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Abstract. The radiation of large antennas and those oper-radiating structure itself and relate the currents to the near-
ating at low frequencies can be determined efficiently byfield values using an electric field integral equation. Another
near-field measurement techniques and a subsequent neapproach, implemented in various commercial tools, is based
field far-field transformation. Various approaches and algo-on eigenmode expansionsldnsen 1988 Kerns 1981 of
rithms have been researched but for electrically large antenthe radiated AUT fields. The AUT fields are expanded in the
nas and irregular measurement contours advanced algorithnesgenmodes of the employed measurement contour, namely
with low computation complexity are required. In this paper plane waves for Cartesian grids, and cylindrical and spherical
an algorithm employing plane waves as equivalent sourcesvaves for cylindrical and spherical measurement contours.
and utilising efficient diagonal translation operators is pre-The orthogonality relations of the eigenmodes are used to re-
sented. The efficiency is further enhanced using simple fariate the wave amplitudes to the measured near-field values. A
field translations in combination with the expensive near-detailed description of the different techniques is beyond the
field translations. In this way a low complexity near-field scope of this paper and an overview can be foundaighjian
transformation is achieved, which works for arbitrary sample (1986.
point distributions and incorporates a full probe correction
without increasing the complexity. The algorithm presented in this paper works with plane
waves as equivalent sources, which are assumed for all di-
rections on the Ewald spher&chmidt et al. 2008. One
of the main advantages are the diagonal translation opera-
tors known from fast multipole methods (FMME¢ifman
Far-field antenna radiation pattern measurements of electriS! & 1993 Chew et al, 2009, which are used to translg’Fe
cally large antennas or antennas at low operating frequen_t-he plan_e waves from the AUT to the field pr_obe position
cies are often complicated due to the large far-field distance!” @" eff|c_|ent way, Where all waves are superimposed. .US'
g a multilevel grouping scheme of the measurement points

Near-field measurements can be performed in indoor tesS hmidt and Eibert2008. t lati ied out t
ranges of limited size and efficient near-field far-field trans- chmidt and £iver §, translations are carried out to

formation algorithms are known, which compute the desiredthe f’?’bx Eentres on the h'gkljetSt Ievzl Ot?]ly and the pIanei wgvcte
radiation characteristic of the antenna under test (AUT) with¢ont! utljc_ms are pr?_cesse d ovl/ar SI t'e meas uremeghpowt; S
high accuracy. Thereby the radiation behaviour of the AUT jsUsSINg a disaggregation and anterpoiation scheme. ereby

modelled by equivalent sources. Various types of equivalenf;‘ completxny_oth(N Iong)’hl.V be(;nthrr]]e nulr<nber of mea-
sources are feasible resulting in different near-field transfor->tUrement points can be achieved. € unknown wave am-

mation algorithms all having their own benefits and draw- plitudes are obtained in an inverse process. In this paper a

backs. Popular approaches are equivalent current metho brid approach is presented, which combines the efficient

(Sarkar and Taaghol999, which are well suited for irreg- ar-field translations with the standard, more expensive near-

ular and non-closed measurement grids as well as near-fielfield translations. Far-field translations can be utilised for

samples close to the AUT. These methods assume an equi\?_weasurement points fulfilling the far-field condition. The far-
alent current distribution either on a fictitious surface or the ield criterion can be relaxe_d by subdividing the AUT |r) Sev
eral source boxes each with a decreased far-field distance.

) This approach is not based on the evaluation of orthogonal
Correspondence toC. H. Schmidt basis functions and is thus able to deal with arbitrary and
BY (schmidt@ihf.uni-stuttgart.de) also irregular sample point distributions.
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box centre level n+1 Chew et al, 2003, and
YT~ A vpoliFFPol1
-~ Pk, ry) = 2
AUT TL - = (k. 731 <VP0I2FFPOI2> @

- - I'box "-.. n . . . . . . .
-~ Fu™. ~ boOX centre is the probe correction coefficient, which is used to weight
- "4 leveln the incident plane waves at the field probe prior to superpo-

Te~o P sition. Due to the far-field characteristic of the plane waves
T~~~ used as equivalent sources, the probe correction coefficient is
direct translation [T~ < _ simply the far-field characteristic of the probe FF multiplied
rvation point P = with the antenna factor converting the measured electric

field to the probe output voltage.
In the approach presented so far translations are carried
Fig. 1. Multilevel approach with disaggregation and anterpolation. OUt to every measurement point explicitly, which becomes
numerically intensive for large antennas and a high number
of measurement points. A multilevel version of the algorithm
For practical measurements electric near-field values caffSchmidt and Eiber2008), related to the multilevel fast mul-
be measured indirectly via the output voltage of a field probetipole method (MLFMM) Chew et al. 200]), organises the
only. The finite geometric extent and the receiving char-measurement scenario in a multilevel box structure, where
acteristic of the probe have a more or less strong impactranslations are carried out to the box centres on the highest
on the measurement results, depending on the order of thievel N only, resulting in the spectrum
probe. Therefore it is necessary to consider and compen-_;,, A AN o~ on
sate this influence in the near-field transformation to obtaind x ) = 7r(k. 7o) (I - kk) ~J (k) ®)
accurate transformation results. This is called probe correc-
tion. For the well-known spherical multipole techniques dif-
ferent probe correction algorithms are available dependln%‘]ln ) = Dl,l (k. r (I_— ,2,2) ) fifﬁ(l@) (4)
on the order of the probe and also the desired accuracy
full correction of arbitrary probes becomes time consumingare processed through the different levels towards the mea-
since either long transformation or measurement times argurement points recursively using a disaggregation and an-
required. In the presented approach a full probe correctionterpolation procedure as illustrated in Fig.
similar to the classical plane wave approaches, is already in- Disaggregation is a simple phase shift from the box cen-
cluded without increasing the complexity of the algorithm.  tre on the higher level to the box centre on the lower level
In Sect.2 the multilevel near-field transformation algo- and finally the measurement points. Anterpolation is the ad-
rithm based on plane wave expansion and diagonal translgeint operation to interpolation and reduces the sampling rate
tion operators is described. SectiBintroduces the hybrid (Schmidt and Eibert2008 Chew et al, 2001). This is pos-
approach utilising combined near- and far-field translations sible since the spectral content of the plane wave spectrum
Section4 shows a performance evaluation of the presenteds proportional to the box size on a given level. This reduces
method together with some results and SBconcludes the  the complexity of the algorithm fro(N?2) to O(N log N),
paper. N being the number of measurement points. The phase shift

and the anterpolation dyad, (k) are combined in

at theiy-th box. The plane waves

2 Multilevel near-field far-field transformation Din(k, riny =V, (k)e” irik (5)

Arrived on the lowest level, the final phase shift from the

box centre on the lowest level to the measurement point is
performed and also the probe correction is carried out for
a minimum number of plane wave samples, resulting in the

The near-field transformation algorithm presented in this pa-
per utilises plane waveg (k) on the entire Ewald sphere as
equivalent sources. The output voltagelimidt et al.2008

U(ry) = _]_@TLU{ AP F ) - (I kk) probe output voltage
Jkyak? @ U =-i- Y wike 3k PGk, rag)
k
of the field probe measuring the radiated AUT field dis- (I kl%) fgo(lé). ©)

tribution is obtained by translating the plane waves to the

field probe positiorr,,, where they are superimposed in a The integrals are evaluated numerically using Gauss-
weighted mannerw is the angular frequencyy (k, 7y ) is Legendre quadraturéAbramowitz and Steguynl972 with

the diagonal FMM translation operat@difman et al. 1993 the weightsw k).
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Fig. 2. Near-field and far-field translation ranges.

Electrically large antennas require a huge number of plane AUT
wave samples and so iterative solver techniques like the gen-  source group 1 source group i
eralised minimum residual method (GMRESa@d 2003 \‘ . Probe
are employed to solve the normal equation on the fly. On ~ - FF translations

the fly means, the probe output voltages are computed from
a given set of plane waves for the forward operator without
forming a coupling matrix explicitly. The adjoint operator is

— —
applied to the result of the forward operator in order to solve i border box
the normal system of equations. -] f
\ . centre box
source group j

3 Hybrid approach

For the derivation of the near-field transformation algorithm Fig. 3. Source box grouping and far-field translations.
presented in the previous section, a multipole expansion and
a subsequent plane wave expansion have been applied. In

: ._not fulfilled for a near-field measurement and only for some
order for the plane wave representation to converge, the min-

. . measurement points at the border of a planar scan surface for
imum spheres enclosing AUT and probe must not overlap. i ) ; .

For any larger distance the diagonal FMM translation Oper_exam_plle, far-ﬁelld translauo.ns m|_ght be appllcable. In <_erer
ators can be applied to translate the plane waves to the fieIEJ0 faq|l!tate far-f|elq translations, it is possible to recursively
probe position. These operators work with a complete set 0 ubdivide the AUT in smaller source boxes, each of them ful-

plane waves and the translations are referred to as near-fiell Img Eq. (7). The dlﬁeren_t translation ranges for_nea_lr- and
ar-field translations resulting thereby are shown in Rig.

translations. For measurement points with a distance larger . )
' . P 9 Each source box contributes with a plane wave to the to-
than the far-field distance . o
tal probe voltage at a measurement pait resulting in a
7(0.87d) artial voltage
far = ———— (7 P g .
A O e_Jk(rM_er) N _ ~ A~
from the AUT, it is possible to use efficient far-field transla- Usp(ru) = -] A7 ry —rep Pk.ry) - (I - koko)
tions Chew et al. 2002, which require the translation of a = A
) : L -J (ko) , (8)
single plane wave in the direction towards the measurement
point only. d is the side length of the minimum box enclos- with rg, the source box centre. Therefore a separate set of

ing the AUT. Nevertheless the far-field condition is normally plane waves is assumed in every border box (see Fjig.
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Fig. 5. Flow chart hybrid forward operator.

Fig. 4. Flow chart near-field transformation.

known equivalent sources. Otherwise further iterations are
I;i)erformed.

To emphasise the novel hybrid approach, the forward op-
erator is described in the flow chart in Figin detail. The
reen boxes show steps of the hybrid approach while blue
oxes belong to the standard approach. The formulation
starts at the lowest level with the highest number of source
_ _ o boxes. Far-field translations to the measurement points ful-
Uiw) Xl: Usti(ra, ko) ®) filling the far-field criterion for the source boxes on the given
level are performed first. For every measurement point the
is obtained as superposition of all source box contributions. highest level for which far-field translations may be used is
A typical near-field measurement with subsequent neardetermined in the pre-processing step and translations are
field transformation is described in the flow chart in Fg.  preferably carried out on the highest possible leWaoulis
First the near-field measurement is carried out for two (usu-and Eibert2005, since the overall number of translations is
ally orthogonal) field polarisations. In the second step thesmaller for a lower number of source boxes. In the next step
measurement setup is pre-processed, e.g. the multilevel bake plane wave spectra of the boxes on the given level are
structure is established and translation and disaggregatiomterpolated to the sampling rate on the next higher level and
operators are pre-computed for an efficient computation ofaggregated to the centre of the parent box. This is done recur-
the forward operator. The desired amplitudes of the equivasively until arrived on the highest level, where only one box
lent sources are determined by the iterative GMRES solverremains enclosing the complete AUT. The plane wave sam-
The matrix-vector-products to determine the base of theples of this spectrum are used as equivalent sources in the
Krylov subspace are carried out on the fly by applying thestandard approach and they are used to carry out the near-
adjoint operator to the result of the forward operator. After field translations in the conventional way, for measurement
each iteration the stop criterion is checked and if the desiregoints not fulfilling the far-field condition with the given
residuum is reached field values can be computed from th@umber of source box levels. For an increasing number of

as equivalent sources and the plane wave in the directio
ko= (ryr—rsp) / Irm—rspl is interpolated. Since it is suffi-
cient to have equivalent sources enclosing the AUT it is not
required to have additional sources in the centre boxes. Th
total probe output voltage

Adv. Radio Sci., 7, 1722, 2009 www.adv-radio-sci.net/7/17/2009/



C. H. Schmidt and T. F. Eibert: Hybrid near-field far-field transformation 21

NF translation
all levels

FF translation
level 1
NF translation
level 2

150

FF translation
all levels

180

FF translation

z
AUT y'\L, X level 2 210

Fig. 6. Planar setup for performance evaluation.

Table 1. Performance of different translation types. 570

FEKO reference

Translationtype  Time #NF points  # FF points NE trarsiations

NF 19.5s 22801 o | mm—————— NF/FF translations (1 level)
NF/FF (1 level) 8.0s 7377 15424 - -—:- NF/FF translations (2 levels)
NF/FF (2 levels) 6.0s 1597 15424/5780 = |=—m= =—= FF translations

FF 2.0s 0 22801

Fig. 7. Comparison of far-field patterns for different translation

source boxes, the computational effort for the far-field trans-yPes (horizontal cut).
lations is increasing and therefore the number of source box

levels has to be chosen carefully in order to find an optimal, Tapie1 and the time in the second column is given for a
combination of near- and far-field translations. single solver iteration. For the first hybrid transformation (1

The adjoint operator is determined in a similar way 1o the ey, NF translations have been used for the centre points of
forward operator utilising aggregation and interpolation asihe measurement plane and FF translations for the points at
adjoint operations to disaggregation and anterpolation.  he porders. Around two thirds of the measurement points are
treated with FF translations and the computation time could
be reduced significantly.

By comparing the times for NF translations only and FF

In this section the functionality and the performance of thetranslations only with the hybrid approach it becomes obvi-
presented hybrid near-field transformation algorithm shouldous, that the main part of the computation time is spent for
be shown. Therefore a simple near-field measurement sceNF translations. For the second hybrid transformation (2 lev-
nario is considered, which was obtained by the electromagels), a second source box level is introduced further decreas-
netic field simulator FEKO Hitp://www.feko.infg. Con-  ing the number of NF translations. The transformation time
sidered is a two-element Yagi-Uda antenna operating ats further decreasing, but it can be seen from the decrease
1.8 GHz. A large planar scan surface of 12 m times 12 m waof 2s compared to the first hybrid transformation, that FF
chosen allowing to investigate the different translation typestranslations with an increasing number of source boxes also
in a comfortable way. The principal measurement setup withincrease the transformation time. In Figsand8 the results
different translation ranges is shown in F&g. of the different transformations are shown together with the

In order to compare the performance of the different trans-FEKO reference far-field pattern in a horizontal and verti-
lation types, the measurement plane is chosen such that d@al cut. Due to the planar measurement surface, the far-field
is in far-field distance to the AUT. Two transformations, pattern is of course only valid in the forward hemisphere or
one utilising near-field (NF), the other utilising far-field (FF) slightly beyond. The results are all comparable to the refer-
translations only, have been carried out to get the minimumence solution showing no degradation of the transformation
and maximum transformation times. The results are showraccuracy by the hybrid approach.

4 Results and performance evaluation
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operators has been presented. The algorithm works with a
multilevel plane wave representation resulting in an overall
complexity of O(N log N), N being the number of measure-
ment points. Utilising very efficient far-field translations in
combination with the standard near-field translations, the ef-
ficiency is further enhanced. With a source box grouping
scheme, the required far-field condition can be achieved also
for larger antennas. The algorithm has a full probe correc-
tion included and is suited for electrically large antennas due
to the low complexity. No special requirements for the mea-
surement grid do apply and also irregular sample point dis-
tributions can be handled.
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