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ON THE TRUNCATION OF THE AZIMUTHAL MODE SPECTRUM OF HIGH-ORDER
PROBES IN PROBE-CORRECTED SPHERICAL NEAR-FIELD ANTE NNA
MEASUREMENTS
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Aalto University School of Electrical Engineeririgepartment of Radio Science and Engineering
P. O. Box 13000, 00076 AALTO, Finland

Sergey Pivnenko
Department of Electrical Engineering, Technical\gnsity of Denmark
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ABSTRACT and two classes of probe are taken for a detailed
investigation. The first class of probes represemis-
ideal first-order probes whereas the other clagsrolbes
represents odd-order probes. The presentechode
truncation rules allow minimizing the measurement
burden of the probe pattern calibration and reduthe
computational burden of the probe pattern corractio

Azimuthal mode (# mode) truncation of a high-order
probe pattern in probe-corrected spherical near-fiéd
antenna measurements is studied in this paper. The
results of this paper provide rules for appropriateand
sufficient g#mode truncation for non-ideal first-order
probes and odd-order probes with approximately
10dBi directivity. The presented azimuthal mode  This paper is organized as follows. Section 2.Gdless
truncation rules allow minimizing the measurement the background theory. Computer calculations are
burden of the probe pattern calibration and reducirg  presented in Section 3.0. Section 4.0 is devotaedolts
the computational burden of the probe pattern and Section 5.0 presents the conclusions.
correction. 2.0 Background theory
Keywords: Near-field measurement, probe correction.  The background theory for the study of this papdrased
on the theory of the probe-corrected spherical -fieltt
antenna measurements presented in [2]. Accordirigigo
Probe-corrected spherical near-field measuremestsia theory, the AUT and the probe patterns are destrilye
accurate technique for antenna pattern charactieriza means of spherical wave expansion (SWE). Through th
[1]. In such measurements, truncated form of theuse of the spherical wave rotations and translatitime
spherical wave expansion is typically used for gratt so-called transmission formula is established that
modeling of both the antenna under test and thbeprit  provides an analytical formula for the receivednaigof
is often assumed that the probe is a so-calleddider ¢  the probe as a function of the unknown sphericatore
= +1) probe [2] and, in modeling of the probe paite wave coefficients (Q coefficients) of the AUT patte
only the first-order azimuthal pattern variationse a The solving of the transmission formula for the Q
present, while the other azimuthal modes are asgumeoefficients and calculation of the far field fralhee SWE
zero. of the AUT pattern constitutes essentially the prob
corrected near-field to far-field transformation.

1.0 Introduction

Recently, higher-order probe correction technignage

gained a lot of interest among the antenna measurem The SWE of the probe is expressed as

research community [3]-[7]. In the application afch Vow Homs

techniques, in addition to the azimuthal modes with E(r',0.,¢)= zz Z( DR, » F(ﬂ‘f’&(r‘,e‘,w)
*1, also the azimuthal modes wijth# 1 are included in \/> 0= V=1 U= fly

the modeling of the probe pattern. This facilitates use (=)

of very wideband antennas as probes [8]. @)

The purpose of this paper is to study how the ttion where (¢, 8,¢) are the standa_lrd spherical coordina_tes of
of the azimuthal modes of the probe is to be peréatin ~ the probe coordinate systejs the wave number; is
probe-corrected  spherical near-field  antennahe intrinsic admittance of the mediumm., and tinax are
measurements with high-order probes. The resultsisf ~the truncation numbers for the spherical wave esjoan
paper provide rules for appropriate and sufficigatnode R, are the probe receiving coefficients, and
truncation for a probe with approximately 10dBi

directivity. The study is based on computer simaret P, 6.) are the spherical vector wave functions [2].



3.0 Calculations

Our interest is now to study by computer calculaithe
effects of the truncation of themode summation in Eq.
(1) on the accuracy of the far-field determination
probe-corrected spherical near-field
measurements. The doubdgestep &scanning technique
and the associated high-order probe correctionniqub

[3] and also thepscanning technique and the associated

high-order probe correction technique [4] are ideldi in
the study. These calculations are described irstgsion.

3.1 AUT models

In total 4 different AUT models (AUT1 to AUT4) are
applied in the calculations. Each AUT model cossidt4
x-oriented Huygens sources located on the corrfeas\o

x A square oz plane. Each Huygens source has the same

phase and maximum radiation in the +z-axis directio
The 4 AUT models differ from each other only in the
location of the centre of the Huygens source squaoe

the AUT1 to AUT4, theX, vy, 2) coordinates of the centre
of the Huygens source square are (0, B, @, 0, O}, (2,

0, O), and (3, 0, ), respectively. In other words, the
AUTL1 is centred in the AUT coordinate system, and i

antenna

AUT coordinate system in the computer calculatidrise
pattern of this probe with the main beam pointegatals
+z-axis direction is shown in Fig. 2. The maximuot ¢
polar directivity of this first-order probe is 180

20

10

0

Co-polar directivity, dBi

|

mp————

2100 50
Angle from the +z-axis direction

Figure 2 - The pattern of the first-order probe
consisting of 9x-oriented electric Hertzian dipoles
located with A/4 intervals onz axis from z ==A to A

range.

Next, for the purposes of this study, two differetasses

the case of the AUT2 to AUT4, the Huygens source?! high-order probes are created by exploiting fir-

square is located at an offset distance alongxis from
the centre of the AUT coordinate system. The padter

order probe consisting of 9 electric Hertzian dizol

For the first class of high-order probes, first theeiving

AUT1 to AUT4 are the same expect for the phase. Thegefficients Ri-1y, Rizy, Roty, Rty fOr V=1 ... ey Of

co-polar directivity of the AUTL1 is presented irgFi.

Co-polar directivity, dBi

|
100
Angle from the +z-axis direction

150

Figure 1 - The co-polar directivity of AUT1 for ¢= 0°
plane. The co-polar directivity is the same for thep =
90° plane.

3.2 Probe models

The starting point for creating high-order probes this
study was the creation of a first-order probe cstimgy of

9 x-oriented electric Hertzian dipoles located with
intervals orz axis from z =A to A range. The excitations
of the dipoles 1 to 9 are exyp'2) wherep = -4...4 for
dipole 1...9, respectively. The main beam of the prib
pointed towards zaxis, that is, towards the centre of the

this first-order probe are calculated. Then, fochefixed

v, the receiving coefficients witRy,, are Ry, are given
random valuesaexp(jf2m), where a is a real-valued
amplitude, andB is a random number between 0 and 1,
such that the power in mode wiR,, is the same as the
power in mode withRy, (that is,a is the same for these
two, but theg is generally different) and the total power
in modes withRyp, andRy, is X dB below the power in
modes withRy_1,, Ro_1,, Ri1, andRy, . Further, for each
fixed v (for v > 1) and for each fixeq: = 2..v the
receiving coefficients withR,_, , Ro—u, Ri, @andRy,, are
similarly given random valuegexp(jG2m) such that the
power in all modesR_,, , Ry Ryws and Ry, is the
same, and the total power in modes wWRh,, , R,
Ry, andRy,, is X dB below the power in modes with
Ri-11» Ro-1, Rizy @andRyy,. The X is chosen in this study to
be -20 dB or-30 dB. In this paper, the 2 different cases
are referred to as the probe with %20 dB and-30 dB.

In this way, power spectra shown in Figs. 3(a)-4b¢
obtained for the probes with X=20 dB and-30 dB.

The second class of probes comprises in total @atred
Hertzian dipoles. Nine of these 27 dipoles arestmpe as
those of the above-described first-probes with the
amplitude of each of the excitation coefficientsi@ting

to 1. The remaining 18 dipoles are located simyildith
sets of 9 dipoles) witiA\/4 intervals in the z =A to A



range. The first set of 9 dipoles is located onytzeplane

(x = 0) at the distance of A towards +y-axis direction
parallel to thez axis, and the other set of 9 dipoles is
located on the y-z plan & 0) at the distance of A
towards —y-axis direction parallel to the z-axis. The
excitations for the two sets of 9 dipoles, that amdt
located onz axis, arey times the excitations of the
corresponding dipoles located araxis. Theyis given
values of 1, 0.3 and 0.1 in order to create odeord
probes with varying spherical azimuthal mode power
modes withy = 3, 5, 7 etc. Later in this paper, these
different cases are referred to as probes with1, 0.3
and 0.1. The normalised spherigaimode power spectra
for these probes are shown in Figs. 4(a)-(c).
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Figure 3 - The normalised sphericajrmode power
spectra for the probes with X ==20 dB (a) and X =
-30 dB (b).

3.3 Computer calculations

First, for each probe model, the probe receivedaigare
calculated from the transmission formula for the
measurement distanee= 6\ for each AUT model. The
truncation numbers for the AUT1 to AUT4 dxe= M =
12, 18, 24, and 30, respectively. H&deand M are the

truncation numbers of the SWE of the AUT patterd an
correspond to those of,.x and t4,ax Of the SWE of the
probe pattern [2]. Then, in the application of {h®be
correction technique based on the doulgstep &
scanning, the probe signals for two polarizatiohshe
probe are calculated for thosé and ¢ angles that
correspond to the sampling parameter valuds;of 2(N

+ 1) andNy, = M + 3 of the doublegstep &scanning
technique [3]. In the case of the probe correction
technique based on thescanning the probe signals are
calculated for thos@ and g angles that correspond to the
values ofNy = N + 2 andN, = 2M + 6. Next, the probe
correction technique associated with the doubftep &
scanning scheme and that associated withgtheanning
scheme are applied on the received signals to lesdcthe
estimated Q coefficients of each AUT models foryiray
p-mode truncation numbers fpg,,= 1 to 7. The radiated
far field associated with each set of these Q @oeffts is
then calculated. In this way, in total 2x181x36039320
estimated far-field values are obtained for eaciméred
case. Here, the number 2 refers to two polarizatafrthe
far field, the number 181 refers to the numbefahgles
and the number 360 refers to the numbepangles.
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Figure 4 - The normalised sphericajrmode power
spectra for the probe with y=1 (a),y= 0.3 (d) andy=
0.1 (e).

4.0 Results

Example results from the calculations are preseimed
Fig. 5 for AUT2 with the high-order probe with X-=30
dB for tmax = 1, where the amplitude erragsn terms of
|20log10E,)-20log10E,)|, whereE, and E; are the
estimated (with a certain,.,) and correct far-field
values, respectively, are plotted as a functioq,afhere
g is the level of the far-field value compared te th
maximum far-field value. It can be stated from thsults
that for the first class of probes, generally, doeible ¢

step &scanning scheme provides slightly more accurate

estimate of the far field than tlgscanning scheme for a
fixed value of i, FOr the second class of probes both
schemes provide the same results.

3

Figure 5 - The amplitude E, dB] errors for double ¢
step &scanning scheme (solid line) and fogscanning
scheme (dashed line) for AUT2 with the high-order
probe with X = =30 dB for g« = 1 as a function of the
level of the far-field value compared to the maximm
far-field value

In Tables 1-5, the required truncation numbers for
reaching an amplitude uncertaintyeaf,, (in terms ofe in
dB) or lower and phase uncertainty &f,, or lower are
presented for different ratiagr, for a givenq range for
all probe and AUT models for the case with doupktep
@scanning scheme. Thi,., is determined in terms of
[Ang(Ep)-Ang(EJ)| values, where “Ang” gives the phase
angle of a far-field component. Th&, refers to the ratio
between the measurement distance and the raditree of
AUT minimum sphere. Hence, the cases wiif3 =~ 8.5,
3.8, 2.4and 1.7 refer to AUT1 to AUTA4, respectively.

The results for the first class of probes are preeskin
Tables 1 and 2. In summary, it can be stated froen t
results that for the case of the probe with thatied
power of X =-30 dB of the higher-order modes, the
correction for thew-modes up tQuma = 1 was sufficient
for reaching the maximum error of less than 0.lidBe
co-polar directivity in they range of 0 to-10 dB forr/ry=

3.8 or higher. The values @f,, = 2 and 4 were required
for riro= 2.4 and 1.7, respectively. The same values of
Hnax Were actually required also for reaching the
maximum phase error of 0.5° or less. The errordugaty
increase with increasing level of power in modethvi

# 1 with respect to the power in modes wjith 1.

The results for the second class of high-order gscdre
presented in Tables 3 to 5. The results, for exaniok
the probe with the relative power in the thirdtHifand
seventh ordeis modes of the order of5 dB,-12 dB, and
22 dB {f = 1.0 case) show that,,, = 2 is sufficient for
reaching the maximum error of less than 0.1 dBiedo-
polar directivity in theq range of 0 to-10 dB forr/rg=
3.8 or higher, angi,.x = 7 is required for/ro~ 2.4 and
riro= 1.7. The results for the phase follow the samedtre
With decreasing power in the higher order modes, th
required truncation numbers gradually decrease.

5.0 Summary and conclusions

The effects of the azimuthal spherical mode trupoabf

the probe pattern on the accuracy of the far-field
determination with non-ideal first-order probes autl-
order probes with a 10-dBi directivity have beemdgtd.
The results of this paper provide azimuthal mode
truncation rules that allow minimizing the measueam
burden of the probe pattern calibration and reduthe
computational burden of the probe pattern corractio
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Table 1: The required truncation number for a prnetie X =-20 dB.

Amplitude Phase
qrange €max, rlro=8.5 | rlrg=3.8 | rlro=2.4 | rlro= 1.7 | Onax, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7
[dB] [dB] [deg.]
0..-10 0.1 1 1 2 4 0.5 1 1 3 4
0.2 1 1 2 4 1.0 1 1 3 4
0.5 1 1 1 4 3.0 1 1 1 4
1.0 1 1 1 3 5.0 1 1 1 4
0..-20 0.1 1 3 3 6 0.5 1 3 4 6
0.2 1 3 3 5 1.0 1 3 3 6
0.5 1 1 2 4 3.0 1 1 2 4
1.0 1 1 2 4 5.0 1 1 2 4
0...-30 0.1 2 3 5 7 0.5 2 3 5 7
0.2 1 3 4 6 1.0 1 3 5 7
0.5 1 3 3 6 3.0 1 3 3 5
1.0 1 1 2 4 5.0 1 1 3 4
0...-40 0.1 2 3 5 7 0.5 2 4 5 7
0.2 2 3 5 7 1.0 2 3 5 7
0.5 1 3 5 6 3.0 1 3 5 7
1.0 1 3 3 6 5.0 1 3 3 6
Table 2: The required truncation number for a pretie X =-30 dB.
Amplitude Phase
qrange €max, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7 | Onax, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7
[dB] [dB] [deg]
0..-10 0.1 1 1 2 4 0.5 1 1 2 4
0.2 1 1 1 4 1.0 1 1 1 4
0.5 1 1 1 2 3.0 1 1 1 2
1.0 1 1 1 1 5.0 1 1 1 1
0..-20 0.1 1 1 3 5 0.5 1 2 3 5
0.2 1 1 3 5 1.0 1 1 2 4
0.5 1 1 2 4 3.0 1 1 2 4
1.0 1 1 1 2 5.0 1 1 1 3
0...-30 0.1 1 3 4 6 0.5 1 3 4 7
0.2 1 2 3 5 1.0 1 3 3 6
0.5 1 1 3 5 3.0 1 1 2 4
1.0 1 1 2 4 5.0 1 1 2 4
0...-40 0.1 1 3 4 7 0.5 2 3 4 7
0.2 1 3 4 7 1.0 1 3 4 7
0.5 1 2 3 5 3.0 1 3 3 6
1.0 1 1 3 5 5.0 1 2 3 5




Table 3: The required truncation numbers for a pretihy = 1.0.

Amplitude Phase
qrange €max, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7 | Onax, rlro=85 | rlro=3.8 | rlrg=2.4 | rlro= 1.7
[dB] [dB] [deg]
0..-10 0.1 2 2 7 7 0.5 1 3 7 9
0.2 1 2 5 7 1.0 1 2 5 7
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 5 5.0 1 2 5 5
0...-20 0.1 2 3 7 9 0.5 2 3 7 9
0.2 2 3 7 7 1.0 1 3 7 9
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7
0...-30 0.1 2 3 7 9 0.5 2 3 7 9
0.2 2 3 7 9 1.0 2 3 7 9
0.5 1 3 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7
0...-40 0.1 2 3 7 9 0.5 2 3 7 9
0.2 2 3 7 9 1.0 2 3 7 9
0.5 2 3 7 9 3.0 1 3 7 9
1.0 1 3 5 7 5.0 1 3 7 9
Table 4: The required truncation numbers for a prafihy = 0.3.
Amplitude Phase
qrange €max, rlro=8.5 | rlrg=3.8 | rlro=2.4 | rlro= 1.7 | Onax, rlro=85 | rlrg=3.8 | rlrp=2.4 | rlrp= 1.7
[dB] [dB] [deg]
0..-10 0.1 1 2 5 7 0.5 1 2 5 7
0.2 1 2 5 7 1.0 1 2 5 7
0.5 1 2 5 5 3.0 1 2 5 5
1.0 1 2 3 5 5.0 1 2 3 5
0...-20 0.1 2 3 5 7 0.5 1 3 7 7
0.2 1 2 5 7 1.0 1 2 5 7
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7
0...-30 0.1 2 3 7 9 0.5 2 3 7 9
0.2 1 3 5 7 1.0 1 3 7 7
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7
0...-40 0.1 2 3 7 9 0.5 2 3 7 9
0.2 2 3 7 9 1.0 1 3 7 9
0.5 1 3 7 7 3.0 1 3 7 7
1.0 1 3 5 7 5.0 1 2 5 7
Table 5: The required truncation numbers for a prefihy = 0.1.
Amplitude Phase
qrange €max, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7 | Onax, rlro=8.5 | rlrg=3.8 | rlrg=2.4 | rlro= 1.7
[dB] [dB] [deg.]
0..-10 0.1 1 2 5 7 0.5 1 2 5 7
0.2 1 2 5 5 1.0 1 2 5 5
0.5 1 1 3 5 3.0 1 1 3 5
1.0 1 1 3 5 5.0 1 1 3 5
0...-20 0.1 1 2 5 7 0.5 1 2 5 7
0.2 1 2 5 7 1.0 1 2 5 7
0.5 1 2 5 5 3.0 1 2 3 7
1.0 1 2 3 5 5.0 1 2 3 5
0...-30 0.1 1 3 5 7 0.5 1 2 5 7
0.2 1 2 5 7 1.0 1 2 5 7
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7
0...-40 0.1 2 3 7 9 0.5 1 3 7 9
0.2 1 3 5 7 1.0 1 3 7 9
0.5 1 2 5 7 3.0 1 2 5 7
1.0 1 2 5 7 5.0 1 2 5 7




