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Abstract—In this paper, a silicon lens-integrated CMOS THz
camera is employed as a compact antenna test range. The far-
field radiation pattern of a 26-dBi 0.852-THz standard gain
horn antenna radiation source is characterized. Both single-frame
low-resolution and multi-frame super-resolution acquisition are
performed. The latter is employed to measure a far-field radiation
pattern with enhanced angular resolution. The directivity of
the source is determined from both measured single-frame low-
resolution and multi-frame super-resolution radiation patterns.
The maximum directivity in the respective radiation patterns is
25 dBi and 25.8 dBi, respectively, determined with an accuracy
of 1 dB and 0.2 dB. Improved accuracy in the latter is due to
better angular resolution.

Index Terms—Terahertz (THz), CMOS camera, compact an-
tenna test range (CATR), far-field radiation pattern, geometrical
multi-frame super-resolution.

I. INTRODUCTION

I N THz active imaging, it is essential to know the beam
properties of the illumination source, such as shape, profile,

and directivity, so that the beam artifacts can be distinguished
from the object under illumination. Therefore, measuring
radiation patterns of a source is indispensable. However, far-
field radiation pattern characterization at a conventional far-
field range is, in many cases, impractical or impossible [1].
Antennas being large in terms of wavelength develop their
far-field radiation characteristic at a large distance from the
antenna under test. This influences the far-field radiation
pattern measurement capabilities significantly. Huge anechoic
chambers would be required to carry out far-field measurements
within controlled indoor facilities [2]. The far-field region of
an antenna can be assumed to hold for distances greater than
2D2/λ [3], where D is the diameter of a minimum sphere
enclosing the antenna under test completely and λ the free-space
wavelength. An alternative approach is to measure near-field
radiation patterns, out of which far-field radiation patterns can
be derived with the so-called near-to-far-field transformation
[4]. Compared to radiation pattern measurements performed
at a conventional far-field range, such performed in the near-
field of an antenna under test are way easier to carry out.
Unlike far-field characterization, the near-field characterization
does not suffer from low SNR. Moreover, such near-field
measurements can be performed in a rather compact manner.
One specific approach deals with the so-called compact antenna
test ranges; measurements are performed at a compact range,

as the terminology implies. In such systems, a feed antenna is
placed in the focal point of a collimator, such as a reflector
[4] or a dielectric lens [5], to create an incident plane wave
near the antenna under test. The chief advantage of a compact
antenna test range is its small size.

Several applications of CMOS THz cameras have been
demonstrated in recent years, such as THz active imaging
[6]–[10], THz power metering [11], THz light-field imaging
[12], object feature extraction with focused THz plenoptic
imaging [13], [14], THz spectral analysis [15], and THz beam
monitoring [16]. Most recently, THz super-resolution imaging
using a CMOS THz camera has been demonstrated [17]. How-
ever, highly accurate far-field radiation pattern characterization
of unknown THz sources has not been addressed within the
application space of such measurement instruments. A few of
the aforementioned applications need to be combined to make
this possible. For example, unlike beam monitoring, radiation
pattern characterization requires a measurement instrument with
a high angular resolution, not only to extract directivity with
high accuracy. According to [17], a CMOS THz camera can
always reach maximum achievable angular resolution across
the frequency and the full-frame with the help of geometrical
multi-frame super-resolution techniques.

In this paper, we employ a commercially available hyper-
hemispherical high-resistivity floating-zone silicon (HRFZ-Si)
lens-integrated CMOS THz camera from Ticwave GmbH,
Germany, Wuppertal, as a compact antenna test range to char-
acterize the far-field radiation pattern of a 26-dBi 0.852-THz
standard gain horn antenna radiation source. Both single-frame
low-resolution and multi-frame super-resolution acquisition are
performed. With a geometrical multi-frame super-resolution
technique, it is ensured that the camera reaches its maximum
achievable angular resolution across the full-frame, aiming at
highly accurate directivity determination. Directivity extracted
from far-field radiation patterns measured by both single-frame
low-resolution and multi-frame super-resolution acquisition
is compared. The maximum directivity extracted from the
super-resolution far-field radiation pattern of the source is
determined with an accuracy of 0.2 dB, calculated as the ratio
of peak radiated power and overall radiated power; a single-
frame low-resolution far-field radiation pattern goes along with
an accuracy of 1 dB. Multi-frame acquisition has proven to
substantially improve the accuracy in determining the directivity
of an antenna under test due to enhanced angular resolution.

The outline of this paper is as follows. In Sec. II, it is978-1-5386-5541-2/18/$31.00 ©2020 IEEE
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Figure 1. Illustration of how the camera can be used as a compact antenna test
range. The camera’s objective lens collimates a diverging incident wavefront
of a radiation source placed in its focal point. This collimated beam then hits
the FPA sensor surface, whereas each pixel receives radiation from a different
angle [12]. As such, the near-field radiation pattern of a THz radiation source
gets transformed into its far-field radiation pattern, which is then sampled by
the camera’s FPA sensor.

explained how a hyper-hemispherical HRFZ-Si lens-integrated
CMOS THz camera can be employed as a compact antenna
test range, and its features that are relevant to this end are
discussed. After that, Sec. III presents the measured far-field
radiation patterns. Conclusions are drawn in Sec. IV.

II. CMOS THZ CAMERA

The herein employed 5x5x3-cm3 large hyper-hemispherical
HRFZ-Si lens-integrated CMOS THz camera consists of a
32x32-pixel focal plane array (FPA) sensor of incoherently
operated direct detectors. The FPA sensor adheres to the base of
a 15-mm diameter hyper-hemispherical HRFZ-Si lens. Unlike
operating the FPA sensor without any lens, the integration
with the lens leads to an increased field-of-view (FoV), thereby
improving the angular resolution of the individual camera pixels.
The camera exhibits an FoV of 46°, mostly determined by the
dimensions of its objective lens and FPA sensor. Frequency-
dependent angular resolution limits of the camera have been
discussed in [17]. Peak detector optical noise equivalent power
(NEP) of 17 nW is recorded at 0.822 THz [11].

In common compact antenna test ranges, as discussed in
[4], [5], an incident plane wave is created near an antenna
under test to characterize a receiver. In our case, this whole
thing works the opposite way. Fig. 1 illustrates how the CMOS
THz camera can be used as a compact antenna test range.
The camera’s objective lens collimates the near-field radiation
pattern of a source, representing a diverging incident wavefront.
This collimated beam then gets spread across the FPA sensor’s
surface. Each camera pixel, thereby, samples incident radiation
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Figure 2. Illustration of the experimental setup. For the proof of concept, the
far-field radiation pattern of a standard gain horn antenna 0.6–1.1 THz radiation
source is analyzed. The source is placed in the focal point of the camera’s
objective lens. The source was fixed, and the camera was mounted onto a
6-axis table-top robot arm for three-dimensional scanning. 4x4 low-resolution
frames were acquired. Each frame corresponds to a single-frame low-resolution
far-field radiation pattern. Superimposing all 4x4 acquired frames corresponds
to a multi-frame super-resolution far-field radiation pattern. An improved
angular resolution of the camera by super-resolution acquisition is aiming at
improving the accuracy in extracting the source directivity.

from a different incident angle, according to [12]. In other
words, the near-field radiation pattern of a THz radiation
source gets transformed into its far-field radiation pattern by the
camera’s objective lens, which is then subsequently sampled
by the camera’s FPA sensor.

III. EXPERIMENTAL SETUP AND MEASURED RESULTS

Fig. 2 illustrates the experimental setup to measure the far-
field radiation pattern of the 0.852-THz 26-dBi standard gain
horn antenna radiation source using the CMOS camera. A
synthesizer feeds the source, and the camera is operated by
USB. The source is fixed in the focal point of the camera’s
objective lens, whereas the camera is mounted onto a 6-axis
robot arm to enable three-dimensional scanning for sensing
side lobes along with the main lobe of the antenna under test.
According to [4], the distance between source and camera
lens must be larger than the reactive far-field distance. At
the source operating frequency of 0.852 THz, it is 0.35 mm.
The distance between range and test antenna is with 3 mm
significantly higher. THz absorbers were used wherever possible
to minimize the influence of stray radiation within the room
scattered or reflected by surrounding metal objects.

At 0.852 THz, the source radiates 8 µW, and the camera
exhibits a video-rate optical NEP of about 22 nW [11]. A frame
averaging of 1024 frames was applied to further improve upon
the camera’s optical NEP to 22 nW/

√
1024 ≈687.5 pW [11].

This way, the SNR was about 34.5 dB, which aided to sense the
side lobes of the antenna under test with as much accuracy as
possible to realize highly accurate determination of directivity.
It is noted that capturing side lobes of an antenna under
test is crucial in determining its directivity precisely. Another
important thing to this ed is to provide a high angular resolution.
At frequencies where the camera’s fixed beam separation angle
between adjacent pixels is larger than their individual frequency-
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Figure 3. Results of far-field radiation patterns of a 26-dBi 0.852-THz radiation source measured with the here employed CMOS THz camera by both
single-frame low-resolution and multi-frame super-resolution acquisition, shown in both image and contour plot representation in (a)–(b) and (c)–(d), respectively.
In (a)/(b) and (c)/(d), the maximum directivity is 25 dBi and 25.8 dBi, respectively, determined with an accuracy of 1 dB and 0.2 dB.

dependent FWHM beam divergence angles that relate to their
directivity, the camera under-samples its FoV. Geometrical
multi-frame super-resolution techniques used for over-sampling
are capable of overcoming this limitation. Here, multiple images
are acquired at angular offsets and superimposed accordingly.
According to [17], the camera can reach an angular resolution
of 1.6° at the frequency of interest across the full-frame with
such techniques.

To measure multiple (4x4) single-frame low-resolution far-
field radiation patterns at angular offsets, which may be
superimposed into a multi-frame super-resolution radiation
pattern, a two-dimensional goniometric scan around the center
of the camera’s objective lens was performed. The opening
angle was as large as the beam separation angle between two
adjacent camera pixels, i.e., 1.6°, and the angular resolution
was 0.4° in both theta and phi. This way, under-sampled areas
between pixel pairs can be “filled” when superimposing the
single-frames. The camera’s fixed pattern noise was removed
at the beginning of the measurement. Therefore and because
of averaging across 1024 frames per low-resolution far-field
radiation pattern, the total measurement time was about
8.5 minutes. It is noted that none of the camera pixels was

saturated at any point in time, which would cause a systematic
error in determining the directivity.

Measured low-resolution far-field radiation patterns were
processed with the super-resolution algorithm described in
[17]. As a result, a super-resolution far-field radiation pattern
was generated. This one provides enhanced angular resolution.
To reduce the effect of standing waves, measured far-field
radiation patterns were convoluted with carefully selected two-
dimensional Gaussian kernels; such convolution works similarly
to notch filtering applied in [18], used to deal with standing
waves from measured data. In single-frame low-resolution
and multi-frame super-resolution far-field radiation patterns,
Gaussian kernels of 3x3 and 9x9 elements have been applied,
respectively.

Fig. 3 shows the measured results. Single-frame low-
resolution and multi-frame super-resolution far-field radiation
patterns are shown in both image plot and contour plot
representation in (a)/(c) and (b)/(d), respectively. The low-
resolution far-field radiation pattern represents one acquired
frame. The far-field radiation pattern acquired by multi-frame
super-resolution, on the other hand, contains information from
4x4 frames acquired. In both cases, the directivity is calculated



as the ratio of radiated power per angular position divided
by the integral of the overall radiated power across the entire
far-field radiation pattern, normalized to the camera’s beam
separation angle, which is smaller by a factor of four in the
superimposed multi-frame super-resolution far-field radiation
pattern. As such, the directivity at each angular position is
determined. It is noted that backside radiation is neglected in
the calculations. The maximum directivity extracted from both
low-resolution and super-resolution far-field radiation patterns
is 25 dBi and 25.8 dBi, respectively. Hence, the corresponding
error is 1 dB and 0.2 dB, respectively, considering the source
manual giving us the directivity to be 26 dBi at 0.852 THz.
Moreover, directivity is calculated using an average Full-Width
at Half-Maximum (FWHM) beam divergence angle across
both E-plane and H-plane. In the low-resolution and super-
resolution far-field radiation pattern, this averaged angle is
8.45° and 8.62°, respectively. According to [19], the directivity
of an antenna can be calculated as DdBi=10·log10(32400/θ2),
where θ denotes the FWHM beam divergence angle. Based
on that, the maximum directivity is 26.6 dBi and 26.4 dBi,
respectively. Here, the error is 0.6 dB and 0.4 dB, respectively.
Since this relation is only true for antennas with neglectable
side lobes, the directivity is slightly overestimated. This minor
deviation, however, also proves that the source was placed
in the focal point of the camera or nearby since this kind of
directivity extraction procedure is not a relative one, but it is
based on an absolute measure.

IV. CONCLUSIONS AND PERSPECTIVES

In this paper, a CMOS THz camera has been employed
as a compact antenna test range. For demonstration purposes,
the far-field radiation pattern of a 26-dBi 0.852-THz standard
gain horn antenna radiation source has been characterized.
Single-frame low-resolution and multi-frame super-resolution
acquisition were performed. The latter was employed to
enhance the angular resolution of the camera. Directivity of
the antenna under test has been extracted from both low-
resolution and super-resolution far-field radiation patterns, with
a maximum directivity of 25 dBi and 25.8 dBi, respectively.
The corresponding error is 1 dB and 0.2 dB, respectively, in
which super-resolution acquisition resulted in an even more
accurate determination of directivity due to an improved angular
resolution of the employed camera.

Measuring far-field radiation patterns of a THz radiation
source at a compact range with a CMOS THz camera
substantially improves upon the data acquisition time. However,
one limitation needs to be considered: main as well as side
lobes of an antenna under test need to be captured to determine
its directivity appropriately. For this reason, the presented
method works better for highly directive sources. Capturing
different parts of a source’s radiation pattern by performing a
goniometric scan around an antenna under test may overcome
this limitation.

In future work, the compact antenna test range based on
hyper-hemispherical HRFZ-Si lens-integrated CMOS THz cam-
era needs to be analyzed in the following problem areas: pixel-

to-pixel variation, diffraction from lens edges, depolarization,
the interaction between range and test antenna, lens surface
tolerances, and stray radiation within the room.
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