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Abstract—Manufacturing of large computer-generated submil-
limeter wave holograms with high pattern accuracy has been the
main challenge in the development of hologram based compact
antenna test ranges (CATRs). Illumination of the hologram with
a shaped beam produced by a dual reflector feed system (DRFS)
simplifies the hologram manufacturing by eliminating the narrow
slots in the hologram pattern. In this paper, the design of a shaped
dual reflector feed for a hologram CATR is described. The simu-
lated and measured illumination field amplitude and phase at 310
GHz are presented and compared to the desired hologram illumi-
nation. The measured amplitude is within 0.5 dB from the design
objective in the most significant central region of the illuminating
beam. Measurement results of the quiet-zone field of a demonstra-
tion CATR illuminated by the DRFS are presented and compared
to the measured quiet-zone amplitude and phase of a hologram
fed directly with a corrugated horn. The quiet-zone diameters of
the both holograms are over 0.25 meters and the measured root
mean squared (rms) amplitude and phase ripples are below 0.4
dB and 5 , respectively. Further improvements to the hologram
CATR, such as greater tolerance to manufacturing errors, are also
discussed.

Index Terms—Compact range, computer-generated hologram,
multireflector antennas, submillimeter wave antennas.

I. INTRODUCTION

THE electrical testing of large millimeter and submillimeter
wave reflector antennas is challenging. Hologram based

compact antenna test range (CATR) is a good alternative to the
conventional CATRs [1]. The hologram pattern is in principle
a record of the binarized interference pattern of the incident
wave and the desired output wave. When the hologram pattern is
illuminated with a spherical wave, the plane wave is generated
into the quiet-zone. The pattern is generated iteratively with a
computer using finite-difference time-domain (FDTD) method
based analysis software [2]. Holograms are inexpensive to
manufacture as the planar hologram pattern can be etched on a
metal plated dielectric film using photolithography. The film is
tensioned into a frame to ensure surface flatness. A schematic
of the hologram CATR and an example of the hologram pattern
are shown in Fig. 1. The plane wave propagates to the angle of
33 in relation to the hologram normal in order to separate the
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Fig. 1. Hologram based compact antenna test range and an example of the
hologram pattern.

desired plane wave from other diffraction modes generated by
the hologram.

The main challenge in the development of submillimeter
wave hologram CATRs has been the accurate manufacturing
of large holograms. Holograms up to 5 meters in diameter are
needed to test large reflector antennas. The hologram pattern
consists of narrow curved slots (shown in white in Fig. 1).
The slot width controls mostly the amplitude in the hologram
transmission and the location of the slots controls the phase.
The slots are tapered toward the hologram edge to realize
amplitude taper into the hologram aperture field to reduce edge
diffraction when the hologram is illuminated directly with a
corrugated horn. Narrow slots with widths below 100 m are
difficult to etch accurately.

The amplitude taper can be realized into the hologram illu-
mination by using a dual reflector feed system (DRFS) to shape
the beam radiated by a feed horn [3]–[5]. Amplitude tapered
hologram illumination allows nearly equal slot widths in the
hologram pattern and narrow slots can be avoided in the pattern.
In this paper, the design and realization of a DRFS for submil-
limeter wave hologram CATRs to facilitate the hologram man-
ufacturing is described. The DRFS consists of two hyperboloid-
type shaped reflectors. The DRFS operation was verified by sim-
ulating and measuring the beam illuminating the hologram at the
frequency of 310 GHz. For the same frequency, a demonstra-
tion hologram was designed and tested with the dual reflector
feed system. We present the simulation and measurement re-
sults of the DRFS beam and compare the measured quiet-zone
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Fig. 2. Dual reflector feed system geometry. The figure is not in scale and the
reflectors are enlarged for clarity.

field of the demonstration CATR to a hologram based CATR fed
directly with a corrugated horn. We also discuss potential im-
provements to the hologram based CATRs with a shaped holo-
gram illumination.

II. DESIGN OF THE DRFS

The design of a dual reflector feed system for hologram based
compact antenna test ranges is based on a shaped dual reflector
antenna synthesis. A ray tracing based geometrical optics (GO)
synthesis procedure was developed for designing the reflector
feed system [6], [7]. Geometrical optics based synthesis was se-
lected because GO enables in principle frequency independent
design allowing the DRFS to operate over a wide bandwidth.
GO employs a high frequency approximation of Maxwell’s
equations and it is suitable for the analysis of electrically large
reflectors. At the submillimeter wavelengths physically rela-
tively small structures can be electrically large, and therefore,
GO approach was selected for the DRFS synthesis.

A. Geometry of the System

Dual shaped offset hyperboloid configuration was selected
for the feed system as it allows a wide beam with a compact
reflector structure. The first reflector is called the subreflector
and the larger second reflector is called the main reflector.
The geometry of the DRFS is defined by the system focal
length , i.e., the hologram focal length, the diameter
of the output aperture , the distance of the main reflector
center from the hologram center , the focal lengths of
the main and subreflectors and , the distance from
the main reflector center to the subreflector center , the
subreflector offset angle , the primary feed offset angle

, the feed horn half-beam width , and by the DRFS
output half-beam width . The basic system geometry is

TABLE I
SELECTED DRFS GEOMETRY

shown in Fig. 2. The figure is not in scale and the reflectors
have been enlarged for clarity. The virtual focus of the main
reflector is at the hologram focus and the feed horn phase
center is at the focus of the subreflector hyperboloid. The
virtual focus of the subreflector coincides with the focus of
the main reflector. The final synthesized reflector surfaces are
shaped surfaces without clear focal points, but the assumption
of nonshaped hyperboloid surfaces is useful for defining the
system geometry. The input aperture of the dual reflector feed
system is on the subreflector and the output aperture is the
hologram aperture. The input and output beam widths (
and ) correspond to the viewing angles of the input and
output aperture rim seen from the feed point and from the
system focus, respectively.

The geometry of the DRFS is selected so that the direct ra-
diation of the feed horn to the main reflector is avoided and the
subreflector blocks the direct radiation from the feed horn to the
hologram aperture, i.e., the subreflector spill-over falls outside
the hologram and the main reflector. To reduce edge diffraction
disturbances in the beam, the edge illumination of below 15
dB was selected for both reflectors. The manufacturing of the
DRFS has to be also taken into account in the design and the
reflector sizes and the over-all dimensions of system should be
minimized. The selected geometrical parameters of the DRFS
are shown in Table I.

The selected parameters define a concave hyperboloid sub-
reflector and a convex main reflector. The DRFS was designed
for a demonstration hologram with a diameter of 600 mm so
that the beam extends outside the hologram rim also, i.e., the
output aperture is larger than the hologram. However, due to
the geometrical optics based reflector synthesis, the same DRFS
can be used also for larger holograms providing that the ratio of
the output aperture diameter, i.e., the hologram diameter, to the
hologram focal length remains the same, i.e., 1/3.

B. Synthesis of the Reflectors

The reflectors in the DRFS are shaped hyperboloid surfaces
and they are determined with shaped dual reflector synthesis. A
numerical ray-tracing based geometrical optics (GO) synthesis
procedure was developed for designing the DRFS. The synthesis
procedure is based on the basic idea described in [8] with ap-
proximation of the reflector surfaces with tangential planar sec-
tions as in [9]–[11]. The developed synthesis procedure is de-
scribed in detail in [6].

The developed numerical ray-tracing based reflector syn-
thesis procedure is based on the principles of geometrical
optics; on the Snell’s reflection law, on the conservation of
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energy within flux tubes and the phase is determined by the
ray path length. The GO calculations are simplified by making
certain approximations: the electromagnetic wave fronts are
approximated with local plane waves and the reflector surfaces
are assumed locally planar around each ray. The rays contain
only phase and amplitude information, i.e., the field is sampled
at the ray locations and treated locally as a plane wave. Power is
considered to propagate between the rays in flux tubes formed
by four adjacent rays.

A simple Butterworth-type amplitude function was selected
for the hologram illumination

(1)

where is the radial distance in the polar coordinates in
the output aperture. The following values were selected:

210 mm and 5. The output ray distribution of
the DRFS is determined with so-called input-output aperture
mapping. The output amplitude is scaled by factor so that
the total power in the output aperture is equal to the power
in the input aperture. In general, a rotationally symmetric
aperture mapping is not possible for offset reflectors [12], but a
rotationally symmetric mapping is assumed for simplicity, and
the resulting error is neglected.

The ray path length determines the phase in the hologram illu-
mination. The hologram is illuminated by a spherical wave orig-
inating from the hologram focus and the rays have path lengths

corresponding to this wavefront, i.e., for each ray, the
ray path length is given by [6]

(2)

where is the radial distance of the ray from the
hologram center in the hologram aperture and is focal
length of the hologram.

The reflector surfaces are synthesized so that the input ray
distribution is transformed into the output ray distribution cor-
responding to the desired hologram illumination determined
with the aperture mapping. In the synthesis, the reflector sur-
faces are assumed locally planar and the surface normal is
determined at an anterior point, which is the closest previously
computed point in the radial direction on the reflector sur-
faces. In the ray-tracing synthesis procedure, the first reflector
(the subreflector) is assumed to modify the amplitude, i.e.,
the distribution of the rays, and the second reflector (the main
reflector) is used to correct the phase by adjusting the ray
path length to correspond to the path length given by (2). The
synthesis procedure starts with the center ray, for which the
ray path is known from the system geometry and proceeds
ray-by-ray toward the reflector rims.

C. Structure of the Designed System

The reflector surfaces are manufactured by milling from
metal plates. To form the milling data for the milling process,
the synthesized reflector surfaces are post-processed. First,
as the reflector rim is numerically specified and the points on

Fig. 3. Reflector edge treatment.

Fig. 4. Contour maps of the synthesized reflector surfaces: (a) concave
subreflector and (b) convex main reflector. The contour interval is 200 �m.

the rim are not on a plane, a plane is fitted to the synthesized
reflector aperture and this plane is moved outside the reflector
rim. The reflector surface is then linearly extrapolated to this
plane as the distance to this plane is slightly different for each
computed point on the rim. The extrapolated part was selected
to be at minimum 50 high. Second, the transition from
the shaped reflector surface to the surface of the metal plate
is rounded by fitting an arc of a circle to the transition at
each point in the rim to reduce diffraction. The height of the
rounding was selected to be at 310 GHz (about 240 m)
and the radius is selected so that the surface tangent is correct at
the end of extrapolated part and on the metal plate surface. The
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Fig. 5. Dual reflector feed system: (a) a three dimensional model and (b) a
photograph of the final DRFS.

reflector edge treatment is illustrated in Fig. 3. The rounding
was applied to both reflectors in the DRFS.

The dimensions of the synthesized surfaces including the
edge treatment are approximately 122 mm 83 mm 4.6 mm
for the concave subreflector and 165 mm 119 mm 2.8 mm
for the convex main reflector. The synthesized reflector sur-
faces together with the flat metal plate are shown in Fig. 4. The
surfaces are presented in coordinates related to the metal plate
on which each reflector is milled. The origin is at the reflection
point of the center ray.

The accuracy of the mechanical structure of the dual reflector
feed system is critical for the beam quality at submillimeter
wavelengths. The surface accuracy of the reflectors should
be of the order of 100 or better. The assembly tolerances
for the quasioptics are similar. The mechanical structure of
the DRFS was designed and manufactured as an integrated
quasioptical system at Thomas Keating Engineering Physics,
Ltd., in England. An artistic impression of the DRFS and a
photograph are shown in Fig. 5. The reflector plates were cut
along elliptical rims with the width of 144 and 183 mm and with
the height of 88 and 128 mm for the subreflector and for the
main reflector, respectively. The elliptical rims were centered
to the center reflection points on the reflector surfaces. The
reflector plates were attached to the walls of the system and a
high precision alignment collar for the feed was constructed
to ensure accurate alignment of the quasioptics. The inside of
the supporting structure was lined with absorbers (TK THz
RAM) to eliminate possible internal reflections.

III. SIMULATED AND MEASURED DRFS BEAM

The performance of the DRFS was verified with simulations
and measurements of the beam. The radiated beam of the DRFS

Fig. 6. Measured and simulated (a) amplitude and (b) phase deviation from
the spherical wave in a horizontal beam cross-cut at 310 GHz.

was computed with GRASP8W software using physical optics
(PO) and physical theory of diffraction (PTD). The simulations
(and measurements) were done at 310 GHz, which was selected
as the frequency for a demonstration hologram-based CATR.
The field illuminating a 600 mm hologram located 1800 mm
from the system focus was calculated on the plane of the holo-
gram aperture. The simulation results are shown together with
the measured results in Figs. 6 and 7.

The amplitude and phase of the radiated beam of the feed
system were measured with a millimeter wave planar scanner
at the planned location of the hologram aperture [3], [5]. A
millimeter wave vector network analyzer, AB Millimétre
MVNA-8-350, with submillimeter wave extensions ESA-1
and ESA-2 as the transmitter and the receiver, was used in the
measurements at 310 GHz. The potential error sources affecting
the accuracy in planar near-field measurement are listed in
[13]. The most significant error sources for the phase in the
one-dimensional pattern cuts were identified to be the DRFS
misalignment in relation to the scanner, the planarity errors of the
scanner (resulting into errors in the probe -position), the probe

-positioning errors, and the cable flexing [14]. In two-dimen-
sional contour map measurements, the drift and the temperature
stability are significant phase measurement error sources.

The DRFS was aligned perpendicularly to the scanner plane
by using a digital feeler pin attached to an extension arm
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Fig. 7. Measured and simulated (a) amplitude and (b) phase deviation from
the spherical wave in a vertical beam cross-cut at 310 GHz.

to measure the relative distance of outer walls of the DRFS
from the scanner probe mounting. The planarity of the probe
movement was measured prior the beam measurements using a
3-D tracking laser interferometer and the measured deviations
from the planar movement were computationally corrected.
Averaging of 10 consecutive scans was used to reduce random
probe -positioning errors to increase the nominal probe

-positioning accuracy of 100 m as within this range the
probe position is nearly random. The phase errors caused by
the LO cable flexing were corrected using a pilot signal based
system [14], which measures the changes in the electrical length
of the cable during the measurements. Probe correction was
done using the theoretical radiation pattern of the probe and
by assuming the DRFS to radiate a spherical wave originating
from the hologram focus. After applying these error compen-
sation techniques, the phase measurement uncertainty in a
one-dimensional cut of the beam was improved by a factor of
two to about 7 [14]. Uncertainty in the measured amplitude
can be estimated to be a fraction of a dB in the central region
of the scan area. The measured and simulated horizontal and
vertical cross-cuts of the DRFS beam at 310 GHz are shown in
Figs. 6 and 7.

The measured beam corresponds very well to the simulated
beam and to the desired hologram illumination. The measured
amplitude is within 0.3 dB from the simulated amplitude and
within 0.5 dB from the desired hologram illumination within
the radius of 150 mm from the center of the beam. In the same

Fig. 8. Measured quiet-zone of the hologram fed by the DRFS: (a) amplitude
[dB] and (b) phase [ ] at 310 GHz.

region, which has the most effect on the hologram quiet-zone
field, the measured phase is within 30 from the ideal spherical
phase. The phase pattern of the feed horn was not compensated
in the DRFS synthesis, which is probably the main cause for this
slight deviation. However, the measured phase deviations corre-
spond to a change in the focal length of the system in the central
region of the beam and this can be compensated by moving the
DRFS slightly closer to the hologram so further optimization of
the design was not needed. Diffraction effects were not taken
into account in the geometrical optics based reflector synthesis.
The design could be optimized further to compensate these ef-
fects if a higher beam quality is desired.

IV. MEASURED QUIET-ZONE FIELDS OF THE DEMONSTRATION

CATRS

To demonstrate the applicability of the DRFS to hologram
based CATRs, a 600 mm diameter hologram was designed for
the frequency of 310 GHz. Another hologram with the same
size was also designed for direct illumination with a corrugated
horn. The quiet-zone amplitude and phase were measured using
the same planar scanner and vector network analyzer that were
used in the DRFS beam measurements. The quiet-zones of the
test holograms were probed with a corrugated horn antenna at a
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Fig. 9. Measured quiet-zone of the hologram fed by the feed horn directly: (a)
amplitude [dB] and (b) phase [ ] at 310 GHz.

distance of 1800 mm from the holograms. The same phase mea-
surement error compensation techniques as in the DRFS beam
measurements were utilized. As a planar scanner is better suited
for measuring a plane wave than a spherical wave, slightly lower
uncertainty of 5 was achieved in the hologram quiet-zone
phase measurements as the probe -position errors were con-
sidered negligible [14]. The measured contour maps of the am-
plitude and phase in the quiet-zone of the hologram illuminated
by the DRFS are presented in Fig. 8. In Fig. 9, the quiet-zone
amplitude and phase at 310 GHz for the hologram illuminated
directly by the feed horn, are shown. The amplitudes have been
normalized in relation to the maximum value and the phase has
been normalized to zero at the center of the measurement area.
The 600 mm 600 mm area was scanned with 121 consecutive
vertical scans. Amplitude and phase drift were compensated by
comparing the data in each vertical scan at 0 to separately
measured amplitude and phase at the same points in a horizontal
scan and determining the drift correction for each scan. The drift
during a single one-dimensional scan taking less than a minute
was assumed negligible. The phase measurement uncertainty in
a two-dimensional scan is roughly double the uncertainty of a
single beam cut, i.e., approximately 10 at the corners of the
scanned area, and less in the central region, where the quiet-zone
is located.

Fig. 10. Slot widths (a) in the hologram with modified illumination and (b) in
the hologram with direct illumination with the feed horn.

The root mean squared (rms) amplitude ripple inside a 250
mm diameter circle in the quiet-zone of the hologram illumi-
nated with the DRFS is 0.37 dB. The rms phase ripple is

4.6 . The rms amplitude and phase ripples in the quiet-zone of
the hologram fed by the horn directly are 0.23 dB and 4.8 .
The quality of the both quiet-zones is in practice identical con-
sidering the expected hologram pattern etching accuracy of the
order of 20 m with a printed circuit board photolithography
process. The diameters of the quiet-zones are approximately
250–300 mm for both holograms. The phase deviations limit the
quiet-zone size for the hologram fed by the horn directly and the
conservatively selected DRFS beam width limits the quiet-zone
size for the DRFS hologram. In principle, the quiet-zone can be
enlarged by designing a DRFS with a wider beam with the same
edge taper to illuminate the holograms.

V. IMPROVEMENTS TO HOLOGRAM BASED CATRS BY USING A

DUAL REFLECTOR FEED SYSTEM

A. Hologram Manufacturing

The quality of the quiet-zone field affects the measured ra-
diation pattern of the AUT. The measurement environment and
the nonideal operation of the collimating element are the main
causes of the ripple and other deviations in the quiet-zone field.

The modified hologram illumination simplifies the hologram
manufacturing by eliminating the narrow slots at the hologram
pattern edges as narrow slots are difficult to etch accurately,
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Fig. 11. Simulated horizontal cut of the quiet-zone field (a) for a hologram
fed by the DRFS, and (b) for a hologram fed by a corrugated horn directly when
a systematic manufacturing error is added to the slot widths of the hologram
pattern.

especially in largepatterns.The slotwidth isdirectlyproportional
to the wavelength and the elimination of the narrow slots in the
hologrampatternisespeciallysignificantatshortersubmillimeter
wavelengths. The slots widths in the hologram illuminated by
the DRFS and in the hologram fed with the feed horn directly
are shown in Fig. 10. The slot widths were measured with a
microscope along the horizontal centerlines of the holograms.

The rms slot width error due to manufacturing errors is about
20 m for both holograms. This is of the order of the thickness
of the metallization (17 m) of the hologram material (50 m
polyester film, Mylar).

An additional advantage of the modified hologram illumina-
tion by the DRFS is that the wider slots are not only easier to
etch, but they are also less sensitive to over-etching, i.e., to sys-
tematically wider slots, as the relative error in the slot width is
smaller for a wider slot when a certain amount of over-etching
is present. This can be seen in Fig. 11, where the simulated ef-
fect of a systematic error in the slot widths of the hologram pat-
tern on the quiet-zone field is shown. The hologram illuminated
with the DRFS can tolerate over-etching of the slots up to 100

m without significant degradation of the quiet-zone amplitude,
as the hologram illuminated directly with the feed horn can tol-
erate only 30 m of over-etching. This a significant advantage as

over-etching is a common manufacturing error in photolithog-
raphy processes.

B. Polarization Performance and Quiet-Zone Size

When the hologram is illuminated directly with a feed horn,
the amplitude taper has to be realized by tapering the slots in
the hologram pattern. However, the transmission of the holo-
gram depends on the polarization. The transmission of a narrow
slot is nearly independent of the slot width when the incident
field is polarized perpendicular to the slots. Therefore, ampli-
tude taper is difficult to achieve at the horizontal polarization as
the slots in the hologram pattern are vertical. By using amplitude
taper in the hologram illumination with the DRFS, it should be
possible to design holograms that operate at the horizontal po-
larization. As can be seen in Fig. 9, the hologram quiet-zone is
limited by the narrow DRFS beam illuminating the hologram.
The quiet-zone size can probably be increased by using a wider
shaped beam to illuminate the hologram. This, and the hologram
operation at the horizontal polarization, will be investigated in
the future.

VI. CONCLUSION

Modified hologram illumination with amplitude taper can
be used to simplify hologram manufacturing for submillimeter
wave CATRs. The hologram illumination is shaped with a DRFS.
A ray-tracing based shaped reflector synthesis procedure was
developed and it was used to design a demonstration DRFS for
a hologram based CATR for the frequency of 310 GHz. The
DRFS consists of a concave-shaped hyperbolic subreflector and
of a convex-shaped hyperbolic main reflector. The system was
assembled as an integrated quasioptical system. Performance
of the feed system was evaluated with GRASP8W simulations
using PO and PTD to compute the radiated beam at 310 GHz.
Simulated beam corresponds well to the desired hologram
illumination.

The DRFS beam was measured using a planar scanner to
probe the field at the location of the hologram at the distance
of 1800 mm from the DRFS focus. The measured amplitude
and phase show excellent agreement with the simulations; the
measured amplitude is within 0.3 dB from the simulated
amplitude in the beam cross-cuts in the central region of the
beam. The measured and simulated phase are within 30 from
the desired spherical wave. The slight phase deviation can
be compensated by adjusting the DRFS distance from the
hologram.

Dual reflector feed system was used to illuminate a test
hologram at 310 GHz. The quiet-zone field amplitude and
phase were measured and the results were compared to the
quiet-zone field of a comparison hologram that was fed directly
with a corrugated horn. Both holograms had a diameter of
600 mm. The measured quiet-zones had approximately similar
sized quiet-zones, 250–300 mm in diameter, and a similar field
quality. The rms amplitude ripples inside a 250 mm diameter
circle were 0.37 dB and 0.23 dB for the DRFS and the
reference hologram, respectively. The measured rms phase
ripples of the holograms were and , respectively.



HAKLI et al.: DRFS FOR HOLOGRAM-BASED CATR 3947

The use of the DRFS to illuminate the holograms allows
a nearly constant slot width in the hologram pattern, which
simplifies thehologrammanufacturingbyeliminating thenarrow
slots in the edge of the hologram pattern. Wider slots are easier to
etchcorrectlyandtheyaremoretoleranttoover-etching.Potential
future improvements to the demonstrated system include a
wider DRFS beam that would allow a larger quiet-zone for
hologram with modified illumination, and, the possibility to
design holograms for the horizontal polarization.
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