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Microwave Antenna Holography
David J. Rochblatt, Member, IEEE, and Boris L. Seidel, Member, IEEE

Abstract—Microwave holography, as applied to reflector an-
tennas, is a technique with utilizes the Fourier Transform re-
lation between the complex far-field radiation pattern of an an-
tenna and the complex aperture distribution. Resulting
aperture phase and amplitude distribution data are used to
precisely characterize various crucial performance parame-
ters, including panel alignment, subreflector position, antenna
aperture illumination, directivit y at various frequencies, and
gravity deformation effects. The holography technique pro-
vides a methodology for analysis, evaluation, and RF perfor-
mance improvement of large reflector and beam waveguide an-
tennas. Strong CW signals obtained from geostationary sources
were used as far-field sources. This article describes the appli-
cation of the holography technique to the newly constructed
NASA/JPL Deep Space Network (DSN) 34-m beam-waveguide
antenna, resulting in 4. l-dB performance improvement at 32
GHz by reducing the main reflector rms surface error to 0.43
mm. The improved antenna performance was verified by ad-
ditional holographic measurements and efficiency measure-
ments at X-band (8.45 GHz). Microwave holography has been
demonstrated to be a required tool for achieving antenna ap-
erture efficiency of 52% at Ku-band (32 GHz), and is likely re-
quired for maintaining an operational DSN Ku-band ground
antenna capability.

INTRODUCTION

M ICROWAVE holography is a measurement tech-
nique that has now been applied to all of the 34-m

High Efficiency (HEF) and 70-m antennas in the DSN.
The raw data (the observable) for this technique is the
complex far-field pattern of the antenna under test. Re-
cently, the holographic technique was applied to the new
DSN 34-m beam-waveguide (BWG) antenna (DSS 13).
Measurements were made from the Cassegrain (fl) focus
of the antenna to optimize the subreflector position, eval-
uate the antenna main reflector, and to reset the surface
as necessary. Fig. 1 shows the new DSS 13 antenna with
the Ku-band front-end test package [1] mounted at the
Cassegrain focus (fl). Measurements were made at sev-
eral elevation angles to aid in the study of structural de-
formation due to gravitational effects.

A narrow bandwidth data acquisition system was loaned
to JPL by Eikontech Ltd., (Sheffield, England) to perform
the measurement. The data reduction and analysis was en-
tirely done using the JPL-developed (Rochblatt) algo-
rithms.
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Fig. 1. DSS 13 34-meter beam-waveguide antenna showing the Ku-band
horn feed at the fl position at the Cassegrain focus.

Many useful measurements were made. The subreflec-
tor position was verified. Information obtained from the
JPL analysis algorithms was successfully applied and sub-
stantially reduced the rms surface error of the optically
set main reflector. The final holographically set main re-
flector surface is better than the specification and exceeds
the goal set by the project requirements.

MATHEMATICALALGORITHMS

The mathematical relationship between an antenna far-
field radiation pattern (T) and the antenna surface-induced
current distribution (l) is given by

7(U, v) =
~!

~(x’, y’) exp (jkz’)

s

o [exp [–.jkz ‘(1 – cos 0)1]

o exp [jk(ux’ + vy’)] d.x’dy ’ (1)

where

Z.*(X1,yl): Defines the surface S.
u, u: Direction cosine space.
e: Observation angle.

For a small angular extent of the far-field pattern, this
expression reduces to

7(U, v) =
!!

~(x’, y’) exp (.jkz’)

s

“ exp [jk(u.x’ + vy’)] dx’dy ’ (2)
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Equation (2) is an exact Fourier Transform of the in-
duced surface current. To derive the residual surface er- 1

ror, geometrical optics ray tracing is used to relate the
normal error, ~, to the axial error and phase in a main
reflector paraboloid geometry (Fig. 2):

1/2 APL = 1/2 [P’P + PQ]

[
=1/2~+

e Cos 2P

Cos $0 Cos p 1
P

and

1295

=Ecos$o

Phase (APL) = ~ 6 cos p

(3)

=

Q P’
IDEAL SU[

6
(4) P DISTORTED SURFACE

Cos’=ti“)
F: Focal length.

Allowing for the removal of a constant phase term and
substituting (4) into (2) yields:

7’(u, v) = exp (–j2kF)
s!

11(X’, y’)1

s

“ex4J4T:c0s+
- exp [jk(ux’ + vy’)] dx’dy ’. (6)

For the processing of sampled data, the associated Dis-
crete Fourier Transform (DFT) is utilized:

N112– I N212– I

FACE

Fig. 2. Surface distortion geometry

The spatial resolution in the final holographic maps is
defined [2]:

(9)

where:

D: Main reflector diameter
N: The square root of the total number of data points
k: Sampling factor, usually 0.5< k < 1.0.

The accuracy in each resolution cell of the final holo-
graphic maps is [3]:

where:

A: Wavelength
SNR: Beam peak voltage signal-to-noise ratio.

(lo)

T(pAu, qAv) = SXSy ‘~ ‘~ J(nsx, rosy) The resulting aperture function needs to be corrected
n = –N1/2 m = –N2/2 for modulo-2r phase errors, and a global least-squares fit

Where

N1 X N2
Sx, Sy:

n, m, p, q:
Au, AE

“‘X$2T(Z+W
perform on the data to the ‘‘best~fit” paraboloid. This

(7) process also allows for the correction of antenna pointing
errors introduced during the measurement. The “best-fit”
paraboloid is found by minimizing S, the sum squares of
the residual path length changes:

is the measured data array size. N2

sampling intervals on the aperture coor-
dinates.

(11)

Integers indexing the discrete samples.
Sampling interval in the U, V far-field ‘here:

space. r(Dssls): DSS 13 support domain constraints masking

Since the magnitude of the far-field pattern is essen-
operator

tially bounded, the Fast Fourier Transform (FFT) is usu-
APLi~ Path length change

ally used for computation, and symbolized here by (F’). ‘i:
Amplitude weighting factor

Solving for the residual normal surface error and substi- with respect to 6 degrees-of-freedom of the reflector mo-
tuting (5), we obtain: tion; three vertex translations, two rotations, and a focal

length change. The six partial differential equations,
h~ which are solved simultaneously, are of the form:

4E(X>y) = ~ 1 + ~F2”
as

N2
3A PLi
— APLiA, = O (12)2 j~l ‘(DssW spar

“ Phase [exp (j2kF)F-l[T(u, v)]]. (8) — =i3Par
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VERTEX ~ x

Fig. 3. Rigid body panel motion modeling.

where:

Par: One parameter of the 6 degrees-of-freedom.

It is correct to apply the best-fit paraboloid algorithm
to either the conventional cassegrain paraboloid-hyper-
boloid or dual-shaped reflector systems even though the
latter do not use a paraboloid as the main reflector. Either
design is a planewave-to-point source transformer, differ-
ing only in the field intensity distribution. The resultant
aperture function at the end of this process is referred to
as “Effective Map” since it includes all phase effects that
are contributing to the antenna performance [4]. These
effects include the subreflector scattered (frequency-de-
pendent) feed phase function. Removal of the feed phase
function and subreflector support structure diffraction ef-
fects results in a frequency independent map, which is
referred to below as the “Mechanical Map. ”

Panel setting information is derived by sorting together
all the data points within each panel and performing a least
squares fit. The agorithms allow for one translation and
two rotations, Sk, u‘, ~k, hence a rigid body motion. For
each panel and its associated n data points we solve for
the motion parameters via (Fig. 3):

n n n

were successfully scanned, producing successful high- and
medium-resolution data sets at elevation angles of 46.5
degrees, 37 degrees, and 12.7 degrees. The measure-
ments obtained provided the necessary subreflector posi-
tion information, panel setting information, a look at the
adjusted surface of the antenna, and information about the
gravity performance of the structure at a low elevation
angle. The holographic antenna measurements used sat-
ellite signal and ephemeris information supplied by sev-
eral commercial companies. The cooperation received
from GTE (GSTAR W 103), GE (SatComm Kl), and
CornSat (Intelsat V) is thoroughly appreciated and grate-
fully acknowledged.

The results of the four successful high- and medium-
resolution scans are reported here. Scan JPL 106 was a
high-resolution scan that provided the first high-resolu-
tion look at the surface of the optically set antenna as well
as subreflector position error. This is the scan that was
used for deriving the required panel setting information.
Scan JPL110 was also a high-resolution scan and pro-
vided the after-adjustment look at the. surface of the an-
tenna. Scans JPL113 and JPL123 provided surface maps
of the antenna at two additional elevation angles (37 de-
grees and 12.7 degrees, respective y). The last scan,
JPL123 at 12.7-degrees elevation, provides valuable in-
formation for the structural modeling specialists. These
four scans are summarized in Table 1.

It is known that the indicated rms error of the antenna
surface is affected by the weakly illuminated outer portion
of the dish. When the outer edge of the antenna is in-
cluded in the analysis, the calculated surface rms error is
larger than that obtained from analysis of the strongly il-
luminated portion of the dish.

Functionally, the outer 0.6 meter of the antenna is little
more than a noise shield. The rms error obtained from
analysis of the central 32 meters of the antenna is there-

.

z COS2(y,) ,;, d, * COS2(y,) ‘i~, (?j * COS(~~)
j=l

,*, dj * COS2(~j) i:, d: * COS2(T,) ‘,$,6?, *d, * COS(~~)

This mathematical process also increases the accuracy in
determining the screw adjustment correction by a factor
of dia.

HOLOGRAPHIC MEASUREMENTS AND RESULTS

In August and September of 1990, four successful ho-
lography measurements were made from the fl focus of
the new DSS 13 BWG antenna. Strong CW signals ob-
tained from geostationary satellite beacons were used as
far-field sources. Three different geostationary satellites

——

n 1
.

“ (-’/;) I‘i~l ‘i * Cos’ .,,,

n I
,~, Ei * di * COS2 (~i) . (13)

,~1 e, * e, * cos (~,)

fore more representative of the actual surface than the rrns
obtained from examination of the full 34-m dish. The rms
values for both the full and the central 32 meters of the
antenna are included in Table 1. It is estimated that the
1-sigma error of the rms (central 32 meters) is approxi-
mately + 0.05 mm.

The holographic measurement program at DSS 13
started with measurements taken at an elevation angle of
about 46.5 degrees. High-resolution scan JPL 106 sup-
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TABLE I
RESULTSOF DSS 13 Microwave HoLoGRAPHYATfl

Scan JPL106 JPL11O JPL113 JPL123

Satellite

Elevation
Angle

Measurement
Frequency,
GHz

Surface
Array Size
Resolution, m
RMS, mm

Surface
Normal

Full Antenna
Central 32-m

Axial
Central 32-m
Infinite Res

Estimated
Surface Error
LOSS, dB

Ruze
2.30 GHz
8.45 GHz
32.00 GHz

Estimated
Subreflector
Position
Error, mm

x
Y
z

GSTAR
W103

46.5

12.198
Mech

127 X 127
0.32

1.07
0.88

0.77
0.83

0.028
0.375
5.375

–0.53
–1.06

+1.10

GSTAR SatComm
W103 K1

46.5 37.0

12.198 12.198
Mech Mech

127 X 127 127 X 127
0.32 0.32

0.58 0.71
0.45 0.43

0,39 0.37
0.42 0.40

0.007 0.006
0.096 0.087
1.376 1.248

+0.28 +1.07
–1.41 –3.07
+1.13 +0.66

Intelsat
v

12.7

11.701
Ef *

51 X51
0.80

0.66
0.50

0.43
0.50

0.010
0.136
1.951

–1.88
–4.72
+0.39

* Eff effective surface error map without removal of the feed/subreflec-
tor phase function.

plied the data required for verifying the subreflector po-
sition, analyzing the antenna surface, and providing the
panel setting information. The surface images derived
from the aperture plane phase represent the antenna sur-
face deviations from ideal in the surface normal direction.
In the images, the subreflector, the tripod and its shad-
ows, and the bypass beam waveguide are intentionally
masked out. The remaining surface is overlaid with an
outline of each reflecting panel. The surface error infor-
mation is shown in pseudo color, with red and blue indi-
cating the high and low deviations, respectively. Fig. 4
shows the surface error map of the central 32 meters of
the DSS 13 antenna surface as found on August 28, 1990
by scan JPL106. The main reflector surface normal rms
error was found to be 0.88 mm (0.77-mm axial) at a res-
olution of 0.32 meters.

The indicated rms increases as the lateral resolution of
the measurement increases. This is an expected result as
there is less area averaging occurring as the resolution in-
creases. The asymptotic or infinite resolution rms can be
estimated by analyzing the scan data at varying resolu-
tions.

It is estimated that the rms error found by holography
high-resolution (O.32-meter) scans is 8% below the infi-
nite resolution rms. That estimate will be used here for
consistency. (Since scan JPL123 (12.7-degree elevation)
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was taken at medium (O.80-meter) resolution, a 16% cor-
rection is applied to this one scan. )

Fig. 5 shows the predicted surface error map repre-
senting the best achievable surface that would have re-
sulted if the 1716 screws were adjusted precisely as spec-
ified by the software. The surface normal rms of this
predicted antenna is 0.36 mm at a resolution of 0.32 me-
ter. The image reveals that the panels in the outer two
rings are over-bent. Note that the present software moves
panels as rigid bodies and that further improvements
would be possible by unbending individual panels.

The panel setting information derived from scan JPL106
was applied to the surface panel adjusting screws. As a
scheduling expedient, it was decided to adjust the surface
panels by turning the adjusting screws to the nearest 1/8
of a turn (O.16 mm). Screws requiring adjustment of less
than ~ 1/8 of a turn were not touched.

The surface error map shown in Fig. 6 was measured
on September 7, 1990 after panel resetting (scan JPL1 10).
The over-bent panels in rings 8 and 9, as well as many of
the other predicted features, are clearly confirmed. The
rms surface error achieved by holography-based panel ad-
justment is 0.45-mm surface normal (O.39-mm axial) at a
resolution of 0.32 meters. This is equivalent to an infinite
resolution axial rms error of 0.42 mm. This rms error not
ony exceeds the specification, it also exceeds the project
goal. A higher-than-normal noise level in scan JPL110
leads us to believe that the achieved rms surface error is
actually somewhat lower than indicated by this measure-
ment. Indeed, scan JPL113 (Fig. 7), taken at a 37-degree
elevation angle, reveals a surface normal rrns error of 0.43
mm and an axial error of 0.37 mm giving an infinite res-
olution axial error of 0.40 mm. Efficiency measurements
indicate the 45-degree rigging angle surface to be better
than the 37-degree elevation angle surface. We therefore
conclude that, at the rigging angle, the holographically set
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Fig. 5. Predicted surface error map derived from scan JPL 106, This rep-
resents the best achievable rigging angle surface that would have resulted
if the 1716 screws were adjusted precisely as specified by the software.
The predicted normal, axial, and infinite resolution axial rms errors are
0,36 mm, 0,31 mm, and 0.33 mm, respectively.

Fig. 7. High resolution (0.32-meter) error map of the central 32-meters of
the DSS 13 antenna surface at 37-degrees elevation, after panel setting, as
derived from scan JPL113 (September 11, 1990). The normal, axial, and
infinite resolution axial rms errors are 0.43 mm, 0.37 mm, and 0.40 mm,
respectively.

Fig, 6. High resolution (0,32-meter) error map of the central 32 meters of
the DSS 13 antenna surface at 46-degrees elevation, after panel setting, as
derived from scan JPL110 (September 7, 1990). The normal, axial, and
infinite resolution axial rms errors are 0.45 mm, 0.39 mm, and 0.42 mm,
respectively.

antenna surface actually has an infinite resolution axial
rms error of slightly less than 0.40 mm.

As shown in Fig. 8, the post-holography surface pro-
vides a performance improvement of about 0.2 dB at 8.45
GHz, increasing to 4.1 dB at 32.GHz. The DSS 13 surface
specifications, along with the corresponding efficiency
calculations and measurements, are summarized in Table
II.

Tables III through VI contain X-band and Ku-band cal-
culations of antenna efficiency. The results are obtained
by applying Ruze factors [5] to the holography-obtained
axial rms surface errorl values along with other known
blockages and losses. These calculated efficiencies are

‘The axial rms surface errors are equal to the half pathlength errors in
the familiar form of the Ruze gain-degradation factor kg = exp – [4 * rr *
c / X]z. In this expression, e is the half pathlength error and A is the wave-
length.

g -5
0-1

–6

-7

-8

-9
I ‘N

-lo~
36 40

FREQUENCY,GHz

Fig. 8. Loss due to surface error versus frequency. The loss indicated in
these curves is based on aperture blockage and surface roughness. No at-
tempt was made to include I*R losses. An estimated improvement in an-
tenna performance of approximately 4.1 dB was achieved at 32 GHz after
panel resetting.

compared to the radiometrically obtained measurements
of efficiency.

The surface error map shown in Fig. 9 was derived from
medium-resolution (O.80-meter) holography measure-
ments made on September 18, 1990 at an elevation angle
of 12.7 degrees (scan JPL123). The surface normal rms
error at this low elevation angle and resolution is 0.50
mm. The corresponding axial and infinite resolution axial
rms errors are 0.43 mm and an estimated 0.50 mm, re-
spectively.

The holography measurements indicate that the subre-
flector is displaced from the optimum position by 5 mm
laterally and 0.4 mm axially at the 12.7-degree elevation
angle (see Table I). A Physical Optics analysis compu-
tation reveals 0.25 dB of performance loss at 32 GHz for
this amount of subreflector displacement. Adding this 0.25
dB of performance loss to the measured 39.4% antenna
efficiency results in a computed performance of41. 7 % at
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TABLE II
DSS 13 RIGGINGANGLE SURFACESPECIFICATIONS,EFFICIENCY

CALCULATIONSAND MEASUREMENTS

Calculated/Measured
Aperture Efficiency,

Percent

Antenna Surface mm RMS 8.45 GHz 32.0 GHz

As Found 0.83 71.7/71.9 21.6
Specified 0.61 74.6 38,3
Goal 0.43 76.4 53.6
After Reset 0.40 76.6175.4 56.0152.3
Potential 0.36 76.9 59.2

Notes:
1)

2)

3)

4)

Efficiency estimates include 0.07-dB 12R loss at 8.45 GHz and 0.27-
dB I*R loss at 32 GHz.
Both the 8.45-GHz and the 32-GHz efficiency estimates include
186.6 mz of aperture blockage.
Themeasured efficiency values (supplied by Slobin Ref. 5)are de-
nved from radiometric measurements.
Given a perfect main reflector surface, the estimated X- and Ku-band
efficiencies would be 78.2% and 74.7%, respectively. This differ-
ence is due to the different 12R loss at the two frequencies.

TABLE HI
COMPARISONOF HOLOGRAPHY-BASEDEFFICIENCYESTIMATE WITH

MEASURED VALUE. X-BAND POST ADJUSTMENTAT RIGGINGANGLE (USING
THE 37-DEGREE INFtNtTERESOLUTtON RMS VALUE)

DSS 13 34-meter BWG Antenna
8.45 GHz @ 46-degrees Elevation

Gross Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907.9m2
Less

Noise Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64.7m2
Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.0m2
Stint Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74.4m2
Bypass Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23.5m2
Illumination Taper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.0m2
Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186.6m2
Ruze Loss (0.40.mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14.3m2
Position Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..negligible

Subtotal Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 707.0m2
I'RLoss. X.Band(0.07.dB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..ll.3m2
Net Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 695.7m2
Area Efficiency

Estimated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...76.6%
Measured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...75.4%

TABLE IV
COMPARISONOF HOLOGRAPHY-BASEDEFFICIENCYESTIMATEWITH
MEASUREDVALUE. X-BAND POST ADJUSTMENTAT 12.7 DEGREES.

DSS 13 34-meter BWG Antenna
8.45 GHz@ 12.7 degrees

Gross Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907.9m2
Less

Noise Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64.7m2
Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.0m2
Stint Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74.4m2
Bypass Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23.5m2
Illumination Taper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.0m2
Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186.6m2
Ruze Loss (0.50 mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22.2m2
Position Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..negligible

Subtotal Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..699.lm2
12RLoss. X.Band(0.07.dB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2m2
Net Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 687.9m2
Area Efficiency

Estimated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...75.8%
Measured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..74.O%

TABLE V
COMPARISON OF HOLOGRAPHY-BASED EFFICIENCYESTIMATE WITH

MEASURED VALUE. Ka-BAND POST ADJUSTMENT AT RIGGtNG ANGLE
(USINGTHE 37-DEGREE INFINITERESOLUTION RMS VALUE).

DSS 13 24-meter BWG Antenna
32 GHz @ Rigging Angle

Gross Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907.9m2
Less

Noise Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64.7m2
Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.0m2
Stint Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74.4m2
Bypass Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23.5m2
Illumination Taper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.0m2
Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186.6m2
Ruze Loss (0.40 mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180.2m2
Position Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..negligible

Subtotal Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 541.1 mz
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..32.6m2I*R Loss, Ka-Band (0.27-dB)

Net Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508.5m2
Area Efficiency

Estimated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..56.O%
Measured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...52.3%

TABLE VI
COMPARISON OF HOLOGRAPHY-BASED EFFICIENCYESTIMATE WITH
MEASURED VALUE. K&BAND POST ADJUSTMENT AT 12.7 DEGREES.

DSS 13 34-meterBWG Antenna
32 GHz @ 12.7 degrees

Gross Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907.9m2
Less

Noise Shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64.7m2
Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.0m2
Stint Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74.4m2
Bypass Blockage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23.5m2
Illumination Taper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.0m2
Subtotal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186.6m2
Ruze Loss (0.50mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..26l.Om2
Position Loss (0.25.dB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25.7m2

Subtotal Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 434.6m2
12RLoss. Ka.Band (0.27.dB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...26.2 m’
Net Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408.4m2
Area Efficiency

Estimated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..45.O%
Measured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...39.4%

this elevation angle. The 1-sigma error bars on the mea-
sured and estimated 32 GHz efficiency values overlap
given a 5-mm subreflector error, an estimated uncertainty
in surface rms error of ~0.05 mm, and assuming a 5 %
accuracy for the radiometric measurements.

FUTURE WORK

The holographically set antenna surface already ex-
ceeds the specification set forth in the project require-
ments. However, fine tuning the main reflector surface
will yield at least another 0.25 dB of improved Ku-band
(32-GHz) performance. Careful subreflector positioning
might provide another 0.25 dB of performance at low el-
evation angles. When developed and applied, panel un-
bending techniques will further improve aperture effi-
ciency.

It is also necessary to return to DSS 13 to make mea-
surements at the beam waveguide focus that were not ob-
tained in the initial development phase. Information ob-
tained from these measurements, when difference from



1300 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 6, JUNE 1992

Fig. 9. Medium-resolution (0.80-meter) error map of the central 32 meters
of the DSS 13 antenna surface at 12.7-degrees elevation, after panel set-
ting, as derived from scan JPL 123 (September 18, 1990). The normal, ax-

ial, and infinite resolution axial rms errors are 0.50 mm, 0.43 mm, and

0.50 mm, respectively.

those obtained at fl, will provide an important holo-

graphic diagnosis of the BWG effects on the antenna sys-

tem.

Finally, we plan to provide a measurement system for

aligning and maintaining all of the deep space tracking

antennas in the NASAIJPL worldwide network. Such a

system is indispensable to an operational ~a-band ground

antenna capability in support of future deep space mis-

sions. Microwave holography provides a time and cost

effective means for providing this support.

CONCLUSION

In conclusion, the principal f 1 holography goal of ob-

taining a rigging angle surface rms error of 0.5 mm, or

better, at DSS 13 has been met. The JPL-developed ho-

lography algorithms, the RF test package, and the concept
(and execution) of fl holography measurements on a BWG
antenna worked extremely well. JPL microwave holog-
raphy enabled reducing the surface error of the DSS 13
antenna from the optically set, as-found O.83-mm axial
rms error down to a very respectable 0.40-mm rms. This
holographically improved surface not only exceeds the
specification (O.61 mm), but also exceeds the 0.43-mm
goal. The holographically set antenna surface provides an
additional 4.1 dB of performance at 32 GHz. Even better
results can be obtained in the future given another pass of
holography adjustments along with some panel unbend-
ing.
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