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Abstract—In this paper, we discuss the design choices of CMOS
THz cameras for achieving maximum angular resolution and high
sensitivity over a large bandwidth. In an active THz imaging
set-up, the spatial resolution becomes a function of the object
magnification, determined by the focal length of the collimating
optic and the camera’s angular resolution. The THz camera
investigated experimentally here, under-samples its field-of-view
for incident frequencies above 0.578 THz due to its 80-µm pixel
pitch coupled with narrow pixel beams. With the help of super-
resolution imaging, the camera reaches a measured angular
resolution of 1.92° at 0.652 THz. At 0.822 THz, where the
camera exhibits optimum NEP, the presented super-resolution
model predicts an estimated angular resolution of 1.7°.

I. INTRODUCTION

A camera consists of a focal plane array and an objective
lens. Its angular resolution α determines the ability of a

camera to distinguish between spatial details of an object. For
a THz camera, diffraction presents a major physical constraint
due to sub-millimeter wavelengths. Therefore, the angular
resolution is influenced by various camera design and operation
choices, such as number of pixels, pixel pitch, camera field-of-
view (FoV), operation bandwidth, sensitivity, pixel directivity,
and pixel isolation.

Associating radiation patterns of antenna-coupled THz
camera pixels to the Rayleigh criterion, two pixels hit the
angular resolution limit if the antenna beam pattern maximum
of one pixel coincides with the first minimum of the other
pixel [1]. Here, the dip between the two maxima of their
combined antenna beam pattern is 26%. This optimum point
is influenced by the antenna beam divergence angle φ and
the beam separation angle θ. Unlike the beam divergence
angle, the beam separation angle is a fixed design parameter
obtained from the camera FoV divided by the number of pixels
in one dimension. Below fo, the pixel beams exhibit lower
directivity, and this causes a larger beam overlap/smaller dip
with image over-sampling. Above fo, the pixel beams are too
narrow, and the image is under-sampled. Therefore, super-
resolution (SR) imaging used for over-sampling can further
improve the angular resolution only above fo as indicated in
Fig. 3. Fig. 1(a) illustrates the above-mentioned parameters,
such as the beam separation angle, beam divergence angle, and
the under-sampling issue. In Fig. 1(b), the Rayleigh criterion
is shown based on two adjacent camera pixels.

In this work, we demonstrate the concept of SR imaging to
improve upon the angular resolution of CMOS THz cameras
and to analyze their resolution limits. Note that, unlike optical
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Figure 1. (a) Simplified geometrical model indicating the beam propagation
of three adjacent camera pixels with virtual beam centers C1–C3 through the
silicon lens. The pitch Δx and the extension length X determine the beam
separation angle θ. The beam divergence angle φ is inversely proportional
to frequency. (b) Outlined individual beam patterns of two adjacent camera
pixels and their combined pattern (red). The Rayleigh resolution limit αRay is
reached if the dip between the two maxima is 26%.

SR, which aims to transcend the physical diffraction limit [2],
our experiment deals with geometrical SR, where the digital
resolution for an under-sampled image gets enhanced towards
the Rayleigh diffraction barrier [3].

II. EXPERIMENT AND DATA PROCESSING

The experimental set-up, shown in Fig. 2, was chosen to
determine the angular resolution improvements and limitations
of CMOS THz cameras by SR imaging. It comprises a 25-dBi
0.652-THz source, a CMOS THz camera [4], and an optical
train. All components, except the source, were subsequently
fixed within a cage system to ensure the stability of the optical
alignment. This is crucial in avoiding any aberrations from
mechanical raster-scanning. As illustrated in Fig. 2, the source
beam is collected by a 50-mm PTFE-lens with an f-number of
2 to provide a collimated beam in the object plane for active
THz imaging. After that, another 50-mm PTFE-lens with an
f-number of 1, which matches the camera FoV of 46°, focusses
the beam back onto the camera’s silicon lens.

A metallic annular disc was raster-scanned in the xz-object
plane within the optical train with a lateral/diagonal step size
of 187.5/265.2 µm to sample at the sub-pixel level of the FPA.
A total of 8x8 low-resolution (LR) images, each averaged over
1024 frames for a high sensitivity [5], were recorded and saved
into an 8x8 matrix containing image information from 1024
pixels at 64 positions. The resulting imaging SNR and the total
measurement time were 53 dB and 25 minutes, respectively.
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Figure 2. Experimental set-up and CMOS FPA. A metallic annular disc with
a hole diameter of 15 mm has been raster-scanned with a lateral/diagonal step
size of 187.5/265.2 µm within the optical train. Mechanical raster-scanning
corresponds to sampling at the sub-pixel level of the FPA.

From this matrix, different SR images were super-composed in
data processing. The notation for, e.g., the SR image composed
of 3x3=9 LR images is ’SR9LR image’. The mutual offsetting
and superposition of LR images into a final SR image were
realized through the SR algorithm from [6].

In the following, the edges in the diagonal of the LR/SR
images are examined. Here, under-sampling is strongest due
to
√
2 times larger center-to-center distance.

III. RESULTS

Fig. 3 compares the Rayleigh resolution limit across fre-
quency to the measured results at 0.652 THz. The crossover
frequency fo between over-sampling and under-sampling fre-
quency regions and measured LR/SR images of a metallic
annular disc are shown. The diagonal beam separation angle
(blue) is calculated from the geometric relations between the
lens and the sensor chip [7] with θDiag=2.35°. The maximum
achievable resolution αRay across frequency given by the
Rayleigh limit (red) is calculated from the antenna aperture of
the camera’s 15-mm lens. Angular/spatial resolution for the
LR/SR images are characterized from the edge response [8].
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Figure 3. LR/SR images and their measured resolutions are compared to
the Rayleigh resolution limit. Above fo, SR imaging further improves the
resolution. Over-sampling and under-sampling frequency regions are identified.
The crossover frequency fo between such regions is 0.578 THz.

The calculated Rayleigh resolution at 0.652 THz is reached
after super-composing 9 LR images, which demonstrates the
proof of concept. Here, the measured angular resolution at
0.652 THz improved from α=θDiag=2.35° to α=1.92°≈αRay.
For the chosen frame averaging at the camera readout of
1024, the estimated measurement time for the SR9LR image
with an SNR of 53 dB was 3.5 minutes. Based on the

experimental verification that the calculated Rayleigh resolution
and the measured angular resolution approximately agree at
0.652 THz, the maximum angular resolution can be estimated
over frequency by the SR model illustrated in Fig. 3. In this
regard, the camera can reach an estimated angular resolution
of 1.7° at 0.822 THz, where it exhibits optimum NEP.

In a 2-lens active THz imaging set-up, the collimating optic
in front of the camera module translates the angular resolution
into a spatial resolution. The spatial resolution thereby can be
calculated as the product of angular resolution in radians and
the focal length of the aforementioned optic, i.e., the spatial
resolution becomes a function of object magnification. In our
experiment, where the camera module is combined with a
50-mm PTFE-lens with an f-number of 1, the camera reaches
a measured spatial resolution of 1.68 mm and an estimated
spatial resolution of 1.48 mm (based on Rayleigh criterion) at
0.652 THz and 0.822 THz, respectively. In such 2-lens set-ups,
the resolution further improves for narrower lens apertures.

IV. SUMMARY

In this paper, the resolution limits of a CMOS THz camera
have been analyzed for the first time. The camera module
under-samples above the optimum frequency fo due to its 80-
µm pixel pitch coupled with narrow non-overlapping pixel
beams. Note that every camera shows this behavior. Therefore,
super-resolution imaging used for over-sampling can further
improve the angular resolution only above fo. In this regard,
we have presented a super-resolution model that is capable of
estimating the maximum achievable angular resolution across
frequency given by the Rayleigh criterion. This model has been
verified experimentally at 0.652 THz with a measured angular
resolution of 1.92°. The super-resolution model, for example,
predicts an estimated angular resolution of 1.7° at 0.822 THz,
where the camera exhibits optimum NEP.
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