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Abstract—This paper presents a system for easing the char-
acterization of probe-fed antennas on available probe stations.
Many of these stations were deployed for scattering parameter
measurement but not for radiation pattern acquisition. Further-
more, these latter acquisitions have traditionally required the
use of mechanical positioners for the automated movement of
the probe antenna along different surfaces. Integration of these
mechanical systems can be complex in some probe stations due
to physical constraints. This work proposes an easy-to-deploy
freehand system for amplitude-only field acquisitions providing
great flexibility for probe-fed antenna diagnostics. In addition,
the use of feeding probes, which can be bulky if compared to
low-gain antennas is known to result in partial blocking avoiding
the acquisition of the radiation pattern for some angles and for
causing reflections yielding some ripple and distortion in the
measured pattern. The system benefits from a near-field to far-
field transformation based on the source reconstruction method
so that unwanted reflections can be spatially identified and
filtered out. Finally, broadband phaseless acquisition based on
interferometry is implemented. This technique enables to alleviate
the requirements of a full-vector (i.e., amplitude and phase)
acquisition without losing information regarding the time-domain
behavior and to retrieve all the frequencies simultaneously with-
out losing the coherence between them so that parameters such as
the delay spread can be measured. Simulated and experimental
results in the V-band from 57 to 66 GHz are analyzed to validate
the proposed system. Results are in fairly agreement with both
simulations and a direct far-field acquisition on a conventional
automated spherical system used as a reference.

Index Terms—probe-fed antenna, amplitude-only, antenna
measurement, broadband antennas, freehand system, noncon-
trolled environment, nonregular grids, phaseless.

I. INTRODUCTION
HE need for large bandwidth is moving communications
to higher frequencies, involving the subsequent high com-
paction of the antennas. This results in many antennas being
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embedded on the same chip working as transmitters and/or
receivers and yielding very compact devices. To characterize
these compact antennas, coplanar probes are typically used.
These probes enable a transition from the Vector Network
Analyzer (VNA) connection in terms of waveguides or coaxial
probes to coplanar (e.g., ground-signal-ground) waveguides.

Whereas the measurement of scattering parameters can be
very accurate with this instrumentation, the characterization of
radiation patterns becomes challenging due to: 1) the feeding
probe, which can partially block the radiation from the antenna
and distort the measurements [1]; 2) the positioner of the
probe antenna, which has to move over the Antenna Under
Test (AUT), avoiding physical contact with the feeding probe
and the rest of the instrumentation (e.g., frequency extension
modules, cables coming from the VNA, test bed, etc.); 3) the
use of full-acquisition schemes (e.g, vector measurements in
terms of amplitude and phase), which can be expensive and,
moreover, not accurate due to the phase shifting introduced by
cable flexing during the movement of the equipment [2].

In order to mitigate the effect of the feeding probe, the use of
custom probes has been encouraged, moving the main body far
away from the antenna [1], [3] to have a minor contribution of
the reflections. This is usually combined with post-processing
techniques (modal filtering [3], [4] and Sources Reconstruction
Method (SRM) [5]) to filter reflections from the elements
surrounding the AUT.

Regarding the setups, tailored canonical ranges have been
implemented [1], [3], [4], [6]. Finally, the use of phaseless
techniques involving iterative schemes has been accomplished
[7], though they are not appropriate for broadband antennas
as they work independently for each frequency.

This paper pursues to overcome the aforementioned prob-
lems in the case of probe-fed antenna measurement by using
a setup based on freehand acquisitions, which avoids the
use of mechanical positioners, together with a broadband
interferometric setup to enable the broadband retrieval of
the amplitude and phase from near-field (NF) amplitude-only
acquisitions. Finally, the retrieved amplitude and phase data is
used to estimate the equivalent currents on the surface of the
AUT and the feeding probe so the reflections coming from the
probe can be partially filtered out.

II. FREEHAND MEASUREMENT OF PROBE-FED ANTENNAS

The proposed system relies on three sequential steps. i) Use
of the freehand acquisition system to measure the NF radiated
by the AUT. This system can be easily deployed in the vast
majority of probe stations. ii) Phase retrieval of the measured
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Fig. 1: Freehand acquisition system for probe-fed antennas. Two interferomet-
ric circuits IC#1 (directional coupler, variable attenuator and reference cable)
and IC#2 (power combiner) are used.

NF by means of an interferometric technique [10]. And iii)
processing of the NF amplitude by means of the SRM [8] to
remove the contributions from the feeding probe.

A. Freehand field acquisition

In order to bypass the use of mechanical positioners, the
freehand technology presented in [9] is used. It consists of
tracking the probe antenna (i.e., the antenna acquiring the field
radiated by the probe-fed AUT), which is moved manually
over the AUT to measure the radiated NF (see Fig. 1). Tracking
of the measuring probe is accomplished through a motion cap-
ture system, comprising a set of at least four cameras together
with specialized tracking software, and markers attached to the
probe antenna. A PC is used to receive the camera data of the
tracking system as well to synchronize the VNA acquisition.

This approach is advantageous for measuring probe-fed
antennas as it can be easily deployed in most of the available
probe stations, even if they were intended to measure only
scattering parameters since the hand movements of the probe
antenna can be easily tailored to fit the available space.

B. Interferometry field acquisition

The time-domain interferometry in [10] is implemented to
perform the phaseless measurement. This enables to retrieve
coherent broadband data at each point using a single acquisi-
tion surface. The first interferometric circuit, IC#1 (see Fig. 1),
takes a sample of the RF source by means of a directional
coupler, which is attenuated to yield the field associated to the
reference branch E..¢. This field, which usually is close to a
narrow impulse, must be fully characterized before performing
the measurements. IC#2 combines this signal and the field
received from the AUT, E,, yielding the following hologram:

H(’F, w) = |Eaut(7?a w)"'Eref('Fa w)|2 = |Eaut(7?a w)|2+
|Eref<F’ w) |2 +Eaut(F7 ’LU) r*ef(ﬁ w) +E:ut(F7 w)ETEf(F7 w)v

where 7 is the position of the probe antenna, w denotes the
angular frequency, and * stands for complex conjugate. The
variable attenuator pursues to match the power from both
branches to avoid one masking the other. In our implementa-
tion the combination of both signals is accomplished through
a magic-T with a matched load in the 180°-shifted port.

The hologram H is modified by subtracting the squared
amplitude of the reference. Then, the so-called modified
hologram (Hy, (7, w) = H(7,w) — | Ewet(7, w)|?) is transformed
to the time-domain by means of an inverse Fourier Transform
(FT~1):
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wherein e, and er are the inverse FT of FE, and FEig,
respectively, and ® denotes the convolution operator.

Since eqs usually corresponds to a fixed delay through
components with weak frequency dispersion (i.e., reference
cable, attenuator, etc.), the corresponding signal in the time-
domain is close to an impulse. Consequently, the delay of this
impulse enables to avoid the overlap of the three terms in (2).
Due to that, the term e, (7, t) ® el(7, —t) can be filtered
by means of time-gating. In this work a Hamming window,
W (t), is used (see (3)), and the complex field Eieyieveq Can be
retrieved back in the frequency-domain (4). A detailed study
of the hologram, overlapping control and the filtering process
can be found in [10] for the case of using a radiated reference.

hmﬁltered(ﬁ t) = hm(F7 t) W (t) =~ eaut(":’a t) ® e:ef(Fa _t) (3)
FT{hmﬁltered(F7 t)} -

= ~ E.u s 4
Er (7, w) (™) (4

The time-gating process defined in (3) enables to filter
spurious contributions to the radiation pattern due to auxiliary
elements of the setup not overlapping with the original AUT
response (e.g., reflections in the walls, micro-positioner, etc.).

E retrieved (Fv w )

C. Far-field processing

After accomplishing the two previous steps, the NF acquired
at the measurement positions is available for all the frequencies
of the working band. To compute the FF the SRM [§]
was chosen as it is capable of working with non-uniformly
sampled domains. The SRM is based on the Electromagnetic
Equivalence Principle to retrieve an equivalent currents distri-
bution on a surface enclosing the antenna and the surrounding
structures, that radiate the same fields outside this surface
as the enclosed elements. If the number of NF acquisition
points is n and the grid is subdivided into m facets, then the
equivalent currents are found by solving (5) [8],

[ GJ GM :I |: ]‘\]4 :| = [Eretrieved} (5)

wherein J and M are m x 1 vectors containing the complex
values of the tangential components of the equivalent electric
and magnetic currents on each facet, Gy and Gy are n x
m matrices containing the evaluation of the Green’s function
relating the equivalent currents and their radiated fields at each
acquisition position, and Fieyieved 1S @ 1 X 1 vector containing
the complex field samples.

Once the currents are found, those not corresponding to
the AUT geometry are set to zero, so that only the currents
characterizing the AUT are used to compute the FF.

III. NUMERICAL EXAMPLE

A V-band 5 dBi gain bow-tie antenna has been simulated
together with a GSG feeding probe in HFSS for the validation
of the proposed technique. The bow-tie antenna has been
designed on a 0.1 mm thick silicon substrate (¢, = 11.9)
with dimensions 4 mm x 3.5 mm and a feeding coplanar line
of 6 mm. The feeding probe has been simulated, as shown
in Fig.2(a), considering an Infinity Probe from Cascade Mi-
crotech as the one employed for the experimental validation.
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Fig. 2: (a) V-band bow tie antenna with feeding probe. (b) Reconstructed
magnetic currents and filtered domain for the NF-FF transformation.
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Fig. 3: Bow-tie copolar component simulated main cuts. (a) E-plane (¢ = 0°),
(b) H-plane (¢ = 90°).
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The surface equivalent currents have been reconstructed by
means of the SRM considering the structure of the feeding
probe and the AUT as shown in Fig.2(b); then the radiation
pattern is computed from a spatially filtered domain taking
into account only the surface currents on the AUT (i.e. those
within the filtered domain highlighted in Fig. 2(b)).

Figure 3 shows the main cuts of the copolar component of
the radiation pattern computed from the filtered currents and
compared to the main cuts of a direct FF simulation of the
bow-tie in both situations considering and not considering the
feeding probe. The feeding probe introduces a ripple that has
more effect on the plane containing the feeding probe (E-plane,
¢ = 0°). The greater discrepancies are observed in said plane
around 6 = £90° due to the blockage of the feeding probe.
The filtering process allows to reduce those ripples and correct
the effect of the feeding probe.

IV. EXPERIMENTAL VALIDATION

The broadband integrated transmitter antenna for WiGig
communications in the V-band working from 57 to 66 GHz
consisting of a 1.1 mm square patch and a cavity, integrated
within a 12 mm square Ball Grid Array (BGA), presented in
[11] has been chosen for experimental validation.

The measurement setup is shown in Fig.4(a). The AUT is
oriented towards the floor so that the feeding pads (on the
opposite side of the patch) are at the top to reduce the blockage
of the feeding probe and the positioner. An ad hoc bracket has
been manufactured for installing four optical markers within
the measurement probe antenna and maximizing its visibility
in the freehand acquisition process as shown in Fig. 4(b). Four
tracking cameras are positioned in front of the AUT at two
different heights (not shown in the pictures).

The feeding probe is a Cascade Microtech infinity probe as
the one described in Section III and the rest of RF components
for the interferometry setup described in SectionII-B are: i) a
10 dB directional coupler model 561V-10/385; ii) a symmet-
rical hybrid T model 520V/385; iii) a variable attenuator with
a 25 dB range model 635V/385, from Mi-Wave Ltd.

Fig. 4: Measurement setup. (a) General view, (b) measurement-probe and
markers for the tracking system.

To guarantee the correct acquisition of the hologram in the
entire working bandwidth by means of freehand acquisitions,
the intermediate frequency (IF) filter and the VNA scan time
are set to the lowest possible level that provides enough dy-
namic range in the entire measurement domain. Conventional
processing algorithms assume that each frequency scan is
accomplished under static conditions, i.e., each frequency scan
is performed with the probe at the same position. In order to
validate that this condition is met, the position at the beginning
and at the end of the scan is compared. If the distance is
electrically large, then that measurement is discarded. In this
case, the distance threshold is set to 1 mm (~ A/5 at 60 GHz).
Thus, the operator must adapt the pace to ensure the VNA
performs a complete scan over an electrically small length
of the scanning path. It is worth noting that the scan time
can be reduced to tolerate faster speeds by increasing the IF
bandwidth at the expense of reducing the signal-to-noise ratio.

NF is measured on a 7 x 7 cm? plane placed 3.5 cm below
the AUT yielding a 25 — 30 dB drop of the field level at
the edges of the acquisition plane. To minimize oversampling
while fulfilling the Nyquist criterion, voxels of A/2 at 60 GHz
are considered, with a maximum of 5 samples per voxel [9].
A £5° limit on the measurement probe tilt is also set to make
sure its pattern and polarization remains stable. The above
parameters result in approximately 12000 spatial points. 1601
frequency samples were taken in the 50—70 GHz band to avoid
aliasing of the hologram [10]. The IF bandwidth was set to
100 kHz, yielding a sweep time of 23.24 ms. The acquisition
time for the complete measurement was 83 min.

The retrieved amplitude and phase at 60 GHz are shown
in Fig.5 compared to the measured amplitude and phase,
acquired for comparative purposes.

To quantify the quality of the phase retrieval, the metric
in (6) is computed for all the frequencies yielding an error
between 0.79% and 3% within the antenna working band.

| |Eaut - Eretrieved| |2
| ‘ Eaut | |2

Antennas with certain directivity (like this AUT) can be
characterized using only equivalent magnetic currents recon-
structed on a finite aperture plane (where the tangential electric
field level is significant on such plane), due to the application
of the Schelkunoff’s Equivalence Principle and Image Theory
[12]. The equivalent magnetic currents reconstructed from
FEretrievea are shown in Fig. 6. Next, the currents within the
filtered domain, encompassing the AUT, are used to calculate
the FF pattern.

error(%) = 100 (6)
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Fig. 5: Measured and retrieved E; component at 60 GHz. (a) Measured
amplitude, (b) retrieved amplitude, (c) measured phase, (d) retrieved phase.

The main cuts of the computed FF pattern at 60 GHz are
shown in Fig.7 (a) and (b) compared to the simulation and
a direct FF acquisition in a spherical measurement range [7]
with no post-processing. Given the size of the NF domain, the
AUT, and the distance between the AUT and the acquisition
plane, the FF angular margin is £45° [13]. The amplitude
error between simulations and measurements does not exceed
4 dB within that margin. Ripples from multiple reflections are
smoothed in both planes compared to the direct FF acquisition
results. In the H-plane, the phaseless results are closer to the
simulation results within the valid margin of the transformation
while in the E-plane, the blocking effect of the feeding-probe,
and thus the distortion of the pattern, is larger. The distortion
is partially compensated with the proposed method for § > 0°.

V. CONCLUSION

A phaseless acquisition system for broadband probe-fed
antennas based on freehand arbitrary near-field acquisitions
is presented. Freehand acquisition is based on an optical
tracking system that provides sub-mm accuracy. The phase
is retrieved at each spatial acquisition point coherently for all
the frequencies by means of an interferometric scheme. Next,
an SRM is employed to compute the equivalent currents and
far-field pattern at each frequency from the arbitrary near-
field grid data. Time and spatial filtering are applied in the
post-processing stage in order to minimize the effect of the
feeding-probe and surrounding elements. Since the phase is
retrieved coherently at each acquisition point, the proposed
system and techniques can be adapted to different acquisition
domains and further post-processing in such way that group
delay computation can be performed from phaseless near-
field acquisitions. Validation results are presented for a V-
band WiGig antenna showing an acceptable agreement with
simulations and direct spherical far-field acquisition. Larger
acquisition planes or other evolving geometries are expected
to improve the results and can be implemented thanks to the
flexibility of the proposed freehand system, at the expenses
of increasing aquisition time. Quality of results is comparable
to that obtained with in-house dedicated and automated FF
acquisition systems. The proposed system can be employed in
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Fig. 6: Reconstructed equivalent currents in the aperture plane of the AUT.
Solid line for enhancing the filtering domain and dashed lines for the position
of the AUT and the feeding probe.
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new cost-effective probe-fed antenna measurement systems or
to extend the functionality of conventional probe stations for
scattering parameter measurement.
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