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ABSTRACT For the first time, the characteristics of an evolving commercial camera technology that can
operate at millimeter-wave frequencies has been independently investigated. In this work, we benchmark
the TeraSense camera against a custom-built single-pixel camera at W-band, for image quality and aperture
reflectance. It is found that the Tera-1024 TeraSense camera exhibits limited image resolution and fidelity,
with significant levels of systematic spatial noise. In a poor signal-to-noise ratio scenario, the addition of
random noise exacerbates these problems. Possible causes of both beam and image distortion have been
identified in quasi-optical applications, which gives important insight into the best use of (sub-)THz cameras
and interpretation of their images. Inherent standing waves caused by the significant power reflectance of the
camera aperture is investigated in detail. A simple W-band one-port quasi-optical scalar network analyzer
is developed, to determine the levels of reflectance for both cameras, with its bespoke calibration routine
derived from first principles – providing a low-cost solution for many non-destructive testing applications.
It is found that the TeraSense camera (with additional RAM) and single-pixel camera (having default RAM)
have measured reflectance values of 27% and 3%, respectively, over a corresponding aperture area ratio
of approximately 714:1. While our single-pixel camera provides excellent image resolution and fidelity,
it inherently suffers from very slow raster-scanning speeds and operational bandwidth limitations. For this
reason, the TeraSense camera technology is excellent for performing qualitative measurements in real time,
with the caveats outlined in this paper.

INDEX TERMS Millimeter-wave, W-band, sub-THz, terahertz, focal plane array, camera, quasi-optics.

I. INTRODUCTION
Radiometric imaging technologies are based on measuring
thermal noise, either naturally emitted by a body (using a
‘passive radiometer’) or enhanced by illumination of the body
using external sources, whereby the coherent signal energy is
absorbed by the body and re-radiated as additional incoherent
thermal noise energy (using an ‘active radiometer’). Radiom-
etry in the thermal infrared (IR) spectrum (for example at
frequencies from 20 THz up to 40 THz, corresponding to
wavelengths in free-space from 14 µm down to 7 µm) has
the advantage of relatively good image resolution and fidelity
with commercially available cameras, but has limitations on
penetration depth.

The associate editor coordinating the review of this manuscript and

approving it for publication was Pu-Kun Liu .

The sub-THz band (i.e., any frequencies below 1 THz)
offers the advantage of unprecedented penetration depth, for
seeing through materials such as fabric, ceramic, plastic,
leather and paper/cardboard. Although, above ca. 600 GHz,
electromagnetic scattering off woven fabrics is still a major
limitation. In addition, as a general rule of thumb, the cost
of implementing technologies increase with increasing fre-
quency, up into the infrared spectrum. For this reason, moving
down the frequency spectrum gives improved penetration
depth and can potentially be cheaper, but with low spa-
tial resolution from a compact camera. The millimeter-wave
spectrum (30 GHz up to 300 GHz, corresponding to wave-
lengths in free-space from 10 mm down to 1 mm) offers
a compromise in terms of penetration depth against spatial
resolution; technologies at these frequencies will be the focus
of this paper.
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Operating at millimeter frequencies has a number of other
important issues for their practical implementation. The first
is that Planck’s law shows that the thermal ‘brightness’ of
a body diminishes as frequency decreases; having its peak
value within the IR spectrum for a body at room tempera-
ture. In contrast, atmospheric attenuation tends to improve as
frequency decreases; although there are spectral peaks that
should be avoided, due molecular resonances (oxygen and
water absorption bands) – this explains why millimeter-wave
systems operate below ca. 40 GHz and between 70 GHz
and 100 GHz (avoiding the broad and strong oxygen absorp-
tion band, centered at approximately 60 GHz) [1].

There are a number of room-temperature radiometric
imaging systems available on the open market, used mainly
for industrial non-destructive testing and security screening
applications – based on the following generic technolo-
gies: (i) very high performance, extremely high cost het-
erodyne radiometers; (ii) medium performance, very high
cost pre-amplified direct detection radiometers; and (iii) low
performance, medium cost non-pre-amplified direct detec-
tion radiometers, which requires additional critically placed
‘active’ source(s) of illumination. An example of (iii) is the
US-Russian TeraSense camera; the technical details of which
are inferred from their recent publications [2]–[4]. Their mid-
range Tera-1024 (sub-)THz camera has a 2-D focal plane
array (FPA) with 32 × 32 pixels. Each pixel has a plasmonic
detector, made from a patented GaAs/AlGaAs heterostruc-
ture technology [2]. The embedded two-dimensional electron
system (2DES) channel (having a resistance of 100 � [3])
is grown on a semi-insulating GaAs substrate. Two inner
gates (with ∼0.5 V of asymmetric DC bias) create a pho-
ton microcavity, having a width and length of 15 µm and
20 µm, respectively. These input electrodes are fed by a
broadband on-chip log-periodic antenna, having an exter-
nal diameter of 1.5 mm [3]. With a 1.5 mm pitch between
pixels, the half-wavelength spacing provides optimal perfor-
mance at 100 GHz. The microcavity light modes couple with
the 2DES plasma modes, having a sub-half-micron vertical
separation distance, to excite confined relativistic plasmons
(damped plasma waves) that can propagate along the 2DES
channel at room temperature [2]–[4]. The rectified output
photo-response signal is taken from two outer (source and
drain) electrodes. The amplitude of this signal provides infor-
mation about the power intensity of the incident electromag-
netic radiation (recorded in arbitrary units).

According to Nyquist, the theoretical minimum spatial
resolution of the camera is half the wavelength of the elec-
tromagnetic radiation being observed. The TeraSense camera
has a certified spectral range from 50 GHz up to 700 GHz [5].
Moreover, at a room temperature of approximately 296 K
(23◦C), the detector has a post-amplification voltage respon-
sivity of 50 kV/W and noise equivalent power (NEP)
of 1 nW/

√
Hz [3] from 10 GHz to 1 THz.

When compared to uncooled microbolometer (ultra-
broadband thermal detector) based FPA cameras optimized
for THz applications, which can require a post-detection

integration time of tens of milliseconds, plasmonic detectors
have a few order of magnitude shorter response times with its
room temperature NEP being an order of magnitude higher,
an external ‘active’ illumination source is required with both
uncooled microbolometer and TeraSense cameras.

Nevertheless, with the TeraSense camera being able
to operate at millimeter-wave frequencies, this state-
of-the-art technology represents a unique and valuable
room-temperature imaging tool for the scientific and engi-
neering communities; for example, in the absence of an
expensive professional antenna test range [6]. With this in
mind, it is important to independently investigate the perfor-
mance of this camera within a quasi-optical environment.

II. MILLIMETER-WAVE CAMERAS
Cameras provide quick and easy ways of measuring quasi-
optical features of beams, such as cross-sectional images and
intensity distributions along the propagation z-axis.

For example, at (sub-)THz frequencies, there are at least
two uncooled microbolometer FPA cameras on the mar-
ket; both being relatively expensive. The TZCam (from i2S,
France) has a 320 × 240 pixel array with a 50 µm pitch that
provides an associated peak performance at ∼3 THz, with a
specified frequency of operation from 300 GHz to 5 THz;
requiring an additional electronically-controlled mechanical
shutter for zero baseline level calibration (with repeated
calibration-measurement cycles needed to increase the
signal-to-noise ratio) [7]. Also, theMICROXCAM-384i-THz
(from INO, Canada) has a 384 × 288 pixel array with
a 35 µm pitch that provides an associated peak performance
at ∼4 THz, with a specified frequency of operation from
94 GHz to 4.25 THz [8]. However, the next-generation of
(non-pre-amplified direct detection) CMOS FPA cameras are
aimed at the low-cost market. For example, the TicMOS-1kpx
(from TicWave, Germany) has a 32 × 32 pixel array and
a -3 dB bandwidth between 0.75 THz to 1 THz, with a speci-
fied frequency of operation from 100 GHz to 4 THz [9]. More
information on these products is available [10], [11].

Here, we benchmark the medium-cost Tera-1024 cam-
era against a custom-built single-pixel camera at W-band
(75 GHz to 110 GHz), for image quality and aperture
reflectance.

A. SINGLE-PIXEL RASTER SCANNED
A single-pixel raster-scanning camera is custom built, based
on one millimeter-wave diode detector, 3-D scanning mecha-
nism and an automated data acquisition module. 3-D printed
brackets and mounts are employed, with an optical bread-
board for precision alignment. A block diagram, illustrating
each component of the single-pixel camera, is shown on
Fig. 1(a).

The camera has a square-law detector (Millitech DXP-10
Schottky barrier beam lead diode detector [12]), operating
across W-band, with a standard open-ended WR-10 waveg-
uide aperture (2.54 mm× 1.27 mm) surrounded by radiation
absorbent material (RAM).
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For creating 2-D cross-sectional images, perpendicular to
the propagation z-axis, the detector raster scans over the hor-
izontal and vertical x-y plane. Figure 1(b) shows a simplified
illustration for our raster scanning sequence.

The 3-axes (x, y and z) scanning mechanism is actu-
ated using three pairs of stepper motors and 8 mm lead
screws. Each axis is guided with a pair of linear-rails
and matching roller bearings. The stepper motors are
controlled with two microcontrollers (ATmega328P and
ATmega2560) [13], [14]. Depending on the spatial resolution
setting, the microcontrollers sets the direction, speed and
step-counts for the stepper motors. The stepper motors are
synchronized to accommodate the sampling rates for the
data acquisition module. The minimum achievable pixel size
(dpx ,dpy) with our setup is ∼10 µm.
The basic data acquisition module employs a lock-in

amplifier and two 16-bit (Texas Instrument ADS1115 [15])
analog-to-digital converters (ADCs), which feed the micro-
controller boards that are synchronized with the scanning
mechanism. As an optional improvement, employing an addi-
tional first-order anti-aliasing low-pass filter (between the
detector and ADC), the noise floor would be significantly
reduced; enhancing the temporal resolution for the single
pixel camera.

B. TERASENSE FPA
With any FPA, image quality is dependent on both spatial
resolution and pixel fidelity. The latter is a function of the
number and distribution of pixels that are faulty and those
with large deviations in responsivity. The TeraSense camera
has a a specified permissible number of faulty pixels of up to
3% and specified pixel-to-pixel responsivity deviation from
the mean value is within 20%; requiring additional image cal-
ibration/correction measures. As with the single-pixel cam-
era, external active illumination is needed [3].

Since the TeraSense camera has limited spatial resolution,
faulty pixels can corrupt beam profile images. In addition,
faulty pixels near the center of a beam makes it difficult to
identify the location of peak intensity. Also, over a period
of months, the number of faulty pixels increased. To expose
and map the faulty pixels, the camera’s aperture is fully
illuminated by a beam at maximum exposure and 100 frames
are accumulated. Initially, 24 faulty pixels were recorded,
with 16 more faulty pixels identified after 30 months. The
quasi-optical measurements for this work are undertakenwith
between 26 and 40 faulty pixels. Figure 2 shows the mapped
locations of faulty pixels. Clearly, as the number of both dead
andmalfunctioning pixels increase, the need for sophisticated
image processing increases and image fidelity becomes more
problematic.

A performance summary for each camera is given in
Table 1.

C. BEAM SOURCES
For this study, two Gunn diode modules are used (Millitech
GDM-12-WB-17M, operating at 76 GHz and Millitech

FIGURE 1. Custom-built single-pixel raster-scanning camera: (a) basic
block diagram; (b) illustration of raster-scanning sequence; and
(c) complete single-pixel camera system.

FIGURE 2. Faulty pixel map for our Tera-1024 camera with a count of:
(a) 26, prior to this work; (b) 40, after this work. Black squares represent
dead pixels (no output) and blue/green/yellow pixels give a false reading.

GDM-10-0-17H, operating at 92 GHz [12]). In both cases,
an isolator (Millitech JFL-10-NI [12]) is employed to protect
the Gunn diode modules from impedance mismatch reflec-
tions. With the 76 GHz source, an additional WR-12 to
WR-10 waveguide transition is inserted between the Gunn
diode module and isolator. For biasing the sources, a separate
Gunn Modulator Regulator (Millitech GMR) is employed.
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FIGURE 3. EM Simulated and measured diverging beam cross section images (normalized values) at 76 GHz (above) and 92 GHz (below) with a 30 mm
separation distance between antenna and camera apertures: (a) Reference HFSS simulation (raw); (b) single-pixel camera (raw); (c) TeraSense camera
(raw); (d) TeraSense camera (proprietary median-smooth filter); and (e) TeraSense camera (MATLAB ‘disk smooth’ filter). The white loci in 3(a)-3(b)
represent the extracted 1/e2 boundaries.

TABLE 1. Performance summary for the single-pixel and TeraSense
cameras.

When square-wave modulation is needed, an external mod-
ulator (1 kHz, 5 V) is used to clock the GMR.

As shown in Fig. 1(a), with a typical quasi-optical (QO)
set-up, a pyramidal horn antenna (FLANN 27240-20 [16]) is
employed with the Gunn diode module to radiate a diverging
beam. When a collimated beam is needed, a 90o off-axis
parabolic mirror (Edmund Optics 35-522 [17]) is placed
76.2 mm away from the pyramidal horn antenna’s effective
focal point. It is worth noting that a perfect collimation is
unachievable with a pyramidal horn antenna, because it does
not represent an ideal point source.

III. MEASURING IMAGE QUALITY
Camera image performance is investigated with two beams.
First, at a fixed distance, the horn antenna directly illuminates
the camera, with its diverging beam within the radiating near
field of the antenna. Second, the horn antenna feeds the 90◦

off-axis parabolic mirror to illuminate the camera with a

near-collimated beam. With the latter, both cameras are set to
acquire 2-D cross-sectional images of the beam at different
distances along the propagation z-axis. Here, the single-pixel
camera is chosen to acquire images with a modest resolution
step size setting of dpx = dpy = 200 µm.

A. DIVERGING BEAM
With the diverging beam, the distance between the antenna
and camera apertures is fixed at 30 mm. Raw (unfiltered
in this context) 2-D images showing the spatial beam pro-
files from electromagnetic (EM) simulation software (HFSS)
and measured by the cameras, at 76 GHz and 92 GHz, are
shown on Fig. 3(a) to 3(c). In addition, images created using
TeraSense’s proprietary median-smooth filter is applied (at
the maximum level), shown in Fig. 3(d). Also, MATLAB’s
‘disk smooth’ filter [18] is applied to the raw images from
the TeraSense camera and the results are shown in Fig. 3(e).

From Fig. 3, the rough shape and size of the incident beam
can be estimated by visual inspection of the raw images from
both cameras. However, with the TeraSense camera, the poor
image resolution and fidelity prohibit extraction of useful
information (e.g., cross-sectional beam profiles and beam
widths). In contrast, with the single-pixel camera, the raw
image can accurately identify the 1/e2 boundaries and beam
centers. With smooth filters, the camera images resemble
those simulated. Figure 3(d) and 3(e), clearly shows signif-
icant improvements on image quality for the beam shapes.

For example, beam cross section profiles are plotted for
the magnetic(H)- and electric(E)-field planes at 76 GHz
and 92 GHz and the results are shown in Fig. 4. Here, the
full width at half maximum (FWHM) and 1/e2 beam widths
are extracted and given in Table 2. It can be seen that the raw
image from this single-pixel camera is in excellent agreement
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FIGURE 4. Orthogonal beam cross-sectional profiles from reference
HFSS simulations (raw), single-pixel (raw) and TeraSense camera images
with 30 mm separation distance between the antenna and camera
apertures: (a) H-field plane at 76 GHz; (b) E-field plane at 76 GHz;
(c) H-field plane at 92 GHz; and (d) E-field plane at 92 GHz.

TABLE 2. FWHM and 1/e2 beam width extracted from measured images.
The percentage difference in the extracted values from the camera image
and EM simulated reference is given in brackets.

with simulations at both 76 GHz and 92 GHz. With the
TeraSense camera, there is reasonable agreement with the
use of its proprietary filter at both frequencies; the MATLAB
filter giving a slightly better agreement with simulations.

Caution should be taken when extracting beam profile
information using the TeraSense camera, even when using a
smooth filter, due to poor image quality. Moreover, while the
TeraSense camera is specified for operation down to 50 GHz,
the difference performance for the 1/e2 beam widths in
Table 2 is noticeably worse at 76 GHz, when compared to
with the narrower beam 92 GHz.

FIGURE 5. R-squared values for beam intensity profiles against the
Gaussian approximation reference analytical model.

A reference analytical model is used to evaluate how accu-
rately each camera captures H- and E-field plane beam cross
section intensity distributions, in terms of overall shape, using
statistical R-squared analysis. The analytical model assumes
that the pyramidal horn antenna acts as a perfect Gaussian
source, with a Gaussian approximation for beam intensity
given by [19]:

I (r) = Io · e
−2
(
r
wz

)2
(1)

where I0 is peak beam intensity (or irradiance); r is the radial
distance from the center axis of the beam; and wz defines
the beam radius at 1/e2 ∼ 13.5% of its peak intensity (or
1/e of its peak field). From Table 2, the beam width 2wz is
taken from EM simulations and I (r)/Io is calculated against
r , such that this analytical model can be compared directly
against the plots in Fig. 4, to extract theR-squared values. The
results are given in the bar chart shown in Fig. 5. Both the EM
simulation and single-pixel camera images show a good fit to
the Gaussian approximation for beam intensity. As expected,
with the TeraSense camera, there is reasonable agreement
with the use of its proprietary filter at both frequencies;
the MATLAB filter giving a slightly better agreement with
simulations.

B. COLLIMATED BEAM
With the diverging-beam, the peak beam intensity is relatively
high (due to the short separation distance) and the 1/e2 beam
width is only approximately 44% of the TeraSense camera
aperture size, resulting in a large signal-to-noise ratio (SNR).

In this subsection, a collimated beam is used having a more
complex profile and in a more challenging SNR environment.
With an ideal single-point source and mirror (optical) assem-
bly, geometric ray tracing shows that only one axis of sym-
metry exists (unlike the orthogonal two-axis symmetry for
the diverging beam). Moreover, with the horn-mirror (quasi-
optical) assembly, there will be additional distortion to the
beam cross section to that found with the optical assembly.
In addition, even small mechanical misalignments will add
further distortion to the beam’s cross-sectional profile.

With the same output power levels, the total separation
distance is now increased from 30mm to 246/346mm and the
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collimated 1/e2 beamwidths are now of the same order as the
TeraSense camera aperture size; resulting in a significantly
degraded SNR. Moreover, with these larger beam widths,
knife-edge diffraction from the front-facing aluminum casing
around the aperture may cause further beam image distortion.
Also, with any collimated beam, the effects of standing waves
will become more pronounced from a camera having a high
reflectance aperture. Two sets of images are taken at 76 GHz
and 92 GHz, at different distances (170 mm and 270 mm)
from the mirror along the propagation z-axis.
Figure 6 and Fig. 7 show the resulting images taken at

separation distances of 170 mm and 270 mm, respectively.
The single-pixel camera clearly shows the expected distortion
in the beam cross section; as with the diverging beam, the
1/e2 beam widths at 92 GHz are noticeably smaller than
at 76 GHz. In contrast, in this low SNR environment, the
random noise adds to the existing problems of poor resolution
and pixel quality, resulting in the TeraSense camera being
unable to resolve the complex image seen by the single-
pixel camera. For example, using only the raw image from
the single-pixel camera, it can be seen that the 1/e2 beam
widths slightly increase (∼10% in the H-field plane and
∼1% in the E-field plane) as the separation distance increases
from 170 mm to 270 mm; demonstrating that the beam is not
perfectly collimated and that this assessment cannot be made
with the TeraSense camera.

By observation of Fig. 6(c), 6(d), 7(c) and 7(d), pixels with
high intensity values seen in raw TeraSense camera images
are randomly distributed across the array. As a result, after
applying the smooth filter, it becomes impossible to locate
the beam center.

IV. STANDING-WAVE DETECTION
With the Tera-1024 camera, significant periodic fluctuations
in the detected pixel power levels are observed when the cam-
era is moved along the propagation z-axis. This phenomenon
indicates the presence of standing waves between the camera
and the source (also observed with the single-pixel camera,
but to a lesser degree).

With a collimated beam, the spatial power intensity dis-
tribution is measured with both cameras. Each camera is
moved along the propagation z-axis; 150 mm to 270 mm
from the center of the 90o off-axis parabolic mirror. With
the single-pixel camera, RAM is always used to minimize
standing waves. Therefore, to observe its effectiveness, mea-
surements are undertaken with and without the RAM. With
the TeraSense camera, only the central pixel is chosen to
record the power intensity.

Figure 8 shows the apertures for both cameras and
Fig. 9(a) and 9(b) give the normalized propagation z-axis
intensity distributions for the single-pixel camera with and
without the RAM at 76 GHz and 92 GHz, respectively.
It can be clearly seen that intensity has sinusoidal-type rip-
ples along the propagation z-axis. At 76 GHz, the aver-
age distance between two peaks is measured as λo/2 =
1.969 mm, corresponding to a frequency of 76.1 GHz.

FIGURE 6. Measured collimating beam cross section images (normalized
values) with a 170 mm separation distance between mirror center and
camera aperture at 76 GHz (left) and 92 GHz (right): (a) single-pixel
camera (raw); (b) TeraSense (raw); (c) TeraSense camera (proprietary
median-smooth filter); and (d) TeraSense camera (MATLAB ‘disk smooth’
filter). The white loci represent the extracted 1/e2 boundaries.

Similarly, at 92 GHz, the average distance between two peaks
is measured as λo/2 = 1.634 mm, corresponding to a fre-
quency of 91.8 GHz. The RAM surrounding the aperture of
the open-ended waveguide reduces the power intensity of the
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FIGURE 7. Measured collimating beam cross section images (normalized
values) with a 270 mm separation distance between mirror center and
camera aperture at 76 GHz (left) and 92 GHz (right): (a) single-pixel
camera (raw); (b) TeraSense (raw); (c) TeraSense camera (proprietary
median-smooth filter); and (d) TeraSense camera (MATLAB ‘disk smooth’
filter). The white loci represent the extracted 1/e2 boundaries.

standing wave by more than 3 dB. Figure 9(c) and 9(d) show
normalized propagation z-axis intensity distributions for both
cameras, over a zoomed-in range of 10 mm. At both 76 GHz
and 92 GHz, the TeraSense camera show more prominent
standing waves, when compared to the single-pixel camera
with RAM and is of the same order without RAM.

FIGURE 8. Photographs of the Tera-1024 camera with 48 mm× 48 mm
aperture (left) and single-pixel camera detectors with 2.54 mm ×
1.27 mm aperture (right) without (top) and with (bottom) RAM.

The voltage standing-wave ratio (VSWR) can, in principle,
be read-off directly from Fig. 9. However, any extracted
value for VSWR is meaningless since the source is also not
impedance matched to that of the reference (impedance of
free space ηo in our QO case). This will be found even with
the most expensive commercially available vector network
analyzers (VNAs), typically used as the source and detector,
due to non-ideal components employed within the test set
(irrespective of whether error correction is applied).

V. APERTURE REFLECTANCE MEASUREMENTS
Given the large standing waves, further investigation is
required to quantify the power reflectance for both cam-
eras. The two-sigma (i.e., 1/e2 normalized power) boundary
for the collimated Gaussian beam (containing 95.45% of
the beam power) projecting onto the TeraSense camera is
commensurate in size with the square periphery of its FPA
aperture. Also, in the previous section it was shown that the
TeraSense camera creates significant standing waves. This
should be of no surprise, as it is not possible to implement a
conventional anti-reflection layer in front of ultra-broadband
detectors.

In the US, the National Institute of Standards and Tech-
nology (NIST) undertook a reflectivity study of a target
plastic sheet (12.94 mm thick Rexoliter, 1422 cross-inked
polystyrene) at K-band (18 GHz to 26 GHz) [20]. Their target
(having a reported dielectric constant of 2.55 and loss tangent
of 6× 10−4) behaves as a Blackbody at the 3rd-order Fabry-
Pérot resonance frequency of approximately 21.8GHz,where
the magnitude of its reflection coefficient is approximately
zero. Here, Gu et al., use a VNA and two-tier calibration pro-
cess. First, a routine one-port calibration is performed, with
a reference plane at the waveguide flange of their pyramidal
horn antenna. Next, a few free-space calibration standards of
known reflection coefficient are employed to correct for the
free-space path loss of the diverging beam, impedance mis-
match between free space and the Device Under Test (DUT),
etc. [20]. Even with their commercial VNA and calibration
routine, the corrected magnitude of reflection coefficient for
a flat metal sheet exhibited a measured standing wave peak
of 1.006 and trough of 0.996, over a one wavelength range,

191180 VOLUME 8, 2020



S.-H. Shin, S. Lucyszyn: Benchmarking a Commercial (Sub-)THz FPA Against a Custom-Built Millimeter-Wave Single-Pixel Camera

FIGURE 9. Beam intensity along the propagation z-axis (running average
with 11 spatial points): (a) Single-pixel at 76 GHz; (b) Single-pixel
at 92 GHz; (c) Both camera at 76 GHz (zoomed-in); and (d) Both cameras
at 92 GHz (zoomed-in).

at a spot frequency of 18 GHz (corresponding to a reflectance
peak).

FIGURE 10. Detailed block-diagram of the bespoke W-band one-port
quasi-optical scalar network analyzer.

This section will evaluate the level of power reflectance
of the TeraSense camera’s aperture, at a new spot frequency
of 79 GHz. To this end, a simple bespoke one-port quasi-
optical scalar network analyzer is developed.

A. W-BAND ONE-PORT QUASI-OPTICAL SCALAR
NETWORK ANALYZER
The W-band one-port quasi-optical scalar network ana-
lyzer (1P-QO-SNA) is assembled using only commercially-
available precision components, as illustrated by the detailed
block diagram shown in Fig. 10; the complete system is
shown in Fig. 11. Note that the TeraSense camera has a higher
sensitivity to vertical E-field polarization and so this is taken
into account by the orientation of the pyramidal horn antenna
(Flann 27240-20, with gain of 18.7 dBi at 79 GHz [16]) that
illuminates the 90◦ off-axis parabolic mirror to create the
collimated incident beam. The camera ismounted on a 10 µm
precision moveable stage, which provide both accuracy and
repeatability. In order to minimize unwanted reflections dur-
ing the reflectance measurements, RAM is added to cover
the front-facing aluminum casing around the aperture. The
separation distance between the antenna aperture and the
center of the 90◦ off-axis parabolic mirror is dictated by
the mirror’s specified effective focal length of 76.2 mm.
With the pyramidal horn antenna used, having a radiating
aperture size of 12.4 mm × 9.0 mm (giving the largest
dimension DA = 15.32 mm), this distance is within the
radiating near field; between the reactive near-field distance

znf= 0.62
√
D3
A/λo (79 GHz) =19 mm and far-field distance

zff = 2D2
A/λo (79 GHz) =124 mm, where λo = 3.797 mm is

the wavelength in free space at 79 GHz.Within the collimated
beam, the separation distance between the mirror and camera
is not critical. In practice, however, if this distance is too short
then the standing waves between the camera and the horn-
mirror assembly can distort field pattern images displayed by
the camera; while, if the distance is too large, the camera’s
SNR can be low, resulting in unacceptable image quality.

With reference to Fig. 10, at the center of the SNA is a four-
port reflectometer, fed by a waveguide source and terminated
by a quasi-optical load. With the former, a stable 79 GHz
Gunn diode source (Millitech GDM-12 [12]) is employed
with WR-12 to WR-10 transition, followed by an isolator
(Millitech JFL-10-NI [12]), to reduce the inherent output
impedance mismatch seen by the input of the reflectometer.
A precision rotary vane attenuator (Flann 27110 [16]) is
employed to limit the available output power from the source,
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FIGURE 11. Complete W-band one-port quasi-optical scalar network
analyzer system: (a) block diagram; and (b) photograph.

so as to avoid pushing the incident power detector out of its
square-law region.

The source signal enters Port-1 and a fraction of this power
is sampled and emerges from Port-3; the output voltage Vi
from the square-law detector (connected to the coupled arm
of the second -10 dB directional coupler) represents the power
incident to the Waveguide Reference Plane. Similarly, the
reflected signal enters Port-2 and a fraction of this power
is sampled and emerges from Port-4; the output voltage Vr
from the square-law detector (connected to the coupled arm
of the first -10 dB directional coupler) represents the power
reflected from the Waveguide Reference Plane.

The square-law detector (Millitech DXP-10 [12]) employs
a high sensitivity, zero-bias, Schottky barrier beam lead
diode. In practice, it is not possible to perfectly match the
performance of any two detectors. Therefore, in order to
minimize the introduction of errors with this four-port spec-
trometer, the same detector is used for both incident and
reflected measurements; swapping them and terminating the
other port with a dummy matched load (Flann 27040 [16]).

With reference to Fig. 11, for automated data collection and
calibration, the DUT is placed on a motion platform (driven
by a stepper motor and lead screw), which translates along the
propagation z-axis (between 145 mm and 165 mm from the
center of the 90o off-axis parabolicmirror). Similar to the data
acquisition module for the single-pixel camera, the output
voltage from the square-law detector is fed into an ADC and
microcontroller (ATMEGA328). The stepper motor pauses
approximately 0.5 seconds to ensure mechanical stability

every 10 µm, and the microcontroller collects data (position
and voltage). A customMATLAB script is used to implement
the bespoke calibration routines (discussed on following sec-
tions). As most of the measurement and calibration processes
are automated, the Gunn diode modules can be replaced by a
more sophisticated frequency swept source.

In Fig. 10, ρT is the target voltage-wave reflection coef-
ficient at the DUT Reference Plane. In order to quantify the
level of power reflectance |ρT |2 from the TeraSense camera,
in a quantitative way, it is necessary to fully-calibrate the
bespoke 1P-QO-SNA system. As will be shown here, this
undertaken with two very simple calibration steps that avoid
the need to consider complex variables.

B. WAVEGUIDE REFLECTOMETER ANALYSIS
With reference to Fig. 10, the S-parameter matrices for the
four-port reflectometer, first directional coupler and sec-
ond directional coupler are

[
SR
]
,
[
SC1

]
and

[
SC2

]
, respec-

tively; while the external voltage-wave reflection coefficients
‘seen’ by Port-1 (source) and Port-2 (load) are ρS and ρL ,
respectively.

At this point, it is important to first understand the sub-
tle difference between what is measured by the four-port
reflectometer and what can be inferred from the voltage
standing-wave ratio at its measurement reference plane. For
simplicity, remove the quasi-optical components (such that
ρL = e−j2θρT ) and let the four-port reflectometer be ideal
and lossless. At the Waveguide Reference Plane, it can be
shown that the respective normalized incident and reflected
voltage waves vLi and vLr , normalized voltage standing wave
vL = vLi+vLr , VSWR and the magnitude of the voltage-wave
reflection coefficient can be represented as:

vLi ⇒ SR31; vLr ⇒ SR41; vL ⇒ SR31 + S
R
41 (2)

|vL |max = |vLi| + |vLr | ⇒
∣∣∣SR31∣∣∣+ ∣∣∣SR41∣∣∣ and

|vL |min = |vLi| − |vLr | ⇒
∣∣∣SR31∣∣∣− ∣∣∣SR41∣∣∣ (3)

and, therefore,

VSWR =
|vL |max
|vL |min

⇒

∣∣SR31∣∣+ ∣∣SR41∣∣∣∣SR31∣∣− ∣∣SR41∣∣ 6= f (θ ) (4)

and,

|ρL | =
VSWR− 1
VSWR+ 1

6= f (θ ) (5)

and, therefore,

|ρL | =

∣∣∣∣vLrvLi
∣∣∣∣⇒

∣∣∣∣∣SR41SR31

∣∣∣∣∣ 6= f (θ ) (6)

Ideally, with ρS = 0, none of the expressions in (2)-(6) are a
function of the displacement electrical length θ , between the
Waveguide and DUT Reference Planes. However, if ρS 6= 0,
all the voltage waves in (2)-(3) become a function of θ ;
by extension, this includes the measured voltages from the
square-law detectors. This is because the 1P-QO-SNA system
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FIGURE 12. Simplified signal-flow graph of the four-port reflectometer.

essentially behaves as a one-dimensional resonator between
the two reflecting boundaries ρS and ρT . Fortunately, taking
the ratio of two similar voltage waves from (2)-(3), which
have exactly the same ρS dependent denominator, will not
result in VSWR and |ρL | becoming a function of θ .
Now, consider the calibration of a practical reflectometer.

In order to derive the closed-form expressions, it is first
necessary to make some reasonable simplifying assumptions.
Here, the commercial waveguide directional couplers and
dummy matched load are assumed to be perfectly matched
and that the isolation between the direct and coupled ports of
the directional couplers are infinite; the resulting scenario is
depicted by the signal-flow graph shown in Fig. 12. In prac-
tice, the directional coupler (Mi-Wave’s 559W, previously
TRG Division/Alpha Industries) has quoted typical directiv-
ity of 40 dB and main line return loss of -26.4 dB [21];
while the matched load has a quoted return loss better than
-32.3 dB [16]; supporting our simplifying assumption.

With reference to Fig. 12, it can be shown that, using the
heuristic engineering approach for vector voltage waves [22],
the resulting S-parameters expressions (superscript R has
been removed for clarity) are:

S31 =
SC121 S

C2
31

131
(7)

131 = 1−
(
SC121

)2
ρS

[(
SC221

)2
ρL +

(
SC231

)2
ρD

]
(8)

S41 =
SC121

(
SC221

)2
SC131 ρL

141
(9)

141 = 1−
(
SC221

)2
ρL

[(
SC121

)2
ρS +

(
SC131

)2
ρD

]
(10)

Now, since

∣∣∣∣(SC1,231

)2
ρD

∣∣∣∣ ∼ 0 with -10 dB directional

couplers, it will be found that:

1∼= 131 ∼= 141 ∼= 1−
(
SC121 S

C2
21

)2
ρSρL (11)

and, therefore,

ρL ∼=
S41
/
S31(

SC221

)2
SC131

/
SC231

and

|ρL | ∼=

√
Vr
/
Vi∣∣∣(SC221

)2
SC131

/
SC231

∣∣∣ →
√
Vr
/
Vi

0.84643
at 79 GHz (12)

TABLE 3. Bespoke 79 GHz one-port quasi-optical scalar network analyzer
verification measurements.

and for completeness,

S11 ∼=

(
SC121 S

C2
21

)2
ρL

1
and S22 ∼=

(
SC121 S

C2
21

)2
ρS

1
(13)

where, from W-band measurements of the non-ideal -
10 dB ±1 dB directional couplers, the coupled val-
ues are

∣∣∣SC1,231 (79 GHz)
∣∣∣ = [0.34993, 0.35154] ⇒

[−9.12,−9.08] dB and direct values are
∣∣∣SC1,221 (79 GHz)

∣∣∣ =
[0.91721, 0.92214]⇒ [−0.75,−0.70] dB.
It is interesting to note that infinite transient reflections

between Port-1 and Port-2 are included in the model, seen
in (7)-(11). However, with reference to (12), this closed-
loop path naturally disappears when determining the return
loss = 20log |ρL | measurements. Indeed, even with the
impedance mismatched detector having |ρD (79 GHz)| =

0.75409⇒ -2.45 dB,

∣∣∣∣(SC1,231

)2
ρD

∣∣∣∣ = [0.0923, 0.0932] ⇒

[−20.7,−20.6] dB at 79 GHz; justifying our approximations
in (11)-(13). Moreover, neither the source reflection coeffi-
cient ρS or any phase information for the directional couplers
are required. Of practical important, no calibration routine
(requiring traceable waveguide standards) is required for the
reflectometer part of the bespoke 1P-QO-SNA.

C. WAVEGUIDE REFLECTOMETER VERIFICATION
MEASUREMENTS
To test the reflectometer part of the bespoke 1P-QO-SNA,
it is first necessary to perform verification measurements
at the Waveguide Reference Plane. Here, Flann waveg-
uide short circuit and matched loads are employed [16].
The WR-10 waveguide, with its internal dimensions of
2.54 mm × 1.27 mm, have a theoretical ideal lossless
cut-off frequency of 59.014 GHz and wave impedance of
η(79 GHz) = 1.508ηo. As a result, an open-ended waveguide
can also act as a convenient verification standard, having a
theoretical reflection coefficient of ρL(79 GHz) = 0.2025,
associated power reflectance of 4.10% and return loss of
-13.87 dB. The results for these Waveguide Reference Plane
verification measurements are given in Table 3.
Table 3 shows that the short circuit and open-ended waveg-

uides gives 0.05 dB and 0.8 dB return loss errors, respectively.
Due to detector noise, it is not possible to measure output
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TABLE 4. Verification material sample modelling parameters.

voltages below∼0.2 mV. As a result, the matched load could
not bemeasuredwith any confidence (evenwith a 0 dB source
attenuation setting). In addition to the previous validation
measurements, the quasi-optical components placed in situ
are also measured, with the pyramid horn antenna pointing at
free space and also with the insertion of the parabolic mirror.
As expected, it is found that the latter scenario degrades the
performance of the former. Moreover, from the former, it is
established that the reflectometer can perform measurements
with a dynamic range between 30 dB and 32 dB.

The results presented here, for calibration standard-free
measurements at the Waveguide Reference Plane, have vali-
dated the operation of the reflectometer part of the bespoke
1P-QO-SNA system. Next, it will be shown that a very simple
calibration step can be applied to move the measurement
reference plane from the Waveguide Reference Plane to the
Quasi-optical Reference Plane. Finally, using another simple
calibration step, the reference plane can be shifted from the
Quasi-optical Reference Plane to the DUT Reference Plane.

D. WAVEGUIDE TO QUASI-OPTICAL REFERENCE PLANE
SHIFT
At the Waveguide Reference Plane, using power propagation
modeling [22], the reflectometer ‘sees’ the following:

|ρL |
2
≈

∣∣∣ρHML ∣∣∣2 + η2HM ∣∣ρQ∣∣2 and
ηHM ≈

(
1−

∣∣∣ρHML ∣∣∣2)GHM (14)

where, ηHM represents the overall efficiency of transfer-
ring power between the Waveguide Reference Plane and
the Quasi-optical Reference Plane, associated with the
horn-mirror (HM) assembly. This includes the impedance
mismatch power loss factor

(
1−

∣∣ρHML ∣∣2) and combined
ohmic and optical misalignment power loss factor GHM .
Also,

∣∣ρHML ∣∣2 represents the power reflectance from the HM
assembly with no DUT target present (i.e., the collimated

beam radiates into free space and without any returning
reflections). In practice,

∣∣ρHML ∣∣ ≈ 0 and so |ρL |2 ∼
∣∣ρQ∣∣2

with optically aligned commercial quasi-optical components.
Nevertheless, for improved accuracy, the quasi-optical equiv-
alent of a matched load measurement is undertaken to
extract

∣∣ρHML ∣∣2. Here, themeasured horn-mirror assembly has∣∣ρHML (79 GHz)
∣∣ = 0.03747⇒ -28.5 dB, as given in Table 3.

In addition, the electromagnetic short circuit is measured,
with a flat polished copper sheet positioned parallel and close
to the quasi-optical reference plane. The average value of∣∣ρQ∣∣2 as the position of this target is moved across a few

standing wave cycles is
∣∣∣↔ρQ∣∣∣2 ∼= 1. The corresponding values

of |ρL |2 are measured and recorded to give an average value∣∣∣↔ρL ∣∣∣2, so that GHM can be extracted from:

GHM ≈

√∣∣∣↔ρL ∣∣∣2 − ∣∣ρHML ∣∣2(
1−

∣∣ρHML ∣∣2) (15)

Finally,
∣∣ρQ∣∣2 can now be extracted directly from spec-

trometer measurements, such that:

∣∣ρQ∣∣2 ≈ |ρL |2 − ∣∣ρHML ∣∣2
η2HM

(16)

E. QUASI-OPTICAL TO DUT REFERENCE PLANE SHIFT
The following analysis assumes a perfectly collimated beam
and with perfect optical alignment to achieve normal inci-
dence to the DUT Reference Plane (having a voltage-wave
reflection coefficient ρT = |ρT | ej

6 ρT ), physically sepa-
rated by distance z and electrical length θ = 2πz/λo from
the reflectometer’s Quasi-optical Reference Plane (having a
voltage-wave reflection coefficient ρR = |ρR| ej

6 ρR ). In the
opposite direction, the Quasi-optical Reference Plane ‘sees’
the remote target with a voltage-wave reflection coefficient
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ρQ =
∣∣ρQ∣∣ ej6 ρQ , such that:

ρQ =
e−j2θ

1− ρRρT e−j2θ
· ρT (17)

With an ideal planar reflecting sheet calibration target
at the DUT Reference Plane has ρT = −1, implemented
with a theoretical perfect electrical conductor (PEC), and the
electromagnetic short circuit (SC) gives:∣∣∣ρSCQ ∣∣∣2 = 1∣∣1+ |ρR| ejφ∣∣2 ≡ 1

(1+ xS)2 + (yS)2
(18)

where, φ = 6 ρR − 2θ , xS = |ρR| cosφ and yS = |ρR| sinφ.
By displacing the position of the short circuit by a λo/4 offset,
the resulting offset short (OS) gives:∣∣∣ρOSQ ∣∣∣2 ≡ 1

(1− xS)2 + (yS)2
(19)

where,

yS =

√√√√ 1∣∣∣ρSCQ ∣∣∣2 − (1+ xS)2 and
xS =

1
4

 1∣∣∣ρSCQ ∣∣∣2 −
1∣∣∣ρOSQ ∣∣∣2

 (20)

giving,

|ρR|
2
= (xS)2 + (yS)2 =

1
2

 1∣∣∣ρSCQ ∣∣∣2 +
1∣∣∣ρOSQ ∣∣∣2

− 1(21)

With a DUT target (TA) at the DUT Reference Plane:∣∣∣ρTAQ ∣∣∣2 = |ρT |
2∣∣1− |ρR| |ρT | ejψ ∣∣2 ≡ |ρT |

2

(1− xT )2 + (yT )2
(22)

where, ψ = φ + 6 ρT , xT = |ρR| |ρT | cosψ and yT =
|ρR| |ρT | sinψ . By displacing the position of the target by a
λo/4 offset, the resulting offset target (OT) gives:∣∣∣ρOTQ ∣∣∣2 ≡ |ρT |

2

(1+ xT )2 + (yT )2
(23)

where,

yT =

√√√√√ |ρT |2∣∣∣ρTAQ ∣∣∣2 − (1− xT )
2 and

xT =
|ρT |

2

4

 1∣∣∣ρOTQ ∣∣∣2 −
1∣∣∣ρTAQ ∣∣∣2

 (24)

giving,

|ρR|
2
|ρT |

2
= (xT )2 + (yT )2

=
|ρT |

2

2

 1∣∣∣ρTAQ ∣∣∣2 +
1∣∣∣ρOTQ ∣∣∣2

− 1 (25)

FIGURE 13. Measured reflectance for the flat copper calibration and
TeraSense aperture targets, with and without calibration, over a range of
approximately five wavelengths at 78.85 GHz (no running average).

and, therefore,

|ρT |
2
=
(xT )2 + (yT )2

(xS)2 + (yS)2

=
2(

1∣∣∣ρTAQ ∣∣∣2 − 1∣∣∣ρSCQ ∣∣∣2 + 1∣∣∣ρOTQ ∣∣∣2 − 1∣∣∣ρOSQ ∣∣∣2
)
+ 2

(26)

The copper sheet calibration and DUT targets are located
such that standing-wave peak values of Vr are measured, giv-

ing
∣∣∣ρSCQ ∣∣∣2 and ∣∣∣ρTAQ ∣∣∣2, respectively. The λo/4 offset locations

can then be easily found by obtaining adjacent standing-wave

trough values of Vr , giving
∣∣∣ρOSQ ∣∣∣2 and

∣∣∣ρOTQ ∣∣∣2. In prac-
tice, using our automated data collection routine, measure-
ments were collected across approximately five wavelengths.
Within this dataset, (26) was calculated for every possible pair
of data points with quarter-wavelength separation and then
averaged. Note that the copper calibration and DUT targets
only need to be approximately in the same locations (i.e.,
within a few wavelengths relative to each other), without any
significant loss of accuracy.

The reflectance for the flat copper sheet calibration target,
with and without correction, is shown in Fig. 13, with increas-
ing distance between the parabolic mirror and DUT reference
plane. As shown in Fig. 13, the corrected reflectance for
the short must always be 100%, by definition, in accordance
with (26). Moreover, from the uncorrected reflectance of the
short, the incident beam appears to be collimated across the
displacement range of 18 mm.

F. MODELING AND MEASUREMENT OF VERIFICATION
MATERIAL SAMPLES
The performance of the complete bespoke 1P-QO-SNA sys-
tem can be verified using verification material sample targets.
The caveat for any verification procedure is that both the
physical and electrical characteristics of the material samples
are accurately known a priori.

The verification material samples consist of a mixture of
optically-polished semiconductor and glass wafers, as well
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as plastic sheets, having a measured thickness l, such that
only the first Fabry-Pérot resonance frequency is below
the 79 GHz operating frequency. Table 4 lists the verification
materials used and their modeling parameters, to provide
sufficient traceability for our needs.

The voltage-wave reflection coefficient, for a collimated
beam at normal incidence to an optically flat material under
test that is large enough not to exhibit significant diffraction
effects, and associated Fabry-Pérot resonance frequencies fFP
can be calculated from the following expressions [22]:

ρT =
1− e−2γ l

1−
(
ρ0e−γ l

)2 · ρ0 and fFP ∼= N
c
2nl

(27)

where, ρ0 = (1− ñ) / (1+ ñ) is the zero-order electric-field
wave reflection coefficient for the material under test located
in free space; γ = jβoñ is the propagation constant; βo is the
phase constant in free space; ñ =

√
ε′reff (1− jtanδ) is the

complex refractive index for a non-magnetic material; ε′reff
and tanδ are the respective real part of the complex effective
relative permittivity (i.e., dielectric constant) and effective
loss tangent; n = R {ñ} is the refractive index; c is the speed
of light in free space; and N ∈ [1, 2, 3 . . .∞] is the order of
the Fabry-Pérot resonance frequency.

The complex effective relative permittivity is given by:

ε̃reff = ε
′
reff − jε

′′
reff = ε̃r − j

σ̃

ωε0
and tanδ =

ε′′reff

ε′reff
(28)

where, ε̃r = ε′r − jε
′′
r represents the complex relative permit-

tivity associated with the dielectric properties of the material,
while σ̃ = σ ′−jσ ′′ represents the complex conductivity asso-
ciated with the free carriers inside the material; σ ′ = 1/%0,
where %0 is the DC resistivity for a semiconducting wafer,
and ε0 is the permittivity of free space. With semiconductor
wafers, ε′′r ≈ 0 and σ ′′ ∼= 0 below terahertz frequencies [28]
and so the dielectric constant is effectively independent of the
wafer’s resistivity. As a result:

ε′reff
∼= ε
′
r and tanδ ∼=

(
ε′′r

ε′r
+

1
ωε0ε′r%0

)
≈

1
ωε0ε′r%0

[28]

(29)

Blonde et al. [28] reported a constant value of ε′reff =
11.55 for a high-resistivity silicon (HRS) wafer having
%0∼ 6.8 k� · cm, extracted from whispering gallery dielec-
tric resonator modes between 90 GHz and 96 GHz, and then
used this to predict tanδ across W-band; effectively ε′reff 6=
f (σ ′′, %0, ω) and ωtanδ 6= f (ε′′r , σ

′′, ω). Note that this value
of dielectric constant is much lower than the low frequency
textbook value of 11.68. In practice, power reflectance and
return loss can be very sensitive to even relatively small errors
in dielectric constant, especially at an operating frequency
close to Fabry-Pérot resonance frequencies and with large
values of %0. However, Afsar and Button published precise
spectroscopic data for a HRS wafer having %0∼ 8 k� · cm;
with ε′reff (100 GHz) = 11.67725 and tanδ(100 GHz) ×
104 = 19 ≈ 104/ωε0ε′reff (100 GHz)%0∼22 [29]. More

recently, Afsar and Chi reported similar values for HRS
wafers with %0∼ 2 & 1.5 k� · cm, having respective values
of ε′reff (100 GHz) = 11.678 & 11.697 and tanδ(100 GHz)×
104 = 17.5 & 17.5≈ 104/ωε0ε′reff (100 GHz)%0∼7.7 & 10.2
[23]. Similarly, at 82 GHz, ε′reff (82 GHz) = 11.6719 &
11.7068 and tanδ(82 GHz) × 104 = 21.5 & 20.4 ≈
104/ωε0ε′reff (82 GHz)%0∼9.4 & 12.5 [23]. Fortunately,
power reflectance and return loss are relatively insensitive
to small errors in loss tangent, even at frequencies close to
Fabry-Pérot resonances and with high values of %0.
An extremely high purity semi-insulating GaAs wafer is

used as a verification material sample, as this is used as the
substrate for the TeraSense FPA. Previously reported values
for dielectric constant and loss tangent are not used [29], [30].
The next subsection explains the reason for this and describes
the method used for extracting the dielectric constant for a
high purity GaAs wafer.
Finally, two different types of glass wafers (fused quartz

and borosilicate) and two plastic sheets of white PTFE with
different thicknesses also acted as verification material sam-
ples. White PTFE is chosen as it is also used as the protec-
tive cover for the TeraSense camera [5]. Indeed, the surface
texture of our non-optically flat samples appear to match the
protective cover.
Note that, in the UK, the National Physical Laboratory

(NPL) recently characterized HRS and PTFE at V-band
(50 GHz to 75 GHz), using a commercial VNA and a separate
material characterization kit (MCK) [31]. Within V-band,
the 4th- and 5th-order Fabry-Pérot resonance frequencies of
the 3.06 mm thick HRS sample are captured; while the
3rd- and 4th-order are captured by the 5.99 mm thick PTFE
sample. Unfortunately, the DC resistivity is not quoted for
HRS, while the type of PTFE is also not mentioned. As a
result, their extracted values for dielectric constant and loss
tangent at 75 GHz could not be used, although they are
commensurate with those given in Table 4.
The predicted and measured reflectance values for these

flat verification material samples are shown in Table 4 and
Fig. 14. It can be clearly seen that good agreement is found
with all the samples, verifying the satisfactory operation of
the complete bespoke 1P-QO-SNA system.

G. MODELING AND MEASUREMENT OF GaAs MIRROR
The TeraSense camera detector sensitivity decreases mono-
tonically with increasing frequency when a silicon lens
is added; this effectively embeds the detector within a
semi-infinite substrate, by suppressing Fabry-Pérot reflec-
tions at the silicon-GaAs boundary [3].
However, without this lens (i.e., the camera pixel is located

in situ at the air-GaAs boundary [3]), the frequency response
of the detector sensitivity will have spectral peaks and
troughs. In practice, a thermally evaporated metallic reflector
is deposited onto the backside of the GaAs wafer [3]; this
grounded dielectric slab acts as a GaAs mirror. As a result,
at the front (active) side of theGaAswafer, there is destructive
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FIGURE 14. Predicted and measured verification materials and devices
under test at 79 GHz.

(electromagnetic short circuit, SC) and constructive (elec-
tromagnetic open circuit, OC) interference at the following
frequencies:

fSC ∼= N
c

2nl2
and fOC ∼=

(
N −

1
2

)
c

2nl2
(30)

where n ∼=

√
ε′reff is the refractive index for the

semi-insulating GaAs wafer; l2 is the thickness of the GaAs
mirror (quoted as 620 µm [3]), and N ∈ [1, 2, 3 . . .∞]
is the order of interference (i.e., order of Fabry-Pérot res-
onance frequency). From the peaks in detector sensitivity,
Shchepetilnikov et al. fit a linear curve for1fOC against 1/l2,
extracting an estimated aggregate value of n = 3.8 for various
GaAs wafer thicknesses (used to spectrally tune detector sen-
sitivity); stating that this value of refractive index is in good
agreement with the value reported in literature [29], [32].
However, at room temperature, Afsar and Button [30] shows
values that generally decrease from 3.5944 to 3.5854 as fre-
quency increases from 75 GHz to 400 GHz; while Marple
shows values increasing from 3.36 and 3.60 as frequency
increases from 175 THz and 330 THz.

Clearly, there is a significant discrepancy in refractive
index, between 3.8 reported by Shchepetilnikov et al. and pre-
viously reported maximum values of 3.6 [29], [32]. To some
extent, this discrepancy can be attributed to the combined
uncertainties associated with the optical path length product
nl2 in (30). For example, with two independently supplied Cr-
doped single-crystal semi-insulating GaAs samples, having
DC resistivities of 50 M� · cm and 78 M� · cm, Afsar and
Button showed that (in addition to decreasing ε′′reff ) a higher
DC resistivity increases ε′reff and n [29], [30]; with today’s
high purity crystal growth techniques, our undoped GaAs
wafer has a manufacturer’s quoted resistivity of 250M� · cm
and, therefore, it is expected that n > 3.6. Also, GaAs wafer
thickness is difficult to control and the physical measurement
of l2 will have associated tolerances. For example, a microm-

eter screw gaugewith Vernier scales can have accuracy values
from ±1 µm upwards, depending on its quality, and this can
be a potential source of significant error with lower quality
gauges. Another potential contribution to the discrepancy is
the influence that the log-periodic antenna has on the detector
sensitivity peak frequencies. Finally, the accuracy of deter-
mining the detector sensitivity peak frequencies, especially
with noisy measurements, with have associated uncertainties.

Assuming that the only significant contribution to any
discrepancy in the value of refractive index is due to the
higher purity of the GaAs, a manual extraction will now be
undertaken using the reported detector sensitivity peaks with
their 620 µm wafer [3].

The voltage-wave reflection coefficient, at normal inci-
dence to an optically flat mirror (with PEC backside reflect-
ing layer) that is large enough not to exhibit diffraction effects
from the collimated beam, can be calculated from the follow-
ing expression [22]:

ρPECMIRROR =
ρ0 − e−2γ l

1− ρ0e−2γ l
(31)

For a wafer thickness of exactly 620 µm, it will be
shown in the next subsection that there is an excel-
lent match between the spectral peaks in detector sen-
sitivity (reported at N ∈ [2, 3, 4, 5, 6, 9, 10, 11]) and
the associated constructive interference with n (N ) ∈

[3.74, 3.55, 3.74, 3.67, 3.68, 3.70, 3.70, 3.70], highlighting
the frequency dispersive nature of this material system (nom-
inally with n ≈ 3.7 across the 50 GHz to 700 GHz
frequency range), exhibiting spectral dips in reflectance
at fOC (N ) ≈ [97, 170, 226, 296, 361, 555, 621, 686] GHz.
From these datasets, n(2) = 3.74 gives the extracted value
of ε′reff (97 GHz) = 13.9876 found in Table 4. This value of
dielectric constant is used to predict the reflectance at 79 GHz
for the GaAs verification material sample, GaAs mirror and
the more complicated PTFE Cover-Air Gap-GaAs Mirror
material system, with all results shown in Fig. 14.

The bespoke 1P-QO-SNA system is used to measure a
640 µm thick semi-insulating GaAs wafer attached to a pol-
ished flat copper reflecting backplane, in an attempt to create
an ideal GaAs mirror. As shown in Fig. 14, the predicted
and measured reflectance values at 79 GHz are 99.73% and
98.50%. The 1.23% discrepancy can be attributed, in part,
to the use of copper instead of the modeled PEC reflec-
tor; with an intrinsic impedance ηCU (79 GHz) ∼= 73.2
(1 + j) m�/� [33], at room temperature, a flat bulk copper
sheet has a reflection coefficient of−0.9996+ j0.0004 ∼= −1
and reflectance of 99.92% at 79 GHz – this justifies the use
of our PEC approximation.

H. MODELING AND MEASUREMENT OF PTFE COVER-AIR
GAP-GaAs MIRROR MATERIAL SYSTEM
Having established a means of accurately characterizing the
GaAsmirror, the next step is to investigate the effects of using
a PTFE protective cover for the GaAs mirror, as found with
the TeraSense camera [5]. To this end, an exact analysis for
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FIGURE 15. Analytical representations for the ideal PTFE Cover-Air
Gap-GaAs Mirror material system: (a) signal-flow graph; and
(b) identification of all reflection paths (Px) and internal loops (Lx).

the ideal PTFE Cover-Air Gap-GaAs Mirror must be under-
taken. The analytical representations of this more complex
material system is shown in Fig. 15.

From Fig. 15, usingMason’s non-touching loop rule, it can
be shown that the exact voltage-wave reflection coefficient at
the front surface of the PTFE cover is given by (32), as shown
at the bottom of the page.
where,

P1 = ρ1;P2 = −ρ1
(
1− ρ21

)
e−2γ1l1;

P3 = ρ2
(
1− ρ21

)2
e−2(γ1l1+jφ0)

P4 = −
(
1− ρ21

)2 (
1− ρ22

)
e−2(γ1l1+jφ0+γ2l2) (33)

and,

L0 = ρ1ρ2e−j2φ0;L1 = ρ21e
−2γ1l1;

L2 = ρ2e−2γ2l2;L3 = −ρ1ρ2
(
1− ρ21

)
e−2(γ1l1+jφ0)

L4 = −ρ1
(
1− ρ22

)
e−2(jφ0+γ2l2);

L5 = ρ1
(
1− ρ21

) (
1− ρ22

)
e−2(γ1l1+jφ0+γ2l2) (34)

and,

ρ1 =
1− ñPTFE
1+ ñPTFE

; γ1 = j
2π
λo
ñPTFE ;

φ0 =
2π
λo
l0; ρ2 =

1− ñGaAs
1+ ñGaAs

; γ2 = j
2π
λo
ñGaAs (35)

where, the complex refractive index ñ of the PTFE and GaAs
are related to their values of dielectric constant and loss

FIGURE 16. Simulated responses for 1 mm thick PTFE cover, 620 µm
thick GaAs mirror (nominal values of n = 3.7 and tanδ = 10×10−4) and
PTFE Cover-Air Gap-GaAs Mirror material system. The measured detector
sensitivity [3] is shown above.

tangent by ñ =
√
ε′reff (1− jtanδ). Setting ñPTFE → 1 and

l1, l0 → 0 essentially removes the protective cover and (32)
becomes (31). The simulated spectral responses for the 1 mm
thick PTFE cover (red curves), 620 µm thick GaAs mirror
(blue curve) and their combination with a 0.5 mm air gap [5]
(black curve) is shown Fig. 16.

As shown in Fig. 16, with nominal values of n = 3.7 and
tanδ = 10× 10−4 across the certified (50 GHz to 700 GHz)
spectral range of the TeraSense camera [5], the 620 µm
thick semi-insulated GaAs mirror exhibits high reflectance;
with broad peaks at fSC (N ), ranging between 98-100%. The
sharper dips at fOC (N ) can be seen to line-up with the mea-
sured peaks in detector sensitivity [3]. Moreover, the depths
of these reflectance dips and reduction in detector sensitiv-
ity peaks both increasing with frequency. The PTFE cover
(in isolation) exhibits almost perfect destructive interference
troughs in reflectance, giving more than 99.5% transmittance
at these Fabry-Pérot resonance frequencies [34], due to the
low loss nature of PTFE at sub-THz frequencies. Moreover,
with worst-case peak reflectance values of 12%, the corre-
sponding worst-case transmittance is 88% (i.e., insertion loss
of only -0.555 dB); with a 6.20% reflectance and 93.76%
transmittance at 79 GHz. When combined with the GaAs
mirror, the reflectance of the mirror dominates that of the
cover in isolation.

The bespoke 1P-QO-SNA system is used to measure our
PTFE Cover-Air Gap-GaAs Mirror material system, to emu-
late the basic construction of a camera. As shown in Fig. 15,
the predicted and measured reflectance values at 79 GHz are
99.76% and 98.73%. Here, the 1% discrepancy can again be
attributed, in part, to the practical use of copper instead of the
modeled PEC reflector

I. MEASUREMENT OF TERA-1024 AND SINGLE-PIXEL
CAMERA APERTURE
In practice, unlike the over-simplified ideal modeling under-
taken in the previous subsection, any two-dimensional array

ρT = P1 +
P2 [1− (L0 + L2 + L4)+ (L0L2)]+ P3 (1− L2)+ P4

1− (L0 + L1 + L2 + L3 + L4 + L5)+ (L0L1 + L0L2 + L1L2 + L1L4 + L2L3)− (L0L1L2)
(32)
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of log-periodic antennas will ultimately dominate the overall
reflectance seen at the front surface of the TeraSense cam-
era. Nevertheless, having established an accurate means of
measuring power reflectance with the bespoke 1P-QO-SNA
system, the Tera-1024 camera (having RAM covering the
front-facing aluminum casing) performance will be com-
pared with the single-pixel camera. As shown in Fig. 15,
the measured reflectance values for both cameras are 26.9%
and 3.3% at 79 GHz. Clearly, the TeraSense camera (with
additional RAM) has a very significant level of reflectance
at 79 GHz, albeit much lower than the 98.7% reflectance
found with our simple PTFE Cover-Air Gap-GaAs Mirror
material system. The reduction, from 98.7% to 26.9% could
be explained by the complete 32 × 32 pixel array being in
parallel with the surface impedance of the GaAs mirror [35].
In contrast, as expected, the single-pixel camera has insignif-
icant reflectance at 79 GHz.

It is worth mentioning that when the 79 GHz Gunn diode
source is replaced with one operating at 92 GHz (Millitech
GDM-10 [12]), preliminary measurements show that the
TeraSense camera has a reflectance of 29% at 92 GHz; as
expected, indicating a low level of frequency dispersion over
the relatively small increase in spot frequency.

VI. CONCLUSION
This is the first time the characteristics of an evolv-
ing commercial camera technology that can operate at
millimeter-wave frequencies has been independently inves-
tigated. Here, we benchmark the TeraSense camera against
a custom-built single-pixel camera at W-band, for image
quality and aperture reflectance.

When compared to a reference single-pixel camera, the
TeraSense camera exhibits limited image resolution and
fidelity, with significant levels of systematic spatial noise
(due to faulty pixels and high pixel-to-pixel responsivity
deviation). In a poor signal-to-noise scenario, the addition of
random noise exacerbates the problems with poor resolution
and pixel quality. While the TeraSense camera technology
can provide a convenient means of measuring beam profiles
at room temperature, in low SNR environments poor image
quality prohibits accurate characterization. We have identi-
fied possible causes of both beam and image distortion; this
gives important insight into the best use of (sub-)THz cameras
and interpretation of their images.

The inherent standing waves caused by the significant
power reflectance of the camera aperture has been investi-
gated in detail. A simpleW-band one-port quasi-optical scalar
network analyzer is developed, to determine the levels of
reflectance for both cameras, with its bespoke calibration
routine derived from first principles. This has been validated
using a mix of traceable semiconductor and glass wafers,
as well as plastic sheets. This simple scalar measurement
system can be adapted to other bands and implementation
technologies (i.e., not just with rectangular waveguide and
free-space quasi-optics) – providing a low-cost solution for
many non-destructive testing applications.

It is found that the TeraSense camera (with additional
RAM) and single-pixel camera (having default RAM) have
measured reflectance values of 27% and 3%, respectively,
over a corresponding aperture area ratio of approximately
714:1; clearly illustrating the inherent problem of standing
waves with broadband FPA cameras.While our custom-made
non-pre-amplified direct-detection single-pixel camera pro-
vides excellent image resolution and fidelity, it inherently
suffers from very slow raster-scanning speeds and operational
bandwidth limitations. For this reason, the TeraSense camera
technology is excellent for performing qualitative measure-
ments in real time, with the caveats outlined in this paper.
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