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Abstract

®

CrossMark

We present an analysis of the bandwidth of an asymmetric 8-beam Fourier grating as the beam
multiplexer for a 4.7 THz local oscillator used in a heterodyne receiver. We take the grating
designed for NASA GUSTO balloon observatory as an example to address the bandwidth
question although it does not need to operate over a wide frequency range. By illuminating the
grating at different frequencies from 4.445 to 5.045 THz, we simulated the changes of its
performance in three aspects using COMSOL Multiphysics: diffraction efficiency, power
uniformity, and the angular distribution of the output beams. These parameters can affect the
coupling efficiency between the output beams of the grating and the beams of a mixer array. The
bandwidth of the grating is found to be 230 GHz, corresponding to 4.9% of the operating

frequency, which is sufficient for many applications.

Keywords: bandwidths, Fourier grating, heterodyne detection, terahertz, quantum cascade laser

(Some figures may appear in colour only in the online journal)

1. Introduction

Thanks to its very high spectral resolution (R > 10%), the het-
erodyne technique [1, 2] is widely used for radio astronomical
spectroscopy, planetary remote sensing, medical imaging, and
contraband detection [3, 4]. In astronomical observations, it is
widely used to detect atomic fine structure lines and molecular
rotational lines in the terahertz (THz) frequency region from
the interstellar medium (ISM). Heterodyne receivers convert
a sky signal in THz down to gigahertz frequency by mixing
the weak celestial signal with a signal from a local oscillator
(LO). In the supra-THz region (>1 THz), quantum cascade
lasers (QCLs) [5] provide considerably higher output powers
compared to other LO sources based on multipliers [6]. There-
fore, the 4.745 THz bands of both the Galactic/ Extragalactic

* Authors to whom any correspondence should be addressed.

2040-8986/22/064006+7$33.00 Printed in the UK

ULDB Spectroscopic Terahertz Observatory (GUSTO) [7]
and the Stratospheric Observatory for Infrared Astronomy
(SOFIA) [8], aim for detection of [OI] line emission from
the Milky Way and nearby galaxies, such as the Magellanic
Clouds, by combining a QCL and a Fourier grating to gen-
erate LOs for their 8-pixel (GUSTO) and 7-pixel (SOFIA)
hot electron bolometer (HEB) mixer arrays. Phase gratings
with different techniques have been demonstrated to be applic-
able as beam multiplexers due to their relatively high effi-
ciency and ability to produce multiple beams with a uniform
intensity distribution, including Dammann gratings [9-11],
Fourier gratings [12-17], structured surface reflector grat-
ings [18], and two-dimensional phase gratings [19, 20]. Het-
erodyne array receivers are crucial to enhance observation
speed. In order to detect different spectral lines or the Dop-
pler shift of a target line caused by the linear velocity of the
ISM beyond our galaxy, a sizable tuning range of LO will

© 2022 I0P Publishing Ltd
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Figure 1. Conceptual diagram of the 4.745 THz 8 beam local oscillator for the GUSTO Observatory. The QCL beam is first diffracted by a
reflective phase grating, and is then collimated by a parabolic mirror to form the eight parallel beams. These eight beams are coupled to an

8-pixel quasi-optical HEB mixer array [21].

Figure 2. (a) Measured pattern of the image beams of the GUSTO 8-beam Fourier grating [22]. (b) Beam pattern of the input beam to the
grating, measured in the same plane as the image beams when the grating is replaced with a flat mirror, to ensure the same air loss for the
input and output beams. (c) Optical photo of the tested GUSTO grating.

be necessary since the intermediate frequency (IF) bandwidth
of a HEB mixer available in this frequency range is limited
(4-10 GHz depending on the HEB). So, an interesting ques-
tion is how large the bandwidth of a Fourier grating can be.
So far, no literature on the phase gratings has addressed this
question.

For a Fourier grating in a given receiver system, the change
of the source frequency leads to the change of the angular sep-
aration and the intensity distribution of the image beams of the
grating, causing a loss in the coupling efficiency between the
image beams of the grating and the (input) beams of the mixer
array. So, the bandwidth of a Fourier grating is characterized
by the interplay between the grating and the array. Thus, the
bandwidth analysis should take the specific array used into
account.

In theory, a Fourier grating can perform well over a wide
frequency range by properly changing the input beam incident
angle. A grating designed for the frequency f with an incident

angle 6; with respect to the normal works with the same effi-
ciency as long as the product of f X cos#; is equal [16]. This
provides a very wide band, over which the grating can be used
by adjusting the associated optics. For example, the grating
we study can operate up to around 9.1 THz if the input beam
illuminates the grating with up to 60 degrees with respect to
normal. However, since such post-adjustments of the optics
in order to adapt for different frequencies are not feasible in
practical instrument, in particular, in a space instrument we
will consider the cases where the optics is fixed.

Here we analyze the bandwidth of the 8-beam Fourier grat-
ing designed for the 4.745 THz array receiver for GUSTO.
Figure 1 shows a simplified conceptual diagram of the beams
and their propagation in the array receiver. A single QCL
beam is first diffracted to eight beams by a reflective Four-
ier grating, which are collimated by a parabolic mirror, mak-
ing them parallel to each other. The eight parallel beams are
then coupled to the lens-antennas of the mixer array. GUSTO
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itself does not require a large bandwidth since it aims to detect
only [OI] lines mainly from the Milky Way. The GUSTO
gratings have been designed and manufactured. One of them
has been characterized experimentally and compared to the
simulation results. Figure 2 shows the measured beam pattern
and a photo of a tested GUSTO grating. The measured results
have a good agreement with the simulated results [22], con-
firming that the simulation by COMSOL Multiphysics is able
to predict the performance of the Fourier grating. Therefore,
we analyze the bandwidth of the 8-beam Fourier grating also
by COMSOL Multiphysics. Some of our earlier analyses have
been reported in a conference proceedings [23].

2. Simulated 4.745 THz Fourier grating

A phase grating consists of a periodic structure to diffract a
single beam to multi-beams in different directions through
phase modulation. According to diffraction theory, the diffrac-
ted far field distribution from a grating can be expressed as
the Fourier transform of the grating’s transmission/reflection
function [24]. Gratings using Fourier synthesis technique to
achieve continuous phase-only groove shapes are called Four-
ier gratings [25]. To design a Fourier grating, we expan-
ded the phase modulation function of the grating to Fourier
series with a set of Fourier coefficients a,. Using the Fast
Fourier Transform and the Standard multidimensional minim-
ization algorithm in Matlab, we found a set of a, for a one-
dimensional grating with the desired number of beams. A two-
dimensional grating is generated by superimposing two 1D
profiles orthogonally. In our case, one direction is a 2-beam
1D grating, and the other direction is a 4-beam 1D grating.
According to the grating equation D (sinf,, —sinf;) =m - A,
the direction of the output beam 6, in the diffraction order
m (integer) is determined by the grating period D, the incident
angle with respect to the normal of the grating 6; and working
wavelength \. An asymmetric grating was designed to accom-
modate the requirements of the optical system by employing
consecutive diffraction orders [22, 26]. In our simulation, for
the 4-beam 1D grating, we chose the (-2, —1, 0, +1) dif-
fraction orders, and for the 2-beam 1D grating, we chose the
(—1, 0) diffraction orders. The surface topology and specific-
ations (as simulated with COMSOL Multiphysics [27]) of the
design are shown in figure 3 and table 1, respectively.

If the incident angle increases, the power variation among
the diffracted beams becomes larger [15]. The different unit
cell size in two directions is to make the angular distribution in
these two directions to be the same. The diffraction efficiency
is defined as the ratio of the total diffracted beam power to the
power of the incoming beam. The power variation is simulated
by COMSOL Multiphysics by importing the surface topology
of the grating. We apply the periodic port with periodic bound-
ary condition in the RF module, and extract the S-parameters
of the port. The power distribution of the output beams is plot-
ted in figure 4(a), where the X-axis is the mode of the output
beam and the Y-axis is the power of the output beam relat-
ive to the input beam, expressed as a percentage. We find the
largest variation to be 12.5% (between the maximum power

30

20 pm

10

Z

V,\I/.x

Figure 3. Surface topology of one-unit cell of the grating. The input
QCL beam illuminates the grating surface with an incident angle
15° in the x direction and 0° in the y direction.

Table 1. Grating specifications.

Working frequency 4.745 THz

Material Aluminum (Aloca QC-10 Mold
Alloy)

Angular separation of ~1.83°

adjacent beams

Incident angle 15°

Unit cell size 2.04 x 1.979 mm
Diffraction orders (-1,0)(—=2,-1,0, 1)
Diffraction efficiency 70.2%

Uniformity deviation = 12.5%

(Imax - Imin)/laverage

and the minimum power). By importing the surface profile of
the designed unit cell of the grating and by repeating it in both
orthogonal directions, while taking the input as a Gaussian
beam, we simulated the far field beam pattern of the grating.
The outcome is shown in figure 4(b), where the m and n are
the diffraction orders in both directions. From the results in
figure 4, we conclude that the grating achieves a good power
uniformity among the output beams.

3. Calculation of the grating bandwidth

The 8 beams from the grating are used to pump an 8-pixel
HEB mixer array [21]. The power variation among the LO
beams can degrade the sensitivity of the mixers in the array
since it depends on LO power [17]. We assume that the sens-
itivity should be within 5% of the optimal value, and we also
assume all HEBs in the array require the same LO power. The
corresponding LO power variation is estimated to be ~21%
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Figure 4. (a) Power distribution of the eight diffracted beams from the grating. The largest variation is 12.5% (between the maximum
power and the minimum power). (b) Far field beam pattern of the grating, where m and n are the diffraction orders in two directions.

Table 2. Diffraction efficiencies n corresponding to different input beam frequencies f from 4.445 THz to 5.045 THz.

f(THz) 4.445 4.545 4.645 4.745 4.845 4.845 5.045

n 70.6% 70.5% 70.4% 70.2% 70.0% 69.7% 69.4%
using the isothermal technique [28, 29]*. In this paper, we use 10.5 - —m—4.445
this criterion to define the bandwidth of the grating, namely, as e " 5 :-g‘;g
the frequency range, in which the LO power variation among 3 S . — Loom e e BEE
the array mixers stays below 21%. = e L a\ / A » ¢ 4595
The change of the frequency affects the performance of the é s 3 —4 7 _: ,%} e ' : 3 T :'ggg
grating in three aspects; diffraction efficiency, power distribu- 2 = 21%, . i AR\ ANY SN o 4745
tion and angular configuration of the output beams, all influ- o ®° 7y # - o\ 474N W :;gg
encing the coupling to the mixer array. To analyze these three g 2] o o 4805
aspects, we illuminate the grating with a Gaussian beam with & 79 i 4815
a 2.2 mm beam waist at different frequencies from 4.445 to 2 65 1 ::ggg
5.045 THz in COMSOL Multiphysics. The simulation results § 6.0 4.845
for the diffraction efficiency are shown in table 2. ® 55 ] . ‘;-gzg
Table 2 suggests that the maximal change in diffrac- 5.0 , ' . . : . | (THz)

tion efficiency by varying the frequency is 0.8%, which
can be regarded as negligible compared to other two effects
(the power distribution and the angular distribution) to be
described.

When the grating works at the nominal (or designed) fre-
quency of 4.745 THz, its maximal power variation of the out-
put beams is 12.5% (between the maximum power and the
minimum power). When the frequency changes, this num-
ber increases since the power distribution among the output
beams varies. Figure 5 plots the power distribution of the out-
put beams of the grating operated at different frequencies,
where the X-axis is the mode of the output beam and the Y-axis

4 The isothermal technique is based on the assumption that an HEB mixer has
the same response to LO power and DC power. Thus, we can estimate the
absorbed LO power in a mixer from the pumped current—voltage curves. In
[29] Khosropanah et al measured a set of current—voltage curves of a similar
HEB mixer pumped with different LO power operated at 4.3 THz and relevant
noise receiver temperatures, from which it was found that when the LO power
varies within ~21% the change of HEB receiver noise temperature is not more
than 5%.

m=-2 m=-2 m=-1 m=1 m=0 m=0 m
n=0 =1 n=0 =1 n=0 n=1 n
diffraction orders

nn -

T
1 m=1
0 n=1

Figure 5. Power distribution of the output beams when the working
frequency changes from 4.445 THz to 5.045 THz. Red dashed lines
indicate the LO power boundaries, within which the powers of the
output beams vary within 21% around their average value.

is the relative power of the output beam to the input beam
as a percentage. The red dashed lines indicate the LO power
boundaries, within which the power of the output beams varies
within 21% around their average value. From figure 5, when
the frequency changes between 4.575 and 4.825 THz, the rel-
ative powers of all the output beams from the grating vary
within 21% around their average value (8.6%). Based on this
we derive that the bandwidth of the grating is 250 GHz.

Now we examine the angular distribution of the output
beams as a function of the frequency. Since the pixel spacing
of the mixer array is fixed, the change in the spacing of the
beams can lead to offsets with respect to those of the mixer
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Table 3. Angular separation of the diffracted beams at the input beam frequency varying from 4.445 to 5.045 THz.
Frequency (THz) 4.445 4.545 4.575 4.585 4.595 4.605 4.645 4.745 4.785
Angular distribution (°) 1.95 1.91 1.90 1.89 1.89 1.88 1.87 1.83 1.82
Offset (mm) 0.43 0.28 0.24 0.22 0.21 0.19 0.14 0 0.05
Frequency (THz) 4.795 4.805 4.815 4.825 4.835 4.845 4.945 5.045
Angular distribution (°) 1.82 1.81 1.80 1.80 1.80 1.79 1.76 1.72
Offset (mm) 0.07 0.08 0.09 0.11 0.12 0.13 0.26 0.38
r— - 0.5 — —=—4.445
: ] ® 4545
o } } 10.0 | A 4575
= ‘ ‘ 7 = ] ¥ v 4.585
g I SR T P 7% * 4595
2 45l . - 1 5 90+ g —<— 4.605
£ b sionty i B sl > 4645
& Coupling é‘ffluen‘by >97% o ] ¥ e 4745
£ 04r ‘ | S 8.0 > ; —*—4.785
s I 2,51t o 4795
3 CoT ]
O 0.2f ‘ ! e ] . *—4.805
} } 8 7.0 ~ ¢ \ 4.815
1 / 4.825
” . [ . o 654 / 4.835
-5 -4 -3 2 -1 0 1 F 60 -—" 4.845
Offset (mm) & 55 ] 4.945
T = 5045
5.0 T T T 1 (THz)

Figure 6. Change of the coupling efficiency between the output
beams and the mixer array caused by the spatial offset between
them (or misalignment). The orange dashed lines indicate that the
coupling efficiency is >97% even with the largest offset 0.43 mm
from table 3.

array, which deteriorates the coupling. We calculated the
changes of the angular separation by varying the frequency,
as shown in table 3. Assuming that the distance between the
grating and the mixer array is 200 mm, the offset caused by
the different angular separation can also be calculated.

We calculate the coupling efficiency Ko between two
Gaussian beams when an offset exists according to the follow-
ing equations [30]:

N2
Kofisee = eiz<a‘(’)ﬂ) s (D

where xj is the offset between the beams and o is the offset
where the coupling decreases to 1/e, which in our case can be
expressed as [30]:

Ooff = \@w, (2)

where w is the beam waist of the Gaussian beam, which is
2.2 mm. Using equations (1) and (2) the coupling efficiency
as a function of the offset is plotted in figure 6, from where
we found that when the offset between two Gaussian beams is
smaller than 0.43 mm, the coupling efficiency between them
is larger than 97%.

Combining the coupling efficiency data in this graph and
the power distribution in figure 5, we can obtain the power
distribution at different frequencies by taking the effect of the

T T T T T
m=-2 m=-2 m=1 m=-1 m=0 m=0 m=1 m=1
n=0 n=-1 n=0 n=-1 n=0 n=1 n=0 n=-1
diffraction orders

Figure 7. Power distribution of the output beams when the working
frequency varies from 4.445 to 5.045 THz, which takes the effect of
the angular separation deviation into consideration. Red dashed
lines indicate the LO power boundaries, within which the powers of
the output beams vary within 21% around their average value.

angular distribution into consideration. The results are presen-
ted in figure 7.

In figure 7 the red dashed lines indicate the LO power
boundaries, within which the powers of the output beams vary
within 21%. We find that the coupled powers are within 21%
by varying the frequency between 4.595 THz and 4.825 THz.
Therefore, after taking the effect of the offset caused by the dif-
ferent angular separation at different frequencies into consid-
eration, the bandwidth of the grating is found to be 230 GHz,
which is slightly smaller than the value imposed by the power
variation of the output beams (250 GHz).

4. Discussions

The bandwidth of 230 GHz, corresponding to 4.9% of the
operating frequency, is a very encouraging result because it
can cover a quite reasonable frequency range to detect all the
spectral lines. In the case of GUSTO, it could detect not only
[OI] line, but also other lines such as water lines nearly if the
LO was tunable and had enough large tuning range. As stated
earlier, GUSTO aims only one single line. So, GUSTO does
not allow to verify our bandwidth prediction experimentally.
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In addition, experimental verification of the grating bandwidth
needs a sufficiently wideband tunable, high-power THz source
around 4.7 THz or multiple THz QCLs to cover a sufficiently
wide frequency range, both of which are unfortunately not
available to us yet. Therefore, we are not able to measure the
bandwidth of the grating experimentally.

Until now, most THz QCLs have a relatively small tun-
ing range, e.g. an order of 10 GHz, by temperature and cur-
rent. Even with such QCLs, one can build a closely packed
array of QCL structures with a small increase of the frequency
so that by switching on and off a QCL to cover a large fre-
quency range. One of the examples is the QCL array reported
in [2], which covers in total 150 GHz band centered around
4.7 THz. There is potential to realize QCLs with a large tun-
ing range because the gain spectrum of THz QCLs can be
engineered by quantum design to be broadband over a range
of ~1 THz. We noticed a record large continuous tuning range
of over 330 GHz demonstrated in a double-metal, wire laser
configuration THz distributed feedback laser by manipulat-
ing the lateral size of the lasing mode via electro-mechanical
components [31].

The bandwidth 230 GHz of the grating corresponding to
14 500 km s~ linear velocity is large enough to cover the line
frequency shifts of typical galactic (1.6 GHz being equivalent
to ~100km s~') and extragalactic (16 GHz to ~1000 km s7h
objects [1] due to the Doppler effect. The other applications of
heterodyne detection, such as the above mentioned planetary
remote sensing, medical imaging and contraband detection,
also benefit from building heterodyne arrays. Using a QCL
with a tunable frequency and a phase grating as the LO could
improve the bandwidth of the detector array and thus cover
more spectral lines.

5. Conclusions

We numerically evaluated the bandwidth of an asymmetric
Fourier grating designed preliminary for an 8-beam LO at
4.745 THz in three aspects; namely diffraction efficiency,
power distribution and angular distribution. We found that for
the 4.745 THz asymmetric grating, its output beam power
variation remains below 21% when the operating frequency
changes from 4.595 to 4.825 THz, which gives the frequency
bandwidth of 230 GHz and corresponds to about 4.9% of the
operating frequency of the grating. The effect is dominated
primary by the angular distribution and then by the power dis-
tribution, while the diffraction efficiency plays no role since it
remains nearly unchanged. Although we focus only at one spe-
cific grating, we believe that our approach present here should
be applicable for any combinations of a grating based multiple
beam LO with a detector array.
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