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ABSTRACT

The highest operation frequency and the measurement
accuracy of compact antenna test ranges (CATRs) are

limited by the manufacturing technology of the rang
collimating element. This paper reviews antennsepat
correction techniques, which can be used to imptbge
measurement accuracy of a CATR. In addition three
lately developed techniques, which are suitable
especially at high frequencies and in hologram tase
CATRs are presented. The latter techniques have bee
demonstrated in a hologram based CATR at 310 GHz.

1. INTRODUCTION

Submm-wave antenna measurement techniques are not

yet well established, but several methods are @exgho
[1]. Reflector and hologram based compact anteesia t
ranges (CATRs) are promising methods [2]-[5]. In a
CATR, the plane wave field needed for antennartgsti
is created in a compact space with a reflector or a
hologram. A hologram is a diffractive grating patte
which transforms incident spherical wave front o
plane wave. The binary grating pattern is etchedaon
copper plated mylar-film by using conventional peth
circuit techniques. The advantage of the holograer o
the reflector is that the surface accuracy requérenof
the (transmission-type) hologram is only one teoth
that of the reflector. In addition, the hologranm chape
the transmitted amplitude, which potentially enable
reduced edge diffraction and smoother quiet-zoele.fi
The drawbacks with the hologram are its narrow
bandwidth, generally 5-10 % and lower efficiency. A
hologram based CATR is shown in Fig. 1.

The measurement accuracy of the CATR is limited by
the level of the spurious signals. The spuriousiaig
level (compared to the desired signal) should betmu
lower than the side lobe level of the antenna unelstr
(AUT) that is measured. This condition is difficuth
fulfill as submm-wave antennas tend to be eledtgica
very large thus having extremely low level sidedsb
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Figure 1. Geometry of a CATR based on a transmission-
type hologram.

The spurious signals are caused for example byerang
reflections and diffraction from the edges of the
collimating element. Large reflectors and holograms
have to be assembled from several pieces. The
misalignment between pieces may also cause spurious
signals. Currently the highest frequency of the ®AS
limited by the manufacturing technology of the
collimating element.

The measurement accuracy of a CATR can be increased
by employing antenna pattern correction techniques.
This paper reviews several antenna pattern coorecti
techniques that are originally developed for lower
frequencies. In addition, three lately introduced
techniques, namely feed scanning antenna pattern
comparison (APC), frequency shift method, and
correction techniqgue based on an adaptive array
algorithm are presented. These three latter teabsiq
are especially suitable at submm wavelengths.

This paper is organized as follows: Section |l egus
some antenna pattern correction techniques ane thre
lately developed techniques for submm wavelengtés a
presented in Section lll. Conclusions are preseired
Section IV.



2. CONVENTIONAL ANTENNA PATTERN
CORRECTION TECHNIQUES

Antenna pattern correction techniques may be divide
into three category according to what additional
information the correction is based on. The techesq

in the first category utilize the measured quiatefield

for pattern correction, the techniques in the sdcon
category employ the time- or frequency responsthef
test range and the techniques in the third categoey
based on the spatial response of the test ranggeln
following, techniques from the each category are
presented and their suitability at submm wavelenigh
discussed.

2.1.  Techniques Utilizing the Measured Quiet-
Zone Field

The techniques in this category utilize additional
information about the quiet-zone field. For examjate
the deconvolution [6], a reference antenna that dtas
least as large aperture as the AUT is measuretien t
quiet-zone field. As the true pattern of the refee
antenna is known, the quiet-zone field distributo@m
be calculated from the measured pattern. The
deconvolution technique is demonstrated at 12 Gifiz |
Other techniques, which utilize information abobe t
quiet-zone field, are presented in [8], [9]. In gbe
techniques, the quiet-zone field is probed on aesph
enclosing the test object. The effect of the nawid
quiet-zone field is numerically removed from the
measured antenna pattern of the AUT. These tecbsiqu
have been demonstrated at 9.33 GHz.

The implementation of these techniques is very
challenging at submm wavelengths. There are not
available large reference antennas that could bd s
the deconvolution. The quiet-zone field probing is
possible with a near-field scanner, but it is st
challenging as a complete near-field measuremettiteof
AUT, and therefore it would be practical to perforime
near-field measurement alone.

2.2 Time and Frequency Techniques

The correction techniques of this category utilimee-

or frequency response of the antenna test rarggethe
time- or frequency response of the AUT in the tets

is measured. Time- and frequency responses cathtain
same information, and therefore time and frequency
techniques share the same principle. These teosmiqu
separate multipath signals from each other accgridin
time delay (time-domain) or different phase change
(frequency domain) due to different signal pathgtés.
The frequency shift technique, time gating, matrix-
pencil method, and channel equalization methodsrfal
this category.

In the frequency shift technique [10], the antenna
pattern of the AUT is measured at several different

frequencies. Due to different path lengths, thetipath
components add in different phase to the directadigt
each frequency. The corrected pattern is simply
obtained by averaging the measured antenna patterns

In the time gating, the range feed transmits a tshor
pulse. If the path lengths of the direct and spsio
signals differ, the signals have different delayewh
arriving at the receiver. The multipath signal
components are solved in time domain. The gating
system may be soft or hard. In the soft gating, the
measurements are performed in the frequency domain
and the time domain data are obtained via inverse
Fourier-transform. The hard gating is based on time
domain measurements.

The methods based on matrix-pencil [11] or
oversampled Gabor-transform [12] utilize the meagur
frequency response of the range. Instead of Feurier
transform, these techniques employ matrix-pencil or
oversampled Gabor-transform to separate different
multipath components from each other. The techmique
have been demonstrated below 1 GHz frequency.

In the technique based on channel equalization, the
response of the AUT to a special time domain seggien
is measured at each angle [13]. Due to multipath
propagation in the test range, the received seguenc
differs from the transmitted one. The received sege

is compared to the transmitted sequence, and anehan
model of tapped delay lines is created. Finally the
measured pattern is corrected with an adaptive
equalizer, which compensates the multipath effects.

The spatial resolution and thus also the correction
accuracy of these techniques are limited by thelatss
bandwidth (or pulse width), over which the
measurements are performed. The advantage of these
techniques at high frequencies is that the required
relative bandwidth is small. For example 3 GHz
bandwidth enables spatial resolution of approxityate
0.1 m. The required relative bandwidth at 300 Gbiz i
only 1 %. However, depending on the instrumentation
frequency and time domain measurements may be
challenging at submm wavelengths.

2.3.

The techniques in this category utilize spatiapogse

of the antenna test range. These techniques sepheat
spurious signals from the direct signal accordmtheir
different spatial frequencies. These techniquetuitec
antenna pattern comparison (APC), novel antenna
pattern comparison (NAPC), virtual array, and adapt
array strategy.

Spatial Techniques

The APC was originally developed for range evabrati
but it can be used for pattern correction as welithe
APC the antenna pattern of the AUT is measured
several times at different locations in the quiete



The reflectivity level of the range is determinedn

adaptive array strategy does not perform well ia th

the variations between the superimposed antenna near-field conditions. The NAPC suffers from themne

patterns [14]. The corrected antenna pattern iaiobd
by averaging the measured antenna patterns.

In the virtual array method, the antenna patternhef
AUT is measured twice at different positions in the
quiet-zone [15]. The AUT is kept in place duringth
first measurement, whereas it is displaced as etitm

of the rotation angle during the second measurement
The displacement is adjusted such, that the
measurements form an array, whose array factomhas
peak to the direct signal direction and a null be t
antenna pointing direction. The method has been
demonstrated at 16 GHz.

The novel APC employs a circle fitting algorithmtte
APC data [16]. It is assumed in the NAPC, that the
received signal is a vector sum of the direct and
spurious signals in each point. The received vecioe
normalized so, that the direct signal componergsimar
phase. These normalized vectors span a circle, avhos
center equals to the direct signal and radius sdqoahe
amplitude of the spurious signal. The NAPC has been
demonstrated with a 1.85-m diameter reflector arden
at 11.95 GHz.

The adaptive array correction strategy employs APC
data. In this method, the MUSIC-algorithm is uséd a
each antenna pointing angle to find the directiointhe
spurious signals. Then an array is formed, thatrgis
towards spurious signals and high directivity toivere
direct signal [17]. The method has been demonstrate
X-band (8 — 12 GHz).

A possibility to displace the combination of theeama
rotation stage and the AUT is needed to implement
these methods. The conventional APC is not very
sensitive to the displacement accuracy as the atede
pattern is obtained with a simple averaging. Indtiesr
methods, the displacement accuracy is proportitmal
the wavelength. At high frequencies, the displacggme
of potentially extremely heavy combination of the
antenna rotation stage and the AUT with an accucécy
a fraction of a wavelength may be very challengimg.
addition, the virtual array technique requires ttat
displacement is performed as a function of thetiaia
angle of the AUT.

The far-field conditions are assumed in these nu=tho
excluding the conventional APC. However, when
measuring highly directive antennas, spurious $igna
usually originate from the near-field of the AUTh |
such case, the spurious signal consists of sep&aak
wave components arriving from broad angular range.
The methods based on virtual arrays generate ay arr
factor with a narrow null towards the scatterer.
However, a broad null should be generated in otder
completely compensate the effect of the near-field
scatterer. In addition, the MUSIC algorithm usedha

field conditions as well. As the amplitude of the
spurious signal is spatially not constant, the irexk
signals do not span a circle.

3. NOVEL ANTENNA PATTERN CORRECTION
TECHNIQUES

In the following, three lately developed antennégra
correction techniques are presented. The methaels ar
considered to be especially suitable in a hologoased
CATR at submm wavelengths.

3.1 Feed Scanning APC

The feed scanning APC is based on the conventional
APC. In the feed scanning APC, the feed antenna of
compact antenna test range is moved instead of the
AUT [18], as shown in Fig. 2.

Unwanted scatterer

Feed horn

Absorbers Pis v
Ripple caused AUT

by scatterer

Figure 2. The phase of the direct signal and spurious
signal changes differently when the range feed is
displaced.

This may be more convenient, as the range feedhaate

is usually a small horn whereas the combinatiothef
antenna positioner and AUT may be extremely heavy.
Moreover, range feed antenna is usually placed on a
scanner in order to optimize the quiet-zone quatityd
therefore no additional equipment is needed.

The angular range, which can be corrected, depends
the feed displacement interval and range. The
interference period of two plane waves is

A
d sing’ @)

where @ is the angle between the plane waves.
According to Nyquist sampling criterion, the
displacement interval should be less than onedfdtie
smallest interference period. On the other hantbest
one period of the largest interference period shdd
captured in order to compensate the spurious signal
Basically, the broader is the angular range that is
corrected, the more measurements are needed, with
different feed positions.



When the range feed is displaced from the focusaice These measurement points form a virtual antenrey arr
aspects have to be considered. First of all, trenssW at each rotation angles of the AUT, as shown in Eig
displacement of the feed steers the plane wave fosed
antenna testing. One should make sure, that théewho
test object remains in the quiet-zone field whenftred

is displaced. In addition, the quiet-zone quality i
decreased when the feed is displaced. The general Antenna pattern
criteria for the quiet-zone field{05dB in amplitude

and +5° in phase) should be fulfilled at every feed

position.

Main beam direction
Array factor

3.2. Frequency Shift Method in a Hologram

CATR
The conventional frequency shift method has a great AUT Measurement positions
advantage in a hologram based CATR. As the hologram
is a dispersive element, the frequency shift metisod Figure 3. Avirtual antenna array is formed, when the
able to partly correct possible non-ideal operatibthe antenna pattern of the AUT is measured at different
hologram in addition to range reflections [19],][Z0he locations in the quiet-zone.

frequency shift method is relatively simple to

implement and it does not significantly increase th

measurement time as measurements at different
frequencies can be performed fast with a network
analyzer.

The antenna pattern of the virtual antenna (array
pattern) can be calculated from

Pap (9) = Py (6)Paut (9 - a) , 3)

The required bandwidth depends on the path length
difference of the spurious and direct signal. Timalger . }
is the path length difference, the larger bandwigth ~ Pattern of the AUT andr is the rotation angle of the
required. If the path length difference betweendinect AUT. In the adaptive array method, an array synshes

and spurious signal il , the frequency shift should be ~ @lgorithm is used to synthesize such an array matte
which effectively receives the desired signal angv

from certain direction and attenuates spurious afgn
Af =— 2 arriving from other directions [21]. An array is
synthesized for each rotation angle of the AUT
. . separately. In addition, antenna pattern of the AUT
in order to cause 480" phase difference between the  (glement pattern) is used in the array synthesis. A

where P, is the array factor,P,,; is the antenna

signals. As the path length differences are usuadly estimate for the antenna pattern of the AUT, which
known, one negd to measure the antenna pattern at sed in the array synthesis, is obtained by unifprm
several frequencies. averaging the measured patterns.

Electrically large submm-wave antennas have usually The measurement positions, i.e., the element lesti
broad bandwidth as they are based on a reflector. gefine the angular range, in which the correctian be
Therefore the bandwidth in the frequency shift performed. If the displacement rangeds, g, the first
technique is usually limited by the hologram, whista i . . o
dispersive element. When the frequency is chanifed, gg::lulrrs], ;Pe array factor with the uniform weighting

phase of the plane wave produced by the hologram

becomes curved. The phase curve is similar toithat

the far-field ranges, and therefore the generafiédd {
B.in = arcsi

A
criterion for the phase should be fulfiled at each d } (4)
frequency. Another minor effect of the frequency range
change is a slight steering of the plane wave predu o . . ]
by the hologram, which is taken into account in the This is approximately the smallest angle, in whibl

combination of the antenna patterns. full correction can be performed. If the elemeracpg
does not satisfy the fundamental sampling critexbn
3.3.  Correction Technique Based on an Adaptive A 12, the correction is not possible at all angles tue
Array Algorithm the aliasing effect.
In the adaptive array correction technique, theram Implementation of the adaptive array correction

pattern of the AUT is measured several times at technique requires a possibility to move the AUT an
different accurately known locations in the quieta. measure its place accurately.



3.4.

The novel methods have been tested in a hologram
based CATR at 310 GHz. The hologram operation is
intentionally distorted for demonstration. Diffeteiest
antennas are used with the feed scanning APC titan w
the frequency shift and the adaptive array coroecti
The antenna pattern of the test antenna used téth t
latter techniques is simulated with GRASP8W-S
program. With the feed scanning APC, the antenna
pattern of the AUT is measured 11 times with défer
feed positions. The feed position interval is 5 rand
range 50 mm. In the frequency shift method, the
antenna pattern is measured 15 times at frequencies
from 306.5 GHz to 313.5 GHz with an interval of 500
MHz. In the adaptive array correction, the antenna
pattern is measured 13 times with displacementvate

of 25 mm. In all cases, the corrected pattern is
compared to that obtained with the conventional APC

Measurement Results

The antenna patterns with the feed scanning APC are
presented in Fig. 4. The non-corrected pattern
introduces a spurious side lobe caused by the
distortions. The spurious side lobe ranges fredh5°
to —15° and it is 10 dB above the true aboet7
level. The agreement with the corrected patterigoa
and it can be assumed that both, the APC and #w fe
scanning APC correct the spurious side lobe equally
well.
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Figure 4. The antenna patterns with the feed scanning
APC.

The antenna patterns with the frequency shift meétho
are presented in Fig. 5. Also the frequency shéthad
corrects the spurious side lobes caused by thd fiel
distortions. The corrected pattern obtained witke th
frequency shift corresponds well to the simulated
pattern. The correction accuracy of the frequertaft s
method is approximately equal to that of the APC.

The antenna patterns with the adaptive array ciorec
are presented in Fig. 6. The corrected patternirgia
with  APC deviates from the measured pattern
approximately 2 dB at-35dB level. The correction
accuracy of the adaptive array correction is betian

that. The corrected pattern obtained with adapivay
correction deviates from the simulated pattern
approximately 0.4 dB at35dB level.
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Figure 5. The antenna patterns with the frequency shift
method.
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Figure 6. The antenna patter ns with the adaptive array
correction.

4. CONCLUSIONS

Reflector and hologram based CATRs are potential
methods for characterizing large submm-wave antenna
The measurement accuracy of these ranges is still
inadequate for some measurements, but it can be
improved by employing antenna pattern correction
techniques. In this paper, correction techniques ar
reviewed, and three lately developed techniquaseha

the feed scanning APC, frequency shift method in a
hologram CATR, and adaptive array correction
technique are presented in more detail. The tedesiq
are considered to be especially suitable for méagur
large submm-wave antennas in a hologram based
CATRs. The implementation of the adaptive array
correction technique takes more effort than the
implementation of the feed scanning APC or freqyenc
shift. However, the correction accuracy of the didep
array is better than those of the feed scanning APC
the frequency shift method.
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