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20 GHz antenna radiation pattern obtained from
near field mapping with electro-optic probe on a

single plane
G. Gaborit, P. Artillan, C. Bermond, G. Revillod, G. Chevrier-Gros and L. Duvillaret

Abstract—The ability of an electro-optic sensor to perform
near-field mapping of a 20 GHz pyramidal horn antenna without
disturbance on the radiation behavior is demonstrated. The
electric field is scanned on a plane close to the horn aperture with
spatial resolution less than 0.1λ0. The dynamic range reaches
more than 40 dB. The measured magnitudes and phases of near
field pixels enable the computation of the far-field radiation
pattern. The results are in excellent agreement with theory,
numerical simulations and actual far-field measurement. The
different approaches lead to the same antenna gain with a
confidence interval lower than 1 dB. Furthermore, the behaviour
of the electromagnetic wave from reactive to radiative region is
investigated. The weak invasivenes of the probe is also analysed.

Index Terms—Antenna radiation pattern, electro-optic sensor,
electric field mapping, Ka-band, near field sensing.

I. INTRODUCTION

CHACTERIZATIONS of the radiation pattern of mi-
crowave antennas have historically been performed in

far field. Thus, the measurement set-up requires an anechoic
chamber of appropriate size. Moreover, the sensors mainly
used for this analysis are metallic antennas. The distance be-
tween the antenna under test (AUT) and the measuring antenna
have then to be large enough to avoid electromagnetic (EM)
coupling. Other techniques such as bolometer or calorimeter
can also be used, but they only provide quadratic responses
with no phase information [1]–[8]. Infrared thermography of
an RF sensitive film is another alternative that directly leads
to the transverse field distribution [9]–[18]. Some efficient
commercial solutions are also available [19], [20]. Based on
an array of dual antennas, they offer fast and valuable antenna
characterization, but still in the far-field region. Nevertheless,
electro-optic (EO) technique provide many advantages for E-
field analysis [21]–[34]. The intrinsic dynamic range of EO
sensors exceeds 120 dB, from less than 1 V/m up to more
than 1 MV/m. A single probe covers more than 9 decades
of frequency and can even reach the THz band in equivalent
time domain [35]. The measurement voxel of such a probe
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is less than 1 mm3, i.e. λ
15 at 20 GHz for one dimension.

Finally, EO probes are millimetre size and their structure is
fully dielectric, thus minimizing the disturbance of the AUT.
Using an optical fiber, they authorize remote measurements
up to more than 100 meters without dispersion. We here give
a comprehensive analysis of a directive horn antenna with a
special emphasis on the weak disturbance induced by the EO
probe. After describing the measurement setup and especially
the developped EO probe in Section II, the experimental
results of transverse and longitudinal mappings of E-field in
the vicinity of the antenna are presented in Section III. Finally,
the calculated far-field radiation pattern of the antenna are
given and compared to theoretical values in section IV.

II. MEASUREMENT SET-UP

The vector E-field sensor is an EO probe developed by
Kapteos. The probe is based on an EO crystal (BSO crystal).
This EO crystal acts as a polarization state modulator (PSM)
for a laser probe beam crossing forth and back the crystal
placed in front of the AUT. This PSM is then converted into a
modulation of the optical intensity. Depending on the crystal
cut, this PSM is induced either by the E-field component longi-
tudinal to the sensor or transverse to it [32]. The transducer is
mechanically protected by a multilayer dielectric sheath which
also provides an impedance matching between the air and
the crystal, in terms of permittivity. A detailled description
and performances of the probe can be found elsewhere [36]–
[39]. A high speed photo-receiver, embedding a low noise
amplifier, finally delivers an electrical signal proportional to
the E-field component to be measured. The electrical signal
is then amplified thanks to a low noise amplifier. The whole
set-up is described in Fig.1.

Since both the optoelectronic unit and the EO probe are
temperature dependent free, the full experiment can be set up
in any room without requiring air conditioning. The AUT is
a pyramidal horn antenna Narda WR51 with a typical gain of
20 dBi. Its transverse dimensions are 64 mm×49 mm. The
measurements have been performed with a Vector Network
Analyser (VNA) Anritsu 37397C (40 MHz - 65 GHz). A
preliminary one-port measurement of the antenna with and
without the EO probe has demonstrated the very weak distur-
bance induced the probe (cf. Fig.2). In the frequency range
from 19.8 GHz to 20.2 GHz, The S11 magnitude remains
below -25 dB, even in the presence of the probe. A nominal
frequency of 20 GHz is then chosen for further measurements.
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Fig. 1. Experimental set-up dedicated to the near electric field mapping of a
horn antenna. A photography of the EO probe in front of the antenna is given
in the center of the figure. (DFB laser stands for distributed feedback laser
diode).

Fig. 2. Reflection coefficient of the antenna. Black curve: S11 of the antenna
without the EO probe (reference). Blue curve: S11 of the antenna with EO
probe placed in the reactive region (within the horn, in the vicinity of the
apex).

In the setup presented in Fig. 1, the VNA is only used as a
one-way bridge to measure the transmission scaterring param-
eter S21. The measured S21 parameter is a linear image of the
E-field vector component adressed by the probe. VNA port 1 is
set at the maximum output power (-7 dBm) and connected to
a 30 dB power amplifier to feed the AUT. VNA port 2 is used
to receive the transduced EO signal delivered by the output of
the optoelectronic unit. A preliminary SOLT calibration places
the reference planes at the outputs of the power amplifier
and the EO optoelectronic unit. The calibration is mostly
performed to eliminate the unknown switch terms, whereas
uncalibrated measurements would otherwise give good results.
The intermediate frequency bandwidth is set to 10 Hz for all
measurements in order to achieve the maximum sensitivity
but a higher value could have been chosen to fasten the
measurement time with still acceptable dynamic range. The
EO probe is mounted on a 3D printed dielectric and faceted
support thus avoiding parasitic reflections. The support is
moved by a Cartesian robot synchronised with the VNA

acquisition.

III. NEAR FIELD EXPERIMENTAL RESULTS

A. Transverse mapping of the E-field

The relative magnitude and the relative phase of the E-field
radiated by the AUT have first been measured at 5 mm from its
aperture. The scanning step was 2 mm, which is greater than
the transverse spatial resolution of the probe (≈ 500 µm) and
much smaller than the wavelength at 20 GHz (λ = 15 mm).
With this 2 mm×2 mm spatial step in both direction X and Y ,
the E-field mapping is composed of 1575 pixels. The raw mea-
surements are shown on Fig. 3.a/b at 20 GHz and Fig. 3.c/d
at 19.52 GHz. As can be seen on Fig. 3.a, the near-field
measurement dynamics exceeds 40 dB. A comparison between
the two close frequency points shows the extreme variability
of the near-field behaviour of the antenna. The theoretical data
corresponding to those measurements have been simulated
with HFSS full wave solver of Ansys Electronics Desktop and
are presented in Fig. 3.e/f. Due to small differences between
the theoretical and the actual physical geometry of the antenna,
the 20 GHz simulation corresponds, in fact, to the 19.52 GHz
measurement. A second transverse plane at 120 mm from
the aperture of the antenna has been scanned experimentally
and simulated (cf. Fig. 4). The very good agreement between
measurement and simulation validates the EO measurement
approach.

B. Longitudinal mapping of the E-field

The Cartesian robot has also been used to provide the vector
E-field in the E-plane and H-plane and the results are presented
and compared to simulations in Fig. 5. It is important to note
that the signal to noise ratio remains greater than 40 dB for
both mappings, even if the dynamic range of the E-plane
mapping is smaller due to much higher homogeneity of the
field over the scanned surface.

Fig. 6 presents the phase of the E-field along Z-axis for
X = Y = 0 (probe in the symmetry axis of the horn antenna).
The unwrapped measured phase is very close to the theoretical
phase, .i.e. the phase corresponding to propagation at light
speed. As noticed on the inset of Fig. 6, the relative error is less
than 0.5 % for Z ≥ 20 mm. It is due to the 20 µm Cartesian
robot positioning accuracy. For positions of the probe in the
very vicinity of the antenna, the relative error on the phase
increases due to a measurement artefact: the effective dielectric
permittivity of the probe (εreff ≈ 3.6) slightly influences the
effective permittivity viewed by the propagating wave, thus
sightly reducing the wave velocity. This result gives a practical
method to determine the minimum acceptable distance for
near-field measurements.

IV. NEAR-FIELD TO FAR-FIELD TRANSFORMATION AND
RESULTS

A. Radiation pattern

In order to extract the far field pattern, each pixel of the
mapping is firstly considered as a punctual and spherical elec-
tromagnetic wave source. Using classical diffraction theory,
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a) b)

c) d)

e) f)
Fig. 3. Measured and simulated 2D transversal mapping of the E-field at 5 mm
from the aperture of the antenna.

a) b)

c) d)
Fig. 4. Measured and simulated 2D transversal mapping of the E-field
at 120 mm from the aperture of the antenna.

one can calculate the radiated field at a position (X ,Y ,Z)

a) b)

c) d)
Fig. 5. Measured and simulated 2D longitudinal mapping of the E-field
magnitude starting at the aperture of the antenna.

Fig. 6. Phase of the E-field as a function of the distance to the antenna
(Z = 0 corresponds to the aperture plane). Blue and red dots correspond to
the raw data and to the unwrapped phase, respectively. The red line is a linear
fitting curve. Dashed black line is the theoretical line. The inset indicates the
relative error between measurement and fit as a function of the distance.

located in the Fraunhofer region. The used near-field to far-
field transformation equation is given below:

E(X,Y, Z) ∝
∑
i

|Ei|
r
ej(ϕi+

2πf
c r)K(θ) (1)

|Ei| and ϕi are the modulus and the phase of the ith-pixel.
r is the euclidian distance between the considered pixel and
the point (X ,Y ,Z). K(θ) is an obliquity factor which is
equal to cos θ+1

2 in the Kirchhoff formulation and equal to
1 in the Rayleigh-Sommerfeld formulation. The use of eq.
1 leads to the experimental radiation pattern presented on
Fig. 7 (blue curve). The near-field to far-field computation
method proposed in this paper is based on a well-established
algorithm using plane wave spectrum (PWS) [40], [41]. A
known limitation to this method is that the field is assumed
to vanish outside of the measurement window. However,
this simple method proves to be very efficient for the horn
antenna case with a correctly sized window and the obtained
results give a fully satisfying proof of concept for electro-
optic near-field measurement aiming at the computation of
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a)

b)

Fig. 7. Radiation patterns of the antenna at the operating frequency (20 GHz).
The blue line is calculated from the near field mapping. The red line
corresponds to numerical simulations (ANSYS HFSS). The black dashed line
is the theoretical radiation patterns obtained thanks to equations 2 and 3. a)
Angular distribution of the field in the E-plane. b) Angular distribution of the
field in the H-plane

a radiation pattern. Further developments are to be tested to
avoid the measurement window limitation, the planar regular
rectangular grid and to fasten the computation time, thus
enabling real-time visualization. This could be achieved by
using approximated equivalent current method algorithms such
as proposed in ref. [42], [43]. The theoretical radiation pattern
of the measured pyramidal horn antenna can be obtained by
its closed-form expression [44]–[46] (black dashed curves) or
by simulation (red curves). Both are in very good agreement
with the experimental radiation pattern. For the sake of com-
pleteness, the theoretical expression of the radiation pattern in
E-plane and H-plane are given here, coming from Huygens-
Fresnel principle:

EE−plane(θ) = (1 + cos θ)

∫ a/2

−a/2
e
j 2πf
c (x sin θ− x2

2ρE
)
dx (2)

EH−plane(θ) = (1+cos θ)

∫ b/2

−b/2
cos(

πy

b
)e
j 2πf
c (y sin θ− y2

2ρH
)
dy

(3)
where a and b are the transverse dimensions of the aperture

of the antenna and ρE (resp. ρH ) is the distance between the
E-plane (resp. H-plane) apex and the aperture of the pyramidal
horn antenna.

TABLE I
GAIN OF THE ANTENNA AT 20 GHZ

Source θE−plane (◦) θH−plane (◦) Gain G (dBi)
Manufacturer data 16.9 18 21.3
Mapping at 120 mm 16.3 17.7 21.5
Mapping at 5 mm (eq.1)(1) 15.3 16.3 22.2
Mapping at 5 mm (eq.1)(2) 15.6 16.6 22
Numerical simulations 15.2 16.1 22.2
Theory (eq.2 and eq.3) 15.7 16.7 21.9

(1) and (2), correspond to K(θ) = 1 and K(θ) = cos θ+1
2

, respectively.

B. Half power beam width and gain

The extraction of the radiation pattern of the antenna at
20 GHz allows the evaluation of the half power beam width
(HPBW) both in E-plane and H-plane (θE and θH ). The gain
G of the antenna is then obtained thanks to the empirical
equation 4.

G = 10 log10(
41000

θEθH
), (4)

Table I summarizes the various values of θE , θH and G
obtained from near-field mappings at various distances and
using various obliquity factor formulas. The mapping realized
at 120 mm gives results very close to the constructor data.
As explained in part III-B, at that distance, the disturbance
induced by the dielectric probe is negligible. This result
demonstrates both the quality of the near-field measurement
and the applicability of eq. 1. The other computations are also
very close one from each other, thus validating the possiblity to
make very close measurements from the antenna. Finally, the
slight variation between the two theoretical approaches using
two different obliquity factor expressions can be explained by
the small phase variation of the E-field phase at the vicinity
of the aperture of the pyramidal horn. For other types of
antennas, a careful study of the impact of this factor would be
of key importance. Last point of the discussion concerns the
resolution of the near field mapping: degraded images with a
spatial resolution of λ/3 would have lead to an error on the
gain extraction of less than 1 dBi. This is due to the quite
homogeneous field distribution in the vicinity of the AUT.

V. CONCLUSION

A non invasive electro-optic probe dedicated to the near-
field scanning of an antenna has been demonstrated with at
least 40 dB dynamic range. Its use with a VNA enables
high resolution mapping of the field in the reactive near field
region of the antenna. The extraction of the far-field parameters
(radiation pattern, antenna gain and half power beam width)
of the antenna has been demonstrated and a methodology has
been proposed. The results in terms of radiation pattern, gain
and half power beam width are in good agreement with theory,
simulations and constructor data. Further investigations will
include the measurement of various types of antennas for 5G
applications and aerospatial, including arrays of antenna and
antenna embedded with application-specific integrated circuits.
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“Electromagnetic nondestructive evaluation of materials from incom-
plete EMIR data,” Annual Review of Progress in Quantitative Nonde-
structive Evaluation, Montréal - Canada, 1999.
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