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Abstract- We present measurements for characterization of the
beam profile and polarization pattern of lens-coupled
photoconductive antennas (PCAs) at THz frequencies using a
setup with antennas at fixed positions and a movable aperture
placed in between collimating THz lenses. The measured beam
patterns for co-polar and cross-polar components reveal the
expected Airy disc and quadrupole behavior, respectively. The
temporal evolution of the polarization in the directions of
maximum cross-polar component follows a single-cycle circle
with opposite handedness at each side of the antennas line-ofsight (LOS). Results are consistent with those obtained with
fiber-coupled movable antennas, while enjoying the simplicity of
a free-space laser-PCA feed which does not require painstaking
laser realignment for each beam direction measure.

I.

INTRODUCTION

Mastering the Terahertz domain of electromagnetic
radiation has been one the most sought-after challenges of
science and technology in recent times. Sandwiched in
between the microwave and the infrared ranges of the
spectrum, the once elusive Terahertz gap of the
electromagnetic spectrum, ranging from 0.1 to 10 THz, has
now been bridged, as efficient means of generation, detection
and control of waves in this frequency range are becoming
available in compact form and at a reasonable cost [1].
Terahertz spectroscopy systems are key to applications for
non-destructive testing (NDT) in many areas of industry; for
pieces and paint coating inspection, in automotive and aviation
production lines [2]; for substances identification, in
pharmaceutical and food industries [3]; for artwork inspection
and conservation [4]; security imaging and screening and
detection of concealed threats [5], and for clinical testing and
early diagnosis and treatment [6], to name just a few of the
most important. Even if it is true that the reduced propagation
range, usually of only several cm, and severe degrading effect
of atmospheric loss is presently hindering its progress in
telecommunications, it is also expected that the promise of a
vast unused spectrum will spur research efforts in a
bandwidth-starving market [7].
In contrast to profuse attention devoted to the optimization
of the temporal and spectral characteristics, the specifics of
THz wave propagation and the spatial patterns have scarcely
been explored [8]-[14], and also not many too detailed
discussions of the features of wave polarization have been
available [15]-[18]. On the other hand, even when fibercoupled transceivers are customary in the market, fiber
guiding of ultrashort laser pulses comes with a price in the

form of a number of strenuous technological challenges
[13,17]. Specifically, for comparative studies and
characterization of the performance and influence of the
various components and characteristics of a PCA system, such
as for example the antenna geometry or the substrate coupling
lens, a fiber connection can significantly increase both
complexity and the system’s adjustments and maintenance. A
free-space laser-PCA feed is interesting to be able to easily
replace the PCA or other elements of the setup for comparative
performance studies. The characterization of the spatial beam
and polarization patterns with fixed position THz antennas is
thus found of interest.
In this paper we present results of our measurements on the
characterization of the radiation pattern and polarization of
THz PCA systems using a setup with fixed position antennas.
This is relevant to time-domain spectrometers with a freespace ultrashort pulse coupling.
II. SETUP
Figure 1 shows the schematic of the laboratory setup used
in measurements. Frequency-doubled femtosecond pulses at
𝜆 = 780 𝑛𝑚 coming from a mode-locked Fiber laser and
traveling through free-space, are split towards transmitter
(TX) and receiver (RX) PCAs imprinted over low temperature
grown Gallium Arsenide (LT-GaAs) substrates. A mechanical
stage provides the relative delay between the laser pulses at
the TX and RX antennas required for temporal sampling of the
received signal, which is detected with maximum Signal to
Noise Ratio (SNR) levels of 70 dB owing to lock-in
amplification enabled by 10 kHz and 20 V amplitude squarewave modulation of the voltage bias of the TX PCA, with a 30
ms integration time base.
As probe antennas we have used silicon lens-coupled TX
600 flare angle bow-tie and RX H-dipole structures, with
respective lengths 180𝜇𝑚 and 20𝜇𝑚. See dimensions and
geometries in Figure 2. Average optical power levels of 10
mW are focused into the 10 𝜇𝑚 𝑥 5 𝜇𝑚 antennas gap area.
The aplanatic hyper-hemispherical substrate silicon lens that
avoids back reflections at the substrate face due to critical
angle incidence from high dielectric constant LT-AsGa has 12
mm diameter. The substrate lens-PCA alignment is adjusted
manually through precision micromechanical positioners. It
has been previously observed that displacements as small as
100 m from the lens axis may cause a critical reduction of
the coupling efficiency [10]. From our experience, even below

those values of displacement, the beam patterns may be altered
quite significantly.
For wavefront collimation and focusing into the RX, two
plano-convex lenses with diameter 𝐷 = 38 𝑚𝑚 and focal
length 𝐿 = 5 𝑐𝑚 are placed perpendicular to the THz path,
with symmetrical orientation, at one focal length distance from
PCAs, see Figure 1. The lenses are separated by 10 cm, and a
blocking screen made of 1 mm thick copper, with a 2 cm
diameter aluminum iris that controls the size of a circular
aperture, lays in between them, aligned to the plane
perpendicular to the THz propagation, i. e. the xy plane in
Figure 1. For automated beam pattern measure, the aperture
may be scanned along the x and y directions through a 2D
stepper controlled electronically.
The TX antenna is oriented with horizontal E-plane as in
Figure 2. For assessment of the cross-polar polarization
pattern, the RX antenna is rotated by 90º.
When analyzing the data, it is important to bear in mind
that, under the approximations outlined in the following
sections, the spatial profiles obtained using the proposed
measurement setup will correspond to the product of the
aperture-sampled beam patterns of both emitter and received
antennas, at the targeted angular direction, sampled by the
aperture location in the transverse xy plane.
The maximum excursion and step of the mechanical delay
time sampling unit are selected to provide a maximum
measurement bandwidth of 5 THz and 12.5 GHz frequency
resolution. The measured total spectral bandwidth is thus
limited by material parameters and the dispersive features of
the elements in the experimental setup.

spectra measured for different aperture sizes with center at the
antennas LOS axis (𝑥 = 𝑦 = 0), an aperture size 𝑎 = 4 𝑚𝑚
is a sensible choice, yielding a maximum 70 dB SNR around
0.3 THz.
Diffractive effects are also expected to play a role because
due to aperture diffraction, the wave arriving to the RX planoconvex lens may significantly deviate from a perfect
collimated beam, limiting the lens focusing action.
Considering a circular aperture, 84% of incident energy falls
within the Airy disk [20], i.e. the first diffraction minimum.
The diffractive cone out from the aperture will have an
opening angle 𝜃 which can be estimated from
𝑠𝑖𝑛(𝜃)~

𝜆
𝑎

(1)

with 𝜆 the wavelength of the radiation. For our aperture choice
and a minimum frequency of interest 𝑓𝑚𝑖𝑛 = 0.2 𝑇𝐻𝑧 , the
beam will feature a maximum aperture cone angle 𝜃𝑚𝑎𝑥 ~220
which is taken as a safety limit to neglect diffractive effects in
the beam pattern measure. A rigorous analysis of diffraction is
left for future works. In view of the result, to ensure that the
wave energy is fully collected inside the 𝐷 = 38 𝑚𝑚 diameter
lens located at 𝑙 = 5 𝑐𝑚 from the aperture, we restrict
transverse plane scans from −15 to +15 𝑚𝑚.

Fig. 3. Spectrum for different circular aperture diameters with aperture in the
center of the scan area, x=y=0.

III. RESULTS

Fig. 1. Schematic drawing of the THz-TDS setup used for beam imaging
experiments with fixed position antennas.

Fig. 2. Probe photoconductive antennas geometry and dimensions, a) TX,
bow-tie, b) RX, H-dipole.

A. Aperture dimensioning
In this section we explore the effect of the aperture size. A
trade off exists between spatial resolution of the sampled THz
beam and collection efficiency of the pulse power. A good
contrast for the power measurement requires SNR levels
above a quality threshold. Looking in Fig. 3 at the power

Figure 4 shows measured beam patterns in both co-polar
and cross-polar polarization components at selected
frequencies. The Airy pattern feature that characterizes the
THz radiation coupled to air through hyper-hemispherical
silicon substrate lenses is clearly apparent in the co-polar
component especially at the lower frequencies [10,12], while
the cross-polar component follows the quadrupole behavior
expected from the results and analysis in [15,16]. The
observed beam patterns and their symmetry against LOS is
indicative of a correct adjustment of the elements of the
measuring system and thus it validates the measurement
technique. The dependence with the lateral displacement seen
in the three figures is consistent with the projection over the
measurement plane of the angular dependence of the bow-tie
and H-dipole silicon-lensed antennas.
In line with the measures with fiber-coupled antennas in
[14], the patterns obtained lose definition as the frequency
increases, due to the inherent power averaging of a fixed
diameter aperture. The first diffraction nulls are clearly seen
in the pattern at 0.25 THz at an angle 𝜃𝑛𝑢𝑙𝑙 ~80 , consistent with
an effective radius of the substrate lens of 9 mm, a reasonable
value for the nominal 12 mm, taking into account the Gauss-

Laguerre mode analysis for THz radiation of hyperhemispherical lens-coupled PCAs in [13]. The cross-polar
polarization maxima have been found at 𝜃𝑥𝑚𝑎𝑥 ~5,70 , in
agreement with the findings in [16].
The beam pattern results in the temporal domain are
summarized in the 2D color plots of Figure 5. As already noted
in [15,16], the cross-polar component of both dipole and bowtie antenna geometries features a null along the antennas LOS
axis, and about 180º phase difference between the temporal
waveforms at negative and positive x points at the same
distance from LOS. A small angle tilt towards the positive x
side is observed in the temporal patterns (indicated by a red
dashed line in Figure 5 b), confirmed by a best fit of temporal
waveforms taken at symmetrical points around LOS for a
relative delay of the positive side of 𝛿𝜏 = 0.07 𝑝𝑠 for each mm
of distance from LOS. The angle tilt value is found as
𝛿𝜏
𝛿𝜃~𝑎𝑠𝑖𝑛 (𝑐
) ~0.6º with 𝑐 the wave velocity in vacuum.
2𝑚𝑚
This reveals the potential of spatial beam characterization, and
especially of detection of the cross-polar component, for
assessment of the quality of the measurement system, and for
correction of even very small alignment errors. The
availability of techniques to ensure the repeatability of
measurements acquires special relevance when targeting the
comparison of different designs of PCAs, as the system needs
to be realigned every time the PCA is changed.

Fig. 5. Color scale images of the temporal waveforms as a function of x
position of the aperture in the transverse plane with y=0, for the two
polarization components. a) co-polar, and b) cross-polar. The dashed red line
in b) highlights the detected tilt delay. Color palette in arbitrary units.

Fig. 6. Temporal waveforms in the cross-polar component at 𝑥 = −5 𝑚𝑚
(blue) and at 𝑥 = +5 𝑚𝑚 (orange) with 0.7 ps delay correction. The sum of
both signals is shown in yellow.

Fig. 4. Beam profiles along the x axis, for 0.25 THz, 0.5 THz and 0.85 THz.

Inspection of the temporal waveforms measured at the
position of the maxima in the cross-polar component, with the
∆𝜃~0.60 tilt correction, in Figure 6, reveals perfect pulse
synchronization and a phase offset of approximately π radians,
a characteristic feature of both Bow-tie and H-dipole patterns
as seen in [15, 16].
It is instructive to closely analyze the relative values of
both polarization components and the temporal evolution of
the overall field polarization at the points of maximum crosspolar component. Figure 7 is a 3D plot where the vertical and
horizontal axes correspond respectively to the temporal
evolution of co-polar and cross-polar polarization
components. By connecting the points in the 3D grid, a 3D
trajectory is traced showing the temporal evolution of the tip

of the wave polarization vector in a transverse plane [17]. The
projection over the z plane reveals a remarkable single-cycle
circle signature with opposite handedness at each side of the
LOS direction.

laser PCA alignment. Automated complete beam spatial and
polarization characterization, and especially measurement of
the cross-polar component, has been validated as a tool for
detecting and correcting flaws in the measurement settings and
for improving the systems performance in time domain THz
spectrometers. Our results help to better understand the special
features of THz radiation and pave the way towards simplified
THz measurement setups, with special interest for the
comparative analysis of THz devices and components.
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Fig. 7. Temporal waveforms at 𝑥 = −5 𝑚𝑚 (a), at 𝑥 = +5 𝑚𝑚 (b), with
𝛿𝜏 = 0.07 𝑝𝑠 delay correction, and sum of both (c)

It is also significative to see how the addition of these two
isolated waves yields an almost linear polarization in Figure 7
c). Monitoring the state of polarization at the LOS direction
after a blocking plane with two holes at symmetric positions
against LOS may thus constitute an appropriate technique to
assess the correct alignment of a THz measurement setup.
IV. CONCLUSIONS
Measurements for the characterization of the spatial beam,
polarization and propagation features of a system working at
THz frequencies, and composed of a Bowtie TX and H-dipole
RX, have been presented. The setup is simple and allows the
use of fixed position antennas, compatible with free-space

