































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































G&H14.4

PLASMA STRUCTURING IN THE POLAR CAP: THE ROLE
OF THE POLAR CAP OBSERVATORY

Sunanda Basu*
Institute for Space Research
Boston College
885 Centre Street
Newton Center, MA 02159 USA

Santimay Basu
Geophysics Laboratory (LIS)
Hanscom AFB, MA 01731 USA

Propagation experiments providing scintillation, total electron
content and drift data in the field of view of an all-sky imager
near the magnetic pole in Greenland have provided information
regarding the manner in which ionospheric plasma becomes
structured within the polar cap. Under IMF Bz southward
conditions, the structuring is assumed to occur through the
E x B gradient drift instability process which operates through
an interaction between the antisunward plasma convection in
the neutral rest frame and large scale plasma density gradients
that exist at the edges of the ionization patches which convect
into the polar cap probably through the dayside cusp. On the
other hand, under IMF Bz northward conditions, the plasma
structuring is found to occur around polar cap arcs in the
presence of sheared plasma flows. While this broad framework
exists, many important questions remain regarding the
structuring process, much of it related to the nature of
convection in the dark polar cap when the observed structuring
is the most intense. The major contribution of the proposed
Polar Cap Observatory (PCO), with an incoherent scatter radar as
its centerpiece, will be its ability to provide continuous
measurements of this convection pattern with high time and
spatial resolution in a region where the interaction of the solar .
wind with the earth's plasma environment controls plasma
structuring in a fundamental way. The talk will try to focus on
the role of the PCO in answering outstanding questions on
plasma structuring such as the role of the IMF and solar wind
pressure on creating discrete plasma structures, the nature. of
the inhomogeneous electric field and density gradients near
polar cap arcs, and the effects of E-region coupling on F-region
structures.
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G&H14.5

OPTICAL MEASUREMENTS
IN THE CENTRAL POLAR CAP REGION

J. W. Meriwether, Geophysics Laboratory, Ionospheric Effects Branch
Tonospheric Physics Division, Hanscom AFB, 01731-5000

A cluster of optical instruments of Class I CEDAR quality and located at
the Polar Cap Observatory (PCO) at Resolute promises to be a valuable and
productive attribute in many ways. While optical measurements at a central
polar cap site would be of considerable interest in their own right,
correlative comparisons with the measurements from the radio science
instruments considered for PCO would greatly enhance the scientific
usefulness of the optical results. A representative list of optical instruments
viewed to be important for this observatory includes a total of 9
instruments. Among these would be 4 grating spectrophotometers
configured to span simultaneously the entire spectral region from the UV to
the IR. These instruments would provide the capability of monitoring
spectral intensities of the airglow or auroral emissions simultaneously
regardless of wavelength, which is important for the quantification of
energetics of airglow and auroral processes. Also included would be two
Fabry-Perot interferometers to achieve simultaneously low and high
spectral resolutions for possible doppler and spectral intensity applications.
These instruments would be primarily used to study the dynamics of the
mesosphere, thermosphere, and exosphere regions with simultaneous
doppler shift measurements. Two imaging systems are envisioned as well,
one fitted with multiple filters for general purpose application, and the
other for specific goals such as spatial distribution of the OH rotational
temperature. We would anticipate that a Rayleigh/sodium resonance lidar
would be included to provide temperature measurements for the entire
range from 10 km to 100 km. The science issues that could be examined
with such an optical facility combined with radio science instruments are
numerous. They cover the wide variety of aeronomy and magnetospheric
physics questions relating to the dynamics and chemistry of neutral and
ionospheric phenomena in the central polar cap for atmospheric regions
ranging from the lower stratosphere to the geocorona.
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G&H14.6

GROUND-BASED OPTICAL MEASUREMENTS FROM WITHIN THE
GEOMAGNETIC POLAR CAP AT THULE, GREENLAND (A=86°)

T. L. Killeen*, R. J. Niciejewski, Y. Won,
and G. S. N. Murty
Space Physics Research Laboratory
Department of Atmospheric, Oceanic, and Space Sciences
The University of Michigan
Ann Arbor, Michigan 48109-2143

Observations of the dynamics and thermodynamics of the polar cap thermosphere
have been obtained routinely since the winter of 1984 with an automated optical
observatory located at Thule, Greenland (A=86°). The instrumentation at the
observatory includes a Fabry-Perot interferometer (FPI), a half-meter Ebert-Fastie
spectrophotometer (EFS), and a digital all-sky camera (ASC) system. The FPI has
a 10 cm etalon coated for operation-between 5577-A and 7320-A and an image
plane detector similar to that flown on the Dynamics Explorer spacecraft. The FPI
and EFS instruments are controlled automatically throughout each 8-month winter
observing season (September - April) with an LSI 11/23 computer system and
CAMAC interface cards. The ACS is operated on a campaign basis. The
thermospheric neutral winds and temperatures measured with the FPI in the years
1985-1991 show strong dependencies on the solar cycle, local time, geomagnetic
activity level and interplanetary magnetic field orientation. The EES has been used
to observe various nightglow emissions including NI (SZOO-A), OI(5577-A),
OI(6300-A), Balmer Ho(6563-A), OI1(7320-30-A), and the OH (8-3) vibrational
band. The ACS has been used in conjunction with the FPI to correlate sun-aligned
polar cap arcs and thermospheric dynamics. This paper will describe the current
status and plans for the automated optical observatory at Thule and will discuss
several of the more significant scientific findings made over the past several years.
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G&H14.7

CHARACTERIZING Ne VARIATIONS IN THE POLAR CAP
FREGION

Jurgen Buchau®*! and Bodo W. Reinisch2
1.Phillips Laboratory (AFSC), Geophysics Directorate, Hanscom
AFB, MA. 01731
2.University of Lowell Center for Atmospheric Research, Lowell
MA. 01854

A Digisonde 256 ionosonde has monitored the polar cap
ionosphere at Qaanaag, Greenland (87¢ CGLAT) since the solar
minimum in 1986 through the current solar maximum. This
paper analyzes solar cycle, seasonal and geomagnetic effects on
the diurnal variations of Nmax, the peak electron density in the
F layer. Combining Digisonde and All-Sky Imaging Photometer
data has brought some order to the irregular plasma density
variations. During Bz north conditions the polar cap is
populated with sun-aligned F layer arcs with week plasma
density enhancements above the background. Large ionization
patches dominate during Bz south conditions (Buchau et al,,
1983, Radio Sci., 18, 6, 995); these patches have up to tenfold
plasma density enhancements and move fast antisunward
across the polar cap.

The Digisonde's capability to measure O and X wave
polarizations, Doppler frequencies, and incidence angles makes
it possible to accurately determine the critical frequency foF2,
i. e. Nmax, from the generally very disturbed ionograms and
the plasma drift velocity from the drift observations. From
these measurements a median patch size of 850 km was
deduced for the solar max period, and a median amplitude of
3MHz. Modeling the patches as plasma transported from the
sub-cusp solar produced ionosphere into the cap by the polar
cap convection shows differences between solar maximum and
minimum with likely source regions at 650 CGL for the
maximum and 73° for the minimum.
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OBSERVATIONS OF POLAR CAP TOTAL ELECTRON CONTENT
DURING SOLAR MAXIMUM

G. J. Bishop" and J. A. Klobuchar
Ionospheric Physics Division
Geophysics Laboratory (AFSC)

Hanscom AFB, MA 01731

P. H. Doherty
Institute for Space Research
Boston College
Newton, MA 02159

Tonospheric absolute total electron content (TEC)
was first measured in the northern polar cap in 1984 (E.
J. Weber et al, JGR 91, 121-12, 129, 1986). These near-
solar-minimum observations, made using signals from
satellites at 20,000 km altitude, revealed the existence
of a fundamental diurnal TEC cycle, with large TEC
enhancements occurring preferentially in the 1200-2400 UT
period and often more than doubling background values in
less than ten minutes.

Recent polar cap observations during the 1989-90
winter (solar maximum), using the same technique, show
that both the diurnal TEC cycle and enhancements'
occurrence persist, but both are typically larger by a
factor of three than in the same month of 1984.
Background values are still seen to be more than doubled
in less than ten minutes at solar maximum, implying that
significantly greater spatial TEC gradients occur.
Comparison of polar cap observations from October 1989
with February 1990 data suggests that at solar maximum
there continues to be an annual variation in magnitude
and occurrence of TEC enhancements that parallels the
variation in magnitude and occurrence of amplitude
scintillation, (Bishop et al, Vol 8, SPI Conference Proc,
Scientific Publishers Inc, 1989).

Results will be presented from polar cap diurnal
TEC observations, as well as near-auroral and mid-
latitude data from the same general time periods.
available data from 1,000 km altitude satellite signal
observations will be included to give insight to the
spatial uniformity of TEC during the period of the
diurnal observations.
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MONDAY afternoon 13:30 - 17:10 LUNDI aprés-midi

Observatories and

Extremely High Latitude Room 3026 Salle Observatoires et observations
URSI G&H Session 29 aux latitudes extrémement
hautes Il

Observations |1

Chairs/présidents: 3. KOEHLER, Canada;

13:30
13:50

14:10

14:30

\ 14:50

15:10
15:30

115:50

16:10

(29.1)

(29.2)

(20.3)

(29.4)

(29.5)

(29.6)

(20.7)

(29.8)

Coordinated Radar and Optical Measurements of Stable Auroral Arcs at the
Polar Cap Boundary, J.F. VICKREY?, E.J. WEBER?, 1SR/ International,
Menlo Park, CA, and 2Geophysics Laboratory, Hanscom AFB, MA, USA

Scanning Radar Observations of lonospheric Convection at the Auroral Oval -
Polar Cap Boundary, J.C. FOSTER, Massachusetts Institute of Technology
Haystack Observatory, Westford, MA, USA

The Sapphire Data Collection System, D. ANDRE, J.A. KOEHLER, G.J.
SOFKO, University of Saskatchewan, Saskatoon, SK, Canada

Constraints on Satellite Communication Links Operating in the Polar En-
vironment, Sa. BASU?, Su, BASU2, A.L. JOHNSON3, E.J. WEBER?,
1Geophysics Laboratory, Hanscom AFB, MA, 2Boston College, Newton Cen-
ter, MA, and *Wright Research Development Center, Wright-Patterson AFB,
OH, USA

The Downward Mapping of the Polar Electrojet Current During Disturbed
Conditions, D.H. WERNER?, A.J. FERRARO?, 1 Pennsylvania State Univer-
sity, State College, PA, and ?Pennsylvania State University, University Park,
PA, USA

COFFEE/CAFE

Detection of Signal Propagation from a Heated Polar lonosphere, R.J.
LUNNEN JR., D.H. WERNER!, T.W. COLLINS2?, A.). FERRARO?,
*Pennsylvania State University, State College, PA, and Pennsylvania State
University, University Park, PA, USA

Measurement and Interpretation of lonospheric Effects Produced by a Large
Ground-Based Explosion, S.J. ANDERSON, Defence Science and Technol-
ogy Organisation, Salisbury, Australia

A Study of the Slab Thickness of the lonosphere, K. DAVIES,
NOAA/ERL/Space Environment Laboratory, Boulder, CO, USA
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G&H29.1

COORDINATED RADAR AND OPTICAL MEASUREMENTS
OF STABLE AURORAL ARCS AT THE POLAR CAP BOUNDARY

James F. Vickrey*

SRI International
Geoscience and Engineering Center
Menlo Park, California USA 94025

Edward J. Weber
Geophysics Laboratory
Hanscom Air Force Base
Bedford, Massachusetts USA 01731

A specialized incoherent radar scanning mode has been developed for use in
conjunction with simultaneous real-time all-sky images. These complementary
diagnostics are used to examine the aeronomy and electrodynamics of stable
auroral arcs that delineate the boundary between the polar cap and the
auroral oval. The first arc discussed, observed at 2000 MLT, represents the
boundary between anti-sunward plasma flow in the polar caps, and sunward
return flow equatorward of the arc. The arc defined an equipotential in the
high latitude convection pattern in that no plasma flowed across the arc. The
radar line-of-sight velocity measurements also indicate that this arc is
consistent with a convergent electric field and an associated weak upward
field aligned current. -

The second arc.was observed at 2330 MLT and was associated with a
nightside gap, or reconnection region. Strong antisunward flow was observed
directly across the arc, although a velocity shear was superposed on this steady
flow along the poleward edge of the arc.

Detailed plasma density, temperature, and line-of-sight velocity measurements
from the radar are presented for both arcs to define the electric field,
horizontal and field-aligned currents, and thermal plasma parameters
associated with these arcs.
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G&H29.2

SCANNING RADAR OBSERVATIONS OF IONOSPHERIC CONVECTION AT THE
AURORAL OVAL - POLAR CAP BOUNDARY

John C. Foster, Atmospheric Sciences Group, M.LT. Haystack Observatory, Westford, MA
01886, U.S.A.

Azimuth scanning experiments at low elevation angle with the monostatic Millstone Hill and
Sondrestrom incoherent scatter radars provide two-dimensional maps of F region plasma
convection near the dayside cusp and in the vicinity of the auroral oval - polar cap boundary.
The spatial and temporal resolution which can be achieved with this technique are set by the
pulse length and antenna scan rate which, in turn, must be chosen in light of the conditions
which determine the accuracy of Doppler drift measurements within the field of view of
interest (range, density, spatial scale size of structure). During disturbed conditions, the
northward-directed field of view of the Millstone Hill UHF radar at 4° elevation angle
observes a 5-hour local time span of the large-scale convection pattern at the polar cap
boundary with 20 min temporal resolution (see figure). The Sondrestrom radar, at a closer
range to the boundary phenomena, can investigate meso- and small-scale phenomena with a
temporal resolution determined by integration and antenna motion times. The strengths and
limitations of monostatic scanning experiments for monitoring ionospheric convection at
extreme high latitudes are discussed.
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G&H29.3

THE SAPPHIRE DATA COLLECTION SYSTEM
Dieter Andre, J. A Koehler and G. J. Sofko

Institute of Space and Atmospheric Studies
University of Saskatchewan, Saskatoon, Canada S7N OWO

In its final version, the University of Saskatchewan SAPPHIRE CW
radar system will receive backscatter from 32 transmitter-receiver
antenna beam intersections, resulting in a maximum of 160,000 data
samples per second. This is more than ten times the data rate used
during earlier campaigns, usually of a few weeks duration, in which
data were recorded in analog form and analyzed off-line. An
identical approach for the SAPPHIRE system (which will run
continuously) would be almost impossible in terms of time and
labour. We are therefore implementing a parallel processing system
that does all the standard analysis tasks on line. This system and
the tasks performed by it are described, along with actual
operating experiences.
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G&H29.4

CONSTRAINTS ON SATELLITE COMMUNICATION LINKS
OPERATING IN THE POLAR ENVIRONMENT

S. Basu*
Geophysics Laboratory (LIS)
Hanscom AFB, MA 01731 USA

Sunanda Basu
Institute for Space Research
Boston College
Newton Center, MA 02159 USA

A.L. Johnson
Wright Research Development Center
Wright-Patterson AFB, OH 45433 USA

E.J. Weber
Geophysics Laboratory (LIS)
Hanscom AFB, MA 01731 USA

A special propagation experiment was planned at Sondrestrom,
Greenland in October, 1990 to determine message errors in
satellite communication links operating through structured
plasma in auroral and polar regions. Messages were transmitted
on a satellite link at 250 MHz and simultaneously a CW signal
was received on an adjacent channel. The CW channel was
utilized to determine phase and amplitude scintillations and to
perform spaced receiver drift measurements. With the help of
supporting observations by the incoherent scatter radar and all-
sky imaging photometer at Sondrestrom, it was found that the
number of error-free messages over a given interval is greatly
dependent on the type of plasma structure and associated
convection. It particular, when ionization patches were
detected, the CW channel suffered fast fadings and the message
link recorded individual bit errors whereas polar cap arcs
caused slow deep fades and losses of entire messages of several
seconds duration. Drift measurements indicate that patches are
associated with large uniform drifts whereas arcs occur in
conjunction with velocity shears providing a regime of slow
velocities prior to flow reversal.
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G&H29.5

THE DOWNWARD MAPPING OF THE POLAR ELECTROJET
CURRENT DURING DISTURBED CONDITIONS

D. H. Werner
The Applied Research Laboratory
The Pennsylvania State University
P. O. Box 30
State College, PA 16804

A. J. Ferraro
Electrical and Computer Engineering
The Pennsylvania State University
University Park, PA 16802

An investigation is made of how the polar electrojet currents and associated
electric fields map down from the E region, through the D region and to the
ground. The electrojet current is represented by a simple Cowling model in
which the geomagnetic field is vertical. A finite difference technique is used to
obtain a numerical solution to the boundary value problem which characterizes
the electrojet mapping behavior. This model is employed to study the downward
mapping of the polar electrojet current during intense magnetic storms occurring
under sunspot maximum daytime conditions. Results have also been obtained for
the downward mapping of the electrojet currents and electric fields in the
presence of jonospheric D region conductivity irregularities. A possible
application of electrojet mapping theory to the interpretation of high-latitude
ionospheric modification data taken during polar electrojet events is discussed.
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G&H29.6

DETECTION OF SIGNAL PROPAGATION FROM A
HEATED POLAR IONOSPHERE

R. J. Lunnen, Jr., D. H, Werner
The Applied Research Laboratory
The Pennsylvania State University
P. O. Box 30
State College, PA 16804

T. W. Collins*
Electronic Design Services
The Pennsylvania State University
115 Engineering Services Building
University Park, PA 16802

A. J. Ferraro
Electrical and Computer Engineering
The Pennsylvania State University
University Park, PA 16802

During August of 1989, The Pennsylvania State University investigated signal
propagation from a heated polar ionosphere using the High Power Auroral
Stimulation (HIPAS) heating facility located approximately 47 kilometers east of
Fairbanks, Alaska. The high frequency (HF) transmitter at HIPAS consisted of
a circular array of eight crossed dipole antennas tuned to 2.85 MHz. The
transmitter carrier frequency was modulated by Quadrature Phase Shift Keying
(QPSK) for a portion of the testing. Another method of modulating the signal
amplitude and phase was accomplished using conical scan by rotating the HF
beam in a circular path tilted 30 degrees from vertical. A single channel
ELF/VLF receiving system was assembled in a 26 foot mobile van with ferrite
core and air core loop antennas. A two channel recorder with a bandwidth of 60
Hz - 60 KHz, was provided by The Johns Hopkins University Applied Physics
Laboratory for continuous recording of the testing signal and noise environment.
Remote locations from 130 to 387 miles from the heater were selected and
propagated signal amplitude and phase were recorded. Communications between
the mobile van and the transmitter coordination and control facility was via an
amateur VHF digital link using packet radio. This paper will discuss the results
of these tests and compare the findings to earlier results obtained by researchers
using the HF heater at Ramfjordmoen near Tromso, Norway.
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G&H29.7

MEASUREMENT AND
INTERPRETATION OF IONOSPHERIC
EFFECTS PRODUCED BY A LARGE
GROUND-BASED EXPLOSION

S.J.Anderson
Surveillance Research Laboratory

Defence Science and Technology Organisation
SALISBURY SOUTH AUSTRALIA 5108

In May 1990 a ground-level detonation of 7500 kg of high explosive took place
near Woomera, South Australia. Although the purpose of the test was to measure
blast effects in the immediate vicinity of the explosion, the event provided an
opportunity to look for delayed acoustic disturbances in the jonosphere.

To detect the passage of the pulse through the jonosphere above the explo-
sion, an oblique radio sounding system was deployed. This consisted of a portable
transmitting facility of 25W mean power, radiating a linear FMCW waveform of
15 kHz bandwidth at a WRF of 15 Hz, together with the fixed receiver system
of the JINDALEE skywave radar located near Alice Springs. Part of the JIN-
DALEE receiving array was phased to look backwards towards Woomera and
the portable transmitter was installed at Mt Gambier so that the midpoint of
the oblique path lay directly above the explosion.

This sounding system was operated as a channel scattermg function monitor,
with Doppler shift and group delay measured directly from the deramped wave-
form Doppler spectrum. In addition, a number of ionosondes, magnetometers
and other instruments were deployed within 1000 km of the blast. The JIN-
DALEE Miniradar was operated as a second channel scattering function moni-
tor over the path from Alice Springs to Darwin, in the opposite direction to the
blast, in the hope of observing travelling ionospheric disturbances excited by the
explosion.

Analysis of the data collected from the Mt Gambier - Alice Springs path shows
evidence of a weak Doppler shift- which persisted for several minutes after the
pulse reached the lower F-region. To explain the unusual form of this signature,
a mathematical model of the effects of a travelling density wave on the phase
path of an obliquely-propagating radio signal has been developed. On the basis
of this model, the connection between the electron density profile, the acoustic
pulse parameters and the Doppler shift has been established.
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G&H29.8

A Study of the Slab Thickness of the Ionosphere
By

Kenneth Davies
NOAA/ERL/Space Environment Laboratory
325 Broadway
Boulder, Colorado 80303

Satellite radio beacons have been used to measure the total
electron content of the ionosphere since the launch of Sputnik I
in 1957. Measurements of Faraday rotation and time of flight
give information on the topside and on the protonosphere. Mor-
phological studies show that the slab thickness of the ionosphere
depends on the solar index but is approximately independent of
geographical location. The total electron content can be ob-
tained from a knowledge of the slab thickness and the maximum
electron density that can be estimated from ionospheric models
(e.g., IONCAP).
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(46.1)

(46.2)

(46.3)

(46.4)

(46.5)

(46.6)

(46.7)

(46.8)

Observations of HF-Enhanced Plasmalines by Chirped ISR, T. HAGFORS,
B. ISHAM, Cornell University, Ithaca, NY, USA

High Resolution Measurements of the HF Enhanced Plasma Line at Arecibo
and Tromsg, M.P. SULZER!, F.T. DJUTH?, J.A. FEJER?, H. KOHL4,
P. STUBBE4, M.T. RIETVELD?, 1Arecibo Observatory, Arecibo, PR, * The
Aerospace Corporation, Los Angeles, CA, and 3 University of California at San
Diego, La Jolla, CA, USA; 4 Max-Planck-Institut fir Aeronomie, Katlenburg-
Lindau, Germany; sE 1.5.C.A.T, Ramfjordbotn, Norway

Space and Time Dependence of Strong Langmuir Turbulence Excited by HF
Modification of the lonosphere, D.F. DuBOIS?, H.A. ROSE:, D, RUSSELL?,
1los Alamos National Laboratory, Los Alamos, NM, and 2Lodestar Research
Corporation, Boulder, CO, USA

COFFEE/CAFE

Observations and Theories of HF-Induced Langmuir Turbulence, J.A. FE-
JER, University of California at San Diego, La Jolla, CA, USA

Duct-Model Explanation of the Broad Component of the Plasma-Line Spec-
trum Observed at Arecibo, D.B. MULDREW Communications Canada,
Ottawa, ON, Canada

Oblique. lonospheric Heating by HF Waves, D. HINKEL-LIPSKER:, M.
SHOUCRI:, T. SMITH, T. WAGNER?, J. HANSEN2?, G. MORALES?,
1TRW Space and Technology Group, Redondo Beach, CA, and 2University
of California, Los Angeles, CA, USA

Nonlinear Refraction of O-Mode Waves in the lonosphere, J.D. HANSEN,
G.J. MORALES, J.E. MAGGS, University of California, Los Angeles, CA, USA

Excitation of Airglow by High Power Radio- Waves from the “SURA"
lonospheric Heating Facility, P.A. BERNHARDT?!, W.A. SCALES?, D.S.
KOTIK?2, S.M. GRACH?, A.N. KEROSHTIN2, *Naval Research Laboratory,
Washington, DC, USA; * Radiophysical Research Institute, Gorky, USSR
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H46.1

OBSERVATIONS OF HF-ENHANCED
PLASMALINES BY CHIRPED ISR

T. Hagfors and B. Isham
Natjonal Astronomy and Ionosphere Center

Cornell University
Ithaca, NY 14853-6801

Most of the chirped ISR observations of the enhanced plasma line reported
so far have been taken during the day-time. The reason for this choice has
been the desire for simultaneous observation of the heater-enhanced line and
the natural plasma line in order to place the two in spatial relation. In these
experiments the frequency shift of some 100 kllz between the natural and
the heater-enhanced chirped plasma lines, interpreted as small scale density
depletions near the critical level, is seen quite regularly. Some times, however,
a few seconds after the HF turn-on, a second scatiering layer develops about
2 km below the initial level, often corresponding to the height of the natural
plasma line. In our observations, the return from the higher level often
disappears when this happens. In some of the observations there is spreading
and reformation of the natural plasma line on a time scale of 30 sec, when a
30 sec on 30 sec off HF time sequence is used. This spreading of the natural
plasma line is thought to be due to small scale field-aligned striations with
relative density fluctuations of 1 to 2 %. The heater-enhanced plasma line
still appears primarily to come from a very thin layer near the critical level.

Recent night-time observations of the same type have revealed qualita-
tively different results. In these observations it is not possible to observe the
natural plasma line and place the heater-enhanced plasma line in relation
to it. The latter is no longer confined to a narrow height range as in the
day-lime observations, but often extends over a height range as large as 4
km. There is some evidence that the extent of the height spreading depends
strongly on the power level of the HF-heater.

A number of examples of the observations are shown, and the possible
reasons for the different behavior of the heater-enhanced plasma line between
day-time and night-time observations are discussed.



HIGH RESOLUTION MEASUREMENTS OF THE HF ENHANCED
PLASMA LINE AT ARECIBO AND TROMSQ

M. P. Sulzer*
Arecibo Observatory, Arecibo, Puerto Rico
F. T. Djuth
The Aerospace Corporation, Los Angeles, Ca.
J. A. Fejer
University of California at San Diego, La Jolla, Ca.
H. Kohl! and P. Stubbe
The Max-Plank-Institut fiir Aeronomie, 3411 Katlenburg-Lindau, FRG
M. T. Rietveld
EISCAT, Ramfjordbotn, Norway

An extensive set of high resolution measurements of the response of the HF
enhanced plasma line in the region near HF reflection has been carried out. Re-
sponses in both the time and altitude domains have been optimized within cer-
tain existing system constraints using innovative data-recording and pulse coding
techniques. Measurements of total power versus altitude and spectral power den-
sity versus frequency and range are presented. Measurements are shown from
the Arecibo facility, made in the last two years, with mid-latitude B field con-
figuration using the 430 MHz radar, and from the MPI Tromsg facility, made in
November, 1990, with a high-latitude B field configuration using the EISCAT
224 MHZ and 930 MHZ radars.

The scatter from the plasma is found to be highly structured in all of the
measured domains. Some aspects of the behavior are highly repeatable for a
given cycling of the HF modifier, but there are random aspects of the response
as well. Reapeatable behavior is the rule near the beginning of a cold start
cycle, in which the HF modifier has been off for several minutes and for certain
pulsing sequences. There are substantial differences in the dynamic behavior of
the plasma line at Arecibo and at Tromsg. The significance of the observations in
terms of the various theories regarding how the plasma instabilities are generated
is discussed.
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H46.3

SPACE AND TIME DEPENDENCE OF STRONG LANGMUIR TURBULENCE
EXCITED BY HF MODIFICATION OF THE IONOSPHERE

D. F. DuBois,(@)* Harvey A. Rose(?) and David Russell(®)
(9)Los Alamos National Laboratory, Los -Alamos, NM 87545
(])Lodestar Research Corp., 2400 Central Avenue, Boulder, CO 80301

Recent experiments (Djuth, Sulzer and Elder and Fejer, Sulzer and
Djuth, 1990) have revealed the space-time structure of the Langmuir tur-
bulence excited by HF heating of the ionosphere at Arecibo, with spatial
(temporal) resolution of about 100 m (~10 ms). At early times (£100
ms) following HF turn-on, the turbulence resides in a narrow layer near
the reflection height and produces a plasma line power spectrum which is
consistent with strong Langmuir turbulence (SLT) predictions but not with
the conventional approximation known as weak turbulence theory (WTT).
At later times the turbulence unevenly fills a layer 1 to 2 km thick below
the reflection height and produces a spectrum gqualitatively similar to some
WTT predictions. Our recent work, based on numerical simulations of the
complete nonlinear equations describing the turbulence, shows that caviton
collapse, a basic SLT phenomenon, and parametric decay cascades can co-
exist at densities (altitudes) below critical density. Significant quantitative
differences are found from WTT predictions: a truncation of the number of
cascade steps, and most dramatically a different level, k-space distribution,
and power. spectrum of ion density fluctuations which arise primarily from
caviton collapse. For the observed spectra, to be consistent with decay of
free Langmuir waves, some modification of the ionospheric electron density
profile must be invoked. One mechanism, which can be effective on the
100 ms time scale, is the density depletion in the observed narrow layers
of turbulence due to the averaged ponderomotive force of the HF-induced
turbulent electric fields. With this modification the SLT predictions appear
to agree with the observed time dependence of various spectral features,
including the free mode line, following HF turn-on (in a ‘cold start’) and
HF turn-off. A theoretical description of the up-down asymmetry of the
free-mode line observed by Cheung et al. (1990) will also be discussed.
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OBSERVATIONS AND THEORIES OF HF-INDUCED LANGMUIR TURBULENCE

Jules A. Fejer, Department of Electrical and Computer
Engineering, University of California at San Diego,
La Jolla, CA 92093

The first interpretations of 430 MHz radar backscatter
spectra from HF-induced Langmuir turbulence in the ionosphere
above Arecibo were in terms of a cascade of those para-
metrically excited Langmuir waves that were generated
at the so called matching height. That height is defined
by the condition that Langmuir waves in the ambient
plasma could there simultaneously satisfy both, the
Pines and Bohm dispersion relation and the Bragg back-
scatter condition for the 430 MHz radar at Arecibo.
The unstable Langmuir waves were predicted to form very
small angles with the geomagnetic field and were therefore
not directly detectable by the Arecibo radar. Only
the detection of the relatively weak Langmuir waves
resulting from the scatter of the HF pump and of the
unstable Langmuir waves by the thermal ion acoustic
waves was predicted; the observed weak backscatter was
predicted to come from the matching height, roughly
a kilometer below the reflection height of the pump
wave.

Observations over the last decade showed conclusively
that the backscatter was strong rather than weak and
came from a range of heights which could extend from
the matching height up to the reflection height rather
than from only the matching height.

The above first interpretation, based on the weak turbulence
approximation, has also been questioned on theoretical
grounds. It has been asserted that the correct theoretical
approach is in terms of strong Langmuir turbulence of
collapsing cavitons, described by the Zakharov equations,
rather than in terms of the weak turbulence approximation.

The purpose of the present work is twofold. First it
will be shown that recent numerical simulations based
on the Zakharov equations lead under certain conditions
to a cascade of Langmuir waves that is very similar
to the one predicted by the weak turbulence approximation.

Secondly the nature of the limited agreement of recently
observedradarbackscatterspectrawithexistingtheoretical
predictions will be examined. Based on the results
of that examination suggestions for future experimental
and theoretical investigations will be made.
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DUCT-MODEL EXPLANATION OF THE BROAD COMPONENT OF
THE PLASMA-LINE SPECTRUM OBSERVED AT ARECIBO

D. B. Muldrew
Communications Research Centre, Department of Communiecations
P.O. Box 11490, Station ‘H’, Ottawa, Ontario K2H 832, CANADA

The plasma-line spectrum observed during on-off cycling of the HF
heater at Arecibo contains one or more ‘decay lines and a ‘broad component’
(BC), sometimes called the ‘broad bump’, which can have a maximum in
intensity and can extend for tens of kilohertz (Showen and Kim, J. Geophys.
Res., 83, 623, 1978). The heater wave decays parametrically into Langmuir
(L) waves and jon-acoustic waves. Some of the L waves cross the duct axis
(parallel to the magnetic field) at an angle of 45° or more and are responsible
for the first parametric-decay line. The frequency offset of this line from the
HF, and the frequency asymmetry between the upshifted and downshifted
components, can be calculated from the duct model using reasonable pa-
rameters. For the power levels used in the early experiments of Showen and
Kim, the growth time for this line is a few milliseconds.

L waves which propagate almost along the axis of the duct (and thus
have their electric field almost parallel to the electric field of the heater
wave) have a growth time of about 1 ms. Their frequency offset can be
considerably greater than that of the observed first decay line. These axial
L waves can then decay parametrically into secondary L waves. For a given
axial L wave there are two decay schemes that produce secondary L waves
which are observed by the radar. The offset frequencies of these secondary
waves differ by a few to several kilohertz and can vary from about three
times the offset of the first decay line to considerably greater than this.
The maximum intensity of the BC occurs near these two frequencies. The
primary axial L waves can cross the duct axis over a range of angles. This
results in a range of frequencies which smoothes out the BC. Axial L waves
also decay into secondary axial L waves and these secondary waves then
decay into L waves which are observed by the radar. Only one or two
additional decays of this type are necessary to generate the 50-kHz width of
the BC. Hence, the BC can be observed a few milliseconds after the heater
is turned on.

There is another possible parametric instability which may contribute
to the BC. L waves crossing the duct axis at intermediate angles (e.g. near
45°) can decay into ion-acoustic and Bernstein waves. Bernstein waves prop-
agate almost perpendicular to the magnetic field and have negligible Landau
damping. These grow and propagate in the duct with very little refraction.
They can then decay into ion-acoustic ‘waves and into L waves which are
observed by the radar.
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OBLIQUE IONOSPHERIC HEATING BY HF WAVES

D. Hinkel-Lipsker, M. Shoucri, T. Smith*
and T. Wagner
TRW, Space and Technology Group
Redondo Beach, CA 90278
J. Hansen and G. Morales

Physics Dept., UCLA, Los Angeles, CA 90024

Oblique propagation of high power high frequency (HF)
waves produces heating in the ionosphere which in turn
causes nonlinear deformation of the incident HF beam.

An advanced ray tracing code is coupled to an

ionospheric transport code in order to model the
self-consistent deformation of the beam by the heated
ionospheric volume. Results showing the unigue
capabilities of the wave ray tracing code have been
previously presented. In the current effort, we show
the upgrade work done on the transport code as well as

the coupling of both codes. We also present

preliminary results on the feedback effect the heating

has on the HF bean.
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NONLINEAR REFRACTION OF O-MODE WAVES IN THE IONOSPHERE

J. D. Hansen®, G. J. Morales, and J. E. Maggs
Department of Physics, University of California Los Angeles,
Los Angeles, CA 80024

Nonlinear refraction is the self-consistent bending of an O-mode
electromagnetic beam by heating-induced density modifications in a
strongly magnetized plasma in which the ambient density gradient
makes an angle relative to the magnetic field, as is common in
ionospheric heating experiments.  Power absorbed in the initially
horizontal reflection region creates a large field aligned density
depletion. This reorients the reflection surface parailel to the magnetic
field and causes intense heating along a narrow flux tube. The region of
depleted density increases the extent of the resonant interaction region
along the magnetic field and provides a favorable geometry for the
occurrence of nonlinear effects and upper-hybrid phenomena. A
transport model including nonlinear refraction has successfully
explained the formation of large scale ionospheric modifications in
experiments performed at Arecibo (J. D. Hansen, et. al., Phys. Rev. Lett.
65, 3285, 1990). The observations also include preiiminary evidence
supporting the occurrence of upper-hybrid phenomena after nonlinear
refraction sets in.
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EXCITATION OF AIRGLOW BY HIGH POWER RADIO WAVES
FROM THE "SURA"™ TIONOSPHERIC HEATING FACILITY

P. A. Bernhardt and Wayne A. Scales
Space Physics Branch, Code 4780
Plasma Physics Division

Naval Research Laboratory
Vashington, DC 20375-5000 USA

D. S. Kotik, S. M. Grach, and A. N. Keroshtin
Radiophysical Research Institute
N. Novgorod (Gorky) 603600 USSR

The SURA system for generation of high power radio waves
is located near the village of Vasil’sursk, USSR. There, a
300 x 300 m? transmitting antenna is fed by three 250 k¥
transmitters operating between 4.5 and 9.0 MHz. The maximum
ERP of this system is 300 MW. Optical measurements were made
at SURA during August 1990. Images of enhanced red-line (630
nm) and green-line (557.7 nm) emissions were recorded during
radio wave transmissions at 4.785, 5.455, 5.828, and 7.815
MHz. Field-aligned structures with scale sizes on the order
of 1-10 km were observed. The airglow clouds drifted across
the night sky, disappeared, and reformed at the zenith of the
antenna array. This has been previously interpreted in terms
of radio beam refraction in drifting plasma irregularities and
"snap-back"” when the beam can no longer be entrained by
density cavities [Bernhardt et al., J. Geophys. Res., 94,
9071, 1989). Energetic electrons are accelerated out of the
interaction regions by the electrostatic waves. Ambient
oxygen atoms are collisionally excited by these suprathermal
electrons to yield enhanced airglow. From the intensities of
the airglov emissions, one can estimate the distribution of
suprathermal electrons streaming out of the radio wave
interaction regions in the ionosphere. Electron fluxes and
effective temperatures will be estimated for variations in
transmitter frequencies and power densities. Ve were able to
make reliable airglow measurements at SURA every time the high
povwer transmissions occurred at frequencies below the F-layer
critical frequency. Subject to clear skies, the low-light-
level-imaging technique is a reliable method to study large
scale irregularities and electron acceleration with HF
transmitting facilities having effective radiated power of 250
MV or greater.
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Ball Lightning, D.B. MULDREW, Communications Canada, Ottawa, ON,
Canada )

lonospheric Emissions Stimulated by /n Situ High Power High Frequency
Wave Injection, R.F. BENSON, V.A. OSHEROVICH, NASA/Goddard Space
Flight Center, Greenbelt, MD, USA

Diffuse Resonance Below the Electron Gyrofrequency — The Case of a Mis-
taken Identity? V.A. OSHEROVICH, R.F. BENSON, NASA/Goddard
Space Flight Center, Greenbelt, MD, USA

Heating and lonization of the Lower lonosphere by Lightning Discharges, U.S.
INAN, T.F. BELL, J.V. RODRIGUEZ, Stanford University, Stanford, CA,
USA

VLF Remote Sensing of Thunderstorm and Radiation Belt Coupling to the
Lower lonosphere, U.S. INAN, Stanford University, Stanford, CA, USA
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Bistatic RF Investigations in the Oedipus-A Tether Experiment, H.G.
JAMES!, A.E. HAMMOND:, M.L. LAUZON:, G.W. HULBERT?,
1Communications Research Centre, Ottawa, ON, and 2York University,
Downsview, ON, Canada

Z-Mode Propagation in lonospheric Density Irregularities Observed on Oedi-
pus A, H.G. JAMES, Communications Research Centre, Ottawa, ON,
Canada

RF Signal Transmission Aloﬁg a Tether in the lonosphere, C.C. BANTIN?,
K.G. BALMAIN?, H.G. JAMES?, G. HULBERTS, ! University of Toronto, ON,
2 Communications Canada, Ottawa, ON, and 3York University, Downsview,
ON, Canada

Application de la spectroscopie dans le domaine du temps a I'étude des

résonances de gaine, P.-R. RENAUD, M. NACHMAN, Ecole Polytechnique
de Montréal, PQ, Canada

Experimental Study and Modelling of Magnetoplasmas Sustained by Electro-
magnetic Guided Waves, J. MARGOT, M. MOISAN, Université de Montréal,
PQ, Canada
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BALL LIGHTNING

D. B. Muldrew
Communications Research Centre, Department of Communications
P.O. Box 11490, Station ‘H’, Ottawa, Ontario K2H 832, CANADA

A few rather poor photographs of ball lightning and a very large num-
ber of surprisingly consistent eye-witness observations have been reported
in the literature. The observations have been reduced to a set of reliable
characteristics. These have been used to develop a model of ball lightning
which is presented here. In this model electromagnetic-wave propagation,
guided by a spherical plasma shell, is an essential component.

Ball lightning is assumed to have a solid, positively charged, core at
its centre. The large amount of energy often associated with ball lightning
is mainly due to the electrostatic energy of the charge on the core. The
upper energy limit is determined by the size and strength of the core and
this energy can be orders of magnitude greater than the energy which can be
confined by atmospheric pressure alone. A pure electron layer and a plasma
layer surround the core. The charge of the electron layer is equal in magni-
tude to that of the core. An electromagnetic field is completely trapped by
the electron and plasma layers. The electron temperature is sufficiently high
that absorption by electron-ion collisions is small, enabling the ball to have
a lifetime of seconds or more. The ponderomotive foree (radiation pressure)
of the trapped electromagnetic field balances the electrostatic forece of the
electrons toward the core plus the force of atmospheric pressure.
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TONOSPHERIC EMISSIONS STIMULATED BY IN SITU HIGH POWER
HIGH FREQUENCY WAVE INJECTION

R.F. Benson* and V.A. Osherovich
NASA/Goddard Space Flight Center, Code 692
Laboratory for Extraterrestrial Physics
Greenbelt, MD 20771

Powerful topside sounders perturb the ionosphere to the
point where stimulated emissions are routinely observed. These
stimulated emissions were first identified by Nelms and Lockwood
[Space Res., 7, 604, 1966] who introduced the name diffuse
resonances because of their appearance on topside sounder
ionograms. They can usually be easily distinguished from the
principal resonances observed at the electron plasma frequency
fy, the harmonics of the electrom cyclotron frequency f, and the
upper hybrid frequemcy f; = (f§ + £2)1/2 which are well
explained in terms of the reception of ecgoing sounder-generated
electrostatic waves. These diffuse resonances appear as a
sequence of resonances between the harmonics of £, and below fy-
The sequence nature was first recognized by Oya [J. Geophys.
Res., 75, 4279, 1970). The recent observations of Shuiskaya et

al. [Planet. Space Sci., 38, 173, 1990] provide evidence for a
close relationship between sounder-accelerated electrons and the
spectrum of sounder-stimulated diffuse resonances. :

Several theories have been proposed to explain the diffuse
resonance phenomena. Oya [Phys. Fluids, 14, 2487, 1971]
attributed the waves to a Harris instability initiated by a
sounder-stimulated electron temperature anisotropy and
maintained by a three-wave coupling process. Kiwamoto and
Benson [J. Geophys. Res., 84, 4165, 1979] replaced the three-
wave coupling process by an nonlinear Landau damping process.
Both of these mechanisms were based on weak turbulence theory.

Pullinets and Selegey [J. Atm. and Terr. Phys., 48, 149, 1986]

proposed a mechanism based on strong turbulence. Osherovich
[J. Geophys. Res., 92, 316, 1987] applied a macroscopic theory
of Force-free electromagnetic oscillations to predict the
spectrum of frequencies of various bounded states that were
interpreted as members of the sequence of diffuse resonances.

The present paper will summarize and conmsolidate the diffuse
resonance observations with the inclusion of new observations
that extend the diffuse resonance sequence, review the various
theoretical approaches and compare predictions with
observations, outline the major problems to be solved and
discuss planned laboratory and space experiments including the
Space Shuttle/Spartan flight of the Waves in Space Plasmas/High
Frequency (WISP/HF) instrumentation scheduled for 1995.
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DIFFUSE RESONANCE BELOW THE ELECTRON GYROFREQUENCY —
THE CASE OF A MISTAKEN IDENTITY?

V.A. Osherovich* and R.F. Benson

NASA/Goddard Space Flight Center, Code 693
Greenbelt, MD 20771

Oya [Phys. Fluids, 14, 2487, 1971] intespreted the sequence of diffuse plasma
resonances Dy, in terms of a wave-particle nonlinear interaction in a weakly

turbulent plasma. He suggested the frequency relation
fDo=1fQus2- 20

for n=1,2,3 and 4, where Qp are the Bemstein modes and fyj is the electron

. gyrofrequency.

Recently, using antarctic rocket observations in the auroral ionosphere, Morioka et
al [J. Geomag. Geoelectr., 40, 923, 1988] extended this relation to the case of
n=0,ie.,

o =1Qz - 2fi.

‘We have analyzed their passive rocket data and concluded that the above formula
does not agree with their observations. In our presentation we will discuss an
altemative interpretation.
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HEATING AND IONIZATION OF THE LOWER
IONOSPHERE BY LIGHTNING DISCHARGES
U. S. Inan*, T. FE. Bell, and J. V. Rodriguez
STAR Laboratory, Stanford University,

Stanford, California 94305

It is suggested that ionospheric electrons at 90 km altitude can
be strongly heated during the upward passage of short (<100 us)
pulses of intense electromagnetic radiation from lightning discharges.
Using observed electric field intensities of 5-20 V/m normalized to
100 km distance from cloud-to-ground discharges, and a pulse of
duration 50 us, the temperature of the ambient electrons at 90-95 km
altitude in the nighttime ionosphere can be increased by factors of
up to 100-500. These energized electrons in tum produce secondary
ionization, leading to local density enhancements in 2 single joniza-
tion cycle (~3 us) of up to 400 el cm™3 at ~95 km altitude. The
relative effects of both elastic and inelastic collisions are considered
* in determining the heating levels. The time constant of the heating
is of the order of 10 ps, so that steady state can be reached and a
number of ionization cycles could occur during a 50 ps radiation
pulse, leading to even higher density enhancements. This effect can
account for most of the previously reported observations suggesting
direct upward coupling of lightning energy to the lower ionosphere
as manifested in ‘early’ or ‘fast’ subionospheric VLF perturbations
following within < 50 ms of radio atmospherics or lightning and ex-
hibiting unusually rapid (<50 ms) signal changes. The heating and
ionization due to radiation from lighting is compared with that due
to high power VLF transmitters.
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VLF REMOTE SENSING OF THUNDERSTORM
AND RADIATION BELT COUPLING TO THE
LOWER IONOSPHERE

U. S. Inan

STAR Laboratory, Stanford University,

Stanford, California 94305

Very Low Frequency (VLF) waves propagating in the earth-
ionosphere waveguide are used to measure transient and localized
disturbances of the nighttime lower ionosphere that occur in as-
sociation with lightning discharges. Upward/downward coupling
between the troposphere and the ionosphere occurs in lightning-
induced electron precipitation events in which localized density
enhancements in the D-region are produced by energetic (>40
keV) electrons precipitated by whistlers. Using observations at
distributed sites and over many collinear VLF great circle paths,
and by comparing with the predictions of a new three dimen-
sional theoretical model of earth-ionosphere waveguide propaga-
tion, new information on the location and transverse extent of
the ionospheric disturbances can be extracted. In some cases,
especially on relatively short (<1500 km) paths, the VLF event
signatures exhibit sensitive dependences on the altitude profile
of the electron density, indicating that energy spectrum of pre-
cipitating electrons may also be measurable with this technique.
New examples of direct upward coupling of lightning energy to
the lower ionosphere are also revealed in the course of such mea-
surements as unusually rapid VLF signal changes. These sig-
natures are believed to be due to localized heating of the lower
ionosphere by intense radiation from lightning discharges that
also leads to ionization enhancements. In this paper, recent ex-
amples of both kinds of coupling effects observed on multiple
collinear VLF paths will be discussed.
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- BISTATIC RF INVESTIGATIONS
IN THE OEDIPUS-A TETHER EXPERIMENT

H.G. James*, A.E. Hammond and M.L. Lauzon
Communications Research Centre
Ottawa, Ontario K2H 852

G.W. Hulbert
Institute for Space and Terrestrial Science
York University -
Downsview, Ontario M3J 1P3

The tethered OEDIPUS-A payload was launched on a sounding rocket
from Andgya, Norway during an active auroral display on 30 January
1989. The tether separation subsystem extended the electrically conduct-
ing wire between the two approximately equal subpayloads to a length of
958 m near apogee (512 km). Active and passive radio experiments in
the 0-5 MHz range were carried out using a transmitter (HEX) on one
subpayload and a companion receiver (REX) on the other subpayload.
These instruments were programmed to operate in a sequence of modes
that repeated every 6 s throughout the flight. During each 6-s major
frame, the HEX output was connected either to a dedicated 4-m dipole
or between the tether wire and the payload body. At certain points in
the major frame, the HEX power was off. Correspondingly, the REX at
its end of the tether was connected either to a 5-m dipole or between the
tether and the payload body. The HEX and REX together executed one
of three different frequency sweeps, one in the range 0 to 5 MHz (‘SH1’),
one in 20 to 10000 Hz (*SH2’), and one in 1.138 to 1.363 MHz (‘Fr’
These modes were designed to address a number of scientific questions
about plasma waves and rf electrostatic probes.

Examples of data from different HEX/REX modes are given. SH1
results contain a variety of novel phenomena in the areas of sheath waves
and electrostatic waves. Some of these are described in other papers at
this meeting. The SH1-mode data are found to provide a direct measure-
ment of local plasma frequency f, which lay between 2 and 4 MHz for
most of the fight. The history of f, across the flight scaled from the REX
data is very similar in shape to that determined from the onboard Lang-
muir probe. There are some differences in magritude, especially when the
payload descends through the densest part of the ionosphere at a height
of 130 km where the electron density is about 3 x 10° cm3.

In its SH2 mode, the HEX applied to the tether a series of 8 consec-
utive sinusoidal voltage waveforms at frequencies logarithmically spaced
between 20 and 10000 Hz. The current waveforms observed with REX are
compared with predictions based on the theoretical response of the large
double Langmuir probe formed by the tethered double payload. During
the Fn frequency mode, 50-us pulses were emitted by HEX at frequencies
in the vicinity of the electron gyrofrequency. The decay time constant of
these short pulses measured by REX is about 50 us and exhibits a fre-
que‘ximy dependence similar to the resonance effects observed in the SH1
mode.
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Z-MODE PROPAGATION IN IONOSPHERIC DENSITY
IRREGULARITIES OBSERVED ON OEDIPUS A

H. G. James .
Communications Research Centre
3701 Carling Avenue
Ottawa, Ontano K2H 852

The tethered sounding rocket payload OEDIPUS A was used to con-
duct bistatic propagation experiments on plasma waves in the auroral
ionosphere. The tether was aligned to within about 10° of the magnetic
field direction throughout the flight. Synchronized sweeps of the fre-
quency range 0 - 5 MHz by the 2-W transmitter HEX on the upper end
of the tether and its associated receiver REX on the lower end have pro-
duced signatures of quasi-electrostatic waves in the slow Z mode guided
along field-aligned depletions of ambient density. These waves have sig-
nal delays of about 1 ms over the transmitter-receiver separation which
varies up to 960 m during the flight. The Z mode identification is based
on payload measurements of the local plasma frequency . The transmit-
ted pulses typically appear inside a frequency bandwidth of about 100
kHz just above the plasma frequency, but occasionally occupy most of
the available bandwidth between the plasma frequency and the upper hy-
brid resonance frequency (BW = 300 kHz). The observed delays and the
stretching by a factor of 3 of the transmitted 300-us pulses are accounted
for with two-dimensional ray tracing using a complete electromagnetic
solution of the hot-plasma dispersion relation.
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RF SIGNAL TRANSMISSION ALONG A TETHER IN THE IONOSPHERE

C.C Bantin* and K.G. Balmain, University of Toronto, Toronto
H.G. James, Communications Research Centre, Ottawa
G. Hulbert, York University, Toronto

In January 1989 a rocket-bomne tether experiment called OEDIPUS-A was
launched from Andoya, Norway. During the flight the nose-cone and tail sec-
tions of the rocket separated and moved apart to a distance of about lkm while
connected by a thin insulated conducting wire. The wire was oriented essentially
paralle] to the magnetic field. An RF transmission system was carried on board
in which a stepped-frequency series of pulses was applied to the tether at the
nose-cone and received at the tail. This scheme provided an excellent opportun-
ity to characterize the transmission of signals on a tether in a plasma and to
observe for the first time the propagation of sheath waves along a tether in the
ionosphere. The RF signals were applied to the tether as a series of short pulses
which were stepped in frequency from 50 kHz to 5 MHz. The results of succes-
sive frequency sweeps during the flight are presented in the form of grey scale
plots of received signal levels over the entire post-separation flight.

The RF experiment operated in two modes which alternated throughout the
flight. In one mode the pulses were applied at 50 volts and received by a low
impedance load. In the other mode the pulses were applied at 1 volt and
received by a high impedance load. In addition, for each mode there was a low
level residual signal transmitted between pulses. This provided an opportunity to
observe the transmission of signals at different levels. Resulis are shown that
demonstrate both linear and non-linear behaviour.

Resonances are observed in the received signals at low frequencies. These
resonances depend on the length of the tether and are attributed to sheath waves
propagating along the tether and reflecting off the ends. Estimate are made of
the propagation constant for these waves. These results show an improvement
over the initial estimates and a more accurate dispersion curve is deduced from
the resonant frequencies displayed in each frequency sweep up to the mid-point
of the flight. The observed results are shown to be in excellent agreement with
computations done using an improved method-of-moments simulation of the
rocket/tether system.

The results of the OEDIPUS-A RF tether transmission experiment show
that significant RF coupling occurs along a thin wire tether in the ionosphere.
Coupling is especially strong at low frequencies due to sheath waves. This
demonstrates that, although the surrounding plasma is essentially cut-off from
propagation, significant signal coupling can occur along conducting structures at
low frequencies.
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APPLICATION DE LA SPECTROSCOPIE DANS LE DOMAINE
DU TEMPS A L’ETUDE DES RESONANCES DE GAINE

Pierre-Richard RENAUD * et Manfred NACHMAN
Département de génie électrique et informatique
Ecole Polytechnique de Montréal
Montréal (Québec), Canada

La spectroscopie dans le domaine du temps (SDT) est une méthode de mesure du
coefficient de réflexion complexe (I') sur une large bande de fréquences. Elle fait appel
3 la réflectométrie temporelle qui, combinée aux techniques de traitement numérique des
signaux et de transformée de Fourier rapide (TFR), en fait une excellente alternative a
la méthode plus traditionnelle de la réfiectométrie dans le domaine des fréquences (RDF)
basée sur I'utilisation de I’analyseur de réseaux. Le principal avantage de la SDT sur la
RDF est le fait qu’elle offre la possibilité d’obtenir des résultats sur une large bande de
fréquences par le biais d’une seule mesure, normalisée par rapport  un signal de référence
(par ex. le signal réfiéchi par un court-circuit de précision). Par contre, 1a SDT implique
un traitement mathématique beaucoup plus long et une moindre résolution fréquentielle
que la RDF (J.R. Andrews, Proc. IEEE 66, 414-423, 1978).

Le but de ce travail est d’évaluer la possibilité d’appliquer la SDT & Vétude
des caractéristiques des antennes immergées dans un plasma et, plus particuliérement,
4 l'observation des résonances associées aux ondes de gaine. Comme on le sait, tout
conducteur dont le potentiel est flottant ou négatif par rapport au plasma ol il est plongé,
se trouve entouré d’une couche appauvrie en électrons, la gaine ionique. Or, la présence de
cette gaine permet, sous certaines conditions, la propagation d’ondes de surface lentes - les
ondes de gaine - le long d’une sonde cylindrique dans un plasma. Des résonances associées
& ces ondes sont observées dans la réponse fréquentielle de la sonde.

Les expériences ont lieu dans un plasma d’argon de basse pression (0.4 mtorr) et
de densité électronique de (0.5 & 8) x 10%/cm3, en 'absence ou en présence d’un champ
magnétique (maximum 0.012 T') orienté parallélement 2 la sonde. La sonde cylindrique
(longueur: 5 cm, rayon: 0.24 cm) est constituée par le conducteur interne d’une ligne
coaxiale semi-rigide dénudée sur une courte section (M. Nachman, M. LeBlanc & N.P. Linh,
IEEE Trans. Plasma Sci. 16, 333-341, 1988). L’épaisseur de la gaine ionique est controlée
par P'application d’une tension dc 4 la sonde par le biais d’une unité de polarisation.

Une impulsion.de type échelon est envoyée vers la sonde dans le plasma. Le signal de
retour est traité numériquement aprés échantillonnage et quantification. On lui applique,
par la suite, la TFR. Le signal de référence, provenant d*un court-circuit remplagant la
sonde, est soumis & un traitement identique. Puis, par comparaison des spectres des deux
signaux, on dérive la réponse en fréquence du T' de la sonde. 1l est & noter que, pour fin de
vérification de la méthode SDT, les mesures sont répétées par la RDF.

Des graphiques représentant la phase et ’amplitude du coefficient de réflexion de la
sonde en fonction de la fréquence, obtenues par les deux méthodes, SDT et RDF, ont été
tracés pour ‘différentes conditions d’expérimentation. Les résultats recueillis' démontrent
une trés -bonne concordance entre les deux méthodes dans le domaine de fréquences
investigué (0 & 1000 MHz), la SDT pouvant étre appliquée de fagon efficace & I’étude
des résonances de gaine.
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EXPERIMENTAL STUDY AND MODELLING OF MAGNETOPLASMAS
SUSTAINED BY ELECTROMAGNETIC GUIDED WAVES

J. Margot* and M. Moisan
Département de Physique, Université de Montréal, CP 6128 Succ. A, Mon-
tréal H3C 317

This communication deals with the investigation of electromagnetic waves
guided by a cylindrical plasma column, in the presence of a static magnetic
field B, oriented axially to the plasma column. These waves are solutions of
Maxwell’s equations coupled to linearised hydrodynamic cold plasma equa-
tions, with appropriate boundary conditions. For a given azimuthal field
configuration defined by the integer m in the factor exp(im¢) of the field
amplitude, we obtain: 1) one solution for w<w, (® and w, are the wave and
electron cyclotron angular frequency, respectively) that tends toward a surface
wave when B, -> 0 2) an infinite number of solutions for w>w,. All these
waves are hybrid modes (combination of TM and TE waves). Our objective
is to determine among these waves those that can be used to sustain a
plasma column. This requires examining the dispersion and attenuation of
these various modes as well as the stability of the wave-plasma power
balance, as a function of electron density, plasma radius, @ and w,. The
influence of the polarisation of the wave electric field is also considered.
Such a subject is important when achieving low-pressure (i.e. large ion mean
free path) high density plasma columns.

The problem of selectively launching these waves is also examined both
theoretically and experimentally. In particular, it is shown how to obtain
large (with respect to wavelength in free space) diameter plasma column
sustained in a given m mode.

Experimental results are presented for 915 MHz and 2.45 GHz discharges
sustained in tube diameters between 30 and 300 mm, in argon, at pressures
ranging from 10* Torr to 1 Torr. A particular attention is paid to 1)
operation at w=w, in collisionless (resonant absorption) and collisional regime
2) radial homogeneity of the plasma density and temperature.
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WEDNESDAY afternoon 13:30 - 17:10 MERCREDI aprés-midi

Waves in Plasmas:

Applications

Room 3028 Salle Ondes dans les plasmas:
URS! H Session 80 applications

Chairs/présidents: J.A. KONG, USA
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(80.4)

(80.5)

(80.6)
(80.7)

(80.8)

(80.9)

(80.10)

On Three-Dimensional Propagation and Dispersion of Wave Packets De-
scribed by Spatial Moments, B. DONG, K.C. YEH, University of Hinois,
Urbana, IL, USA :

SEDS/DELTA 1l Long-Wire Vertical Antenna in Earth Orbit for E.M. Wave
Radiation Experiments in the Band ULF-to-VLF, M.D. GROSSI, Harvard-
Smithsonian Center for Astrophysics, Cambridge, MA, USA

Spectral Broadening of VLF Signals on Aircraft and Spacecraft Antennas,
F.J. KELLY, Naval Research Laboratory, Washington, DC, USA

Measurement of Electron Plasma Densities Developed During Space Vehicle
Atmospheric Re-entry Using a Stepped Double Side-Band Suppressed Carrier
Millimeter Wave Radar System, G.A. YBARRA?, S.H. ARDALAN!?, R.E.
MARSHALL?, R.T. NEECE?, 1North Carolina State University, Raleigh, NC,
2 Research Triangle Institute, Research Triangle Park, NC, and * NASA Langley
Research Center, Hampton, VA, USA

Estimation of Plasma Sheath Boundary Layer Characteristics from the Admit-
tance of Circular Apertures, R.W. LAWRENCE, NASA Langley Research
Center, Hampton, VA, USA

COFFEE/CAFE

A Space Shuttle Deployed Four Frequency Millimeter Wave Radar for Mea-
suring Electron Density Profiles in Geosynchronous Reentry Plasma, R.T.
NEECE!, R.E. MARSHALL?, *NASA Langley Research Center, Hampton,
VA, and ?Research Triangle Institute, Newport News, VA, USA

Plasma Ringing Driven by Electrodes Stepped to Large Positive and Nega-
tive Potentials, G.W., HULBERT?, J.G. LAFRAMBOISE!, A.C. CALDER?,
1York University, North York, ON, Canada; 2 Computer Sciences Corporation,
Lanham-Seabrook, MD, USA

Transient Analysis of Magnetoactive Plasma Using the Finite-Difference Time-
Domain Method, F. HUNSBERGER, R. LUEBBERS, K. KUNZ, Pennsyl-
vania State University, University Park, PA, USA

Interference Minima of Low-Frequency Electromagnetic Fields Produced by a
Horizontal Electric Dipole, A.S. INAN, University of Portland, OR, USA

Artificial lonospheric Mirrors for Radar Applications, R. SHORT?, C.
STEWART?, 'ARCO Power Technologies Inc., Washington, DC, and
2George Mason University, Fairfax, VA, USA
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ON THREE-DIMENSIONAL PROPAGATION AND
DISPERSION OF WAVE PACKETS DESCRIBED BY
SPATIAL MOMENTS

B. Dong* and K. C. Yeh
‘Wave Propagation Laboratory
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801-2991

In this paper we study the three-dimensional propagation of a vector wave
packet in a lossless, homogeneous but anisotropic medium. By using the super-
position principle and Fourier transform theory a general formulation of wave
packet propagation theory is developed. We prove that the square magnitude of the
complex amplitude of the wave packet over the whole space integrates to a constant.
The conservation of this integral merely reflects the lossless nature of the medium.
This integral can be considered as the zeroth spatial moment. Upon this foundation
the first and second spatial moments are introduced. The first moment determines
the position vector of the centroid of a wave packet. It is a linear function of time,
showing the motion of the centroid at a spectrum weighted average of the gradient
of frequency in wave number space. Thus the concept of group velocity is
extended to the wide banded wave packets. The second moment of the wave packet
describes the property of dispersion. It reflects the anisotropic nature of the
propagating medium and reveals the fact that the length of the wave packet expands
with time in the form of time squared.

* On leave from Chengdu Institute of Meteorology, China
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SEDS/DELTA II LONG-WIRE VERTICAL ANTENNA IN EARTH ORBIT
FOR E.M. WAVE RADIATION EXPERIMENTS IN THE BAND ULF-to-VLF

by
MARIO D. GROSS!
Harvard -Smithsonian Center for Astrophysics
Cambridge, Massachusetts 02138

An experiment has been recently designed by our Observatory to per-
form feasibility tests in Earth orbit on the generation and radia-

tion of e.m. waves by a long, vertical wire-antenna ( a dipole with
tip-to-tip length of 8 Km), in a frequency band that extends from

a fraction of 1 Hz {at the lower end of the ULF band) up to 30 KHz

(the upper end of the VLF band).

The Tong antenna (a conducting wire coated with dielectric)consists
of two SEDS tethers/deployers, mounted on a Delta II/GPS platform
(SEDS stands for Small Expendable Deployment System). One tether,

4 Km long, is deployed upwards and the other, of the same length,
downwards.

When experimenting at ULF, the antenna operates in a self-powered,
drag-compensated mode, with a total electromotive force (generated
by the ¥ x B . 1 mechanism) of about 1 KiloVolt, and a tether
current of about 18 Ampere. At 0.25 Hz, Signal-to-Noise ratios of
about + 6 dB arg expected at receivers on the Earth surface, in a
bandwidth of 10™“Hz :

When experimenting at VLF, a battery-operated on-board transmitter
will feed at mid-point the dipole.

The results of these experiments, expected to be carried out possibly
in 1993 at an orbital altitude of about 400 Km or higher, could pro-
vide the scientific foundation on which to base the system design of
spaceborne strategic communications.
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SPECTRAL BROADENING OF VLF SIGNALS ON AIRCRAFT AND
SPACECRAFT ANTENNAS

Francis. J. Kelly
Ionospheric Effects Branch, Space Sciences Division
E. O. Hulburt Center for Space Research
Naval Research Laboratory, Washington, DC 20375-5000

Experiments on the Naval Research Laboratory P-3 aircraft
in 1986 show that the spectra of very low frequency transmissions
received on electric field antennas were artificially broadened
when the aircraft experienced "precipitation static" while flying
through rainclouds. This phenomena is very similar to the
"spectral broadening" observed by vlf receivers flying on
satellites through the auroral zone in the ionosphere. Relations
between these phenome..a will be discussed . Their possible
common origin in the charging and discharging of the vehicles as
they fly through ionized media will be described.
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MEASUREMENT OF ELECTRON PLASMA DENSITIES
DEVELOPED DURING SPACE VEHICLE ATMOSPHERIC RE-ENTRY
USING A STEPPED DOUBLE SIDE-BAND SUPPRESSED CARRIER

MILLIMETER WAVE RADAR SYSTEM

G.A. Ybarra', S.H. Ardalan', RE. Marshalln, and R.T. Neecem

*North Carofina State University, Dept. of Electrical and Computer Engineering,
Box 7911 Raleigh, NC 27695 USA

:ftesearch Triangle Institute, Research Triangle Park, NC 27708 USA
NASA Langley Research Center, Hampton, VA 23665 USA

A technique for measuring the density profile of a non-uniform electron plasma
that develops next to the heat tiles of a space vehicle as it passes through the earth's
atmosphere is derived and simulated. On August 25, 1994, the NASA space shuttie
Discovery will deploy a 1/6 scale version of the prospective Mars Mission return vehicle in
the upper atmosphere of the earth. The purpose of this experiment, called the
Aeroassist Flight Experiment (AFE), is to determine the feasibility of using the
atmosphere as an aerobrake. The Mars return vehicie will achieve exiremely high
velocities and must be slowed in order to achieve a lower atmosphere orbit without the
use of retro-rockets since the weight of the fuel required for retro-rocket braking is
prohibitive. As the AFE vehicle passes through the atmosphere, a non-uniform electron
plasma will develop near the thermal protection system heat tiles. It is this plasma that is
responsible for the aerodynamic friction creating the aerobrake. Hence, characterization
of the dynamically changing plasma during the aeropass is of critical importance. The
plasma is characterized by its density profile as a function of distance from the heat tile
outer surface. in order to measure the plasma profile, a millimeterwave radar system,
called the Microwave Reflectometer lonization Sensor (MRIS), will be mounted directly
behind the heat tiles. The MRIS device is to provide profile measurements from 0-15 cm
from the tile surface with 0.5 cm accuracy. Measurement is facilitated by transmitting
microwave energy through the heat tiles into the plasma and detecting the energy
reflected by the plasma. Associated with a given frequency is a critical electron density.
When energy at a given frequency is transmitted by the MRIS device and encounters its
associated critical density, the energy is reflected at that point, called the turning point,
and will return for detection. The MRIS receiver is to convert the detected echo into an
estimate of the standoff distance which is defined to be the distance from the tile outer
surface 1o the turning point. The dynamically changing plasma that develops is non-
uniform in density and reflects microwave energy from different range locations
depending on the density and microwave frequency. Therefore, the "target” range is
different for different frequencies. In this application, high resolution range estimation
cannot be obtained from conventional high bandwidth pulsed radar. Complicating the
measurement is the physical constraint of mounting the microwave horns behind the heat
tiles which are coated on the outside with a thin, high dielectric, Reaction Cured Glass
(RCG) which reflects much of the energy before it ever enters the plasma, thus creating
an interfering reflection.

This paper presents both analytical and simulation results obtained at NCSU for
one of the primary candidate MRIS systems called the stepped double sideband (DSB)
system. These simulations were performed using a hierarchical vlock diagram
communications system simulator. One of the primary original contributions this paper
presents is the implementation of a unique and accurate inhomogeneous plasma model.
Another original contribution is our approach which uses the a priori knowledge of the
glass coating range as a reference while performing a time series analysis on the DSB
response data. Simulation results are presented which show remarkable accuracy
obtainable from applying high resolution spectral estimation techniques to the data
produced by the short-range, minimal bandwidth, stepped DSB radar system.
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ESTIMATION OF PLASMA SHEATH BOUNDARY LAYER
CHARACTERISTICS FROM THE ADMITTANCE OF CIRCULAR
APERTURES

Roland W. Lawrence
NASA Langley Research Center
Hampton, Virginia 23665-5225

NASA is currently planning a test flight which will include a suite
of instruments to study the plasma sheath developed around the
vehicle during reentry. One of the instruments which will be
included on this spacecraft is a microwave reflectometer known
as the Microwave Reflectometer Ionization Sensor (MRIS) which
is to estimate the electron density variation in the plasma sheath
surrounding the spacecraft. This measurement is greatly compli-
cated by the presence of the Thermal Protection Tiles over the
MRIS apertures. The MRIS will use multiple frequency, multiple
aperture measurements, and sophisticated processing to enhance
the Ne profile estimate. However, this approach is not expected
to produce reliable measurements within 1.0 cm of the vehicle.
While this will meet the primary science requirement, there is
interest in obtaining plasma characteristics within 1.0 cm of the
spacecraft. This paper will describe an approach to improve the
retrieval of plasma characteristics within this region.

The theory of the input admittance of a plasma covered aperture is
well known. Techniques to estimate electron density for assumed
profile shapes from admittance measurements have also been
studied. This paper describes an extension of these approaches to
include the effects of dielectric layers over the aperture. In addi-
tion, the admittance for various frequencies is used to minimize
the a priori assumptions that are required and improve the esti-
mate of Ne. This inverse scattering problem and some difficulties
encountered are discussed. Finally, several approaches to the
inverse scattering problem and modeled results are presented.
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A SPACE SHUTTLE DEPLOYED FOUR FREQUENCY
MILLIMETER WAVE RADAR FOR MEASURING ELECTRON
DENSITY PROFILES IN GEOSYNCHRONOUS REENTRY

PLASMA

Robert T. Neece *, NASA Langley Research Center, Hampton, VA 23665
Robert E. Marshall, Research Triangle Institute, Newport News, VA 23606

The Microwave Reflectometer lonization Sensor (MRIS) is being
developed by the NASA Langley Research Center for the purpose of
measuring the electron density profile from the surface of the Aeroassist
Flight Experiment (AFE) spacecraft during a simulated earth
atmosphere reentry from geosynchronous orbit. in the spring of 1995 the
AFE will be deployed from the cargo bay of a space shuttle in low earth
orbit. A solid rocket motor will accelerate the AFE to 33,800 feet per
second simulating the reentry velocity from geosynchronous orbit. The
AFE will then perform an aerobraking maneuver, or aeropass, through
the upper atmosphere and return to low earth orbit where it will be
retrieved by the space shuttle. During the aeropass, the MRIS will collect
data for terrestrial processing which will determine the spatial and
temporal profile of the reentry plasma electron density. The MRIS conical
horn antennas will be located in the stagnation region of the AFE just
behind the thermal protection system (TPS) tile above which the flow is
predicted to be laminar. The TPS is constructed of approximately one
inch of fibrous tile with a dielectric constant of 1.2 covered with
approximately 10 mils of reaction cured glass (RCG). The RCG has a
dielectric constant of 4.8 and presents a significant interfering target to
the MRIS. :

For any frequency, as the electron density increases toward the
critical value, the dielectric constant approaches zero and the plasma
becomes reflective. Four critical electron densities will be detected by
four stepped frequency radars centered at 20, 44, 95, and 140 GHz
corresponding to critical electron densities of 4.96X1012, 2.40X1013,
1.12X1014, and 2.43X1014 electrons per cm3 respectively. Each radar
will be sequenced through 64 steps separated by 64 MHz for a 4.096
GHz bandwidth. The returned signals for each frequency step will be
coherently detected and processed by a fast Fourier Transform resulting
in a range resolution of approximately 4 cm and an accuracy of
approximately 1 cm. Electron densities will be detected from 0 to 15 cm
above the TPS using a monostatic mode at 20 GHz, and a bistatic mode
at 44, 95, and 140 GHz.

This paper will present the final system design, predicted signal to

interference and noise ratios, 600 second data acquisition schedule, and
preliminary results from a simulated plasma model.
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PLASMA RINGING DRIVEN BY ELECTRODES STEPPED TO LARGE
POSITIVE AND NEGATIVE POTENTIALS

G.W. Hulbert* and J.G. Laframboise

Department of Physics
York University
North York, Ontario, Canada M3J 1P3

A.C. Calder

Computer Sciences Corporation, Greentec 2
10110 Aerospace Road
Lanham-Seabrook, Maryland, U.S.A. 20706

The details of nonlinear mechanisms behind dynamics of plasma ring-
ing will be presented. Plasma ringing, i.e. driven oscillations at the plasma
frequency (J.E. Borovsky, Phys. Fluids 31(10),1074-1100,1988; A.C. Calder
and J.G. Laframboise, Phys. Fluids B 2(3), 655-666,1990), is seen in the
time-dependent behaviour of a plasma sheath, studied by us via a radially
symmetric PIC simulation of a collisionless, isotropic plasma surrounding
an electrode, which is either a sphere or an infinite cylinder. Stepping the
electrode voltage to a large DC amplitude sets up a “breathing” mode of
the sheath at a frequency which is some geometry-dependent fraction of the
plasma frequency. For positive potentials, the ringing is driven to large am-
plitude by coupling to the ion-electron two-stream instability. For negative
potentials the breathing mode nonlinearly drives plasma ringing. In both
cases coupling to ion-acoustic waves is observed and damps the breathing
mode.

610



TRANSIENT ANALYSIS OF MAGNETOACTIVE PLASMA

USING THE FINITE-DIFFERENCE TIME-DOMAIN METHOD

F. Hunsberger’, R. Luebbers, and K. Kunz

Communications and Space Sciences Laboratory
Department of Electrical and Computer Engineering
The Pennsylvania State University
316 Electrical Engineering East
University Park, PA 16802

A cold plasma is suitably described by a dispersive complex electrical
susceptibility and a constant magnetic susceptibility. A consequence of
these constitutive parameters is the inability of electromagnetic waves to
propagate in the plasma if their frequency is below that of the plasma
frequency, where the frequency-domain permittivity is negative. This
phenomena, as well as the prediction of wave behavior when the plasma
permittivity is zero, has been accurately described using a finite-difference
time-domain (FDTD) algorithm which incorporates the proper time domain
susceptibility functions for the plasma.

When a plasma is subjected to a static magnetic field (such as in the
Earth’s ionosphere) it becomes anisotropic and the permittivity of the
plasma must be represented by a tensor rather than a scalar quantity.
Among the phenomena which can be shown for magnetoactive plasmas is
the occurrence of Faraday rotation, which occurs when a linearly-polarized
wave traverses the plasma paraliel to the biasing magnetic field.

The presence of anisotropy alone increases the complexity of any FDTD
algorithm. It is the incorporation of dispersive anisotropy into FDTD which
is the significant advancement presented here. It will be shown how the
rather unique time-domain susceptibilities must be handled and how the
FDTD algorithm must be modified for this class of gyrotropic media.
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INTERFERENCE MINIMA OF LOW-FREQUENCY ELECTROMAGNETIC
FIELDS PRODUCED BY A HORIZONTAL ELECTRIC DIPOLE

Aziz S. Inan

Electrical Engineering Department
The University of Portland
Multnomah School of Engineering
5000 North Willamente Boulevard
Portland, Oregon 97203-5798

New analytical expressions have been derived for the quasi-static
electromagnetic fields produced along the air-earth interface by a
horizantal electric dipole (HED) buried inside the earth. The expressions
are eaxct and usable at all distances from the source and over the
frequency range for which the quasi-static condition holds. In addition,
the expressions allow for explicit identification of the direct and lateral
wave components of the electromagnetic fields. Numerical data is
presented in graphical form for all the field components and reveals strong
interference of direct and lateral wave fields for some of the components.
The results are compared with other numerical data available in the
literature. Comparisons are also made with fields produced by other types
of dipole source configurations.
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ARTIFICIAL IONOSPHERIC MIRRORS FOR RADAR
APPLICATIONS

Robert Short
ARCO Power Technologies, Inc.
Washington, DC 20037 :

Clayton Stewart*
George Mason University
Fairfax, VA 22030-4444

Skywave OTH radars detect airborne targets by reflecting high frequency (HF)
waves off the ionosphere to the target, and receiving the energy backscatter after a
second reflection, at target ranges that extend beyond 3,000 kilometers. Because
skywave OTH radar utilizes the natrally occurring ionosphere, it is subject to a
number of uncontrollable factors that limit the performance:1)degradation of
coverage by natural phenomena, e.g. aurora and sun spot activity, 2)night-time
thinning and elevation of the ionosphere, necessitating use of low frequencies
which can't detect small targets and are subject to natural and man-made
interference at great distances, 3)random Faraday rotation, preventing polarization
control, important for reducing clutter and detecting low observables (LO) targets,
and 4)grazing incidence off the ionosphere, leaving a skip zone into which skywave
OTH radar cannot penetrate.

Recognition of the performance limitations associated with the natural ionosphere
has led a number of investigators to propose the creation of an Artificial Ionospheric
Mirror (AIM) in the upper atmosphere and using it to reflect radar signals for OTH
surveillance. The AIM is produced by beaming sufficient radio-frequency (RF)
power to the lower ionosphere (around 70 km) to enhance the in situ ionization
level to 107 electrons/cm3, ARCO Power Technologies Inc. (APTI) has been under
contract with AFGL and DARPA/MICOM 1o study the phenomenology involved in
the creation of an AIM, its utility as a radar reflector, and the resulting system
performance relative to air defense surveillance. Results from this study indicate
that a system using this concept would both complement and enhance the
performance of the existing skywave OTH radar.

The performance of the conventional OTH radar system can be enhanced by
providing an additional AIM sector, which has sustained operation in the 20-30
MHz regime independent of time of day, latitude, look angle, and ionospheric state.
The introduction of an AIM, located at the appropriate altitude, will create a reliable
and predictable reflection of the HF energy between the radar site and the area of
interest. An AIM adjunct to a conventional HF skywave radar can offer
substantially improved performance with regard to: 1) filling in the range hole that
exists out to about 1000 km due to minimum HF hop distance, 2) mitigation of
auroral effects in polar directed surveillance sectors, 3) sustained operation through
periods of increased sunspot activity and other ionospheric degradations, 4)
availability of the upper end of the HF spectrum during the diurnal jonospheric
cycle, and 5) improved detection of LO targets through frequency selection and
positive polarization control. In addition, an AIM based system is not restricted to
the HF band, but can operate in the lower VHF band, which has several advantages
over HF.
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MONDAY Morning 08:30 - 12:10 LUNDI avant-midi

Radio Techniques Room 2020 Salle Techniques radios
for Geodesy URS! J Session 1 pour la géodésie

Chairs/présidents: J. MORAN, USA

08:30 (1.1) Measurement of Crustal Motions with VLBI: Resuits from NASA's Crustal
Dynamics Project, J.R. RAY, Interferometrics Inc./NASA Goddard Space
Flight Center, Greenbelt, MD, USA

08:50 (1.2) Geodetic VLBI: Monitoring Global Change, W.E. CARTER, D.S. ROBERT-
SON, National Oceanic and Atmospheric Administration, Rockville, MD, USA
09:10 (1.3) Astronomical and Satellite Radio Techniques in Geodesy and Geodynamics, J.

KOUBA!, W.T. PETRACHENKO?, D. DELIKARAOGLOU?Z, J. POPELAR?,
cheoI:I)gicaI Survey of Canada, Ottawa, ON, and ®*S.M.R.S., Ottawa, ON,
anada

09:30 (1.4) Global Positioning System Measurements of Vertical Deformation Using
the California Permanent GPS Geodetic Array, J.F. ZUMBERGE, U.J.
LINDQWISTER, G. BLEWITT, F.H. WEBB, California Institute of Tech-
nology, Pasadena, CA, USA

09:50 (1.5) Studies of High Frequency Earth Rotation Variations Using Very Long Base-
line Interferometry, T.A. HERRING, Massachusetts Institute of Technology.
Cambridge, MA, USA

10:10 COFFEE/CAFE

10:30 (1.6) Estimating Vertical Deformation Using Very Long Baseline Interferometry and
the Global Positioning System, J.L. DAVIS, Harvard-Smithsonian Center for
Astrophysics, Cambridge, MA, USA

10:50 (1.7) Atmosphere Correction for Radio Geodesy, A.E. NIELL, Haystack Observa-
tory, Westford, MA, USA
11:10 (1.8) An Investigation of the Impact of the Auroral lonosphere on the Performance

of Global Positioning System Receivers, R.B. LANGLEY?, K. DOUCET?,
A. KLEUSBERG?, D. SCOTT?, University of New Brunswick, Fredericton,
NB, and *Canada Centre for Surveying, Ottawa, ON, Canada

11:30 (1.9) Theoretical and Experimental Evaluation of the Performance of Single-
Frequency GPS Carrier Beat Phase Measurements During Precipitation Peri-
ods, J.M. TRANQUILLA, H.M. AL-RIZZO, University of New Brunswick,
Fredericton, NB, Canada
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MEASUREMENT OF CRUSTAL MOTIONS WITH VLBI:
RESULTS FROM NASA’S CRUSTAL DYNAMICS PROJECT

JR. Ray for the NASA CDP VLBI Group
Interferometrics Inc./Goddard Space Flight Center
Greenbelt, Maryland 20771

NASA’s Crustal Dynamics Project (CDP) routinely conducts 24-hour geodetic VLBI
measurement sessions to determine the relative positions of stations separated by nearly
arbitrary distances. The estimated accuracies of these determinations are roughly 20 mm for
the local vertical and a few mm for the local horizontal components. For the highest quality
fixed-station networks, measurement accuracies may be better by a factor of about two. A
comparison of global VLBI station coordinates with an independent determination using
satellite laser ranging (SLR) shows weighted rms differences of 15-22 mm per component, after
allowing for adjustments of offsets in origin, orientation, and scale. Much of the residual
difference in geocentric coordinates may be due to errors in the local ties required to compare
the separated VLBI and SLR reference points;

Repeated VLBI mecasurements over a few-year period permit tectonic motions to be
directly observed at a significant level. Using the full span of Mark III VLBI data, horizontal
velocities are estimated with typical formal uncertainties of 1 mm/yr or better. This compares
with inter-site tectonic velocities of several tens of mm /yr in some cases, especially for baselines
crossing plate boundaries,

The CDP has organized a variety of networks which are remeasured periodically to monitor
crustal motions of three general types: large-scale motions of tectonic plates relative to one
another, internal stability of nominally rigid plates, and deformation near plate margins
associated with plate interactions. VLBI results to date, which measure contemporary tectonic
rates, generally confirm the large-scale plate motions inferred from geological data, which
average rates over the past million years. Thus, the implication is that the relative motions
between stable plate interiors are smooth rather than jerky. The combination of about 10 years
of VLBI data with conventional million-year geologic rates is being used to refine global
tectonic models.

Tectonic motions near plate boundaries can be complex. For example, VLBI results from
California show that Pacific/North American plate interaction causes a broad zone of
deformation extending at least 200 km inland from the San Andreas fault. In Alaska, where
the Pacific plate is being subducted beneath the North American plate, a broad zone of
compression is observed along the southern coast. In addition, two instances of episodic
motion, associated with earthquake events in California (Loma Prieta in 1989) and in Alaska
(two large quakes in the Gulf of Alaska in 1987-88), have been detected using VLBL

The world-wide grid of geodetic VLBI stations forms a network of fiducial reference points
for denser regional measurements using GPS, GLONASS, and potentially Geobeacons.

A prime goal of current rescarch activity is the improvement of VLBI vertical accuracy.

The aim is to support determinations of vertical crustal motions (such as those expected due
to post-glacial rebound) and to monitor changes in global sca level,
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GEODETIC VLBI:MONITORING GLOBAL CHANGE

W. E. Carter and D. S. Robertson
National Ocean Service, N/CG 114
NOAA, Rockville, MD 20859

For more than a decade the National Ocean Service (NOS) has been
working cooperatively with organizations in several nations to develop a global
network of geodetic Very Long Baseline Interferometry (VLBI) observatories. The
purposes of the network include the regular monitoring of Earth orientation
(precession, nutation, polar motion, and Universal Time) and the measurement of
contemporary plate motion and glacial rebound, to learn the structure and dynamics
of the Earth.

Recent concerns about the effects of global warming have raised questions
about the current rate of rise of sea level and the possibility of the rate increasing.
Geodetic VLBI observations can contribute to monitoring global sea level by
providing a terrestrial reference frame accurate to the sub-centimeter level to which
the positions of tide gauges can be referred, by accurately mapping glacial rebound
and other vertical crustal motions, by placing bounds on the building or destruction
of the Greenland and Antarctic ice caps by monitoring secular the polar motion, and
by providing the fundamental reference for generating accurate orbits of a variety
of satellites, including the Global Positioning System (GPS) and altimetric satellites.
The current status of the VLBI network, initial results, and future plans will be
presented.
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Astronomical and Satellite Radio Technigques
in Geodesy and Geodynamics

J. Kouba*, W.T. Petrachenko#*, D, Delikaraoglou**, J., Popelar*
* Geophysics Division GSC, Ottawa
** Geodetic Survey Division SMRS, Ottawa

Radio technicues have made a major impaect in geodesy and
geodynamics over the past tree decades. VLBI, satellite
positioning and altimetry have provided high precision
measurements on the global scale and facilitated unification
of geodetic contrel networks into a truly global world
geodetic system (WGS). Repeated high precision geodetic
observations continue to provide data for studies of time
varying components reflecting dynamic processes which take
part within the solid earth and its interaction with the
oceans and the atmosphere. Radio astronomical VLBI using S/X
band observations of <quasars from terrestrial stations
represents a kinematical system directly connected to the best
realization of the inertial reference frame providing state of
the art precision and 1long term stability to geodetic
networks. Satellite positioning systems using I and S band
beacons or spread spectrum signals from spacecraft in the
earth orbit represent dynamical systems which determine the
center of gravity to define the origin of modern geodetic
systems. Satellite C and K band radar altimeters provide high
precision measurements of sea surface topography, the mean sea
level and related geopotential for studies of the earth's
figure and its gravity field. The geodetic radio techniques
use dual fregquency measurements to correct for propagation
effects and in some experiments also deploy water vapor
radiometers for water vapor path length corrections. All
geodetic radio systems have the advantage of day and night all
weather operation and, in case of satellite based navigation
provide real-time output using compact receiver and antenna
configurations. The geodynamic applications are particularly
demanding with regard to analysis of error sources and
systematic effects over long time periods. Current status,
typical geodetic results and possibilities for  future
improvements will be discussed.
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GLOBAL POSITIONING SYSTEM MEASUREMENTS OF
VERTICAL DEFORMATION USING THE CALIFORNIA
PERMANENT GPS GEODETIC ARRAY

J. F. Zumberge, U. J. Lindgwister, G. Blewitt, and F. H. Webb
Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, MS 238-625
Pasadena, California 91109

The Global Positioning System (GPS) is a U.S. Department of Defense Navigational system
consisting of a number of earth-orbiting satellites at ~20,000-km altitude. These satellites
continuously transmit radio signals toward earth at carrier frequencies-of 1.57542 and 1.22760
GHz. The carriers are modulated by a signal structure that permits ground-based receivers to
measure the range to each transmitting satellite. By simultaneously measuring a sufficient
number of such ranges, the three-dimensional position of the receiver may be determined,
provided that the satellite positions are known.

A continuously monitored array of three GPS receivers has been operating in southern
California since the spring of 1990. Operated jointly by the Jet Propulsion Laboratory JPL) in
Pasadena and Scripps Institution of Oceanography in La Jolla, the California Permanent GPS
Geodetic Array (PGGA) has Rogue receivers stationed at JPL, Scripps, and Pinyon Flats,
approximately 172 km ESE of JPL.

GPS shares with other space geodetic techniques some inherent difficulties in measurements
of vertical motion, including observational geometry (lines-of-sight are limited to above the
horizon) and variable delay of the received signal due to fluctuations in tropospheric moisture
content. Variations of antenna phase center with satellite elevation angle and multipath errors are
additional effects which contribute to errors in GPS measurements of the vertical.

Despite these difficulties, however, the increasing number of GPS satellites, as well as
advances in receiver technology, have recently resulted in ~5-mm short-term precision in
measurements of vertical motion between stations separated by 100-200 km. We will present in
this paper current measurements of vertical (and horizontal) baseline components from the
California PGGA. Few-millimeter daily repeatability has been achieved for all components,
including the vertical. Initial indications are that the long-term (> months) repeatability in the
vertical is at the ~1-cm level.
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STUDIES OF HIGH FREQUENCY EARTH ROTATION VARIATIONS USING VERY
LONG BASELINE INTERFEROMETRY

T. A. Herring
Massachusetts Institute of Technology,
Cambridge, MA 02139

During the last decade the determination of Earth rotation parameters from
very-long-baseline interferometry (VLBI) has improved dramatically—24 hour
sessions now yield estimates of the position of the Earth’s rotation axis in
space and with respect to the crust with precisions of between 0.2 and 0.5
milliarcseconds (mas) [6-15 mm displacements of the pole at the surface of the
Earth]. The coefficients of the temporally coherent part of the rotation
variations (i.e., nutations) are determined with precisions of better than 0.05
mas [1.5 mm]. Twenty-four hour VLBI observing sessions allow the detection
of signals in Earth Rotation Parameters (ERP) at high frequencies. We have
analyzed about 10 years of VLBI data to resolve variations of ERP in the
diurnal and semidiurnal bands. The preliminary results indicate that the
amplitudes of coherent UT1 signals in the diurnal and semidiumal bands are
determined with one sigma errors of 0.01 and 0.02 mas. The most significant
signal detected in UTI1 has an amplitude of 0.39+0.01 mas at the M2 frequency.
Significant (>3 sigma) results are also seen at the K1, P1, O1, M2 and S2 tidal
frequencies. We discuss several mechanisms which could produce the diurnal
and semidiurnal ERP variations. The incompleteness of current solid earth tide
and ocean tide loading models used in VLBI processing has been considered
and corrections are estimated along with the ERP variations. The amplitudes
of the ocean tide contributions to diurnal and semidiurnal ERP variation are at
the same level as the observed signals. The triaxiality of the Earth generates
UT]1 fluctuations which exceed the current estimated error level and therefore
should be considered in VLBI data processing. Atmospheric angular
momentum variation is also possible source mechanisms. :
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ESTIMATING VERTICAL DEFORMATION USING
VERY LONG BASELINE INTERFEROMETRY AND
THE GLOBAL POSITIONING SYSTEM

J. L. Davis
Harvard-Smithsonian Center for Astrophysics
60 Garden St., MS 42
Cambridge, Massachusetts 02138

Very Long Baseline Interferometry (VLBI) and the Global Positioning System
(GPS) are both radio-interferometric techniques for high-precision terrestrial relative
positioning. As such, these techniques share two inherent features which prevent the
vertical coordinate of site position to be determined as accurately as the horizontal
coordinates. Because all radio signals are received from a direction above the hori-
zon, the vertical direction suffers from an asymmetry which the horizontal directions
generally do not. Furthermore, these radio signals are received after they have passed
through the earth’s neutral atmosphere, which refracts and delays those signals by
an amount that is difficult to predict. Other possible sources of error affecting pri-
marily the vertical for VLBI include antenna deformation, and, for GPS, multipath
propagation and the variation of the antenna’s electrical phase center with received
direction.

Given accurate enough vertical determinations, there are many geophysical appli-
cations for which these space-geodetic techniques could be useful, including sea-level
measurements for studies of global change; solid earth tide, ocean loading, and post-
glacial rebound determinations for studies of lithospheric dynamics; separation of geoid
and terrain variations for gravity studies; detection of transient vertical processes for
studies of subsidence and motions associated with seismicity; and measurements of
vertical tectonic processes.

In this paper, we will review the current state of estimating vertical deformation
using VLBI and GPS. We will present examples of space-geodetic determinations of
continuous vertical deformation as well as vertical deformation associated with earth-
quakes. We will also discuss methods which have been used to improve vertical deter-
minations, and prospects for future improvement.
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ATMOSPHERE CORRECTION FOR RADIO GEODESY

A. E. Niell
Haystack Observatory
Westford, Massachusetts 01886

The use of low elevation observations (3 to 10 degrees) with precise delay measurements
(<30 psec) has required improvement in models of the atmosphere for correction of
geodetic VLBI data. The CfA2.2 mapping function of Davis et al. (Radio Sci. 20,1593-
1601, 1985) made significant improvement for observations down to 5 degrees. The Lanyi
mapping function should give comparable results when used without an isothermal layer
since the two functions agree well for the same surface meteorological input.

Rawinsonde data from the vicinity of a VLBI site can provide information about the
state of the atmosphere other than at the surface, and should improve -correction for the
tropospheric path delay. For the eighteen ATD (high precision geodetic VLBI)
experiments of 1987-88 temperature and relative humidity profiles from rawinsondes
were used at all stations to calculate both the propagation delays through the neutral
atmosphere and the partial derivatives for estimating a correction to the wet delay.
Comparison with the same analysis using CfA2.2 shows that, when an analytic mapping
function is used without making allowance for the near-surface effects, the winter
inversion layer at Gilcreek, Alaska introduces an annual variation in baseline length of 6
mm (due to a vertical variation of about 20 mm). Observations at Gilcreek were made
down to 6 degrees except where limited by antenna restrictions or the horizon.
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AN INVESTIGATION OF THE IMPACT OF THE AURORAL IONOSPHERE
ON THE PERFORMANCE OF GLOBAL POSITIONING SYSTEM RECEIVERS

Richard B. Langley*, Ken Doucet, Alfred Kleusberg
Geodetic Research Laboratory
Department of Surveying Engineering
University of New Brunswick
Fredericton, N.B. E3B 5A3

Doug Scott
Geodetic Survey Division
Canada Centre for Surveying
Ottawa, Ont. K1A OE9

The Navstar Global Positioning System (GPS) is a satellite-based system which
will provide precise, all-weather, three-dimensional navigation and positioning
anywhere on or near the earth's surface, 24 hours a day. Scheduled to be fully
operational by 1993, GPS is already in wide-spread use by navigators, surveyors,
geodesists, and others. As of January, 1991, there were 15 functioning satellites
providing nearly continuous two-dimensional positioning capability and three-
dimensional positioning for a large fraction of the day.

One of the biases affecting GPS-derived positions is the signal delay due to
propagation through the ionosphere. If simultaneous measurements are made on
the two frequencies transmitted by the satellites, then knowledge of the dispersive
nature of the ionosphere can be used to remove almost all of the ionosphere's effect
from the measured ranges. However, if the state of the ionosphere is disturbed, the
tracking loops of a GPS receiver may have trouble following the associated rapid
variations in the ionospheric delay. Loss of lock might result, leading to cycle slips
in the recorded data. Repair of those cycle slips in the presence of large, rapid
phase variations is difficult and if not totally successful will result in reduced
position accuracies.

To test the performance of GPS receivers under disturbed ionospheric conditions,
the Canada Centre for Surveying contracted the University of New Brunswick to
carry out a series of observations near Yellowknife (¢ = 62° N, A = 115° W) in the
Northwest Territories of Canada. Over a period of three days in June 1990, we
recorded data at three sites with inter-site distances of about 50 and 100 km. At
each site we used three different commercially-available GPS receivers: an Ashtech
LD-XII, a Trimble Navigation 4000SST or STD, and a Wild-Magnavox WM102.
Two observing sessions were held each day: one during which each receiver was
fed by its own antenna, and one during which the three receivers at each site shared
a common antenna through a signal splitter. In this paper we will report on the
performance of the different receivers during the test, discuss the difficulties
encountered in processing the data, and assess the impact of the state of the local
ionosphere and geomagnetic field on the quality of the recorded data and the derived
positions of the receivers.
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THEORETICAL AND EXPERIMENTAL
EVALUATION OF THE PERFORMANCE OF SINGLE-FREQUENCY
GPS CARRIER BEAT PHASE MEASUREMENTS
DURING PRECIPITATION PERIODS

J. M. Tranquilta*
H. M Al-Rizzo
Radiating Systems Research Laboratory
Department of Electrical Engineering
University of New Brunswick
Fredericton, Canada
(506) 453-4561

In this paper, a theoretical model will be presented to predict the excess
range error caused by ice clouds, melting layer, and rainfall combined with the
non-ideal polarization patterns of satellite and receiver antennas. Results
obtained from a GPS campaign conducted during November 1990, using two
single-frequency receivers, showed some discrepancies in the adjusted baseline
height component. Theoretical results showed that the effects of precipitation
even under the worst assumed conditions are negligible in comparison with the
unmodelled fonospheric effects. The observed discrepancies are attributed to
the mismodelling of the relative tropospheric range error and possibly

differential precipitation effects.

624



MONDAY afternoon 13:30 - 17:10 LUND! aprés-midi

VLBI and Room 2020 Salle Méthodes
Aperture Synthesis URS! J Sesssion 16 a ouverture synthétique
Techniques et VLBI
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[G;elodﬁf) VULSB',I4' T.A. CLARK, NASA Goddard Space Flight Center, Green-
elt, MD,

13:50 (16.2) The VLBA and lts Applications to Space VLBI, J.D. ROMNEY, National
Radio Astronomy Observatory, Charlottesville, VA, USA

14:10 (16.3) The S-2 VLBI Digital Data Recorder and Playback System, D. BAER, W.H.
CANNON, G. FEIL, P, LEONE, P. NEWBY, H. TAN, R. WIETFELDT, York
University, Toronto, ON, Canada

14:30 (16.4) A New Correlator System for Space and Ground-Based VLBI, Part of the
Canadian Contribution to the RadioAstron Project, B. CARLSON!, D.
WELLBORN?, T. BURGESS?, R. CASORSO?, P, DEWDNEY?, *University of
Victoria, BC, and 2 National Research Council Canada, Penticton, BC, Canada

14:50 (16.5) Space VLBI Simulation Software, D.W. MURPRY, Jet Propulsion Labora-
tory, Pasadena, CA, USA

15:10 COFFEE/CAFE

15:30 (16.6) Low Frequency VLBI from Lunar Orbit, J.O. BURNS, New Mexico State
University, Las Cruces, NM, USA

15:50 (16.7) Passive Imaging with Elliptical Boundary Arrays and Coarray Synthesis, R.J.
KOZICK, S.A. KASSAM, University of Pennsylvania, Philadelphia, PA, USA

16:10 (16.8) Interferometric Aperture Synthesis in Earth Remote Sensing: The Electrically

Scanned Thinned Array Radiometer (ESTAR), A. GRIFFIS, C. SWIFT, D.
LEVINE, University of Massachusetts, Amherst, MA, USA
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MEASUREMENT OF CRUSTAL MOTIONS WITH VLBI:
TECHNOLOGY DEVELOPMENTS IN GEODETIC VLBI

Thomas A. Clark for the NASA CDP VLBI Team
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

For more than two decades, the NASA/Haystack/MIT VLBI group has been developing the
VLBI technique for high accuracy geodetic and astrometric measurements. In the mid-1970's,
under the aegis of the NASA Crustal Dynamics Project (CDP), we undertook the development
of the Mark-III VLBI system as the instrument for geodetic measurements in the 1980’s. Qur
activities have used differential group delay (obtained by bandwidth synthesis) as the fundamen-
tal observable (although some measurements of baselines < 250 km have used differential phase
delay). Geodetic VLBI measurements have used dual-frequency techniques at X-band (8.1 - 8.5
GHz) and S-band (2.2 - 2.3 GHz) to remove biases due to the jonosphere. Typical measure-
ments taken during the 1980's have used eight 2 MHz bandwidth channels spanning 360 MHz at
X-band plus six at S-band spanning 80 MHz, yielding a total recorded data rate of 56 Mb/s.

Although geodetic VLBI was born out of the astronomical community, it became obvious by
1980 that Jong-term geodetic measurement programs required dedicated geodetic VLBI stations.
In the USA and other countries, new VLBI observatories were created using both existing and
new antennas. Through the ensuing decade, the geodetic community amassed over 500,000 indi-
vidual group delay observations, each representing from 1 to 13 minutes of data from a single
baseline in networks consisting of these dedicated stations plus stations owned by the astronomy
community and satellite tracking facilities. These stations were equipped with compatible
GaAsFET or HEMT cryogenic receivers, Mark-III VLBI data systems (later retrofitted to the
high density Mark-IIIA) , hydrogen maser frequency standards, and "Field System" automatic
computer control. In parallel, Mark-III correlators were constructed at Haystack, USNO, Bonn
and Kashima, and data analysis systems were implemented at a number of institutions. As
measurement hardware, observing and analysis techniques and theoretical models have evolved,
geodetic VLBI has demonstrated an improvement in accuracy at = 10-fold per decade rate.

In the late 1980's, a series of improvements were begun to achieve even greater accuracy. Ob-
serving and data analysis techniques involving observations at low elevations and stochastic
estimation of atmosphere and clock parameters were very successful. These techniques required
coordination of measurements at a rapid rate (as many as 300/station/day) with heavily sub-
netted observing schedules on high sensitivity stations with fast telescope slew speeds. Instru-
mental sensitivity was improved by using HEMT receivers, doubling the individual channel IF
bandwidth to 4 MHz, and by increasing the spanned bandwidth at X-band (to 720 MHz) and S-
band (to 120 MHz). All of these improvements culminated in a two-week experiment in late
1989 which we named ERDE (Extended R&D Experiment) involving § stations (Fairbanks,
Mojave, Pie Town, Westford and Haystack). ERDE produced the highest quality geodetic VLBI
data obtained to date, with internal consistency at levels of = 5x107 in station positions.

ERDE required the use of fairly large telescopes (12 - 37 m) to achieve this performance. We
have already begun the development of the Mark-1V system which will allow the use of smaller
antennas by increasing the recording rate to = 1Gb/s by retrofitting the existing Mark-III hard-
ware; this also results in greater compatibility between the Mark-III and VLBA data acquisition
systems. To complement the improved Mark-IV sensitivity, a new small (5-10 m) transportable,
high-efficiency antenna is being planned. A new correlator capable of handling this data rate is
being designed. The "Field System” control software will be ported to an inexpensive computer
(IBM-PC compatible) and will support Mark-I1I, Mark-IV and VLBA data acquisition terminals.
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THE VLBA AND ITS APPLICATIONS TO SPACE VLBI

Jonathan D. Romney
National Radio Astronomy Observatory
Charlottesville, Virginia

The Very Long Baseline Array (VLBA), the world’s first large-scale
dedicated VLBI facility, is currently under construction by the NRAO and is
expected to become fully operational in 1993. Its capabilities will be outlined
and the current status of the construction project reviewed.

Although the VLBA has been designed principally to support a broad
range of ground-based VLBI research, it is anticipated that the array will
be an essential complement to the orbiting interferometer elements in many
space-VLBI observations. Thus, aspects of the VLBA design and implemen-
tation of special relevance to space VLBI will be discussed. These include
the array configuration and frequency coverage, and the channelization, sam-
pling, and wideband recording subsystems. Elements of the VLBA correlator
such as wavefront model computation, integration of the cross-spectral visi-
bility, and real-time control will be emphasized.
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THE S-2 VLBI DIGITAL DATA RECORDER AND PLAYBACK SYSTEM

Baer, D., Cannon, W.H., Feil, G., Leone, P., Newby, P.,
Tan, H., and Wietfeldt, R.

Space Geodynamics Laboratory
Institute For Space And Terrestrial Science
York University, Toronto, Ontario

The S-2 wide band VLBI digital data recorder and playback system presently under
development at the Space Geodynamics Laboratory (SGL) of the Institute For Space And
Terrestrial Science (ISTS) at York University is a descendant of the earlier S-1 VLBI dig-
ital data recording and playback system presently being used in Canada for geodesy and
geodynamics. The S-2 VLBI recording and playback system consists of a tape transport
array module containing an array of 8 “industrial” grade VHS video tape transports oper-
ated in the standard Long Play (LP) mode and a data signal and control module resident
in a standard VME cage. The S-2 VLBI recording system will record up to 16 input
channels of digital data at total bandwidths varying {from 16 to 128 Mb/s in increments of
16 Mb/s. The unattended operation time of the S-2 VLBI recorder varies with the user
bandwidth, ranging from 32 hours at the minimum bandwidth of 16 Mb/s to 4 hours at
the maximum bandwidth of 128 Mb/s. The 5-2 VLBI recorder will be assessed for the
possibility of using the Super Long Play (SLP) mode of the VHS recorders to extend these
time intervals to 48 hours and 6 hours respectively. In the LP mode the raw bit error rate
(without error correction coding) for the S-2 VLBI recorder ranges between 1 x 105 and
3 x 1075,

The data signal and control module of the S-2 system has a data distributor, resident
on a separate user interface card, which distributes the input data onto the recorder array in
a manner which is transparent to the user. The data distributor can be customed designed
to serve any user needs which allows for flexibility of application. For VLBI applications
the 5-2 system will have both MkIII/MKIIIA and a K-4 compatible outputs so that it will
be possible to use the S-2 recorder to record VLBI data for playback at a MKIII/MKIIIA
or a K—4 VLBI correlator facility. The S-2 VLBI data recorder and playback system will
be provided by the Canadian Space Agency via a contract to ISTS/SGL, to the Astro
Space Center of the P.N. Lebedev Physical Institute in Moscow for use in the Soviet led
RadioAstron orbital VLBI mission.

628



A New Correlator System for Space and Ground—Based VLBI,
Part of the Canadian Contribution to the RadioAstron Project

B. Carlson, Dale Wellborn (Electrical Engineering Department, University
of Victoria), T. Burgess, R. Casorso, P. Dewdney (Dominion Radio Astro-
physical Observatory, National Research Council of Canada)

The Dominion Radio Astrophysical Observatory is designing and build-
ing a new correlator system for Very Long Baseline Interferometry (VLBI)
with funding from the Canadian Space Agency. The system will be designed
to handle data from a mixture of orbiting and ground-based antennas, and
will be used to correlate data for the RadioAstron project. RadioAstron is a
Soviet space project to launch a 10 m antenna into a highly elliptical earth
orbit with a 70000 km apogee. It will operate in four wavelength bands
ranging from Al.4 cm to A1l m. The VLBI telescope system will be a flexi-
ble one consisting of the orbiter operating in conjunction with several large
antennas on the ground. Its main scientific objective is to detect brightness
temperatures in excess of 10*2 K in the cores of quasars, the theoretical limit
according to some models.

The design of the correlator is still at an early stage. Present plans are to
build an XF type of correlator in which cross—multiplication and integration
of signals between antennas is done, followed by Fourier transformation. (The
alternative order, FX, is also used). The correlator will contain at least 24000
multiplier-accumulators (MAM’s) which can be deployed for high resolution
in spectral line modes, or for wide bandwidth in continuum modes. An
implementation is currently being explored which is based on a backbone
consisting of a wide~-bandwidth, serial data—distribution system, conferring
considerable extensibility. The correlator will interface to and be compatible
with the Canadian VLBI recording/playback system which is currently being
developed at the Institute for Space and Terrestrial Science. Interfaces to
other recorder/playback systems will also be contemplated.
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Space VLBl Simulation Software

D. W. Murphy
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena Ca 91109

Space VLBI simulation software developed at the Jet Propulsion
Laboratory is described. This software is the only software that
can simulate the on-board spacecraft constraints of both the
Japanese VSOP and the Soviet RADIOASTRON spacecraft. These
constraints are described and their impact on the science return of
these missions is discussed. The use of this software as a vital aid
to spacecraft design, mission design and mission operations is
emphasized and examples of the use of the software are presented.
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LOW FREQUENCY VLBI FROM LUNAR ORBIT

Jack O. Burns
Department of Astronomy
Box 30001/Dept. 4500
New Mexico State University
Las Cruces, NM 88003

The Radio Astronomy Explorer satellite verified that the far-side of the Moon is well
shielded from manmade and natural Earth-based interference at frequencies below 30
MHz. Above a few MHz, most of the interference is produced from ionospheric
breakthrough of manmade communication signals and over-the-horizon radar. Below
about 1 MHz, the Earth’s magnetosphere is a powerful source of Auroral Kilometric
Radiation. Thus, the lunar far-side is the only location in the Earth-Moon environment
where the noise level reaches the expected Galactic Background at low frequencies.

The recent Presidential Space Exploration Initiative advocates the establishment of a
permanently manned lunar outpost in the first part of the next century. In preparation for
and in support of this outpost, a number of satellites will be placed into orbit about the
Moon. One such program for the late 1990’s is the Lunar Observer which is designed to
image the Moon at high resolution and to map its gravitational field. We are proposing to
place relatively simple phased arrays of dipoles on individual lunar satellites and perform
interferometry between the spacecraft. The dipole arrays will be deployed as inflatible
structures. In the VLBI mode, the experiment will function at 13 and 26 MHz. For a
scenario in which two spacecraft are in perpendicular lunar polar orbits at altitudes of
100 km, the useful physical baselines will range from about 1 km to about 1500 km. The
maximum useful baseline is limited by phase incoherency produced by interplanetary
scintillation. With a mission lifetime of one year, the two element interferometer will
produce excellent u-v plane coverage thus permitting synthetic aperture imaging with a
resolution of about 2 arcsec. This resolution is comparable to the VLA at 20-cm and is
more than 100 times better than the best previous ground-based mapping at 38 MHz.
The RMS sensitivity for a 10° sec integration is about 2 Jy. Our computer simulations
indicate that a number of 3C sources could be mapped with this lunar VLBI experiment.

Our proposed lunar interferometer has the advantages of being relatively simple,
inexpensive, opportunistic relative to current national space initiatives, ground-breaking
in terms of resolution, and astronomically productive. Among the scientific programs will
be imaging of Type Ill solar flare events, observations of bursts from Jupiter and Saturn,
investigations of the low energy population of relativistic electrons in extended
extragalactic radio sources, and studies of in-situ particle acceleration in supernovae and
radio galaxies.

This work has been supported by NASA grant NAGS-396.
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PASSIVE IMAGING WITH ELLIPTICAL BOUNDARY
ARRAYS AND COARRAY SYNTHESIS

Richard J. Kozick® Saleem A. Kassam

Department of Electrical Engineering
University of Penusylvania
Philadelphia, Pennsylvania 19104

Two-dimensional sensor arrays are commonly used in radio astronomy to form
narrowband images of spatially incoherent radiation sources. The difference coarray
[R.T. Hoctor & S.A. Kassam, Proc. IEEE 78, 735-752, 1990] of the aperture char-
acterizes the linear imaging techniques based on beamforming, and we exploit the
difference coarray to explain and generalize some previous results. The difference
coarray is the set of all vector differences between sensor locations in the aperture,
and the inverse Fourier transform of the system’s beampattern has support on the
difference coarray. Hence the aperture synthesis problem of producing some desired
beampattern with a given aperture is equivalent to the problem of synthesizing a
desired weighting function on the difference coarray.

The J2-synthesis technique [{J. P. Wild, Proc. Roy. Soc. Lon., Ser. A 286,
449-509, 1965] uses a circular boundary aperture to synthesize a desired circularly
symmetric beampattern as a sum of squared Bessel functions. This synthesis is
achieved with phase-only apodizations on the aperture. From the coarray view-
point, J2-synthesis is equivalent to an expansion of the desired circularly symmetric
coarray weight function as a series of Chebychev polynomials in the radial variable.
Several generalizations of Wild’s J2-synthesis become straightforward in the coar-
ray domain. The phase-only aperture apodizations of J2-synthesis can be modified
slightly to allow synthesis of non-circularly symmetric coarray weight functions. The
new aperture apodizations remain phase-only, but they allow angular variations in
the desired coarray weighting to be synthesized using complex exponential basis
functions. The coarray point of view also makes it clear that these particular ba-
sis functions are only one of many possible choices. For example, eigenfunctions
of the desired coarray weighting may be used as the aperture weights. Interest-
ingly, the phase-only aperture weights of J2-synthesis are eigenfunctions of every
circularly symmetric coarray weight function, which implies that J2-synthesis has
a least-squared-error approximation property. It is easy to show that all of these
results for circular boundary apertures also apply to elliptical boundary apertures.

The coarray synthesis problem may also be considered for discrete arrays of
sensors arranged on the boundary of an ellipse. Then the difference coarray weight
functijon is representable as a matrix, and appropriate array apodization weights
may be obtained from the singular value decomposition (SVD) of the matrix. If the
desired coarray weighting is elliptically symmetric, then the SVD yields phase-only
array weights which are sampled versions of the J2-synthesis weights. We note that
very similar coarray arguments allow extension of these results for passive imaging
of spatially incoherent sources to active imaging of spatially coherent objects.
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INTERFEROMETRIC APERTURE SYNTHESIS IN EARTH REMOTE
SENSING : THE ELECTRICALLY SCANNED THINNED ARRAY
RADIOMETER (ESTAR)

Andrew Griffis*, Calvin Swift and David Levine
The University of Massachusetts at Amherst

For nearly 100 years, radio astronomers have been using interferometry to
resolve stellar objects and subsequently determine their size. More recently,
the application of Fourier methods to interferometry has yielded mappings,
or images, of the radio brightness of distant sources.

At the University of Massachusetts, these well established radio astronomy
techniques have been used in a prototype airborne sensor to produce regional
maps of soil moisture in a variety of soil and hydrological settings. This sen-
sor, the Electrically Scanned Thinned Array Radiometer (ESTAR), operates
over a 27 MHz bandwidth about 1413.5 MHz, and uses five eight-element
linear arrays as a thinned array to obtain 15 samples of the visibility func-
tion. To date, maps of the Delmarva Peninsula, Rappahannock River Delta
and Wye Island have been obtained, in addition to the images obtained in
the MAC-HYDRO experiments of 1990.

The material to be presented will focus on the basic structure of ESTAR
(including its analog processing), the techniques used in its calibration and
the methods employed in performing the inversion needed to form images
from the visibility samples measured. Some attention will also be given to
the sensitivity limitations inherent in a thinned array imager. In particular,
the fundamental difference between imaging a point source (or restricted
distributed source) and imaging a source which encompasses the entire field
of view will be brought out. A short segment of time will be devoted to the
presentation of color maps of imaged regions and the utility of such maps in
studying regional soil moisture characteristics.
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TUESDAY morning 08:30 - 12:10 MARDI avant-midi

Millimetre and Sub-Millimetre Room 2020 Salle Instrumentation millimétrique
Instrumentation URSI J Session 31 et sub-millimétrique

Chairs/présidents: T.L. LANDECKER, Canada

08:50 (31.1) Receiver Development at the Herzberg -Institute of Astrophysics, C.T.
CUNNINGHAM!, R.H. HAYWARD?, J.D. WADE!, S.R. DAVIES?
1 National Research Council Canada, Ottawa, ON, Canada; %University of
Kent, Canterbury, UK

09:10 (31.2) Harmonic Effects in Superconducting Tunnel Junction WMixers, L.M.
CHERNIN!, R. BLUNDELL?, C.Y.-E. TONG?, * Harvard-Smithsonian Center
for Astrophysics, Cambridge, MA, USA; 2 Communications Research Labora-
tory, Tokyo, Japan

09:30 (31.3) Self-Aligned Tunnel Junction Fabrication for Focal Plane Array Receivers, M.J.

BRETT, D. ROUTLEDGE, J.F. VANELDIK, B.G. VEIDT, K.L. WESTRA,
University of Alberta, Edmonton, AB, Canada

09:50 (31.4) Hybrid Antenna Structures for SIS Receivers at Submillimeter Wavelength,

T.H. BUTTGENBACH:, R.E. MILLER?, T.G. PHILLIPS?, 1 California In-
stitute of Technology, Pasadena, CA, and *AT&T Bell Laboratory, Murray
Hill, NJ, USA

10:10 COFFEE/CAFE

10:30 (31.5) Wideband Spectrometers for Spaceborne Submillimeter Radiometers, W.J.
WILSON, K. CHANDRA, California Institute of Technology, Pasadena, CA,
USA

10:50 (31.6) Photo-Etched Focal Plane Arrays for Sub-millimetre Wavelengths, T.H.

LEGG, National Research Council Canada, Ottawa, ON, Canada

11:10 (31.7) QUARRY: A 15 Element Focal Plane Array System at 3 Millimeter
Wavelength, N.R. ERICKSON, R.B. ERICKSON, P.F. GOLDSMITH, R.M.
GROSSLEIN, G.A. NOVAK, C.R. PREDMORE, F.P. SCHLOERB, P.J. VIS-
CUSO, University of Massachusetts, Amherst, MA, USA

11:30 (31.8) The 8-Feed System at the National Radio Astronomy Observatory 12-Meter
Telescope, D.T. EMERSON, National Radio Astronomy Observatory, Tuc-
son, AZ, USA
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Receiver Development at the Herzberg Institute of Astrophvsics,
C.T. Cunningham, R.H. Hayward, J.D. Wade  National Research
Council

S.R. Davies University of Kent at Canterbury

We report on SIS receiver development for the James Clerk
Maxwell Telescope currently underway at the Herzberg Institute of
Astrophysics in Ottawa in collaboration with the University of Kent
and the Rutherford-Appleton Laboratory. The Kent/RAL 245 GHz
receiver, which was successfully tested on the JCMT in May 1989,
has been upgraded by fitting a new SIS mixer designed for 345 GHz
operation and a new "hybrid" cryostat providing a longer hold time.
This receiver is known as the Interim 345 GHz SIS Receiver and it
has a tuning range of 310-380 GHz using a solid-state phase-locked
local oscillator built at the HIA. We discuss the design of this
receiver and its performance during recent commissioning tests on the
JCMT.
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HARMONIC EFFECTS IN SUPERCONDUCTING
TUNNEL JUNCTION MIXERS

L.M. Chernin*, R. Blundell
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138
and
C.Y.- E. Tong
Communications Research Laboratory, Tokyo, Japan

We have performed five-port model simulations of a superconducting tunnel junc-
tion receiver based on quantum mixer theory (J. Tucker, Quant. Elec., 15,1234,1979).
Two separate computer codes have been used to determine the large-signal currents
and voltages across the junction; one based on the harmonic Newton technique and
the other on the harmonic balance method. Although the harmonic Newton method
is more complicated to implement, it does allow a simple extension to include higher
order harmonics and is 10-100 times faster than the harmonic balance method.

Contrary to previous simulations, we find the mixer gain does not decrease as the
wCR product decreases. On the other hand, we find that the fraction of the Smith
chart that is covered by unity gain or higher, is greatest if a small value of wCR is
used. Thus tuning the mixer is easiest with a small value of wCR. However, harmonic
downconversion (2fro =+ f1r to frr) is more significant at small wCR, but nevertheless
remains much weaker than the fundamental conversion.
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SELF-ALIGNED TUNNEL JUNCTION
FABRICATION FOR FOCAL PLANE ARRAY RECEIVERS

M.]. Brett, D. Routledge, J.F. Vaneldik*, B.G. Veidt, K.L. Westra
Department of Elecirical Engineering, University of Alberta,
Edmonton, Alberta

The National Research Council of Canada and the Electrical
Engineering Department of the University of Alberta are engaged in
a joint project to develop SIS planar array receiver prototypes for the
James Clerk Maxwell Telescope. Such receivers would greatly
enhance the speed and efficiency of the telescope. The proposed
receivers will use superconductor/insulator/superconductor (SIS)
quantum effect mixers with niobium nitride as the superconductor
and magnesium oxide as the insulator. NDN has a relatively high
critical temperature of 16K and consequently a high upper frequency
of operation. A planar antenna structure, an SIS mixer and a stage of
intermediate frequency amplification will be combined into one
superconducting stripline circuit. Successful circuits will be readily
assembled into dense arrays.

This paper describes details of the fabrication and properties of
NbN/MgO/NbN superconductor tunnel junction devices produced
at an intermediate stage in the development of 345 GHz receiver
prototypes. Initial 10 um x 10 pm and 5 um x 5um devices were
produced using a batch-process, self-aligning technique. NbN
deposition by reactive planar magnetron sputtering was optimized
by study of the target voltage - nitrogen flow hysteresis curve.
Intrinsic roughness of the NbN films increases the effective junction
area to 1.3 times the nominal planar junction area. These junctions
exhibit a gap voltage of 4.1 mV, and critical current densities between
600 and 1000 A/cm?2.  Extension of the fabrication technique to
junctions of much smaller areas is also described.
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HYBRID ANTENNA STRUCTURES FOR SIS RECEIVERS
AT SUBMILLIMETER WAVELENGTH

“Thomas H. Biittgenbach!, R. E. Miller?, and T. G. Phillips!

1California Institute of Technology, MS 320-47, Pasadena, CA. 91125
ZAT & T Bell Laboratory, ID 220, Murray Hill, N.J. 07974

We have developed a hybrid antenna using a dielectric antenna with a planar loga-
rithmic spiral for the feed. Beam pattern and efficiency measurements from 109 to
760 GHz were performed in a two dimensional antenna range using room tempera-
ture bolometers. The same setup with a Superconductor Insulator Superconductor
(SIS) detector was successfully tested at 345 and 492 GHz at the Caltech Submil-
limeter Observatory. The coupling efficiency between the telescope and the receiver
was compared to a waveguide receiver and found to be similar. The very compact
size of this antenna is promising for the development of array receivers.
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WIDEBAND SPECTROMETERS FOR SPACEBORNE
SUBMILLIMETER RADIOMETERS

William J. Wilson” and Kumar Chandra
Jet Propulsion Laboratory -
California Institute of Technology
Pasadena, California 91109

There are three main types of spectrometers in use with radiometer
systems today:  filterbanks, ~acousto-optic, and digital autocorrelators.
Filterbanks are used in the Microwave Limb Sounder (MLS) for the Upper
Atmospheric Research Satellite, and for the Middle Atmospheric Sounder
shuttle instrument. In these instruments, the channel filter bandwidths are
matched to the expected line shape, to reduce the number of channels.
However, the large size, mass and power requirements of filterbanks make
them undesirable for space applications. Acousto Optic Spectrometers (AOS)
are planned for the Submillimeter-Wave Astronomy Satellite (SWAS), the
Earth Observing System Microwave Limb Sounder (Eos/MLS), and the
astrophysics Sub-Millimeter Moderate Mission (SMMM). The advantages of
AOS's are their capability to analyze wideband signals (to 1200 MHz) with up
10 1200 frequency resolution channels, and with low DC power requirements.
Digital AutoCorrelator (DAC) spectrometers offer the advantages of better
stability, smaller size, reliability and lower cost. However, the DAC's have
bandwidths <200 MHz, and large DC power requirements of >100 mW/
delay channel. Thus, digital technology will require a significant increase in
speed and reduction in power to meet the goals for spaceborne spectrometers.
Design details and performance tests of the AOS's and the DAC' being
developed for the Eos/MLS and the SMMM radiometers will be presented.
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PHOTO-ETCHED FOCAL PLANE ARRAYS FOR SUB-MILLIMETRE WAVELENGTIIS.

T.H. Legg, Herzberg Institute of Astrophysics, National Research Council, Ottawa

Part of the Canadian contribution to the instrumentation of the James Clerk Maxwell sub-
millimetre wavelength telescope is the development of SIS focal plane arrays. The work is being
done in a collaborative program in which Niobium Nitride SIS junctions are developed at the
Electrical Engineering Department, University of Alberta, while the antenna structures are
developed at the Herzberg Institute of Astrophysics, N.R.C., Ottawa. The aim is to eventually
incorporate the antenna construction into the SIS fabrication process. The type of antenna that
has been adopted is a new one which makes use of photo-etched patterns on the centre conductor
of a strip transmission line.

The centre conductor patterns, which resemble two-dimensional electromagnetic horns,
are arranged in an end-fire structure in which an incoming wave is guided as directly as possible
onto a strip transmission line terminated at one end by an SIS junction. The field distribution on
the strip line determines the antenna pattern in the H-plane, while the ground planes, which also
act as heat conductors, have a flare at one end to control the pattern in the E-plane. The incoming
radiation is coupled to the strip line through a mode converter which changes an initially parallel
electric field distribution to one which is antiparallel on either side of the centre conductor. A
practical advantage of the end fire arrangement is that the structure can extend as far as necessary
in an axial direction (i.e. perpendicular to the focal plane) to give ample space for LE. circuitry.
A patent application has been made to cover possible commercial applications of the
arrangement.

Several means have been investigated for controlling the amplitude and phase of the fick
on the strip line. For example, lenses have been made by photo-ctching patterns of holes in the
cemre conductor, and curved edges of several wavelengths dimension have been photo-etched
on the centre conductor and used to focus a beam within the strip fine region.

To form a two-dimensional array, a number of strip line patterns are placed side by side
between substrates and the metal ground planes, then several of these complete structures are
stacked in the orthogonal direction. Individual antenna apertures are made 3 or more wavelengths
on a side to keep off-axis aberrations small. The instantaneous bandwidth of the antennas with
a simple mode converter is sufficient to cover any one of the sub-millimetre wavelength
atmospheric windows and wider bandwidths appear possible. The talk will describe the present
state of development of this type of array.
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QUARRY: A 15 Element Focal Plane Array
System at 3 Millimeter Wavelength

N.R. Erickson, R.B. Erickson, P.F. Goldsmith, R.M. Grosslein,
G.A. Novak, C.R. Predmore*, F.P. Schloerb and P.J. Viscuso
Five College Radio Astronamy Observatory
Department of Physics and Astroncmy
University of Massachusetts
Amherst, Massachusetts 01003

A 15 element focal plane array system has been developed
for the FCRAO 14 m millimeter telescope over the 86 to 115 GHz
range. This system provides a rapid spectral line mapping
capability for both galactic and extra-galactic cbjects.

The compact array has three rows of five elements which are
spaced one beamwidth apart. The rows are spaced two beamwidths
apart. The 15 Schottky mixers with integrated HEMI/FET
amplifiers as well as the single sideband (SSB) filter and
image termination are cooled to 20 K. The cooled optics

. provide SSB operation and polarization interleaving to space

the elements within a row only cne beamwidth apart. A local
computer controls all receiver functions such as receiver
noise temperature optimization, filter tuning and rotation of
the receiver to track in parallactic angle. Average receiver
noise temperatures are 250 to 350 K SSB depending on frequency.

For each pixel three different filter banks are available
and an autocorrelator is under development. The bandwidth and
resolution of these spectrometers is summarized in the
following table. The velocity resolution is calculated for
the 00 (1-0) line at 115.3 GHz.

Type Channels Total Bandwidth Resolution
Miz (Ku/s) Kiz  (Ku/s)
Filter Bank 32 8 (21) 250 ( .65)
Filter Bank 32 32 ( 83) 1000 ( 2.60)
Filter Bank 64 320 (832) 5000 (13.0)
Autocorrelator 1024 10 ( 26) 9.8 ( .03)
Autocorrelator 1024 20 ( 52) 19.5 ( .05)
Autocorrelator 512 40 (104) 78.1 ( .20)
Autocorrelator 256 80 (208) 312.5 ( .81)

Implementation of the QUARRY receiver required changes to
most of the computer software that has been in use at the
FCRRO. One of the major reasons for these changes has been the
adoption of a new rhilosophy for control of instrument
subsystems in which control needs are offloaded from the
cbservatory's ModComp computer onto dedicated PC's like the one
used control the QUARRY reciever itself. A second area of
software development has been the adaptation of the existing
telescope and data reduction software to the three dimensional
data type presented by cbservations with a spectral line array.
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THE 8-FEED SYSTEM AT THE NATIONAL
RADIO ASTRONOMY OBSERVATORY 12-METER TELESCOPE

D. T. Emerson
National Radio Astronomy Observatory
’ 949 North Cherry Avenue
Campus Building 65
Tucson, Arizona 85721

Multiple-beam systems are coming into operation at several

millimeter— and centimeter-wave radio telescopes, both for

. continuum observations and for spectral line work. = This new

| generation of receiver systems opens up possibilities of novel

‘ observing techniques that are not accessible with single-beam

systems. The increased guantity cof data produced by such systems

‘ puts greater demands on the data processing capabilities of current

telescopes, but there are opportunities for more sophisticated data

1 processing algorithms. The different temporal, spatial and

| spectral characteristics of .image defects should permit significant
!  enhancements in image quality to be made.

An 8-beam spectral line system has been in routine operation
at the 12-Meter telescope. The system has already proved itself to
be extremely powerful. This system is described, and potential
future developments in observing technigque and data processing are
discussed.
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The Green Bank Telescope, G.A. SEIELSTAD, National Radio Astronomy
Observatory, Green Bank, WV, USA

Active Surface for the Green Bank Telescope, J.M. PAYNE, National Radio
Astronomy Observatory, Green Bank, WV, USA

Beam Scan Performance of an Offset Gregorian Antenna, R.D. NORROD?,
S. SRIKANTH2, * National Radio Astronomy Observatory, Green Bank, WV,
and 2National Radio Astronomy Observatory, Charlottesville, VA, USA

The Synthesis Telescope at the Dominion Radio Astrophysical Observatory,
T.L. LANDECKER, P.E. DEWDNEY, L.A. HIGGS, G.J. HOVEY, J.D.
LACEY, C.R. PURTON, R.S. ROGER, A.G. WILLIS, W. WYSLOUZIL, Na-
tional Research Council Canada, Penticton, BC, Canada

The Proposed Radio Schmidt Telescope: The Technical Challenges, P.
DEWDNEY, T.L. LANDECKER, National Research Council Canada, Pen-

- ticton, BC, Canada

COFFEE/CAFE

A Wide-Band Continuum Correlator Using 14 Level Quantization, G.l.
HOVEY:, D. KARPA?, T. BURGESS!, T.L. LANDECKER:, P.E.
DEWDNEY?, D. ROUTLEDGE?, J.F. VANELDIK2, ! National Research Coun-
cil Canada, Penticton, BC, and 2 University of Alberta, Edmonton, AB, Canada

Correlation Through Optical Interferometric Intensity Modulation, N.R.
PRICE, K. IZUKA, University of Toronto, ON, Canada

Data Display and Computer Control Problems Associated with the Green Bank
Spectral Processor, J.R. FISHER, National Radio Astronomy Observatory,
Green Bank, WV, USA

A Finite Impulse Response Integrated Circuit for Pulsar Signal Recovery, A.A.
KAPADIA, J.M. RABAEY, D.C. BACKER, University of California, Berkeley,
CA, USA
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THE GREEN BANK TELESCOPE

George A. Seielstad

National Radio Astronomy Observatory
P. O. Box 2

Green Bank, West Virginia 24944

A new radio telescope is under construction at the National Radio Astronomy
Observatory in Green Bank, West Virginia. The telescope will be fully steerable
over the entire sky visible 5° above Green-Bank’s horizon, Its primary reflecting
surface measures 100m x 110m, presenting an aperture 100m in diameter on the
plane normal to the electrical axis. Since this aperture is completely unblocked, it
has the largest effective collecting area of any fully steerable radio telescope.. The
primary surface of the Green Bank Telescope will be adjustable, thereby
compensating for gravitational deformations and permitting operation at higher
frequencies than those other comparably sized telescopes can utilize. Operation at
both prime focus and Gregorian secondary focus will be possible. One receiver at a
time can be installed at prime focus, but seven simultaneously can be installed on a
“receiver turntable” at the secondary focus. Rapid switching among all eight
receivers will exploit favorable environmental and scientific opportunities with
maximum efficiency. A laser distance-ranging system will survey the shape of the
main reflector via triangulation. The orientation of the laser surveying platform will
be referenced to retroreflectors fixed on the ground. This latter reference frame
permits the pointing precision necessary for high-frequency operation.
Construction of the Green Bank Telescope will begin in 1991. Astronomical
observations will begin in 1995.
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ACTIVE SURFACE FOR THE GREEN BANK TELESCOPE

J. M. Payne
National Radio Astronomy Observatory
Green Bank, West Virginia 24944

The proposed active surface system for use with the Green Bank
telescope will be presented.

The proposed system uses a metrology system to both measure the
surface and to refer the measured surface to fixed points on the ground. In
this way the surface may be set to a high precision and precision pointing
information obtained.

Results obtained with a prototype metrology system that has both the
required speed and precision will be presented.
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BEAM SCAN PERFORMANCE OF AN OFFSET GREGORIAN ANTENNA

R. D. Norrod *
National Radio Astronomy Observatory!
P.0. Box 2
Green Bank, WV 24944

S. Srikanth
National Radio Astronomy Observatory!
2015 Ivy Road
Charlottesville, VA 22903

Physical optics, uniform geometric theory of diffraction, and
geometrical optics techniques have been utilized to study the beam
scanning performance of a 100-meter, fully offset, gregorian
antenna, for feeds laterally offset from the focus. Gain loss as a
function of wavelength and feed displacement has been tabulated, and
the relative contributions of aperture phase errors and main
reflector spillover to the gain loss studied. At longer wavelengths
where the size of individual apertures in feed arrays require
relatively large feed displacements, increased main reflector
spillover, rather than phase errors, can dominate the gain loss.
The magnitude of the increased spillover for a given beam deflection
is dependent on the reflector geometry.

The results of these studies will be presented for wavelengths
selected between 21 cm and 3 mm. The main reflector spillover
effect and its dependence on reflector geometry will be discussed.
As examples, conceptual feed arrays for 6 cm and 7 mm wavelengths
will be described.

!The National Radio Astronomy Observatory is operated by
Associated Universities, Inec. under cooperative agreement with the
National Science Foundation.
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The Synthesis Telescope at the
Dominion Radio Astrophysical Observatory

T.L. Landecker, P.E. Dewdney, L.A. Higgs, G.J. Hovey, J.D. Lacey, C.R.
Purton, R.5. Roger, A.G. Willis, and W. Wyslouzil, (Dominion Radio As-
trophysical Observatory, National Research Council of Canada)

The Synthesis Telescope at DRAQO has recently been expanded to seven
antennas. This paper presents a technical description of the telescope and
outlines its capabilities.

The Synthesis Telescope is a wide-field instrument which operates simul-
taneously in continuum bands at 408 MHz and 1420 MHz and in the 21-cm
HI line. At 1420 MHz the images have angular resolution of 1 arcmin within
a field of diameter ~2.5° ; at 408 MHz these numbers are 3.5 arcmin and
8° . (Synthesized beams are elongated by a factor cosec(declination) in the
north-south direction). Continuum sensitivities are 0.3 and 3.3 mJy/beam
area r.m.s. at the field centre at 1420 and 408 MHz respectively.

Seven 9-m antennas are placed on a 600-m east-west baseline. Four are
fixed and three move on a precision rail to stations spaced at intervals of
4.3 m. This provides a u-v plane fully sampled between baselines of 13 and
604 m with twelve moves (i.e. in twelve twelve-hour observations). 13 m is
the smallest separation possible between two antennas. Use of baselines as
short as this gives excellent sensitivity to extended emission. Furthermore,
information on the broadest structures, corresponding to baselines between
13 and 0 m, is routinely provided from single-antenna data. The fine and
regular sampling of baselines leads to an excellent synthesized beam, even
without image processing, and places the grating responses well outside the
field of view. Both are important for HI observations.

Image processing algorithms exploit the redundancy designed into the
telescope configuration and also apply self-calibration to the data.

The correlator for the 1420 MHz continuum channel has 30 MHz band-
width and employs 4-bit quantization. A 2-bit correlation spectrometer in
the HI channel can operate at bandwidths of 0.125, 0.25, 0.5, 1, 2 and 4 MHz
with 128 channels.

The Synthesis Telescope finds application in both galactic and extragalac-
tic studies. The continuum channels offer excellent sensitivity to extended
emission of low surface brightness. The spectral line facility is providing a
view of the distribution and dynamics of interstellar atomic hydrogen with
arcminute resolution.
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THE PROPOSED RADIO SCHMIDT TELESCOPE:
THE TECHNICAL CHALLENGES

P. Dewdney and T.L. Landecker (Dominion Radio Astrophysical Observa-
tory, National Research Council of Canada)

The concept of the Radio Schmidt Telescope is designed to fill a sci-
entific requirement for a radio telescope which is very sensitive to diffuse,
extended emission, but has much higher resolution than single-antenna tele-
scopes. Studies of extended HI emission, low-brightness continuum emission,
distributed spectral-line emission, solar studies and other problems all re-
quire sensitivity to extended emission and/or rapid imaging capability and
would benefit crucially from an increase in angular resolution. The aperture
synthesis technique remains the only method available to us to deliver the
required combination of resolution and sensitivity at cm and m wavelengths.
The Very Large Array (VLA) in its most compact configuration is the current
best approximation. Nevertheless, there is a gap between what is possible
with the VLA, and what is required. The Radio Schmidt telescope under-
takes to utilize a new region of “parameter space” in the aperture synthesis
technique.

The salient characteristics of a telescope which is well suited for such ap-
plications are: a wavelength range from about 1 m to 1 cm; a large collecting
area arranged in an array configuration which is optimum for the scientific
requirements (a 2-dimensional array configuration which is fairly compact
in wavelengths); a comparatively wide (instantaneous) field—of-view; suffi-
cient speed for high fidelity imaging of large areas of sky containing complex
structure (areas much larger than the instantaneous field—of-view); spectral
line capability sufficient to handle all known lines in the cm—to-m range of
wavelengths.

In this presentation we will outline a telescope which implements this
concept in a reasonable way. ‘We will further discuss the inevitable com-
promises which must be made in order to balance its cost and performance.
The emphasis will be on a process leading to the best implementation of the
concept at reasonable cost while satisfying all the scientific objectives.
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A Wide-band Continuum Correlator Using
14 Level Quantization

G.J. Hovey (Dominion Radio Astrophysical Observatory, National Research
Council of Canada), D. Karpa (Electrical Engineering Department, Univer-
sity of Alberta), T. Burgess, T.L. Landecker, P.E. Dewdney (DRAO/NRC),
D. Routledge, and J.F. Vaneldik (University of Alberta)

This paper describes a continuum correlator with high sensitivity due to
its 30 MHz bandwidth and 14 levels of quantization. Low cost four bit flash
A /D converters have made it feasible to lower quantization noise to near zero.
In order to avoid de-correlation due to fringe washing, the 30 MHz band is
split into four 7.5 MHz wide sub-bands and correlated by four independent
correlator racks. A correlator rack consists of four types of components, 1)
A/D converters, 2) correlation modules, 3) correlator interfaces, and 4) a
micro-processor controller.

The correlator architecture is extensible and systolic, as correlation mod-
ules may be incrementally chained to form half of an n by n matrix of cor-
relator modules. In order to minimize signal paths, data and control signals
are distributed along the same path. System timing is maintained between
modules by re-timing the signals at each module’s output. To facilitate test-
ing of the correlator during manufacturing and in service repair, self test
circuitry is build into the correlator. Auto-correlator channels are also pro-
vided to permit system calibration along the entire RF and backend input
signal path.

A/D converter performance was measured using synchronous sampling
techniques. This technique permits measuring A/D performance at frequen-
cies higher than the sampling frequency of the A/D. A/D cross-talk between
channels was also reduced to about 2 parts per million by making use of EMI
grounding and filtering practices.

Each correlation module contains eight cross-correlators which compute
all four complex cross-polarization products for a pair of input signals. The
readout logic uses a token passing method in order to eliminate the need for
addressing logic in the modules.

A correlator interface for each channel interconnects the A/D converters
and a micro-processor based controller to the correlator modules. It also
contains test circuitry which may store A/D input data or provide arbitrary
stimulus for correlator modules. The interface functions are high level in
nature, implemented in programmable logic, and provide a simple flexible
interface to the micro-processor controller.

A 68008 STD-Bus based micro-processor (uP) is used to control each
of the four correlator racks. This uP provides the ability to perform free-
standing diagnostic tests and also interfaces a rack, via the IEEE-488 bus,
to a host uVAX computer. The host is used to provide a high level user
interface and file services, while the uP performs real time and offline test
functions. The uP software is written in the C language and operates under
the VRTX multi-tasking kernel.
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CORRELATION THROUGH OPTICAL INTERFEROMETRIC
INTENSITY MODULATION

N. R. Price and K. lizuka, Department of Electrical Engineering
University of Toronto

The technique of millimetre-wave interferometry presents requirements
in frequency bandwidth which cannot be met with high frequency digital cir-
cuits, or state of the art acousto-optic devices. Therefore, the development of
an optical correlator with a bandwidth limited by that of an optical detector
has been undertaken.

The diagram below shows the arrangement of components in the corre-
lator. The first process involved in this correlator is the conversion of the
signal voltage amplitudes Vox(t) and Vo,y(t) produced from two radio tele-
scopes to a modulation of laser beam intensity. This conversion is achieved
through two LleOs integrated optic Mach-Zehnder interferometers with elec-
trodes arranged in a push-pull configuration. Hence there are produced two
coherent laser beams with intensities proportional to Eozll + x(t)] at 1, and
Eozll + y(t)T at 2. Through destructive interference via two Mach-Zehnder
interferometers each incorporating an intensity modulated signal in one arm,
the amplitudes exiting these two interferometers become on(u/z at 3, and
E oy(t.)/2 at 4, for x(t), y(t) < 1. The subsequent constructive and destructive _
interference of these two coherent beams produces intensities at the detectors
proportional to Eozlx(t) + y(t:)]2 and Eo2 [x(t) ~ y(t.)]2 . Voltage outputs from
the detectors are then subtracted to produce the signal voltage proportional
to 4x(t)y(t).

DET: detector

M: mirror

MZIM: Mach-Zehnder intensity modulator
NPE8S; hon~polarising beamspiitter

Diagram of
Correlator

The device is being developed as a prototype for a completely inte-
grated optic device.

The aothors are grateful to Prof. T. Nakamura of Gifu University for his

suggestions. We also want to thank Profs. P. Kronberg and E. Seaquist of the
Department of Astronomy, University of Toronto.
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DATA DISPLAY AND COMPUTER CONTROL PROBLEMS
ASSOCIATED WITH THE GREEN BANK SPECTRAL PROCESSOR

J. R. Fisher
National Radio Astronomy Observatory
Green Bank, West Virginia 24944

Our Fourier-transform spectrometer designed for pulsar and
spectral line observations presents some data display problems that
are well suited to image processing techniques used in optical
aperture synthesis astronomy. This paper presents a few results
from experiments with gray-scale and TV animation displays in
connection with pulsar dedispersion and timing, interference
excision, and interstellar scintillation display.

The complexity of this spectrometer has presented a fairly
difficult software problem in the translation of wuser setup
parameters into hardware settings because of the interdependencies
of many of the parameters. This is much the same problem faced by
designers of telescope control systems. We present a design using
object-oriented software techniques, particularly C++, that may have
general application to hardware state control.
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A FINITE IMPULSE RESPONSE INTEGRATED CIRCUIT FOR PULSAR
SIGNAL RECOVERY

Amar A K, apadia' and Jan M. Rabaey

Depariment of Electrical Engineering and Computer Science, University of
California at Berkeley

Donald C. Backer
Depariment of Astronomy, University of California at Berkeley

Pulsars are rotating, highly magnetized neutron stars which emit pulse signals with strikingly
regular periods. Pulsar timing, a field using the high stability of the pulsar signal frequency, has
numerous applications in astrophysics. However, during its propagation to Earth, the signal under-
goes considerable dispersion due to the presence of interstellar medium. For accurate pulsar timing,
this dispersion has to be removed. The coherent dispersion removal technique implements the
inverse interstellar medium transfer function through a complex arithmetic FIR filter. This paper
describes the design of the finite impulse response (FIR) filter application specific integrated circuit
(ASIC) with 2 maximum of 1024 taps which would remove dispersion for up 10 4 MHz of the sig-
nal bandwidth (The product of bandwidth and taps is limited 10 1024 taps x MHz). The chip uses a
partially parallel and pipelined approach to implement the 7.2 Giga Operations per second compu-
tational requirement of the filter. The operational speed is up to 32 MHz and there are five levels of
pipelining. Furthermore, there is 10 Kbits of on-chip memory for data and coefficient storage. The
datapath consists of 32 complex multipliers and a binary adder-tree followed by accumulators
which sums up the 1024 products to produce the convolution result. This chip has been designed
using the LagerIV silicon assembler and will be fabricated in the MOSIS 2.0 micron process. The
estimated die size is 10mm x 10mm and the estimated pin count is 64.
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Magellan Mission Overview, A.J. SPEAR, J.F. SCOTT, R.J. PIERESON, M.J.
STEWART, R.B. MORRIS, J.M. GUNN, T.W. THOMPSON, California
Institute of Technology, Pasadena, CA, USA

Radar System Design for the Magellan Imaging Radar Mission to Venus,
W.T.K. JOHNSON, California Institute of Technology, Pasadena, CA, USA
Venus: Geological Overview from Magellan Data, G.E. McGILL, University
of Massachusetts, Amherst, MA, USA

The Magellan Altimetry and Radiometry Experiment, P.G. FORD, G.H.
PETTENGILL, Massachusetts Institute of Technology, Cambridge, MA, USA

The Magellan Mission to Venus: Measurements of the Electrical and Phys-
ical Properties of the Surface, D.B. CAMPBELL!, P.G. FORD?, G.H.
PETTENGILL?, R.A. SIMPSON3, G.L. TYLER3, N.S. STACY?, 1 Cornell Uni-
versity, Ithaca, NY, 2 Massachusetts Institute of Technology, Cambridge, MA,
and 3Stanford University, Stanford, CA, USA
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MAGELLAN MISSION OVERVIEW

A. J. Spear, J. F. Scott, R. J. Piereson, M. J. Stewart,
R. B. Morris, J. M. Gunn, and T. W. Thompson¥
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109

The Magellan Project extends and expands upon the knowledge of
Venus that was provided by the Pioneer Venus Orbiter operated in
the late 1970's and Soviet Venera spacecraft operated in the early
1980's. sSince Venus is covered by a thick, dense layer of clouds,
only radio and radar observations can provide a global picture of
the Venusian surface.

The Magellan spacecraft was launched from Cape Kennedy onboard
the shuttle Atlantis on May 4, 1989, and went into orbit abound the
planet Venus on August 10, 1990. The collection of radar and
radiometry data commenced on September 15, 1990. This data
acquisition continues on a daily, orbit-by-orbit basis, interrupted
only by superior conjunction period of eleven days in late October
and early November 1990. The first cycle of data collection, once
around the planet, will be completed in mid-May 1991. Radar data
collection will likely continue for several years.

The Magellan spacecraft carries a single instrument, a radar
sensor. This instrument produces a radar image of the surface
using Synthetic Aperture Radar (SAR) techniques, measures surface
altitude using pulse compression techniques, and detects surface
temperatures via radiometry by sharing various components and modes
of the radar sensor. Magellan will also refine the gravitation
field of Venus via precise tracking of the spacecraft.

The Magellan spacecraft orbits Venus once every 3.27 hours
with a periapsis altitude of 295 km and an apoapsis altitude of
8,472 km. Radar data is acquired and stored onboard during a 50
minute period centered on periapsis. This data is played back to
Earth during a two hour period centered on apoapsis and recorded at
the Deep Space Network (DSN) stations in california, Spain and
Australia. This data is processed at the Jet Propulsion Laboratory
(TPL) in california and the Massachusetts Institute of Technology
(MIT) to produce radar imagery, altimetry, and radiometry of the
surface.
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RADAR SYSTEM DESIGN FOR THE MAGELLAN IMAGING RADAR
MISSION TO VENUS

William T. K. Johnson*, Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, CA 91109

The design of the Magellan radar system reflects the mission’s scientific objectives,
which require the imaging of more than 70 percent of the surface of Venus at a
resolution of better than 360 m, and a determination of a corresponding portion of
the planet's topography with a height resolution commensurate with the imaging
waveform. In fact, the radar system as implemented can image about 90 percent of
the surface during the first eight months of the mission, with more than half of that
at a resolution of better than 130 m. It should evenmally be able to map the entire
planetary surface, using data obtained in additional mapping cycles extending
beyond the first eight months of operation .

Operating from a highly elliptical orbit, the Magellan radar must adapt to rapidly
changing parameter requirements as its altitude varies. Furthermore, the design has
had to surmount severe restrictions placed on the telemetered rate of returned data
by the large interplanetary distances involved. As an all-digital system, the radar
presents several novel approaches to synthetic aperture radar design, of which
block-adaptive quantization is perhaps the most significant. This paper briefly
describes the overall radar system and its philosophy, and shows a few examples of
the SAR images obtained.
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VENUS: GEOLOGICAL OVERVIEW FROM MAGELLAN DATA

George E. McGill*, University of Massachusetts, Amherst, MA 01003

The surface of Venus is dominantly radar-dark plains, most of which appear areally
uniform on Magellan SAR images. Volcanic landforms, such as lobate lava flows,
dome-like structures, small cones, and large central volcanoes are abundant. Plains
areas generally are hundreds of km across, and are characterized by remarkably
coherent patterns of narrow, radar-bright fractures and lineaments; with spacings of
one to many tens of km. Transecting the plains are radar-bright linear belts of
ridges and closely spaced fractures. Ridge belts commonly are 50-100 km wide
and up to many hundreds of km long. They stand a few hundred meters above the
adjacent radar-dark plains, often appearing related to other local relief and areas of
intense fracturing.. Ridge belts are believed to result from compressional shortening
with minor crustal thickening. The plains also include scattered circular to oval
features up to about a thousand km in diameter, referred to as "coronae," which
apparently are unique to Venus. Both volcanic activity and deformation of older
plains lavas are associated with coronae; nevertheless, their origin is somewhat
enigmatic, but probably related to deep-seated upwelling of hot material in the
venusian mantle. The total population of impact craters on the plains indicates that
the surface is relatively young — averaging a few hundred million years, with some
local areas apparently even younger.

Large elevated plateaus and mountainous regions occupy a minor but significant
fraction of the venusian surface. These highland regions have experienced
significant shortening and crustal thickening, and include several types of terrain:
1) Much of Ishtar Terra is a radar-dark, lava covered plateau (Lakshmi Planum),
that includes two large and spectacular volcanic calderas. 2) Other large areas
consist of radar-bright, intricately deformed terrain dubbed "tessera” by Soviet
scientists because of its resemblance to cross-lineated floor tiles. Tessera terrains
probably contain the oldest materials now exposed at the surface of Venus. 3)
Flanking Lakshmi Planum are major linear mountain belts consisting of long,
narrow, parallel ridges of probable compressive origin. Magellan SAR images
reveal dramatic evidence for lateral extension and gravitational collapse of these
mountain belts. Furthermore, slopes are so steep in some localities, that mountain-
building activity there must be geologically recent.

Magellan radar images suggest that Venus has experienced a complex history of
volcanism and deformation, some of which must be geologically recent. Venus
thus appears to be an active planet, more like the earth than the moon or Mars.
Nevertheless, no evidence has yet been found in the Magellan data to suggest that
}he lithosphere of Venus is broken into laterally mobile, rigid plates, as is the case
or the earth.
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THE MAGELLAN ALTIMETRY AND RADIOMETRY EXPERIMENT

Peter G. Ford* and Gordon.H. Pettengﬂl, Center for Space Research,
Massachusetts Institute of Technology, Cambridge, MA 02139

The Magellan Venus orbiter comprises a single sciemtific instrument: a 12.6-cm-
wavelength radar system, shared among three data-taking modes. In addition to the
primary (SAR) imaging mode, described earlier, an altimetric mode enables relative
terrain height-measurement accuracies approaching 5 m, depending on the
roughness of the surface below, although orbital uncertainties generally raise the
absolute uncertainty to about 50 m. It also provides information on the roughness
and reflectivity of the nadir region. In order to estimate these various quantities in
an optimum manner, the altimetric echo is resolved in doppler frequency, and data
taken over an interval of many seconds, that nevertheless originate from a given
small element of the surface, are combined in two quite different ways. In one,
estimation of the distance to the surface is stressed; in the other, the scattering
properties are emphasized.

When used as a thermal emission radiometer, the radar receiving system can resolve
surface brightness temperatures differing by as little as 2K, and can determine their
absolute values to about 15K. By combining the surface brightness observations,
corrected for atmospheric absorption, with knowledge of the surface physical
temperatures (which on Venus are solely a function of altitude), the intrinsic surface
emissivity may be calculated with an absolute accuracy of about 0.02.. These data,
when combined with the radar reflectivity, provide an excellent estimate of the
intrinsic dielectric permittivity of the surface material.
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Measurements of Atmospheric Phase
Delays with a Radio Interferometer

Colin R. Masson
Harvard-Smithsonian Center for Astrophysics

As part of the preparation for the building of the SAO submillimeter array, an
interferometric phase monitor has been constructed. This instrument has been used
to measure the quality of the radio seeing at Mauna Kea in Hawaii, the first time that
this quantity has been measured in advance of the construction of an interferometer.

The phase monitor consists of a pair of small satellite antennas, connected as an
interferometer, receiving signals from a geosynchronous satellite at 11.712 GHz.
The antennas are spaced 100 m apart and the system noise level is approximately
0.07°, corresponding to a path length of 5 pim, in an integration time of 1 second.

The results show that the radio seeing at Mauna Kea has the same range as that
reported for other sites. A more quantitative comparison is not possible because the
other measurements reported in the literature do not give an accurate distribution of
conditions. The peak phases are extremely large, nearly 100° at 11.712 GHz on
our 100 m baseline. This corresponds to a wedge of 100% humid air above the
phase monitor, with an angle of nearly 45 °.

The phase data have been compared in various ways with measurements from the
nearby NRAO 225 GHz radiometer. There is little correlation between the mean
precipitable water vapor (PWV), as measured by the radiometer, and the rms phase,
except that at very low values of PWV (< 1mm) the rms phase is reduced. There is
a good correlation, however, between the opacity fluctuations and the phase
fluctuations, as expected theoretically.

The power spectrum of the phase fluctuations gives information about phase on
baselines longer and shorter than 100 m. The rms phase increases as approximately
the 0.65 power of baseline, much less than the value predicted for Kolmogorov
turbulence.
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Sources of Ground Noise in Radio Telescopes
Using Paraboloidal Antennas

T.L. Landecker (Dominion Radio Astrophysical Observatory, National Re-
search Council of Canada), M.D. Anderson, D. Routledge, R.J. Smegal, P.
Trikha, and J.F. Vaneldik (Electrical Engineering Department, University of
Alberta

Ground radiation contributes to the system noise of radio telescopes at all
microwave frequencies. In systems which use cryogenically cooled receivers,
ground noise can be the dominant source of system noise at some frequen-
cies. Antenna sidelobes which can intercept ground radiation are those due
to spillover past the reflector rim, diffraction at the rim, leakage through
the reflector, and scattering from the struts which support the feed {or sub-
reflector). Ground radiation scattered from the struts into the feed can
contribute up to 5 K. A simple method of estimating this contribution has
been developed. The antenna temperature at 1.4 GHz of a 9 m paraboloid
has been accurately measured, and the contribution from strut scattering
has been isolated. Triangular struts can be used to reduce the contribution
of strut scattering to antenna noise, without degrading polarization perfor-
mance. On antennas where three struts are used, the optimum configuration
of the tripod is the upright Y. This configuration gives lower ground noise at
all elevation angles of the antenna beam, with both circular and triangular
struts.
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WIDE-BANDWIDTH RECEIVERS AND INTERFERENCE:
DESIGN FOR MINIMUM SUSCEPTIBILITY

William D. BrundageX and Paul Lilie
National Radio Astronomy Observatory
Socorro, New Mexico, USA

The trend toward wider bandwidths at centimeter and
millimeter wavelengths for radio astronomy receiver
front ends presents a design challenge to minimize
susceptibility to radio interference.

Astronomers’ desire for maximum sensitivity and well
calibrated polarization measurements push receiver
front ends toward large instantaneous bandwidths.
Spectral line observers want sensitive receivers
covering almost the entire radio spectrum. Therefore
radio telescopes must function far outside the few
protected frequency allocations. Astronomers must
frequently contend with data contaminated at some level
which ranges from nuisance to disaster. Interference
becomes harmful when it causes significant errors in
the data which cannot be adequately excised or
calibrated out.

We discuss harmful levels for certain observations
related to the principal sources and mechanisms of
interference. Interference originates both outside the
telescope and from within the receiver electronics.
Harmful interference outside the detected passband
occurs mainly through gain compression or
intermodulation or both. We discuss the sources and
mechanisms in some detail.

How can we design receivers to minimize susceptibility
through these mechanisms? We discuss some rules of
thumb for such design with reference to gain,
bandwidth, noise, and intercept parameters.
Unfortunately, these rules often require tradeoffs,
which often cause less than adequate immunity to
specific interferences. Design should provide for easy
retrofitting to respond to future changes in the
interference environment. We discuss some methods.

Case histories can be instructive. We discuss several
experiences from the Very Large Array and the Very Long
Base Line Array. Finally, we point out some spectral
segments which could become future problems for radio
astronomy.
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ELECTROMAGNETIC INTERFERENCE FROM PERSONAL COMPUTERS AND
WORKSTATIONS AT DRAO

W.Wyslouzil, National Research Council of Canada, Herzberg Institute
of Astrophysics, Dominion Radio Astrophysical Observatory,
Penticton, British Columbia.

The principal observing instrument at DRAO (Dominion Radio
Astrophysical Observatory) is an aperture synthesis telescope
comprising seven 8.5 meter parabolic antennas on a 600 meter
baseline, making simultaneous observations at 408 and 1420 MHz. The
array comes to within about 80 meters of the main observatory
building containing laboratories and offices where the recent
proliferation of personal computers and workstations has raised
concerns about the possibility of EM interference with astronomical
observations.

In addition, the DRAO 26 wmeter telescope, used Pprimarily for
observations at or near 1420 MHz (interstellar hydrogen emission)
and 1660 MHz (OH absorption lines), is situated immediately adjacent
to the main building, making it even more susceptible to low level
interference.

It was therefore decided to measure the emission from a number of
typical personal computers (PCs) and workstations at the frequencies
of interest and relate these measurements to signal levels required
to cause interference.

Measurements were performed in a swall anechoic chamber with a
simple receiving antenna connected to a low noise preamplifier and
Spectrum Analyzer. The results were related to signals of known
power transmitted from quarter wavelength monopoles positioned at
the test location.

Indications are that interference with the synthesis array is highly
unlikely at frequéncies above 1 GHz, but interference at 408 MHz is
a theoretical possibility. The results of the measurements and
considerations leading to these conclusions will be discussed.

On the other hand, interference from a workstation with OH 1line
observations using the 26 meter telescope has actually been
demonstrated and some of the offending equipment has been relegated
to a screened enclosure - not a preferred solution.

Consequently methods for suppressing EM emissions from PCs at
frequencies below 3 GHz are being actively investigated. The most
promising approach is to build & shielding enclosure for the
computer proper, with signals to the monitor, keyboard, printer and
other peripherals passing through low ©pass 1line filters.
Construction details and the performance of various experimental
configurations will be described.
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(42.3)

(42.4)

(42.5)

(42.6)

(42.7)

(42.8)

(42.9)

(42.10)

Polarimetric Study of Complex Targets at Millimetric Wavelengths, V. SAM-
PATH, G.Y. DELISLE, Laval University, Quebec, PQ, Canada

Broadband Scattering. Matrix Measurements and their Modelling, G.
WANIELIK?, D.J.R. STOCK?, tDaimler-Benz Research, Ulm, and
2 TST/DASA, Ulm, Germany (APS)

Polarimetric and Synthetic Aperfure FM-CW Radar, Y. YAMAGUCH]I?,
M. MITSUMOTO?, M. SENGOKU?, T. ABE?, W.-M. BOERNER?, * Niigata
University, Niigata, Japan; University of lllinois, Chicago, IL,VUSA ‘

Measured Monostatic Radar Cross Section of Metallic Cubes, S.R.
MISHRA!, J. MANTZ?, 1Canadian Space Agency, Ottawa, ON, and
2Concordia University, Montreal, PQ, Canada (APS)

A Dihedral Corner Reflector Model for Full Polarization Calibration of RCS
Measurements, K.W. SORENSEN, Sandia National Laboratories, Albu-
querque, NM, USA (APS)

COFFEE/CAFE

Polarimetric Observations of Trees at 35 and 94 GHz, A. NASHASHIBI, Y.
KUGA, F.T. ULABY, University of Michigan, Ann Arbor, MI, USA (APS)

Polarimetric Scattering from Natural Surfaces at 225 GHz, J. MEAD, -
P. LANGLOIS, P. CHANG, R. McINTOSH, University of Massachusetts,
Ambherst, MA, USA (APS)

Ku-Band Polarization Characteristics of Wheat, Barley, Canola and Fallow,
G. SOFKO, M. HINDS, M. McKIBBEN, J.A. KOEHLER, A. WACKER,
University of Saskatchewan, Saskatoon, SK, Canada

Performance of a Polarization Isolation Enhancement Method in the Presence
of Errors, B.C. BROCK, Sandia National Laboratories, Albuquerque, NM,
USA (APS)

A New Calibration Algorithm of Wideband Polarimetric Measurement System,
T.-J. CHEN, T.-H. CHU, F.-C. CHEN, National Taiwan University, Taipei,
Taiwan, China (APS) =
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POLARIMETRIC STUDY OF COMPLEX TARGETS
AT MILLIMETRIC WAVELENGTHS

V. Sampath* G.Y. Delisle

Electrical Engineering Department
Faculty of Sciences and Engineering
Laval University, Quebec City
Canada G1K 7P4

in the past few years, interest in the polarimetric aspects of radar target
behavior appears to have revived to a considerable extent. Since most targets
can be fully characterised by their scattering matrices and no scattering matrix is
complete without polarization dependence included, polarimetry is, indeed,
becoming extremely important.

Two types of scattering matrices exist:

« Complex voltage scattering matrix (VSM)
* Real power scattering matrix (PSM)

From the PSM, power spectra, consisting of the polarization signatures
(PS) as well as the dispersive polarization signatures (DPS) can be found. The
PS and the DPS are themselves of three basic types:

+ Co-polarized - i.e. when the receiver is polarized in identical fashion to
the transmitter

+ Cross-polarized - i.e. when the receiver is polarized perpendicular to
the transmitter

« Random-polarized - i.e. when the receiver polarization can be varied
so as to capture the maximum amount of power reflected by the target.

Power scattering matrices are extremely useful in modelling partially
polarized electromagnetic waves. However, the problem is that information on
the phase is lost as the coefficients of the PSM are all real. Thus, from the point
of view of relative phase spectra, it is the VSM that is required. But the most
important role that the VSM could play is in the study of the depolarization
produced by an object. This phenomenon is supposedly a function of the
parameters Syy1, Sy2 and Spp. Further, the material of which each target is
made may influence the polarization.

The present work is therefore aimed at formulating a backscattering
model that would include not only depolarization characteristics but also the
nature (/.e. the permittivity and/or permeability) of the various objects under
consideration. Numerical and experimental results will be reported using
different angle of observations of the targets. They will be compared with those
obtained experimentally.
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POLARIMETRIC AND SYNTHETIC APERTURE FM-CW RADAR

Yoshio Yamaguchi*, Masashi Mitsumoto,
Masakazu Sengoku, and Takeo Abe
Department of Information Engineering
Faculty of Engineering, Niigata University
Tkarashi 2-8050, Niigata-shi 950-21
Japan

and

Wolfgang-Martin Boerner
Communications and Sensing Laboratory (M/C 154)

Department of Electrical Engineering and Computer Science

University of Illinois at Chicago
Chicago, IL/USA 60680

Joint-42.3

This paper presents the principle and detection results of a novel
Polarimetric and Synthetic Aperture Frequency Modulated Continuous
Wave Radar (FM-CW POL-SAR) System. First, the synthetic aperture
technique is applied to the conventional FM-CW radar, with empha-
sis placed on showirig that the Fourier transformed beat signal
obtained by the FM-CW radar is equivalent to one kind of Fresnel
holograms, which leads us to the implementation of the SAR tech~
nique. Then, polarimetric measurements for object detection are
combined with the SAR mode leading to the realization of a fully
polarimetric imaging radar system. Next, the resulting instrumen-
tation testbed radar system, operative in the microwave X-band, is
calibrated, tested and applied to the detection of a metallic

plate of different orientations, demonstrating its usefulness

in

polarimetric imaging and the high resolution detection along the
azimuthal direction by satisfying the Fresnel region operating

conditions.
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Joint-42.8

-Ku-BAND POLARIZATION CHARACTERISTICS OF WHEAT,
BARLEY, CANOLA AND FALLOW

G. Sofko (1), M. Hinds (2), M. McKibben (1),
J. Koehler (1) and A. Wacker (2%*)

(1) Institute of Space and Atmospheric Studies
University of Saskatchewan, Saskatoon, Sk. S7N OWO
(2) Electrical Engineering Department,
Univ. of Saskatchewan, Saskatoon, Sk. S7N OWO
(2%) deceased

A standard microwave Ku-band FM-CW ground-based scatterometer,
measuring HH, HV, VH, and VV polarization states, was modified into
a full polarimeter for crop and soil measurements during the
growing seasons of 1987 and 1989. For each of the transmitted
polarizations (H and V), received signal was measured in H, V, X,
¥, L and R modes, where X and Y are linear components at 45 and 135
degrees - to the horizontal, and L and R are the left and right
circular components. The results show that, for all targets, the
average received elliptically polarized state has the same shape
(linear) as the transmitted state, so there is no depolarization.
However, there s a substantial unpolarized component. The received
elliptically polarized power varies significantly with incidence
angle and time (i.e. crop maturity). Furthermore, the elliptically
polarized power is different for the H and V transmit states,
whereas the unpolarized power is about the same for both transmit
states; as a consequence, the received polarization ratio m for the
two transmit states is different. The most important conclusion is
that the standard scatterometer measurements (HH, HV, VH and VV)
contain essentially all of the polarization information. The like-
polarized states HH and VV contain all the elliptically polarized
power plus half the unpolarized power, while the cross-polarized
states HV and VH contain the other half of the unpolarized power.
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(59.4)

(59.5)

(59.6)

(59.7)

(59.8)

(59.9)

High Resolution Imaging of Radar Targets Using Narrow Band Data, E. WAL-
TON, A. MOGHADDAR, Ohio State University, Columbus, OH, USA (APS)

Basic Equations of Radar Polarimetry and Its Solutions, W.-M. BOERNER?,
W.-L. YAN!, A.-Q. XIt, Y. YAMAGUCHI2, 1 University of lllinois, Chicago, and
2 Niigata University, Niigata, Japan

Determination of the Characteristic Polarization States of the Target Scatter-
ing Matrix [S(AB)] for the Coherent Monostatic and Reciprocal Propagation
Space, A.-Q. XI, W.-M. BOERNER, University of lllinois, Chicago, IL, USA

Optimal Polarization States Determination of the Stokes Reflection Matrices
[iity] for the Coherent Case, and of the Mueller Matrix [M] for the Partially Po-
larized Case, W.-L. YAN, W.-M. BOERNER, University of lllinois, Chicago,
IL, USA

Reconstruction of Evaporation Duct Profile from Spatial Structure of the
Radar Backscatter from the Sea Surface, A.V. VOLKOV, K.V. LATYSHEV,
K.V. KOSHEL, L.A. SLAVUTSKY, B.M. SHEVTSOV, A.A. SHISHKAREYV,
Pacific Oceanological Institute, Vladivostok, USSR {APS)

COFFEE/CAFE

Propagation Research on 20 GHz Earth-Satellite Paths with the DLR Sta-
tion, A. HORNBOSTEL, A. SCHROTH, DLR Oberpfaffenhofen, Wessling,
Germany (APS)

Adaptive Communications Polarimetry, Y. YAMAGUCHI, H.J. EOM2, W.-
M. BOERNERS?, 1 Niigata University, Niigata, Japan; 2Korea Institute of Tech-
nology, Tae-Jon, Korea; 3University of lllinois, Chicago, IL, USA

An ISAR Simulator for Ships, K.R. SHILLINGTON, P.A. JAHANS, E.H.
BULLER, J.K.E. TUNALEY, London Research and Development Corporation,
London, ON, Canada (APS)

A New Filter Method for Speckle Reduction in Synthetic Aperture Radar
SfAR) Images, G.H. ABDELHAMID, H.A. ASSAL, M.N. FAHMY, Cairo
niversity, Giza, Egypt (APS)
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Joint-59.2
BASIC EQUATIONS OF RADAR POLARIMETRY AND ITS SOLUTIONS

Wolfgang-Martin Boerner, Wei-Ling Yan, An-Qing Xi
Communications and Sensing Laboratory (M/C 154)
Department of Electrical Engineering and Computer Science
University of Illinois at Chicago
Chicago, IL/USA 60680

and

Yoshio Yamaguchi
Department of Information Engineering
Faculty of Engineering, Niigata University
Ikarashi 2-8050, Niigata-shi 950-21
Japan

Basic principles of radar polarimetry are introduced. The target
characteristic polarization state theory is developed first for
the coherent case using the three step, the basis - transformation,
and the power (Mueller) matrix optimization procedures.
Kennaugh’s and Huynen’s theories of radar target polarimetry are
verified for the monostatic reciprocal case. It is shown that
there exist in total five unique paris of characteristic
polarization states for the symmetric scattering matrix of which
the two pairs, the cross-polarization null and co-polarization max
pairs are identical; whereas, the cross-pol max and the cross~pol
saddlepoint pairs are distinct. These three pairs of orthogonal
characteristic states are also mutually orthogonal on the polari-
zation sphere. The fifth pair, the co-pol null pair lies in the
plane spanned by the co-pol max/-cross-pol null and the cross~pol
max pairs which determines the target characteristic circle on the
polarization sphere reestablishing Huynen’s ‘"polarization fork"
concept. The theory is wverified by an example for which next to
the polarization fork also the co-polarized and cross-polarized
power density plots are presented. In a next step, the partially
polarized case for completely polarized wave incidence is
presented and compared with the results for the coherent and the
partially coherent cases, the latter still being unresolved.
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DETERMINATION OF THE CHARACTERISTIC POLARIZATION STATES
OF THE TARGET SCATTERING MATRIX [S(AB)] FOR THE COHERENT
MONOSTATIC AND RECIPROCAL PROPAGATION SPACE

An-Qing Xi and Wolfgang-Martin Boerner
Communications and Sensing Laboratory (M/C 154)
Department of Electrical Engineering and Computer Science
University of 1llinois at Chicago
Chicago, IL/USA 60680

A problem originating in radar polarimetry is considered for which
the radar target is to be characterized by its coherent polarization
state properties, given complete coherent backscattering scattering
matrix data sets at one frequency and for one target aspect angle.
First the Jones vector formalism for the coherent monostatic case,
together with Sinclair’s backscattering matrix [S(AB)] for the
general polarization basis (AB) are introduced. Using the unitary
change of polarization state transformation, the concept of the
characteristic polarization states of a scatterer, first introduced
by Kennaugh and Huynen, is presented.  For emphasizing the unique
properties of the interrelation among the existing characteristic
polarization states the generalized unitary transformation matrix
formulation under the change of basis transformation, expressed in
terms of the polarization ratio p, is developed. For the monostatic
reciprocal case (S,. = S__), treated here, it is shown that there
exist in total £id% pai?é of characteristic polarization states:
orthogonal cross—polarization null and co-polarization maximum state
pairs, being identical and sharing one main circle with the
co-polarization and the orthogonal cross-polarization maximum state
pairs, the latter being at right angles with the cross-polarized
null pairs; and, a newly identified pair: the orthogonal cross~
polarization saddle point extrema which are normal to the plane
(main circle) spanned by the other four pairs on the polarization
sphere. With this complete and unique mathematical description of
Huynen’s polarization fork concept, it is now possible to study the
polarimetric radar target optimization problem more rigorously.
Various examples are provided and interpreted by comparing the
unique result with previous incomplete analyses.
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OPTIMAL POLARIZATION STATES DETERMINATION OF THE STOKES REFLECTION
MATRICES [M_] FOR THE COHERENT CASE, AND OF THE MUELLER MATRIX [M]
p FOR THE PARTIALLY POLARIZED CASE

Wei-Ling Yan and Wolfgang-Martin Boerner
Communications and Sensing Laboratory (M/C 154)
Department of Electrical Engineering and Computer Science
University of ‘Illinois at Chicago
Chicago, IL/USA 60680

A problem originating in radar polarimetry is considered for which
the radar target is to be characterized by its 4x4 Mueller matrix
(M] properties. in terms of partially polarized wave treatment for
the monostatic reciprocal and non-reciprocal cases. In order . to
compare our results with previous  coherent treatments - of
optimizing the corresponding = 2x2 Sinclair matrix [S], first the
vector formalism for the coherent case 1is introduced. The
coherent formulation is then extended via the coherency matrix
(vector) approach to the partially polarized case with the aid. of
the Kronecker expansion matrix and the Stokes vector formalism.
Distinction of the Stokes Reflection Matrices is made between the
one-antenna and the two-antenna cases. For the one-antenna case,
the reception of the optimal energy densities and powers is
accomplished separately for the co-polarized and the cross-
polarized channels which is a natural approach in radar polari-
metry. For the two-antenna case, the reception of the optimal
power is accomplished by adjusting the polarization state of the
receiving antenna to match or mismatch the polarization state of
the scattered wave. The "degenerate Mueller matrix case" for
purely cocherent wave reception is analyzed first to facilitate
comparison with previous methods of optimizing the corresponding
Sinclair matrix [S]. Here, the Lagrangian multiplier method is
used for determining the characteristic optimal polarization
states subject to the constraint that the incident wave is purely
polarized.

It is then shown that for the more general partially polarized
scattered wave case, there exist next to the total energy density,
three specific types of energy densities: (i) the adjustable
purely polarized intensity, (ii) the noise-like unpolarized
intensity, and (iii) the receivable polarized intensity; for which
separate optimization methods are developed. Whereas, for the
first category, a factorized solution may be found; for the second
two criteria mumerical solutions must be used. The paper is
concluded with a comparison of the various results obtained here
with those obatined by other methods.
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ADAPTIVE COMMUNICATIONS POLARIMETRY

(1)* (2) (3)

Yoshio Yamaguchi , Hyo Joon Eom and Wolfgang-M. Boerner

(1) NIIGATA UNIVERSITY, Faculty of Electronics
NIIGATA-SHI, T 950-21 Japan

(2) KOREA INSTITUTE OF TECHNOLOGY
KIT/KAIST-EE/WSL, 23 Ku Song Dong
YUSUNG GU, TAE-JON-Shi, T 300-31 South Korea

(3) UNIVERSITY OF ILLINOIS AT CHICAGO
UIC-EECS/CSL, M/C 154, 840 W. Taylor Str.
UIC-607-4210, CHICAGO, IL/USA 60607

Commonly in radio communications fixed antenna polarization states
are in use also for dual orthogonal polarization channel frequency-
reuse operations. The most commonly used antenna polarizations are
fixed linear "horizontal/ertical" or circular "left/right-handed"
polarization states. However, the communications signal will, in
general, suffer from polarization state transformation and depolari-
zation effects caused by scattering, refraction, diffraction, etc.,
in a complex propagation medium. The polarization state degradation
includes all obstructing objects affecting the propagation space,
i.e., topology, man-induced structures, vegetation and atmospheric
scatter, e.g., fog, rain, hail, etc. 1In addition, in a multi-path
propagation environment such as in cellular communications, time-de-
layed multiple vector waves of different polarization states simul-
taneously arrive at the receiver, completely changing the polariza-
tion state of the initially transmitted wave. Therefore, the common
use of (any) fixed antenna polarizations is certainly far from opti-
mal. Thus, the aim of this paper is to develop an agile polariza-
tion state adaptive communication systems approach. This is achieved
by designing the received antenna system with completely free,
arbitrarily adaptive polarization state, providing the following
advantages:

1) Maintain matched polarization state conditions resulting in
increased steady systems performance;

2) Reject undesired signals by adaptively switching receiver
antenna state to a polarization state orthogonal to that of
the undesired signal;

3) Apply polarimetric matched signal filter techniques with
space filtering by use of adaptive polarization array
antennas, so that the desired signal can be selected within
the "main beam".

In view of the rapid advances currently being made in miniature
compact electro-optical signal processing device technology, the
relatively large and complex adaptive antenna polarization state
control and polarimetric matched signal filter systems can soon be
miniaturized and realized, elevating "radar polarimetry" to an
indespensible tool also in cellular communications technology.
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Inverse Problem Approach to Array Diagnostics, L.A. WEGROWICZ, R.
POKULS, McGill University, Montreal, PQ, Canada (APS)

One-Dimensional Imaging of Dielectric Bodies of Revolution Based on
Rayleigh Approximation, T. UNO, Y. MIKI, S. ADACHI, Tohoku University,
Sendai, Japan (APS)

Iterative Methods for an Inverse Scattering Problem of a Three-Dimensional
Flaw in Anisotropic Slab, S. BARKESHLI, R.G. LAUTZENHEIZER, L.D.
SABBAGH, H.A. SABBAGH, Sabbagh Associates Inc., Bloomington, IN, USA

(APS)

On the Time Domain Inverse Scattering for the Bistatic Case, S.-M. LIN,
Northwestern Polytechnical University, Xi'an, China (APS)

Solution of Inverse Problems by the General Maximum Entropy Method, X.
CHEN, W.X. ZHANG, Southeast University, Nanjing, China (APS)’

COFFEE/CAFE

Electromagnetic Imaging Method for Line Sources Buried in a Dielectric Half-
Space, T. UNO, Y. HE, S. ADACHI, Tohoku University, Sendai, Japan

An Inversion Approach for the Simultaneous Reconstruction of Two-
Dimensional Permittivity and Conductivity Profiles, T.M. HABASHY?, M.L.
ORISTAGLIOY, A.T. DE HOOP?, *Schlumberger-Doll Research, Ridgefield,
CT, USA; 2Delft University of Technology, Delft, The Netherlands

Accelerated Iterative Algorithms for the Solution of Nonlinear Inverse Scat-
tering Problems, Y.M. WANG, W.C. CHEW, University of lllinois, Urbana,
IL, USA

High Resolution Microwave Imaging, H.-J. L1, National Taiwan University,
Taipei, Taiwan, China

An Electromagnetic Inverse Problem in Determination of Certain 2D Source
Distributions, Z.A. DELECKI, National Research Council Canada, Win-
nipeg, MB, Canada (APS)
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ELECTROMAGNETIC IMAGING METHOD FOR LINE
SOURCES BURIED IN A DIELECTRIC HALF-SPACE

Toru Uno*, Yiwei He, and Saburo Adachi

Department of Electrical Engineering
Tohoku University, Sendai, 980 Japan

Many types of subsurface radar have been developed for detecting the
buried objects in the ground such as water pipes, electric communication lines,
etc.. The most widely used imaging method is a synthetic aperture technique
in which only the direct wave between a transmitting antenna and the buried
object is adopted as an electromagnetic scattering mechanism. However, this
imaging method is still insufficient, because the exact scattered field can be
interpreted as the sum of the direct wave, the sub-surface wave propagating
along the interface and the combination of these two waves (T.Suzuki, et al.,
ISAP, 735-738, 1989, T.Uno, et al. IEEE AP-S Int.  Symp. 898-901, 1990).
Furthermore, it has been shown that these waves may be possible to have the
same amplitude in some cases.

As a first step to establish the three dimensional imaging method of the
buried objects, this paper studies a reconstruction method to detect the line
current sources buried in a homogeneous dielectric half-space. The dielectric
constant is assumes as a known constant. The line current source is the most
simple model of the secondary current on the buried metallic cylinder. The
radiated electric field E(z, z) above the ground surface due to the radiating
line source current is expressed by an integral form. Using this relation, we

can obtain
wn _AI-I-AQ b ns—Alz—Ax
p((s r s)c) = e /:w E(z,z, —c—)dz

A = \/l—Az, A2=\/n2—/\2, §=(/\/n, )‘Q/n)

where n is a refractive index, ¢ is a light velocity, (z, z) is an observation point
and —1 < A < 1is an arbitrary constant. p is the amplitude of the current
source projected onto the plane determined by 3 and is referred to as an image
function in this paper. The location of the line source is reconstructed by
synthesizing the image function p for A. The validity of this method is tested
by numerical simulation. '
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AN INVERSION APPROACH FOR THE SIMULTANEOUS
RECONSTRUCTION OF TWO-DIMENSIONAL
PERMITTIVITY AND CONDUCTIVITY PROFILES

T.M. Habashy*, M.L. Oristaglio*, and A.T. de Hoop™

* Schlumberger-Doll Research
Old Quarry Road, Ridgefield, CT 06877-4108

+ Laboratory of Electromagnetic Research
Delft University of Technology
P.0. Box 5031, 2600 GA Delft, The Netherlands

In this paper we present a new inversion algorithm for the
reconstruction of two-dimensional permittivity and conductivity
profiles. The execution of this algorithm can be summarized in the
following three steps: Step 1 (The Inverse Source Problem): From
the known data on the surface of the probed medium, the currents
induced inside the medium are solved for from either the electric or
the magnetic field source-type integral equation. Step 2 (The
Forward Problem): Knowing the currents induced inside the slab
(obtained from step 1), the electric field can be calculated everywhere
(inside as well as outside the probed medium) from the electric field
equation. Step 8 (The Inversion): From the knowledge of the
currents induced inside the slab (obtained from step 1) and the
electric field inside the slab (computed from step 2), the unknown
difference variation of the complex permittivity is obtained from the
constitutive relation which relates the induced currents to the
internal electric field.

This method recasts the inversion, which is nonlinear in nature, in
terms of the solution of a set of linear equations. The objective is to
explore the possibility of developing an inversion algorithm which
does not rely on an iterative approach. In this paper, we will discuss
how to deal with the nonuniqueness issue associated with the
implementation of the inverse source problem of step 1. We will also
explore various ways of implementing the inverse source problem
and study their effect on the performance of the inversion. Moreover,
we will look at various ways to accommodate multiple measurement
with the goal of narrowing down the class of solutions.

The inversion scheme is demonstrated for the case where the
exciting source is of the dipole type that generates only TE polarized
waves. The data required for inversion are the tangential component
of the electric and/or the magnetic field at various frequencies and
various locations on the surface of the probed medium.
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Accelerated Iterative Algorithms for the Solution
of Nonlinear Inverse Scattering Problems

Y. M. Wang* and W. C. Chew
Electromagnetics Laboratory
Department of Electrical Engineering

University of Illinois
Urbana, IL 61801

One problem of the iterative algorithms for the solution of nonlinear in-
verse scattering problems is the intensive computation time involved. For
any iterative nonlinear inverse scattering algorithm, both the direct and in-
verse solutions in the iteration procedure are needed (Y. M. Wang & W. C.
Chew, Int. J. Imaging Syst. Technol., vol. 1, no. 1, pp. 100-108, 1989; W.
C. Chew & Y. M. Wang, IEEE Trans. Medical Imag., vol. 9, no. 2, pp.
218-225, 1990). Thus, matrix inversions are required. By using the standard
Gaussian elimination algorithm, computational time for the matrix inversion
is proportional to N3, Therefore, the computational complexity of iterative
nonlinear inverse scattering algorithms usually is N3, where N is the number
of meshes in the object.

One way to reduce the computational complexity of the algorithms is to
apply the conjugate gradient method to both the direct and inverse solutions
of the algorithms. However, the conjugate gradient method provides a solu-
tion for only one incident wave at a time. If M, the number of the incident
fields (or transmitters) is large, overall computation time, which is propor-
tional to M N2, can be quite computationally intensive for a large object.

In order to significantly accelerate the algorithm, we have applied the
fast recursive operator algorithm (Y. M. Wang & W. C. Chew, Micro. Opt.
Tech. Lett., vol. 3, no. 3, pp. 102-106, 1990; W. C. Chew & Y. M. Wang,
Micro. Opt. Tech. Lett., vol. 3, no. 5, pp: 164-169, 1990) to the solution of
the direct scattering problem in each iteration step. Since the fast algorithm
gives a full solution of the direct scattering problem, the computational time
will be independent of the number of the transmitters (or incident fields)
in the experimental configuration of the inverse scattering problem. The
computational complexity of the fast algorithm is N? in high frequency cases.
Therefore, if the conjugate gradient method is applied to the inversion part
of the algorithm, overall computational time will be roughly proportional to
NZ. This represents a significant reduction of the computational time.

680



Joint-75.9

HIGH RESOLUTION MICROWAVE IMAGING
Hsueh—Jyh Li
‘Depa.rtment of Electrical Engineering
National Taiwan University

Taipei, Taiwan, _China .

In this paper we develop and analyze algorithms for extrapolating the scattered field
along the frequency direction and the azimuthal direction and discuss their effects
on the image resolution for polar format processing and rectangular format
processing. Simulation and experimental results show that extrapolation along the
frequency direction is a meaningful process. The reason is that at high frequency
the scattered field of a complex—shaped object can be approximated by a
superposition of the fields scattered by discrete scattering centers. In other words,
the field is a superposition of discrete sinusoidal sources. It is well known that the
linear prediction method is especially suited for this type of problem. Extrapolation
in the azimuthal direction is also meaningful for small angle imaging using
rectangular format processing. However, it does not improve image resolution of
complex—shaped objects for wide angle imaging. A promising application of the
above observations is in the imaging of moving targets. By applying the
extrapolation algorithms described in this paper, we may obtain an image with
acceptable resolution using signals with narrower bandwidth (or longer pulses) and a
smaller angular interval than those required when processed by the conventional

Fourier transform range—Doppler method.
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08:50 (92.1) From Linearized to Quantitative Electromagnetic Inverse Scattering, K.J.
LANGENBERG!?, D.G. DUDLEY?, D. HUO?, tUniversity of Kassel, Ger-
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09:10 (92.2) Nonlinear Two-Dimensional Velocity Profile Inversion in the Time Domain,
M. MOGHADDAM, W.C. CHEW, University of lllinois, Urbana, USA (APS)
09:30 (92.3) Simultaneous Reconstruction of the Permittivity and Conductivity of an In-

homogeneous Slab from Transient Scattered Fields Due to a Point Source, S.
HE, S. STROM, Royal Institute of Technology, Stockholm, Sweden (APS)

09:50 (92.4) Reconstruction of Complex Permittivity in Two Dimensions, S. BERNTSEN,
J.B. ANDERSEN, Aalborg University, Aalborg, Denmark

10:10 COFFEE/CAFE

10:30 (92.5) Integral Equations and Wave Propagation in an Inhomogeneous Medium,
D.J.N. WALL, University of Canterbury, Christchurch, New Zealand

10:50 (92.6) Effect of View Angle Variations in Vector Diffraction Tomography, W.-M.

BOERNER!?, Y. YAMAGUCHI2, M. MOCHIDA?, T. ABE?, *University of
llinois, Chicago, and 2 Niigata University, Niigata, Japan

11:10 (92.7) Imaging from Scattered Electromagnetic Field and Intensity Data, M.A.
FIDDY, University of Lowell, MA, USA
11:30 (92.8) Review of the Inverse Source Problem for Quasihomogeneous, Partially Co-

herent Sources, I.J. LaHAIE, Environmental Research Institute of Michigan,
Ann Arbor, MI, USA

11:50 (92.9) Inversion of 10 GHz Scattered Field Data from Strong Scatterers, R.V.
McGAHAN?, F.C. LIN', M.A. FIDDY?, University of Lowell, MA, and
2Rome Laboratory, Hanscom AFB, MA, USA (APS)
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FROM LINEARIZED TO QUANTITATIVE ELECTROMAGNETIC
INVERSE SCATTERING

K.J. Langenberg®, D.G. Dudley*, D. Huo
Dept. El. Engineering
University of Kassel
D-3500 Kassel, FRG

* Dept. El. Engineering
University of Arizona
Tucson, AZ, USA

Electromagnetic inverse scattering plays an important role in radar target
identification, medical diagnostics, and nondestructive testing of materials.
Recently, it was emphasized that the full polarimetric information of the
scattered fleld should be utilized.

Starting with a linearization of the scattered field representation in terms
of either the Born or the Kirchhoff approximation of the equivalent sources
a common framework of electromagnetic inverse scattering is available via
either frequency or illumination angle integration of the polarimetric Porter-
Bojarski integral equation. Numerical results with relevance to nondestruc-
tive testing of ceramics prove the superiority of polarimetric versus scalar
algorithms.

Extensions of the above diffraction tomographic concept of electromagnetic
inverse scattering are discussed for those cases where linearizations cannot
be tolerated any more. Their basis is either a simultaneous TE- and TM-
electromagnetic inverse profiling concept as well as a modification of the
Porter-Bojarski equation.
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Reconstruction of Complex Permittivity in
Two Dimensions

Svend Berntsen® and Jgrgen Bach Andersen.

Institute ot Electronic Systems, Aalborg University,
Fr.Bajersvej 7,DK 9000, Aalborg, Denmark.

The present work is motivated by the need for an accurate algorithm
in reconstructing permittivity data in biological applications such as follow-
ing the development of the temperature distribution noninvasively during a
hyperthermia treatment.

Previously the reconstruction problem using quasi-static boundary data
was investigated by the authors. For a circular cylinder a very simple map-
ping from the boundary data onto the conductivity was found. However that
reconstruction problem is an ill conditioned one which works well only for a
smoothly varying conductivity.

The obvious way to improve the reconstructions will be to choose a larger
space of boundary data,i.e. a set of boundary electric and magnetic fields will
be measured for time harmonic excitations. The basic problem will then be to
find the mapping from these boundary fields onto the complex permittivity.

The paper treats the problem of reconstruction of the permittivity of
an inhomogeneous medium from measurements of the boundary field. It is
shown that the complex permittivity satisfies a set of nonlinear projection
equations. In the nearly homogeneous case these equations reduce to linear
ones. For an appropriately chosen set of boundary experiments these equa-
tions determine the permittivity uniquely. For electric or magnetic excitation
of a circular cylinder the projection equations may explicitly be solved. That
is the permittivity is directly expressed in terms of the boundary electric and
magnetic field. However we need the boundary experiments for all frequen-
cies. It is proved that the mapping from the set of boundary experiments
onto the permittivity is continuous. That is the inverse problem is a well
posed one. As an example a specified permittivity for which the exact so-
lution of the Maxwell equations is known is treated. In that case we show
that the approximately reconstructed permittivity is indeed very close to the
given one.
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INTEGRAL EQUATIONS AND WAVE PROPAGATION IN AN
INHOMOGENEOUS MEDIUM

David J N Wall
Department of Mathematics, University of Canterbury,
Christchurch, New Zealand.

Central to the solution of the inverse scattering problem for wave propagation
involving inhomogeneous media is the solution of the associated direct scat-
tering problem. We present results on various integral equation systems, for
solution of the direct problem.

It has long been known that many integral equation formulations for the scat-
tering of waves from impenetrable obstacles suffer from lack of uniqueness at
certain values of the wave number of the incident wave; although the scat-
tering problem itself possesses a unique solution. We extend these ideas in
this presentation to examine existence and uniqueness of systems of integral
equations that arise from wave scattering from compactly supported inhomo-
geneous media with spatially varying wave properties, embedded within the
homogeneous full space.

This problem can be described mathematically as requiring the solution of the
Helmholtz equation and this equation is to be solved subject to the solution
satisfying transmission boundary conditions across the interface between the
inhomogeneous and homogeneous regions. It is these transmission boundary
conditions which provide the coupling between the exterior and the interior
Helmholtz equations; the resulting problem is called a transmission problem.
If the transmission boundary conditions are such that the wave field and its
normal derivative are continuous across the interface a single Fredholm inte-
gral equation for the field within the inhomogeneous region can be derived.
Such formulations are called volume (or polarisation-source) formulations and
have been extensively investigated in the engineering science literature both
for computational and perturbation solutions. However when the transmis-
sion boundary conditions do not satisfy this condition, a system of integral
equations must be studied. If the medium is homogeneous the system need
only involve surface integral operators. This is not the case when the medium
is inhomogeneous, unless an appropriate Green’s function is available — this
occurs rarely for the Helmholtz equation — and so the system also involves
volume integral operators. We study the properties of such systems in this pa-
per. We show that the integral equation systems can have uniqueness problems
and illustrate how this may be overcome. Existence and convergence results
for some of these integral equation systems is given.
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EFFECT OF VIEW ANGLE VARIATIONS IN VECTOR DIFFRACTION TOMOGRAPHY

Wolfgang~Martin Boerner”

Communications and Sensing Laboratory (M/C 154)
Department of Electrical Engineering and Computer Science
University of Illinois at Chicago
Chicago, IL/USA 60680

and

Yoshio Yamaguchi, Masahisa Mochida, and Takeo Abe
Faculty of Engineering, Niigata University
Irarashi 2-8050, Niigata-shi, 950-21
Japan

Under the Born/Rytov approximations, the effect of view angle
variations on image reconstruction in vector diffraction tomogra-
phy is investigated. This paper deals with internal image recon-
structions of infinitely long, lossless and lossy dielectric
cylinders placed in free space and/or in a weakly diffracting,
slightly lossy medium. Emphasis is placed on showing how both the
co-polarized and the cross-polarized diffracted terms vary with
incident angle in the image reconstruction because any oblique
incidence on a curved surface always produces repolarization
(polarization state transformation). The cross—polarized
component was found to contain very crucial object information on
edges, i.e., the boundary position of the cylinder even under
rather noisy background conditions can be clearly identified. It
is demonstrated that the extension of scalar to vector diffraction
microwave tomography will play an important role in precise image
reconstruction in high resolution microwave imaging and sounding.

This research was initiated during the tenure (1976 January—July)*
of the author as a visiting professor with the Department of
Electrical Engineering, Ilam Campus of the University of
Canterbury at Christchurch, N.2Z. within a foremost research
invigorating atmosphere created by the dynamic host. Therefore,
it is with great indebtedness that this paper is dedicated to
Richard H.T. Bates, a great teacher, a relentless fighter for the
advancement of imaging sciences, and a true scholar:

"It will always be with great joy that we - all of his
many international guests from far away - recall these
truly rewarding interactions with Richard and his lively
flock of talented students.”

*G.R. Dunlop, W-M. Boerner, R.H.T. Bates, "On an extended Rytov
approximation and its significance for remote sensing and inverse
scattering”, Opt. Comm., Vol. 18(4), 1976, pp.421-423.
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IMAGING FROM SCATTERED ELECTROMAGNETIC FIELD
AND INTENSITY DATA

M. A, Fiddy
Department of Electrical Engineering, University of Lowell,
Lowell, 01854, USA

Richard Bates made many contributions to the subject of image reconstruction for
remote sensing and inverse scattering (e.g. R.H.T. Bates and M.J. McDonnell,
"Image Restoration and Reconstruction”, Clarendon Press, 1986). Quantitative
imaging by inverting (experimental) scattered field data remains a challenging
problem. The most numercially tractable inverse scattering algorithms currently rely
on linearizing approximations, such as the Born or Rytov approximation. These
approximations, while invalid for most scattering situations of interest, have had
modifications made to them (e.g. R.H.T. Bates, W.M. Boerner and.G.R. Dunlop,
"An extended Rytov approximation and its significance for remote sensing”, Opt.
Comm., 18, (1976), 421; R.H.T. Bates, "JWKB/Rayleigh-Gans (Born) inverse
scattering approximation and reconstruction algorithm", Inverse Problems, 4, (1988),
L29; F.C. Lin and M.A. Fiddy, Image estimation from scattered field data”, Int. J.
Imaging Systems and Tech., Dec 1990). Despite the limited applicability of even
these modified techniques, such methods lead to a Fourier relation between the so-
called induced source distribution and the distribution of the scattered far-field.

This Fourier relation is the key to many largely unexploited analytical contraints
that exist between the real and imaginary parts of the scattered field and its magnitude
and phase (R.H.T. Bates, B.K. Quek and C.R. Parker, "Some implications of zero
sheets for blind deconvolution and phase retrieval", J.0.5.A.A7, (1990), 468.;
R.H.T. Bates, H. Jiang and B.L.K. Davey, "Multidimensional system idenification
through blind deconvolution", Multidimensional Systems and Signal Processing, 1,
(1990), 127.; M.S. Scivier and M.A. Fiddy, "Phase ambiguities and the zeros of
multidimensional band-limited functions", J.O.S.A. A2, (1985), 693.). In this talk,
the importance of the intrinsic analytic properties of the scattered field (and its
intensity), for successful application of inversion techniques (such as the Rytov
approximation and homomorphic filtering-based approach), will be discussed.
Considerable insight is available, as a result, on the range of validity of these methods
for quantitative high resolution imaging from real data as well as directions for further
improvement.
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REVIEW OF THE INVERSE SOURCE PROBLEM FOR QUASIHOMOGENEOUS,
PARTIALLY COHERENT SOURCES

Ivan J. LaHaie
Enviornmental Research Institute of Michigan
Microwave Science Laboratory
Advanced Concepts Division
P.O. Box 8618, Ann Arbor, Michigan 48107

The inverse source problem for guasihomogeneous, partially
coherent sources (LaHaie, J. Opt. Soc. Am., 3A, 1073-1079, 1986) is
reviewed. Comparisons are made between the formulations for two-
dimensional and three~dimensional source distributions. A unified
approach is presented herein by considering the two-dimensional
source distribution as a three-dimensional distribution with delta~
function support in one dimension. It is shown that measurements
of the cross-spectral density of the field on a surface enclosing
the source are sufficient to reconstruct the unknown source cross-
spectral density for two-dimensional sources, while they are
insufficient for three-dimensional sources. The use of a priori
information and its effect on the uniqueness of the three-
dimensional inverée source problem is discussed. In particular, a
set of supplemental data and associated inversion algorithm is
described which guarantees unigueness of the three-dimensional
inverse and which is 1less restrictive than that previously
identified (A.J. Devaney, J. Math. Phys., 20, 1687-1691, 1980).
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(109.6)

(109.7)
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Numerical Implementation of the Surface Radiation Condition, R.D.
MURCH, The University, Dundee, UK

Imaging Problems in High Resolution Radio Astronomy, P.J. NAPIER, Na-
tional Radio Astronomy Observatory, Socorro, NM, USA

High Spatial Resolution Astronomical Imaging with Shift-and-Add Analysis,
J.C. CHRISTOU, National Optical Astronomy Observatories, Tucson, AZ,
USA

Image Reconstruction in X-Ray Crystallography, R.P. MILLANE, Purdue
University, West Lafayette, IN, USA

From Radio-Astronomy to Medical lmagmg, T.M. PETERS, McGill Univer-

sity, Montreal, PQ, Canada

COFFEE/CAFE

Regularized Iterative Deblurring of a Point Spread Variant Blur, J.H.T.
BATES, B.L.K. DAVEY, McGill University, Montreal, PQ, Canada

The Bates Algorithm: Fishing for Images in Speech, H.J. JELINEK, Elec-
tronic Design Associates, Costa Mesa, CA, USA
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Two-Dimensional Profile Reconstruction, R.E. KLEINMAN?, P.M. VAN
DEN BERG?, tUniversity of Delaware, Newark DE, USA; * Delft Un/verSIty of
Technology, Delft, The Netherlands (APS)
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NUMERICAL IMPLEMENTATION OF THE SURFACE
RADIATION CONDITION
Dr R.D. Murch

Department of Mathematics and Computer Science, The University,
Dundee DD1 4HN, Scotland, UK.

The surface radiation condition (SRC) is a recently developed technique for approxi-
mately obtaining the solution of wave scattering from obstacles. Application of SRC
has produced results which are usefully accurate over a wide range of frequencies. In
many of the results reported SRC has performed significantly better than physical
optics and may become accepted as a viable alternative to it.

The range of obstacles on which SRC has been applied however has been re-
stricted. The obstacles have generally been limited to those whose surface curvature is
either constant or piecewise constant. This is largely because the solution of scattering
by invoking SRC from these obstacles can be obtained without resorting to numerical
analysis. The usefulness of any approximate technique such as SRC however rests
on being able to apply it to obstacles whose surfaces are arbitrary. It appears that
non-numerical solutions of scattering by invoking SRC on obstacles whose surfaces
are arbitrary is highly unlikely. Consequently it is desirable that a numerical method
is developed for obtaining approximate solutions of scattering by invoking SRC.

SRC also has a variety of equations which have been proposed for its imple-
mentation. The salient differences between these equations are that there are differing
terms which incorporate the effects of the surface curvature of the obstacle. It has
been shown approximately that when the curvature varies “slowly” over the obstacles
surface the various SRC equations perform similarly. Whether these extra curva-
ture terms are significant for “quickly” varying curvatures is still in some debate.
Consequently it would also be desirable to investigate which of these SRC equations
performs best for such surfaces. Because such an investigation rests largely on being
able to invoke SRC on surfaces which have varying curvatures a numerical means for
obtaining SRC solutions is also necessary.

In this presentation 2 numerical method suitable for determining solutions of
scattering by invoking SRC from surfaces of revolution is given. Surfaces of revolution
encompass obstacles whose surface curvature is not constant such as the prolate and
oblate spheroids. Furthermore, the numerical method maybe used in conjunction with
any of the proposed SRC equations. This allows both an increased range range of
obstacles for which SRC can be employed and also a full investigation of the varying
effect of the curvature terms in the various SRC equations.

The computational advantages of invoking surfaces of revolution over com-
pletely arbitrary three-dimensional surfaces are two fold. The separation of varjables
technique can be employed on the SRC equations when the obstacles are invoked on
surfaces of revolution. It transpires that the SRC equations can be separated into
two ordinary differential equations so that one can be solved analytically. This allows
the numerical method to be reduced to solving a single ordinary differential equation.
The other advantage of invoking SRC on surfaces of revolution is that the boundary
conditions can be straightforwardly applied.

The numerical method is demonstrated by invoking scalar waves with Neu-
mann or sound hard boundary conditions on spheres and prolate spheroids. Validation
of the numerical method is performed by comparing its solution with the analytic SRC
solution of scattering from spheres. Also, for the prolate spheroid the various SRC
equations are invoked in order to demonstrate the effectiveness of each equation.
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IMAGING PROBLEMS IN HIGH RESOLUTION
RADIO ASTRONOMY

Peter J. Napier
National Radio Astronomy Observatory
Socorro, NM 87801, USA

In a synthesis radio telescope an array of antennas is used to measure the
two-dimensional spatial coherence function of the field radiated by an as-
tronomical object. The two dimensional brightness distribution (a “radio
image”) of the object is then computed as the Fourier Transform of the
measured spatial coherence function. The technique of Very Long Baseline
Interferometry (VLBI) uses this synthesis principle to obtain radio images
of astronomical objects with resolutions of a few milli-arcseconds or better.
In VLBI the signals received from an astronomical object by antennas sep-
arated by hundreds or thousands of kilometers are recorded on broadband
tape recorders using a hydrogen maser clock as a time standard. After the
observation the tapes are brought together and the recorded signals are cor-
related to provide the measurement of the spatial coherence function. The
quality of VLBI images made in this way are degraded by two problems: the
sparseness of the antenna array results in the spatial coherence function being
significantly undersampled and there are phase errors in the coherence func-
tion measurements caused by atmospheric pathlength variations and clock
instabilities. In this paper we review the techniques that radio astronomers
have developed to solve these problems with the goal of indicating their pos-
sible usefulness in other imaging fields where observations must be made with
sparse arrays or through unstable propagation media.

The problem of an undersampled spatial coherence function is essen-
tially a deconvolution problem in which one wishes to remove from the image
the effects of a point spread function contaminated by the undersampling.
A subtractive deconvolution procedure known as “CLEAN” and a maximum
entropy deconvolution algorithm have proven effective for this purpose. An-
other technique which is now coming into use is “multifrequency synthesis”
in which the coherence function is measured at several frequencies across a
band that is a few tens of percent in bandwidth. This increases the amount
of coherence information available to form the image but the fact that the
image varies somewhat over the observing band must be accounted for in
the imaging algorithm. The problem of phase errors has been successfully
attacked using an algorithm called “self-calibration”. The basis for this tech-
nique is the fact that phase errors due to the clock, electronics or atmosphere
associated with a particular antenna occur identically in all coherence mea-
surements made using that antenna. In most cases, where there is sufficient
signal-to-noise ratio, there is enough information in the coherence measure-
ments to determine the phase errors and to remove their effects from the
image.

693

U




Joint-109.3

HIGH SPATIAL RESOLUTION ASTRONOMICAL IMAGING
WITH SHIFT-AND-ADD ANALYSIS

Julian C. Christou
Kitt Peak National Observatory
National Optical Astronomy Observatories!
Tucson, AZ 85726-6732, USA

Atmospheric turbulence severely degrades the angular resolution achievable
with ground-based telescopes by factors ~ 10X worse than their theoretical
diffraction-limits at visible and infrared wavelengths. Over the past two decades a
number of techniques have been developed to recover the high-spatial frequencies
lost in conventional astronomical imaging. These consist of taking short exposure
images typically ~ 10-50 ms which “freeze” the effects of the atmospheric turbu-
lence. These images have a speckle structure where each speckle has the size of
the diffraction-limited image. Post-processing techniques of sets of these images
obtained for the target object and a point souce reference generally consist of
computing ensemble average second or third order Fourier spectra.

By comparison, the shift-and-add method (SAA) (Bates, Opt. Commun., 19,
240, 1976), stacks each image on the pixel with the maximum signal, i.e. the
brightest speckle, without the requirement of Fourier analysis. Several variants
of the technique have also been proposed (see Hege, in “Diffraction-limited Imag-
ing with Very Large Telescopes”, ed. Alloin & Mariotti, 1989). SAA analysis
yields a diffraction-limited component sitting atop a background “fog” caused
by the random addition of the remaining speckles in each image. The relative
strengths of these two components is dependent upon the quality of the seeing,
as characterised by the Fried parameter or atmospheric coherence length 7o, with
greater strength in the diffraction-limited component under better seeing condi-
tions.

With the advent of 2D infrared detectors high-spatial resolution imaging at
infrared wavelengths is possible. This is more advantageous than at visible wave-
lengths because the atmospheric degradation improves, ro o« A8/5. For such
_observations SAA analysis becomes a powerful technique. By tracking the indi-
vidual short exposure images on the brightest speckle a significant gain in image
quality is obtained as seen in NOAO 4m and MMT 6.8m data. This technique
allows a “quick look” at the data and with careful calibration yields results com-
mensurate with the higher-order analysis.

Active removal of the wavefront tilt at the aperture yields significantly im-
proved image quality for good seeing conditions. Tracking the brightest speckle
improves upon this and real time operation could be implemented with a rapid
steering mirror. Results obtained from simulated and real data for different aper-
tures and seeing coditions illustrate the benefits of passive SAA imaging and the
potential for active correction. i

10perated by the Association of Universities for Research in Astrono;ny Inc. (AURA) under
cooperative agreement with the National Science Foundation.
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IMAGE RECONSTRUCTION IN X-RAY CRYSTALLOGRAPHY

R. P. Millane
Whistler Center for Carbohydrate Research, Smith Hall,
Purdue University, West Lafayette, Indiana 47907, U.S.A.

X-ray crystallography is an inverse scattering problem that involves recon-
structing the three-dimensional electron density in the unit cell of a crystal,
from measurements of diffracted x-rays. Analysis of the electron density dis-
tribution reveals the structure (positions of the atoms) of the molecule under
study. The scattering is weak, so that the diffracted complex amplitude is the
Fourier transform of the electron density. The reconstruction is complicated by
two experimental constraints: (1) Only the intensities of the diffracted x-rays
are detected, and (2) the crystalline (periodic) nature of the scatterer restricts
diffraction to discrete directions. The first constraint means that inverting the
scattering data involves solution of a three-dimensional phase problem. The
second constraint leads to a sub-Nyquist sampling of the Fourier intensity.
Multi-dimensional phase problems almost always have unique solutions (R.G.
Lane, W.R. Fright & R.H.T. Bates, JEEE Trans., ASSP-35, 520-525, 1987).
However, this is based on analytic properties of the transform, that depend on
it being defined continuously in Fourier space. Sub-Nyquist sampling there-
fore leads to non-uniqueness in general. This is in contrast to usual imaging
problems. A unique solution requires additional information in the form of a
priori constraints or independent measurements. The additional information
utilized depends on the type of molecule under study.

For small molecules (< ~ 200 atoms), diffraction data is available at high
spatial frequencies, and the impulsive nature of the image (significant elec-
tron density is confined to small regions surrounding the atomic nuclei) allows
probabilistic relationships between the phases of the diffraction signals to be
derived. These are reminissent of phase closure and triple correlation rela-
tionships used in radio, and optical, astronomical imaging (R.P. Millane, J.
Opt. Soc. Am. A, 1T, 394-411, 1990). Phases can usually be reliably estimated
using these relationships. The variance of the phase estimates increases with
an increasing number of atoms in the molecule however, so that this method is
unsuitable for large molecules. For larger molecules, a unique solution relies on
either structural redundancy in the molecule, or on making additional diffrac-
tion measurements on appropriately modified crystals, or both. The former
situation results effectively in a denser sampling the transform intensity, and
the later can be likened to holographic processing. For polymeric molecules,
the diffraction data is cylindrically averaged, and the solution involves sepa-
rating the angular Fourier terms, as well as phasing them.

Image reconstruction in x-ray crystallography will be reviewed in the con-
text of general imaging problems, and the implications of redundancy, dimen-
sionality and sampling, on uniqueness and stability, will be discussed.
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Joint-109.5

From Radio-astronomy to Medical Imaging

Terry M Peters PhD FCCPM
Neurolmaging Laboratory
McConnell Brain Imaging Centre
Montreal Neurological Institute
McGill University.
Montreal QC, Canada.

A common thread in much of the medical imaging that has developed over the
past 20 years has been the Fourier transform. It was Richard Bates’ interest in
radio-interferometry, as well as his fascination with problems of medical imaging
that prompted an initial interest in applying Fourier techniques to medical imaging
in general and to Computed Tomography in particular. This resulted 20 years ago in
one of the earliest technical papers advocating Fourier techniques for reconstructing
cross-sections from radiographic projections (Bates and Peters, NZ J Science 14:883-
896, 1971). Since those early days, medical imaging has exploded into a multi-billion
dollar industry. The CT scanner has become the workhorse imaging modality in the
radiology department, while its more recent relative, the MR scanner, is rapidly
gaining ground as a technique of even greater importance.

With the enormous amount of data being generated by these imaging devices,
(eg 25 MB for an MRI study) at a quality unforeseen at the time of the early
experiments, 3D techniques were soon applied to the visualization of these images.

This presentation chronicles the development of some of these techniques, from
the late 1960s when the author was a graduate student of Professor Bates, to the
present time where 3D imaging is used routinely in radiology and surgery. Some
of the earliest CT work performed in Bates’ laboratory, which at that time was
still primarily concerned with problems in electromagnetics and radioastronomy,
is discussed. At that time the excitement that we felt on producing our first re-
constructions was not even shared with any particular enthusiasm by our medical
colleagues!

The CT age, along with the ready availability of computers capable of handling
the enormous computational task of reconstructing images, heralded the arrival of
the age of electronic imaging in medicine. The author continues to be a part of this
revolution, having been involved in the early experience with MRI in Canada, and
presently with the clinical application of these modalities, including 3D imaging, in
a neurological environment.
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REGULARIZED ITERATIVE DEBLURRING OF A POINT SPREAD VARIANT BLUR

\ Jason H.T. BATES* and Bruce L.K. DAVEY, Meakins—Christie Labs.
and Biomed. Eng. Dept., McGill Univ., Montreal, Quebec, CANADA.

The blurring of a signal x{t) by a point spread invariant
| blurring function h(t) is described by the convolution integral

t
v(t) = | x(r)h(t - 7)dr + n{t) (1)
0

where n{(t) is the ubiquitous measurement noise. Deblurring y(t)
to get an estimate X(t) of x(t) is known as deconvolution, the
classical approach to which is to invoke the convolution theorem
for Fourier transforms and employ the Wiener filter thus:

R(s) = Y(s)W(s)/H(s) (2)

where %(s), Y(s) and H(s) are the Fourier transforms of X(t),
y(t) and h(t), respectively, and W(s) is a window in the
frequency (s) domain designed to attenuate those frequencies in
%(t) dominated by n(t) while leaving unaffected those dominated
by the signals of interest. Although the Wiener filter is
supposed to be optimal in the least squares sense, its practical
realization usually amounts to a “rationalized” low-pass filter.

Another approach to deconvolution, suitable for large sparse
images characterized by isolated point sources, is that known as
CLEAN which proceeds as follows. Denoting the blurred image as
yo(t) and an initial reconstuction (the CLEAN map) %0(t) equal
to zero. CLEAN iterates on yj(t) and %j(t) thus:

vi(t) - ayi(tr)h(t - tx)/h(0) (3)

yi+1(t)
R341(t) = R3(t) + avilti)s(t — t5)/h(0) 4)

where o« is the loop-gain (0<a<l), 8(t) is the Dirac delta-
function and ti is the position of the maximum in y3(t). Bates
et al. (Mon. Not. R. Astr. Soc. 211, 1-14, 1984) showed that
CLEAN performs an iterative Wiener filter if h(t-tyx) in Eq. 3 is
replaced by the inverse Fourier transform of H(s)/W(s).

{ The point spread variant blurring problem is described by
replacing h(r - t) in Eq. 1 with h(r, 7 - t). Its solution is
sensitive to noise in y(t) in the same way that conventional
deconvolution is, but Fourier transform methods cannot be used
because the convolution theorem no longer applies. However,
CLEAN can be used to deblur a signal contaminated by a point
spread variant blurring function if h(t - t) in Eq. 3 is
replaced with h(ty, t - t) plus gs(t — ty) for some $>1.0. The
addition of the p-scaled s-fumction regularizes the solution and
produces a smooth deblurred function x(t).
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THE BATES ALGORITHM: FISHING FOR IMAGES IN SPEECH

H.J. Jelinek
Electronic Design Associates
3184-H Airway Avenue - Costa Mesa, CA 92626

The algorithm invented by R.H.T. Bates for image enhancement is referred to
in his work as the "shift and add" algorithm. I propose to refer to the
algorithm as the Bates Algorithm. The principles behind the algorithm that
were used by Bates for image processing have been applied successfully to
other problems. In this paper, a particular application of the algorithm

~ to one dimensional speech signal processing will be discussed.

Voiced speech is generated by periodic expulsion of air through the glottis
into the vocal tract. These puffs of air excite the vocal cavity, and
resulting resonances produce an acoustical signal that exits through the
mouth and nose. The acoustical signal that we hear may be thought of as
the convolution of the glottal pulse with the vocal tract.

It is very difficult to directly measure the glottal pulse. Conseguently,
Bates and some of his students developed a method for deconvolving tha
glottal pulse from the measured acoustical signal. The technique is an
interesting variant of the Bates Algorithm and provides an estimation of
the glottal pulse signal that has potential applications in diagnosing
voice disorders, in speaker identification and in low bit rate speech.
Using the principles described in this paper, some clever engineer may find
a way to apply the approach to other problems such as detection of low
level signals in noise., For this reason, the method -- and some recent
developments -- are described in this paper.
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1992 JOINT SYMPOSIA

® |[EEE-APS INTERNATIONAL SYMPOSIUM
¢ URSI RADIO SCIENCE MEETING
® NUCLEAR EMP MEETING

Hyatt Regency Chicago Hotel
Chicago, lllinois, USA

July 18-25, 1992

The 1982 IEEE-APS International Symposium sponsored by the |EEE
Antennas and Propagation Society, the URSI Radio Science Meeting
sponsored by USNC Commissions A, B, D, E and K of the International
Union of Radio Science, and the Nuclear EMP Meeting sponsored by
the Permanent NEM Committee will be held at the Hyatt Regency
Chicago Hotel from July 18 through 25, 1992. The technical sessions
will cover the five-day period July 20-24, 1992, and will be coordinated
among the three symposia to provide a comprehensive, well-balanced
program. The APS will offer Short Courses and Workshops, and will
conduct Student Paper Contests.

Information about the 1992 Joint Symposia may be obtained from:

Prof. P.L.E. Uslenghi, Symposia Chair
Dept. of EECS (M/C 154)

University of lllinois at Chicago

Box 4348, Chicago IL. 60680, U.S.A.
Ph. 312-996-5487

Fax 312-413-0024
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