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High Accuracy Pointing for Quasi-Optical THz
Mixer Arrays

José Rui Gaspar Silva , Matvey Finkel, Wouter M. Laauwen, Menno Westerweld, Nikhil More, Abram Young,
Craig Kulesa, Christopher Walker, Floris van der Tak, and Jian Rong Gao

Abstract—We report a high accuracy pointing technique for
quasi-optical hot electron bolometer (HEB) mixers in focal-plane
arrays designed to operate at 1.4, 1.9, and 4.7 THz. The high
accuracy pointing is achieved by prealignment of a HEB chip to
a lens, measuring the angular error of each mixer in an array
assembly, and then realignment of the chip to the same lens to
correct the error. The realigned mixers, using 5 mm diameter Si
elliptical lenses designed for operation at 4.7 THz, show a final
pointing error distribution with an average (μ) = 0.13° and stan-
dard deviation (σ) = 0.06°, with respect to the normal direction
of the respective array plane. Those using 10 mm diameter lenses
designed for operation either at 1.4 or 1.9 THz, show μ = 0.08°
and σ = 0.03°. We demonstrated our pointing technique in five
4×2 HEB focal plane arrays developed for NASA’s balloon borne
GUSTO THz observatory. Our results corroborate the simulated
beam steering factors used to calculate the realignment corrections.
With the unprecedented pointing accuracy at the high frequencies,
our technique can significantly facilitate the use of lens-antenna,
quasi-optical mixers for future focal-plane arrays, which is able to
compete with traditional feedhorn-waveguide mixer arrays, oper-
ated typically below 1 THz, for astronomical instrumentation.

Index Terms—Antenna arrays, antenna radiation pattern, beam
steering, cryogenic, lenses, terahertz radiation.

I. INTRODUCTION

T ERAHERTZ heterodyne receivers, ranging roughly from
0.1 to 6 THz, have been used extensively for astronomy due

to their extremely high spectral resolution capabilities (R∼107)
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[1]. With such systems, it is possible to observe astronomically
important atomic fine-structure and molecular rotational lines
that are abundant in this frequency range. Using these lines as
tracers, it is possible to understand the dynamics and chemical
processes within star forming regions [2], [3]. Moreover, THz
heterodyne receivers due to their coherent nature also offer great
interferometry possibilities that, for example, are key to study
the physics of the event horizon of supermassive black holes [4].

A heterodyne receiver consists of a mixer element that mul-
tiplies an unknown celestial signal with a much stronger and
known signal from a local oscillator (LO), generating a copy
of the former at the frequency of the difference between the
two signals, which is the so-called intermediate frequency (IF).
Between 1 and 6 THz, the heterodyne receiver uses typically a
superconducting niobium nitride (NbN) hot electron bolometer
(HEB) mixer since it is currently the most sensitive hetero-
dyne detector available in this frequency range [5]. As LOs,
different coherent source types, solid-state sources based on a
multiplier-chain at frequencies below 2 THz [6] or quantum
cascade lasers (QCLs) above 2 THz [7], [8], can be used.
Because the sensitivity of current HEB mixers is approaching
the quantum noise limit [9] there is a need to develop multipixel
array receivers in order to improve mapping speeds of future
instruments. Recent important technology improvements, such
as high power QCLs [10], [11] and LO multiplexing schemes
based on a Fourier phase grating [12], offer solutions to fulfill
the existing demands for multipixel THz heterodyne systems
for airborne [13], balloon borne [14], [15], and possibly future
space [16] THz observatories.

The most common radiation coupling schemes for THz mix-
ers are either quasi-optical, namely lens-antenna, or feedhorn-
waveguide. At the frequencies above 2 THz, it is both chal-
lenging and expensive to manufacture good quality waveguide
structures due to the reduced feature size [17], which is not the
case for quasi-optical schemes that are easily manufacturable.
Therefore, the latter offers a good solution to scale the number of
pixels in receivers at those frequencies. However, quasi-optical
schemes are known to be difficult in achieving high accuracy
pointing of the far-field beams since they require the use of an
alignment method for the antenna of a mixer to the optical axis
of a lens that is challenging to obtain micrometer-level accuracy.
A nonideal alignment also contributes to create beam squint that
is not desired [18].

GUSTO is a NASA ultra-long duration balloon borne tera-
hertz observatory [15] that will employ three focal-plane arrays
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based on quasi-optical HEB mixers to simultaneously measure
the fine structure lines of [NII], [CII], and [OI] at 1.4, 1.9, and
4.7 THz, respectively. It requires the use of compact focal-plane
arrays, each of which consists of 8 pixels in a 4×2 configu-
ration. GUSTO array’s architecture takes a different approach
compared to the mixer arrays employed in the upGREAT instru-
ment [13], which consist of multiple individual mixers that can
have their THz far-field beams independently aligned. GUSTO’s
approach has the advantage of a reduced footprint of the array
and coupling optics in the instrument. However, it requires high
accuracy pointing of the beams of all the pixels to ensure their
coalignment, and therefore, parallel propagation in the telescope
optical system. This is crucial to reduce optical spillover, e.g.,
through the secondary mirror of the Cassegrain telescope, which
can reduce the mapping efficiency. Furthermore, it is important
for the beam matching to the LOs since any angular offsets
between two Gaussian beams can reduce the coupling efficiency.
Ideally, also all the mixers should receive not only sufficient but
also equal LO power. The LOs at 1.4 and 1.9 THz are based on
an array of sources made of multiplier chains, which allow to
tune the output power individually. Therefore, the pointing for
the lower frequency arrays is less critical as far as the coupling
to the LO is concerned. However, the 4.7 THz LO makes use of
a Fourier phase grating [12] to generate an array of LO beams
from a single QCL, which does not allow for adjusting the power
of the beams individually. Thus, the high accuracy pointing
becomes crucial with respect to coupling LO beams. GUSTO
requires the pointing error of each pixel within an array to be
below 0.1° relative to the normal direction of the array plane.
With this requirement it is guaranteed that all focal plane array
beams properly illuminate the telescope, achieving higher than
95% telescope aperture efficiency, especially the corner pixels
of the array. This number is a factor of 3 smaller than what
was defined for single pixel mixers for Band 6 and 7 in the
HIFI instrument on board of The Herschel Space Observatory
[19], [20], the only example found on quasi-optical receivers
operated at THz frequencies in the literature. In a case by case
basis, GUSTO’s pointing requirement could be relaxed up to
0.2 or in some cases 0.3° if the pixel final pointing direction is
directed toward the center of the optical system, and the coupling
to the LO is similar to the other pixels in the array. To meet this
requirement, the easiest solution would be to use extra optics
in front of each mixer in the array, similar to HIFI, however,
with multiple arrays this would lead to a too complex system to
be implemented for a space-like instrument. As a solution, we
propose to align each mixer twice, by measuring the pointing of
each pixel in the array after the first alignment of a HEB detector
to a lens, and then realign to correct the measured angular offset.
With this approach, we have realized arrays of 8 pixels, which
either meet or approach the GUSTO pointing requirement.

This article reports a technique to realize and characterize the
far-field beam pointing of quasi-optical mixers and, in particular,
their focal-plane arrays with an unprecedented accuracy in the
frequency range between 1 and 6 THz. We start by introducing
our lens-antenna mixer configuration and the main contributors
to the pointing error. Thereafter, we describe the methodology
used to obtain highly reproducible alignments of an HEB chip

Fig. 1. SEM micrograph of a tight winding spiral antenna coupled HEB mixer,
where the HEB locates at the center of the antenna; b) Elliptical lens design; c)
Alignment schematic with pointing vector for the combination of a HEB chip
and a Si lens.

on a lens, with ±2 μm accuracy to the targeted position. We
also describe the mixer pointing measurement setup that has
an uncertainty within ±0.03°. We report the implementation
of such a technique in the realization of five mixer arrays
for GUSTO, which use Si elliptical lenses with two different
diameters.

II. HIGH ACCURACY POINTING TECHNIQUE

A. Lens-antenna System and Expected Pointing Error

Each mixer consists of a NbN HEB integrated with a planar,
tight winding spiral antenna, both fabricated on a Si chip, and
shown in Fig. 1(a). The HEB is 2μm in width, 0.15μm in length,
and 5 nm in thickness. The antenna is designed as in [21], details
can be found in [22]. The HEB chip is then mounted on a Si
elliptical lens. Both the chip and lens are made of pure, highly
resistive Si.

Fig. 1(b) illustrates the elliptical lens design [23], where “a”
is the ellipse major axis, “b” the ellipse minor axis, also referred
as lens radius, and “c” the extension length. Two different lens
diameters are used in our work: 5 mm diameter lenses, with a
major axis of 2617 μm and an extension length matching the
focal distance of 775 μm, which will be referred as the small
lenses, for the mixers to be operated at 4.7 THz; and 10 mm
diameter lenses, hereon referred as the large lenses, with 5235
μm major axis, and an extension length of 1550 μm, matching
the focal distance, and 1535 μm for the mixers to be operated at
1.4 and 1.9 THz, respectively. The extension length difference in
the 10 mm diameter lenses is small enough that can be ignored
for the purpose of our pointing corrections.

Fig. 1(c) illustrates how a HEB chip is aligned and glued to
the backside of a lens. To form an array, each is then transferred
into an array mixer block for the final assembly. In this work,
we will focus on the pointing error of each individual mixer in
the final assembly, where in the ideal case, all the beams from
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the mixers should propagate perpendicularly to the array plane
into the far field.

We expect three main contributors to the pointing error of a
pixel in the final array. The first is the alignment of a HEB chip
to a lens, which is referred to Fig. 1(c). Specifically, this is the
alignment between the center of the spiral antenna, where the
NbN bolometer is located, and the center of the back surface of
the lens, where the optical axis is assumed. To understand the
impact of this contributor, we performed finite element analysis
using the high frequency structure simulator, HFSS [24], and
a combination of geometric and physical optics to simulate
different misalignments between the antenna and the optical
axis for both small and large lenses [25]. From the simulations,
we found a beam steering factor, representing the misalignment
sensitivity, of ≈0.066 deg/μm relative to the lens optical axis
for the small lenses. For the large lenses, we obtained ≈0.033
deg/μm. The second contributor is the manufacturing tolerance
of the Si lenses, that can impact the exact position of the optical
axis in the back surface of a lens. For example, considering the
concentricity of the back surface to the front elliptical surface,
the tolerance is ±5 μm. This uncertainty has the same impact
on the pointing as the first contributor, which would give an
uncertainty within ±0.33 deg for the small lenses even if the
antenna would be perfectly centered on the back surface. The
third contributor is the combination of all machining tolerances
of the array mixer block assembly. Examples of these tolerances
are the degree of perpendicularity between the pocket surface,
where the lenses are placed, and the array normal, and how
flat these pockets are. The pointing errors originated from these
tolerances stack with the previous errors. This contribution was
designed to be ± 0.02°, which is smaller in comparison with the
other two. We conclude that achieving a pointing error smaller
than 0.1° for all the pixels in an array requires not only an
accurate alignment of a HEB chip to a lens, but also a step where
we characterize the pointing error of each pixel, which will
include the error contributions from the three sources, followed
by the realignment of the chip to a new position that cancels the
measured pointing error.

B. Lens-Antenna Alignment Method

Our method to align an antenna on a chip to a lens can be
summarized in the following steps: a) prealign a HEB chip on
the back of a lens; b) measure pointing error of the pixel in the
final array assembly relative to a desired reference, which in our
case is the normal direction to the array plane; c) calculate the
corrections for the HEB antenna position based on the measured
error, using the lens’s simulated beam steering factor; d) realign
the HEB chip to the new position on the lens; f) re-measure the
pointing of the same pixel. The same procedure applies to all
the mixers (pixels) in the array. Further details are available in
Appendix A.

Because this method relies on the realignment of the chip
in step c), it requires the assembly of the mixer block to be
highly reproducible, where the lens orientation relative to the
normal direction of the array must always be the same. With this
requirement, we ensure that only the chip realignment causes a

Fig. 2. Beam pointing measurement setup. a) and b) side and top view,
respectively. The HEB mixer array is cooled to a liquid helium temperature
inside the cryostat and operated at its resistive transition. The glow bar source
mounted on the XYZ stage is chopped at a frequency of 38 Hz and scanned in
front of the cryostat at different planes. The lock-in amplifier measures the AC
current response of the HEB. The reference laser is used to align the cryostat
to the setup by reflecting the light on the cryostat’s reference mirror back to
the laser. c) Front view of the cryostat with reference mirror mounted. d) Inside
view of the cryostat. The HEB mixer array is mounted on an L-bracket that is
placed on the interface plate assembled on the cryostat cold plate.

change in the pointing. Furthermore, using this method, it is
possible to correct for any pointing error above its accuracy.

C. Pointing Measurement Setup

Fig. 2 illustrates a detailed schematic of the pointing measure-
ment setup with side and top views in (a) and (b), respectively;
the cryostat front in (c), and an array mounted on the cold
plate of the cryostat in (d). To characterize the pointing of each
pixel. We measure its two-dimensional (2-D), XY, far-field beam
patterns at different Z-axis positions. From these beam patterns,
we calculate the pointing angle relative to the normal direction
of the array plane. The beam patterns are obtained by measuring
the current response of the HEB operated in direct detector mode
to a movable THz source as a function of the source XY position.
The THz source used is a glow bar, IR-Si207 source from Hawk
Eye Technologies, assembled in a setup similar to the one used in
[26], mounted on a high precision XYZ stage, three-axis 8MT295
Series from Standa that scans the glow bar in front of the cryostat,
where the HEB is mounted. The glow bar signal is chopped at
a frequency of 38 Hz. The observable is the ac current response
of the HEB, which is acquired by a lock-in amplifier. The beam
patterns are measured at three different distances away from the
HEB.
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Since the glow bar emits wideband THz radiation and the HEB
is operated in direct detection mode, the measured beam pattern
contains a superposition of all the beam patterns at different
frequencies and is thus wideband. We found this superposition
to be consistently highly Gaussian, >99%, and therefore highly
reliable and reproducible to determine the coordinates of the
wideband beam center, which is a parameter of the 2-D Gaussian
profile to be fit to a measured intensity pattern. Furthermore, we
have also simulated the beam steering effect for a misalignment
between the antenna and the optical axis of a small lens at either
1.4 or 5.3 THz [25]. From the simulations, we found that for a
30 μm misalignment, which is a much higher value than an
expected misalignment error, the angular difference between
both frequencies is below 0.02°, or 1% error. Moreover, the error
will be smaller because of the smaller misalignments in practice.
Therefore, we conclude that for the expected pointing errors,
the pointing of the mixer determined from the wideband beam
patterns is representative of any frequency within the antenna
bandwidth, and thus, our methodology is valid to achieve a high
pointing accuracy at the frequencies of our interest.

Assuming a small angle regime, the pointing error, θ, is calcu-
lated using (1), where dx/dz and dy/dz represent the fitted slope
of the beam center displacement as a function of the distance,
for the horizontal and vertical coordinates, respectively, after
correcting for the systematic pointing error of the measurement
system as will be discussed later in this article.

θ =

√(
tan−1

(
dx

dz

))2

+

(
tan−1

(
dy

dz

))2

. (1)

We are interested in the pointing error of the mixers within
an array with respect to the array normal. Therefore, the Z-axis
of the stage, see Fig. 2(b), has to be aligned to this direction.
However, the array is mounted inside a cryostat with a QMC
heat filter that filters the radiation above 6 THz, while the spiral
antenna has the lower cutoff frequency of about 0.5 THz in our
case, and ultra-high molecular weight polyethylene (UHMWPE)
window. Both are transparent at THz frequencies, but opaque to
visible light, making it impossible to perform a direct alignment
to the normal of the array. To overcome this, we replicate the
normal of the array with a flat mirror assembled on the outside
of the cryostat as shown in Fig. 2(c), where it is accessible. This
mirror is then aligned to a reference laser of visible light that
was prealigned to the Z-axis of the stage. In this way, we can
align the stage Z-axis to the normal of the array. In the next
paragraphs, we will discuss the precalibrations required for the
orientation of the flat reference mirror and the reference laser
and also the final calibration measurements to determine and
correct the systematic error due to them.

The array block, where eight HEB mixers are assembled, is
first screwed onto an L-shaped bracket. The latter is mounted on
an interface plate, as shown in Fig. 2(d). All these are made of Al.
The interface plate is introduced to compensate the mismatch in
thermal expansion between the Al array block and the Cu cold
plate of the cryostat. Per design, the array and the L-bracket
have the same normal direction. Note that in this case, the errors
due to machining were found to be negligible. To calibrate the

Fig. 3. Setup for the replication of the normal direction of an array. Theodolite
shown in position A, where it faces the mirror inside the cryostat. The reference
mirror on the cryostat is adjusted so that its orientation verifies the condition
ΔθA = ΔθB, effectively copying the normal direction of the array. ΔθB
is the angle between the reference mirror and the setup reference mirror, not
shown [27].

normal of the array, we replace the array with a flat mirror on
the L bracket, remove the heat filter, replace the UHMWPE
window with a mylar window and also cool the cryostat down
to a liquid helium temperature. Using a theodolite in position A,
as shown in Fig. 3, we measure the back reflection direction from
the mirror inside the cryostat, which is the direction of interest.
We then replicate the same normal direction on the reference
mirror outside the cryostat. The replication is done by moving
the theodolite laterally to a new position B, not shown in Fig. 3,
so the theodolite faces the reference mirror. While in position B,
we tune the reference mirror until, we replicate the same angular
difference, namely ΔθA = ΔθB, between both mirrors, inside
and outside the cryostat, and the setup reference mirror, also
included in Fig. 3.

The second required angular calibration is the reference laser
to the Z-axis of the stage. Here, we place a camera, DCC1645C
from Thor labs, on the back of the glow bar unit and make
the laser light emit towards it. By moving the stage within
the available range on the Z-axis, it is possible to detect the
direction mismatch between the laser and the Z-axis by looking
at the laser displacement on the camera. With the reference
laser adapted with tip/tilt and translation micrometer stages, we
correct the laser beam direction to match the stage movement.
For verification, we take images with the camera in six different
XY planes along the Z-axis. For each we find the laser beam
center position by fitting, and calculate the angular offset using
(1). We are able to achieve alignments of the laser to the stage
within an error of 0.02°.

To perform a pointing measurement of a mixer, the array will
replace the mirror inside the cryostat, while the heat filter and
UHMWPE window are reinstalled. We now rely on the mirror
outside the cryostat to reflect the beam of the reference laser
back to itself. In this case, we align the back reflected beam to
the laser aperture, which allows adjusting the cryostat and thus
the normal of the array as required.
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The final calibration of the setup is performed by first measur-
ing the pointing of multiple pixels with the array mounted as in
Fig. 2(d). Subsequently, we measure the pointing again but now
with the array rotated by 180° around the normal. For each pixel,
the average pointing between the two measurements represents
the normal of the array relative to the normal direction, Z-axis, of
the scanned planes. By averaging the previous values for all the
pixels measured, we obtain the systematic pointing error of our
measurement setup, which includes all the errors mentioned in
the previous calibrations. We use the systematic pointing error
obtained to correct the fitted slopes for each pixel, which we
then use to calculate the final pointing error using (1). The final
uncertainty of the pointing is due to the combination of each
beam pattern quality and the reference mirror alignment to the
reference laser, and is estimated to be ± 0.03°.

III. RESULTS AND DISCUSSIONS

A. Pointing Measurements

We applied the two alignment procedures to determine and
correct the pointing of five arrays to realize the required high
accuracy pointing. Three arrays use the large lenses and another
two use the small lenses. The pointing measurements were per-
formed with the HEBs at 400 mm distance from the first scanned
plane for the arrays with the small lenses, and 800 mm with the
large lenses. The second and third planes are at 250 and 500 mm
after the first one. The small lenses were measured at the shorter
distance to achieve a sufficiently high signal-to-noise ratio, since
their beams are more divergent. Furthermore, because the signal
decreases with the plane distance due to increased atmospheric
absorption and beam size, we measured the beam at the second
plane twice and at the third plane three times and took the
averaged beam at each plane. The finally obtained signal to noise
ratio at the beam center was found to be on average 18, 14, and
11 dB for each plane, respectively, with a variation of ±1 dB.

In Fig. 4, we present an example of the pointing measurement
results for a realigned pixel, P1, using a large lens, where the
plots in (a)–(c) are the final measured 2-D beam patterns at
800, 1050, and 1300 mm from the mixer, respectively. By fitting
these measurements with a 2-D Gaussian profile we were able
to obtain the beam center position, which is one of the fitting
parameters and is marked in the central area of each image.
We calculate the beam center displacement in both vertical and
horizonal directions relative to the first plane as a function of the
distance, as shown in Fig. 4(d). Using a linear least square fit
to the data, we derive the pointing offset to be 0.036 ± 0.021°
in the horizontal direction and −0.058 ± 0.021° in the vertical
direction relative to the stage Z-axis. Furthermore, we measured
another pixel, P2, in the regular orientation and 180° rotated.
From the pointing error average of these two orientations, we
found the array to have its normal orientation at −0.05° in the
horizontal direction and −0.02° in the vertical direction. Having
corrected the P1 measured horizontal and vertical errors for this
common offset, we then apply (1) to calculate the final pointing
error. In Fig. 4(e), we show a polar plot that summarizes the final
pointing direction and the magnitude of the angular error for
the above measurements. The final offset for P1 is 0.09°, being

Fig. 4. Pointing measurements for a realigned pixel, P1, using a 10 mm
diameter lens. (a), (b), and (c) show measured beam patterns at a distance of
800, 1050, and 1300 mm from the mixer, respectively, where fitted beam centers
are also indicated. (d) shows beam displacement with fitted slope used to derive
the angular offset of the pixel relative to the stage Z-axis. (e) shows different
pointing measurements used to obtain the final pointing result for the realigned
pixel, P1.
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below the 0.1° specification for GUSTO, is an extremely small
angular offset and therefore an excellent result. In comparison,
before the realignment the same pixel showed a pointing error
of 0.46°.

B. Pointing Measurements Results of Arrays

We now discuss the pointing measurement results for arrays.
Among the 16 pixels using the small lenses, 14 pixels were
realigned using our method. The other two were found to have
undesired mechanical structure in the pocket of the array block
where the respective lens was mounted, consisting of a pro-
tuberance of a few micrometers. The protuberance causes the
two lenses to have different potential orientations when they
were assembled on the mixer block, which we could not control.
Because of this, it is invalidated for us to apply the realignment
procedure, since our technique requires the lenses to always have
the same orientation when assembled on the mixer block. The
final error for these two pixels is about 0.3°. We note that once
fully assembled both pixel orientations are stable. For the large
lenses, 19 out of the 24 were realigned, while the other five
lenses were not realigned. The reason is that they have showed
a pointing error smaller than 0.2° after the prealignment, found
to have a limited impact on the instrument performance despite
being out of the specification. Thus, we decide not to perform
the realignments for them.

Fig. 5 summarizes the pointing measurement results of all the
pixels in the five arrays after the prealignment, and the results
after the realignment. The pixels with the small lenses are shown
in (a) and those with the large lenses in (b).

To summarize our results, we describe the pointing error
distributions using the average (μ) and the standard deviation
(σ). The results from the small lenses show a distribution of μ=
0.58° and σ = 0.27° after the prealignment, while for the large
lenses we found μ= 0.41° and σ= 0.22°. After the realignment,
we obtain a pointing error distribution ofμ=0.13° andσ=0.06°
for the small lenses, while μ= 0.08° and σ = 0.03° for the large
lenses. These results show a clear improvement when compared
with the previous ones, with the average pointing (μ) reduced
by a factor of 4.5 on for the small lenses and a factor of 5.1 for
the large lenses, while the pointing variation (σ) is reduced by a
factor of 4.5 and 7.3, respectively. These numbers demonstrate
that our method works.

The results of large pointing errors observed from the pre-
alignment agree with our expectations from the different point-
ing error contributions as discussed in Section II-A. Because the
alignment accuracy of the HEB chip to the lens is similar in both
prealignment and realignment, and because the mixer block parts
are found to be within the tolerance, we believe that the pointing
error found in the prealignment must be dominated by the errors
during the lens manufacture. An alternative methodology to
achieve an accurate pointing is either to manufacture a perfect
lens without any errors or to fully characterize a practical lens,
from which one can derive the optical axis position on the back
of the lens, to which the HEB chip is aligned. Unfortunately,
both approaches require a sub-µm accuracy and are believed to
be very challenging.

Fig. 5. Polar plots of the pointing measurement results for the lens-antenna
mixers in five arrays after prealignment and realignment. The plots show each
pixel pointing error relative to the normal direction of their respective array plane.
a) Results for the 5 mm diameter lenses: prealigned, in orange, and realigned, in
green; b) Results for 10 mm diameter lenses: prealigned, in red, and realigned,
in blue.

We also note that for both the prealignment and the realign-
ment results the large lenses consistently show a lower average
(μ) in the pointing error distribution, together with a smaller
variation (σ), than what is found for the small lenses. This is
expected since the small lenses are more sensitive, by a factor
of 2, to any HEB chip misalignment and machining tolerances
during the manufacture. In the final results, the average is a
factor of 1.6 better, while the standard variation is a factor of
2 better, confirming that it is more challenging to have a high
accuracy pointing for a small lens. These results also agree with
the simulated beam steering factor between the two types of
the lenses discussed in Section II-A. Additionally, the previous
conclusion indicates that our final results are determined by the
realignment procedure, which has the same absolute accuracy
regardless of the lens size.

C. Re-alignment Accuracy

To further understand the limiting factors of our technique,
we take a closer look at the realignment data. The zoomed
plot in Fig. 5(a) indicates that a larger variation in the pointing
error occurs in the vertical direction in the case of the small
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Fig. 6. Back side view of a 4×2 HEB mixer array, where an HEB, IF CPW
line, and IF connector for each pixel can be een. a) array with 5 mm diameter
lenses. b) array with 10 mm lenses. It is important to notice the different HEB
chip orientations in the two arrays.

lenses, while for the large lenses, see enlarged plot in Fig. 5(b),
the distribution is more uniform and skewed to the right. The
different behavior can be attributed to the different circuit board
architecture used in the two types of arrays, leading to different
orientations of HEB chips. Fig. 6(a) presents the layout of the
distribution of the chips for the small lenses, while (b) shows
the case for the large lenses. Using the array with the large
lenses as an example, there are only two orientations, namely
four pixels on either the left or the right side of the array share
one orientation. More precisely, they are rotated, 45° toward the
left or the right relative to the vertical orientation. The different
orientations cause different projections of the realignment error
in the pointing measurement, leading to the aforementioned
results. To characterize the remaining misalignment after the
realignment we reapplied our methodology to calculate the cor-
rection required to have zero pointing error. We found on average
a misalignment of 1–2 μm to the right direction relative to the
alignment axis, for both types of the arrays. This systematic
offset is attributed to our chip gluing process. Furthermore, we
found a variation of ± 2 μm on the alignments, which indicates
the limit of our alignment accuracy.

The results above demonstrate for the first time an unprece-
dented pointing accuracy for lens-antenna systems at the higher
THz frequencies. They are comparable, or even lower, than
the results reported for the lens-antenna mixers in HIFI band
6 and 7 mixers [28] for operation up to 1.4 THz, which used
auxiliary optics to achieve the instrument’s required pointing
accuracy. Moreover, our results are also comparable to those
achieved in the ALMA band 5 mixers [29] using a feed horn-
waveguide coupling scheme. These comparisons clearly show
that our technique enables lens-antenna mixers to compete with
traditional feedhorn-waveguide mixers, while avoiding the need
for extra auxiliary optics, otherwise potentially avoidable, in the
instrument optical path.

D. Effect on the Coupling to LO

The mixer arrays need to be operated with an array of LOs,
namely eight Gaussian beams, to function as a receiver. To un-
derstand the impact of the pointing error on the optical coupling
to the LOs, we calculate the power coupling efficiency due to the
influence of tilt, Ktilt, using (2), which is simplified from [30]

Ktilt = exp

[
−2

(
θ

θt

)2
]

(2a)

θt =
λ

π

√
2

w2
0

(2b)

where θ is the measured pointing error, λ the wavelength of
the LOs, and w0 the lens-antenna beam waist. We assume our
lens-antenna beam waists to be the same as their respective
LOs, so no mismatch between the beams except for the tilt. We
have also characterized the mixer beams using a heterodyne
technique. For the large lenses, we found a beam waist radius of
3.6 and 4 mm operated at 1.9 and 1.4 THz, respectively, while the
beam waist for the small lenses was found to be 1.8 mm operated
at 4.7 THz. The results however will be published elsewhere
[25], since they are beyond the scope of this article. We calculate
the coupling efficiency based on the μ and the limits of the 1σ
range (μ [µ-1σ; µ+1σ]) of the pointing error distribution. Using
the realignment results, we calculate the coupling efficiency for a
mixer array with the small lenses to the respective LO to be 96%
[94%;99%], while for an array with the large lenses to be 98%
[97%;99%]. A consequence of the application of our technique
is that the power distribution within the array is relatively
uniform, which is crucial to reach a uniform performance
among all the pixels. In contrast, using the prealigned results
for the array with the small lenses as an example, the coupling
efficiency distribution was 45% [17;81%], which is considerably
worse. Here, not only the average coupling is low, but also the
coupling variation is high. Such a result, together with the fact
that there is limited power available from a 4.7 THz LO and also
nonuniformity of multibeams from the Fourier phase grating
[12], makes the array receiver impossible to function properly.
Therefore, we conclude that the results after realignment have
been improved significantly and are also necessary.

E. Pointing Results of Final Arrays

In Figs. 7 and 8, we summarize the final measured pointing
of different pixels in two arrays, together with photos of the
two completed arrays. The final pointing results for each pixel
in an array with the large lenses are shown in Fig. 7(a) and,
those with the small lenses in Fig. 8(a). The front view of the
corresponding array is shown in Figs. 7(b) and 8(b), respectively.
The pointing direction in Figs. 7(a) and 8(a) can be seen as
the propagation direction of the light that is "emitted" from the
detector at the back of a lens and transmitted through the lens
toward the far-field, as seen from the reader perspective.

Our results demonstrate that all the pixels in the array with the
large lenses have in principle meet the 0.1° requirement, except
for the two pixels, which are maximally 0.02° higher. However,
in the array with the small lenses three pixels have met the
requirement, while the other five pixels exceed the requirement
with a pointing error ranging from 0.13 to 0.21°. Despite of the
slightly higher pointing error, these pixels pointing direction
is towards the inside of the array, which combined with the
uniform coupling to the LO shown in Section III-D meets the
condition described in Section I, where the pointing requirement
can be relaxed. Thus, both arrays are considered to satisfy the
performance of GUSTO.
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Fig. 7. a) Polar plots summarizing the final pointing error for a re-aligned
4×2 pixel array using the large lenses. The pointing direction is seen as the
propagation direction of light that is "emitted" from the detector at the back
of a lens and transmitted through the lens towards the far-field, as seen from
the reader perspective. B) Front view of the final assembled array. The front of
the eight lenses can be seen, with the eight HEB detectors assembled on their
backside (not visible).

Fig. 8. a) Polar plots summarizing the final pointing error for a re-aligned
4×2 pixel array using the small lenses. The pointing direction is seen as the
propagation direction of light that is "emitted" from the detector at the back
of a lens and transmitted through the lens towards the far-field, as seen from
the reader perspective. b) Front view of the final assembled array. The front of
the eight lenses can be seen, with the eight HEB detectors assembled on their
backside (not visible).

IV. CONCLUSION

We have for the first time succeeded in demonstrating a
technique allowing the lens-antenna, quasi-optical HEB mixers
of a 4×2 pixel array to achieve a high accuracy pointing for
their far field beams at the high frequencies up to 5.3 THz. Our
methodology includes aligning a detector chip to a lens, then
determining the pointing error of the beam with respect to the
normal direction of the array plane with a high accuracy, and
realigning the chip to a new position to correct the measured
error. Among all realigned pixels, we have achieved a final point-
ing error distribution with an average μ = 0.13° and standard
deviation σ = 0.06° for 14 pixels out of two arrays using 5 mm
diameter lenses, designed for operation at 4.7 THz. We obtained
μ = 0.08° and σ = 0.03° for 19 pixels out of three arrays using
10 mm diameter lenses, aimed for operation at 1.4 or 1.9 THz.
The maximal uncertainty of the pointing measurements is found
to be ±0.03°. We also found that the realignment reduces the
pointing error significantly. For example, for the pixels with the
large lenses, the average is improved by a factor of 5.1, and the
pointing variation is reduced by a factor of 7.3, in comparison
with the results from the prealignment. Similar improvements
are found for the pixels with the small lenses, but less significant,
confirming the simulations results, namely it is more challenging
to reach high accuracy pointing for the smaller lenses since they
are more sensitive to misalignments.

The arrays used for our measurements are the array receivers
developed for NASA’s balloon borne GUSTO observatory. They
show an average coupling efficiency of 96% to the 4×2 Gaussian
beams with equal power of an ideal array of LOs at 4.7 THz,
and 98% or higher to an array of LOs at 1.4 and 1.9 THz. We
also obtain a small variation of the coupling efficiency within
an array, which is less than 4% at 4.7 THz as the worst case.
Furthermore, the final arrays, as shown in Figs. 7 and 8, have
met the requirement of the GUSTO telescope optics and do
not introduce any considerable spillover effect in its secondary
mirror.

Our technique demonstrated with the unprecedented point-
ing accuracy is useful and reliable, enabling highly coaligned
quasi-optical mixers in a focal plane array, with any combination
of an antenna and a lens. Moreover, our approach can also be
applied to any other incoherent detectors using a lens-antenna
coupling scheme, such as the lens-antenna coupled KIDs detec-
tors described in [31], since our HEB is operated in its direct
detector mode in this case, and even lens-antenna detectors
beyond astronomic applications. Furthermore, our work opens
the door for focal-plane arrays using a quasi-optical approach to
compete with those based on traditional feedhorn-waveguide.

APPENDIX A

Lens-Antenna Alignment Protocol

The prealignment process starts with marking a few dots near
an edge of the back surface of a lens, as illustrated by Fig. A1(a).
It creates an absolute reference for later use during realignment.
An HEB chip is then placed on the back surface of the lens
and positioned using an in-house made alignment unit, which
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Fig. A1. Illustration of the alignment method. a) Three small dots engraved on
the top right side of the lens as the reference mark. b) In-house made alignment
unit to position the HEB chip using two micrometer manipulators, where the
HEB chip is pressed down on the back surface of the lens. c) The alignment unit
mounted on the XY stage of a microscope. d) Example of a mark reference to
register the chip orientation.

is shown in Fig. A1(b). The alignment unit is then taped to
an Mitutoyo optical microscope stage as shown in Fig. A1(c).
This stage has a XY movement with 1 μm resolution and a
digital readout. The center of the lens is found by finding and
recording the horizontal and vertical lens edge positions with the
average position for each direction being the coordinates of the
lens center. The horizontal edge positions are found when the
vertical axis of the microscope crosshair is tangent to the lens
edge and vice versa for the vertical direction. The HEB antenna
is then aligned to the lens center position, within ±1 μm for two
orthogonal directions. The HEB is then glued to the lens.

After the pointing measurement, described in Section II-C,
we derive the required HEB movement relative to the initial
position, which will correct the existing pointing offset. To
calculate the correction, we use the beam steering factor obtained
for the respective lens, discussed in Section II-A, to convert from
degrees to micrometers. Moreover, we also keep track of the
relationship between the reference axis used for the pointing
measurements and the one used for the HEB realignment, in or-
der to obtain the correct direction of the realignment. To perform
the realignment, we need to disassemble the array. Before we
remove the chip from the lens, we register the chip orientation
relative to the marks on the lens using the microscope. The chip
is square, and we chose a side that we can easily identify as
reference, then we align the horizontal axis of the crosshair to
this side of the chip by rotating the microscope stage. We move
the stage in the vertical direction until the marks are seen and
register the horizontal axis relation to the marks as shown in
Fig. A1(d). Since the marks are engraved on the lens surface
and the picture is based on the microscope image, with the

crosshairs overlaid, this acts as an accurate absolute reference.
Afterward, the current X and Y coordinates of the antenna center
are measured with respect to the assumed (00) position of the
lens. The chip is then unglued and detached from the lens with
acetone that is applied carefully droplet by droplet on the glue
around the chip. Then, we realign the chip to the new desired
position. During the realignment we ensure the chip orientation
relative to the marks is reproduced. This is crucial because our
approach is based on a relative shift of the antenna with respect
to its original position.
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