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Abstract—This overview paper, included in the convened
session “Fast, low-invasive visualization of EM-Very-Near Field
distributions around wireless communication/sensing devices:
from anechoic chamber to microscope”, revises the
reconstruction techniques used in antenna design and antenna
measurements. Among them, the two classical approaches are
presented: holographic techniques and equivalent currents,
showing later some applications and examples. These techniques
are very powerful tools for being able to afford the design of
very large antennas and for the reduction of uncertainty in some
antenna measurement problems.

Index  Terms—antenna  measurements, holographic
techniques, equivalent currents, source reconstruction.

L INTRODUCTION

The reconstruction of the electromagnetic (EM) equivalent
currents are one of the most powerful low-invasive
visualization of the -electromagnetic very near field
distribution. This paper presents the two more classical
techniques: the equivalent currents (EQC) and the holography
used for this objective. The algorithm used for the equivalent
currents’ reconstruction uses the Love’s Equivalence
Principle and can be found in [1]. In this way, from the
measurement of two tangential components of the electric
field on a surface around the antenna under test (AUT) (e.g.
typically, but not limited to, a spherical near field acquisition)
the electric and magnetic currents on a very near field volume
enclosing our AUT can be calculated. This is the principle
employed in the software Insight [2], from MVG, that will be
used for the examples shown in this paper.

The second technique is called in the literature backward
transformation or holographic technique, and it is the most
employed in antenna diagnostic technique due to its
mathematical simplicity and low processing time, since it uses
the Fourier Transform for the calculation of the
electromagnetic sources from the electric or magnetic field.
Holographic technique is based on the direct relationship
between the field acquired in the forward hemisphere of the
far-field region and the visible portion of the Plane Wave
Spectrum (PWS). Then, the field distribution over the AUT
plane is calculated performing a Fourier transform to the PWS
[3]. The main advantage of this technique is that it allows to
calculate directly the sources from the radiated far field (or
even easier from a planar near field acquisition). However, in
principle, the main limitation is that the resolution is limited

to half wavelength (although there are some methods to
improve this limit). Another limitation is that this method is
appropriate for directive array or aperture antennas, where the
currents can be calculated.

The use of these techniques has been extensively used in
antenna design. However, the increase in the capability of
computers allows to combine these techniques with some
post-processing algorithms to improve the results of the
antenna characterization or to afford design of very large
antennas combining simulation and measurements. These
applications can be summarized in antenna diagnostics,
cancellation of spurious signals (echoes or leakage), filtering
of some elements of the antenna measurement set-up, near to
far field transformation, increase of the signal to noise ratio,
extrapolation of the radiation pattern, or the combination of
simulations and measurements to be able to simulate, for
instance, the effect of the antennas integrated in large and
complex structures for automotive, defense or space
applications [4].

This paper is divided into the following sections: section
IT shows the theory of the equivalent currents’ technique,
section III the basic theory of holographic techniques, and
section IV some examples of application of these techniques
for the visualization of the electromagnetic fields and its
application. Finally, section V concludes the paper.

II.  SOURCE RECONSTRUCTION USING EQC TECHNIQUE

The source reconstruction technique using equivalent
currents (EQC) consists in the calculation of the electric and
magnetic currents distribution that represent the radiation of
one antenna and radiate the same electric and magnetic field
outside the AUT. The explanation of the method can be found
in [4], where also the uniqueness of the solution is
demonstrated. A summary is here explained.

The AUT includes all the conductors and dielectrics and
radiates a specific electric and magnetic field (E, H) outside
the surface surrounding it. According to the Love’s
Equivalence Principle, if the AUT is replaced by a surface
enclosing the antenna, and we force a null EM field inside this
surface, not only the radiated field for both structures is the
same, but we can perform diagnostic, since there is uniqueness
of the solution, with the currents proportional to the field in
the surface of the geometry. Another advantage of the zero-
field inside, is that we can place objects inside the Huygens



box to increase the accuracy of some specific computations.
Therefore, it is possible to calculate these fields from the
radiated field of the AUT, having the same electromagnetic
solution.

II.  SOURCE RECONSTRUCTION USING HOLOGRAPHIC
TECHNIQUES

Source reconstruction using holographic techniques is also
called in the literature backward transformation. This has
been the most employed in antenna diagnostic technique due
to its low processing time. Holography is based on the direct
relationship between the field acquired in the forward
hemisphere of the far-field region and the visible portion of
the Plane Wave Spectrum, (PWS) [3], being able to calculate
the sources on the AUT plane through the FFT. This
technique has been widely applied to different EM problems,
and it is particularly useful for large array antennas or
aperture antennas as reflectors [5], [6]. The relation between
field on the aperture and PWS (Eq.1) is shown in [7], and can
be calculated using a two-dimensional FFT.
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where P(k.,k,) represents the plane wave spectrum and (k,k,)
is the components of wave number in x and y.

The main advantage of the holographic technique is that
it can be used from the far field, since there is a direct relation
between the far field and the plane wave spectrum. Fig. 1
shows an example of application: the diagnosis of a 4x5 array
antenna. It can be observed that there are 4 elements with
several problems, being difficult to detect with the radiation
pattern. Also, since FFT is computationally very efficient,
although it requires samples distributed on a regular grid in
both domains: the samples of the extreme near-field are
obtained on a regular x-y grid, and the PWS samples must be
known on a regular k.-k, grid. When the algorithm uses the
far field information, the samples use to be calculated on a
regular &¢  grid, and therefore, a two dimensions
interpolation is required to calculate the samples in the
required grid. This solution introduces an interpolation error
that must be considered, but it does not require a great
computational cost.

Fig. 1. Example of application of holographic techniques: diagnosis of an
array antenna.

The application of the holographic technique to planar near
field measurements is also direct since the PWS is obtained
performing an inverse Fourier transform of the measured
samples (although the probe correction should be applied).
Since this PWS is referred to the measurement plane, a
backpropagation to the antenna aperture plane is used to
determine the appropriate PWS (Eq.2), and then, the currents
on the antenna aperture are obtained through a Fourier
transformation of the PWS, Where d is the separation
between the AUT and the planar scanner.

ﬁ(kxak}’)zﬁ(kx’kyazzd)ejk;d (2)

Since the PNF measurement uses to be performed at few
wavelengths from the AUT, the contributions coming from
the evanescent modes are negligible. Therefore, there is no
information about the PWS in the invisible region, as in the
far-field case, and the maximum spatial resolution is half a
wavelength. In fact, in the case of the planar acquisition, since
the PWS is only reliable in a reduced angular range,
depending on the geometry of the measurement system, AUT
and position of it in the planar system, the spatial resolution
is lower than half wavelength.

In the case of spherical near field acquisitions, Cappellin
in 2007 [10] proposed the use of a direct transformation
between spherical modes and plane wave spectrum as the
basis of a diagnostic technique for spherical near field
measurements and, therefore, without losing the spatial
resolution. This is obtained since the information of the
invisible region is used in this process.

As it was mentioned previously, the main limitation of the
holographic techniques is the maximum resolution, since it is
limited to half wavelength, since it is only valid the
information in the visible range. However, some methods to
extrapolate the plane wave spectrum, out of this visible
region, using the information of the geometry of the AUT
have been implemented. The Gerchberg-Papoulis algorithm
was extended to the EM problems by Rahmat-Samii [8].
Another example of application of this algorithm, using
information of the position, orientation and dimension of the
slots in a radial line slot antennas was proposed in [9]. In this
case (Fig. 2), the currents on the slots could be reconstructed
with a separation of a quarter wavelength.
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Fig. 2. Example of application of Gerchberg-Papoulis algorithm in the
reconstruction of slot currents in a radial line slot antenna.



IV. APPLICATIONS OF THE SOURCE RECONSTRUCTION TO
ANTENNA DESIGN AND MEASUREMENT

Sections II and III have explained the two most used
techniques for reconstructing the currents on the antenna
aperture or on a surface enclosing the antenna. The main
application is for antenna diagnosis, as is shown in the
previous section. However, this information can be exploited
to other uses, at is explained in Fig. 3, both to help in the
antenna design, to improve the quality of the antenna
measurements or even to afford the characterization or
complex antennas or antennas integrated in the environment.
This section explains some of the applications of the source
reconstruction.
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Fig. 3. Some Applications of the Equivalent Currents in Antenna Design
and Measurement.

A. Echo supression and spatial filtering

The echoes in antenna measurements are difficult to
cancel, especially in outdoor or in low frequency systems.
During the last years, different techniques using spherical or
cylindrical modes have been studied. Also, the use of
equivalent currents has been exploited, both using
holographic techniques and the calculation of the currents on
a surface enclosing the AUT. Any of these techniques can
remove the unwanted contributions, that significantly modify
the actual antenna properties, producing mainly some ripples
in the radiation pattern.

The method explained in this section uses the source
reconstruction on a large plane using the holographic
techniques and the image theory. If the AUT is on a ground
plane, the electromagnetic problem, applying the image
theory can be replaced by the AUT and its image. If now, we
calculate the equivalent currents on a surface enclosing the
AUT and extending this surface to include also the image, we
can obtain not only the currents associated to the AUT but
also the ones associated to the reflected rays. Filtering out the
currents associated to the image, the effect of the echoes in
the radiation pattern can be removed. Since the dimension of

the reconstruction surface depends on the step in the plane
wave spectrum, an interpolation should be carried out to be
able to filter out the spurious samples.

Fig. 4 shows an experiment performed at UPM planar field
system. An antenna horn is measured with a large ground
plane to create the undesired echo. The holographic technique
is applied and both AUT and its image are located. The image
is filtered out, and the radiation pattern can be recalculated.
Fig. 5 compares the reference pattern with the unfiltered and
the filtered one, showing excellent agreement. The main
advantage of this system is that only one frequency is
measured, with a conventional vector network analyzer. The
main disadvantage is that the echoes can only be cancelled if
the echo is in the same relative position respect the AUT: for
example, this happens in planar systems, in cylindrical
systems in the z-axis and in multiprobe spherical systems in
the multiprobe axis. Also, this technique is valid for aperture
antennas as horns, reflectors and array antennas.

Fig. 4. Experiment in UPM planar near field system: measurement of a Ku
band antenna and source reconstruction

Fig. 5. Comparison of measured, reference and filtered radiation
pattern.

B. Extrapolation of the radiation pattern

The use of holographic techniques together with
iterative methods based on Gerchberg-Papoulis algorithms
[12],[13] can be used to extrapolate the radiation pattern.
This method is applied by Martini et al. [14] to planar near
field measurements. Once a measurement is done in a
plane, the plane wave spectrum can be calculated, and it
can be assumed that the measurement is valid in a certain
region in uv domain, that depends on the geometry of the
AUT and antenna measurement system. If the surface
where the AUT currents are located is known, this
information can be used to consider that the currents out of
this area is null. Iterating to both domains (plane wave
spectrum and AUT surfaces) using holographic techniques
and using the information of the PWS in the valid
measured region and the currents on the AUT, the
radiation pattern can be extrapolated to one hemisphere.
Cano et al. extended this algorithm to cylindrical and
spherical acquisitions in [15]. Fig. 6 shows the results for
a 14 GHz ku-band reflector antenna measured in the UPM



cylindrical range with a validity angle of 25 degrees. It is
observed, in red, that the radiation pattern out of the valid
region is clearly disturbed, while, applying the Gerchberg-
Papoulis algorithm, the pattern can be extrapolated to the
hemisphere. Again, the main drawback of this technique is
that it is valid if the currents on the AUT are well defined.
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Fig. 6. Experiment of the extrapolation of the radiation pattern at UPM
cylindrical near field system.

C. NF/FF and NF/NF Transformations

The EQC technique is a powerful tool to perform arbitrary
field transformations, such as near-field-to-near-field
(NF/NF) and near-field to far-field (NF/FF). Like the
conventional field transformation based on the Spherical
Wave Expansion (SWE) of the field [16], from the computed
EQC the field can be evaluated everywhere outside the
reconstruction geometry. The main advantage of the EQC
technique over the SWE is the possibility to compute the field
at much closer distances, since there are no constraints due to
the minimum sphere of the AUT [16]. Moreover, as shown in
[17], the EQC is usually more robust again errors due to the
truncation of the scanning area, resulting in more accurate
field computations in case of partial spherical near field
(SNF) acquisitions.

An interesting application of the NF/NF transformation
based on the EQC is the calculation of the Power Density
(PD) from SNF scanning [18]. Specific PD measurements are
needed to verify compliance of the EM field emission of
modern mobile terminals. Typical PD testing are based on
robotic arms or planar scanners, where a probe is used to
measure EM field at the required distances. Such operations
can be very time consuming especially with modern 5G
devices, where many antenna configurations and services
must be tested. The measurement technique proposed in [18]
is instead based on fast SNF measurement of the DUT
combined with the calculation of the EQC around the device,
followed by the computation of the field in the planes of
interest, and finally the evaluation of the PD.

The example reported in Fig. 7, is relative to a quad-ridge
horn (the QR18000 by MVG) measured at 10GHz in the
StarLab multi-probe system by MVG, which allows for fast
and accurate SNF scanning. The EQC computed with the
MVG-INSIGHT tool, are shown on the right side of Fig. 7.

From the EQC, the EM fields on cut planes parallel to the
direction of propagation, at several distances from the
aperture, are computed. The spatial-averaged PD (sPD) are
then computed considering 1cm? and 4cm? integration areas.
Fig. 8 compares the peak of the sPD computed from the
measurement and from a high-fidelity full-wave simulation
of the same antenna. As can be seen, the agreement between
predictions and measurement is excellent at each distance
from the antenna.
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Fig. 7. QR18000 during measurement in the StarLab (left). EQC at 10GHz
computed from the SNF measurement of the antenna (right)
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Fig. 8. Comparison between measured and simulated peak sPD at 10GHz.

D. Combination of Measurements and Simulation in
Antenna System Design and Validation

The availability of the EQC from measurements allows
the evaluation of the behavior of the measured antennas in the
final operational environment [19]. This can be done by
following the workflow shown in Fig. 9. From the
measurement of the AUT, the EQC are computed on a so-
called Huygens’ box which is then imported in Computation
EM (CEM) tool to evaluate the performances of the antenna
in complex structures such as vehicles, aircraft, satellites,
ships etc. The accuracy of the antenna representation
significantly enhances the reliability of the results with
respect to scenarios in which both the source antenna and the
complex structure are fully simulated. It should also be noted
that in many cases, the antennas come from a third party, that
could be reluctant to share property information of the
antenna. In such cases, the Huygens’ box approach could be
the only solution to share information between different
teams. This approach has indeed recently gained significant
attention because of its versability and effectiveness. The
possibility to accurately predict the antenna performances in
the final system already in the preliminary stages of the
development allows to significantly reduce the development
costs, and the time-to-marked of a product [19]-[22].
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Fig. 9. Application of the equivalence theorem to the calculation of the
radiated field of one antenna in a complex environment.

The combination of measurements and simulations with
the EQC technique has been validated in many scenarios and
different applicative examples have been reported in literature
[19]-[22]. An accurate representation of the source antenna is
paramount, and particular attention must be paid depending
on the final application. For example, it has been shown that,
in case of flush mounted antennas, it is recommended to
measure the antenna with a representative ground plane, to
properly enforce the local boundary condition [20]. This
allows for accurate antenna placement analysis, for example
in automotive scenarios.

Other interesting and very promising applications of the
Huygens’ box approach are the evaluation of the coupling
between antennas installed in complex structures [21], and the
evaluation of the Specific Absorption Rate (SAR) of mobile
terminals from SNF measurements [22]. The so-called non-
invasive SAR measurements are based on the SNF acquisition
of the smartphone, the computation of the Huygens’s box and
the final evaluation of the SAR with a CEM tool where
realistic human beings or phantoms are accurately modelled.
Like the PD measurements, the main advantage of this
approach over the conventional (invasive) SAR technique
based on the actual scan of a phantom-liquid fed by the
smartphone, is the possibility to significantly speed up the
testing time.

V. CONCLUSIONS

This overview paper has revised the source reconstruction
techniques as one of the most common low-invasive
visualization of electromagnetic near field distributions. Two
different techniques have been shown, and different
examples of application, for the diagnosis in the antenna
design process, for improving the quality of the
measurement, or to be able to characterize complex antenna
systems have been shown, with several examples.

REFERENCES

[1] J. Araque and G. Vecchi. Improved-Accuracy Source Reconstruction
on Arbitrary 3-D Surfaces. Antennas and Wireless Propagation Letters,
IEEE, 8:1046-1049, 2009.

[2] INSIGHT Microwave Vision Group webpage: http:/www.mvg-
world.com/en/products/field_product_family/antenna-measurement-
2/insight

[3] H. G. Booker, P. C. Clemmow, "The concept of an angular spectrum

of plane waves and its relation to that of polar diagram and aperture
distribution," Proc. Inst. Elec. Eng., vol. 97, no. 1, pp. 11-16, Jan. 1950.

(4]

[3]

(6]

(7]

(8]

(91

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

[20]

[21]

[22]

M. Sierra Castafer, Lars J. Foged. “Post-processing techniques in
Antenna Measurements”. Scitech Publishing (IET). 2019. ISBN:
9781785615375.

O. M. Bucci, M. D. Migliore, G. Panariello, and M. Sgambato,
"Accurate diagnosis of conformal arrays from near-field data using the
matrix method," IEEE Trans. Antennas Propag., vol. 53, no. 3, pp.
1114-1120, Mar. 2005.

D. Sanchez, M. Baquero, V. M. Rodrigo, and B. Bernardo, "Currents
reconstruction using a modal expansion of near-field measurements for
synthesis error detection," Microwave and optical technology letters,
vol. 49, no. 8, pp. 2043-2047, Aug. 2007.

A. D. Yaghjian, "An overview of near-field antenna measurements,"
IEEE Trans. Antennas Propagat., vol. AP-34, no. 1, pp. 30-44, Jan.
1986.

Rahmat-Samii, "Surface diagnosis of large reflector antennas using
microwave holographic technique: an iterative approach," Radio
Science, vol. 19, no. 5, pp. 1205-1217, 1984.

M. Sano, M. Sierra-Castaner, T. Salmeron-Ruiz, J. Hirokawa, M.
Ando. “Reconstruction of the Field Distribution on Slot Array
Antennas Using the Gerchberg—Papoulis Algorithm”. IEEE
Transactions on Antennas and Propagation, Volume: 63, Issue: 8. Pp.
3441 —3451. August 2015.

C. Capellin, O. Breinbjerg, and A. Frandsen, "Properties of the
transformation from the spherical wave expansion to the plane wave
expansion," Radio Science, vol. 43, Jul. 2007.

F.J. Cano-Facila, S. Burgos, F. Martin, and M. Sierra-Castaiier, “New
Reflection Suppression Method in Antenna Measurement Systems
Based on Diagnostic Techniques”, IEEE Transactions on Antennas and
Propagation. Volume 59, Number 3, pp. 941-949, March 2011.

R. W. Gerchberg, "Super-resolution through error energy reduction,"
Optica Acta, vol. 21, no. 9, pp. 709-720, May 1974.

A. Papoulis, "A new algorithm in spectral analysis and band-limited
extrapolation," IEEE Trans. Circuits Systs., vol. 22, no. 9, pp. 735-742,
Sep. 1975.

E. Martini, O. Breinbjerg, and S. Maci, "Reduction of truncation errors
in planar near-field aperture antenna measurements," IEEE Trans.
Antennas Propagat., vol. 56, no. 11, pp. 3485-3493, Nov 2008.

F.J. Cano-Facila, S. Pivnenko, M. Sierra-Castafier, “Reduction of
Truncation Errors in Planar, Cylindrical, and Partial Spherical Near-
Field Antenna Measurements”, International Journal of Antennas and
Propagation Volume 2012, Article ID 438727.

IEEE Std 1720-2012 “Recommended Practice for Near-Field Antenna
Measurements”

F. Saccardi, F. Rossi, L. Scialacqua, L. J. Foged, “Truncation Error
Mitigation in Free-Space Automotive Partial Spherical Near Field
Measurements”, AMTA 2017, 15-20 October, Atlanta, GA, USA

F. Mioc, L. Scialacqua, A. Scannavini, S. Anwar and L. J. Foged,
"Power Density Evaluation of Simulated and Measured Data Based on
Equivalent Currents Method," EuCAP 2021, Dusseldorf, Germany

L. J. Foged, L. Scialacqua, F. Saccardi, F. Mioc, D. Tallini, E. Leroux,
U. Becker, J. L. Araque Quijano, G. Vecchi, “Bringing Numerical
Simulation and Antenna Measurements Together”, IEEE Antennas and
Propagation Society International Symposium, July 6-11, 2014.

L. Scialacqua, L. J. Foged, F. Saccardi and F. Mioc, "Measured antenna
representation of flush mounted antennas for Computational
Electromagnetic solvers," 2016 10th European Conference on
Antennas and Propagation (EuCAP), Davos, Switzerland, 2016,

L. J. Foged, L. Scialac[21]qua, G. Venturini, M. Schoeman, D. Le
Roux and C. J. Reddy, "Antenna Coupling Evaluation in Arrays and
Complex Structures Using Measured Sources and
Simulations," EuCAP 2024, Glasgow, United Kingdom,

Shoaib Anwar et al. “Pre-compliance Specific Absorption Rate (SAR)
evaluation of a smart phone using Near-field Over The Air (OTA)
measurements and advanced postprocessing Link approach” AMTA
2024, Cincinnati OH, US, October 27 — November 1, 2024



