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WELCOME TO VANCOUVER

The 1985 North American Radio Science Meeting and International IEEE/
AP-S Symposium are jointly sponsored by the United States and Canadian
National Committees for the International Union of Radio Science (URSI)andthe
Institute of Electrical and Electronics Engineers Antennas and Propagation
Society (IEEE/AP-S). All commissions of URSI have been invited to participate.
The technical sessions will be held from Monday June 17 to Friday June 21,
1985 on the campus of the University of British Columbia, Vancouver, Canada.

For many years Canadian radio scientists and AP-S members have found a
welcome forum for their work at the annual meetings of the USNC/URSI and
IEEE/AP-S and on a few previous occasions they have been hosts. Joint US/
Canadian URSI meetings were held in Ottawa in 1961 and 1967. IEEE/AP-S co-
sponsored an URSI symposium on Electromagnetic Wave Theory in Toronto in
1959. Only once before has the annual joint meeting between USNC/URSI and
IEEE/AP-S been held in Canada; at Laval University, Quebec, in 1980.

Canadian radio scientists and regional members of IEEE/AP-S take this
opportunity to extend a warm welcome to their colleagues from the U.S. and
abroad. We hope your visit to the Canadian west coast will be useful and enjoy-
able.

BIENVENUE A VANCOUVER

La Réunion radio scientifique nord-américaine et le Symposium de la
Société antennes et propagation de I'lEEE (1985} sont conjointement parrainés
par les comités nationaux américain et canadien de I’'Union radio scientifique
internationale (URSI) et la Société antennes et propagation (AP-S) de 'Institute
of Electrical and Electronics Engineers (IEEE). Toutes les commissions de I'URSI
ont étéinvitées a participer. Les séances techniques se tiendront du lundi 17 juin
au vendredi 21 juin 1985 sur le campus de I'Université de la Colombie-
Britannique, & Vancouver {Canada).

Les scientifiques canadiens spécialistes de la radio et les membres de Ia

Terspeiété AP-S présentent depuis de nombreuses années leurs travaux 3 la
réunion annuelle du Comité national américain de I'URSI et de la Société
antennes et propagation de I'lEEE; ils ont déja eu quelquefois I'occasion d'étre
les hétes de la conférence. Les réunions mixtes des comités nationaux améri-
cain etcanadiende I'URSl onteu lieu a Ottawa en 1961 et 1967. La Société AP-S
a co-parrainé un symposium de I'URSI sur la théorie des ondes électromagné-
tiques; ce dernier a été tenu a Toronto en 1959. La réunion annuelle mixte du
Comité national américain de I'URSI et de la Société antennes et propagation de
I'lEEE ne s’est tenue qu’une seule fois au Canada; elle avait été organisée en
1980 a I'Université Laval (Québec).

Les scientifiques canadiens spécialistes de la radio et les membres
régionaux de la Société antennes et propagation de I'lEEE profitent de cette
occasion pour souhaiter la bienvenue a leurs collegues des Etats-Unis et
d’autres pays. Nous espérons que votre séjour sur la Céte Questdu Canada sera
a la fois utile et agréable.
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SPHERICAL NEAR-FIELD MEASUREMENTS FROM A “COMPACT-RANGE" VIEWPOINT

A.C. Ludwig, General Research Corporation
F. Holm Larsen, Technical University of Denmark

For a conventional near-field measurement, the field is sampled on
a sphere surrounding the antenna under test. The far-field pat-
tern can then be found by a spherical wave near-field to far—field
transformation. An alternative to this approach has been sug-
gested at University of Sheffield [Bennett and Schoessow, Proc,
IEE, 1978] where a plane wave 1s synthesized in a region around
the antenna by numerically combining the fields from an array of
probes distributed over the spherical measurement surface.
Although the implementation is quite different, the concept is
basically the same as a compact range.

It is not the intent of this paper to suggest that a full spheri-
cal array should be used to test antennas. However, analyzing
spherical near-field probing from this viewpoint provides useful
results. For the conventional analysis of the accuracy of spheri-
cal near—field probing, it is necessary to select a specific
antenna to be tested; near-field data for the antenna are then
generated analytically, processed using a spherical wave transfor—
mation to the far field, and the results compared with far—field
data generated analytically for the same antenna [Jensen 1970,
1978]. This conventional method has the advantage that very spe-
cific results are obtained in regard to the errors in gain, beam-
width, etc., but the disadvantage that the results apply only to
the particular antenna being modeled. The viewpoint adopted in
this paper, in which the quality of the plane wave is evaluated,
has the advantage of applying to any antenna under test, but  the
disadvantage that the results are not easily translated into spe-
cific errors in gain, etc. Therefore, the two methods are in fact
quite complementary. Another complementary feature is that creat-—
ing a plane wave with weights produced by a processing technique
for spherical near-field probing is a very convincing check that
the processing is numerically valid.

Weights were computed, including probe compensation, using an
algorithm described elsewhere [Larsem, 1979]. The probes were on
a 67 wavelength radius sphere at 6° increments in and y. This
is appropriate for measuring a 4.8 wavelength radius antenna. The
conjugates of the weights for computing the field in the z direc—
tion were used as element excitations for a spherical array, and
the exact fields calculated inside the sphere. Deviations ing’
amplitude and phase from a perfect plane wave were then evaluated,
for all polarizations of the E and H field. As an example, the
phase error in one plane is less than 0.1° within a 4-wavelength
radius, and the amplitude error less than 0.001 dB.
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MEASUREMENT OF THE SCATTERED FIELD
FROM A SATELLITE STRUCTURE

J. Hau Lemanczyk and F. Holm Larsen
Electromagnetics Institute, Technical University of Denmark

One of the recent major measurement projects carried out at the TUD-
ESA spherical near field test facility (ref. J. Hansen, European Space
Agency publication BR-19, April 1984) has been on the telemetry and
telecommand (TM/TC) antenna on the German Communication Satellite DFS.

The antenna was to be measured on the satellite structure complete with

solar panels. However, due to its size, measurements were carried out

on a scaled model (1:2.5) which measured over six meters in total length.

At a measurement frequency of 5.534 GHz, this dimension is almost 115
wavelengths. ghis necessitated a measurement density on the spherical
surface of 0.5  in both theta and phi equalling 260281 sample points,
each consisting of two orthogonal field components in amplitude and
phase. A description of the antenna and results of the measurements
have been presented recently (ref. Fasold at al., ICAP 85, Warwick,
England) .

The construction of the model was such that the boom on which the
TM/TC antenna was mounted also served as the main bearing structure
for the model. Thus the satellite body and panels could be removed.
The location of the antenna in the spherical coordinate system could
thus be precisely maintained. Measurements were carried out with and
without the presence of the satellite body and solar panels. The
availability of amplitude and phase over the entire sphere for these
measurements meant that the fields from the cases with the satellite
body and solar panels present and not present could be subtracted.
The difference field is the scattered field of the satellite and
solar panels.
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EVALUATION OF SPHERICAL NEAR-FIELD MEASUREMENTS

Frank Jensen
TICRA A/S, DK-1114 Copenhagen, Denmark

During the last decade the requirements to antenna testing have
increased concurrently with the demands for antenna performance.
From early stages measuring simple spot beam antennas, the an-
tenna testing today comprises measurements of complex systems as
antenna farms on modern communications satellites. For such systems
not only the usual beam parameters shall be measured but also
parameters for electromagnetic compatibility between different
antennas and different beams must be determined with high accura-
cy.

The mathematical background for determining antenna far-field
parameters on the basis of near-field measurements is now well
established, and reliable and fast software codes have been
applied for this purpose throughout several years. New near-field
test ranges have therefore been built on this basis, and several
are believed to be constructed within the next years.

For the design of a test range it is important to know the toler-
ances, mechanical as well as electrical, which are required for

the various parts of the set-up. Such tolerances may conveniently
be determined by computer simulations of the complete test set-up.

The paper describes design procedures for near-field test ranges,
with special emphasis on the spherical technique. The performances
are evaluated by the software package FACSIM/SNIFTD. Different
mechanical solutions are discussed

- elevation over azimuth rotation in antenna tower
- probe guidance with gantry arm({s)/robotic arm
- modulated dipole array scattering,

and various ways of scanning are considered:

-~ full sphere/truncated measurement surface,
- polar grid/equatorial grid.

Qualitative as well as quantitative considerations are presented.
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COMPARISON BETWEEN
MEASUREMENTS AND SIMULATIONS OF INACCURACIES
IN SPHERICAL NEAR-FIELD MEASUREMENTS

A. Frandsen
TICRA A/S, DK-1114 Copenhagen, Denmark

Abstract. Since its inception in the mid seventies, the spherical
near-field antenna test facility at Electromagnetics Institute,
Technical University of Denmark (TUD), has gone through several re-
finements and improvements, so that the facility has now reached a
mature stage of an automated near-field range for accurate testing
of spacecraft antennas.

As a part of this development TICRA has undertaken to develop a com-
puter program, FACSIM, for simulation of mechanical and electrical
inaccuracies in spherical near field set-ups. The need for numerical
simulations and error analysis was recognized at an early stage, since
it would facilitate the identification of critical items in a measu-
rement set-up. As for the facility itself, the development of FACSIM
has undergone several improvements, and it appears now as a highly
flexible program for simulating errors in spherical near-field test
facilities. Extensive simulations have previously been carried out to
evaluate the TUD-facility. In the present paper the results of simu-
lations are verified by comparisons to measurements.

Since it is imperative for a sound comparison that the error sources
are easily identified and - preferably - dominating over other, less
controlable errors, it was decided to introduce large mechanical er-
rors in the measurements, so that the effects of these would prevail.

Two series of measurements were carried out by TUD, one with an initial
offset error in the definition of 6=0, and one with a displacement of
the horizontal axis away from the vertical axis. The test antenna was
the OIS Spotbeam reflector antenna, a 30A-diameter rotationally symme-
tric paraboloid with 4 struts carrying the feed. It was mounted with
its nominal boresight towards the probe for 6=0, and the antenna was
scanned in ¢ and stepped in 6. The frequency was 11.7 GHz, and the
measurement distance was 64.2%, 3.6% of the Rayleigh distance. Accu-
rate reference fields were also obtained. A Potter horn with known
probe-coefficients were used to measure the near fields and probe
correction was applied in the transformation to far fields.

Inacc. in Main Beam Directivity

For the same range of errors, 1.8
simulations were carried out y
for an idealized model of the dB § %
OTS antenna, where the effects g Measured, -~ &
of blockage were neglected. _Z
The results of comparisons for
typical pattern parameters will g
be presented, showing in general
good agreement between measure-
ments and simulations, thus -@.54 4
validating the usefulness of 4
error analysis by computer simu- 7.7 3
lations. An example is shown in ) ¥ ; : .
the figure to the right. -1.8 -8.5 8.0 8.5 1.8
Axis displacement A
The present work was carried out for Electromagnetics Institute under
ESA Contract No. 4682/81/NL/MS.
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INNOVATIONS AND EXPANDED CAPABILITIES IN ANTENNA
MEASUREMENTS FROM SPHERICAL NEAR-FIELD SCANNING

Doren W. Hess, John R. Jones, Curtis Green, Bruce Melson
Scientific~Atlanta, P.O. Box 105027, Atlanta, GA 30348

Over the past twenty years research and development efforts have
led to implementation of spherical near-field antenna measurement
ranges. These facilities provide the capability to determine the far-field
radiation pattern and gain of microwave antennas from near-field
measurements. The essential features that the control systems and
computer systems possess are: automatic data acquisition, near-field to
far-field computation, and automatic data display. The early
development efforts were focussed on these items.

Recently, more sophisticated features have been shown to be useful
and have been added to modern systems. The additional items include:
automatic gain comparison measurement, probe antenna polarization
correction, probe antenna pattern correction, automatic thermal drift
correction,and output format selection. These features significantly
enhance the accuracy and versatility of near-field antenna measurements.

More importantly however, as by products of the development of
spherical near-field scanning, certain additional capabilities have been
brought into the realm of conventional antenna measurement
technology. These features were previously utilized only in research
laboratories as specialized procedures. They are now available as
industrial technology. They are: three antenna polarization
measurement, two antenna polarization transfer, spherical wave modal
analysis, and near-field to near-field radial transforms.

In this paper we describe these innovations and present
measurement results which illustrate their use.
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SPHERICAL NEAR FIELD MEASUREMENTS AND
TEST FACILITIES IN EUROPE

Peter J. Wood
Canadian Astronautiecs Limited
Ottawa, Canada

In comparison to the well established "far field test range"
method of antenna testing, near field measurements offer
improved accuracy of charaterisation, freedom from Rayleigh
range restrictions on antenna size, and the possibility of
indoor testing of quite large antennas. They can also obviate
the need for rotation of a fragile spacecraft antenna.

In the spherical near field system, a conventional antenna
positioner may be used. With the present trend of antenna
measurement instrumentation to full digital automation for
"conventional" measurements, the cost of a near field facility
need not greatly exceed that of its "conventional" counterpart.
The near field facility can actually be used in "conventional'
mode when required simply by disabling the processing algorithm.
In relation to a planar probing near field system, the spherical
version 1is wuseful and accurate over a wider range of test
antennas, and can be operated with a smaller number of field
samples, reducing the measurement time needed for a test.

A spherical near field facility uses a NFFF (near field/far
field transformation) using vector spherical waves. Matrix
algorithms were developed by Wacker (NBS), and Larsen (TUD),
giving a rigorous correction for the measurement probe
characteristic. The orthogonality formulation developed by Wood
at MRC (Marconi Research Centre, UK) permits a wide range of
test geometries in that the test antenna does not need to lie
over the centre of rotation to realize full measurement
accuracy. It is particularly well suited to the measurement of
shaped beam reflector antennas.

Spherical near field facilities have been constructed at MRC in

the UK and the Technical University of Denmark. The MRC
facility (Marconi Review 204 and 205) has been used extensively
for spacecraft antenna measurements, It has an absolute

accuracy of 0,07 dB, as has been verified by independent far
field (MRC) and cylindrical probing (British Aerospace Dynamics
Group) measurements,
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THE DEVELOPMENT OF PROBE CORRECTION
IN SPHERICAL NEAR~FIELD MEASUREMENTS

Flemming Holm Larsen
Electromagnetics Institute
Technical University of Denmark
DK-~2800 Lyngby, Denmark

During the last fifteen years spherical near-field measurements have
been developed into a highly accurate method of antenna far-field de-
termination. Although good accuracy in many cases can be obtained

by assuming the probe antenna to measure the near field at a single
point, use of a directive probe and correction for the probe receiving
pattern offers the possibility of increased accuracy. The reason for
this is that a directive probe suppresses reflections from the sur-
roundings, gives a larger signal, and Has polarization characteristics
which are more independent of the structure behind the probe than a
low-gain prcbe.

The theoretical foundation for probe correction in spherical near
-field measurements was given in the Ph.D. thesis by Jensen, 1970.
In the equations with probe correction, the signal received by the
probe is described in terms of rotation coefficients for spherical
waves rather than the spherical vector waves used to describe the

E and H field. Wacker [NBS IR 75-809, 1975] pointed out that the
use of orthogonality integrals is greatly facilitated by restrict-
ing the probe to have spherical waves with m = +1 only. In addi-
tion, he showed that the integrals can be calculated efficiently
from the Fourier transform of the measured data not only in ¢ but
also in 8. The first spherical measurements with probe correction
were described in [Larsen, Electronics Letters, 1977]. [Larsen

and Hansen, IEEE AP-S, 1979] demonstrated that by restricting the

m = tl probe further to have rotational symmetry, it is possible

to correct for different axial ratios of the two ports of a dual
-polarized probe. From the beginning it has been clear that mea-
surements without probe correction, i.e. with a small dipole as
probe, is a special case of the formulation involving the rotation
coefficients. However, it has recently been demonstrated that mea-
surements with the rotationally symmetric probes also can be de-
scribed in terms of the spherical vector modes themselves [Yaghjian,
IEEE AP-S, 1984].

In measurements of reflector antennas, the probe correction compensates
for a taper of the probe pattern over the test antenna aperture. In
addition it can correct for cross polarization of the probe, whichcan
be important in measurements of frequency reuse satellite antennas.

Since the probe correction amplifies the field coming from the edge of
the test antenna aperture, one could ask whether unwanted reflections from
the surroundings are amplified as well. This question hasbeen addressed in

the paper [P.C. Hansen and Larsen,T-AP, Feb. 1984]. It is shown here that when
the probe taper over the test zone is not too strong and provided the spherical
wave spectrum for the test antenna is truncated properly, then unwanted ampli-
fication does not take place. Therefore the suppressionof reflected signals
by the probe in the near field is maintained in the calculated far field.



A-1-8
SYMMETRY AND NEAR FIELD SCANNING

Paul F, Wacker
4421 Pacific Coast Highway E107
Torrance, CA 90505

Symmetries of Maxwell's equations and of the propagation medium,
with the theory of group representations, provide essentially all
the tools needed for practical near field scanning analysis.
These include a) the exact solutions (modes) for Cartesian,
circular cylindrical, and spherical coordinates, b) natural
orthogonalities between the modes on the measurement surfaces, c¢)
natural orthogonalities with respect to summation and so the
measurement lattices, d) mnear to far field transformations, e)
transformations of the modal expansions under change of coordinate
values and f) natural orthogonalities between the transformation
coefficients on the measurement Ilattices., (Correction for the
patterns of the probes requires e) and f).) The mode sets
provided are mathematically complete with respect to the solutions
and the procedures are gpproximation free except for truncation of
the infinite sets of modes and, for planar and circular
cylindrical scanning, truncation of the measurement surfaces,

The preceding is based upon the fact that an infinite number of
symmetry operations yields an infinite number of symmetry types
(each 1like even or odd) and, for each type, an jinfinite number of
defining constraints (each like f(-x)=—f(+x) for an odd function).
The constraints yield the transformations of e). Given a large
enough symmetry group, the pertinent functions and modes are
completely defined. Thus: The rotations C, about an axis define
the functions exp(img) and lead to Fourier series analysis. The
translations T; along the real line yield the functions exp(-iwmt)
and exp(ik x) and Fourier transform theory. The addition of
reflections in  planes containing the axis or in planes
perpendicular to the 1line yields the corresponding sines and
cosines. The three dimensional rotation group 05 yields Pﬂ(cos 9)
exp(img) and the theory of spherical harmonics. The two
dimensional Euclidean (translation—rotation) group E2 yields
Tm(kgR) exp(img) and the analogous expressions with cylindrical
Neumann and Hankel functions. The three dimensional Euclidean
group E; yields Pﬁ(cos 8) exp(imd) jn(krr) and the analogous
expressions with spherical Neumann and Hankel functions. With few
exceptions, there are three 1linearly independent three—vector
‘functions for each of the preceding symmetry types. However,
addition of gauge invariance reduces the number of independent
polarizations to two in the EM cases and the addition of inversion
separates the TM and TE modes into different symmetry types and
defines them. The group Cy of rotations by 2m/M (m=0 to M-1)
separates the terms of & Fourier series into M types with an
infinite number in each type, providing the FFT as an

approximation—free symmetry decomposition.

T T
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K-CORRECTION, AN EFFICIENT METHOD TO COMPENSATE FOR PROBE
POSITIONING ERRORS IN AN ANTENNA NEAR FIELD TEST FACILITY

Pradeep K. Agrawal
RCA Corporation
Government Systems Division
Missile and Surface Radar
Moorestown, New Jersey 08057

In an antenna near field test facility, the electric field is
measured at points in a plane which is in front of and is parallel
to the antenna aperture. The measured near field data are Fourier
transformed to compute the far field spectrum. The Fourier trans-
formation is performed generally through a Fast Fourier Transformer
(FFT) scheme. For FFT algorithms to be applicable, the data to be
transformed should be known at points on a perfectly planar rectan-
gular Tattice. However, no mechanical and/or optical scheme can
guarantee that the electric field measurements are made at points
that are precisely along a planar rectangular Tattice. As a result,
a method is needed to compute a modified value of the electric field
corresponding to each measurement such that the modified electric
field value is a close equivalent of the electric field at ideal
measurement point.

Let P, be a point of measurement on the non-planar surface, and Qg
be the corresponding point on the planar rectangylar lattice such
that ARy is a position error vector. Also, let K represent a unit
vector in the direction of the main beam. The approximate value

of electric field at Qg is then the measured electric field value
at Py with a phase correction equivalent to IRgeK. The results will
be presented showing the application of k-correction.

Aperture
PTane

\\\\ //‘\55\
Measurement Ideal
Surface Measurement
Surface
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EVALUATION OF TRANSLATED PROBE COEFFICIENTS IN SPHERICAL NEAR-FIELD SCANNING.
R.C. Wittmann, National Bureau of Standards, Antenna Systems Metrology, Boulder, CO, USA

A SIMPLIFIED APPROACH TO PLANE-POLAR SCANNING. R.L. Lewis, National Bureau of Stan-
dards, Electromagnetic Fields Division, Boulder, CO, USA

IMPROVED ALGORITHMS FOR SPHERICAL AND HEMISPHERICAL SCANNING. R.L. Lewis, R.C.
Wittmann, National Bureau of Standards, Electromagnetic Fields Division, Boulder, CO, USA

AN EFFICIENT AND ACCURATE METHOD FOR CALCULATING AND REPRESENTING POWER
DENSITY IN THE NEAR-ZONE OF MICROWAVE ANTENNAS. A.C. Newell, R.L. Lewis, National
Bureau of Standards, Electromagnetic Fields Division, Boulder, CO, USA

GAIN OPTIMIZATION OF A NEAR-FIELD FOCUSING ARRAY. J. Loane, S.W. Lee, University of
lilinois, Electromagnetics Laboratory, Urbana, iL, USA

PLANAR NEAR-FIELD ANALYSIS OF FREQUENCY RE-USE CONTOURED MULTI-BEAM REFLEC-
TOR ANTENNAS FOR COMMUNICATIONS SATELLITES. W. Bornemann, INTELSAT, Washington,
DC, R. Jgrgensen, P. Balling, TICRA, Copenhagen, Denmark

INFLUENCE OF SOURCE ANTENNA DIRECTIVITY ON THE REFLECTIVITY LEVEL OF MI-
CROWAVE ANECHOIC CHAMBERS. M.C. Chandra Mouly, N.V. Vani, N.R. Devi, K. Sujata,
VRS Engineering College, Electronics and Communication Engineering Dept., Vijayawada, india

THE RECEIVING ANTENNA AS A LINEAR DIFFERENTIAL OPERATOR. A.D. Yaghjian, Rome Air
Development Center, Electromagnetic Sciences Division, Hanscom Air Force Base, MA, USA; R.C.
Wittmann, National Bureau of Standards. Electromagnetic Fields Division, Boulder, CO, USA
EFFECTS OF RMS SURFACE DEVIATIONS ON REFLECTOR ANTENNA RADIOMETRIC PERFOR-
MANCE. L.P. Anderson Jr., T.-K. Wu, Hughes Aircraft Company, Space and Communications Group,
Los Angeles, CA, USA
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EVALUATION OF TRANSLATED PROBE COEFFICIENTS IN
SPHERICAL NEAR-FIELD SCANNING

Ronald C. Wittmann 723.05
Antenna Systems Metrology
National Bureau of Standards
Boulder, Colorado 80303

In spherical near-field scanning the nature of the probe is taken
into account by specification of appropriate translated probe
coefficients. These coefficients, which depend on the scan
radius, are basically the response of the probe in some reference
orientation to each elementary multipole excitation in a complete
set of basis functions.

The formulas that relate the translated probe coefficients to the
receiving function of the probe (or to the far-field if the probe
is reciprocal) are usually derived from complicated translation
formulas for vector spherical harmonics. In this paper we show
how these expressions may also be derived in terms of mode-mode
coupling integrals. In addition to avoiding use of the cumbersome
translation formulas, this method is largely founded on the
familiar plane-wave coupling formalism.

12
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A SIMPLIFIED APPROACH TO PLANE-POLAR SCANNING

Richard L. Lewis
Electromagnetic Fields Division
National Bureau of Standards
Boulder, Colorado

Planar near-field scanning is an established procedure for
obtaining measured far-field anténna patterns. For this, one needs
a large, two dimensional, precision probe-transport mechanism for
making measurements. By contrast, plane-polar scanning merely
requires a linear probe-transport mechanism for making measurements
along a radial line while the antenna under test rotates in azimuth
(the probe also rotates in synchronism with the test antenna to
preserve field alignment). In many cases, one may take advantage
of azimuthal symmetry of the measured radiation to greatly reduce
the necessary number of azimuth-angle steps. Thus, plane-polar
scanning can have significant advantages over plane cartesian scan-
ning in terms of simpler probe transport and reduced data require-
ments.

In this paper we present a new formulation for plane-polar
scanning. In this approach, we expand the received signal as a
double series which js readily shown to be mathematically complete.
In this representation, the azimuthally symmetriﬁ portion is ex-
panded as a series of terms of the form (1 - p2)", where p is
normalized radial distance in the measurement plane and n is the
summation index. Such a representation approximates typical ex-
citations for many actual dish antennas. Also, aperture blockage
effects can be simulated. Accordingly, determination of the symme-
tric portion of the measurement plane field may provide useful
design feedback, while good aperture-excitation modeling may reduce
the number of terms needed for accurate representation.

Our measurement plane representation for the received signal
is readily integrated analytically term by term to obtain the spec-
tral coupling product which can then be corrected for probe effects
to determine the radiated far-field. The result is simpler (with
a simpler derivation) than the Jacobi-Bessel series plane-polar
formulation [Rahmat-Samii et al., IEEE/AP Tran., 28, pp. 216-230,
March 1980]. Moreover, when the polar angle 6 is large our
formulation appears to converge more rapidly. Accordingly, ease
of numerical computation is expected.

13
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IMPROVED ALGORITHMS FOR SPHERICAL AND HEMISPHERICAL SCANNING

Richard L. lLewis and Ronald C. Wittmann
Electromagnetic Fields Division
National Bureau of Standards
Boulder, Colorado

A probe corrected spherical-scanning algorithm has been devel-
oped which is applicable when the antenna under test radiates neg-
1igibly into its rear hemisphere. Compared to an efficient version
of the best previously published full-sphere scanning algorithm,
it is found that our hemispherical scanning algorithm is over three
and a half times more efficient. Improvements have also been made
to full-sphere scanning, with the result that our new spherical
scanning algorithm is twice as efficient as the best previous full-
sphere algorithm. We also show that our new formulations consti-
tute an exact inversion of the band-limited spherical-coordinate
expression for the received signal (i.e., no aliasing errors are
introduced).

14
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An Efficient and Accurate Method For Calculating and. Representing
Power Density in the Near-Zone of Microwave Antennas

Allen C. Newell and R. L. Lewis
National Bureau of Standards
Boulder, Colorado

There are a number of situations related to safety and inter-
ference where it is desirable to have a reliable and concise method
of estimating the power density levels radiated by microwave an-
tennas. A new technique for predicting near-zone field intensities
has recently been developed at NBS using Plane Wave Scattering
Matrix Theory to produce accurate calculations along with a highly
efficient method of graphically representing the results. Using
this technique, comparisons of predicted and measured near fields
were carried out for selected antennas and found to be in excellent
agreement.

The input to the calculations is the aperture illumination of
the antenna obtained from either measured near-field data, design
specifications or theoretical assumptions. From this input, pro-
grams based on the plane wave theory were developed to calculate
the field on a series of x-y planes parallel to the aperture.

Then the power-density values in the x-z and y-z planes are ob-
tained and graphically represented on two contour plots. The or-
dinate of these graphs covers the range #4D in units of D and the
abcissa extends from just in front of the antenna out’to D2/A in
units of D2/A. This choice of scaling means that a single graph
will apply without approximation to all antennas with the same D/A
ratio and relative aperture distribution. Different input power
Tevels can be accounted for by scaling. When small structure ef-
fects such as those caused by struts and aperture blockage are
ignored, it was further found for D/A > 30 that a single graph may
be used with appropriate amplitude scaling for all antennas with
the same relative aperture distribution regardless of the D/A ratio.

With the further assumption of pattern symmetry about the
antenna axis, a very few graphs can be used to predict near-zone
power densities for any D/A ratio, any input power level, and gen-
erally encountered aperture distributions. The program can also
be run to produce contours for specific cases where symmetry or
assumed distributions may not apply.

15
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GAIN OPTIMIZATION OF A NEAR-FIELD FOCUSING ARRAY

J. Loane and S. W. Lee
Electromagnetics Laboratory
University of Illinois
Urbana, I1linois 61801

A new variation of the array gain optimization problem has arisen in the study
of microwave arrays used for hyperthermia, the heating of biological tissue. For a
given array configuration and arbitrary medium it is desired to maximize the power
deposition at the observation point in the near field of the array, analogous to the loss-
less case of radiation maximization in a particular direction. In this formulation the
medium need be neither homogeneous nor lossless, and the array elements need not be
identical.

For a given array and desired focus, this paper shows how the optimum excitation
may be found to produce maximum |E 12 at a focus in the near field of the array for
unit input power. This is a generalization of the far-field formulation of Lo et al.
(Proc. IEEE, 54, pp. 1033-1045, 1966) in which only one received polarization is max-
imized. Some practical cases are simulated with both lossy and lossless media showing
that the formulation of Lo et al. gives results that closely follow the optimum when
the dominant polarization from linearly polarized radiators is maximized. The close
correspondence between optimum and dominant-polarization solutions holds even for
extreme supergain situations, ie. high currents with an antiphasal distribution. A com-
parison is also made with the conjugate-field or time-reversal excitation, a scheme
which is slightly less efficient in most cases and which causes significantly higher focal
shifts for some off-axis scan situations. The Q-factor and sensitivity variations are also
included in the study, both of which depend on the excitation and array geometry.
Experimental results are also reported, showing the focusing ability of a 7-element
array in water.
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PLANAR NEAR-FIELD ANALYSIS OF FREQUENCY RE-USE CONTOURED
MULTI-BEAM REFLECTOR ANTENNAS FOR COMMUNICATIONS SATELLITES

Wilfried Bornemann, INTELSAT, Washington, D.C. (USA)
Rolf Jgrgensen and Peter Balling, TICRA, Copenhagen (Denmark)

Commercial communications satellites have increasingly
utilized larger and more complex antenna systems employing
frequency re-use by spatial and polarization isolation to
achieve increases in channel capacity and beam contour
flexibility. The large diameter reflector antennas utilized
on INTELSAT satellites have historically required the use
of far-field ranges of several kilometers length (R;lODZ/A)
in conjunction with large radome or enclosure facilities.
Near-field antenna test techniques, where the antenna system
amplitude, phase and polarization response are sampled in
the immediate vicinity of the antenna for immediate
diagnostic analysis and subsequently computer transformed
to the far-field offer an attractive means of reducing
multi-path and transportation problems as well as the
advantage of a totally enclosed and controlled test
environment.

The paper will describe the results of computer calculations
on planar near-field analysis for circularly polarized
contoured multi-beam INTELSAT reflector antennas. The

use of untransformed near-field data for diagnostic and
design assistance purposes will be demonstrated and it

will be shown, e.g. by examining differences between
calculated and measured near-field data, that valuable
insights can be derived prior-to undertaking FFT processing.
Finally, conclusions will be drawn from the comparison
between computer far-field data and FFT processed computer
near-field data on near-field measurement parameters like
distance, scan range and sampling criteria.
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INFLUENCE OF SOURCE ANTENNA DIRECTIVITY ON THE
REFLECTIVITY LEVEL OF MICRUWAVE ANECHCUIC CHAMBERS

M.C.Chandra Mouly, N.V.Vani, N.R.Uevi and K. Sujata
Electronics and Communication Engineering Department
VRS Engineering College, Vijayawada-520 006, India

This paper seeks to establish the nexus between the
source antenna directivity and the reflectivity levels (RLL)
at the center of the quiet zone of both Rectangular Anechoic
Chamber (RAC) and Tapered Anechoic Chamber (TAC). For a
comparative assessment of the chambers' performance, the RLL
at the center of the quiet zone would be adequate. Un the
same count, the analysis considering only one reflected ray
along with the direct ray would suffice. This analysis would
provide a quick insight into the relative merits of the
chambers. Hence this analytical method would be of great
avail in a comparative study of the chambers offered by the
manufacturer before having one such installed.

The RLL is evaluated from the field components arriv-
ing in the quiet zone one directly and the other after reflec-
tion at the wall. A source horn of the pyramidal type is
assumed. The walls are presumed to be adorned with VHP-NRL-~8
absorbers. Interpolation of the values of reflection coeffi-
cient for the actual angles of incidence is done. For the
purpose of variation of source antenna directivity four
different horns are considered. The frequency of operation
is 9 GHz.

In general, the TAC is superior to the RAC due to
reduced path difference and low angles of arrival realised
in the former. But an increase in source antenna directivity
can make the TAC inferior to RAC due to enhanced side wall
illumination arising out of wide angle departure of the ray
from the source on to the side wall. The results reveal
that while attempting to improve the performance of the
chamber via greater source antenna directivity, the possibi-
lity of stronger side wall illumination in a TAC has to be
given due consideration.

18
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THE RECEIVING ANTENNA AS A LINEAR DIFFERENTIAL OPERATOR
Arthur D. Yaghjian
Electromagnetic Sciences Division
Rome Air Development Center
Hanscom Air Force Base, MA 01731
Ronald C. Wittmann
Electromagnetic Fields Division
National Bureau of Standards
Boulder, CO 80303
The general receiving antenna is represented as a linear dif-
ferential operator converting the incident field and its spatial
derivatives at a single point in space to an output voltage. The
differential operator is specified explicitly in terms of the
multipole coefficients of the antenna's complex receiving pattern.
When the linear operator representation is applied to the special
probes used in spherical near-field measurements, a probe-corrected
spherical transmission formula is revealed that retains the form,
applicability, and simplicity of the nonprobe-corrected equations.
The new spherical transmission formula is shown to be consistent

with the previous transmission formula derived from the rotational

and translational addition theorems for spherical waves.
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EFFECTS OF RMS SURFACE DEVIATIONS ON REFLECTOR
ANTENNA RADIOMETRIC PERFORMANCE

Louis P. Anderson and Te-Kao Wu
Hughes Aircraft Company
Space and Communications Group
Post Office Box 92919
Los Angeles, California 90009

In this paper, analytical studies were conducted on the effects of RMS
surface deviations on the radiometric performance of a 5.9 m diameter
offset reflector antenna. Primary radiometric parameters such as beam
efficiency, sidelobe levels and cross polarization levels are all
investigated as a function of RMS surface. deviations with edge
illumination as a parameter.

The computer model developed is based on the physical optics current
integration approach, wherein a two dimensional surface integration is
evaluated on an offset reflector surface. Grid points addressed in the
associated numerical integration process are assigned a "path phase error"
which simulates the surface distortion relative to the ideal parabolic
surface. This is implemented by referencing the defined set of surface
points to a uniformly distributed random number generator. A
corresponding set of errors, deviating axially from the ideal surface is
produced normalized to an input RMS value. Axial deviations from the
ideal parabolic shape are assumed to be less than one wavelength of the
incident wave. The procedure yields information sufficient to identify the
co-polarized and cross-polarized performance in the far field.

Results are presented for an X-band offset reflector design optimized for
low cross polarization ( < 20 dB) and high beam eificiency ( > 90%) for a
non distorted surface. Here the beam efficiency is defined as the ratio of
the radiated power contained in the main beam of the reflector and the
total radiated power from the feed horn.

Conclusions derived from computed results indicate that for the design
under consideration an upper limit for RMS surface distortions can be
established. Beam efficiencies and sidelobe levels degrade as a function
of increasing RMS distortions as expected. Variation of edge illumination
proved that high edge tapers can compensate for this performance
degradation slightly. In addition, it was found that cross polarization
levels in the secondary pattern are unaffected by surface errors.
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RADAR CLUTTER SIMULATION AND MT! IMPROVEMENT FACTOR STATISTICS. J.K. Hsiao,
Naval Research Laboratory, Radar Division, Washington, DC, USA
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MULTIPLE-SOURCE, MULTIPLE-FREQUENCY

ERROR OF AN ELECTRIC FIELD METER

J. Randa and M. Kanda
Electromagnetic Fields Division
National Bureau of Standards
Boulder, Colorado 80303

Electric field meters (EFM's) are typically calibrated using single-frequency,
single-source standard fields; but in practice they are not always used in such
simple enviromments, and their response to more complex fields can be different
than for the calibrating fields. We have recently completed a study of EFM
errors in multiple-source and/or frequency (MSF) environments, and this paper
summarizes the results. The analysis concentrated on new errors peculiar to
complex environments and not previously analyzed. It also was restricted

almost exclusively to periodic fields with periods of about 10 s or less, much

shorter than the time sale (Nlo s) set by the probe considered.

The MSF errors can be divided into two classes. There are errors in the average
and/or peak electric field actually read by the meter when the field being
measured does not have a simple sinuscidal time dependence. We investigated

these meter errors for a common probe configuration consisting of electrically
short dipole antennas with diode loads, connected to the metering unit by an RF
filter transmission line. Tue particular features responsible for the errors

will be identified, in order to extract problems which are relevant to other types
of meters as well. In addition there are what could be called errors of inference.
These are user, rather than meter, errors. Although EFM's measure electric fields
only, they are sometimes used as hazard meters or energy-density meters (EDM's).
In such applications one assumes that the magnetic field energy density is equal
to the measured electric field energy density, as is the case for a monochromatic
plane wave. For other field configurations this equality does not hold, and the

inferred electromagnetic (EM) energy demsity is incorrect.

For both types of error the typical size is about one to three dB, but in some

cases the error can exceed 10 dB.
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AN EXPERIMENTAL INVESTIGATION OF ANTENNA
CONFIGURATIONS WHICH ARE NEAR TO OR PASS THROUGH
AN AIR-WATER INTERFACE

Charles E. Smith and Chalmers M. Butler

Krzysztof A. Michalski Dept. of Electrical Engineering
Dept. of Electrical Engineering University of Houston
University of Mississippi Houston, TX 77004

University, MS 38677
and

Cecil A. Harrisonm
Dept. of Industrial Technology
University of Southern Mississippi
Hattiesburg, MS 39401

Three different antennas stuctures are investigated experi-
mentally. These structures are (1) two parallel antennas parallel
to a lossy medium interface, (2) two parallel antennas close to an
air-water interface with driven element in water, and (3) a loop
antenna which passes through an air-water interface. Input admit-
tance is measured for the driven antennas in or above the water
and a normalized current distribution is measured for other relat-
ed elements. The properties of the water used for these experi-
ments have been measured and are presented (tapwater and water
with NaCl where the salinity was 10.7 g/kg and 5.35 g/kg).

All measurements were made with an automated network analyzer
using an existing ground, or image, plame faciltiy developed
earlier [C.A. Harrison and C.M. Butler, IEEE Trans. AP, vol. AP-
32, no.4, pp. 397-390]1. This facility consists of a large water
tank that has dimensions of 16 ft. by 16 ft. along the exterior
perimeter and is 4 ft. in depth which is surrounded by anechoic
material. The image plane, which is mounted vertically along one
wall of the tamk, is 13 ft. high and 15 ft. wide and is construct—
ed from 125-mil aluminum, Antennas were physically positioned in
the center of image plane at appropriate heights. The measurement
of the properties of water used in the experiments employed a co-
axial waveguide apparatus to measure amplitude and phase constants
from which the constitutive parameters are determined [R.W.P. King
and G.S. Smith, Antennas in Matter, MIT Press, 1981]. Independent
checks of the accuracy and the quality of the measurement range
were made by comparison to numerical solutions of wire antenna mo-
dels. Measured and computer results agreed very favorably, even
in the low frequency range.

Measured data are presented for the three antenna configu-
rations referred to before which appear to be in good agreement
with existing theory and related numerical results. Results
should be adequate for future verification of analytic and numeri-
cal solution for such antenna structures near air-water inter-
faces.
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MEASUREMENTS OF THE ELECTROMAGNETIC BACKSCATTERING
MATRIX ELEMENTS OF A SINGLE BODY

L.E. Allan, Y.M.M. Antar and A. Hendry
Division of Electrical Engineering
National Research Council of Canada

Montreal Road, Ottawa, Ontario, Canada

K1A OR8

Scattering characteristics of a single object in the resonance
region are important in fields such as meteorology and remote
sensing. These characteristics are represented by the scattering
matrix elements related to orthogonal base vectors. Computational
techniques have appeared imn recent years, but published experimental
results were restricted to amplitude measurements, i.e. Dbackscatter
radar crosssections, with no phase information available. TFor a
complete description of the polarization response of a target, both
amplitude and phase of the backscattered fields are needed.

Concurrent with dual—chanmel polarization diversity radar
observations at NRCC, a single body backscattering measurement
program was started. Measurements of the backscattering matrix
elements have been performed at 2.86 GHZ and are now being conducted
at 9.6 GHZ on single bodies of various sizes, shapes, and dielectric
constants. Measurements are being performed at circular
polarization, and results for any elliptical base vectors can be
obtained by basic transformations.

The measurement facility comprises a dual-mode horn antenna, a
turnstile junction and associated microwave circuitry. The
two-channel radar receivers, with phase detection capability, are
used. The facility provides a wide dynamic range, high isolation
between opposite sense channels, and allows for accurate amplitude
and phase calibration, nulling and level-setting procedures.

Various aspects of the measuring facility, the measurement

procedure, and a sample of the results will be described in this
paper.
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OPTIMIZING THIN MAGNETIC MATERIAL FOR THE THERMOGRAPHIC
DETECTION OF MICROWAVE INDUCED SURFACE CURRENTS

Ronald M. Sega and Gary D. Wetlaufer
University of Colorado at Colorado Springs

This paper discusses the recent theoretical and experimental
advances made toward understanding the material properties necessary
for optimizing a thin screen detector for the infrared (IR) detection of
surface currents on metal plates in the 2 to 4 GHz frequency range.
Surface current density determination can be accomplished through
measuring the magnetic field (H) strength at the surface of a good
conductor. Magnetic field detection via IR employs a thin material of
select imaginary permeability (1") which when placed on the surface of a
conductor heats via wu"HZ2 coupling. Optimization implies a material
much less than a skin depth thick while absorbing sufficient energy to
produce a temperature rise (nominally 2K) detectable and resolvable with
an IR system.

Understanding the microwave induced heating in magnetic field (H)
detection screens is needed so optimum screens can be designed for the IR
detection of surface currents. The surface temperature of a detector
screen is a function of the absorbed microwave power within the medium.
By Poynting's theorem, the absorbed power in a given volume is a function
of the electric (E) and H field magnitudes as shown by the equation

Paps = f“/ (0EZ + pe"E2 + wu"H2)dv

where 0 is the conductivity, e" is the imaginary permittivity, u" is the
imaginary permeability of the detector, and ® s the angular frequency
of the incident microwave. Thus, it becomes possible to relate surface
temperature variations to H and E field intensities. As shown by the
above equation, the detector screen can absorb power via E and/or H field
coupling. As the application discussed in this paper requires the detector
screen to be placed directly on a highly conductive surface, the primary
mechanism for absorbing power is the wu"H2 term, for boundary
conditions force the E field to or near zero at the surface of a good
conductor. Using IR thermographic techniques, H, and hence the
magnitude of the surface current density (J), can be measured on an
irradiated metal object quickly and relatively easily. :

The electromagnetic problem is solved as functions of thickness and
u" for a normally incident plane wave on three phase stratified media
where a phase of finite thickness (detector) is sandwiched between two
other phases of infinite extent (one is free space, the other is metal). An
approximate solution of the thermal problem relating surface temperature
to absorbed microwave power is then obtained. Emperical IR and probe
results using a ferrite-loaded material will be presented. The infrared
technique should prove to be efficient for measurement of currents on
complex structures.
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ARRAY ELEMENT PATTERN CORRECTION IN A DIGITAL BEAMFORMING ARRAY
AN EXPERIMENTAL STUDY

Jeffrey S. Herd
Electromagnetic Sciences Division
Rome Air Development Center
Hanscom AFB, MA 01731

A digital beamformer is a miltichannel receive network which performs an
A/D conversion of the complex RF signal at each element of an array prior to
beam formation. This digitization in amplitude and phase makes it possible to
synthesize versatile beam patterns and digitally correct for element channel
imbalances.

The element patterns in an array environment are perturbed by the inter~
element coupling. The pattern perturbations are most significant for the
outer elements of a finite array where the coupling is asymmetric. The
differences between element patterns will introduce phase and amplitude
errors which impose a limitation on the minimum attainable sidelobe level
and will degrade the open loop nulling performance of a digital beamforming
array.

This paper presents an experimental study of a technique to measure and
compensate for the effects of aperture coupling in a digital beamforming
array. The N channels of a DBF array form an element signal vector which
includes the influence of aperture coupled fields. The complex array element
pattern of each of the N channels can be measured, and an inverse Fourier
transform of each pattern to the corresponding element locations at the
aperture will give N effective complex aperture coupling coefficients. A
set of these coefficients for each array element pattern forms an NXN matrix
which describes the effective inter—element aperture coupling. The inverse
of this matrix can be multiplied by the element signal vector to correct for
the presence of aperture coupling. The corrected element signal vector can
then be weighted and summed to give a desired array pattern.

Experimental results will be shown for an eight element digital beamf orming
array operating at X-band.
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RADAR CLUTTER SIMULATION AND MTI IMPROVEMENT
FACTOR STATISTICS

James X, Hsiao

Radar Division
Naval Research Laboratory
Washington, DC

A radar return from a patch of clutter usually consists of a
large number of echoes from individual scatterers. FEach of these
scatters moves randomly and introduces a randomly distributed
doppler spectrum. Therefore, to simulate the performance of a
MTI system, we must sum a large number of randomly distributed
samples from each radar pulse return. The computer~time required
in this case is very lengthy, and therefore it is not feasible
for us to use this approach in a large-scale simulation. In this
paper we propose to use a simplified version of the clutter
model. Such a model, as we will show, will generate a correla-
tion function and a spectral density function which are experi~
mentally measured. Such a model reduces the required computer-
time a great deal.

The second problem we will investigate is the improvement
factor of the MTI system. This improvement factor is a function
of the clutter output and will be used as a base for the design
of an MTI system and its required performance. The clutter
output is the weighted summation of a number of delayed radar
returns. Since the spectral distribution of these radar returns
is random, the improvement factor is also a random function. In
the past, the expected value of this improvement factor was used
for the MTI design; therefore it is possible that it accounts for
the fact that a well-designed MTI system may not be adequate to
eliminate clutter noises at all times. In this paper, we inves-
tigate the probability distribution of the improvement factor for
a MTI system.

The clutter output is a summation of random variables.
Usually we can assume that such a function has a normal distribu-
tion if the summed random variables are independent. Unfortun-
ately, the clutter output is the summation of many MTI pulse
returns which, because of long clutter correlation time, cannot
be treated as independent., The assumption of a normal distribu-
tion is therefore invalid. There is no known probability density
function to describe such a process; therefore, the statistic
distributions of the MTI improvement factor presented in this
paper are based on computer simulations.
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IMPULSE RESPONSE DETERMINATION FROM A GIVEN
TIME LIMITED INPUT AND OUTPUT UTILIZING THE
CONJUGATE GRADIENT METHOD

Tapan K. Sarkar
Soheil A. Dianat
Sadasiva M. Rao
Fung - I. Tseng

Department of Electrical Engineering
Rochester Institute of Techmology
Rochester, New York - 14623
Phone: (716) 475-2143

ABSTRACT: The input and the output of a system are related

by the well known convolution integral. The solution
for the impulse response from the convolution integral
is a well-known, ill-posed problem. Since the conjugate

gradient method can solve iteratively any operator
equations, including singular operator equations, we now
apply it for the solution of the deconvolution problem.
It is also well known that if the conjugate gradient method
is terminated properly, then it provides a good approximate
solution even for ill-posed problems. Computed impulse
response utilizing this technique will be presented and
it will be shown that for most of our experimental data
the method converged in just one iteration.
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AN OPTICALLY COUPLED SAMPLING
SYSTEM WITH 4 GHZ BANDWIDTH

Samie B. Samaan®, P.0. Box 231, Beavertaon, OR 397075, U.S.A. H
L. Wilson Pearson, Mcdonnel Douglas Research Labs, P.0. Box Sis,
Saint Louwis, Mo 63166, U.S.A. ; Charles E. Smith, Electrical
Engineering Department, University of Mississippi, University,
MS 28677, U.S.A.

*Pveviously with the Uriversity of Mississippi.

R new approach ta the design of an optically coupled multi-—
nigahertz sampling system with improved bandwidth for use in time
damain scattering measurements is reported. The system utilizes
the Tektronix S-6 sampling head, the Tektronix 7512 TDR/Sampler
plug—in unit, and & Tektronix 7000 series oscilloscope. Three
fiber oaptic links replace existing hardwired coviductors which
convey the vertical error and feedback signals and the horizontal
sampling command sigral betweer the sampling head and the oscil~
loscope sampling plug-in. The remate sampling head and its asso—
ciated fiber optic interfacing circuits are pawered using a re-—
chargeable battery pack. The dielectric fiber pigtails allow
Placing the sampling head irmside a metallic scatterer without the

distortion of the sutside electramagretic fields usually caused
by the metallic cormecting  conductors. Replacirng the metallic
conductors by the fiber pigtails alss eliminates electro-

magrnetic interfererce (EMI) with the sampling system cperaticn.

Two commercial fiber optic links are used in the arnalog mode
to convey the error and feedback sigrnals betweer the S-6 head and
the 7512 sampler. The sampling command sigrnal issued by the 781z
sampler is used to trigger s pulsed laser diode driver circuit.
The laser diode produces a Ffast-rise irfrared laser pulse af
several hundred wmilliwatts. This laser pulse is used t= trigger
the avalanche transistor in the sampling head strobe gererataor
circuit by eoupling the infrared energy directly to the reverse
biased collector-base Juniction of the transistor,

Qualitative arnd Quarntitative tests were carried out to evalu-~
ate the wptically coupled system performance. The test results
show that the error and feedback links cause only a small distowr—
tion of acquired waveforms. The noise intraduced by these links
is sigrnificant cnly for small sampled sigrals on the crder of 10
mY. The sampling caommand limk is shown o introduce  strabe Jitter
with a starndard deviationm of &8 ps. The overall system bandwidth
is shown to be 4 GH=. Improvements in the roise and bardwidth
performance are possible, and recommerdaticns  are made to this
effect for implemerntation in a future version of the system.
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SYNTHETIC ARRAY PROCESSING OF PROBE DATA FOR SPURIOUS
SCATTERING STUDIES OF A COMPACT RCS MEASUREMENT RANGE

E. K. WALTON AND D. R. KOBERSTEIN
The Ohio State University
ElectroScience Laboratory

Electrical Engineering Department

Columbus, Ohio

The OSU compact radar backscatter cross section (RCS)
measurement range consists of a 3.6 meter radius offset
parabolic-section reflector illuminated by a broadband microwave
feed at the focus. The resultant plane wave reflected from the
parabolic surface scatters from the target under test and the
signal is received at the focus of the parabola. The processed
data gives the measured far fiela RCS of the target. The entire
system is installed in a 6.1 by 12.2 by 18.3 meter room. In
such a system, spurious scattering terms exist which must be
properly treated. Such terms as the scattering from the edge of
the parabolic surface, bistatic scattering from the (absorber
coated) walls, ceiling, and floor of the room or from the feed
and feed support structure ana target support structure can
become critically important for certain test target
orientations.

In order to quantitatively study these spurious scattering
terms, a computer controlled system consisting of a microwave
probe (antenna) attached to a linear probe positioner was
implemented. The received signal amplitude and phase was
measured as a function of probe antenna position for a number of
frequencies ana polarizations. (including a mumber of cross
polarized cases) Of particular interest was the change in
pertormance induced by reshaping of the top edge of the
reflector from a serrated shape to a rolled edge. The probe
positioner was located so as to scan 1.7 m. vertically near the
top of the test target zone.

The amplitude and phase data from the probe antenna as well
as the probe position were used to generate a range focused
synthetic aperture image of the distribution of scattering
sources in the room. Forward scattering "hot spots' due to the
feed and feed support structure as well as the top edge and
ceiling scatteing terms can be seen in the resultant image.
Example images will be shown, and quantatative comparisons will
be given for the various spurious scattering temms.
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APPLICATIONS OF TIKHONOV AND ARSENIN DECONVOLUTION
TECHNIQUES TO PICOSECOND PULSE MEASUREMENTS AT NBS.

WILLIAM L. GANS
ELECTROMAGNETIC FIELDS DIVISION
NATIONAL BUREAU OF STANDARDS
BOULDER, COLORADO 80303

The Electromagnetic Fields Division at the National Bureau of
Standards, Boulder, Colorado, is tasked with the ‘accurate measure-
ment of fast (picosecond-nanosecond range) electrical pulse param-
eters. The primary system used to perform these measurements,
réferred to as the NBS Automatic Pulse Measurement System (APMS),
consists essentially of a wideband (dc - 18 GHz) equivalent-time
sampling oscilloscope interfaced to a minicomputer. It operates
in such a manner that under computer control repetitive fast elec-
trical pulse waveforms can be acquired and recorded into the com-
puter memory for subsequent processing and analysis. Along with
such pulse parameters as pulse transition duration (rise/falil
time), pulse duration (width), pulse amplitude and pulse time
delay, this system can also measure such frequency domain param-
eters as microwave scattering parameters and impulse spectrum
amplitude by employing the fast Fourier transform (FFT) operator
on the time domain waveform data.

The measurement accuracy of the APMS is limited by two major
sources of error. The first source is the deterministic distor-
ting effect of the sampling oscilloscope wideband sampling head.
The pulse waveform recorded by the APMS is really the convolution
of the true waveform and the impulse response function of the
sampling head, h;(t). An estimate of hi(t) has been derived at
NBS from sampling head circuit models and measurements.

The other major source -of error is the presence of noise in
the measurement system, both in the form of voltage additive noise
and sample timing jitter. The use of simple additive signal aver-
aging allows the errors due to voltage additive noise to be made
arbitrarily small. Such is not the case with timing jitter, how-
ever. It can be shown that the distorting effect of timing jitter
under additive signal averaging conditions is analogous to passing
the signal through a low-pass filter whose time domain equivalent
impulse response function is simply the probabitity density func~
tion (PDF) of the timing jitter noise. Thus, a second measurement
system impulse response function, h,(t), due to timing jitter can
be obtained by measuring the PDF of the timing jitter noise.

These two system impulse responses, hi(t) and h,(t), may then
be combined by convolution to yield a total system impulse re-
sponse, h,(t). Then, the deconvolution techniques of Tikhonov and
Arsenin mgy be used to remove the distorting effects of h,(t) from
the measured waveform. Satisfactory estimates of the tru& wave-
form are thus obtained with estimated uncertainties approaching +1%.
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PARAMETERIZATION OF AN ELECTROMAGNETIC TRANSIENT FACILITY AND
TEST ANTENNAS FROM TRANSIENT DATA '

R. M. Bevensee, J. V. Candy, G. A. Clark, L. C. Martin,
J. K. Breakall, and R. J. King
L awrence Livermore National Laboratory

The Lawrence Livermore National Laboratory is characterizing
antennas in their environments from transient reflectometry and
scatter data taken on an Electromagnetic Transient Facility
(EMTF). This paper discusses the linear system ARMAX (auto-
regressive, moving-average with exogenous input) modeling of the
entire, recently-upgraded EMTF and its use in obtaining the
frequency-domain equivalent circuit impedance and effective height
of a test antenna at its Yoad port.

The EMTF is decomposed into blocks and model identification of
each is achieved by data pre-processing, model-order testing,
parameter estimation, prediction error tests for “fit" validation,
and finally ensemble data tests on a well-understood electro-
magnetic dipole for overall EMTF model validation. The details of
the dipole model validation by various prediction and output error
modeling algorithms are explained. Once the EMTF model is
validated the equivalent circuit of any test antenna can be
similarly modeled with confidence.

The antenna modeling of equivalent circuit impedance by time-
domain reflectometry (TDR) measurements and effective height by
scatter measurements is discussed. The disadvantages of several
types of ARMAX modeling are noted, compared to the advantages of
using an off-line Nonlinear iterative Least Squares (NLS) method.
Data processing rules are given. Finally the procedures for
characterizing impedance and effective height are discussed and
these spectra as obtained by several models for a 30 cm monopole
gptenqa are compared with the spectra obtained by frequency-domain
ivision.

1t will be shown how the transient parameterization of a test
antenna enables accurate prediction of the output response for an
arbitrary load, particularly the short circuit current without
need of awkward current probes which often exhibit inferior
frequency response.

Conclusions emphasize the need for proper data pre-processing,
anti-aliasing filters, and avoidance of models with too high a
model order. ARMAX modeling with NLS so as to include the
modeling of input noise appears to be the most promising technique.

*York performed under the auspices of the U. S. Department of
Energy by the Lawrence Livermore National Laboratory under
contract number W-7405-ENG-48.

34



A-4-6
A MICROPROCESSOR CONTROLLED DIRECTION FINDER

W.D. Rawle
Technical University of Nova Scotia
Department of Electrical Engineering
Halifax, NS

A simple, low cost microprocessor controlled direction
finding system is presented. The system, based upon a
phase comparison technique represents a significant
departure from conventional direction finding system
technology. An angular resolution of 1 degree is easily
obtainable with an eight bit microprocessor implementation.
The advantages of this system are accuracy, reliability,
simplicity, and lightweight implementation.
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DIELECTRIC SPECTROSCOPY USING OPEN-CIRCUITED
COAXIAL LINES OF GENERAL LENGTH

Waymond R. Scott, Jr. and Glemn S. Smith
School of Electrical Engineering
Georgia Institute of Technology

Atlanta, Georgia 30332

Abstract

The open-circuited coaxial line of general length is studied
in detail as a sample cell for broadband measurements of the
dielectric permittivity. This cell is a section of transmission
line with the center conductor abruptly terminated. The dielec-
tric material to be measured fills the coaxial section of the cell
and extends beyond the center conductor into the tube formed by

the outer conductor of the transmission line.

The inverse function for obtaining the permittivity of the
sample from the measured input admittance of the cell is
multivalued. The error in the measured permittivity caused by
passage onto the wrong pranch of the inverse function is analyzed,
and a procedure that can prevent passing onto the wrong branch is
developed. The errors in the measured permittivity due to the
inaccuracies in the instrumentation are also analyzed. Contour
graphs are constructed that quantify the effects of this error
on the measured permittivity. This error is shown to be largest
when the combination of frequency, sample length, and sample
permittivity place the measured normalized admittance near a
branch point of the inverse function.

A time—-domain measurement system was constructed, calibrated,
and used with an open-circuited sample cell to measure the permit-
tivities of several primary alcohols over the frequency range
50 MHz < £ < 2 GHz. The measured relaxation spectra for these
alcohols are in good agreement with those determined by previous
investigators.
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A Biv-Fort Swept Frequency Calibration Technique
Using a New Six—Fort Chart Method
L. Kaliouby, R.G. Bosisio
Ecole Folytechnique, Electrical Enginesring Depariment
Montreal, Canada

Six-port avtomatic network analysis allows complete
measurenent of reflection coefficient, by means of four
output power readings. However, due to +the complex
calibration procedure and lengthy calculations of I from
the nower readings, its use has besn limited to
point-by-point measurements. Recently, fhe authors have
devel opped a real-time swept fraegquency measurement
technique, using a new six—port chart method (Fig.12).
However, to guatantee proper interpretation of results in
swept tfreguency measurement, it's necessary to first
calibrate the siu-port in a swept freguency mode. It will
be  shown  that thie can be done by comparing experimented
measuranents of a fived short 2 curve #4), between §,
and £z, with the theorical calibration charts at ¥, and +a

i 2 curves #1 and 2). Intermediate calibration (curve
to be carried out until the experimental curve
corresponds with  the theorical charts in this interval.
Afterwards, measurement  of = DUT can be carried out in
swept  {freguency  mods (Fig.3), with the guarantee of a
correct interpretation, of the results.

Fig. 3

SNSRI NN S
.15 -2 .25 .3 .35

l: Real-time measurement using six-port chart.
¢ Swept frequency calibration betwsen § = 3 GHz (=}

and 3.4 GHZ {= ~ =}, Measwrement with fixed short (....)
shows nesd for calibration at 3.3 GHZ (=l

Fig. Z: Bwept frequency measurements of a Dut between % GHZ
{ = ) and o4 GHZ (..., including calibration at 3.2 5Hz
(= = -},
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NCRP-SCS53 Report on Biological Effects and Exposure Criteria for
Radio Frequency EM Fields

Reviewed by
Arthur W. Guy
University of Washington
Seattle, Washington

The lack of quantitative data on biological effects of radiofrequency
electromagnetic (RFEM) fields has resulted in widespread concern that exposure
poses the risk of injury to health regardless of intensity. Although there
are more than 6,000 scientific papers, books, articles and newspaper reports
of widely varying scientific quality that report data and opinion on the
biological response to RFEM radiation, no consensus has emerged regarding
mechanisms and thresholds of injury. The wide variation in RFEM-radiation
exposure standards around the world reflects this absence of consensus. An
objective analysis of the scientifiec literature and recommendations for
exposure limits by qualified and unbiased group of experts are sorely needed.
To address this need, the NCRP decided in 1973 to extend its scope of
activities to the publication of reports that provide evaluations of the
biological effects on non-ionizing radiation and recommendations for exposure
1imits. The report reviewed in this paper addresses the biolog%cal effeifs of
exposure to RFEM fields that range in frequency from 3 x 10 to 10 Hz
beginning with the discussion of fundamental studies at the molecular level,
The discussion continues to progressively  larger values or scales of
interaction including macromolecular and cellular effects, chromosomal and
mutagenic effects, and carcinogenic effects. The scope of the subject matter
is then expanded to include systemic effects such as reproduction, growth and
development, hematopoiesis and immunology, endocrinology and autonomic nervous
function, cardiovascular effects, and cerebrovascular effects. The nervous
system and special senses including the more interesting and controversial
effects have received wide attention. Neural effects are discussed with
specific reference to peripheral and neuromuscular systems. Some of the more
sensitive biological endpoints, performance and behavior, contrast greatly
with the apparently insensitive biological endpoint of cataractogenesis. The
thermoelastic mediated interaction, which has had widespread attention over
the past two decades as a possible auditory neural effect, is a phenomenon
that deserves special attention. Probably of greatest importance in terms of
effects of non-ionizing radiation on human populations are the epidemiological
studies. Thermoregulation is an especially important subject since its failure
can result in hyperthermia, which is responsible for many reported effects,
some well accepted as thermal and others seemingly non-thermal in nature.
Hyperthermia, as such, is also extremely important since it is the basis for
the use of non-ionizing radiation as an adjunct for the treatment of cancer,
which is reviewed in detail in the report. Because the major purpose of the
report was to interpret the literature in terms of safety and health in an
electromagnetic environment, the results are summarized in the form of human
exposure criteria and rationale. Exposure criteria recommended by the
committee for the occupational population was similar to the American National
Standards Institute €95.1-1982 Standard. However, the committee recommend ed
that the exposure levels for the general population be reduced by a factor of
5 from that of the occupational recommendation. Also, the practical problems
relating to partial and whole-body exposures and to the use of low-power radio
devices, essential to the quality of 1life and public safety had to be dealt
with by recommending maximum energy absorption levels in addition to the
exposure levels.
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EXPERIMENTAL DOSIMETRY IN THE NEARFIELD-RECENT ADVANCES

f

S8.8. Stuchly, M.A. Stuchly*, A. Kraszewski and G.W. Hartsgrove
Dept. of Electrical Engineering, University of Ottawa
Ottawa, Ontario, Canada, KIN 6N5
*also Radiation Protection Bureau, Health & Welfare Canada.

!

It is recognized that blological effects due to exposure to
radiofrequency fields depend on the spatial distribution of the elec-
tric field inside the exposed body. The specific absorption rate
(SAR) has been commonly used as a dosimetric quantity. The SAR is
directly proportional to the square of the electric field and inver=-
sely proportional to the tissue conductivity, and indicates the rate
at which the electromagnetic energy 1s imparted into the exposed
biological body.

Humans are frequently exposed in the near-field of radia-
tors as 1in the case of portable and mobile transmitters or leaky
transmitter cabinets. Theoretical evaluation of the spatial distri-
bution of the SAR resulting from these exposures 1s, at present,
rather difficult and of limited dccuracy. As an alternative approach
an experimental method has been developed. 1In this method an implan-
table electric field probe of small dimensions is used to measure the
electric field strength in a full-scale, anatomically correct model
of man. The model is filled with a phantom material having the elec-
trical properties of the human tissue. The probe positioning, data
acquisition, processing display and recording are performed under
computer control. The measurement system developed i1s capable of
obtaining SARs in hundreds of locations within the model with an
uncertainty better than * 1 dB.

The SAR distributions were measured at frequencies of 160,
350 and 915 MHz for the models exposed in the near field (at distan~-
ces less than 0.1 A) of resonant dipoles, resonant dipoles with
reflectors and resonant slots with various polarizations. In all
situations investigated highly non-uniform spatial distribution of
the SAR with large spacial gradients was observed. The local SARs
(averaged over 1 g of tissue) are usually a few hundred times greater
than the whole-body average SAR for a given exposure. For some
antennas, fed with powers larger than 1 W, the local SARs exceed the
peak limit of 8 W/kg recommended by the current ANSI exposure
standard.
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BIOLOGICAL EFFECTS OF RADIOFREQUENCY RADIATION: A 1985 PERSPECTIVE

Joe A. Elder
Cellular Biophysics Branch
Experimental Biology Division
Health Effects Research Laboratory
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

A critical review of the literature on the biological effects
of radiofrequency radiation (500 kHz - 100 GHz) was published in
September 1984 (Biological Effects of Radiofrequency Radiation,

J. A. Elder and D. F. Canill, editors, EPA-600/8-83-026F, 268
pages). The reported consequences of the interaction between
radiofrequency radiation and biological systems were examined from
two perspectives: whole-body-averaged specific absorption rate
(SAR) and radiofrequency-energy-induced core-temperature increase.
It was concluded that biological effects occur at an SAR of about

1 W/kg and that some of the effects may be significant under cer-
tain environmental conditions. The report is a critical review

of the literature published through 1980 and, in addition, includes
some 1981-1984 references. In this presentation, the more recent
literature is reviewed and the summary statements and conciusion of
the 1984 report are reevaluated based on current information of the
effects of radiofrequency radiation on cellular and subcellular
systems, hematology, immunology, reproduction, nervous system,
behavior, special senses, endocrine system, genetics, and thermal
physiology.
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INTERNATIONAL ACTIVITIES AND RECOMMENDATIONS 1IN
NON-IONIZING RADIATION PROTECTION

A.DUCHENE, International NIR-Committee Secretariat
Institut de Protection et de Sdreté Nucléaire - DPS
B.P. N° 6 - 92260 FONTENAY-AUX-ROSES (France)

With the expanding use of high frequency and microwave emitting
équipment, the health authorities of an increasing number of countries
become involved in the development of protection standards and look
for some guidance in this respect. During the last decade, severa]
international organizations have attempted to answer this request.
These are more particularly : the World Health Organization (WHO), the
International Labour Organization (ILO ), the International Electrotech-
nical Commission (IEC), the International Union of Radio Science (URSI)
and the International Radiation Protection Association (IRPA). The
IRPA specifically sep up the International Non-Ionizing Radiation
Committee (INIRC) with the commitment to lay down general principles
of non-ionizing radiation (NIR) protection, including internationally
acceptable exposure limits, and to explore with other international
organizations ways of furthering protection in this field.

The WHO, through its Environmental Health Criteria Programme fi-
nanced by the United Nations Environment Programme (UNEP), collabo-
rates with IRPA/INIRC to produce Environmental Health Criteria docu-
ments for the different types of NIR. Five documents have been issued
among which EHC 16 for Radiogrequency and Microwaves (UNEP/WHO/IRPA,
Geneva 1981) and EHC 35 for Extremely Low Frequency Fields (1984). An
EHC document on Static and Slowly Varying Magnetic Fields s in pre-
paration. WHO's own programme also includes the establishment of colta-
borating Centres on NIR and the publication of a manual on Non-Toni-
zing Radiation Protection by the WHO Regional Office for Europe (M.J.
Suess, Ed., Copenhagen 1982).

The ILO and IRPA/INIRC cooperate in the preparation of a Code of
practice for the Protection 0f workerns against radiofrequency radiation.

On the basis of the data collected in the EHC documents, the
IRPA/INIRC develops guidelines on protection standards. The Interim
guidelines on Limits of exposure to radiogrequency electromagnetic
§ields in the grequency hange from 100 kHz to 300 GHz were approved
in July 1983 (Health Phys., 46, n° 4, 975-984). These differ some-
what from the 1982 Safety Levels recommended by ANSI. For occupatio-
nal exposure, in the frequency range from 10 MHz to 300 GHz, the gui-
delines recommend a basic SAR 1limit of 0.4 W/kg when averaged over the
whole body and 4 W/kg when averaged over one gramme of tissue, and
derived working limits expressed as root mean square electric and ma-
gnetic field strengths or equivalent plane-wave power densities. All
values are averaged over any 6 minutes. In the frequency range from
0.1 to 10 MHz, the limits are expressed only as effective E and H
field strengths and based mainly on the shock and burn hazards. Expo-
sure limits for the public incorporate an additional safety factor of
5 compared to those for workers.
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SOME PROBLEMS IN COMPARING EXTERNAL SIGNALS TO
TNTERNALLY GENERATED BIOLOGICAL SIGNALS AND NOISE

Dr. Frank S. Barnes and M.S. Seyed-Madani, Department of Elec-
trical and Computer Engineering, University of Colorado,
Boulder, CO 80309

For reasons ranging from setting safety standards to generating
invasive signals for medical intervention in biological pro-—
cesses, it is important to be able to estimate the strength of
externally generated signals at a variety of locations inside
the body. This problem is complicated by the complex shape

and inhomogeneous nature of the body, as well as nonlinearities.

Our particular interest has been in trying to compare the noise
from internally generated signals such as nerve impulses and
EEGs, with signals received from outside sources. At low fre-
quency, the problem is one of estimating induced current den-—
gity, in order to change electric and magnetic fields so that
they can be compared to biologically generated currents or
current densities. This calculation is complicated by the fre-
quency dependence of the coupling coefficient, scattering and
attenuation, which may change pulse shapes or the frequency
composition of externally generated signals by the time they
arrive at the site of interest, such. as the surface of a brain
cell, a bone break or a heart muscle. For frequencies outside
the biological signaling bands, the conversion of modulation
signals by weak nonlinearities to signals inside the natural
signaling bands where amplifying processes exist, may make the
modulation frequencies more important than the carrier.

Quantitative estimates of signal strengths needed to generate
current densities at the surface of brain cells will be pre-
sented and related to the Catt efflux experiments, EEG signals
and noise generated in nerve cells. This work is part of an
on-going study to try to estimate the lowest electromagnetic
signals which may be biologically significant.

b



A-5-6

CELL MEMBRANES AND MICROWAVE FIELDS IN MODELS OF TUMOR PROMOTION

W.R. Adey, C.V. Byus and D.B. Lyle, VA Medical Center, Loma Linda,
CA 92357 USA and University of California, Riverside, CA 92521
USA

Cell membranes are prime sites of interaction with ELF electro-
magnetic fields and with "athermal® RF/microwave fields
sinusoidally amplitude modulated at ELF frequencies (Adey, 1981,
1984). Imposed fields have revealed both the sequence and the
energetics of cell membrane transductive coupling, and nonlinear
and nonequilibrium aspects of the coupling sequence. These
fields appear to perturb normal transductive processes by which
extracellular signals from binding of hormone, antibody and
neurotransmitter molecules at cell surface receptor sites are
transmitted to the cell interior.

We have tested sensitivity of human Tymphocyte protein kinases
to 450 MHz fields (1.5 mW/cm?® peak envelope power), sinusoidally
amptitude-modulated at frequencies from 3 to 100 Hz (Byus,

et al., 1984). Approximately 20 percent of the total kinase
activity was due to cAMP-dependent protein kinase (a measure

of the action of membrane-bound adenylate cyclase in producing
cAMP from ATP). This was not altered by exposure to fields
modulated at 16 or 60 Hz for 15, 30, or 60 min. However, total
CAMP-independent kinase activity was reduced by more than 50
percent 15 and 30 min. after onset of exposure to a 16 Hz
modulated fields, but returned to control levels after 60 min.
despite continued field exposure. In addition to this "window"
in time, there was a "window" with respect to modulation
frequency, with maximum effects at 16 Hz.

Protein kinase enzymes form a major messenger system to
intracellular organelles, including the nucleus. A major

class of tumor promoters (phorbol esters) have as a cell
membrane receptor a specific protein kinase (phosphatidylserine
calcium-dependent kinase, kinase C) (Nishizuka, 1984). This
kinase is also activated by diacylglycerol, formed by breakdown
of 1inositol phospholipid at membrane receptor sites. One
molecule of diacylglycerol may activate every molecule of
protein kinase C, and one molecule of phorbol ester can combine
directly with one molecule of kinase C, irreversibly activating
the enzyme.

We are testing the hypothesis that nonionizing electromagnetic
fields play a role in tumor promotion via the cell membrane by
action on cAMP-independent protein kinases, including kinase C.
(supported by DOE, ONR, and Southern California Edison Company).
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TUESDAY, June 18 AM. Le MARDI 18 juin

URSI COMMISSION AJ - SESSION AJ1

Time and Frequency 8:30 - 12:00 Etalons de fréquence et
Standards for radio astronomy LAW 177 du temps en radioastronomie

Chairperson/Président: J.R. Fisher, NRAO, Greenbank, WV, USA

LONG-TERM ROTATIONAL STABILITY OF THE MILLISECOND PULSAR PSR 1937+21. D.C.
Backer, University of California, Radio Astronomy Laboratory, Berkeley, CA, USA: M.M. Davis,
Arecibo Observatory, Arecibo, PR, USA; J.H. Taylor, Princeton University, Physics Dept., Prince-
ton, NJ, USA; J.M. Weisberg, Carle\ton College, Dept. Physics and Astronomy, Northfield, MN, USA;
R.W. Hellings, E.M. Standish, Jet Propulsion Laboratory, Pasadena, CA, USA

COHERENCE LIMITS IN VLBI OBSE\RVATIONS. J.M. Moran, Harvard Smithsonian Center for As-
trophysics, Cambridge, MA, USA: A.E.\\E. Rogers, Massachusetts Institute of Technology, Haystack
Observatory, Westford, MA, USA; A.T. Moffet, California Institute of Technology, Owens Valley Radio
Observatory, Pasadena, CA, USA; D.C. Backer, University of California, Radio Astronomy Laboratory,
Berkeley, CA, USA

TIME AND POLAR MOTION: CALIBRATION FOR LONG TERM DRIFTS. K.J. Johnston, Naval
Research Laboratory, Washington, DC, USA

THE STATUS OF SUPERCONDUCTIVITY CAVITY STABILIZED OSCILLATORS. A.T. Moffet, Cal-
ifornia Institute of Technology, Owens Valley Radio Observatory. Pasadena, CA, USA

A HIGHLY STABLE HYDROGEN MASER CLOCK SYSTEM FOR LONG-TERM APPLICATIONS IN
SPACE. R.F.C. Vessot, E.M. Mattison, G.U. Nystrom, Smithsonian Astrophysical Observatory,
Cambridge, MA, USA
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LONG-TERM ROTATIONAL STABILITY OF THE MILLISECOND
PULSAR PSR 1937+21

D. C. Backer, Radio Astronomy Laboratory, University of California,
Berkeley, CA, 94720; M. M. Davis, Arecibo Observatory, Arecibo, PR,
00612; J. H. Taylor, Physics Department, Princeton University,
Princeton, NJ, 08544; J. M. Weisberg, Department of Physics and
Astronomy, Carleton College, Northfield, MN 55057; R. W. Hellings and
E. M. Standish, Jet Propulsion Laboratory, Pasadena, CA, 91103.

Pulsars are rotating meutron stars with a large dipole moment which are
detected by their emission of intense beams of microwave radiation. A pulsar
with a l.6-millisecond period, PSR 1937+21, was detected in 1982. Comparison
of the arrival times of the pulsed microwaves from this pulsar with
international atomic time over the past two years indicates that the long-term
stability of its rotatiom is comparable to that of the best atomic clocks. The
Allen standard deviation for the arrival-time residuals from a simple model is
close to 10-1/T with T in days up to 256. In this comparison a deceleration
of the neutron star rotation of 4.3 x 10'1“ s‘2 is removed; the origin of
this deceleration is electromagnetic dipole radiation at the pulsar rotation
frequency and its harmonics. One of the limits to this comparison has been
Loran C time transfer of UTC from USNO to the Arecibo Observatory.