[PS]

V. Viikari, V.-M. Kolmonen, J. Salo, and A. V. Rdisénen, “Antenna pattern correction
technique based on an adaptive array algorithm,” accepted with minor revision for publication
in IEEE Transactions on Antennas and Propagation, 2006.

© 2006 IEEE. Preprinted with permission.

This material is posted here with permission of the IEEE. Such permission of the IEEE

does not in any way imply IEEE endorsement of any of Helsinki University of Technology's
products or services. Internal or personal use of this material is permitted. However,
permission to reprint/republish this material for advertising or promotional purposes or for
creating new collective works for resale or redistribution must be obtained from the IEEE
by writing to pubs-permissions@ieee.org.

By choosing to view this document, you agree to all provisions of the copyright laws
protecting it.



AP0606-0550
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Abstract— This paper presents an antenna pattern correction
technique, which is based on an adaptive array algithm. In the
method, the antenna pattern of the antenna under & (AUT) is
measured several times at different positions in #h quiet-zone.
The corrected antenna pattern is obtained by takinga weighted
average of the measured patterns. An array synthesalgorithm is
employed for obtaining the averaging weights at e&crotation
angle of the AUT. The weights are adapted specifithg for a given
AUT. The adaptive array correction technique is deronstrated in
a hologram based compact antenna test range (CATRjt 310
GHz with both a synthetic antenna and a physical & antenna.
For verification, the accuracy provided by the adapive array
correction technique is compared to that provided b uniform
weighting.

Index Terms—Antenna measurements, compact range, error
compensation, submillimeter wave measurements.

|l. INTRODUCTION

HE measurement accuracy of a compact antennaategt r
(CATR) is limited by the level of spurious signalkhe
spurious signal level should be much lower thanside lobe

function of the rotation angle during the secondsueement.
The displacement is adjusted so, that at eachiontangle,
the measurement points form a virtual array, whasay
factor has a peak in the direction of the desiledg@wave and
a null in the main beam direction.

Van Norel and Vokurka have introduced a method whic
they call advanced or novel antenna pattern cosgari
(NAPC) [3]. The method employs a circle fitting atlghm [4]
to the measured data obtained with the conventidRal. In
this technique, it is assumed that the receivedasigt each
rotation angle of the AUT is a vector sum of theedi
(desired) signal and a spurious signal, which iseireed
through the main beam. The received vectors at each
measurement point are normalized so, that the tdsigmal
components are in phase. The normalized vectors spa
circle, whose radius equals to the amplitude of gparious
signal and the center equals to the direct signal.

An antenna pattern correction technique, whichaiseld on
an adaptive array, is presented in [5]. In thishtegue, the
directions of the spurious signals are estimatett MUSIC
algorithm [6] at each rotation angle of the AUT .efhha virtual
array, whose array factor is null towards the susisignals is

level of the antenna under test (AUT). However,s thisynthesized.

requirement can be mitigated by employing antenatiem
correction technigues. One potential correctionhmetis the

Far field conditions are assumed in all of thesdneues.
However, when measuring highly directive antenntg

antenna pattern comparison (APC) [1]. The APC waspurious signals usually originate from the neeldfiof the

originally developed for estimating the reflectievel of an

AUT because the far-field criterion of an electligdarge

antenna test range, but it can also be used foterpat antenna can not be easily satisfied. When a spuriignal

correction. In the APC method, the antenna pattern
measured several times at different locations éngihiet-zone.
The corrected pattern is obtained by combiningrieasured
patterns.

Several methods for obtaining the corrected paftem the
APC data have been developed. In the virtual amathod,
the antenna pattern of the AUT is measured twicdiferent
positions in the quiet-zone [2]. The antenna ist kapplace
during the first measurement, whereas it is diggaas a

Manuscript received June 14, 2006. This work wagspsted in part by
the Center-of-Excellence program of the Academfrinfand and Tekes, and
by the Foundation of the Finnish Society of ElecitoEngineers, by the
Foundation for Commercial and Technical Sciencgsthie Foundation of
Technology, by the Jenny and Antti Wihuri Foundatiand by the Graduate
School of Electrical and Communications Engineedoh@KK.

The authors are with the MilliLab and Radio LaborgfSMARAD,
Helsinki University of Technology, Espoo FI-0201EK; Finland.

originates from the near-field, it contains sevgriane wave
components instead of one. In the virtual arrayhoes, the
array factor should have a broad null towards taterer in
order to completely filter a spurious signal oataddition, the
MUSIC algorithm does not perform well in the neilef
conditions. Other challenges with the MUSIC aret ttiee
signals in the test range are strongly correlatetithat several
shapshots from the quiet-zone field are difficalobtain. The
NAPC suffers from the near-field conditions as waél§ the
amplitude of the spurious signal is not constams, teceived
signals do not span a circle when plotted over ra¢ve
positions.

In this paper, we present an antenna pattern damec
technique, which is based on an adaptive arrayigige The
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method employs an array synthesis algorithm foriobtg pattern correction can be accurately performed. In some cases
averaging weights for the measured antenna pataresch it might be optimal to use arrays with non-uniform element
rotation angle of the AUT. The weights are synthedi spacing, but in the following we discuss only uniforspaced
specifically for a given AUT and therefore high @mtion arrays. Basically, the displacement intendy), defines the
accuracy is achieved. The method performs well d4be |argest angle, in which the correction can be performed,

distortions originate either from broad angularg@r from  yhereas the displacement rangjg,, defines the width of the
the near-field of the AUT. ]
The principle of the method is presented in Sectiofihe main beam of the array factor and thus also the smallest angle

test procedure and measurement setup are introd'ucedin which the correction can be performed. If the weighting is

Section Ill. Results are presented in Section Ivd anUNiform. the first nullin the array factor occurs at
conclusions in Section V.

_ A A
O.in = arcsin——=
ll. ADAPTIVE ARRAY CORRECTION drange  Grange
Let us consider a measurement, in which the antpatiarn o _ _ _
of the AUT is measured several times at differepatial 1his is approximately the smallest angle, in which the
|Ocations_ The measured resu'ts form a |inear airantenna COI’I’eCtion can be fu”y performed. If the displacement intel’val
array at each rotation angle of the AUT as showRigure 1. does not satisfy the fundamental sampling criterioMof , /2
The array pattern (the antenna pattern of the alirintenna the array factor has higher order grating lobes due to aliasing

array) at the AUT rotation angle af can be calculated from €&ffect. In such case, the main beam of the array factor repeats
at the directions of

()

Pap(6) = Pyt (6)Paur (6-0), (1) i
Onax = arcsin—, n=+123,... 3)
where P;; is the array factor and,,; is the antenna pattern int

of _the AUT. The _de5|_red plfme wave (the mee}surgdgs)l as shown in Figure 2. The correction around thé@setibns is
arrives from the direction 00° whereas the spurious signals

. o - i not possible.
arrive from other directions. Therefore, it is desirable tonfo P
an array pattern, which receives the desired signal as Correction not possible
effectively as possible and attenuates signals arriving fr —,
il

()
other directions as much as possible. In the proposed adaptive —
array correction technique, such an array fac®yf is
designed, that the array pattefd,, has high directivity 0
0

towards the desired signal and very low directivity to other arcsink-x/d )
directions.

I »
T »

arcsin(Md,,) o
Figure 2. An example of the array factor with higbeder grating lobes.

Main beam direction The required positioning accuracy in this methodths

Array factor same as that required in planar near-field measmeEmThe
probe positioning accuracy requirements in plarearfield

measurements are considered in [7].
Antenna pattern

B. Array Synthesis

The easiest way to control the array factor is &igim
antenna elements with known window functions. Défe
window functions are introduced for example in [Basically,
when selecting the window function, one must compse
between the side lobe level and the main beam vatitthe

AUT <T> array factor.
< 7 > More sophisticated array factors can be synthesimiog
range array synthesis algorithms, such as an algorithsedbaon
Measurement positions alternating projections [9], [10]. Implementatioasdribed in

Figure 1. A linear virtual antenna array is fornvetten the antenna pattern is [9] is based on Fourier-transform and [10] desai@enatrix-
measured at several locations in the quiet-zone figlare is not to scale. . . . . . ;
inversion based implementation. The matrix-invarsio
A. Measurement Positions approach may be more convenient as it allows ndiomm
The measurement positions (i.e., the element spacing) defg#iement spacing and non-isotropic element patterns.
the angular (or wave number range), in which the antennaln the array synthesis, a mask, i.e., lower andeufimits
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M, and M, for the array pattern (the antenna pattern of th@easurements. No simple rule for the limits candbéned,

synthesized virtual antenna array) is first defineithits can
also be defined for the element weights, but thisat needed
in this implementation as any element weights agdizable.
The iteration begins from the initial guess for thlement

but one should obtain a rough knowledge about zahble
limits before defining them.

The angular interference spectrum of the test raragebe
taken into account when defining the limits for dymthesized

weights w,. The corresponding array pattern is calculate@T@y Pattemn. The angular interference spectruesisnated

with
jkr, @, jkr, @,
Pap(uri) g(ur'l)ej e g(ur,l)eJ fatha Wy
jkr, @, jkr, @,
Pap(ur,Z) = g(ur,Z)e] 2 g(ur,Z)eJ fefh W5
or
Pyp =Gw, 4)
where G is the array response matrixy is the element

pattern,k is the wave numbenmy, is the unit direction vector

and r is the location vector. A projector operater is then
applied to the array pattern. At points, in whidte tarray
pattern is not within the mask, the array patterrreiplaced
with the limit values as

wur) [Paplu) > My (u))
Pap(ur)l Ml(ur)S|Pap(ur)|SMu(ur)'
Ml(ur)’ |Pap U,)|<|V||(U,)

(5)

The limited array pattern is transformed back te ghement
weights by using a pseudo-inverse of the array omesp
matrix. The iteration formula for the array weights

o =(6'6) "6 20w, , (6)
where” denotes complex conjugate transpose.

The element pattern, i.e., the antenna patterheo®UT is
used in the array synthesis. The antenna pattetimeoAUT is
not exactly known, but an estimate of it is obtdiney
uniformly averaging the measured patterns. Thismestd
pattern is then used in the array synthesis as lameat
pattern. As the antenna pattern of the AUT is stificcording
to the antenna rotation angle, there is possiblynfarmation
about the antenna pattern in the whole angulaoneigi which
the array pattern is synthesized. Therefore, thenaa pattern
outside the measured region has to be estimatedxXample,
we estimate the antenna pattern of the AUT to-b@  atiB
the angular range that is not measured.

C. Mask for the Synthesized Array Pattern

With the alternating projections method, one mesing the
mask for the array pattern to be synthesized. Hadizable

limits depend on the antenna pattern of the AUTe th

measurement positions of the AUT, and the numbethef

from the measured antenna patterns using the AB@itpie

[1], which is most suitable with high-gain antenndhe
estimated angular interference spectrum dependthenest
antenna and the measurement positions, and it is an
experienced interference spectrum in the particular
measurement. In our implementation, the directiohdigh
interference are attenuated more than directionsa dbw
interference level. The smoothed interference spects used

as an upper limit for the synthesized array pattelowever,
only interference levels above40 die taken into account.
The upper limit for the synthesized array and tbiectivity
level in a test case is depicted in Figure 3.

-30

Reflectivity level (dB)
A
=]
i
5
Upper limit for the synthesized pattern (dB)

=50 -

|
<)
S

2 0 2 100
Angle (deg)
Figure 3. The estimated angular interference speciisolid) and the upper

limit for the synthesized array pattern (dashed).

The lower limit is defined to be- 0.1dBrom -0.1° to
0.1° and O ¢« dB elsewhere. In addition, the array factor is
normalized so that the broadside gain is constadifferent
rotation angles. Figure 4 shows an example of {eeent
pattern, synthesized array factor, and the arrdieqpaat the
antenna rotation angle ef%° .

Normalized amplitude (dB)

Normalized amplitude (dB)
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Figure 4. Array factor in the test case with tlyatsetic antenna at the ysed as a reflector in the physical antenna. Tippa@ting
antenna rotation angle of5° . The upper graph presents the synthesizegtructures are covered with absorbers in orderelbggpod

array factor (dashed) and the element patterndjsfle., the antenna pattern
shifted to -5° ). The lower graph presents the array patterndalnd the
upper limit for array pattern (dashed).

D. Applicability of the method

The lower the side lobe level of the AUT, the higlsethe
required measurement accuracy. Therefore antenttarpa
correction techniques are usually needed when miagsiow
side lobe and high gain antennas. The current mghgation
of the proposed method is limited to such antenhasause
the angular interference spectrum is estimated thieh APC
technique. However, the adaptive array correcteshiique
itself is very general and it can be used with t@in antennas
as well, if the angular interference spectrum itinesed
accordingly.

Il
The adaptive array correction technique is dematesdrin

TESTPROCEDURE ANDMEASUREMENTSETUP

correspondence between the measurements and simsilat
The aperture field of the synthetic antenna is kbad with
GRASP8W-S program

The antenna patterns of both antennas are meastireds.
The displacement interval is 5 mm and range 30 nitim tive
synthetic antenna. The displacement intervals thighphysical
antenna are accurately known and they are apprteiyna
mm (within 0.5 mm). The smallest angle, in whiche th
correction can be performed, is approximatélg® and the
first direction in which the correction can not pperformed is
11°.

For comparison, the accuracy provided by the metisod
compared to the accuracy provided by the convealtiRC.
In the APC, the measured patterns are averageduwiform
weighting.

IV. EXPERIMENTAL RESULTS

two ways: by measuring antenna patterns of a siiathe

antenna and a physical test antenna. The antemtesrpaf the
physical test antenna is measured conventionallyobgting
the antenna in the quiet-zone, whereas the tedts the
synthetic antenna are based partly on measurerfreassured
quiet-zone field) and partly on simulations.. Testish the

A. Quiet-Zone Fields

The quiet-zone field is distorted during the angenn
measurements for demonstration. Horizontal cuts thef
distorted quiet-zone fields, which are used wite fiynthetic
and physical antennas, are depicted in Figures & @&n

physical antenna are needed to verify the methdde Trespectively.

resulting correction accuracy of the method candbéned
from the tests with the synthetic antenna, as ithe antenna
pattern of the synthetic antenna can be analyicallculated.
The measurements are performed in both cases @ogram
based compact antenna test range [11]-[13] at 310. Ghe
hologram operation is intentionally distorted bytaahing
plastic and metal strips on the hologram surfacke T
distortions are seen approximately at the angles® cdind —5°

from the AUT. The physical test antenna is measure

conventionally by rotating the AUT in the test zofde tests
with the synthetic antenna are based on the mehgjuiet-
zone field and on the simulated antenna patterrsanements.
The two-dimensional quiet-zone field is first prdbeith a
planar scanner. The antenna pattern measurementthem
simulated by calculating the measured antenna rpatteith
the equation

Pmeas(kx ) ky) = _”- qu (X, y) Eaper( X, y)e_j(kaJrkyy)dXdya (7)

where E,, is the measured quiet-zone fiel&,,, is the
simulated aperture field of the synthetic anteraral k, and
k, arex- andy-components of the wave vector.

Both the synthetic antenna and the physical antéava
similar geometry. The antennas are based on aesi®gf
offset fed reflector. The reflector diameter isZ6m and its
effective focal length is 127 mm. The illuminatiai the
antennas is Gaussian with an edge taperhf dB in the
plane of symmetry. A commercially available optigatror is

Normalized amplitude (dB)
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Fig. 5. A horizontal cut of the distorted quiereofield used with the
synthetic antenna.
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Fig. 6. A horizontal cut of the distorted quieteofield used with the test
antenna.

Both distorted quiet-zones have approximately &B2igple
in amplitude and a 15°ripple in phase, peak-tdpeathe
aperture of the AUT.

B. Antenna Pattern Correction

The antenna patterns of the virtual antenna aré&c@epin
Figure 7. The measured antenna pattern has spusides
lobes from-7°to -3° and from4° to 7° . The largest error

occurs approximately at4°, where the spurious side lobe
level is 18 dB above the true 4B level. The averaging [2]

with the uniform weighting corrects the antennatqrat
approximately with an accuracy of 2.5 dB. The aacyr
provided by the adaptive array correction is betiten that:
the largest error being 0.4 dB. The errors in tberected
patterns are depicted in Figure 8. The correctateipawith
adaptive weighting introduces errors that are irstmaf the
directions from 10 to 20 dB lower than the erronsthe
corrected pattern obtained with the uniform weigipti An
exception occurs at very small angles, where theuracy
provided by the uniform weighting is better. Trésnatural, as
the narrowest main beam of the array factor isinbtawith
uniform weighting enabling the most accurate cdioecat
small angles. The adaptive array techniqgue mayparivorse
in these directions if the adaptive array algoriisrmonverged
to a local minimum instead of the global minimurmother
reason may be too small number of the iteratiopsste the
array synthesis.

The antenna patterns of the physical test anterenatewn
in Figure 9. The largest deviation between the camected
and the simulated antenna patterns occurs areudfidwhere

the measured pattern is approximately 15 dB abdwee t
simulated —40 dB level. Both corrected antenna patterns

correspond well with the simulated pattern. Therexed
pattern obtained with uniform weighting deviatesiB from

the simulated pattern at the maximum. The maximum
deviations occur at4° and 8° . The corrected antenna patterri12]

obtained with adaptive weighting corresponds sigbétter to
the simulated pattern. It deviates less than 2 dBnfthe

simulated pattern and corresponds well to the sitadl
pattern also at the angles efi° and 8°, where the pattern
obtained with uniform weighting has large deviasion

V. CONCLUSION

A new antenna pattern correction method is predefitee
method employs APC data, and it is based on antigdap
array algorithm. The accuracy provided by the metl®
found to be better than the accuracy provided ypls
uniformly weighted averaging. The novel method haen
verified at 310 GHz with both a synthetic antenmal @&
physical test antenna in a hologram based CATR.rméinod
is found to perform well also if the distortiongginate from
broad angular range or from the near-field of th&TA
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Figure 7. Antenna patterns with the synthetic ameThe solid black line is the true pattern, thshed black line is the non-corrected patterndéshed gray
line is the corrected pattern obtained with unifamgighting, and the solid gray line is the corrdgpattern obtained with adaptive weighting.
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Figure 8. Error in the corrected antenna pattefhe. dashed black line is the error in the correeteinna pattern obtained with uniform weighting éme
solid black line is the error in the corrected antepattern obtained with adaptive weighting.
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Figure 9. Antenna patterns with the test antenhe.sblid black line is the simulated pattern, teshed black line is the non-corrected patterndéshed gray
line is the corrected pattern obtained with unifameighting, and the solid gray line is the corrdgpattern obtained with adaptive weighting.
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