to the signal path losses in a Ka-band low margin satellite 
communications system. The Very Small Aperture Terminals (VSAT) of the current 
commercial satellite systems operating in either C-band or Ku-band generally have their 
remote antenna reflectors and feed horn radomes coated with hydrophobic materials. 
The aim is to prevent the antenna and radome surfaces from becoming wet during a 
rainfall. This precaution relieves the burden of added rain margin necessary in link 
budgets. In the Ka-band, a greater sensitivity to wet antenna surfaces as been observed, 
with or without the application of hydrophobic material. Measured attenuation due to 
wet antennas is in the order of several dB. 

The amount of water on ground reflector antennas (reflector and feed radomes) can cause 
additional signal loss (up 4-5 dB) from the expected propagation attenuation due to rain 
at Ka-band. This is one reason why the standard techniques for predicting rain fade 
statistics (propagation models) are not aligned with the ACTS Ka-band RF beacon 
measurements. In a Ka-band satellite communications system, an additional margin 
should be included to acconnt for wetness of the antenna system. 

The problem of wet antenna can be described as the additional signal loss caused by 
wetting of the antenna surfaces. Wetting consists of thin water layer or beads of water on 
the VSAT's antenna reflector surface and/or the antenna feed horn window. The amount 
of water layer on a surface depends upon the material, surface roughness, elevation angle 
and exposure of the surface to aging. A water layer in the feed horn window radome 
creates a high perturbation on the feed standing wave ratio. Water on the reflector 
creates an additional scattering and absorption loss due to raindrops' size at the surface 
of the reflector. 

The analysis of wet reflector antenna and radome surfaces has been stndied by Blevis, 
Ruze, Cheah, Othshi, Crane and Ramachadran. In this paper, extensive measurements 
and a simple transmission line model are provided as a guideline on designing antennas 
considering the effects of antenna wetting. 
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F3-4 COMPARISON OF RADAR POLARIMETRIC MEASUREMENTS OF 
1440 RAINFALL WITH 2D-VIDEO DISDROMETER OBSERVATIONS 

A. Ryzhkov(l), T. Schuur(l), D. Zmic(2), M. Schonhuber(3) 

(1) Cooperative Institute for Mesoscale Meteorological Studies / 
University of Oklahoma, USA 
(2) National Severe Storms Laboratory, USA 
(3) Joanneum Research, Austria 

Natural drop size distribution (DSD) variations substantially limit the 
accuracy of the conventional radar rainfall estimation algorithm based on radar 
reflectivity factor Z. Polarimetric rainfall estimators that use specific differential 
phase Kop and differential reflectivity ZOR are also affected by DSD uncertainty 
but to a much lesser extent (A. Ryzhkov and D. Zmic, J. Atmos. Oceanic 
Technol.,12,249-256, 1995). On the other hand, polarimetric methods imply 
certain assumptions about the shape of raindrops as a function of their size which 
are still being debated. 2D-video disdrometer provides unique capability to 
accurately measure drop size spectrum as well as the shape of individual drops in 
a very wide range of their sizes (M. Schonhuber et al. In Weather Radar 
Technology for Water Resources Management, UNESCO Press, 159-171, 1997). 

This paper describes results of combined rain measurements with the 
NSSL's S-band polarimetric radar and 2D-video disdrometer for 11 rain events 
observed in the Spring of the 1998 in Central Oklahoma. Analysis of the 
disdrometer data indicates presence of big drops with diameters larger than 5 - 6 
mm for most convective rain events. These big drops most likely originate from 
melting hail aloft and produce plateau-like tail in the drop spectrum that cannot 
be described in terms of conventional Marshall-Palmer or Gamma DSD. 

The disdrometer data are used to compute actual rain rate R as well as radar 
variables Z, ZoR' and Kop, which are subsequently converted into "radar" rain rate 
estimates R(Z), R(Z, ZoR)' R(Kop), and R(Kop, ZoR). These disdrometer-derived 
"radar" rainfall estimates are compared with those obtained from the radar 
polarimetric variables actually measured by the dual-polarization radar. It is 
shown that the estimator R(Kop, ZOR) is least sensitive to DSD variations in the 
absence of drops larger than 4 - 5 mm. If hail or large drops originating from 
hail are present, the R(Kop) algorithm is the best option, although it is not totally 
immune to hail contamination. 

Examination of raindrops' shape shows good agreement with the Pruppacher 
-Pitter equilibrium relation for stratiform events. For most convective events 
accompanied by gusty winds estimated shapes seem to be corrupted by local 
wind disturbances caused by the disdrometer itself. 
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POLARIMETRIC UPGRADE CONSIDERATIONS FOR 
NEXRAD 

R. Doviak,a V. Bringi,b A. Ryzhkov,C A. Zahrai,a D. Zmica 

a National Severe Storms Laboratory 
b Colorado State University 

C University of Oklahoma's CIMMS 

Currently, the National Weather Service (NWS) and the National 
Severe Storms Laboratory (NSSL), are engaged in a project to upgrade 
NEXRAD (WSR-88D) to meet new requirements and to respond, in a cost 
effective manner, to advances in meteorological science and technology. 
The NWS provided radar components that made possible the assembly of a 
WSR-88D for research and enhancement of the weather service. This R&D 
radar, located on the grounds of the NSSL, is accessible to researchers to 
test and evaluate new ideas in hardware and software which have potential 
for implementation on the network of operational radars. 

This paper reports on the steps taken by the NSSL to (1) develop 
open system hardware to facilitate upgrades, and (2) improve identification 
of the type of precipitation and its quantitative measure. An engineering 
evaluation is made to determine if the WSR-88D antenna with minimum 
modification could be used in a polarimetric mode. The secondary radiation 
patterns with a new dual port feed have low sidelobe levels and are well 
matched in the main and side lobes. The contours of the horizontal (H) and 
vertical (V) gain, where the antenna gain relative to the on-axis gain is 
larger than -20 dB, agree to within ± 1 dB. 

Considerations for the choice of polarimetric basis and design 
options are described. Although the circular basis can provide estimates of 
specific differential phase (KDP) without switching the transmitted 
polarization, these estimates are corrupted in light rain. A polarimetric 
scheme employing simultaneous transmission of H and V polarized waves 
is suggested for the WSR-88D; this approach requires one transmitter and 
two receivers, and eliminates an expensive high power microwave switch. 
Theoretical considerations of feed alignment, canting, and backscatter 
depolarization suggest that simultaneous transmission of H and V signals 
would not be detrimental to measurements of KDP , the principal 
polarimetric parameter which should lead to improved rainfall 
measurements. Overall, differential reflectivity ZDR is much more affected 
by simultaneous transmission than the other polarimetric parameters. 
Experiments with the CSU-CHlLL radar are performed to compare 
polarimetric variables obtained with alternate and simultaneous 
transmissions of H, V waves. 
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F3-6 SIGNAL FADING ON A POINT-TO-POINT 
1540 MICROWAVE LINK 

A.R. Webster and H Yin, 
The University of Western Ontario, 
London, Ontario. N6A 589. 

Experimental measurements have been made for a number of years 
on a 51 km line-of-sight microwave link. The main thrust of the 
observations has been to separate individual components in a 
multipath propagation scenario using a vertical wide aperture array 
at the receiving end of the link. From this, manipulation of the 
complex amplitude measured at each of the 16 equally spaced 
elements allows resolution - 0.10 in angle-of-arrival to be attained. 
Additionally, the amplitude of the signal arriving at the receiver is 
monitored on a separate reference channel. All of the receiving 
elements are sampled within an interval of about 50ms repeated 
continuously at I second. intervals. The system operates at a 
frequency of 16.65 GHz. 

These angle-of arrival measurements have allowed considerable 
insight into the mechanisms involved in signal fading on such a link 
(see A.R. Webster, Radio Science, 32, 231-238, 1997). Significant 
fading persists over the months June to September inclusive but 
rapidly decreases on either side of this period. Here, emphasis is 
placed on the characteristics of this signal fading, including diurnal 
and seasonal variation of cumulative distributions of fade depth, 
fade duration and fade slope. It is clear that there are significant 
variations in all of these quantities, and in the diurnal behaviour, as 
the fading season progresses and these changes relate to the 
underlying physical processes involved. For example, the time of 
day of maximum fading shifts as the season advances which 
appears to be related to the changes in the refractive properties of 
the atmosphere. 
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F3-7 EXTERNAL CALIBRATION OF MILLIMETER-WAVE 
1600 CLOUD RADAR SYSTEMS 

Stephen M. Sekelsky* Lihua Li Gregory A. Sadowy 
Microwave Remote Sensing Laboratory, 
Knowles 209C University of Massachusetts at Amherst, Amherst, 
MA 01002 
Kenneth Sassen 
Department of Meteorology, 
University of Utah, Salt Lake City, UT 84112 

Millimeter-wave (MMW) meteorological radars are becoming popular 
atmospheric research tools because they are both highly sensitive to cloud 
particles and extremely portable. However, because millimeter-wave compo­
nents are delicate, questions arise about system calibrations. This is becoming 
an increasingly important issue as more and more research focuses on quantita­
tive analysis of MMW radar data. This abstract discusses absolute calibration 
of millimeter-wave radar systems using a trihedral (corner) reflector, and illus­
trates a novel method for deriving polarimetric calibration constants using only 
high resolution melting layer or hail and precipitation measurements. Data 
collected with the University of Massachusetts 33 GHz/94 GHz Cloud Pro­
filing Radar System (CPRS) and the University of Utah 95 GHz cloud radar 
are presented from the Remote Cloud Sensing Intensive Operations Period 
(RCS-IOP), which was held during April 1994 at the Department of Energy 
Atmospheric Radiation Measurement (ARM) Program Cloud and Radiation 
Testbed (CART) site near Lamont, OK. The CPRS system is mounted atop a 
precision computer controlled azimuth-over-elevation positioner. This allows 
repeated external calibrations using a trihedral reflector mounted on a forty 
foot high tower. The simple tower is designed to have a low radar cross section. 
The trihedral reflector has a known radar cross-section that does not require 
precise alignment with respect to the radar. The reflection from the trihedral 
reflector is large and overwhelms the residual reflection from the tower. We 
also show have reflections from insects near the surface affect calibration data. 

Thunderstorms producing small hail and graupel were common during 
the RCS-IOP. Both CPRS and the Utah radar observed one hail event in which 
the 33 GHz radar observed localized circulation and a depolarization trail that 
connected the circulation to the surface where cigar shaped centimeter-long 
hail particles were observed. The 95 GHz radars experienced high extinction 
rates in the hail shaft and were unable to detect the circulation because of 
low signal-to-noise levels. However, the hail and preceding precipitation data 
were used to calibrate the polarimetric response of the Utah system, which 
was operating in a fully polarimetric mode alternately transmitting V and H 
polarized signals. 
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F3-S AN FM PULSE COMPRESSION 35 GHZ SCANNING CLOUD 
1620 RADAR 

Stephen M. Sekelsky* 
Microwave Remote Sensing Laboratory, 
Knowles 209C 
University of Massachusetts at Amherst, 
Amherst, MA 01002 
James B. Mead 
Quadrant Engineering Inc. 
107 Sunderland Road 
Amherst, MA 01002 
Timothy Hiett 
Air Force Research Laboratory 
Hanscom AFB MA 01731 

A new 35 G Hz cloud radar design has been built by Quadrant Engineer­
ing for the The Weather Impact Decision Aid (WIDA) laboratory at Hanscom 
Air Force Base in Lexington, MA. Key features of this system include a liq­
uid cooled 2 kW peak power 5% duty cycle Extended Interaction Klystron 
Amplifier, analog FM pulse compression, and a six foot diameter light-weight 
carbon fiber dual-polarized antenna and integral radome. A 3/4 height remote 
equipment rack houses a VXI-bus based data acquisition system and heat ex­
changer. All RF components are packaged in a liquid cooled, weather-tight 
enclosure. This and the antenna radome permit the radar to operate unat­
tended in all weather conditions. The front-end is also compact and the radar 
can easily be attached to a pedestal for scanning. 

The USAF system interlaces linear FM modulated 12.S J.Lsec long pulses 
and unmodulted 0.5 J.Lsec pulses. Echoes from the 12.8 J.Lsec pulse are routed 
through a surface acoustic wave (SAW) compression filter in the receiver, 
which results in a 13 dB gain in sensitivity with respect to the 0.5 J.Lsec pulse 
mode. While the FM pulse mode offers improved sensitivity to high clouds, 
this mode cannot measure targets closer than 2km, and range-sidelobes, which 
are not present in the standard 0.5 J.Lsec pulse mode, sometimes introduce 
artifacts. 

Data from the new system and from the University of Massachusetts 
Cloud Profiling Radar System (CPRS) are presented from a side-by-side com­
parison. The purpose of this test is to compare system sensitivities, cali­
brations, and to assess the effects of range-sidelobes from the USAF system 
compression mode on different Doppler moments. 
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F3-9 EXTRACTION OF RAIN PARAMETERS FROM CLUTTER ECHOES 
1640 

David A de Wolf*) 
International Research Centre for Telecommunications-transmission 
and Radar 
Dept. of Information Technology & Systems 
Delft University of Technology 
The Netherlands 

The purpose of this work is to determine the extent to which the rainfall 
rate can be determined by a radar with good Doppler- and polarization­
discerning capabilities from pre-determined clutter echoes. Such echoes are 
to be measured before and during intervening rainfall. The signal received 
after reflections then is weakened by cumulative attenuation through the rain, 
and it is modified by inextricable volume backscatter from rain drops in the 
range cell containing the clutter echo. The rain backscatter is treated as noise 

A simulation study, specifically tailored to the TU Delft Solidar radar 
(L.P.Ligthart, L.RNieuwkerk, lEE Proceedings-F, 418-426, 1990) 
calculates the errors caused by neglect of incoherent volume backscatter 
from the rain drops in a range cell located at the clutter target in estimating 
rainfall rates between 5 and 120 mmIhr from a 1-5 km attenuation and phase 
change. A modified Marshall-Palmer rain drop-size distribution has been 
applied to draw numerical conclusions. The study concludes that both 
attenuation and phase change of the total received signal are required to 
draw conclusions about the rainfall rate. Use of both polarization and 
Doppler capabilities is necessary to suppress the rain backscatter "noise" and 
thus to ensure the desired accuracy. Meteorological conditions that enhance 
the possibilities Vvili be discussed. 

* ) The above work was a joint project of the guest institution noted above, 
and the author's home institution: Bradley Dept. of Electrical & Computer 
Engineering, VIrginia Tech, Blacksburg, VA 24061-0111, U.S.A 
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F3-10 COMPUTER MODELING OF THE OCEAN CURRENT VE-
1700 LOCITY MONITORING IN THE COMPLEX ENVIRONMENT 

K. Naugolnykh* E. C. Shang Y. Y. Wang 
University of Colorado, CIRESI 
NOAA, Environmental Technology Lab. 
Boulder, CO,80303 

The sound signal propagation in a medium is influenced by the current 
what allows to extract the information on the current features as a result of 
the inverse problem solution. Some aspects of this problem including the dif­
ferent features of the acoustic monitoring of the current are considered in the 
present paper. The horizontal refraction, Doppler, and scintillation method 
are outlined and compared. The numerical simulation of the transverse current 
monitoring in the complex environment such as the Fram Strait is performed 
using the Horizontal Refraction Modal Tomography (HRMT). The simplified 
model of the West Spitsbergen Current profile is constructed in the framework 
of geostrophic approach and several empirical current profiles across the Fram 
Strait are considered. The sound signal propagation in such an environment 
transverse to the direction of the current is simulated numerically. The calcu­
lation of the modal phase difference between signals arriving along the two the 
paths of an acoustic interferometer due to horizontal refraction of the sound 
in the presence of the water current is made for the sound signal frequencies 
20-200 Hz and different sound source depth. It was demonstrated that the 
measurable modal phase difference in a range of 80 -160 degrees can be ex­
pected for the averaged current velocity of 0.3 m/s. At a higher frequency 
of the sound signal the sensitivity of the HRTM increases but the space co­
herency decreases so the optimal frequency has to be chosen. The strong mode 
coupling effect presented· in such a complex environment when only the well­
excited mode used could be diminished by using the signals propagating along 
the closed paths. 
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THREE-DIMENSIONAL HEAD ECHO CROSS SECTIONS AT 
931 MHZ MEASURED BY EISCAT 

G. Wannberg* 
EISCAT Scientific Association 
Box 812, S-981 28 Kiruna, Sweden 
A. Westman A. Pellinen-Wannberg 
Swedish Institute of Space Physics 
Box 812, S-981 28 Kiruna, Sweden 

The EISCAT UHF (931 MHz) incoherent scatter radar is at present the 
world's only radar capable of observing a volume of ionosphere from three 
directions simultaneously. It thus offers a unique possibility to determine the 
scattering cross sections of individual meteor head echo events as seen from 
three different look angles, and eventually to construct 3-D "images" of the 
cross section spatial distribution. By directing the two remote receiver an­
tenna beams to intersect the vertically pointing Troms=F6 beam at a suitable 
altitude in= the E region, a common 2 km3 meteor-atmosphere interaction 
volume, 1 km wide at the -3 dB points in the horizontal plane, is established. 
13*2 jJS Barker coded transmitter pulses are used to improve the SNR. Pulsing 
the radar at a :2: 200 Hz rate ensures that any target traversing the interac­
tion volume at a velocity :s: 200 kms-1 will be illuminated at least once. Thus, 
many interstellar particles should in principle be observable. For targets on 
planetary orbits, the detection duty cycle approaches 100 %. 

To determine a target trajectory, three components of its Doppler veloc­
ity must be measured. So far, the velocity information has been extracted by 
applying an inversion method to the distorted shapes of Doppler-shifted Barker 
coded echoes (G. Wannberg et aI., Radio Sci., 31, 497-518, 1996). However, 
the= large number of steep gradients found in high velocity echoes makes the 
fitting of weak returns problematic and not very robust. For the 1998 Leonids 
EISCAT observations, a new raw data recording system will therefore be em­
ployed. The radar receiver second iJ. signal at 7.5 ± 1.9 MHz is digitized to 
12 bits at 10 MHz sampling rate. The data stream is recorded by two DLT= 
drives running in parallel. Full bandwidth amplitude information from the 65 
- 120= km altitude range can be recorded at PRFs of up to 300 Hz. As the 
ADC has two synchronous channels, the Lf. signals from both the UHF and 
the VHF (224= MHz) radars are recorded simultaneously, thus allowing direct 
comparisons of= echoes from the same target at two different k-vectors. 

The target Doppler velocities and echo powers are determined from the 
raw amplitude data by an adaptive matched filter technique, thus eliminating 
most of the problems associated with the earlier power-domain method while 
lowering the system noise floor by a factor of four as compared to earlier. 
Some examples of time-resolved, three-dimensional head echoes derived in this 
manner will be presented and the implications of the observed cross section 
distributions for some head echo models will be highlighted. 
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A QUANTITATIVE THEORY OF RADIO-METEOR HEAD 
ECHO SCATTERING CROSS-SECTIONS 

J. Jones and A.R. Webster, 
The University of Western Ontario, 
London, Ontario. N6A 589. 

The cause of the meteor head echo has remained a puzzle for 
almost five decades. The most common radar echo from a meteor 
train is the so-called "body" echo from one or more specular 
reflecting points somewhere along the cylindrical ionised train. In the 
case of short-lived underdense echoes the reflection is from a single 
specular point but for long duration echoes several such reflecting 
points may form as the result of distortion of the train by upper 
atmospheric winds. Occasionally another kind of echo is observed 
which appears to arise from a moving ball of ionisation surrounding 
the meteoroid. This "head" echo which normally precedes a more 
usual long-enduring echo by a fraction of a second, has historical 
significance in that it was used by Hey et al (1947) at the birth of 
radar meteor astronomy to determine the speed of a meteor 
belonging to the 1946 Giacobinid shower. 

A Monte-Carlo simulation of the evaporation of atoms from the 
meteoroid combined with the latest estimates of ionizing probability 
of those atoms enables the size of the plasma cloud at the head of a 
meteor train to be estimated. The scattering cross-section of this 
cloud is calculated and is shown to be in good agreement with both 
VHF reported by Jones and Webster (1991) and UHF observations 
by Mathews et al(1997). 

We are optimistic about the essential validity of the theory but 
recognise that there are many details to be sorted out. One very 
important task is to determine the scattering cross-sections for the 
tear-drop-shaped critically dense region which develops at the lower 
heights. We need also to explain the significant differences between 
showers over and above what would be expected on the basis of 
speed 
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THE RADAR METEOR SCATTERING PROCESS RE-EXAMINED: 
PLASMA PROCESSES AND RECENT ARECIBO RESULTS 

J. D. Mathews' D. Janches 
Communication and Space Sciences Laboratory 
316 EE East 
The Pennsylvania State University 
University Park, PA, 16802 
Q. -H. Zhou 
Arecibo Observatory 
Box 995 
Arecibo, Puerto Rico, 00613 
D. D. Meisel 
Department of Physics and Astronomy 
1 College Circle 
SUNY Geneseo 
Geneseo, NY, 16802 

The traditional interpretation of HF /VHF radar scattering from meteor trails, 
that are oriented perpendicular to the radar beam-axis at closest approach, has been 
in terms of under / overdense scattering conceptually paralleling optic?l thin or thick 
regimes, respectively. This traditional geometry yields a large scattering cross-section 
across the Fresnel zone as that segment of the trail scatters nearly in-phase while 
under/overdense trails are largely distinguished by trail lifetime with overdense trails 
having a relatively long duration [Meisel and Richardson, Statistical properties of 
meteors from a simple, passive forward scatter system, Planet. Space Sci., in press, 
1998]. Localized scattering from the immediate region of the meteoroid - the enig­
matic head-echo - is occasionally seen by the classical meteor radars and has never 
been satisfactorily explained except to conclude that the head-echo moves at expected 
meteoroid speeds and its radar visibility is substantially different from that of the trail­
echo. Recent V /UHF radar observations of head/trail-echoes at Arecibo Observatory 
have provided new insight into the scattering mechanism. Doppler studies of nearly 
"down-the-beam" meteors using the UHF (430 MHz) radar demonstrates that the 
head-echo radar scattering region (the electrons, that scatter the incident radar sig­
nal, and associated ions) is moving with the speed of the meteoroid as determined by 
the range/time trajectory of the meteor. The VHF (46.8 MHz) radar sees both head­
echoes and non-classical (the meteor trajectory is clearly not perpendicular to the 
beam-axis) trail-echoes. Given the Doppler results, we conclude that the meteoroid 
interaction with the atmosphere generates a (non-equilibrium) plasma that initially 
travels with the meteoroid (a plasma beam) but through interaction with the atmo­
sphere slows and becomes the (thermalized) plasma-trail while undergoing progressive 
diffusion and recombination. Within this scenario we discuss various plasma issues 
including under/overdense interpretation of trail/head-echoes. We also discuss the 
head-echo scattering mechanism and conclude that the UHF radar head-echo arises 
from coherent scattering from the N electrons in the immediate vicinity of the me­
teoroid giving rise to a backscattering cross-section equal to 471" N2r e where r e is the 
classical electron radius. The UHF radar result is then extended to the VHF and HF 
radar cases. Finally, we discuss possible observational approaches to resolving the 
issues raised. 
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ANTENNA POLARIZATION EFFECTS ON METEOR 
FORWARD SCATTER PERFORMANCE 

A.R. Webster, J. Jones, K.J. Ellis and S-R Chung, 
The University of Western Ontario, 
London, Ontario. N6A 5B9. 

Meteor forward-scatter has been, and is being, used as a means of 
communication in which "bursts" of information are sent between 
fixed points separated by distances in the order of several hundred 
kilometres up to a maximum of about 2000 km. Additionally, such 
systems can be used to study the statistics of such things as the 
rate of influx of meteoroids into the atmosphere and the physics of 
the meteor formation process. 

In most instances, Vagi type antennas are used and the preference 
seems to have been for horizontal orientation of the elements 
comprising the antenna. In some applications, there is a practical 
advantage in using antennas which have their elements arranged 
vertically. 

An experimental study of the performance of a long range forward 
scatter system using both horizontally and vertically oriented 
antennas has been conducted. This link spanned a distance of 1343 
km between Sackville NB and London ON in Canada and the 
system operated at a frequency of 49.88 MHz. The results obtained 
so far suggest that th,ere is no inherent disadvantage in the use of 
vertical rather than horizontal antennas in terms of echo rates, 
durations or signal strength statistics. Further, there are significant 
cross-polarization effects resulting from the geometry of the system 
and these are discussed. Although Faraday rotation can cause such 
cross polarization effects, depending on the time of day and the 
layout of the system, it is not felt to be a major cause here. 
Nevertheless, consideration does have to be given to this process 
especially at lower frequencies and during day-time operation. 
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ARECIBO 430 MHZ RADAR INSTANTANEOUS DOPPLER VELOC­
ITY MEASUREMENTS OF MICRO METEORS 

D. Janches· J. D. Mathews 
Communication and Space Sciences Laboratory 
301 EE East 
The Pennsylvania State University 
University Park, PA, 16802 
Q. -H. Zhou 
Arecibo Observatory 
Box 995 
Arecibo, Puerto Rico, 00613 
V. S. Getman 
Communication and Space Sciences Laboratory 
301 EE East 
The Pennsylvania State University 
University Park, PA, 16802 
D. D. Meisel 
Department of Physics and Astronomy 
1 College Circle 
SUNY Geneseo 
Geneseo, NY, 16802 

The 430 MHz narrow-beam radar located at Arecibo Observatory (AO) in 
Puerto Rico has been routinely used in the multi-pulse, high-resolution (150 m and 
1 ms range and time resolutions, respectively) meteor observation mode since 1995 
to study the November Leonids shower period [Janches et al., URSI, January 1998J. 
Velocities from the altitude-time trajectory of the head-echo - the leading edge of 
the nearly down-the-beam meteor return - are obtained when the trajectories have 
suflicent duration and magnitude. Additionally, in-phase and quadrature voltages are 
recorded allowing instantaneous pulse-to-pulse Doppler speed estimates of the head­
echo (Janches et al., Science, submitted, 1998). The trajectory-based and Doppler 
velocities are found to agree very well thus proving that the head-echo originates from 
scattering from electrons within the plasma traveling with the meteoroid. In many 
cases, decelarations can also be measured and hence masses can be inferred for the 
case of low mass loss. These masses - of order 1 microgram - agree with those 
obtained by considering the flux of meteors with the small-volume Arecibo beam 
[Mathews et al., ICARUS, 126, 157-169, 1997J. These detections represent the first 
direct and accurate Doppler measurements of radar micrometeor radial velocities and 
micrometeor decelerations. 

We present the Dopper speed/deceleration results from the observations per­
formed during the 1995 and 1997 Leonids shower period as well as (hopefully) prelim­
inary results from the 1998 Leonids period. During the 1995/97 observations more 
than 1000 events were detected each night yielding of order of 6-10 events per minute 
at the peak of the observation over the 88-102/105 km altitude region. The velocities 
detected range between a few kilometers per sec for those events with large compo­
nents of their velocity across the beam to maximum speeds of the order of 70 km/ sec. 
Decelerations ranging between 0-60 km/ sec2 were measured resulting in meteoroid 
mass estimates of order of 10-100 micrograms. 
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NARROW BEAM METEOR RADAR RESULTS FROM 
CHRISTMAS ISLAND 

S.K. Avery' J. L. Chang D. Thorsen 
CIRES 
University of Colorado 
Boulder, CO 80309 

The Christmas Island meteor radar is a narrow beam system that utilizes 
a wind profiler combined with a meteor echo detection and collection system 
(MEDAC). In 1993 the wind profiler was upgraded to include five antenna 
beam directions in a coplanar configuration. This new configuration allowed 
for the determination of horizontal and vertical motions without making any 
assumptions about the magnitude of the vertical motions as was done in past 
calculations. First results demonstrated that the vertical motion deduced 
from the co-planar beams had a large diurnal component that signficantly 
contaminated the horizontal wind calculation. When this vertical motion was 
taken into account, the horizontal wind calculations were more in agreement 
with co-located MF wind measurements. 

The analysis of the vertical motions has now been extended to a full year 
of data. Results demonstrate that the diurnal vertical motion is robust and 
consistent throughout the year. It has been suggested that the vertical motion 
is due to the influence of strong electric fields on the ionized meteor trails. In 
particular, two-stream plasma instabilities may be triggered that propagate 
along the meteor trail and that the vertical motions are associated with the 
movement of these instabilities. The preferred scale of these instabilities seems 
to correspond to the Bragg scatter wavelength of the radar which reinforces 
the arguement for the instability theory. The presence of strong electric fields 
in the mesopause region is still open to question, particularly since the antenna 
beams are not directed perpendicular to the electrojet at Christmas Island. 

This presentation will show the latest results from the co-planar beam 
analysis as well as discuss potential sources for the observed vertical motions. 
Future Christmas Island work would ideally include the installation of an 
interferometer in order to more precisely locate the echo returns. 
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A STUDY OF METEOR ECHOES AT HF USING THE BEAR 
LAKE DYNASONDE* 

F. T. Berkey* C. S. Fish M. J. Taylor L. C. Gardner 
Space Dynamics Laboratory 
Utah State University 
Logan, UT 84322-4245 

The occurrence of short-lived sporadic E (Es) events at rates up to sev­
eral per hour have been observed in ionograms recorded by the NOAA dyna­
sonde operated at Utah State University's Bear Lake Observatory (41.9=BON, 
111.4=BOW). Because these Es events tend to occur predominantly between 
local midnight and early afternoon, have a wide radio bandwidth, and occur 
at ranges j150 km, a meteoric origin is assumed. The database from which 
this study has been derived is comprised of synoptic ionospheric soundings 
recorded in the dynasonde B-mode (J.W. Wright and M.L.V. Pitteway, Ra­
dio Sci., 14, 815-825, 1979), acquired at five minute intervals. The soundings 
sample discrete frequencies over a radio bandwidth of 1.6 to 12 MHz (8 MHz) 
during daytime (nighttime). Our B-mode sounding pattern is cOI).figured such 
that the ionogram is acquired over an interval of =89100 sec. While many Es 
events are very short-lived and detected only over a narrow frequency range, 
numerous events exhibiting wide radio bandwidths (4-5 MHz) have been ob­
served. 

Conventional meteor radar systems typically operate in the VHF range, 
although several studies have been conducted using HF radars, where the du­
ration of the echoes is much longer (D.L. Steel and W.G. Elford,J. Atmos. 
Terr. Phys.,53 409-417, 1991). While direct reflections from individual me­
teor ionization trains are not uncommon in vertical incidence HF sounding, 
relatively few reports have appeared in the literature. The variation of Es 
activity with meteoric flux has been studied using ionosonde data from three 
sites (J.W. Wright, J. Geophys. Res.,72, 4821-4829, 1967). 

In this paper, we utilize the full vector capabilities of the dynasonde to 
derive meteor echo amplitude, spatial location, height distribution, and tem­
poral duration as a function of radio frequency. We will also present examples 
of meteors detected concurrently with a multispectral airglow imager also op­
erated at the Bear Lake Observatory. In at least one case, the vapor trail 
created by a meteor was visible for =8930 min (in the sodium emission). 

* Supported by the National Science Foundation, Office of Polar Pro­
grams and Division of Atmospheric Sciences. 

236 



G/H4 We-PM 

G/H4-8 KW AJALEIN MISSILE RANGE VHF METEOR SHOWER CHARACTERIZA nON 
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S. Close, S. M. Hunt, M. J. Minardi 
MIT Lincoln Laboratory 
244 Wood Street 
Lexington MA, 02173 

F.M.McKeen 
Raytheon Range Systems Engineering 
P.O. Box 1706 
APO AP 96555 

During the peak hours of the Perseids meteor shower, which occurred August 13, 1998, 
the ARPA Long Range Tracking and Instrumentation Radar's (ALTAIR) high sensitivity 
and VHF operating frequency were utilized to determine the capability of collecting 
meteor data. Both head echoes and ionized trail data were collected. The Perseids data 
collection was very successful (Figure I), and provided a good characterization of the 
attainable data products using present ALTAIR capabilities. Analysis and reduction of 
the Perseids data proved the ALTAIR system capable of detecting both meteor head and 
ionized trail phenomena in the E-region of the ionosphere. An explanation of the 
techniques used to collect the data for the Perseids meteor shower will be presented. The 
determination of position, velocity, and radar cross section of both meteor head and 
ionized trail data will also be presented. 

ALTAIR's principal function is to act as a contributing sensor in the US Space Command 
satellite tracking network. The ALTAIR VHF (158 MHz) radar system has high-power 
(5 MW peak, 60 kW average), a narrow beam (2.5° half-power beam width), and a 150' 
diameter mechanically steered dish. For the Perseids measurements, ALTAIR transmitted 
right circular polarized energy and recorded left circular with a range resolution of 75 
meters. Azimuth and elevation difference channel data were also measured, which allow 
the determination of target position in three dimensions. ALTAIR has a dual frequency 
capability and also operates in the UHF band (422 MHz). ALTAIR can reliably detect a 
-70 dBsm VHF target and a ~80 dBsm UHF target at a range of 100 km. 

Figure 1. A 10 second sample of ALTAIR data illustrating several meteor head echoes 
observed during the Perseids meteor shower. 

Prepared for the Department of the Army under Air Force Contract FI9628-95-C-0002. 
Opinions, interpretations, conclusions, and recommendations are thos~ of the authors and 
are not necessarily endorsed by the United States Air Force or Army. 
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INCOHERENT SCATTER RADAR STUDY OF IMPACT OF 
METEORIC INFLUX OF E-REGION INIOZATION 

Q. H. Zhou* 
Arecibo Observatory 
HC3 Box 53995 
Arecibo, PR 00612 
J. D. Mathews Q. N. Zhou 
Communications and Space Sciences Laboratory 
The Pennsylvania State University 
Unversity Park, PA 16802 

The nocturnal E-region are mainly composed of metallic ions, which 
are known to originate from meteoric deposition. However, whether meteor 
showers have a significant effect on the E-region ionization remains open. Bag­
galey and Steel [Planet. Spa. Sci., 32, 1533-1539, 1984], using over thirty-year 
ionosonde data, found there were no significant correlation between meteor in­
flux and sporadic E occurrence in the southern hemisphere. On the other hand, 
Grebowsky et al. [J. Atmos. Terr. Phys., 60, 607-615, 1998], u~ing 40 rocket 
flight data, found that meteor showers do have a significant impact on the 
average ionosphere composition. Further, these authors found that the metal­
lic layer peak altitude depends on the specific shower. We present Arecibo 
incoherent scatter radar data collected over the past 12 years totaling around 
250 days to examine possible meteor shower effect on E-region column content 
as well as on layer characteristics. Although most of the 250 days come from 
the World Day observations and th us are more or less randomly distributed 
throughout the year, observations have also been made for a few particularly 
strong meteor showers such as the 1993 Perseids and the 1997 Leonids. The 
Arecibo electron density data typically covers all the altitudes from 60 km to 
500 km with a height resolution of 600 m or 150 m and a time resolution of 
about one minute. Preliminary analysis indicates that strong causal relation 
between meteoric influx and nocturnal E-region ionization does not exist. We 
hope to be able to present results from the much anticipated 1998 Leonids as 
well. 
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THE INFLUENCE OF AURORA ON METEORIC METAL 
CHEMISTRY 

C. J. Heinselman 
Radio Science and Engineering Division 
SRI International 
Menlo Park, CA 94025 

Improved models of the gas phase chemistry of metallic species of mete­
oric origin have recently been published. In particular, a model of the chem­
istry of iron was presented by Helmer et al (J. Geophys Res, 103, 10913-10925, 
1998), and models for sodium chemistry were published by Cox and Plane (J. 
Geophys Res, 103, 6349-6359, 1998) and Plane et al (J. Geophys Res, 103, 
6381-6389, 1998). These models describe the reactions and reaction rates 
that distribute the available metallic atoms among various chemical species. 
They include the chemistry involving a number of minor consituents (e.g., 0 3 , 

H20, and CO2) but specifically exclude heterogeneous chemistry involving 
dust particles. None the less, the chemical models do a good job of reproduc­
ing measured altitude profiles of Fe and N a. 

Utilizing these chemical models, we make a number of specific time­
resolved predictions about the influence of auroral ionization on the balance 
ofthe various constituents. In particular, we consider the impact of high time­
varying concentrations of NO+ and ot on the concentrations of Fe, Fe+, and 
N a. These species are particularly important because their concentrations are 
readily measurable by available techniques. NO+ and ot can be measured in 
a range and time resolved manner with the use of an incoherent scatter radar 
(ISR). The neutral iron and sodium concentrations have, similarly, long been 
measured by resonance lidar systems. The concentration of Fe+ can also be 
inferred from ISR measurements. It should thus be possible to test aspects of 
the chemical models from a high latitude location. 

In addition to the model predictions, several examples of measurements 
of these processes will be presented. The Sondrestrom Facility, at 74 degrees 
invariant latitude, includes both an incoherent scatter radar and a resonance 
sodium lidar. These instruments have been operated for a number of cam­
paigns during the past year and several events have been observed by both 
instruments. Specific measurements to be presented include the apparent ion­
ization of recently deposited neutral material in a meteor trail. Data will also 
be presented indicating the ionization of neutral sodium via charge exchange 
with auroral ionization products. 
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)5-1 THE LARGE MILLIMETER TELESCOPE (LMT) 
1340 

Jacob W.M. Baars 
LMT Project - 815 Lederle Graduate Research Center 
University of Massachusetts, Amherst, MA 01003 

The LMT is a 50 m diameter telescope for operation in the wavelength 
range of 1 to 4 mm from a high mountain site in central Mexico. The telescope 
is designed to address fundamental questions about the origin and formation 
of galaxies, clusters of galaxies as well as stars and planets. It is a joint 
project of the Mexican Instituto Nacional de Astrofisica, Optica y Electron­
ica (INAOE) in Tonantzintla, Puebla and the University of Massachusetts at 
Amherst, MA, USA. The telescope is in the Detailed Design phase and com­
pletion of the installation at the site is scheduled for the middle of 2001. The 
Design Contractor is MAN Technologie of Gustavsburg, Germany. 

The alt-azimuth telescope employs a paraboloidal reflector, composed 
of 5 rings of panel units, the positions of which can be actively r;ontrolled by 
actuators and a real-time measuring system. The reflector specification under 
operational conditions is 75 micrometer. The pointing will use a laser based 
active control system to achieve the specified pointing and tracking accuracy of 
0.6". The subreflector of 2.6 m diameter will be capable of beam chopping and 
will also be adjusted in position for fast pointing corrections. The telescope 
has a large Nasmyth receiver room, directly behind the main reflector. The 
flexibility of this room will be exploited to create an observing environment 
in which easy and remotely controlled change of receivers will enable us to 
apply queue observing scheduling, thereby taking full advantage of the best 
observing conditions and providing the largest number of scientific programs 
with good data. 

The LMT will have powerful initial facility instrumentation. A 32-pixel 
array of MMIC amplifiers covers the 85-115 GHz band with an instantaneous 
bandwidth of 15 GHz, followed by a large digital correlator. The first half 
of this system is presently in use at the =46CRAO 14 m telescope in Mas­
sachusetts. At 1.2 mm there will be a 144-pixel Bolometer array for high 
sensitivity continuum mapping. A partial version of this system will be used 
on the CSO in Hawaii this winter: These Systems are being developed at the 
UMass. An SJS-receiver for the 1.3 mm band will be built at INAOE, as well 
as the equipment for the holographic measurement of the primary surface. 

The site for the LMT is Cerro la Negra, a 4680 m high extinct volcano in 
central Mexico, less than two hours drive from the offices ofINAOE. Weather 
monitoring and opacity measurements with a 230 GHz radiometer indicate 
excellent conditions for millimeter wavelength observations during most of the 
year. The latitude of 19 degrees is favourable for viewing the Southern sky. 

We shall present the basic performance parameters of the LMT, the 
current status of the Design Effort and the planning for construction. 
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)5-2 ATMOSPHERIC EFFECTS ON THE METROLOGY SYSTEM 
1400 FOR THE LARGE MILLIMETER TELESCOPE 

Read Predmore' 
Five College Radio Astronomy Observatory 
619 Lederle GRC 
University of Massachusetts 
Amherst, MA 01003 

The Large Millimeter Telescope (LMT) is a 50m diameter astronomical 
instrument for use primarily at >'1300 jJm (230 GHz). The resulting technical 
specifications for observations at these wavelengths are very stringent. The 
overall rms surface specification is 74jJm in winds up to lOm/ s, with a goal of 
69jJm. 

At a wavelength of 1300jJm, the LMT beamwidth is 6 arcsec. The 
rms pointing specification for the LMT contractor is < 2 arcsec for absolute 
pointing. The LMT Project is responsible for the Precision Pointing System 
with a stability of < 0.6 arcsec over 2 hours, within 10° of an astronomical 
calibration source. 

The metrology system to achieve the 0.6 arcsec pointing stability has 
four major components. The first laser system measures the overall figure of 
the 50m diameter primary to determine its orientation and deformations from 
the desired parabola. The orientation of the parabola will be determined to 
< 0.4 arcsec or < 2 parts-per-million. The second laser system aligns the 2.5m 
diameter secondary and the receiver optics with respect to the primary. In 
order to limit the contribution of the secondary misalignments to the pointing 
error budget, the secondary must be laterally positioned to ±17 jJm and the 
tilt of the secondary restricted to ±1.7 arcsec. The third system is an optical 
and near-infrared guide telescope for use at night and possibly during the 
day on the brightest stars. The fourth system is a laser system to relate the 
primary orientation with respect to the ground and would be used when the 
guide telescope is not usable. 

Atmospheric effects such turbulence and temperature gradients will limit 
the effectiveness of these laser metrology systems. Measurements of these 
atmospheric effects and an analysis of their influence on the overall pointing 
error budget, as well as preliminary evaluations of the guide telescope concept 
will be presented. 
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J5-3 PREDICTING THE EFFECTS OF ANOMALOUS REFRAC-
1420 TION ON THE TELESCOPE POINT SPREAD FUNCTION: 

A POSSIBLE COMPENSATING TECHNIQUE 

L. Olmi 
LMT/GTM Project and FCRAO 
630 LGRC, University of Massachusetts 
Amherst, MA 01003, USA 

Radio seeing effects on cm and mm wavelength interferometers are now 
reasonably well known. These are a consequence of the inhomogeneously dis­
tributed atmospheric water vapor which can cause spatial and temporal vari­
ations in the optical path length of radio waves. Therefore, phase fluctuations 
on a two-element interferometer occurr whenever the columns of water vapor 
above them are different. 

On the other hand, radio seeing shows up on filled-aperture telescopes 
as an "Anomalous Refraction" (AR), i.e. an apparent displacement of a radio 
source from its true position, with varying pointing shifts (a few arcsec to 
> 10" - 30") and time scales (a few sec to ~ 30 sec). However, little is 
known, from both an experimental and theoretical standpoint, about how the 
pathlength differences across the aperture plane of a radio telescope distort 
the incoming wavefront, thus affecting the angular resolution and sensitivity 
of astronomical observations. 

In fact, if for small- to medium-size (D < 20 m) mm-wave antennas the 
main AR effect is a pointing shift, this may no longer be entirely true for large 
telescopes (D > 30 m), where the diameter to Fried parameter ratio, D/ro ()..), 

may become close to or larger than 1. This is the case, e.g., of the "Large 
Millimeter Telescope" (LMT), a 50 m diameter Cassegrain telescope that will 
be working in the 1 - 3 mm wavelength range. Because the LMT will be using 
focal-plane arrays, it is of interest to study the atmospherically distorted shape 
of the telescopic Point Spread Function (PSF) and the resulting "cross-talk" 
among adjacent pixels. 

The atmospherically aberrated PSF can be studied by assuming that 
the effects of the irregular medium above the telescope are equivalent and 
can be modeled by a two-dimensional phase screen located in the aperture 
plane of the antenna. Simulations of the corrupted wavefront can be made 
in several ways but, following a technique in use at optical wavelengths, the 
polynomials of Zernike can be used to represent the wavefront within a circular 
aperture. Phase screens can be generated that contain the correct statistical 
(Kolmogorov) distribution and can then be moved past the aperture plane 
at a given velocity, namely the wind speed component parallel to the aper­
ture plane. Several examples of phase screens and aberrated PSFs are shown 
and a possible compensating scheme making use of an aperture-plane array is 
proposed. 
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CURRENT ISSUES IN SPECTRUM MANAGEMENT AF­
FECTING RADIO ASTRONOMY AND REMOTE SENSING 

P. G. Steffes 
School of Electrical and Computer Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332-0250 

The National Research Council Committee on Radio Frequencies 
(NRC/CORF) serves to coordinate and define the U.S. research community's 
needs for passive radio frequency allocations and assignments in areas such 
as space science, radio astronomy, meteorology, oceanography life sciences, 
and remote sensing. Over the past year, CORF has considered a number 
of frequency allocation issues which involve potential interference to the pas­
sive services, including proposals by the FCC to allocate frequencies in the 
47.2-48.2 GHz band for use by a new communications service involving strato­
spheric balloons, or high altitude platforms (HAP's), and proposals for new 
allocations for downlinks from LEO satellites in frequency bands from 6700-
7075 MHz and 15.43-15.63 GHz. Since all of these allocations are adjacent 
to frequencies currently allocated to the Radio Astronomy Service (RAS), the 
potential for harmful interference to radio astronomy from relatively weak 
out-of-band emissions from these spaceborne transmitters will be very sub­
stantial. While new technological approaches may reduce the level of spurious 
emissions from space-qualified transmitters in the future, the required sup­
pression (more than 90 dB over a few MHz) will be hard to achieve, or even 
accurately measure. 

Further rulemaking in the millimeter-wavelength spectrum has contin­
ued to present risks for potential harmful interference at frequencies above 40 
GHz. Studies of systems such as 77 GHz vehicle radar collision avoidance sys­
tems have shown potential harmful interference to radio telescopes operating 
at their third harmonic, a strongly used radio astronomy band. 

Results of these studies will be presented, in addition to a general dis­
cussion of topics of concern to scientific users of passive allocations. 
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NRAO OBSERVATIONS OF AN IRIDIUM SATELLITE AT 
1610.6 - 1613.8 MHz 

M. M. McKinnon 
National Radio Astronomy Observatory 
Green Bank, WV 24944 

The National Radio Astronomy Observatory (NRAO) made observa­
tions of an Iridium satellite in February and March of 1998 to measure the 
spectral power flux density (SPFD) of the spurious emissions produced by 
the satellite downlink within the radio astronomy observing band at 1610.6 -
1613.8 MHz. The results of the observations were compared with the inter­
ference thresholds that are define~ in Recommendation ITU-R RA.769 and 
agreed upon in a memorandum of understanding between NRAO and Mo­
torola, the satellite operator. 

The observations were made with a 3.6 meter antenna in Tucson, Ari­
zona, one of the 25 meter antennas in the Very Large Array (VLA) near 
Socorro, New Mexico, and the 140-Foot Telescope in Green Bank, West Vir­
ginia. The small antenna was able to track the satellite, but the two large 
antennas were set for beam transit observations because they could not move 
fast enough to track the satellite. The receivers for the large antennas were 
modified to avoid amplifier saturation by the satellite downlink, and special 
observing techniques and data analysis methods were developed to minimize 
the contribution to the SPFD from other sources of interference. 

Spurious emissions attributed to satellite-intrinsic intermodulations of 
the frequency channels in the downlink were detected in the radio astron­
omy band during the observations. The spurious emissions produced with the 
downlink's voice channels appear as a continuum of emission across the radio 
astronomy band. The measured SPFDs of these emissions do not exceed the 
interference thresholds agreed upon in the NRAO/Motorola memorandum of 
understanding. The spurious emissions produced with the downlink's broad­
cast channels are a series of sharp spectral peaks spaced at 330 kHz intervals. 
The SPFDs of these emissions exceed the interference threshold for the Green 
Bank site. 
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EXCISION OF RADIO INTERFERENCE FROM OBSER­
VATIONS OF HYDROGEN ABSORPTION LINES FROM 
HIGHLY RED SHIFTED QUASARS 

M.C. Aller* 
Beebe Hall, Wellesley College 
106 Central Street 
Wellesley, MA 02481-8281 
M. Davis T. Ghosh C. Salter 
Arecibo Observatory 
HC3 Box 53995 
Arecibo, PR 00612 

An observational program at the Arecibo Radio Observatory to detect 
HI absorption in the host galaxies of quasars with redshifts between 2.25 and 
2.37 was hampered by significant man-made interference. The large frequency 
shift places the observing frequency near 430 MHz, an unprotected radio band. 
This presentation describes the results of applying an interference removal al­
gorithm which depends upon the temporal variability of the received inter­
ference. Observations using primarily the 430 MHz line-feed of the Arecibo 
telescope were conducted on three days during July 1998. Nine radio-loud 
quasars were observed in two polarizations in a series of 4 one-minute integra­
tions on-source alternated with 4 one-minute integrations off-source tracking 
along the same section of the sky. Observations were obtained with a 2048 
channel spectrometer using a wide bandwidth of 12.5 MHZ and a narrow 
bandwidth of 3.125 MHz. 

The radio frequency interference (RFI) found in the spectra had one 
or more of three characteristics: narrow-band rapid frequency gradients, time 
variability or polarization. Preliminary calculations indicate that for the indi­
vidual one-minute integrations on the 430 MHz line feed,only 10 to 15 percent 
of the spectra exhibit RFI. Following the preliminary removal of narrow-band 
spikes, the remaining data were examined for time variability, which should 
not exist in HI absorption. Finally, the spectra were examined for polarization 
features where an apparent absorption feature existed in only one polarization. 
Since the HI absorption should not be polarized, such features can be assumed 
to be RFI. Preliminary calculations indicate that despite large amounts of RFI 
in the raw data, the noise per channel in the excised data was reduced by a 
factor of 10 and is within 30 percent of what is theoretically predicted from the 
system noise. Approximately 90 percent of the spectral bins are free of RFI. 
Although no hydrogen absorption was detected in these initial observations, 
we expect that longer periods of integration coupled with this interference ex­
cision method will lead to a good probability for the detection of high redshift 
hydrogen absorption lines. 
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J/E1-4 RFI EXCISION USING THE DISCRETE WAVELET 
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1. R. Linscott, S. Maslakovic, M. Oslick, and J. D. Twicken 
ST ARLab, Radioscience Group 
Stanford University 
Stanford, CA 94305 

We have developed a library based method for the selection of optimum 
wavelet bases for the representation and subsequent excision of common 
types of RFL The method involves prior construction of a library of wavelets 
with minimum mutual projections as well as compact representation of RFI, 
based on minimum entropy measures. A strength of this approach is the 
ability to design wavelets that produce compact representations for whole 
classes of RFI waveforms. By collecting together a group of such wavelets, 
each associated with a common type of RFI, into a library then waveforms 
that are contaminated with common forms of interference can be treated. The 
treatment consists of taking the discrete wavelet transform (DWT) of an RFI 
contaminated signal, using a wavelet selected from the library. Next the 
largest DWT coefficients are eliminated and then the inverse DWT is 
computed. A version of the original signal is thus obtained \yith the RFI 
contaminant excised. If the original signal is not in the same waveform class 
as the RFI, and the selected wavelet is a good match to the RFI, then the 
excised version obtained by these means is a high fidelity estimate of the 
original signal. The success of this method depends on a strategy for 
selecting a wavelet that is a good match to the RFI but not a good match to the 
original signal. For if the original signal is not represented with any small 
subset of wavelet domain coefficients it will therefore not suffer significant 
degradation in the excision process. This presentation will discuss wavelet 
and library design with particular attention to optimization for compact RFI 
representation and wavelet selection strategies. In addition, the performance 
of this method will be illustrated using RFI contaminated waveforms recorded 
at Stanford's 45-m diameter radio telescope. 
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RECENT PROGRESS IN DIGITAL ADAPTIVE INTERFER­
ENCE CANCELING FOR RADIO ASTRONOMY 

Richard F. Bradley* 
NRAO 
Charlottesville, VA 22903-1733 
J. Richard Fisher 
NRAO 
Green Bank, WV 24944 

Over the past few years, we have been experimenting with a temporal­
based adaptive canceling technique applied to the problem of RF interference 
in radio astronomy. Our proof-of-concept, 12-bit digital system operates at 
baseband (0-1 MHz bandwidth) in the signal path between the telescope ra­
diometer and the spectral processor. A separate antenna and receiver reference 
channel is processed by an adjustable-weight, nine-tap digital filter and sub­
tracted from the primary radiometer channel to form the system output. The 
least-mean square (LMS) algorithm adjusts the filter tap weights in order to 
minimize the total power out of the canceling system thereby improving the 
signal-to-interference ratio. The system operates in real-time and can alter 
itself in response to slowly-varying changes in the characteristics of the inter­
ference. 

On the Green Bank 140 foot in June 1997, we evaluated the perfor­
mance of this basic system in response to actual interference consisting of 
well-characterized, FM broadcast signals. The canceling performance was 
compromised by the use of only one reference channel and a few problems 
related to RF shielding and analog filtering. Despite these limitations, mea­
sured interference attenuation as high as 25 dB was demonstrated. 

The encouraging results from the telescope run has lead to number of re­
cent laboratory experiments to verify the linearity and intrinsic dynamic range 
of our adaptive system. Canceling effectiveness was studied as a function of 
reference channel interference-to-noise ratio (INR) for various FM signal char­
acteristics (power level, modulation index, etc.). Weak signal recovery in the 
presence of severe interference and the tracking capability of the algorithm un­
der non-stationary conditions was explored. Based upon these measurements 
and corresponding software simulations, some general trends are developing 
that will govern the designs of future interference canceling systems. A sum­
mary of these results will be presented (see also C. Barnbaum and R. F. 
Bradley, Astronomical Journal, in press, Nov. 1998). 

We are currently in the process of building a four reference channel 
system with the improvements suggested above. With this system we plan 
to study the effects of spatial polarization on interference canceling through a 
series of field experiments set for Fall of 1998. A progress report and initial 
results will be presented. 
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RADIO INTERFERENCE REDUCTION USING A CONICAL 
SHIELD AT THE PRIME FOCUS OF A PARABOLOID 

H. D. Aller' G.E. Latimer 
Department of Astronomy 
830 Dennison Bldg. 
University of Michigan 
Ann Arbor, MI 48109-1090 

This is a report on the initial results of using a truncated cone to shield 
the primary-focus feed horns of the University of Michigan 26-meter radio 
telescope in an attempt to reduce radio interference. The major function of 
this shield is to redirect the off-antenna response of the feed horn (which usu­
ally causes significant back side lobes, 'spill over') onto the sky in the general 
direction in which the antenna is pointed. The truncated cone, with a di­
ameter of 1.25 meters at its larger end, is mounted so that the line of sight 
from the focus which strikes the edge of the cone hits the reflector surface 
approximately 20 cm from the outer edge of the reflector. In our implemen­
tation the cone extends 30 cm toward the primary reflector frpm the focal 
surface; this distance is determined by the F /D ratio of the paraboloid. The 
opening angle of the cone is determined by the criterion that rays entering 
from beyond the edge of the primary reflector are not reflected back to the 
primary focus. Diffraction effects blur the shadowing effect of the cone; the 
reduction of the feed horn response at the edge of the reflector (measured at 
8 GHz) is a factor of 0.34. The performance costs of this shield, expressed as 
relative aperture efficiencies, are measured to be 0.93, 0.96, and 0.97 at 4.8, 
8.0 and 14.5 GHz respectively. However, the reductions in aperture efficiencies 
are off set by the very significant reductionsin system temperature (measured 
to be 22°K at 8 GHz) resulting from the removal of ground emission asso­
ciated with spillover entering the feed horn. Although this shield has very 
significantly reduced 'spill over' and hence reduced our system temperatures, 
it has apparently not, (based upon observations of control radio sources for 
nearly a year), dramatically reduced the sensitivity of the instrument to radio 
interference. We thus confirm the conclusion reached at other Radio Astron­
omy facilities which operate in high interference environments that signals, 
scattering from feed support structures, are a major origin of the interference 
entering the feed horn. 
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WORLDWIDE MAP OF RF BACKGROUND RADIATION AS 
DETECTED BY FORTE 

R. S. Zuelsdorf* 
Institute of Geophysics and Planetary Physics 
University of California, Los Angeles 
405 Hilgard Ave. 
Los Angeles, CA 90024 
A. Jacobson 
Los Alamos National Laboratory 
NIS-l 
Los Alamos, NM 87545 
R. J. Strangeway C. T. Russell 
Institute of Geophysics and Planetary Physics 
University of California, Los Angeles 
405 Hilgard Ave. 
Los Angeles, CA 90024 

Continuous observation by the FORTE spacecraft has allowed for the 
production of worldwide maps displaying the background radiation emitted by 
RF sources in 16 different frequencies. FORTE is an 800-km orbit at 70 degrees 
inclination and has a 40 degree half-angle 3 dB footprint. For the greater part 
of 1 November 1997 to 31 March 1998, FORTE has been configured to detect 
radio emissions in two separate 20 MHz bands: one centered at 38 MHz, the 
other at 130 MHz. Here we provide maps derived from data recorded in the 8 
I-MHz sub-bands in each of these 20 MHz bands. Data are based upon results 
recorded in the FORTE state of health. The power recorded in each of the 
sub-bands is reported over a period of 4 seconds (data from each band returned 
2 sub-bands at a time) with every band being updated every 4 seconds. The 
recorded power is based upon an average of the instantaneous power received 
over 2.2 ms. The recorded power is affected by the attenuation setting at time 
of reception as well as upon the one of two antennas used to receive the signal. 
Data have been converted from the power received to the incident electric-field 
in m V 1m upon the receiving antenna. The results indicate which of these 16 
bands is dominated by carriers and at what strengths for the various regions 
of the world. For most of the bands, emissions from Europe and the eastern 
U.S. dominate, although the strongest sources vary with frequency. 
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ADVANCED INTERFEROMETRY APPLIED TO 
PRACTICAL DIRECTION FINDING AND 

RADIOLOCATION SYSTEMS 

William A. Luther 
Chief, Radiocommunication Policy Branch 

International Bureau 
Federal Communications Commission 

2000 M Street, NW. 
Washington, D.C. 20554 

After a number of years of interferometry research, coupled with new 
advances in digital signal processing, U.S. government engineers have 
developed a new direction finder antenna array configuration and signal 
radiolocation system. Successfully applying advanced techniques, a new 
civilian-service, long-range interferometer network was installed in 1996 
and 1997 at fourteen sites dispersed throughout the United States, 
including Alaska, Hawaii, and Puerto Rico. The new interferometer 
completely replaces all previously-used direction finders designed for use 
over the last eight decades by the only national, civilian radiolocation 
network in the United States. The new and improved interferometric 
system uses a number of techniques based both on a unique, minimum­
element design for the desired frequency range, and on simultaneous 
digital signal processing in a phase-matched receiving system having 
eleven separate channels, one for each of the eleven elements of the 
antenna array. This paper explains the many improvements the new 
system offers over direction finders previously available, including 
increased reliability, as well as significant hardware, installation, and 
personnel resource efficiencies. The paper begins with the theory used to 
derive the interferometric system, leading to a description of the design 
chosen by the U.S. government for its LF, MF, and HF civil radiolocation 
purposes. Both radio frequency and processed statistical data taken using 
the advanced system are presented and analyzed. Bearing data is 
compared to that taken from the previous generation (Wullenweber) civil 
direction finding system. The data shows significant improvement in 
accuracy of signal bearing results. A patent on the advanced 
interferometer is pending before the United States Patent and Trademark 
Office. 
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On-Surface Measured Equation of Invariance Method 

Y. W. Liu*, Y. B. Gong, and K. K. Mei 
Department of Electronic Engineering 

City University of Hong Kong, 
Tat Chee Avenue, Kowloon, Hong Kong 

eeliuy@cityu.edu.hk 

Since measured equation of invariance ( MEl ) method ( K. K. Mei et 
ai., IEEE Trans. on Ant. & Propagat., v42, 320-327, 1994) has been 
extended to on-surface level ( J. M. Rius et ai., IEEE Trans. on Magnetics, 
V32, 962-967, 1996, and Y. W. Liu, IEEE Microwave and Guided Wave 
Letters, v8, 99 - 101, 1998 ), problems solved is limited to 2-D conducting 
structures. In this summary, 2-D conducting scattering is extended to 3-D 
problems by means of new on-surface MEl formulations. The numerical 
results of a metal square plate scattering under a TM plane wave incidence 
is used in demonstrating the validness of the formulations. 

F or deriving the formulations, we start with Maxwell's equations, and 
obtains the simplest on-surface relations between the components of 
tangential scattered scalar magnetic potential and magnetic field. Therefore, 
the final system matrix is highly sparse in comparing with the previous on­
surface MEl formulations. The highly sparse matrix allows us to save a lot 
of computational time and memory usage in comparing with method of 
moments ( MoM ), finite difference ( FD ), and finite element method ( 
FEM). It is so important to 3-D fast electromagnetic computational 
problems. 

In order to prove the validity of the on-surface MEl method, the 3-D 
scattering problem of a square perfectly conducting plate is regarded as an 
example to be solved. The results obtained are in good agreement with 
that of the MoM. 
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A COMPARISON OF THE ACCURACY OF THE PATH IN­
TEGRAL TIME-DOMAIN AND FINITE-DIFFERENCE TIME­
DOMAIN METHODS 

Robert Nevels' Jeffrey Miller 
Texas A&M University 
Department of Electrical Engineering 
College Station, TX 77843-3128 

The Path Integral Time-Domain (PITD) method is a new numerical 
method for electromagnetic scattering based on a state variable propagator so­
lution to the time domain differential form of Maxwell's equations (R. Nevels, 
J. Miller, and R. Miller, "The Path Integral Time-Domain Method: A New 
Numerical Method for Electromagnetic Scattering," AP-S/URSI International 
Symposium, Montreal, Canada, July 1997, p. 263). The similarities between 
PITD and the Finite-Difference Time-Domain (FDTD) methods are that both 
are full domain propagator methods characterized by an initial field propa­
gating through a numerical lattice. An unusual aspect of the path integral 
time-domain method is that a field propagating in a homogeneous region can 
be simulated in the numerical lattice without error or numerical dispersion 
and it is unconditionally stable. For the same propagation conditions, these 
properties are not in general shared by the FDTD method. 

In this paper we will present a comparison of the PITD, FDTD and 
exact scattered fields when two types of two-dimensional objects, a circular 
dielectric cylinder and a dielectric half-plane, are illuminated by a plane wave. 
In each case the numerical region will be composed of a square numerical 
lattice and the lattice spacing will be the same for both methods. In a square 
numerical lattice, curved scattering objects are not smooth but rather have 
a perimeter that is stair-stepped in appearance. This is because the location 
of all objects in the numerical region is determined by material parameters 
which are specified only at the individual lattice points. Even a planar object 
appears to be stair stepped when its surfaces do not lie in a coordinate plane 
of the numerical grid. Results will be presented which will show the effect of 
rotating the planar dielectric half-space in the numerical grid. 

It will be shown that the PITD method scattering results are much 
more accurate than those obtained by the FDTD method. It is speculated 
that this is due to the nature of the equations upon which each of these 
numerical methods is based. The PITD method requires numerical integration 
while FDTD is grounded upon numerical differentiation. Differentiation tends 
to amplify discontinuities whereas integration is a smoothing process. The 
PITD method tends to smooth stair-stepped surfaces produced by numerical 
gridding, thus giving a more accurate scattered field. 
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B4-3 THE EFFECT OF DIELECTRIC LOSS IN FDTD SIMULA-
0920 TIONS OF MICROSTRIP STRUCTURES 

David C. Wittwer· Richard W. Ziolkowski 
Electromagnetics Laboratory 
Department of Electrical and Computer Engineering 
University of Arizona 
Tucson, Arizona 85721-0104 

The importance of dielectric losses in planar microstrip structures is eval­
uated with the finite-difference time-domain (FDTD) method. This analysis 
was previously not possible in many FDTD simulators due to a lack of absorb­
ing boundary conditions (ABCs) which appropriately terminate air/dielectric 
interfaces for which the dielectric is lossy. The newly proposed lossy two-time 
derivative Lorentzian material (L2TDLM) model ABC allows for these termi­
nations and is presented and implemented here for 3D FDTD simulations. 

A summary of the generalized formulation for the lossy two time­
derivative Lorentz material (L2TDLM) model and its coupling to Maxwell's 
equations is given. To achieve a complete ABC we introduce the requisite for­
mulation for a corner depending on three independent loss profile parameters. 
A formulation is introduced which reduces to the lossless case when the con­
ductivity of the media becomes zero and which further reduces to Maxwell's 
equations in free space as the permittivity goes to unity and, hence, recov­
ers the 3D TDLM ABC developed in (R. W. Ziolkowski, "Maxwellian Ma­
terial Based Absorbing Boundary Conditions," to appear in a Special Issue 
of CMAME, Summer, 1998). It is highly desirable from a numerical imple­
mentation point of view to arrive at a formulation that has these properties. 
Furthermore, it is also highly convenient from an implementation point of view 
to have a formulation for a corner which reduces uniquely to the correct edge 
formulation and which further reduces uniquely to the correct face formulation 
with the appropriate selection of parameters. This avoids having separate for­
mulations for each region, hence, makes the ABC very efficient to implement 
algorithmically and reduces the coding complexity. 

The resulting FDTD simulator has been applied to several microwave 
structures including a microstrip low-pass filter, a microstrip branch line cou­
pler, and a microstrip line-fed rectangular patch antenna. A summary ofthese 
simulations is given and compared with measurements. Comparisons between 
cases in which the substrates associated with each these structures are lossless, 
slightly lossy, and very lossy are made. The importance of including the loss in 
the prediction of the performance of these microstrip structures is emphasized. 
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B4-4 INTEGRATING LUMPED CIRCUIT MODELS INTO FDTD 
0940 SIMULATIONS 

Ian Rumsey' Jason Mix Melinda Piket-May 
Department of Electrical and Computer Engineering 
Campus Box 425 
University of Colorado 
Boulder, CO 80309 

As high speed systems place greater demands on electronic packaging 
and interconnects, numerical simulation at the package and circuit board levels 
before prototyping is needed to produce designs which meet stringent EMI, 
EMC, and signal integrity requirements. In order to model these complex 
systems, lumped circuit elements must be included in the electromagnetic 
simulation. In the FDTD method, auxiliary update equations may be used 
to model circuit components within the simulation space (Ciampolini et.al., 
IEEE Trans. on Microwave Theory Tech., vol. 44, no. 12, Dec. 1996). 
Another attractive method of accomplishing this goal is to link the FDTD 
engine with an external circuit simulator such as SPICE. Such an interface 
has been developed for LC, a 3-D FDTD simulator being developed by Silicon 
Graphics and the University of Colorado. 

The basic method for exchanging electromagnetic field quantities with 
circuit voltages and currents will be discussed in detail. The impact of this 
method on the implementation of practical circuits will be illustrated with 
examples of SPICE circuits fed by FDTD transmission lines. These examples 
will be compared with lumped circuits modeled within the FDTD simulation 
space where possible. 

Potential applications of this technique include passive filters, transmis­
sion line matching networks, and including active elements and amplifiers in 
full-wave simulations. Another area of current research using this interface is 
the study of the electrical performance of integrated circuit packaging. The 
real performance of a device can be predicted by placing a SPICE model within 
an FDTD model of the IC package and the surrounding circuitry. Particu­
lar interest is being paid to signal integrity and feedback into the integrated 
circuit due to line coupling in high speed designs. 
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RADIATION FROM A CIRCULAR LOOP 
NEAR SYMMETRICALLY PLACED 
CONDUCTING SPHERICAL CAPS 

Hakan P. Partal, Joseph R. Mautz and Ercument Arvas 

Department of Electrical Engineering and Computer Science 

Syracuse University, Syracuse, NY 13244 

The problem considered here is that of finding the electromagnetic 

field produced by a circular loop antenna when it is placed near one or 

two perfectly conducting spherical caps. The antenna of radius a, car­

rying a current I is placed in the xy plane with its center located at the 

origin. A spherical cap of radius b < a centered at the origin is placed 

symmetrically near the loop. This cap occupies the region defined by 

Bb S B S 7f. When Bb = 0, the cap becomes a complete sphere centered 

at the origin and when Bb = 7f /2, the cap is an empty hemisphere with 

its south pole at z = -b and its rim lying in the xy plane. Similarly, we 

may have another spherical cap of radius c > a occupying the region 

defined by 0 S B S Be. When Be = 7f, this cap becomes a complete 

sphere surrounding the loop and no radiation is possible. In general, 

the fields in various regions are expressed in terms of infinite series 

and the coefficients are determined by satisfying boundary conditions 

at various boundaries. For the case of one complete sphere of radius 

b < a, the coefficients can be found exactly. Otherwise a point match­

ing technique is used to find the coefficients using a simple MATLAB 

program. Computed results include the far-field pattern, the current 

distribution on the caps and the total near field. The computed fields 

for the case of very small caps (Bb ~ 7f and Be ~ 0) agree very well 

with the fields of the isolated loop antenna. The computed far-field 

results for the general case are compared with a Moment solution of 

the problem where the caps are approximated by triangular patches, 

and good agreement was observed. 
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B4-6 RAPID ELECTROMAGNETIC ANALYSIS OF 
1040 THREE-DIMENSIONAL CIRCUITS 

S. Tuomey D. L. Heckmann S. L. Dvorak' 
Department of Electrical and Computer Engineering 
The University of Arizona, Tucson, AZ 85749 

Recent advances in multi-layer insulating substrates have motivated 
novel designs of RF /microwave passive components which attempt to take 
advantage of the third dimension in order to reduce component size. An 
important enabling technology for the realization of such systems is an elec­
tromagnetic modeling tool capable of providing the computational efficiency 
necessary for design iteration in a three-dimensional conductor layout. We 
present a novel approach to the frequency-domain integral equation modeling 
of conducting structures which are embedded in a homogeneous dielectric and 
shielded by two perfectly-conducting ground planes. The Method of Moments 
(MoM) is applied to the integral equation to obtain an approximate solution. 

A significant portion of the computational effort in the MoM is asso­
ciated with the calculation of the elements in the impedance matrix. These 
elements can be represented as Sommerfeld-type integrals, which are often 
highly oscillatory and slowly convergent. Due to the oscillatory nature of the 
integrands, the integrals are very difficult to directly integrate numerically. 
We present a closed-form solution to these integrals, expressed in terms of 
rapidly-computable special functions, free from any numerical integration. 

The impedance matrix elements are evaluated by writing the two­
dimensional integral in polar coordinates. It has been shown that the result­
ing angular integral can be decomposed into terms which contain incomplete 
Lipschitz-Hankel integrals (ILHIs) and Bessel functions of the first kind (S.L. 
Dvorak and E.F. Kuester, Int. J. Micro. and Millimeter- Wave Computer­
Aided Eng., 1, 333-345, 1991). The ILHIs are special functions which are 
closely related to Bessel functions, and can be rapidly calculated using con­
vergent and asymptotic series expansions (S.L. Dvorak and E.F. Kuester, J. 
Comput. Phys. ,87, 301-327, 1990; M.M. Mechaik and S.L. Dvorak, Radio 
Sci., 31, 409-422, 1996). Next, the lower limit of integration on the semi­
infinite integral is extended to negative infinity. The presence of the shielding 
conductors eliminates all branch cuts in the integrand except those associated 
with the Hankel functions. This allows us to solve the infinite integral using 
contour integration techniques (D. Heckmann, S.L. Dvorak, and A.C. Cangel­
laris, 6th Topical Meeting on Electrical Performance of Electronic Packaging 
(EPEP '97), San Jose, CA, October, 1997). 

This novel closed-form expression for the impedance matrix elements 
results in matrix fill times which are orders of magnitude smaller than those 
associated with direct numerical integration. In this presentation, applica­
tions from its use in the design of three-dimensional circuits will be used to 
demonstrate its accuracy and computational efficiency. 
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EFFICIENT MODELING OF THE INDUCTION TOOL RE­
SPONSE IN DEVIATED BOREHOLES AND ANISOTROPIC 
FORMATIONS 

K. A. Michalski 
Department of Electrical Engineering 
Texas A & M University 
College Station, TX 77843-3128 

Induction logging is one of the techniques employed to obtain the con­
ductivity profile along an oil borehole. From early 1960s, the industry­
standard induction tool has been the so-called 6FF40 coil array, which com­
prises three receivers and three transmitters operating at 20 kHz. Many wells 
drilled nowadays are deviated from the direction perpendicular to the forma­
tion beds and an increasing number of them eventually approach a horizontal 
direction. Also, the conductivity of some earth formations, such as shale, is 
often uniaxially anisotropic, due to their internal microscopic layer structure. 

In this paper, an efficient algorithm is described for the computation 
of the induction tool response in deviated wells and multilayered uniaxial 
formations. Attention is limited to the so-called one-dimensional model, in 
which the effects of the borehole and of the invasion of borehole fluids into the 
permeable formations is neglected. The 6FF40 coils are modeled in terms of 
the equivalent magnetic dipoles. 

It is essential that the analysis, or forward modeling, be very efficient, 
because it is invoked iteratively in the induction log data inversion process. 
The approach described in this paper is based on the transmission line model of 
the layered medium (K. A. Michalski and J. R. Mosig, IEEE Trans. Antennas 
Propagat., 45, 508-519, 1997). The Hankel transforms that arise are efficiently 
computed by a numerical quadrature along the steepest descent path in the 
transverse wavenumber plane (P. Cornille, J. Math. Anal. Appl., 38, 633-639, 
1972). Sample numerical results are presented for both vertical and deviated 
wells, and are shown to compare favorably with published data. 
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B4-8 COMPARISON OF THE DISCRETE WAVELET TRANS-
1120 FORM AND THE PYRAMID ALGORITHM FOR SEMI­

ORTHOGONAL SPLINE WAVELETS IN THE SOLUTION OF 
INTEGRAL EQUATIONS BY THE MOMENT METHOD 

Richard Miller Robert Nevels' 
Texas A&M University 
Department of Electrical Engineering 
College Station, TX 77843-3128 

The discrete wavelet transform (DWT) has been shown to generate a 
moment impedance matrix that can be converted from a dense matrix to a 
sparse form with controlled error. Orthogonal wavelets have typically been 
chosen to perform the DWT since they form an orthogonal transformation. 
This guarantees that the matrix condition number is not changed. 

Recently the DWT with semi-orthogonal wavelets has been reported. 
The DWT formed with these wavelets do not form an orthogonal transforma­
tion and do change the matrix condition number. The semi-orthogonal DWT 
produces a sparser matrix than orthogonal DWTs. The sparsification of the 
new matrix by thresholding does not significantly change the matrix condition 
number. 

The DWT is a modified version of the two-dimensional wavelet trans­
form used in image processing. This pyramid algorithm, which is also a dis­
crete wavelet transform, is not an orthogonal transformation regardless of the 
orthogonality of the wavelets. The only difference between the two transforms 
is how the wavelet decomposition is applied. 

The DWT produces a matrix where only the lowest frequency (or reso­
lution level) scaling functions are used as part of the basis/testing functions. 
These scaling functions then interact with wavelet functions at all resolution 
levels. The wavelets also interact with wavelets from other resolution levels. 
The pyramid algorithm instead yields a matrix with scaling functions at each 
resolution level but only interacting with scaling functions or wavelets at the 
same resolution level. The wavelets also only interact with wavelets at the 
same resolution level. 

The impedance matrices generated by a transverse magnetic plane wave 
excitation of a two-dimensional finite width flat plate will be used to com­
pare the DWT to the pyramid algorithm. The matrix condition number and 
sparsity will be presented for the wavelet transforms generated with semi­
orthogonal wavelets. 
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RESONANT CONFOCAL IMAGING (RCI) OF 
RESONANT SPATIAL CURRENT MODES OF 
STRUCTURES IN THE RESONANT REGION 

J. D. Rockway, Y. Kuga, and A. Ishimaru 
Department of Electrical Engineering, Box 352500 

University of Washington, Seattle, Washington 98195.2500 
email: kuga@ee.washington.edu 

S. T. Li, C. W. Manry, and J.W. Rockway 
SPA WAR System Center in San Diego 

Abstract 
Recently, studies have been conducted to determine the resonant and low 
frequency response of structures. In this frequency range the major 
contributor to the radiated or scattered far-field response of a structure is 
resonant spatial current modes. Identification and location of these 
resonant spatial current modes provide a means of understanding the effect 
of a structure on radiation or scattering. For canonical problems, the. 
identification and positioning of these spatial modes may be computed 
analytically. For more complicated structures, a structure may be computed 
numerically. Harrington and Mautz [1971] characteristic mode formulation 
may then be used to determine these spatial modes via an eigenvalue 
formulation. From the far-field response of a structure, we have recently 
developed an inverse technique called Resonance Confocal Imaging (ReI) 
which effectively images the resonant current spatial modes for a given 
structure. For electrically small and intermediate sized structures - A, only 
a few spatial modes are needed to characterize the radiation and scattering 
over the frequency band of interest. By considering the far-field scattering 
of a structure, the resonant frequency can be determined from the peak 
response of a structure. At the resonant frequency the response will be the 
result of only a minimal number of spatial modes. By imaging the far-field 
spectrum at a peak response, (i.e., resonant frequency); the spatial modes 
contributing to the far-field are imaged. The ReI imaging teChnique was 
verified by comparison to the resonant current spatial modes identified by 
the characteristic mode eigenvalue equation at a resonant frequency. This 
ReI imaging technique enables a direct ability to determine the resonant 
spatial current modes from far-field scattered response. 
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ON THE NATURE OF INSAR MEASURE OF OCEAN SUR­
FACE CURRENT SOURCES 

D. B. Trizna* 
Remote Sensing Division 
Code 7252 
Washington, DC 20375-5351 

The ocean surface velocity measured by an along-track interferometric 
SAR (INSAR) is proportional to the mean Doppler velocity of the surface 
within a cell, and thus depends on the mean flow, surface wind drift, the 
orbital motions of the long waves, and the velocity of the approach and recede 
components of the short wave roughness dominating the backscatter. The 
latter contribution can be particularly troublesome, as it can consist of linear 
waves, bound waves, and breaking wave features. The linear Bragg wave 
contribution can be significant (up to 23 cmls for an X-band radar), and 
it can vary with azimuthal look with weights that are proportional to the 
approach and reced component spectral amplitudes (e.g., zero for cross wind 
look, maximum for upwind look). For arbitrary look angles, the weights are 
determined by the spreading function of short wave energy, which is not well 
known and which may in fact vary versus position on the dominant gravity 
wave. In this work we simulate these effects in a linear model to determine 
a current error estimate due to short waves with a variety of assumptions on 
small scale roughness directional spreading and relative contributions due to 
the three sources identified above. 
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ACTIVE AND PASSIVE SENSING OF SEA SURFACE FRICTION 
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Boulder, CO 80303 

William J. Plant 
William Keller 

Applied Physics Laboratory 
University of Washington 

Seattle, W A 98195 

The capability of airborne polarimetric microwave radiometers for the 
measurement of sea surface winds is being extended to include the estimation 
of sea surface friction velocity. This development is being advanced when 
microwave radar scatterometers are operated coincidently with polarimetric 
radiometers during aircraft experimental operations. The scatterometer radar 
cross section can be converted into friction velocity using new algorithms for 
Ku-band, X-band and C-band measurements. This is supplemented with in­
situ data from meteorological instruments. The approach here includes the 
development of anisotropic ocean emissivity models by synthesizing what is 
known about sea surface processes as observed by the microwave radar cross 
section dependence on incidence and azimuthal angles. 

The coincident measurements of the X-band radar scatterometer and the 
37 Ghz polarimetric radiometer during the COPE Experiment (Sept - Oct 
'95) were used to determine the dependence of the radiometers' azimuthal 
parameters on friction velocity (and incidence angle). The radar measurement 
provides the in-situ sensing of surface winds and stress (friction velocity), to 
support the development of model functions for the first and second harmonic 
coefficients of the 2nd and 3rd Stokes parameters("Q" and "U"). 

Additional data from the Labrador Sea Experiment (March 1997) is being 
analyzed to extend the data set. It includes 37 Ghz polarimetric radiometer 
data at a variety of incidence angles, C-band scatterometer data and in-situ 
flux measurements from the R.V. Knorr. 
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F4-3 POLARIZATION DEPENDENT RADAR BACKSCATTER 
1000 CALCULATIONS FROM CRESTING OCEAN WAVES 

D. J. Donohue' H.-C. Ku D. R. Thompson 
Applied Physics Laboratory 
Johns Hopkins Road 
Laurel, MD 20723 

i,F'rom a recent study on the statistics of ocean radar backscatter, we 
have collected theoretically modeled backscatter cross section information 
from tens of thousands of random ocean surface realizations. Sarting from 
these results, we have identified specific realizations giving rise to the largest 
backscatter returns for both HH and VV polarizations. In general, we find that 
for low grazing angles, sharply crested waves are the dominant scatterering 
features in the numerical realizations. This has been verified by integrating 
the backscattered power from numerous small sections of the wave, and sub­
sequently identifying the regions of greatest contribution to the total power. 
Interestingly, when examining the relationship between incident field, induced 
surface current, and localized scattering cross section, some surprising differ­
ences are found between the two polarizations. For example, the results clearly 
show that for HH polarization, the surface current and dominant scattering 
centers are concentrated over a small region near the crest of the wave. A 
deep shadow is often observed on the backside of the wave. For VV polariza­
tion, however, surface currents tend to be more uniformly distributed over the 
entire extent of the wave, and strong scattering centers are rarely observed. 
These differences support the well-known hypothesis that horizontal polar­
ization is considerably more sensitive to wave cresting, potentially explaining 
the so-called super-events, where HH/VV ratios exceed one. The results also 
illustrate the substantial contribution of non-linear wave steepening to the 
surprisingly large variance of HH backscatter at low grazing angles. 

The intermediate and high grazing angle results support the classical 
mechanisms of long-wave tilt modulation of small-scale Bragg scatterers and 
specular facets. An examination of surface currents at the higher grazing an­
gles offers little additional information, that is, the relationship between sur­
face current and scattered power appears to be highly chaotic. Previous calcu­
lations have been limited to two spatial dimensions. For this talk, we describe 
a new 3-dimensional implementation of our previously-developed multi-grid 
iterative method. 
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F4-4 A WIND SPEED THRESHOLD IN MICROWAVE SCATTER-
1040 ING FROM THE OCEAN 

W.J. Plant* W.C. Keller 
Applied Physics Laboratory 
University of Washington 
Seattle, WA 98105 
M.A. Donelan 
Rosenstiel School of Marine and Atmospheric Sciences 
University of Miami 
Miami, FL 33149 
D.E. Weissman 
Hofstra University 
Hempstead, NY 11550 

In 1982, the Naval Research Laboratory carried out a field program 
called SEBEX at Nantucket Shoals, largely as a result of the efforts of Gaspar 
Valenzuela. The experiment was designed to try to explain the pattern of 
bathymetric features observed on the ocean surface in this area by the syn­
thetic aperture radar on SEASAT in 1978. One result of this experiment was 
the observation by an airborne X-band radar of abrupt changes in backscat­
tering cross section of as much as 20 dB (Valenzuela et aI, Journal of Geophys. 
Res., 90, 4931-4942, 1985). Many of these changes were highly localized and 
have subsequently been explained by Gaspar's colleagues as due to current 
gradients, in this case caused by tidal flow over bottom topography. Some of 
the changes, however, were not highly locallized and were therefore difficult 
to explain on the basis of shear currents in the water. 

In SEBEX, it was observed that the sudden changes in cross section 
occurred at low wind speeds but not at high. In recent years, experiments 
both at sea and in wind wavetanks have provided an explanation for such 
sudden increases in cross section. In this paper we will show data taken in a 
wind wavetank at Ku band which clearly show that microwave backscattering 
cross sections rise abruptly as the wind speed increases above a threshold level. 
We will also present Ku band data taken from an airship in conjunction with 
meteorological measurements which verify that the same increase occurs on 
the ocean. We suggest that the existence of this threshold is in agreement 
with the prediction made several years ago by Donelan and Pierson (Donelan 
and Pierson, Journal of Geophys. Res., 92, 4971-5029, 1987) that the short 
waves which scatter microwaves grow very rapidly at a wind speed which 
is just sufficient to overcome viscous damping. We will discuss some of the 
remaining discrepancies between the observations and Donelan and Pierson's 
predictions. Finally we will examine the implications of this threshold wind 
speed for spacebased scatterometry. 
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F4-5 THEORETICAL STUDY OF THE SMALL PERTURBATION 
1100 METHOD FOR OCEAN POLARIMETRIC THERMAL 

EMISSION 

J. T. Johnson* M. Zhang 
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The Ohio State University 
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Columbus, OH 43210 

Analytical models for ocean surface polarimetric thermal emission based 
on the small perturbation method (SPM) have shown success in matching 
brightness temperature azimuthal variations from aircraft based measure­
ments. It has also been shown that use of the small perturbation method for 
calculation of surface emissivity results in a series in surface slope, not surface 
height, so that the method remains accurate for large height surface emission 
even when it fails for the corresponding scattering calculations. In this presen­
tation, a detailed analysis of the SPM/small slope approximation (SPM/SSA) 
for ocean surface polarimetric thermal emission is performed, and the extent 
to which varying ocean surface length scales contribute to brightness tem­
perature zeroth and second azimuthal harmonics is investigated. SPM/SSA 
predictions of brightness temperature azimuthal harmonics are simplified and 
expressed as an integration of a distinct "weighting" function for each az­
imuthal harmonic and polarimetric quantity multiplied by the corresponding 
ocean curvature spectrum azimuthal harmonic. An examination of the weight­
ing functions typically shows that ocean waves of lengths both comparable 
to and much greater than the electromagnetic wavelength can significantly 
contribute to brightness temperature azimuthal harmonics, depending on the 
extent to which the ocean surface spectral model places asymmetry in these 
length scales. In addition, the SPM/SSA is approximated for the contribu­
tions of both very long and very short ocean length scales compared to the 
electromagnetic wavelength, and it is found that both long and short wave 
contributions can be expressed in simple equations involving either standard 
or modified ocean surface slope variances. The analysis presented eliminates 
uncertainties in the azimuthal properties of the ocean wave directional spec­
trum, thereby clarifying the physics of the emission process predicted by the 
SPM/SSA. 
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F4-6 SIMULATION OF THE DOPPLER SPECTRUM OF THE SIG-
1120 NAL SCATTERED BY A TIME-VARYING ROUGH SURFACE 

USING MOMI 

J. V. Toporkov* G. S. Brown 
The Bradley Department of Electrical and Computer Engineering 
340 Whittemore Hall 
Virginia Tech 
Blacksburg, VA 24061-0111 

Calculations of the temporal evolution of the signals scattered by 
time-varying ocean-like rough surfaces and their power spectral density (the 
"Doppler spectrum") have been receiving considerable attention in recent 
years. Such calculations are based on approximate analytical models (D. R. 
Thompson, in Radar Scattering from Modulated Wind Waves, 27-40, 1989) and 
numerical simulations (Rino et aI, Radio Science, 26, 51-71, 1991). The emer­
gence in recent years of powerful and robust numerical techniques for rough 
surface scattering like the Method of Ordered Multiple Interactions (MOMI) 
allows one to extend such simulations to much lower grazing angles. 

As in the works cited above, the temporal evolution of the surface is ob­
tained by letting each surface harmonic propagate in accordance with the dis­
persion relation (surfaces with non-linear behavior can be obtained from such 
a model as well). In simulations, the evolving surface is considered at discrete 
time moments separated by a certain time interval. At each such moment, the 
surface is assumed to be "frozen" and scattering of a time-harmonic incident 
field is calculated using, for example, MOM!. The results of these calculations 
form time samples of a complex time-varying envelope of the scattered signal. 
We will discuss limitations of this approach, the region of its validity and the 
choice of simulation parameters such as temporal resolution. 

Sample simulation results for scattering from 1-D perfectly conducting 
time-evolving surfaces for both vertical (TM) and horizontal (TE) polariza­
tions will be presented and discussed. Incident angles in these simulations 
vary from 0 (normal incidence) to 85 degrees. In particular, for linear surfaces 
the Doppler spectrum of the backscattered signals at low grazing angles turns 
out to be very narrow and centered at the Bragg frequency (i.e. the angular 
frequency of Bragg components that is obtained from a dispersion relation 
for surface waves). The computing task and the actual amount of time such 
simulations take will be addressed. Future plans for simulations using this 
approach will be discussed. 
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1140 FROM PERFECTLY-CONDUCTING RANDOM SURFACES 
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Applied Physics Laboratory 
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D. Vandemark 
NASA/Goddard Space Flight Center 
Wallops Flight Facility 
Wallops Island, VA 23337 USA 
B. Chapron 
Institut Francais de Recherche pour l'Exploitation de la MER 
IFREMER Centre de Brest 
29280 Plouzane, France 

An article written by Gaspar Valenzuela over 20 years ago (Boundary­
Layer Meteor., 13, 61-85, 1978) entitled "Theories for the Interaction of Elec­
tromagnetic and Oceanic Waves - A Review" is still one of the most frequently 
referenced papers in fields concerned with microwave scattering from rough 
surfaces. In this article, Valenzuela describes the backscattering cross section 
in terms of a generalized version of the composite model proposed earlier by 
Wright (1968), and gives expressions for the tilting of the "Bragg facets" in 
terms of the slope probability of the longer surface waves. One drawback of 
the composite-model approach is that the surface-wave spectrum must be di­
vided into long- and short-wave portions such that the rms height ofthe short 
waves is small compared to the microwave wavelength; the so-called Small 
Perturbation (SP) limit. The well-known Kirchhoff approximation does not 
suffer from this drawback, but does not yield the proper polarization sensi­
tivity in the SP limit. For the case of backscattering, Holliday (1987) showed 
how the Kirchhoff method can be extended to yield the proper SP polarization 
dependence. In our presentation, we expand Holliday's approach to include 
the more general bistatic scattering problem. To accomplish this, we solve the 
surface-current integral equation retaining all terms through first order in the 
surface slope, and derive expressions for the scattered field that exhibit the 
proper polarization sensitivity. Local tilting by longer waves is also consid­
ered in a manner analogous to that used by Valenzuela (1978). In the present 
case however, the long-wave facet size is determined by the radar footprint 
rather than by the SP limit discussed above. We require in our computation 
that terms of second-order in the surface slope are small (See e.g. Voronovich, 
1993). A vector notation is introduced that greatly simplifies the treatment of 
the polarization effects; especially for bistatic scattering. A clarification of the 
expressions for the local tilting as given in Valenzuela (1978) is also presented. 
We believe that our technique provides a convenient new method to study 
both passive and active microwave scattering from random rough surfaces. 
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04-1 THE MID-LATITUDE F-REGION TURBULENT 
0920 UPWELLING OF FEBRUARY 17. 1998 

M. C. Kelley' W. E. Swartz F. Garcia J. Makela 
School of Electrical Engineering 
Cornell University 
Ithaca, NY 14853 
E. Kudeki S. J. Franke 
School of Electrical and Computer Engineering 
University of Illinois 
Urbana,IL 
M. Sulzer 
Arecibo Observatory, Arecibo, PR 

A violent ionospheric upwelling was observed over Puerto Rico during 
the geomagnetically disturbed evening of February 17, 1998. The event caused 
strong coherent scatter with Doppler shifts exceeding 300 mls and fine fila­
mentary echoes as observed both by the Cornell University Portable Radar 
Interferometer located near Isabela, PR, and by the University of Illinois VHF 
radar at Salinas, PRo The incoherent scatter radar at the Arecibo Observatory 
recorded a high velocity upward motion of the F-region that moved the peak 
to over 400-km altitude. Finally the Cornell All-sky imager showed bands ori­
ented northwest to southeast that moved rapidly from one horizon to the other. 
GPS data show the airglow minima to be co-located with plasma depletions. 

Similar events have been previously observed over Puerto Rico and 
Japan (R. A. Behnke, J. Geophys. Res., 90, 4448, 1979; S. Fukao et al., 
Geophys. Res. Lett., 15, 768-771, 1988; S. Fukao et al., J. Geophys. Res., 96, 
3725-3746, 1991; M. C. Kelley and C. A. Miller, J. Atmos. and Solar-Terr. 
Phys., 59(13), 1643-1654, 1997), but never before have both coherent scatter 
and incoherent scatter data of the same event been obtained with good opti­
cal data. Features of previous events have provided evidence that southwest 
propagating TID's are amplified by the Perkin's instability (C. A. Miller et al., 
1997; M. C. Kelley and S. Fukao, J. Geophys. Res., 96, 3747-3754, 1991) with 
only one more e-fold of growth required to produce the violent upwellings. The 
February 1998 event, however, seems to have had additional unique driving 
forces leading to the spectacular 3-meter scatter. Several features of this and 
other related events will be explored. 

267 



04 Th-AM 

04-2 OBSERVATIONS WITH THE ARECIBO RADAR DURING 
0940 THE GEOMAGNETIC ALLY DISTURBED CONDITIONS IN 

FEBRUARY AND JUNE, 1998 

M. P. Sulzer* 
Arecibo Observatory, Arecibo, PR 00612 
S. Gonzalez 
Arecibo Observatory, Arecibo, PR 00612 
M. C. Kelley 
School of Electrical Engineering 
Cornell University, Ithaca, NY 14853 

The Arecibo incoherent scatter radar has observed impressive and some­
times spectacular disturbances in the F region during a campaign directed at 
geomagnetically disturbed conditions. A set of instrumentation was assem­
bled in Puerto Rico, including coherent scatter radars, GPS receivers, and 
an all-sky imager, in order to study such disturbances. We present primarily 
incoherent scatter radar results for the events of the nights of February 17-18 
and June 25-26, 1998. 

Both nights show large ion temperature enhancements near local mid­
night, but the observations differ in other aspects. During the February event, 
the line of sight ion velocity component is at times greatly enhanced upward, 
and the peak of the F layer moved to a correspondingly high altitude. The 
radar pointing direction was fixed due to operational limitations and no vector 
velocities are available. 

Vector velocities are available during the June event; although they are 
somewhat disturbed, line of sight components are not as large as in February. 
However, power profile measurements sometimes show very large disturbances, 
similar to those seen when a powerful HF wave interacts with the F region of 
the ionosphere. There is no significant electron temperature enhancement and 
so these disturbances are to the electron density alone. 

The time history ofthe profile disturbances suggests that they are prop­
agating in a way that is consistent with the propagation of the airglow dis­
turbances seen by the imager in February. The coherent radars saw 3 meter 
structure in February, but not in June, suggesting that the June observations 
captured the event in a later, less active phase. 
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OVERVIEW OF A YEAR-LONG STUDY OF E- AND F­
REGION COHERENT SCATTER FROM PUERTO RICO 

W. E. Swartz' M. C. Kelly 
School of Electrical Engineering 
Cornell University 
Ithaca, NY 14853 
E. Kudeki S. J. Franke J. Urbina 
School of Electrical and Computer Engineering 
University of Illinois 
Urbana,IL 

From July, 1997 through July, 1998 the Cornell University Portable 
Radar Interferometer (CUPRI) made regular (although not continuous) ob­
servations of the E- and F-regions of the ionosphere from a site near Isabela, 
Puerto Rico. During some of the observations supporting data was supplied 
by the incoherent scatter radar and optical facilities at the Arecibo Observa­
tory and by the University of Illinois radar at Salinas, PR. The characteristics 
of the echoes varied considerably throughout the year and exhibited marked 
differences with those we might have expected based on similar radar measure­
ments in the Japanese sector and from previous CUPRI observations from the 
island of St. Croix. During this period, only two F-region coherent scattering 
events were observed, one during a quiet period and the other during a very 
geomagnetically disturbed period. The spectral characteristics of these two 
events differed considerably. The quiet period echoes possessed little Doppler 
shift while the disturbed echoes had Doppler velocities ranging from a few 
tens of meters per second to 340 mls depending on the evolution in time 
and space of the event. E-region echoes were obtained during almost half of 
the evening periods from sunset to midnight, but only during about 20% of 
the midnight to sunrise periods. None of the E-region echoes exhibited large 
Dopplers, even though significant Dopplers were not unusual for our other 
CUPRI mid-latitude measurements. Quasi-Periodic echoes were rare. 
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04-4 IRKUTSK INCOHERENT SCATTER RADAR INVESTIGA-
1040 TIONS OF THE MID-LATITUDE IONOSPHERE 

O. 1. Berngardt* A. P. Potekhin 
Institute for Solar-Terrestrial Physics 
664033 Irkutsk, Russia 
P. J. Erickson J. C. Foster 
Atmospheric Sciences Group 
MIT Haystack Observatory 
Route 40 
Westford, MA 01886 

The Institute for Solar-Terrestrial Physics (ISTP) and MIT Haystack 
Observatory have been awarded a two-year CRDF grant to support technical 
development of the Irkutsk radar facility and to expand collaboration be­
tween Russian and American research groups in studies of the mid- latitude 
ionosphere. The ISTP incoherent scatter facility is based on a former mili­
tary radar system, located 75 miles northwest of Irkutsk, Siberia. Beginning 
in 1988, a preliminary incoherent scatter capability has been developed and 
World Day data have been acquired since 1992 within the limits imposed by 
the existing equipment, software, and analysis capabilities. The Irkutsk sys­
tem is a monostatic pulsed radar operating in the frequency range 154-162 
MHz, with frequency-controlled beam steering over an angular region +/-30 
degrees from zenith. The facility consists of six 1.5 MW UHF transmitters (150 
MHz), a sectorial horn antenna with opening size 246 m x 12.2 m, receiving 
systems and radar service equipment. The horn antenna is able to trans­
mit and receive only a single linear polarization, which complicates derivation 
of plasma density profiles from the received signal. The current system is 
able to use the spectral method to measure both electron and ion temper­
atures and bulk plasma drift velocity, as well as recovering density profiles 
by the Faraday method. Radar analysis algorithms have been cross checked 
between the Irkutsk and Millstone Hill facilities, and two years of World Day 
observations of mid-latitude plasma altitude profiles have been produced in 
the NCAR/ISR database format and intercompared with simultaneous ob­
servations from Millstone Hill. Results of these initial investigations and the 
techniques being employed in the Irkutsk radar experiments and analyses will 
be discussed. The application of the Faraday rotation technique for the recov­
ery of density/altitude profiles from the linearly-polarized system will also be 
described. 
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Northrup Grumman 
PO Box 746 
Mail Stop 55, Baltimore, MD 21203 
Q. Zhou 
Communications and Space Sciences Laboratory 
316 EE East 
Penn State University 
University Park, PA 16802 
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High resolution ISR observations of the evening and nighttime E and 
F regions at Arecibo suggest that E/F region electrodynamic coupling down 
to horizontal scales as small as a few kilometers is present most evenings and 
likely through the night. This coupling is manifested most clearly in the inter­
mediate and tidal ion layers as "ion rain" and sporadic E events and less often 
as bottomside spread-F all of which show structure at apparent periods as 
short as a few minutes. Active spread-F events clearly reveal electrodynamic 
links between the low-lying layers, ion-rain, and the spread-F instability pro­
cess. These processes are observed as the ionosphere is advected through 
the Arecibo beam that is fixed thus avoiding time/horizontal-structure "alias­
ing" inherent to "beam-swinging." We present several examples of the various 
events. Additionally, we suggest that these structures are a manifestation of 
polarization electric fields that "map" into the E-region .and are of order 1 
mV /m except for the most intense spread-F events that appear to be charac­
terized by significantly larger E-fields. These E-fields are hypothesized to be 
generated in a "field" of linear and/or non-linear Perkins instabilities and are 
of relatively small horizontal-scales but occur over large horizontal-scales in 
the bottom-side of the nighttime F region. We present numerical simulations 
of 3-dimensional ion trajectories in wind and electric field structures similar 
to those implied by these observations. These simulations give insight into 
formation of the ion rain, sporadic E, and spread-F structures. We also dis­
cuss instrumentation - including the Arecibo dual-beam radar system - and 
observational modes needed to further study electrodynamics on the suggested 
small scales. 
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1120 MAGNITUDE AND E-REGION COHERENT PHASE VELOC­

ITY WITH THE MILLSTONE HILL UHF RADAR 

P. J. Erickson' J. C. Foster 
Atmospheric Sciences Group 
MIT Haystack Observatory 
Route 40 
Westford, MA 01886 

During an interval of intense, steady enhancement of the auroral convec­
tion electric field, simultaneous observations of E-region coherent backscatter 
properties and the magnitude of the causative electric field were obtained with 
fixed beam positions of the 440 MHz Millstone Hill radar. The experiment was 
performed on 27 August, 1998 between 18 UT and 24 UT (13 MLT - 19 MLT) 
in response to an interval ofrelatively steady southward IMF (Bz ~ -10 nT un­
til 21 UT). The narrow (1 deg fwhm) radar beam was directed approximately 
parallel to the Ex jj direction and line of sight F -region convection (integrated 
over 20-s intervals) in excess of 3000 mls was observed. Simultaneously, E­
region coherent echo amplitude and line of sight phase speed were observed in 
the lower-altitude range gates. Both coherent echo amplitude and echo source 
location are determined by a combination of magnetic aspect angle sensitiv­
ity, off-axis radar beam sensitivity, and the altitude and latitude extent of the 
E-region perturbation. Knowledge of the off-axis antenna sensitivity function 
and the magnetic aspect angle sensitivity for the coherent echoes permits the 
calculation of the off-axis contribution to the coherent signal at each sampling 
gate (range). Coherent phase velocity can be measured both in the region of 
amplitude (receiver) saturation in the main radar beam at E-region heights, 
and in the side-lobe echoes which appear at greater ranges. 

During the interval 21 UT - 24 UT the F and E-region gates were aligned 
to sample nearly the same invariant latitude (61 deg invariant) and the simulta­
neous observations of E-region coherent backscatter properties and the electric 
field were obtained. A ~ 20 m V 1m electric field threshold for the onset of the 
coherent echoes was observed with ~380 mls coherent phase speed. Coherent 
phase speed increased linearly with increasing electric field strength at the rate 
8.5 mls per mV over the electric field range 20 mV/m - 60 mV/m. The log­
arithm of the coherent backscatter amplitude (in dB) increased linearly with 
the electric field magnitude at the rate 25 dB per 30 m V 1m. 
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NEW RESULTS CONCERNING THE EFFECTS OF ELEC­
TRON COLLISIONS ON THE INCOHERENT SCATTER 
SPECTRUM AT JICAMARCA RADIO OBSERVATORY 

M. P. Sulzer* 
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S. Gonzalez 
Arecibo Observatory, Arecibo, PR 00612 

Our recent efforts to fit incoherent scatter spectra taken in the lower 
topside ionosphere nearly perpendicular to the magnetic field over the Jica­
marca Radio Observatory have suggested the possibility that an additional 
unexpected effect needs to be included in the model spectra. Others have 
encountered similar problems; in fact the best evidence that an unexplained 
physical effect alters the shape of the spectra is from Kudeki (private com­
munication, 1998) who has fitted spectra taken with the beam pointing very 
close to perpendicular to the field. The angular size of the radar beam cov­
ers a sufficient range of angles to the field so that the spectral shape of the 
scatter changes significantly, and so it is necessary to construct a model which 
sums spectra over a range of angles. The fitted temperatures are too low, 
implying that the spectra are narrower than predicted. Aponte (private com­
munication, 1998) has used spectra taken at several angles to the field in his 
thermal balance work. He has found that the apparent ratio of electron tem­
perature to ion temperature varies with the angle to the field for angles close 
to perpendicular, but this effect dissappears as the angle from perpendicular 
increases. 

We describe recent theoretical results, and show how measurements at 
various heights are affected. Coulomb collisions affecting the motion of the 
electrons are responsible for the spectral narrowing. We have carried out very 
accurate simulations of electron motion resulting in incoherent scatter spectra 
which are qualitatively similar to spectra resulting from other types of colli­
sions, and to those predicted in an analytic solution for the Coulomb case (R. 
F. Woodman, Incoherent Scattering of Electromagnetic Waves by a Plasma, 
Doctoral Thesis, Harvard University, Cambridge, Massachusetts, 1967). How­
ever, the effects extend to somewhat shorter scale lengths, or further from 
perpendicular to the magnetic field, than in these other cases because the 
spectrum of the velocity component in the radar line of sight departs signifi­
cantly from the usual Lorentzian, especially at the higher frequencies. 
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Menlo Park, CA 94025 

One ofthe outstanding questions in Magnetosphere-Ionosphere coupling 
is how do the heavy (0+) ions escape from the ionosphere to populate the 
magnetosphere in such large numbers? Indeed, the fluxes that are often needed 
to explain the magnetospheric population suggest that an upward transport 
mechanism must be operating at quite low ionospheric altitudes, where the 
number densities are sufficiently high. Perpendicular ion heating resulting 
from velocity shear-driven ion cyclotron waves has been suggested as a possible 
mechanism to energize the ions (Ganguli et al J. Geophys Res, 99, 8873-8889, 
1994). 

The incoherent-scatter radar in Sondrestrom, Greenland, frequently 
measures F-region ionospheric parameters in the dayside auroral oval, polar 
cap, and poleward edge of the nightside oval. Phenomena exist within these 
regions, such as electric fields and shear convection reversals, which may also 
produce enhanced ion temperatures through frictional heating. 

The radar directly measures electron density, line-of-sight ion velocity, 
and ion and electron temperature. Depending on the antenna pointing se­
quence, line-of-sight ion velocities can yield the horizontal and vertical (field 
aligned) velocities. From these ionospheric parameters, we can derive other 
terms including large-scale electric fields, conductivity, and joule heating rates. 
These derived parameters, when correlated with the directly measured ion 
temperature, can be used to investigate ion heating mechanisms. It is impor­
tant to note that ion frictional heating is dependent on the differential velocity 
of the ions and the neutrals, consequently the neutral wind speed and direction 
need to be considered along with the electric field. 

We present a data set that examines the effects of these sources of ion 
heating and we characterize their relative contributions. 
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Electrostatic fluctuations in a magnetized plasma with a structured field­
aligned flow are investigated. It is found that a transverse gradient in parallel 
flow can significantly reduce critical value of the relative ion-electron field­
aligned drift for both the current-driven electrostatic ion acoustic and ion­
cyclotron modes. The shear-modified ion acoustic and ion-cyclotron modes 
can be also excited without any relative field-aligned drift provided that flow 
gradient is sufficiently strong. The new shear-modified ion-acoustic and ion­
cyclotron modes are shown to be different from both the nonresonant mode 
due to a velocity shear in the parallel flow [D 'Angelo, 1965] and the reso­
nant classical current-driven ion acoustic and ion cyclotron modes [Fried and 
Gould, 1961,Drummond and Rosenbluth, 1962]. Linear and nonlinear regimes 
of coherent oscillations and spatial structure formation due to parallel-flow in­
homogeneity are observed in 2D Particle-In-Cell simulations. The new modes 
can be excited for typical ionospheric conditions and wide range of ion/ electron 
temperature ratios. The reported results may explain ionospheric observations 
of low-frequency ion-acoustic and ion-cyclotron waves and associated macro­
scopic effects (particle energization, anomalous transport, etc.), especially for 
ion/electron temperature ratios of the order of unity and larger when the 
critical current for the classical current-driven modes is significantly above 
the observed values. Other possible applications of our results to space and 
laboratory plasmas are also discussed. 

1 Work supported by the National Aeronautics and Space Administration and 
the Office of Naval Research 
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J. Willig N. D'Angelo R. L. Merlino' 
Department of Physics and Astronomy 
The University of Iowa 
Iowa City, IA 52242 USA 

The parallel velocity shear instability may be excited in a magnetized 
plasma ifthe streaming velocity ofthe ions along the magnetic field, B, varies 
from point to point, in a direction perpendicular to B. This instability was 
analyzed theoretically by D'Angelo (Phys. Fluids, 8, 1748, 1965), and in­
vestigated experimentally, in a cesium plasma, by D'Angelo and von Geoler 
(Phys. Fluids, 9, 309, 1966). Parallel ion flow with shear across B is also 
a common occurrence in space plasmas. Examples include: solar wind flow 
at the outer magnetospheric boundary, entry of plasma into the earth's polar 
cusp, auroral arcs, and comet tails. In this talk we discuss recent laboratory 
work, performed in a double-ended Q machine, on the parallel velocity shear 
instability. 

Two arrangements are used to produce velocity shear. The first is the so­
called 'ring + disk' setup (N. D'Angelo and S. v. Goeler, Phys. Fluids, 9, 309, 
1966) in which shear occurs at the boundary between. two counterstreaming 
plasmas. In the second case a nonuniform magnetic field configuration is used 
to produce a plasma column with an inner core of nearly stationary plasma 
surrounded by an outer annular region of flowing plasma. The presence of 
shear and the value ofthe shear parameter (dvz/dx, the variation ofthe axial 
ion flow velocity with the coordinate perpendicular to B) are determined from 
probe measurements. 

The effect of neutral-particle collisions on this instability was also stud­
ied. This is of some interest, since it has been argued (B. Basu and B. Coppi, 
J. Geophys. Res., 94, 5316, 1989) that a collisional version of the parallel 
velocity shear instability might provide a means of explaining plasma density 
and electric field fluctuation spectra near auroral arcs at F region altitudes 
where ion-neutral collisions are important. 

Work supported by the U.S. Office of Naval Research. 

276 



H2 Th-AM 

H2-4 THEORY OF VELOCITY SHEAR-DRIVEN INSTABILITIES 
1000 IN A ROTATING PLASMA LAYER: APPLICATION TO NRL 

SPACE PHYSICS SIMULATION CHAMBER1 

J.R. Penano2* G. Ganguli W.E. Amatucci D.N. Walker 
Plasma Physics Division, Naval Research Laboratory 
V. Gavrishchaka 
Science Applications International Corporation 

A theoretical model in cylindrical geometry has been developed to inves­
tigate the linear stability of a uniformly magnetized plasma to the sheared flow 
induced by a radially directed, radially localized dc electric field. The model 
is based on an eigenvalue equation describing the electric potential associated 
with electrostatic fluctuations. The ion and electron response perpendicular 
to the magnetic field is assumed to be that of a cold collisionless fluid while, 
parallel to the magnetic field, the collisionless kinetic electron response is re­
tained. 

When the local E x B velocity is comparable to the product rona, where 
ro is the radius about which the electric field is localized and na is the cyclotron 
frequency of plasma species O!, the azimuthal flow velocity differs significantly 
from the E x B velocity. Instabilities arise from the free energy associated 
with the sheared flow. Additionally, since the azimuthal flow velocity is mass 
dependent, the large difference between the ion and electron masses can lead 
to an azimuthal current which can also drive unstable eigenmodes. Four types 
of instabilities are found. The dominant instabilities for long wavelength fluc­
tuations have been identified as type-A and type-B Kelvin-Helmholtz modes 
(Jassby, Phys. Fluids, 15, 1590, 1972) and a transverse current-driven insta­
bility. For shorter wavelengths, where these modes are damped, the inhomo­
geneous energy density driven instability (IEDDI) (Ganguli, Phys. Plasmas, 
4, 1544, 1997) can be excited. 

The model is applied to a parameter regime characteristic of the Space 
Physics Simulation Chamber (SPSC) experiments (Amatucci et al., Phys. Rev. 
Lett., 77, 1978, 1996) at the Naval Research Laboratory. A quantitative com­
parison between theory and experiment indicates that an experimentally ob­
served fluctuation localized within a rotating plasma layer is an IEDDI. 

1 Work supported by the Office of Naval Research 

2 National Research Council-NRL Research Associate 
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HZ-5 BEAM-DRIVEN LOCALIZED WAVE STRUCTURES: SIMU-
1040 LATIONS AND CONNECTION TO FAST E-FIELD MEA­

SUREMENTS 

M. Oppenheim* 
Astronomy Department 
Boston University 
725 Commonwealth Ave. 
Boston MA 02215 D. Newman M. Goldman 
Center for Integrated Plasma Studies 
Campus Box 390 
University of Colorado 
Boulder, CO 80309 

The FAST spacecraft has recently reported measuring spatially local­
ized bipolar electric fields in the downward current region of the auroral iono­
sphere (see, Ergun, R. E., et. al., Phys. Rev. Lett., 81, 826, 1998). Our 
two-dimensional kinetic simulations of the nonlinear stage of the two-stream 
instability in a magnetized plasma show the development of bipolar electric 
fields with amplitudes, spatial extent, and phase velocities similar to those 
measured. We initiate these massively-parallel, 2-D, periodic, particle-in-cell 
(PIC) simulations with an electron distribution consisting of a stationary com­
ponent and a drifting component. We also include an initially stationary ki­
netic ion component (nominally hydrogen). A two-stream instability drives 
perturbations in the electron distribution which quickly saturate due to trap­
ping. The trapped electrons form hollow vortices in X-Vx phase-space, where 
xiIB. While these structures are localized to only a few tens of Debye-Iengths 
parallel to the magnetic field, they extend over hundreds of Debye lengths in 
the y direction (i.e., perpendicular to B). Thus, they form elongated hollow 
tubes in x-vx-y space. In 1-D simulations, two vortices merge when they col­
lide, leaving a single vortex with a somewhat different velocity and electric field 
amplitude. The situation is more complicated in 2-D where the phase-space 
tubes break, reconnect, and merge but often with differing behaviors at dif­
ferent locations in y. In addition, the 2-D simulations allow the development 
of oblique magnetized modes such as electrostatic whistlers. 

In this talk, we will show movies depicting the evolution of the electric 
field energy generated by our massively-parallel, PIC code. These movies show 
the formation and nonlinear evolution of bipolar wave structures. Among the 
features seen are merging events, the development of perpendicular modu­
lations, the growth of electrostatic whistlers, and the eventual decay of the 
structures. We will discuss the role of dynamic ions and will explore the ef­
fects of varying system parameters such as beam energy, temperature, and 
density, on the formation and longevity of the structures. 

Supported by NASA and NSF. 
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H2-6 VLF WAVE COUPLING TO FIELD-ALIGNED IONIZATION 
1100 ENHANCEMENT DUCTS IN THE MAGNETOSPHERE 

R. A. Helliwell 
Durand 325, STAR Lab 
Stanford University 
Stanford CA, 94304 

Field aligned "whistler" ducts play important roles in cold plasma diag­
nostics and hot plasma wave-particle interactions at VLF. To understand how 
VLF energy is coupled into and out of such ducts we propose a simple model 
of duct coupling based on a numerical simulation of the end points of ducts 
which terminate at altitudes from 300 to 2000km, depending on local time 
and season [Bernhardt, P. A. and C. G. Park, JGR, 82(32), 5222-5229,1977]. 
Since the refractive index in the ionosphere is generally very high at VLF, the 
waves excited in this region by ground sources are close to the vertical, assum­
ing horizontal stratification of the ionosphere. Then we can derive a simple 
relation between duct enhancement and the trapping in the duct of upward 
propagating waves as follows. 

Assuming a dipole approximation for the Earth's magnetic field we let 
'Y be the dip angle of the duct axis. Then for a trapping angle BT, defined 
as the maximum value of the angle between the wave normal of a trapped 
wave and the duct axis [Helliwell, R. A., Whistlers and Related Ionospheric 
Phenomena, Stanford University Press, 1965], the condition for trapping of 
any part of an upgoing wave is given by BT > (7r/2 - 'Y), where 'Y = dip 
angle of duct axis at its end point = tan -1 [2 tan 4>], 4> = geomagnetic latitude. 
Thus at the geomagnetic poles, where 'Y = 7r /2, BT = 0, all incident energy is 
trapped, whereas at the equator where BT = 900 there is no trapping. If for 
example BT = 250

, the above condition for trapping gives 4> = 500 geomagnetic 
latitude (~40° North geographic latitude on East Coast of U. S. A.). In this 
case, all trapping is cutoff at lower latitudes, while at higher latitudes the 
fraction of the available input energy that is trapped (called the "trapping 
cross section") is less than unity. The only way to achieve a ducting cross 
section of unity at middle latitudes is by introducing horizontal gradients that 
will tilt the input wave normals so that they are aligned with the duct axis 
(H. G. James, Refraction of whistler mode waves by large scale gradients in 
the middle latitude ionosphere, Ann. Geophys, 28, 301, 1972). 

At the output of a duct those output rays whose wave normals fall within 
the "transmission cone" will excite waves in the earth-ionosphere waveguide 
while those that fall outside this cone will be reflected upwards and can be 
seen on satellites as nonducted rays. Those reflected rays that reach the source 
duct will be re-trapped and may echo back and forth in the same duct, giving 
rise to phenomena such as "periodic emissions". Other reflected rays may 
enter adjacent ducts creating the so-called "mixed path" echoes. 
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H2-7 A LABORATORY INVESTIGATION OF LOWER HYBRID 
1120 WAVE INTERACTIONS WITH A DENSITY STRIATION 

S. I. Rosenberg* W. Gekelman 
Department of Physics 
15-70 Rehab 
University of California, Los Angeles 
Los Angeles, CA 90095 

For decades, rockets and satellites have observed localized bursts of in­
tense lower hybrid wave radiation in conjunction with density depletions; these 
have been termed lower hybrid solitary structures (LHSS). With recent im­
provements in the temporal resolution of rocket measurements, and the cor­
responding increase in spatial resolution, research on LHSS has focused on 
their internal structure. As rockets and satellites pass through the ionosphere, 
they can only record data along a line through LHSS. Using just these data, 
one can not completely understand the electric field and density patterns. We 
are conducting laboratory experiments at the Large Plasma Device (LAPD) 
at UCLA in order to do just that. By working in a laboratory experiment, 
we are able to scale the key experimental parameters ( 1 < f / ilh < 6 ; 1 
< d/Pci < 7; d/Alh,l. :::; 3; 1 < d/(8 = c/wpe ) < 5; where d is the the size ofthe 
striation) to be relevant to ionoshperic physics and make the high-resolution 
spatial and temporal measurements necessary to understanding LHSS pat­
terns. In our laboratory experiments, we launch lower hybrid wave radiation 
into a field aligned density striation (3 < dn/n < 7). We then use a dipole 
electric field probe to map the pattern of the wave electric field in time and 
space. Our results correlate well to ionospheric observations of electric fields 
near density depletions. This paper investigates the structures' dependence 
on several factors: striation geometry, including its shape (cylindrical or slab) 
and transverse size (scaled to the collisionless skin depth) and the wave fre­
quency. Data characterizing the background plasma and the striation will be 
presented along with high-resolution electric field data. In addition, we will 
compare our results with those from recent souding rocket flights. 
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H2-8 THE ROLE OF SELF-ORGANIZED CRITICALITY 
1140 IN AURORAL PLASMA PROCESSES 

Tom Chang 
MIT Center for Space Research 
Room 37-261 
77 Massachusetts A venue 
Cambridge, MA 02139 

Observations indicate that plasma processes in the auroral zone are gen­
erally sporadic, localized and nonlinear. The wave turbulence there is usually 
intermittent and inhomogeneous, and the associated wave-particle interactions 
are commonly nonlocal. These are the general characteristics of global dynam­
ical systems near "self-organized criticality (SOC)". 

The concept of self-organized criticality was first introduced by Bak et 
al. (Phys. Rev. Lett., 59, 381, 1987) to explain the invariant properties of 
complex dynamical systems far from equilibrium. They demonstrated that 
for inhomogeneous dissipative driven systems with many metastable states, 
the natural outcome would be a self-organized critical state without intrin­
sic length or time scales. It was suggested by Chang (IEEE Trans. Plasma 
Science, 20, 691, 1992) that global-multiscale space plasma processes gener­
ally would display the scale-invariant properties of self-organized criticality. 
In addition, such systems generally would exhibit low-dimensional behavior 
with nonlinear, chaotic, multifractal signatures. (See also, Tom Chang, AGU 
Monograph, 104, 193, 1998). 

In this talk, we shall employ numerical simulation results, scaling laws, 
and renormalization-group arguments (Tom Chang et al., Physics Reports, 
217, 279, 1992) to demonstrate that most of the sporadic, localized space 
plasma processes in the auroral zone are manifestations of stochastic dynamical 
systems at self-organized criticality. Specific examples to be discussed are the 
weak auroral double layers in the acceleration region, the randomly distributed 
fast electron holes in the return current region and elswhere, the strong spiky 
lower hybrid turbulence, the strong Langmuir turbulence, and associated wave­
particle interactions. 
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J6·1 ADVANCES IN RADIO OCCULTATION STUDIES 
0900 

B. Ahmad G. L. Tyler* 
Center for Radar Astronomy 
Stanford University 
Stanford, CA 94305-9515 

Radio occultation is a remote sensing method for 'sounding' planetary 
atmospheres. Since its inception in the early 1960's, this methodology has been 
used to obtain high vertical resolution profiles of atmospheric temperature 
and pressure for most of the planets of the solar-system, and for Titan, the 
largest moon of Saturn. Radio occultation also has been used to obtain total 
electron content profiles of planetary ionospheres. Recent application of this 
method to the study of Earth's atmosphere has generated wide interest in 
further understanding of its potential and limitations. We present findings in 
two areas: quantitative definition of resolution, and errors due to large-scale 
horizontal gradients. 

The original formulation of the radio occultation method in terms of 
the Abel transform (Fjeldbo et al., Astron. J., 76, 123-140, 1971) assumes 
the atmosphere to be spherically symmetric for the forward as well as the 
inverse problems. This formulation makes it difficult to assess the 2-D or 3-D 
resolution when perfect spherical symmetry does not exist. We model the 
radio occultation experiment as a tomography experiment in which only one 
parallel projection of the object is available (Ahmad and Tyler, Radio Sci., 
33, 129-142, 1998). This eliminates the need to assume spherical symmetry 
for the forward problem. For the inverse problem spherical symmetry is as­
sumed, consistent with the standard approach to handling occultation data. 
This process yields the 2-D resolution kernel for Abel inversion. The 3-D reso­
lution kernel can be obtained easily if geometrical rays are replaced by a more 
accurate representation of radio wave propagation, e.g., Fresnel tubes. 

Large-scale horizontal gradients are not analyzed accurately with the 
kernel approach because the ray paths are altered substantially from the ze­
roth order approximation. We analyze errors in atmospheric profiles due to 
large- scale departures from spherical symmetry using a first-order perturba­
tion approach (Ahmad and Tyler, submitted to J. Geophys. Res.-Atmos., 
1998). Our analysis is general in that no particular occultation geometry is 
assumed. Moreover, the analysis is applicable to tenuous as well as dense at­
mospheres. The results of the perturbation analysis are compared with those 
obtained from simulated occultations of the atmospheres of Mars and Earth, 
representing tenuous and dense atmospheres, and subsequent Abel inversion. 
The two approaches are in close agreement. 
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)6-2 AN UPDATE ON THE LONG-TERM V ARIA nONS OF 
0920 JUPITER'S SYNCHROTRON EMISSION 

Michael J. Klein and Scott J. Bolton 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena CA 91109 

Time variability in the synchrotron radio emission from Jupiter's 
magnetosphere has been widely reported in the literature (e.g., I. dePater 
and M. J. Klein, NASA SP 494, 139-150, 1989). Attempts to correlate the 
variations with solar wind parameters (Bolton et. al. JGR 94 121-128, 
January 1, 1989) showed promising results with the recognition that the 
microwave observations spanned only about two cycles of solar activity. 
Additional observations to extend the time base were clearly needed. 

The data base of 13-cm observations that constitute the NASA-JPL 
Jupiter Patrol, begun in 1971, has been extended to 1998. When combined 
with published observations made in the 1960's, the Jupiter observations at 
wavelengths near 13 cm span more than three solar cycles. Moreover, the 
precision of the data has been improved through the use of larger apertures 
and better techniques to minimize the effects of confusion with weak 
background radio sources. 

In this paper we report new observations made with the 34-m and 70-
m antennas at NASA's Goldstone Deep Space Network complex. The new 
data show that the Jovian synchrotron flux is increasing once again, thereby 
reversing the seven-year trend of steadily falling integrated flux density from 
1991 through May of 1998 (with the obvious exception of the large outburst 
following the Comet SL-9 impacts). We also report progress on a 
synchrotron radiation model and compare the early results with the 
observations 

Observations by Bolton using the 26-m Hat Creek radio telescope in 
the period 1988-1991 are compared with the Jupiter Patrol data. 
Fortuitously, the Hat Creek data fills in a gap in the Goldstone data that 
happened to coincide with a sharp rise in the Jovian synchrotron flux that 
began in November 1989. 

The research reported in this paper was performed by the Jet 
Propulsion Laboratory, California Institute of Technology, under contract 
with the National Aeronautics and Space Administration 
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J6-3 NEAR-NADIR SCATTERING FROM A FRACTAL SURFACE. 
0940 Michael K. Shepard 

Dept. of Geography and Earth Science 
400 E. Second St. 
Bloomsburg University 
Bloomsburg, PA 17815 
Bruce A. Campbell 
CEPS, MRC 315 
National Air and Space Museum 
Washington, D. C. 20560 

Numerous studies have demonstrated that natural surfaces, including those found 
on other planets, are better described by non-stationary fractal statistics than by the 
stationary statistics commonly assumed in current radar scattering models [ef. Shepard and 
Campbell, Icarus, 134,279-291, 1998]. The major difference is that quantities such as the 
surface root-mean-square (RMS) height, RMS slope, and autocorrelation length are 
functions of the sample size of the surface, i.e., these quantities cannot be considered 
constants. Therefore, we have developed a near-nadir (incidencelbackscattering angles 
<25°) scattering model applicable to self-affine fractal surfaces. Because fractals are not 
differentiable at any given point, we utilize a Huygen's wavelet approach instead of a direct 
electromagnetic field boundary value solution. In essence, each point on the surface is 
modeled as an independent source of a spherical scattered wave. The contribution to the 
far-zone electromagnetic field from any given point is found by superposing all wavelets. 
Each wavelet is assumed to have the same magnitude (dependent upon the composition of 
the surface), but a phase which depends upon it's height relative to it's neighbors. 

A number of interesting insights and predictions are provided by this model 
approach. For instance, we find that a surface will have a finite area around each point 
which coherently contributes to the wavelet scattered from that point. We refer to this area 
as the "effective aperture", since it approximates the behavior of a diffracting aperture or 
radiating antenna. Additionally, the model predicts a family of angular scattering functions 
that mimic and smoothly transition between the commonly utilized Hagfors [J. Geophys. 
Res., 69, 3779-3784, 1964], Gaussian [Hagfors, 1964], and exponential surface models 
[e.g., Tyler et ai., J. Geophys. Res., 97, 13115-13139, 1992]. Further, the model predicts 
that near-nadir scattering behavior is determined by the wavelength-scaled surface 
roughness, i.e., the roughness (RMS height or RMS slope) that would be measured by a 
field worker using a ruler one wavelength in size, and the surface scaling behavior described 
by the fractal dimension or Hurst exponent. Finally, the model predicts that the scattering 
behavior from such a surface will scale with wavelength in a self-affine manner, i.e., a 
power law. The scattering behavior predicted by the model is consistent with that observed 
for Venus by the Magellan altimeter experiment [Tyler et ai., 1992]. 
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)6-4 IMAGING MERCURY'S NORTH POLE WITH THE 
1000 UPGRADED ARECIBO S-BAND RADAR 

J. K. Harmon· 
Arecibo Observatory 
HC3 Box 53995 
Arecibo, PR 00612 
M. A. Slade 
Jet Propulsion Lab. 
MS 238-420 
Pasadena, CA 91109-8099 

We report results from recent observations of Mercury using the new S­
band (>.=12.6 cm) radar on the upgraded Arecibo telescope. The primary ob­
jective of the observations was to obtain improved radar images of the planet's 
north polar region, where earlier radar observations had revealed bright spots 
attributable to deposits of cold-trapped volatiles (probably water ice) in per­
manently shaded crater floors. 

The observations were made in mid-August 1998, when Mercury was 
at inferior conjunction with it's north pole tipped toward Earth for favorable 
viewing. Also, at this time the sub-Earth longitude was on the opposite side 
of the planet from that of the 1991-92 Arecibo observations, which afforded 
the possibility of observing certain parts of the polar region at a much more 
favorable aspect than before. The 850-KW transmissions were modulated us­
ing a 1023-length pseudorandom phase code with a 20 J-Ls baud. From this 
we were able to generate high-quality delay-Doppler images of the pole with 
a surface resolution of 3 km, which represents a considerable improvement 
over the 15-km resolution of the pre-upgrade Arecibo images. Although the 
use of a conventional repeating-code (rather than a coded-long-pulse) wave­
form resulted in some Doppler aliasing of the overspread echo, the resultant 
degradation of the depolarized images at the pole was negligible. 

All of the previously known "ice" features were easily seen even in single­
run (10-min) images, except for a couple of features that were now too close 
to the radar horizon. In addition, more than a dozen new, small features 
were found. All of these new features that are located in the Mariner-10-
imaged hemisphere could be identified with known craters. Also, some new 
features could be seen at relatively low latitudes (down to 75 degrees). The 
biggest surprise was that feature K, which appeared oblong in the old images, 
was found to be simply the permanently shaded portion (protected by the 
equatorward section of crater rim) of a much larger crater. Also, interior 
structures could be resolved in the floors of all of the larger crater features (D, 
E, H, J, and K) suggestive of central peaks or smaller superimposed craters. 
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J6-5 PRELIMINARY RESULTS OF LABORATORY MEASURE-
1040 MENTS OF THE CENTIMETER WAVELENGTH PROPER­

TIES OF PHOSPHINE UNDER SIMULATED CONDITIONS 
FOR THE OUTER PLANETS 

J. P. Hoffman* P. G. Steffes 
School of Electrical and Computer Engineering 
Georgia Institute of Technology 
Atlanta, GA 30332-0250 

It has been suggested that phosphine (PH3) may contribute signifi­
cantly to the microwave emission spectrum of Neptune, and to the centimeter­
wavelength opacity measured by the Voyager 2 spacecraft at Neptune (D. R. 
DeBoer and P. G. Steffes, ICARUS, 123, 324-335, 1996). As a result, labo­
ratory measurements of the microwave opacity and refractivity of PH3 in an 
H2/He atmosphere are being conducted at 1.5 GHz (20 cm), 2.2 GHz (13.3 
cm), 8.3 GHz (3.6 cm), 13.3 GHz (2.3 cm), and 21.6 GHz (1.4 cm) at pres­
sures of 1, 3, and 5 bars at room temperature. The experimental approach 
is similar to that previously used by DeBoer and Steffes (D. R. DeBoer and 
P.G. Steffes, Astrophys. and Space Sci., 236, 111-124, 1996) utilizing the 
Georgia Tech high sensitivity microwave measurement system. Preliminary 
results at room temperature indicate current theories significantly understate 
the centimeter-wavelength opacity of PH3. This appears to be most drasti! c 
at longer wavelengths (13.3 and 20 cm). 

This higher-than-expected opacity will further elucidate the interpreta­
tion of centimeter-wavelength microwave observations from radio telescopes 
and previous spacecraft (Voyager) radio occultation measurements of the at­
mospheres of all four Jovian planets. Specifically, previous analysis of Voyager 
2 radio science data at Neptune (G. F. Lindal, Astronomical Journal, 103, 
967-982, 1992) requires reassessment. These data will also serve to aid fu­
ture interpretation of entry probe signal attenuation measurements from the 
Galileo probe, and from Cassini radio science studies at Saturn. Future exper­
iments will be conducted at ambient, 213 K and 173 K, at the same frequencies 
and pressures. 

This work is being supported by the NASA Planetary Atmospheres Pro­
gram under grant NAG5-4190. 

286 



J6-6 
1100 

J6 Th-AM 

HIGH RESOLUTION TOPOGRAPHIC MAPS OF THE LUNAR 
POLAR REGIONS FROM EARTH-BASED RADAR INTER­
FEROMETRY 

J. L. Margot" D. B. Campbell 
Cornell University 
Ithaca, NY 14853 
R. F. Jurgens M. A. Slade 
JPL/Caltech 
Pasadena, CA 91109 

Earth-based radar interferometry has been used to map the radar 
backscatter cross-section and measure the topography of the lunar polar re­
gions as well as a few other areas of interest. Absolute elevation data and 
radar imagery at high spatial (~100 m) and height (~50 m) resolutions were 
obtained over ~300 km by ~ 1000 km regions at each pole, where the topogra­
phy was previously largely unknown. Compared to existing topographic data 
sets at lower latitudes, the radar observations provide digital elevation models 
with denser horizontal spacing and better height resolution. 

Elevation data for the lunar polar regions may refine global models of 
lunar topography (D. E. Smith et al., J. Geophys. Res., 102, 1591, 1997) 
which currently rely on interpolation over these areas. The digital elevation 
models for high-latitude regions will also contribute to lunar ice investigations 
(W. C. Feldman et al., Science, 281, 1495-1500, 1998) by facilitating the 
determination of areas which are in permanent shadow. Topographic maps 
for other parts of the Moon allow detailed morphometry of impact craters 
(Margot et al., submitted to J. Geophys. Res., 1998). 

Our three-dimensional mapping was accomplished with an Earth-based 
radar interferometer using essentially the same techniques as Shapiro et al. 
(Science, 178, 939, 1972), but with ten times higher spatial and height res­
olutions. The NASA/JPL Goldstone 70 m antenna was used to transmit at 
3.5 cm wavelength while two nearby 34 m antennas were used to form a receive 
interferometer. Elevation measurements were derived from the relative phase 
between the two radar echoes. 

Comparison of the radar-derived topography with Clementine lunar or­
biter laser altimetry data (D. E. Smith et al., J. Geophys. Res., 102, 1591, 
1997) shows good agreement between the two techniques. RMS deviations 
between the radar-derived heights and Clementine altimetry points near 75° 
latitude are ~100 m. This comparison also allowed us to produce maps of 
absolute elevations above a known reference ellipsoid. The elevation maps are 
currently being analyzed to measure the location and extent of permanently 
shadowed regions which may harbor ice deposits. 
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)6-7 BISTATIC RADAR ASTRONOMY: RECENT SPACECRAFT 
1120 RESULTS 

R. A. Simpson* 
Space, Telecommunications, and Radio Science Laboratory 
Department of Electrical Engineering Stanford University 
Stanford, CA 94305-9515 

In the five years since the review of spacecraft bistatic radar was pub­
lished (Simpson, IEEE Trans., GRS-31, 465-482, 1993) additional experi­
ments have been conducted at Venus, the Moon, and Mars. 

Venus echoes were detected as the Magellan spacecraft overflew Maxwell 
Montes in 1994. Although the incident signal was highly dispersed during 
scattering from the rough terrain, polarization of the echo was consistent with 
reflection from a surface with electrical properties of a semiconductor. Elemen­
tal tellurium, a trace component of terrestrial volcanic gases, would provide 
a remarkably good match (cr ~ 2000 mho/m) to the observed properties (13 
mho/m) if present as a thin layer (Pettengill et al., Science, 272, 1628-1631, 
1996). 

Clementine conducted both quasi-specular and spotlight observations 
during its short visit to the Moon in 1994. The spotlight experiments were 
targeted toward the north and south lunar poles in a search for enhanced 
backscatter from postulated deposits of relatively pure water ice, perhaps in 
permanently shaded craters. Nozette et al. (Science, 274, 1495-1498, 1996) 
claimed a detection near the south pole, but their conclusions have been chal­
lenged using high-resolution Arecibo radar images. Stacy et al. (Science, 
276, 1527-1530, 1997) argued that the distribution of pixel brightness near 
the south pole is no different from elsewhere on the Moon. We are conducting 
an independent analysis of the Clementine data; although incomplete at the 
time this abstract was written, we have been unable to provide any additional 
support for the Nozette detection. Its magnitude is within the range expected 
from a heterogeneously scattering surface; but we cannot rule out ice as a 
cause. 

Atmospheric radio occultations began in January 1998 using the Mars 
Global Surveyor spacecraft. In a parallel investigation, we are searching for 
transient echoes from the surface at or near the occultation time. Although 
the narrow X-band antenna beam (~ 10

) limits quasi-specular scattering to 
incidence angles greater than 890 on the surface, highly oblique echoes were 
detected previously using Mariners 6 and 7 (Fjeldbo et al., Icarus, 16, 502-
508, 1972). Preliminary examination of part of the new MGS data set has 
shown no signals that can be unambiguously identified as arising from surface 
scattering. 
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J6-8 INTERPLANETARY SCINTILLATION POLARIMETRY AND 
1140 CORONAL FARADAY ROTATION 

S. R. Spangler 
Department of Physics and Astronomy 
University ofIowa 
Iowa City, IA 52242 

Measurement of Faraday rotation of radio waves which have propagated 
through the corona is a valuable observational technique for determining the 
plasma properties of the corona. Such measurements can yield information on 
the large scale magnetohydrodynamic structure of the corona, smaller scale 
plasma structures, and turbulent fluctuations. Faraday rotation observations 
of extragalactic radio sources viewed through the corona have been made with 
the Very Large Array of the National Radio Astronomy Observatory (T. Saku­
rai and S. R. Spangler, Astrophysical Journal, 434, 774-785, 1994). VLA 
observations have the disadvantage that full mapping must be done at the re­
quired time resolution, solar active regions can contaminate the short baseline 
data, and elevated system temperature (Tsys) values begin to be a problem 
at solar elongations of interest. Polarization observations with a large single 
dish possessing a small beam would have less of a Tsys problem and offer sim­
plified data processing. However, polarized solar inferference would seem to 
render such observations impossible. These difficulties could be circumvented 
by combining polarimetric and interplanetary scintillation (IPS) observations. 
Radio sources with compact components less than a few tenths of an arcsec­
ond in angular size show intensity scintillations on timescales of less than a 
second. A significant fraction of sources selected at decimetric wavelengths 
display IPS, due to compact hot spots in the source structures. These fluctu­
ations may be accurately measured even in close proximity to the Sun. The 
IPS process essentially turns a single dish into an interferometer, and offers 
the prospect of polarimetric observations close to the Sun in the inner solar 
wind and outer corona. Test observations at a frequency of 850 MHz were 
made with a polarimeter at the NRAO 300 foot radio telescope in June and 
July, 1977. Good results were obtained for sources with as little as 0.1 Jy of 
scintillating flux, and the technique appears to have worked satisfactorily in 
measuring the polarization characteristics of 3C138. This technique is worth 
exploring with current large radiotelescopes, such as the upgraded Arecibo 
antenna and the Green Bank Telescope. 
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J6-9 RADIO SCIENCE WITH MARS GLOBAL SURVEYOR 
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G. L. Tyler' D. P. Hinson R. A. Simpson 
Space, Telecommunications, and Radio Science Laboratory 
Department of Electrical Engineering 
Stanford, CA 94305-9515 

The MGS Radio Science Investigation is one of five experiments associated 
with Mars Global Surveyor spacecraft, expected to achieve a low circular or­
bit about Mars in March, 1999. Objectives ofthis investigation are observation 
and study of the atmosphere over a martian year, and determination of a pre­
cise model for the gravity field. MGS radio science builds on advances first 
achieved with the Voyager mission to the outer planets. Among these are the 
use of very high stability quartz oscillators as on-board frequency reference 
sources, attention to spacecraft and ground systems and to mission detail af­
fecting radiometric performance, and advances in algorithms and software for 
data reduction and analysis. Frequency stabilities !:!..f/J '" 1-4xlO-13 are 
achieved with one- and two-way links used for radio occultation and track­
ing. The downlink SNR '" 70 dB near opposition. Corresponding tracking 
accuracies are 2-3 m in range, and 10-30 /lm S-1 in range rate. 

Atmospheric occultations carried out from an intermediate orbit in 1998 have 
yielded more than 100 soundings of the atmosphere and the shape of Mars. 
The accuracies of retrieved surface pressure and temperature are in the range of 
a few pascals, and one kelvin, respectively. Atmospheric structure is obtained 
with a vertical resolution of about 0.8 km; recent advances in understanding 
diffraction effects in occultation observations are expected to lead to an order 
of magnitude improvement, however. These observations reveal a number 
of interesting features including, a near-Chapman ionosphere controlled by 
solar zenith angle, strong diurnal variations in the lowest 2 km of the summer 
boundary layer, dynamically forced inversions in the lowest scale height in 
the northern winter hemisphere, and prominent atmospheric wave structures. 
Observations are accurately located in planetary radius, allowing study of 
thermal tides, the thermal wind, and the seasonal cycling of gas between the 
atmosphere and the polar caps. 

Study of the gravity field is based on perturbations to the motion of MGS 
observed along the line of sight from Earth. Preliminary results provide new, 
very high quality observations of the northern hemisphere. Early analyses of 
the tracking data show that they support spherical harmonic models of degree 
and order 75 with sensitivities of 1-10 x 10-6 m s-2. Direct observation of the 
seasonal change in mass of the polar cap is a distinct possibility. 

A proposed ancillary experiment for late in the mission would use the radio 
system for bistatic radar studies of the surface of Mars. 
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B5-1 OPTIMIZATION OF AN ARRAY CONFIGURATION MINI-
1400 MIZING SIDE LOBES 

L. Kogan 
National Radio Astronomy Observatory 
PO Box 0 
Socorro, NM 87801 

The analytical expression for the first derivative of the array beam as a 
function of the position of the given element has been derived. The required 
shift of the given element towards the given direction to minimize the value of 
the array beam for this direction in the sky is proportional to the value of the 
first derivative. This idea has been applied to optimize an array configuration 
minimizing the side lobes of the array beam. Many iterations are used to find 
the final configuration. For each iteration, the direction of the worst side lobe 
at the area of optimization is determined. Then each element is shifted in ac­
cordance to the derivative. Only a small portion of the required shift is applied 
to save the first derivative value for other elements. The portion of the shift 
should be rather small ( ..... 0.00001 - 0.001) and should be found empirically. 
For each iteration, the array configuration is normalized to the unit size to 
conserve the area of optimization in the sky. The relevant software is written 
in the NRAO Astronomical Image Processing System (AlPS) enviroment. The 
initial configuration can be taken from an input file or as an evenly distributed 
configuration on one, two, or three circumferences. The software produces the 
plots of the initial and final configurations with the relevant worst side lobe 
value and its location given in the header. The optimization can be carried out 
under different constraints including the topographical constraint of the site, 
donuts, one or two circumferences,. minimum spacing between the antennas. 
Other constraints can be added. 

The minimum achieved level of the side lobes depends on the area of 
optimization in the sky. The smaller this area is, the lower side lobes can 
be achieved as the result of the optimization. The nearest side lobes can be 
minimized better then the grating side lobes. Examples of the optimization 
are presented for different constraints. 

The method and the software have been developed for the MilliMeter 
Array (MMA), the radio telescope of new generation being created by the 
National Radio Astronomy Observatory (NRAO). But they can be useful for 
the design of any array. 

291 



B5 Th-PM 

B5-2 CIRCULARLY POLARIZED CPW FED SLOT ANTENNA 
1420 

Alpesh Bhobe* Melinda Piket-May 
Department of Electrical and Computer Engineering 
Campus Box 425 
University of Colorado 
Boulder, CO 80309 

Coplanar waveguide (CPW) transmission lines have been studied by 
many investigators mainly because of their easy adaptation to both parallel 
and series insertion of both active and passive components eliminating the need 
for via holes for connections. They have low radiation leakages. In addition 
the substrate can be made relatively thick. 

Radiation behavior of the CPW transmission line and slot are used to 
create antenna structures. These antennas have operating bandwith of 10-
15%, while the traditional microstrip patch element has a typical bandwidth 
of 5%. This wider bandwidth may make them a more popular design then 
microstrip patch antennas in future. Much research has been devoted to char­
acterize microstrip patch antennas but very little research has been done to de­
termine their CPW counter part either theoretically or experimentally. There 
is a need for practical models of CPW slot antenna configurations and their 
design algorithms. 

Many applications in communications and radar require circular or dual­
linear polarization. In this paper we propose a practical design methodology 
for designing circularly polarized CPW fed slot antenna. The circular polarized 
design is investigated using method of moments (MOM) and finite difference 
time domain (FDTD) method. Prototype antenna will be fabricated and the 
return loss and radiation patterns will be shown. 
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BS-3 DESIGN OF A WIDEBAND CPW FED SLOT ANTENNA 
1440 

Alpesh Bhobe* Martin Haeusler K.C.Gupta 
Melinda Piket-May 
Department of Electrical and Computer Engineering 
Campus Box 425 
University of Colorado 
Boulder, CO 80309 

Coplanar waveguide (CPW) circuits offer several advantages over the 
traditional microstrip circuits. Advantages of CPW circuits includes ease 
of shunt and series connections, low parasitic radiation, low dispersion, and 
avoidance of the need to for thin fragile substrates. Radiation behavior of slot 
and CPW transmission lines can be used to create antenna structures. Slot an­
tenna structures have much wider bandwidth as compared to microstrip patch 
antennas. This wider band- width may make them a more popular design than 
a microstrip patch antennas in future. Unfortunately, until now, compared to 
microstrip patch antennas very little research has been undertaken regarding 
CPW antennas and slot antennas. There is a need for practical models of 
CPW antenna and slot antenna configurations and their design algorithms. 

In this paper we will show a practical method for bandwidth improve­
ment of slot antennas. Several new CPW fed slot antenna structures are pro­
posed and investigated using method of moments (MOM) and finite difference 
and time domain (FDTD) method. Prototype antennas will be fabricated and 
the return loss and radiation patterns will be measured to verify the modeled 
results. 
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B5-4 RECENT DEVELOPMENTS IN THE CHARACTERIZATION 
1500 OF REDUCED SURFACE WAVE MICROSTRIP ANTENNAS 

Michael Amin Khayat* Jeffery T. Williams David R. Jackson 
Stuart A. Long 
Department of Electrical and Computer Engineering 
University of Houston, Houston, TX 77204-4793 

During the past few years a new class of microstrip patch antennas, 
known as Reduced Surface Wave (RSW) antennas, has been developed. These 
microstrip antennas produce only a small amount of surface wave radiation. In 
addition, if printed on electrically thin substrates, these antennas only weakly 
excite lateral waves. As a result, these antennas do not suffer from the delete­
rious effects of surface and lateral wave scattering or from the mutual coupling 
normally associated with the surface and lateral waves. These characteristics 
make the RSW antenna ideal for applications where the supporting substrate 
or ground plane of the antenna is small, in which case diffraction of the surface 
and lateral waves from the edges of the structure may be quite significant for 
conventional microstrip antennas. These RSW antennas also show promise for 
array applications, where the presence of surface and lateral waves produce 
significant mutual coupling and lead to scan blindness. To date, the most 
promising RSW design is the Shorted Annular Ring Reduced Surface Wave 
antenna (SAR-RSW), which is a conventional annular ring microstrip antenna 
with the inner boundary short-circuited to the conducting ground plane. The 
dimension of the outer radius is chosen to eliminate surface-wave excitation 
from the magnetic current of the dominant mode at the outer edge, while the 
inner radius is chosen to make the patch resonant at the design frequency. 
Most of the previous investigations of the SAR-RSW antenna concentrated 
on one particular design (called "design 2") that utilized the TMo12 mode of 
the annular ring as the dominant mode (D. R. Jackson, J. T. Williams, A. 
K. Bhattacharyya, R. Smith, S. J. Buchheit, and S. A. Long, IEEE Trans. 
Antennas Propagat., 41, 1026-1037, Aug. 1993). Although good performance 
was obtained from this design, this design requires that the relative permittiv­
ity of the substrate be greater than approximately 8.4. Another design (called 
"design I"), which is based on the TMoll mode, has not been thoroughly inves­
tigated. Design 1 does not have any permittivity restriction for the substrate 
material, and also has an inherently larger bandwidth than design 2. 

In this presentation we will summarize our study of the design 1 SAR­
RSW antenna. We will present numerical results from a theoretical analysis of 
this antenna, along with a complete set of experimental results. These results 
include input impedance, bandwidth, radiation patterns, and mutual coupling 
between a pair of SAR-RSW antenna elements. The results verify that ex­
tremely low surface-wave and lateral-wave excitation can be achieved with 
this design, resulting in negligible diffraction of the surface and lateral waves 
from the substrate edges and very small mutual coupling between elements. 
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B5-5 PATCH ANTENNAS WITH EXTERNAL SUBSTRATE PER-
1540 FORATION 

J. S. Colburn Y. Rahmat-Samii* 
Department of Electrical Engineering 
University of California, Los Angeles 
405 Hilgard Ave. 
Los Angeles, CA 90095-1594 

Patch antennas are useful in a very broad range of application due to 
their simplicity, in both operation and fabrication, conformability and inte­
grability with planar circuitry. In order to reduce size and weight, compact 
microwave circuit designs are achieved by using high dielectric constant sub­
strates, but patch antennas don't perform well on this type of material. Patch 
antennas suffer performance degradation due to strong surface wave excitation 
in high dielectric materials, which lowers efficiency, degrades far-field radia­
tion patterns and increases coupling between elements in arrays. Also, high 
dielectric constant substrates reduce the bandwidth of the patch resonance. 

One approach to overcome these drawbacks of patch antennas on high 
dielectric materials is to use micromaching techniques to remove a portion of 
the dielectric material from under the patch (Gauthier et al., IEEE Trans. on 
Antennas and Propagation, pp. 1310-1314, Aug. 1997). Removing a portion 
of the material under patch, results in a lower effective dielectric constant 
thus reducing the degradations caused by high dielectric substrates. Although 
this approach does allow integration of the antenna directly on the monolithic 
microwave integrated circuit substrate, it does not allow one to take advantage 
of the high dielectic constant substrate to reduce the size of the patch. Also, 
fabrication is quite difficult. 

The approach suggested in this paper is not to affect the dielectric region 
under the patch but to introduce an array of holes just outside the patch, 
which is termed external substrate perforation. By placing the holes outside 
the patch, the effective dielectric constant of the surrounding substrate can be 
lowered. The change in dielectric constant between under the patch and the 
rest of the substrate helps suppress surface wave. 

In the research to be presented, the Finite-Difference Time-Domain 
(FDTD) technique was used to study external substrate perforation. Using 
this numerical method, a patch antenna was simulated on finite sized ground 
planes of two different substrate thicknesses, with and without external sub­
strate perforation. The computations showed the directivity drop in the ra­
diation pattern caused by substrate propagation was noticeably improved by 
introducing the substrate perforation external to the patch for the case of a 
patch antenna on a relative thick substrate without any loss of bandwidth. 
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1WO DIMENSIONAL PHASED ARRAY 
BEAMSTEERING VIA PERIMETER DETUNING OF 
COUPLED OSCILLATOR ARRAYS 

R. J. Pogorzelski 
Mail Stop 138-307 
Jet Propulsion Laboratory 
Calif. Institute of Technology 
4800 Oak Grove Drive 
Pasadena, CA 91109 

Linear arrays of coupled electronic oscillators have been used in 
experiments designed to control the aperture phase of a one dimensional 
phased array antenna. The linear phase progressions across the aperture 
necessary to produce steering of the beam may be induced by merely 
detuning the end oscillators in the array in an antisymmetric manner. [R. A 
York, IEEE Trans., MTT-41, pp.1799-1809][P. Liao and R. A York, IEEE 
Trans., MTT-41, pp. 1810-1815] A continuum model of the dynamics of 
such an array has been developed in which the aperture phase is governed by 
a second order partial differential equation of diffusion type. Solution of this 
equation yields considerable insight into the behavior of the array. [R. J. 
Pogorzelski, P. F. Maccarini, and R. A York, IEEE AP-S Symposium 
Digest, Atlanta, GA, June 1998, pp. 462-465.] 

The present work concerns extension of the continuum model to two 
dimensions. The resulting two dimensional diffusion equation is solved via 
the Laplace transform to yield an analysis of the dynamics of a two 
dimensional phased array controlled by a two dimensional array of coupled 
voltage controlled oscillators (VCOs). It is shown that the beam of the array 
can be steered in two dimensions by appropriate tuning of the oscillators on 
the perimeter of the array. This represents a considerable simplification of 
the beam steering electronics in that, for an M by N array, one need only 
control 2M+2N-4 oscillators as opposed to the usual MN. Moreover, no 
phase shifters are required. One need only control the voltages applied to 
the tuning ports of the perimeter oscillators. A convenient way to do this is 
to use a computer controlled digital to analog converter board which 
provides a programmable voltage for each of the oscillators on the 
perimeter. Computed examples illustrate the dynamic; i.e., time varying, 
behavior of the far field during the beam steering transient as predicted by 
the two dimensional continuum model. 
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B5-7 INTRINSIC LOCALIZED MODES IN NONLINEAR PHO-
1620 TONIC CRYSTAL WAVEGUIDES 

A. R. McGurn' 
Department of Physics 
Western Michigan University 
Kalamazoo, MI 49009 

A discussion is given of the theory of intrinsic localized modes for non­
linear waveguide impurities in photonic crystals. A waveguide type impurity 
is formed in a photonic crystal by creating an infinite line of single site impu­
rities in an otherwise perfect photonic crystal, and associated with the infinite 
line of impurities are a series of traveling wave impurity modes. Waveguide 
impurities can act as channels to conduct electromagnetic energy through pho­
tonic crystals just as optical fibers conduct electromagnetic energy through 
space. In our treatment we consider waveguide impurities which are formed 
of Kerr nonlinear media and are created in photonic crystals which are oth­
erwise composed of linear optical media. The Kerr media allows for some of 
the modes associated with the waveguide impurities to become intrinsic local­
ized modes (localizied in space) rather than extended propagating impurity 
wave modes. Conditions are determined for the existance of even- and odd­
parity intrinsic localized modes and kink intrinsic localizied modes. A full 
solution is given for the electromagnetic fields associated with these different 
types of intrinsic localized modes. The theory is illustrated by an application 
to a photonic crystal formed from a square lattice array of dielectric rods. 
In addition, we study a two- dimensional array of Kerr impurities which are 
created in a two-dimensional photonic crystal which is otherwise composed of 
linear dielectric media. In this structure intrinsic localized modes are found 
with impurity mode frequencies in the stop bands of the photonic crystals. 
Results are present for the electromagnetic fields of these modes as well as for 
the necessary conditions for the existence of these intrinsic localized modes. 
These theories are readily generalizable to treat similar impurity structures in 
one- and three- dimensional photonic crystals. 
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B5-8 MICROSTRIP AND STRIP LINE DESIGN FOR NOVEL 
1640 STRUCTURES 

Ian Rumsey' Todd Lammers Melinda Piket-May 
Department of Electrical and Computer Engineering 
Campus Box 425 
University of Colorado 
Boulder, CO 80309 
P. Keith Kelly 
Ball Aerospace and Technologies Corp. 
P.O. Box 1538 
Broomfield, CO 80038-1538 

Understanding interconnect behavior in electronic packages is of criti­
cal importance to successful package level and system level design. Physical 
and electrical trade-offs can be understood and optimal performance can be 
achieved if the performance characteristics for various structures are stud­
ied before commitment to hardware. The application of Maxwell's equations 
within a finite-difference time-domain engine accounts for the structure's elec­
trical behavior. The results presented in this paper will help determine the 
optimal physical parameters of a given system while staying within electrically 
and physically dictated thresholds that accompany a variety of case studies. 

We will first present novel transmission line structures along with their 
performance characteristics. We will present a study of microstrips and 
strip lines over meshed ground planes. There are a number of reasons a meshed 
ground plane may exist. Sometimes the structures are periodic and can exhibit 
photonic bandgap behavior, while at other times there simply needs to be a 
slot in the ground plane, again changing the performance of the line. (Piket­
May et.al.,APS/URSI Proceedings, June, 1995, p260) We will be expanding on 
earlier work (Radisic et.al.,IEEE Microwave and Guided Wave Letters,vol. 8, 
Feb, 1998, pp.69-71) in the analysis of novel transmission line configurations. 

It has been shown that microstrip photonic band gap (PBG) structures 
may be designed to minimize unwanted frequency propagation (Radisic et. 
al., URSI Proceedings, Jan 7,1998, p192) ,(Rumsey et.al., accepted to IEEE Mi­
crowave and Guided Wave Letters). We will present several configurations for 
using photonic band gap dielectrics in microstrip and strip line structures. We 
will compare these results to those obtained using a periodic meshed ground 
plane. Once again we will present a systematic study for a number of packag­
ing and signal integrity specifications. Where possible, case studies using other 
numerical techniques as well as measured data will be used for verification. 
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COMPENSATING REFLECTIVITY ESTIMATES BIASED 
BY GROUND CLUTTER FILTERS 

Scott Ellis and Charles L. Frush 
National Center for Atmospheric Research (NCAR) 
Boulder, CO 80307-3000 

Numerous studies have recently shown the usefulness of radar data for estimating rainfall 
rates and amounts. The presence of anomalous propagation (AP) ground clutter presents 
serious problems for radar precipitation estimation. The high reflectivity values of the 
ground echoes are misinterpreted as rainfall by reflectivity based estimation algorithms. 
Clutter filters are able to effectively cancel AP clutter in most situations. However, it is 
well known that clutter filters introduce a negative reflectivity bias in weather echoes near 
zero velocity. In order to alleviate the clutter without biasing reflectivity, several methods 
for identifying AP clutter have been developed, which will allow selective application of 
clutter filters based on the location of AP. In situations of mixed AP and weather it is 
impossible to avoid clutter filter reflectivity bias. It is desirable to correct for this bias. A 
simple Gaussian correction model (SGCM) was developed at NCAR for this purpose. 

The SGCM uses the (filtered) Doppler velocity and spectrum width values to approximate 
the Doppler spectrum as a Gaussian distribution. Next, a filter designed to emulate the 
WSR-88D clutter filters is applied to the Gaussian approximation to obtain a filtered 
spectrum. The power is then estimated for both the filtered and unfiltered Gaussian spectra 
using classical moment calculations. Finally, the correction factor is computed as the ratio 
of the approximate unfiltered power to the approximate filtered power. 

The SGCM has been tested on both simulated and real radar data. For the simulated data, 
the Doppler spectrum is approximated by a Gaussian distribution. For the tests with real 
data, we use archive I data recorded at the Memphis WSR-88D radar using NCAR's AIDA 
data recorder. In this case, auto-correlation calculations are performed on the in-phase and 
quadrature data to obtain estimates of the first three moments for both the filtered and 
unfiltered data. Next, the simple Gaussian correction model is used to obtain the corrected 
reflectivity. In this way, we are able to evaluate the original reflectivity, the filtered 
reflectivity and the compensated reflectivity. In the absence of clutter, we are able to 
quantitatively determine the severity of the bias introduced by the clutter filter, as well as 
the effectiveness of the SGCM to remove this bias. We can also evaluate the performance 
of the system on ground clutter targets. It should be noted that the uncertainty of 
reflectivity estimates in clutter mixed with weather near zero velocity is still high after 
compensation, however, removing the bias should yield significant improvements in 
precipitation estimation. 

The modeling study suggests reflectivity may not be recoverable when using a high 
suppression filter at zero velocity. Using the low suppression filter seems to be a workable 
solution. At this time our archive I data results are very preliminary, and we are currently 
developing the ability to compute meaningful statistics for a quantitative analysis of the 
real data tests. Visually examining the data plots suggests that reflectivity bias from 
filtering clutter is reduced, but not completely removed, by the SGCM technique in regions 
free of ground clutter with velocity very close to zero. Further, in regions where the 
magnitude of the velocity is higher, but still small enough to be biased by the tilter, the 
SGCM can actually over-estimate the reflectivity. Overall, the SGCM significantly 
reduces clutter filter bias, thus improving precipitation estimates. 
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DETECTION OF ANOMALOUSLY-PROPAGATED 
GROUND CLUTTER USING FUZZY LOGIC 

Cathy Kessinger, Scott Ellis and Joseph VanAndel 
National Center for Atmospheric Research 1 

Boulder, CO 80307-3000 

An algorithm to detect anomalously-propagated (AP) ground clutter contam­
ination for the National Weather Service (NWS) Weather Surveillance 
Radar-88D (WSR-88D) system has been under development for several 
years. This work is being done with the cooperation of the WSR-88D Opera­
tional Support Facility (OSF) and the National Center for Atmospheric 
Research (NCAR). Detection of AP contamination will augment the detec­
tion of ground clutter from stationary targets (Le., normally-propagated 
ground clutter). that is currently contained within the WSR-88D system. This 
augmentation is necessary since AP contamination varies depending on 
atmospheric conditions and, when present, adversely effects data quality. 
This algorithm is planned to be a pre-processor of the WSR-88D base data 
fields prior to input into the Precipitation Processing System (PPS), a hydro­
logical analysis package that derives precipitation amounts from radar reflec­
tivity return. 

Using fuzzy logic techniques, an AP detection algorithm has been developed 
using multiple radar-derived input variables (R.J. Keeler, et aI., Preprints, 
14th Int'l Conf. on Interactive Info. and Proc. Sys. for Meteor., Ocean. and 
Hydro., Amer. Meteor. Soc., 296-300, 1998). Other techniques were evalu­
ated, but the fuzzy logic technique was selected due to the ease of implemen­
tation and the small differences in statistical performance when compared to 
the other two techniques. Piece-wise linear membership functions have been 
developed and optimized for each variable that is input into the fuzzy logic 
classifier. Input variables consist of the mean radial velocity, the mean spec­
trum width, the standard deviation of the radial velocity, the "texture" of the 
signal-to-noise ratio, and the difference in reflectivity values between the 
0.50 and the 1.50 elevation angles. Texture is similar to the standard deviation 
of a field, and is a measure of the amount of change occurring over a speci­
fied region. 

Selected cases from the WSR-88P archives have been input into the AP 
detection algorithm for evaluation. A human "expert" has defined the regions 
of AP contamination (Le., the "truth" regions) by drawing polygons. These 
"truth" regions are used to statistically score algorithm performance. A total 
of 60 elevation angles have been truthed and used to evaluate the algorithm. 
Data from nine WSR-88D radars, located across the country, were used. 

Results from the fuzzy logic classifier show that the AP detection algorithm 
has considerable skill in detecting AP contamination. 
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NEXRAD AP CLUTTER RECOGNITION AND SUPPRESSION 

R. Jeffrey Keeler, Cathy Kessinger, Scott Ellis, Joe VanAndel 
National Center for Atmospheric Research 
Atmospheric Technology DivisionlResearch Applications Program 
POBox 3000 
Boulder, CO 80307 

NCAR has developed an automatic Anomalous Propagation (AP) ground 
clutter recognition and suppression scheme based on "fuzzy logic" for the 
WSR-88D. AP clutter is an unpredictable radar echo that contaminates 
precipitation measurements generating erroneous hydrology products and 
confounds operational application of the radar data. It is caused by changing 
propagation characteristics in the atmospheric boundary layer. In our 
algorithm AP clutter is first recognized using a robust "fuzzy" inference 
system, then suppressed with standard clutter filters automatically applied, 
and the biased radar reflectivities are compensated to yield accurate rainfall 
rates. As the AP clutter field changes, the filter processing adapts to 
accommodate. 

We plan a phased two-stage implementation - first, in the evolution to the 
"Open Systems Radar Product Generator (RPG)" and later in the "Open 
Systems Radar Data Acquisition (RDA)" upgrade. We plan to generate a 
new "AP clutter" and "precip" product set that can be used within the Open 
RPG architecture in -2001. The enhanced precipitation estimation 
algorithm (PPS) (and possibly air traffic control products) will make direct 
use of this AP product. Fuzzy logic membership functions based on WSR-
88D base data will discriminate AP clutter from precipitation regions. The 
AP product can automatically control application of clutter filters by 
enhancement of the standard clutter map. Reflectivity compensation and 
clutter residue removal will be integral components of this automated 
processing. Additional RDA processing and access to both the filtered and 
unfiltered base data streams will allow a higher performance algorithm in 
the 2005-10 era. Beyond this date the advanced Open RDA processor 
system will allow Doppler spectral processing to combine new AP and 
precipitation recognition schemes with operational range velocity ambiguity 
mitigation techniques. 

We describe scientific justification for improving the Nexrad precipitation 
estimation, the atmospheric conditions producing AP clutter, the signal 
processing employing "Sugeno-style" fuzzy logic processing to recognize 
both AP clutter and precipitation, and an implementation plan for Nexrad. 
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REDUCTION OF RADAR RANGE AMBIGUITY: 
PERFORMANCE EVALUATION USING PHASE CODED 
TRANSMISSIONS ON A NEXRAD RADAR 

Charles L. Frush and J. Daughenbaugh 
National Center for Atmospheric Research (NCAR) 
Boulder, CO 80307-3000 

A search for better methods to reduce range and velocity ambiguity in NEXRAD 
(WSR-88D) radar data has resulted in the discovery by the National Severe Storms 
Laboratory in Norman, OK of a set of "optimal" systematic phase code sequences 
known as SZ codes. These sequences evolved from codes designed for 
communications applications having the property of zero cyclic autocorrelation for 
all lags except zero. (Chu, D. C., 1972: Polyphase codes with good periodic 
correlation properties. IEEE Trans. On Information Theory, vol. IT-I8, 531-532.) 
The SZ codes are designed to be short, symmetrical, and periodic. These 
sequences split out-of-trip (or lag n) spectra into evenly spaced replicas of equal 
amplitude across the unambiguous frequency interval. This effectively whitens 
radar signal returns from trips that are not phase cohered. The principal aim of the 
SZ code is to allow retrieval of mean velocity estimates from weak spectra in one 
trip, when overlaid with strong signal returns from other trips. In many instances, 
spectrum width can be determined with little contamination from the competing 
echoes. 

NCAR has equipped a testbed WSR-88D radar (KOUN) located in Norman, 
Oklahoma and the NCAR S-Pol 10cm radar located in Boulder, Colorado with the 
necessary hardware to transmit these SZ phase coded pulse sequences and to 
record the I and Q time series signal returns. A particularly useful sequence is the 
SZ (8/64) code, that minimizes the correlation of adjacent-trip return echoes, using 
a sequence that repeats every 32 hits. This code sequence splits the N+ 1 or N-1 trip 
echo into eight, evenly-spaced spectra, of equal amplitude over the radar 
unambiguous Nyquist interval. The desired Nth trip echo is "cohered" for normal 
Doppler processing, and is not whitened by the code after cohering. 

This paper will describe tests of echo separation, using I and Q time series data 
collected with the two radars. The KOUN data include a squall line at long range 
that produces overlaid echoes at shorter ranges. Using the described separation 
technique, a good separation of 1 st and 2nd-trip echoes is usually obtained. The 
measured separation routinely exceeds 30db, and often exceeds 40dB. 

We will discuss performance of this technique using a variety of data containing 
first and second-trip echoes as input. Some of the data contain target signatures 
quite different from the theoretical data used to predict the performance of the SZ 
code. We will discuss algorithm considerations that help make the method more 
robust to these situations. 
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CFGJ-5 PHASE CODING FOR RESOLUTION OF RANGE 
1500 AMBIGUITIES IN DOPPLER WEATHER RADAR 

D.S. Zrnic(l), M. Sachidananda{2}, and R.J. Doviak(l) 

(1) National Severe Stonns Laboratory, USA 
(2) Cooperative Institute for Mesoscale Meteorological Studies / University 
of Oklahoma, USA 

Resolution of range and velocity ambiguities has been a long standing 
problem in pulsed Doppler weather radars. To have a large unambiguous 
range a long pulse repetition time (PRT) is needed which opposes the 
requirement for a sufficiently high unambiguous velocity. One compromise 
solution allows some ambiguities in both velocity and range. The velocity 
ambiguities can then be sorted by considering the continuity of the fields. 
But, to recover velocities in presence of overlaid echoes in range, some type 
of transmitter signal coding is required. Random and systematic phase codes 
have been proposed. A new systematic phase code and an algorithm for 
estimating the mean velocities of 1st and 2nd trip signals when they are 
overlaid, is presented in this paper. The transmitted pulses are phase shifted 
in this code sequence to modify the spectrum of the overlaid signals. Tl;le 
return samples are phase corrected to cohere 1st or the 2nd trip signal leaving 
the other signal power spread in a deterministic manner across the spectrum. 
A new algorithm has been developed which enables one to recover 
the velocity of the weaker signal even if the overlaid power ratio is as large 
as 40 dB, for spectrum widths 4m1s or less and an unambiguous velocity of 
32 m1s. Thus, the procedure to retrieve spectral moments of the weak signal 
involves spectral and time domain processing. It has been tested on 
simulated weather signals, and the test results indicate that the method can be 
employed in a Doppler radar to effectively double the unambiguous range 
without sacrifice of the unambiguous velocity interval. 
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1540 OF RADAR WIND PROFILERS 

Timothy L. Wilfongl, David A. Merrite, Richard A. Lataitis2
, 

Madison J. pose, and Bob L. Weber2 

lScience and Technology Corporation at 
the NOAA Environmental Technology 

Laboratory 325 Broadway; 
Boulder, CO 80303 USA 

2NOAA Environmental Technology 
Laboratory 325 Broadway; 
Boulder, CO 80303 USA 

Over a decade of experience with a variety of UHF and VHF Doppler wind profilers is 
available for judging their performance. The technology has proven to be of notable 
value to numerous operations including severe weather forecasting, numerical modeling, 
pollution monitoring and space launch support. Individual profilers or networks of 
profilers can provide continuous measurements, economically and automatically, with 
high time resolution and high spatial resolution, which are necessary for the observation 
of many important synoptic scale, mesoscale, and smaller scale phenomena. In recent 
years, however, improvements in the reliability and the accuracy of meteorological 
products derived from profiler measurements have reached a plateau short of the needs of 
many operational users. Continued integration of wind profiling technology into 
operations and research requires continued improvement in the reliability and accuracy of 
the derived meteorological products. In particular, extracting measurements of 
meteorological quantities in the presence of interfering signals and quantifying the error 
in the measurements introduced by lack of homogeneity and other limiting meteorological 
conditions must be addressed. 

While quite useful, winds measured by wind profilers (and virtual temperatures measured 
using an additional sound source) are only part of the information required for many 
studies of the atmosphere. Air pollution or dispersion models may require velocity 
variances, momentum and scalar fluxes, and convective mixed-layer depth. With 
improved on-line signal processing, it is possible to monitor atmospheric turbulence 
parameters and reflectivity gradients in real time; however, many of the same problems 
that affect the performance of profilers for wind profiling also pertain to turbulence 
applications, because both make use of the moments generated from the Doppler 
spectrum. 

The advent of powerful, inexpensive digital computers has enabled significant 
improvements in real time signal processing for wind profilers. An advanced data 
acquisition and signal processing system is being developed and tested at the NOAA 
Environmental Technology Laboratory. Five major steps are implemented as well 
defined modules: (1) enhanced data acquisition and time domain filtering, (2) adaptable 
spectral filtering including both band-pass and in-band filtering, (3) detection of multiple 
signals and robust moment estimation, (4) identification of the atmospheric signals using 
pattern recognition and simple models, and (5) generation of meteorological products 
using robust interpolation to a timelheight grid. In addition to being field deployable, the 
system is also designed to facilitate algorithm development and assessment. The current 
system will be discussed concentrating on the details of underlying algorithms. 
Comparisons showing the results of conventional and enhanced processing applied to 
both real and simulated data will be presented. 
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WEATHER RADAR MEASUREMENTS OF DOPPLER SHIFT 

R. G. Strauch' R. G. Frehlich 
CIRES 
University of Colorado 
Boulder, CO 80309 

Atmospheric LIDAR and SODAR systems measure the radial velocity 
of the scatterers by measuring the Doppler shift of the backscattered radia­
tion. However, 'Doppler' weather radars do not measure Doppler shifts; they 
measure the radial velocity of the scatterers by measuring the pulse-to-pulse 
change in the amplitude and phase of the backscattered signal, a measure of 
the pulse-to-pulse change in the two-way rf path to the scatterers. The rea­
son for this difference in the way the velocity is measured is that the echo 
coherence time for radar exceeds the time between pulses while LIDAR or 
SODAR echo coherence time does not. A simple example shows that the ra­
dial velocity measured by a 'Doppler' weather radar has nothing whatever to 
do with the Doppler shift of the backscattered radiation. This fundamental 
difference in the way that a LIDAR or SODAR measures velocity and the 
way that a weather radar measures velocity leads to the troublesome range­
velocity ambiguity in weather radar while LIDAR and SODAR have a range 
resolution-velocity resolution limitation not found in weather radar data. It is 
possible to obtain a measurement of the Doppler shift with a weather radar, 
albeit a measurement with a very large expected velocity error even when the 
signal-to-noise ratio is very high. Averaging of the Doppler measurements in 
range and time reduces the velocity error to values that may be useful for 
special applications. This presentation discusses the differences in LIDAR or 
SODAR and radar velocity measurements and the possible use of weather 
radar measurement of Doppler shifts. 
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MAXIMUM LIKELIHOOD ESTIMATORS FOR DOPPLER 
RADAR AND LIDAR 

Rod Frehlich 
CIRES Campus Box 216 
University of Colorado 
Boulder, CO 80309 

The maximum likelihood (ML) estimator of unknown parameters e is 
the value of these parameters that maximize the likelihood function of the data. 
This estimator is one of the most attractive choices for paramter estimation 
because it is asymptotically efficient, i.e., in the limit of a large number of 
samples the bias approaches zero and the standard deviation approaches the 
theoretical minimum predicted by the Cramer Rao lower bound. However, 
the functional form of the likelihood function must be known a priori and 
when many parameters are unknown, the numerical effort is large. For many 
estimation problems in Doppler radar and lidar, these limitations are not 
severe and the ML estimator has the best performance. The performance of 
an estimator is described by it's bias and standard deviation. 

Data from Doppler radar and lidar is well approximated as a zero-mean 
. Gaussian random process. The joint probability density function and there­

fore the likelihood function are described by the covariance matrix of the data. 
Generally, there are three unknown parameters: the mean radial velocity v, 
the signal power (signal to noise ratio SNR) , and the spectral width w or 
equivalently, the correlation time of the signal. Data from solid-state Doppler 
lidar is typically described by two parameters: the radial velocity v and the 
SNR. This is the case for space-based Doppler lidar measurements and the 
results can also be applied to Doppler radar operating in lidar processing 
mode for polarimetric measurements of differential phase and differential re­
fiectivety. The performance of the ML estimator is presented and compared 
with the theoretical limit of the Cramer Rao bound and with the performance 
of the ML estimator when signal power and spectral width are known a pri­
ori. The performance of the ML estimates for mean velocity are insensitive 
to knowledge of the spectral width. The ML estimator for signal power has a 
smaller standard deviation than traditional estimators but also a small bias. 

The ML estimator for signal power has a simple form in the limit of 
infinite SNR and a priori knowledge of spectral width and mean velocity. 
However, very large S N R is required for this limiting case because the smallest 
eigenvalues of the covariance matrix are affected by extremely little additive 
receiver noise. 
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DOPPLER RESISTANT WAVEFORMS FOR SPACEBORNE 
IMAGING RADAR 

D. M. Haines' B. W. Reinisch K. Bibl G. P. Cheney 
UMASS Lowell Center for Atmospheric Research 
600 Suffolk St, 3rd Floor 
Lowell, MA 01854 

Remote Sensing from space, or in space, is made more difficult by the 
high speed of the space vehicle, which may cause a large Doppler shift of 
the echo signals. The rapidly changing signal phase complicates the task of 
coherent signal processing, and since only coherent signals can be detected 
under conditions of negative signal-to-noise ratio, it is of great interest to de­
sign signals which do not lose their coherent properties under conditions of 
high Doppler shifts. The paper presents methods for determining the coher­
ence intervals (spatial and temporal), as well as deriving the limits of range 
and Doppler ambiguity values. It then moves on to describe two waveforms 
which allow a maximum signal processing gain while resolving the Doppler 
frequencies without ambiguity up to very high velocities. 

The two waveforms described are FM Chirp pulses, and what we call 
a Staggered Pulse sequence, which is also known as a Minimum Redundancy 
sequence. This name differentiates the new sequences from previous practice, 
in that they are much longer than previously reported designs. The Chirp 
pulses are very resistant to high Doppler shifts, but will eventually produce 
a range error when the Doppler shift is a significant percentage of the signal 
bandwidth. However, a pulse stream of Doppler shifted Chirp pulses can be 
integrated with significant advantage over a period approaching the coherence 
interval as defined by the medium. 

While these techniques apply to any high Doppler environment we will 
illustrate their implementation in the Radio Plasma Imager, or RPI instrument 
to be flown on NASA's IMAGE satellite. IMAGE is NASA's first Medium-size 
Explorer mission for the year 2000, to be launched in January 2000. 
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SIGNAL PROCESSING IMPLEMENTATION FOR A DIGITAL­
BEAMFORMING PHASED ARRAY RADAR 

J. Li* J. Eshbaugh S.J. Frasier 
Department of Electrical and Computer Engineering 
Box 34410 
University of Massachusetts 
Amherst, MA 01003-4410 

A second-generation Focused Phased Array Imaging Radar, FOPAIR­
II, has been developed at the University of Massachusetts for high-resolution, 
high-speed imaging of the ocean surface at X-band. Using direct digital chirp 
synthesis combined with a digital receiver and DSP, the new instrument im­
proves on the design of it's predecessor (R.E. McIntosh et al., IEEE Trans. 
Geosci. e3 Rem. Sensing, 33(1), 115-124, 1995). The primary improvement 
achieved with the new system is variable range resolution: as coarse as 10 m 
and as fine as 40 cm. Coarse resolutions support large area mapping applica­
tions (e.g. surface current mapping, air-sea interaction studies) while the finest 
resolutions support detailed investigation of microwave scattering mechanisms 
from real ocean surfaces. This paper outlines the signal processing implemen­
tation used for calibration and imaging with FOPAIR-II and presents sample 
measurements with the new system. 

The radar consists of a linear-FM chirp transmitter, a 128-element re­
ceiving antenna array, and a stretch-processor receiver that mixes radar echoes 
with a delayed replica of the transmitted waveform. The stretch-processor is 
a hybrid of conventional chirp radar and FM-CW radar. The mixing process 
converts, or deramps, chirp echoes into constant-frequency sinusoids whose fre­
quency indicates range. A high-speed A/D converter samples the deramped 
echoes at IF, and a digital in-phase and quadrature receiver is implemented 
through bandpass sampling and FIR digital filtering. Following the receiver, 
a pair of vector signal processors based on the Sharp LH9124 (Butterfly DSP) 
chip implement range compression, near-field focusing, and azimuthal beam­
forming for all the array elements. The Butterfly DSP is a block-floating-point 
processor optimized for FFT operations. Each vector signal processor includes 
high-speed FIFO memories and a TI'C40 DSP chip that manages the LH9124s. 
Following beamforming, a pulse-pair algorithm computes images of the first 
two moments of the Doppler spectrum at each pixel. Resulting images of re­
ceived power and mean Doppler velocity are then streamed through a third 
'C40 DSP board that interfaces with a fast-wide SCSI adaptor to 8mm tape 
or to disk. Typical image sizes are 64x64 or 128x128 pixels, and the system is 
capable of capturing radar images at rates over 80 frames/second. 
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A NEW DATA ACQUISITION CONCEPT FOR DIGITAL 
IONOSONDES: PHASE-BASED ECHO RECOGNITION 
AND REAL-TIME PARAMETERIZATION 

J. W. Wright 
Svavelgatan 6 
S-59338 Vastervik, Sweden 
F. T. Berkey· 
CASS, Utah State University 
Logan Utah, 84322-4405 

The problem of identifying echoes in digital ionosonde observations is 
discussed starting with an off-line simulation of the procedure long used in 
real time by the Dynasonde. In that method, echoes are defined as amplitude­
modulus peaks from rapid (10 microsecond) sampling of receiver quadrature 
outputs; coincidence of peak time among a small number of repeated pulses 
(4 to 8) has served well to reject impulsive noise, while identifying the time 
sample of the complex-amplitudes to be retained for off-line analyses. Early 
work (J. W. Wright and M. L. V. Pitteway, Radio Science, 14,815-825, 1979) 
showed that the probability of accepting a noise impulse falsely as an "echo" 
by this method was typically less than 1/1000. 

This paper presents a new method dependent on all of the signal phase 
information contained in the same rapid sampling. No change is made in basic 
sounding function, but conversion to physical parameters is done first, for all 
10 microsecond samples. The consistency of these parameters in 5 dimensions 
over at least 4 samples defines" an echo", or at least a partial" glint". There 
is no surviving requirement that distinct echo "peaks" of amplitude modulus 
be present. Because of the over-determined nature of the phase analysis, 
error parameters are available to characterize 'wavefront curvatures' and other 
consequences of overlapping glint interference. 

In an example recording, the new method recognizes about 60and glints 
than the earlier method, giving better trace continuity. Measurement res­
olution among proximate echoing regions is improved. Weighted means of 
the physical parameters within their defining samples yields better accuracy; 
almost incidentally, these will be available immediately in a real-time imple­
mentation of the method. For research ionosondes in particular, these im­
provements will contribute to studies of kilometer-scale plasma irregularities 
and of radiowave scattering processes. For monitoring ionosondes they should 
at least permit obtaining more ionospheric information with less sounding 
activity and consequent RFI. 
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CFGJ-12 DETECTING METEORS AND SPACE DEBRIS USING ACOUSTICS: SIGNAL 
1740 PROCESSING TECHNIQUES AND OPPORTUNITIES FOR COMPARISONS 

Willi OlliER REMOTE SENSING APPROACHES 

Alfred J. Bedard Jr. 
National Oceanic and Atmospheric Administration 
Environmental Technology Laboratory 
Mail Code RlElET4 
325 Broadway 
Boulder, CO 80303 

Atmospheric infrasonic signals detected from meteors, space debris, and 
space shuttle re-entries provide information valuable for comparison with 
optical, radar, and satellite systems. The low-frequency acoustic signals 
can travel for great distances (1000's of kilometers), are not obstructed by 
clouds or weather, and may have the potential to provide information on 
location, trajectory, height, and ablation rates (AJ.Bedard Jr and R. 
Bloemker, Proc. SPIE,3116, 177-191,1997). A review of potential uses 
emphasizes opportunities for comparisons with other remote sensing 
methods. An overview of the acoustic data processing techniques applied 
also defines the system capabilities. Based upon phased array processing, 
such quantities as correlation coefficient, signal bearing, elevation angle, 
and dominant frequency are obtained (F.Einaudi, AJ.Bedard Jr, and 
lJ.Finnigan, J. Atmos.Sci.,46,303-329, 1989). A variety of weighting 
techniques are applied to enhance detection of different classes of signals 
and various geophysical sources can be identified from their acoustic 
signatures alone. The potential uses of infrasonic systems for the 
detection, identification, and study of meteors and space debris include: 
monitoring the number and trajectories of objects, identifying the type of 
atmospheric interaction occurring (e.g. shock wave or explosive 
interaction), possibly infer object size and type, and possibly provide a 
tool for studying meteor ablation rates. A review of key observations will 
provide examples of the various types of detections, as well as highlight 
some aspects of acoustic meteor detection that are not understood. For 
example, although traveling at high Mach numbers some meteors seem to 
radiate sound isotropically for the length of their paths. 
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C. C. Teague* 
STAR Laboratory, Stanford University 
Stanford, CA 94305 
K. E. Laws 
Dept. of Physics, Univ. of California 
Santa Cruz, CA 95064 

The University of Michigan/ERIM/Stanford Multifrequency Coastal 
Radar (MCR) was used along with two other high-frequency (HF) radar sys­
tems during the third Chesapeake Bay Outflow Plume Experiment (COPE-3) 
conducted during September-October 1997. The MCR measures ocean sur­
face currents by delay-Doppler processing of first-order Bragg-resonant ocean­
wave backscatter signals received from different locations on the ocean surface. 
Multiple radar operating frequencies are used to estimate the vertical current 
shear over the top two meters of the ocean surface. A narrow pulse provides 
range resolution. Angular resolution is provided by the receive antenna com­
posed of a linear array of eight wideband loop antennas equally spaced one-half 
wavelength apart at the highest operating frequency (21.8 MHz). While this 
provides optimum performance at the highest frequency, the resulting 48 m 
aperture limits the angular resolution using conventional beam formation at 
lower frequencies (4.8, 6.8 and 13.4 MHz). As an alternative to beam for­
mation, the Multiple Signal Characterization (MUSIC) direction-finding algo­
rithm of R. O. Schmidt (IEEE Trans. Antennas C1 Prop., AP-34, 276-280, 
1986) can be applied to the ocean echoes. 

The antenna system was calibrated by processing the signals returned 
by a low-power transponder carried on a small boat about 1 km from the 
antenna. After an average set of phase corrections was calculated, subsequent 
processing of the transponder signals using MUSIC direction finding indicated 
bearing errors on the order of 5° or less. 

Ocean current estimates were made using both beam formation and 
MUSIC direction finding, and the current vectors were resolved into eastward 
and northward components. Typically the time-varying current values over a 
period of several weeks were larger when using MUSIC than when using beam 
formation, particularly in the northward (along-shore) direction, and narrow 
features in the current patterns were better resolved using MUSIC. However, 
simulations of various current patterns indicate that RMS errors between radar 
measurements and simulation inputs sometimes are lower using beam forma­
tion, particularly in the case of current patterns which have slow azimuthal 
variation and for which beam formation effectively averages over more samples 
to smooth out noise in the measurements. Conversely, the simulation results 
also indicate that the RMS errors using MUSIC are lower for current patterns 
which have narrow azimuthal features, such as coastal current jets. 
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F5-Z EMMISIVITY OF RANDOM DIELECTRIC ROUGH SURFACES: A 
1440 COMPARISON BETWEEN THE SECOND ORDER SMALL PERTURBATION 

METHOD AND THREE-DIMENSIONAL MONTE-CARLO SIMULATIONS 

Q. Li, L. Tsang, C.H. Chan, K. Pak (Univ. of Washington) 
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AN IMPEDANCE BOUNDARY CONDITION AND WIDE­
ANGLE PIECEWISE-LINEAR SHIFT MAP FOR THE EM 
PARABOLIC WAVE EQUATION 

D. J. Donohue' J. R. Kuttler 
Applied Physics Laboratory 
Johns Hopkins Road 
Laurel, MD 20723 

The parabolic wave equation (PWE) has been widely used to model 
the propagation of radar at low grazing angle over ocean and terrain. How­
ever, until recently only approximate methods existed to model the effect of a 
rough boundary. For example, within the Fourier/split-step solution method, 
one approach, called terrain masking, models the terrain by a series of knife­
edge diffractors. A more rigorous approach based on a transformation of 
the coordinate system and PWE was introduced in 1979 by Beilis and Tap­
pert (J. Acoust. Soc. Am., 66, 811-826, 1979). This approach, which in­
volves locally flattening the boundary at each range step, is now extended 
to the more general rough boundary. A self-consistent wide angle form of the 
PWE is derived to accommodate larger terrain slopes, and a new polarization­
dependent impedance boundary condition is developed for finitely conducting 
terrain. The new impedance boundary condition and an improved shift map 
for piecewise linear surfaces allow the PWE to be marched in range using the 
previously-developed mixed Fourier transform (Kuttler and Dockery, Radio 
Science, 26, 381-393, 1991). 

In this presentation, calculations based on the extended method are 
compared with exact analytical solutions for selected benchmark problems. 
For example, the numerical solution is comparE;d with an exact analytical 
calculation of point source radiation reflecting from a tilted flat plane. The 
application of the method to discretely sampled terrain is also demonstrated by 
making use of the piecewise linear shift map. The extended method is found to 
be a considerable improvement over existing approximations including terrain 
masking, image methods, and conformal mapping. However, the solution is 
also found to be incomplete and several sources of error are identified. The 
principal limitations are in the maximum slope or slope change of the piecwise 
linear surface. These errors, and suggestions for an improved model, will be 
discussed. 
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F5-4 A COMPARISON BETWEEN MODELLED SIGNATURES OF 
1540 AN ESTUARY FRONT 

S. R. Chubb' A. L. Cooper 
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G. M. Nedlin 
Department of Physics 
Worcester Polytechnic Institute 
100 Institute Road 
Worcester, MA 01609c2280 

Considerable progress has been made in full-spectral modelling of radar 
signatures of fronts. Specifically, Jansen et al (J Geophys Res, 103, 18723-
18743, 1998) and Chubb et al (Trans Geos and Rem Sen, in press, 1998) have 
quantitatively modelled radar signatures of Gulf Stream fronts, but only by 
including wave-breaking (WB) effects in an approximate manner. However, 
these studies used the composite scattering (CS) model at a frequency (X­
band), where simulations of internal waves previously have indicated that this 
model may be deficient (Lyzenga, D.R. and J.W. Bennett, J Geophys Res, 93, 
12345-12354, 1988). For this reason, questions have remained concerning the 
importance ofWB effects in the studies by Jansen et al and Chubb et al. Also, 
the CS model is limited to intermediate incident angles. These factors have 
provided the motivation for the present study. Here, we compare simulations 
of radar signatures from a front using three different radar models, applied 
to the common wave spectrum that results from a full-spectral treatment of 
wave-current interaction. These simulations have been carried out with and 
without incorporation of WB effects. The comparison involves: 1.) the CS 
model, 2.) the model due to Holliday (D. Holliday, IEEE Trans. Ant. Prop., 
Vol. AP-35, 120-122 (1987)) and Thompson (D. R. Thompson et aI, J. 
Geophys. Res., 96, 4947-4955, 1991), and 3.) a new model that extends this 
last model to the case involving a finite dielectric constant appropriate for 
water. These models are used to simulate a prominent radar signature of the 
buoyant plume associated with the efflux of fresh water from the Chesapeake 
Bay that was observed in X-band imagery during the COPE-2 experiment 
(M.A. Sletten, G.O. Marmorino, T.F. Donato, IGARSS'98, IV, 2198-2200, 
1998). 
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1600 SCATTERING 

Ezekiel Bahar and Paul Crittenden 
Electrical Engineering Department 
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Lincoln, NE 68588-0511 

It is well known that both familiar theories (physical optics and small 
perturbation) associated with scattering from random rough surface 
are restricted to surfaces that are characterized by a limited range 
of mean square heights, mean square slopes and/or correlation 
lengths. In an attempt to derive solutions to the problems of 
electromagnetic scattering that were valid over a broader range of 
rough surface parameters Wright and Valenzuela were amongst 
the first to introduce a hybrid physical optics-perturbation solution 
based on a two scale model of the rough surface. Thus the rough 
surface was viewed as a filtered large scale surface (exhibiting all 
the characteristics of specular point scattering predicted by 
physical optics) upon which a small scale (perturbed) surface is 
superimposed. Since the small scale surface was subject to the 
small perturbation restriction; namely ~ = 4ko

2<h2 > «1 (where ko is 
the free space wavenumber and <h2> is the mean square height) 
there was little flexibility in the choice of the wavenumber kd at 
which spectral splitting of the rough surface was assumed to occur. 
Moreover Brown had shown that even with this limited choice of the 
Raleigh roughness parameter ~, the values for the radar scatter 
cross sections depended critically upon the choice of the spatial 
wavenumber kd. 

The purpose of this paper is to examine the manor in which the 
spectral splitting can be performed on adopting the two scale 
model, such that the evaluation of the cross sections remain 
stationary over a wide range of the parameter kd. The fully 
polarimetric full wave solutions, which unlike the small perturbation 
solutions are not restricted to surfaces with small Raleigh 
roughness parameters, are used in the analysis. 
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Y. Zhang' Y. E. Yang H. Braunisch J. A. Kong 
Research Laboratory of Electronics and Department of EECS 
Massachusetts Institute of Technology 
Cambridge, MA 02139 

Although extensive literature exists on EM scattering from discrete ob­
jects as well as randomly rough surfaces, little has been reported on the inter­
action of electromagnetic waves between discrete objects and rough surfaces. 
Standard numerical algorithms can be applied to the complete environment of 
discrete objects with rough surface, yet it would be difficult to separate individ­
ual scattering mechanisms from the total return. Furthermore, discretization 
over the rough surface can greatly increase the computational resource require­
ment compared to the problem with discrete objects only, especially when the 
object surfaces are small to the illuminated area of the rough surface. 

This paper presents a hybrid SPM (Small Perturbation Method) IMoM 
(Method of Moments) solution that requires a smaller number of unknowns 
in the matrix equations. As in the SPM formulation, we expand the Green's 
function and field quantities in terms of the surface height function on the 
mean surface, followed by decomposing the electric integral equations, which 
are based on the extinction theorem and the surface boundary conditions, 
into different orders. It was found that higher order equations are of the same 
form as the zeroth order with equivalent source terms that can be evaluated 
by integration on the mean surface using lower order solutions. Therefore we 
only have to develop the solution algorithm for the zeroth order equations 
with arbitrary incident field. Because the zeroth order equations are iden­
tical to the ones with objects above a fiat interface, the solution algorithm 
can be simplified by introducing the dyadic Green's function for a half-space. 
This allows us to avoid solving for tangential fields on the rough surface and 
the mean surface as well, leaving only unknowns on the conducting objects. 
The separation of the solution into different orders also helps us identify the 
individual interaction terms between the object and the rough surface. 

Several configurations have been studied using the hybrid technique to 
the first order and the standard MoM algorithm. The total returns show good 
agreement between the two methods, however the hybrid technique requires 
only a fraction of the CPU time. The speed-up is especially dramatic in Monte 
Carlo simulations. The impedance matrix in the hybrid technique can be used 
for all realizations. Only the equivalent source terms on the mean surface for 
the higher-order equations need to be re-evaluated. As a result, what may 
take several days with the standard MoM simulation can be done in a matter 
of hours with the hybrid technique. 

316 



Session H3, 1355-ThuTs., ECCRIB40 
WAVES AND ENGIZATION IN PLASMAS: MERGING OF SPACEBASED AND LABORA­

TORY TECHNIQUES (II) 
Chairpersons: G. Ganguli and W. Amatucci (Naval Research Laboratory) 

H3-1 LABORATORY STUDIES OF ION AND NEUTRAL DYNAMICS OF THE 
1400 IONOSPHERE 

A.Y. Wong, G. Rosenthal, R.F. Wuerker, P. Cheung, M. McFarland, N. Hicks, G. 
Howes, J. Pau and W. Huhn 

HIPAS Observatory, Department of Physics and Astronomy, UCLA. 

Weare in the process of producing a laboratory plasma with similar charge and 
neutral density and composition as the natural ionosphere, complete with UV 
radiation, particulate and neutral circulation. This plasma allows us to investigate 
the physics of positive and negative ion plasmas and the coupling between charged 
particles and neutrals in the presence of neutral flows. 

We will present experiments relevant to the lower ionosphere where ion-neutral 
collisions are high and the upper ionosphere where collisions are infrequent. We 
will show that wave processes are important at all altitudes. Secondly ion acoustic 
waves become less damped when collisions disrupt the Landau damping. Thirdly 
the motion of neutrals can be inferred by tracking the motion of ions when ion­
neutral coupling is strong. 

Special exciters will be used to couple to ion acoustic wave and neutral sound 
waves and detectors are developed to monitor both. The exchange of momentum 
between particles and waves will be investigated through the use of very sensitive 
detectors of impulses. 

This paper will discuss the use of Laser Induced Fluorescence technique to monitor 
the motion of ions and neutrals. The use oflasers to produce plasmas in the 
ionosphere by laser-dust interactions will be described. 

Research supported by ONR. 
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LABORATORY STUDIES OF THE EFFECT OF NEUTRAL 
GAS RELEASE ON SPACE VEHICLE CHARGING: ELEC­
TRODE GEOMETRY EFFECTS ON MINIMUM BREAK­
DOWN POTENTIAL l 

D.N. Walker' W.E. Amatucci R.F. Fernsler C.L. Siefring 
M.J. Keskinen 
Plasma Physics Division, Naval Research Laboratory 

The laboratory investigation we describe has the intent of investigating 
the feasibility of using neutral gas release to ameliorate the effects of space­
craft charging, whether produced naturally or artificially. The program began 
as a continuation of the SPEAR (Space Power Experiments Aboard Rockets) 
program which was sponsored by the Ballistic Missile Defense Organization 
(BMDO) in the late 1980's. The SPEAR III series of experiments were car­
ried out both in a large chamber environment and in a rocket experiment in 
space. The current laboratory experimental series at NRL uses the pulsing 
electronics from the laboratory portion of that program and involves the re­
lease of neutral gas from a highly negatively charged aluminum cylinder. The 
original experimental arrangement consisted of the aluminum cylinder which 
holds a neutral gas release valve designed for millisec release times, a pressure 
regulated neutral gas reservoir, and nozzles with various mach numbers. After 
the cylinder is charged to high voltage, the neutral gas is released, inducing 
breakdown of the gas in the strong electric field about the cylinder. Collection 
of ions from the dense plasma near the cylinder, in addition to secondary elec­
tron emission, provide the return current required to ground the body. The 
experimental focus has been on determining the parameter combinations that 
most effectively ground the body and gaining an understanding of the physics 
of the discharge mechanism. We have recently completed an experimental 
series in which we vary the geometry and size of the release electrode to deter­
mine the effect on minimum breakdown potential. Theory based on a simple 
linear model of Townsend discharge will be presented. Various breakdown de­
pendencies predicted by this model in comparison to experimental results will 
also be presented. 

1 Work supported by the Office of Naval Research 
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H3-3 HIGH-VOLTAGE PUL8E PROPAGATION ON ELECTRO-
1440 DYNAMIC-TETHER TRANSMISSION LINES 

Sven G. BiIen' and Brian E. Gilchrist 
Radiation Laboratory 
Electrical Engineering and Computer Science Department 
University of Michigan 
Ann Arbor, MI 48109 

This research characterizes the general propagation behavior of high­
voltage electromagnetic pulses along electrodynamic tethers in the ionosphere. 
Electromagnetic pulses are produced along the tether-plasma system as it 
transitions from open- to closed-circuited states and as it is driven by radio­
frequency voltage sources. These perturbations take a finite amount of time 
to propagate along the tether and, as they do so, they affect the surrounding 
ionospheric plasma. This interaction in turn affects the tether's transmission­
line characteristics. The dynamic evolution of the sheath is examined as the 
pulse front travels past a given section of tether and disturbs the local sheath. 

Present tether transmission-line models assume, as a first-order approx­
imation, that the plasma-sheathed tether can be modeled as a simple rigid 
coaxial transmission line. This has proven acceptable for tethers with low 
induced or driven voltages. An improved model is needed, however, when 
steady-state plasma-sheath dynamics cannot be assumed, such as for longer 
deployed tether lengths, which have higher induced emf, or higher driven volt­
ages. 

A dynamic circuit model of the plasma-sheathed tether is developed 
with knowledge gained from theoretical analyses, experimental results, and 
particle-in-cell simulations. Using this dynamic-sheath model as their basis, 
lumped-element transmission-line parameters for capacitance and inductance 
per unit length are derived for the plasma-immersed tether where it was found 
that capacitance is a function of voltage but inductance is approximately con­
stant. These parameters are included with per-unit-length resistance and 
induced-emf elements to form the complete lumped-parameter model. The 
tether circuit model is implemented in the SPICE circuit simulation program. 
This implementation allows examination of the tether's transmission-line char­
acteristics as well as pulse propagation and morphology. Previously developed 
models of satellite and Orbiter interactions with the plasma based on Teth­
ered Satellite System mission data (S. G. BiIen et al., Radio Science, 30, 
1519-1535, 1995; S. G. BiIen et al., Journal of Spacecraft and Rockets, 34, 
655-661, 1997) can be used with this circuit model as the endpoints of the 
complete electrodynamic-tether system. 
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1500 OBSERVED BY THE POLAR PLASMA WAVE 

INSTRUMENT 

J. D. Menietti, A. M. Persoon, J. S. Pickett, and 
D. A. Gurnett 
Physics & Astronomy, University of Iowa, Iowa City IA 
52242; 319-335-1919; email: jdm@space.physics.uiowa.edu 

Auroral kilometric radiation (AKR) has been observed by the 
plasma wave instrument on board Polar on almost every northern 
hemisphere pass. High-spectral resolution plots of the AKR obtained by 
the wideband receiver of the plasma wave instrument on board the 
spacecraft sometimes show discrete, negative-slope striations each 
extending over a period of several seconds. A preliminary survey of 
over 5000 spectrograms (each covering 48 seconds) indicates that the 
striations are seen in the northern hemisphere near apogee in a frequency 
range of 40 kHz < f < 100 kHz. A few observations of the signatures 
have been made at higher frequency (f < 200 kHz). If the wideband 
instrument is in the 90-kHz bandwidth mode, the occurrence frequency 
may exceed 50%. The frequency drift rates, R, are similar ranging 
from -9.0 kHz/sec < R < -1.0 kHz/sec. The paucity of positive-slope 
features may be due to the location of the satellite at altitudes well above 
the AKR source region. Past studies have suggested these features may 
be due to AKR wave growth stimulated by the propagation of 
electromagnetic ion cyclotron waves travelling up (-R) or down (+R) 
the field line, through the source region. High-resolution waveform data 
from Polar shows the presence of solitary waves in the auroral region 
that may also be a source of these striations. 

320 



H3 Th-PM 
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1540 KILOMETRIC RADIATION IS NOT INTRINSIC TO THE 

SOURCE MECHANISM 

R. J. Strangeway' 
Institute of Geophysics and Planetary Physics 
University of California at Los Angeles 
Los Angeles, CA 90095 
P. L. Pritchett 
Department of Physics 
University of California at Los Angeles 
Los Angeles, CA 90095 
R. E. Ergun C. W. Carlson J. P. McFadden G. T. Delory 
Space Sciences Laboratory 
University of California 
Berkeley, CA 94720 

The Fast Auroral SnapshoT Explorer (FAST) has made detailed ob­
servations within the source region of Auroral Kilometric Radiation (AKR). 
FAST has demonstrated that the waves are generated below the cold elec­
tron gyro-frequency, and further that ionospheric and secondary electrons are 
almost completed excluded from the auroral cavity. In addition, the wave 
electric field is often polarized perpendicular to the ambient magnetic field, 
while the magnetic field is polarized parallel to the ambient field. This sense 
of polarization is consistent with X-mode waves propagating nearly perpen­
dicularly with respect to the ambient field. These results confirm that AKR 
is generated by the cyclotron maser instability, but with the proviso that the 
wave dispersion is also modified by relativistic effects. This allows for wave 
generation by the precipitating and mirroring auroral electrons; a population 
whose free energy for wave instabilities is replenished by the parallel electric 
field. 

FAST is also able to resolve the detailed structure of the waves within 
the source region. AKR is highly structured within the source region. On 
occasion AKR does show falling and rising tones, usually referred to as "fine 
structure." More typically, however, AKR within the source region tends to 
be bursty and packet-like. Inspection of the wave forms shows packets with 
a few ms duration, a result inconsistent with lasing through reflection within 
the cavity. The narrower tones cited as evidence of lasing are usually observed 
some distance away from the source region, indicating that narrow tones are 
a consequence of refraction, rather than intrinsic to the source. 
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H3-6 LABORATORY STUDIES OF SPACE PLASMA 
1600 MICROPHYSICS AT HIGH BETA 

Earl E. Scime* 
Department of Physics 
Box 6315 
West Virginia University 
Morgantown, WV 26506 

Anisotropic temperatures or asymmetric velocity distributions can drive 
electromagnetic instabilities in high beta space plasmas. Such 
microphysical instabilities can in tum modify the macroscopic properties of 
the plasma system by affecting the distribution of energy among the 
various components of the system, e.g., fields and particles. The Large 
Experiment on Instabilities and Anisotropies (LEIA) was constructed at 
West Virginia University in order to study high beta electromagnetic 
instabilities. Two instabilities of particular interest are electromagnetic ion 
temperature anisotropy (EMIT A) driven instabilities and electron heat flux 
instabilities. Based on their theoretical properties, EMIT A instabilities have 
been used to explain the observed correlation of ion temperature anisotropy 
and plasma beta in the terrestrial magnetosheath [Anderson et. aI., J. 
Geophys. Res. 99, 5877 (1994)]. This relationship is believed to be a 
signature of plasma processes crucial to the equilibrium and dynamics of 
this boundary layer, across which solar energy is transferred to the Earth 
environment. Electron heat flux driven instabilities have been suggested as 
a possible explanation for the observed dissipation of electron heat flux in 
the expanding solar wind [Scime et al., J. Geophys. Res., 99, 23,401 
(1994)]. We will present initial results from experiments in LElA designed 
to excite ion temperature anisotropy driven instabilities. Ion temperature 
anisotropy profile measurements will be compared to the profiles of 
electrostatic and electromagnetic fluctuations as a function of plasma beta. 
Work supported by the National Science Foundation and the US 
Department of Energy. 

*in collaboration with M. Balkey, R. Boivin, P. Keiter, J. Kline, A. Badeau 
Jr., and B. Inman 
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1620 CHARACTERISTICS IN TWO-DIMENSIONAL MAGNETIC 

RECONNECTION 

Hantao Ji, Masaaki Yamada, and Scott Hsu 
Princeton Plasma Physics Laboratory 
Princeton University 
P.O. Box 451 
Princeton, N J 08543 

Magnetic reconnection plays a crucial role in determining the topology 
of magnetic fields in solar flares, magnetospheric substorms, and relaxation 
processes in laboratory plasmas. The first quantitative model of magnetic re­
connection was proposed by Sweet and Parker more than 40 years ago. A key 
element of this model is the existence of a rectangular "diffusion region" whose 
length is of macroscopic scale and whose width is determined by the Spitzer re­
sistivity. Since then, however, the validity of the Sweet-Parker model has been 
questioned because its predicted reconnection rate is too slow to explain explo­
sive solar flares. Instead, the attention has shifted to Petschek's model which 
predicted faster reconnect ion rates and is based on a much smaller diffusion re­
gion and standing shock waves. Nonetheless, the debates have continued since 
neither model has been verified or disproved in a real plasma. In MRX (Mag­
netic Reconnection Experiment) (M. Yamada, et al., Phys. Rev. Lett., 78, 
3117, 1997, M. Yamada, et al., Phys. Plasmas, 4, 1936, 1997) the first quanti­
tative tests of reconnection models have been carried out (H. Ji, et al., Phys. 
Rev. Lett. 80, 3256, 1998) in well-controlled MHD plasmas (8 = 102_103 , 

L/ Pi = 101_102 ). Detailed structures and key plasma parameters of magnetic 
reconnection in two-dimensional geometry have been measured by extensive 
diagnostics in the case with no third magnetic field component (null-helicity). 
The shape of the diffusion region in MRX was observed to correspond to 
the Sweet-Parker model (a rectangular box) rather than the Petschek model 
(much smaller box with standing shock waves) in our experimental regimes. 
However, the measured width of this diffusion region is on the order of the ion 
gyro-radius Pi and the ion skin-depth C/Wpi, much larger than values predicted 
by the Sweet-Parker model in the collisionless regime. This observation is con­
sistent with the measured resistivity which is enhanced over the Spitzer value, 
possibly due to electric field fluctuations driven by microinstabilities. Using 
this measured effective resistivity, the observed reconnection rates can be well 
explained by a generalized Sweet-Parker model which also incorporates finite 
compressibility and downstream pressure. An attempt to extend this model 
to reconnection with a sizable third component (co-helicity) will be reported. 
Other recent highlights from MRX, including ion heating, fluctuation mea­
surements, and magnetic helicity dissipation will also be presented. 
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