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Assuming that the antenna geometry is known, then according to (2),
one needs to know onl¥ to predict the antenna array manifold for
any ¢. The question is how to estima#? Various algorithms to es-
timate Z are given in the references cited. The simplest of these as-
sumes that the vectds(¢) is measured foi/ independent (widely

An Experimental Study of Antenna Array Calibration separated and not coincident with grating lobes), directions such that
M > N.Letthese measurements be represented hytkel/ matrix
Inder J. Gupta, James R. Baxter, Steven W. Ellingson, By = [b1bs -+ - bys]. Then (2) can be rewritten as [3]

Hyung-Geun Park, Hyun Seo Oh, and Mun Geon Kyeong
By =ZAy (3)

Abstract—The coupling matrix concept for predicting the radiation pat- Where Ay = [aiaz ---ay]. (3) is an overdetermined set of linear

terns of elements of an antenna array is studied. Measured data, as well simultaneous equations. The least square solutio# fiergiven by
as some numerical data, are used in the study. It is demonstrated that for .
some practical antennas of interest whose radiation patterns are affected b H H\ ™
p ! ; ; P y Z=BuAy (AMAM) 4)
structure scattering, the coupling matrix concept may not work very well.
As expected, the stronger the structure scattering, the greater the discrep- . ) .
ancy between the predicted patterns and the actual patterns. Next, one can use thig to predictb(¢) f_O" any ¢. However, .(2), in
Index Terms—Antenna calibration, coupling matrix, structure scat- general, does not have a way to deal with structure scattering because

tering. it (structure scattering) cannot be described in a few parameters. For
large antenna arrays, where structure scattering affects all the antenna

elements in a similar fashion, one may be able to find an appropriate

. INTRODUCTION Z, provided that the embedded element pattern includes structure scat-

For angle-of-arrival (AoA) estimation and certain smart antenna pri§'ing effects. For small antenna array the same may not be true. To test
cessing techniques, one needs to know the array manifold for all inflis ypothesis, we built two experimental antenna arrays. The radia-
dence angles. This requirement can be relaxed if the array manifold §a0 patterns of these antenna arrays were measured in The Ohio State
pends entirely on the antenna geometry and radiation pattern of a sirlgfdversity compact range [6]. The measured patterns for a few direc-
antenna in free space. In practice, this is rarely true. The coupling §@NS were then used to estimate ma#ZixNext, matrixZ is used to
tween various elements of an antenna array as well as scattering byifgictb for all angles. In this communication, the predicted results
antenna mounting structure and/or other nearby structure affects #@ compared with the measured results. It is shown that for the two
array manifold. Also, there will be differences among the cabling arffiténna arrays, (2) does not work very well. The same is demonstrated
receivers used to down convert and digitize the signals from each 4§ing numerical results [method of moments (MoM) solution] for a
tenna element. All of these effects have the potential to vary in bothPle antenna array. _
time and frequency, making the array manifold very difficult to antic- The rest of the communlcatlo_n is organized as foI_Iows: The exper-
ipate/estimate. The process of obtaining the array manifold is callfgental antenna arrays and their measured and estimated patterns are
antenna-array calibration. discussed in Section Il. Section Il contains the numerical results from

Many different algorithms [1]-[5] have been reported in the litethe simulated array. Fina_lly, Section IV contains a summary and the
ature for antenna-array calibration. Most of these algorithms depe$fgeral conclusions of this work.
on the assumption that the voltages received byVaglement antenna
array for a signal incident from directiancan be written as [l. EXPERIMENTAL ANTENNA ARRAYS

b(s) = CZa(o) 1) The experimental antenna arrays are linear arrays of eight elements
each and are designed to operate around 2.45 GHz. One of the antenna
arrays has small interelement spacirg)(4)), whereas, the other an-
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Fig. 2. Radiation pattern of element #1 of the linear array of dipoles &ig. 3. Radiation pattern of element #4 of the linear array of dipoles at
2.45 GHz. (—) measured pattern, (- - -) predicted pattern with the singked5 GHz. (—) measured pattern, (- - -) predicted pattern with the single
element in front of the small plate, and- (- -) predicted pattern with the single element in front of the small plate, and- (--) predicted pattern with the single
element in front of the large plate. element in front of the large plate.

stripline balun, and is attached to a 5-cm wige24-cm high alu- tions equally spaced betweerB0® to 90° angular region are used in
minum plate for handling and mounting purposes. Thus, the intereRStimatingZ. Note, that the predicted patterns, specially for element 1,
ment spacing is approximately 5 cm. The antenna array is supportedi@?s not match very well with the measured pattern. The reason for this
a vertical conducting rod. The radiation pattern of the single antenigshat the structure scattering experienced by elements 1 is somewhat
element by itself, and the radiation patterns of various elements of @fferent from the reference element (single elementin front of a plate).
antenna array were measured in The Ohio State University Compgbt,ls, the structure Scattering for this antenna cannot be accounted for
range at 2.45 GHz and vertical polarization in an azimuthal plane (¥ using (2).
plane). The radiation pattern of the single dipole was measured when
it was attached to the 5-cm-wide plate as well as when it was attactfeg/ANteNNa Array #2
to a 40 cmx 24-cm plate. The second antenna array uses off-the-shelf antenna elements
The solid curves in Figs. 2 and 3 show the measured patterns of leodel P-2406, Astron Antenna Company, Sterling, VA). This
ments 1 and element 4, respectively, of the antenna array. The elemantenna element covers a 2.35- to 2.55-GHz frequency band and
are numbered from left to right. The broken and dash—dot curveshias a good front-to-back ratio. The width of an antenna element is
these figures show the predicted pattern using the coupling matrix approximately 9 cm. Fig. 4 shows a photograph of the eight-element
proach. For the broken curve, the coupling matrix is estimated usiagtenna array. The elements are mounted on a horizontal angle
the radiation pattern of the single element in front of the narrow stripracket and the antenna array is fastened to a vertical bar for field
whereas, for the dash—dot curve the radiation pattern of the single efeeasurements. The elements are oriented for vertical polarization; 60
ment in front of the large plate is used in estimatfgNineteen direc- cm below the antenna array, there is another element. This antenna
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Fig. 6. Radiation pattern of element #4 of the linear array of model P-2406
antennas at 2.45 GHz. (—) measured pattern, (- - -) predicted pattern with
identity coupling matrix, and (-- -) predicted pattern with calculated coupling
matrix.

Fig. 4. Photograph of an eight-element linear array of model P-2406 antennas .
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Fig. 5. Radiation pattern of element #1 of the linear array of model P-24( aof _ J
antennas at 2.45 GHz. (—) measured pattern, (- - -) predicted pattern w LN
identity coupling matrix, and (-- -) predicted pattern with calculated coupling @ / AN
matrix. w %o AN ]
o 1 \ e
(O] i N L2
LIDJ 70 I’,‘ E ‘ SN R
B H - . ~ N \\ _ 7
element was used to transmit a weak signal for calibration of tl w ¥ RN N S
. . . . . . = - N =7~
feedlines and multichannel receiver in field experiments. < oo [ o S N 1
Using a Hewlitt—Packard network analyzer, antenna-to-antennact = |- | NG .
pling (s12 measurements) between various antenna elementswasn  sof/ | a
sured. The coupling between adjacent elements, which was found tc !
very weak, was approximatety25 dB. Thus, the coupling matriZ 49— o - . p - %

for this antenna is essentially an identity matrix. Next, the radiatic PHI (DEOGREES)

pattern of a single antenna element and the radiation patterns of var-

ious elements of the antenna array were measured at 2.45 GHz albigg7. Radiation pattern of element #1 of the simulated array of eight dipoles
an azimuthal plane (H plane). The solid curves in Figs. 5 and 6 sh@{2-4> GHz. (—) actual pattem, (- - -) predicted pattern with isotropic single
the measured patterns of (_alements 1 and 4, respectively, _of the ante _e_nt_' ( ) 'gggggg%gggﬂ r\‘N‘i"t'mggiisr']g%eefelﬁ]rz(;?Er']nfrf;%?to?fl;:32'L‘I);?S'
array. The broken curves in Figs. 5 and 6 show the predicted patterns

using (2) when the coupling matrix is assumed to be an identity ma-

trix. Note that the predicted radiation patterns do not match the meaupling (approximately 10 dB) between the adjacent elements, which
sured patterns. The coupling matrix approach, therefore, cannot be usentradicts thes;>» measurements. The reason for the discrepancy is
to predict the radiation patterns when the structure scattering is domiat when the structure scattering is dominant, then (4) does not yield
nant. The dash—dot curves in these figures show the predicted pattéhescoupling matrix. Instead is a best fit solution. Note that even
when (4) is used to estimate the coupling matrix. Again, 19-directiotisese predicted patterns do not match the measured patterns. This again
equally-space between the90° to 90° angular region are used to esti-emphasizes the fact that the coupling-matrix concept cannot be used to
mate the coupling matrix. The estimated coupling matrix showed largecount for the structure scattering for this antenna.
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high conducting plate. The spacing between the dipole and the plate is
3.3 cm. The dotted curves in the figures is for the scenario when the ra-
diation pattern of the single element in the coupling-matrix calculation
is assumed to be that of a half-wavelength dipole in front of a 39.16-cm
wide x 24-cm high conducting plate. The spacing between the dipole
and the plate is 3.3 cm. To calculate the coupling matrix, 19-directions
equally spaced betweer90® < ¢ < 90° are used. Note that none

of the predicted patterns match exactly with the calculated patterns.
This is especially true for the end element (element #1). Thus, in the
presence of structure scattering, one should be aware of the fact that
the coupling-matrix approach may not lead to the true antenna-element
patterns.

IV. SUMMARY AND CONCLUSION

The coupling-matrix concept for predicting the radiation patterns of
elements of an antenna array was studied. Measured data as well as
some numerical data were used in the study. It was demonstrated that
in the presence of structure scattering, the coupling-matrix concept may
not work very well. As expected, the stronger the structure scattering,
the greater could be the discrepancy between the predicted patterns and
the actual pattern. Since all antenna arrays will have some structure
scattering, one should be careful in using the coupling-matrix concept
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Fig. 8. Radiation pattern of element #4 of the simulated array of eight dipoles (3]
at 2.45 GHz. (—) actual pattern, (- - -) predicted pattern with isotropic single
element, (- - -) predicted pattern with the single element in front of small plate,
(I ) predicted pattern with the single element in front of large plate.

(4]

5
Ill. NUMERICAL RESULTS Bl

To verify the measured results, the coupling matrix approach was
applied to some numerical results obtained using a MoM solution. Thel6]
antenna array consisted of eight half-wavelength (6.12 cm) elements
spaced 4.9 cm apart. The antennas were modeled using thin wires al
ESP5 [7] was used to calculate the radiation patterns. When the antenna
elements were in free space, the coupling matrix (2) worked fine. The
predicted patterns matched exactly with the calculated results. Next, a
perfectly conducting plate was added to the antenna array. The plate
was 39.16-cm wide and 24-cm high, and was placed 3.3 cm behind the
antenna array. Again, ESP5 was used to calculate the radiation patterns
of the various antenna elements in this configuration at 2.45 GHz.

The continuous curves in Figs. 7 and 8 show the H plane calculated
patterns for elements 1 and element 4. In these figures, magnitude as
well as phase are displayed. In the phase plots, the linear component
of the phase due to antenna location (away from coordinate origin) has
been subtracted. Note that the radiation pattern is not uniform. This is
due to the mutual coupling between various antenna elements as well as
the structure scattering. As expected, the radiation patterns of different
elements are somewhat different.

The other curves in these figures show the predicted patterns from
(2). The broken curve is for the scenario when the radiation pattern
of the single element in coupling-matrix calculation is assumed to be
isotropic. The dash—dot curve is for the scenario when the radiation pat-
tern of the single element in coupling-matrix calculation is assumed to
be that of a half-wavelength dipole in front of a 4.9-cm wikl4-cm

for antenna-array calibration.
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