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Abstract—An iterative alternate projection-based algorithm is
developed to design structured surfaces able to generate any far-
field beam pattern at GHz and THz frequencies. To validate
the algorithm, two structured profiles (a reflective one and a
transmissive one) are designed to generate four beams of similar
intensity at 610 GHz. The two prototypes are fabricated and
tested to experimentally evaluate their performance. Experi-
mental measurements confirm a good agreement with computer
simulations using FekoTM and, therefore, validate the method.

Index Terms—phase grating, THz, heterodyne, receiver.

I. INTRODUCTION

Heterodyne receivers at millimeter and submillimeter wave-
lengths are widely used in astronomy [1]. They can achieve
very high spectral resolution and are especially interesting for
observing spectral lines in our galaxy and in other galaxies.
They are usually used to observe the interstellar medium
and to determine its physical and chemical properties. In
heterodyne receivers, the observed signal, or radio frequency
(RF) signal, is down-converted to a lower frequency without
losing any amplitude or frequency information. The down-
conversion is achieved by mixing the RF signal with an
artificial monochromatic signal generated by a local oscillator
(LO). The down-converted signal at the output of the mixer is
the intermediate frequency (IF) signal (fig. 1).

Fig. 1. Down-conversion of the RF signal in a heterodyne receiver.

The heterodyne mechanism allows to down-convert a RF
signal to a lower frequency (e.g. a THz signal can be down-
converted to a few GHz), and to process it with a very high
spectral resolution. Heterodyne receivers are widely used in
astronomy between 100 GHz and 1000 GHz. A new generation
of heterodyne receivers are being built for the THz regime.

This frequency range has, so far, been little observed by
astronomers and it is one of the last parts of the astronomical
spectrum remaining mostly unexplored (fig. 2).

Fig. 2. Transmission of the Earth atmosphere depending on the frequency.

Early THz heterodyne receivers in astronomy usually only
had one spatial pixel (e.g. HIFI instrument on Herschel
satellite [2]). Recently, heterodyne receiver arrays have been
developed, in order to observe spectra at several positions in
the sky simultaneously. Each pixel has a mixer, so, observing
with several pixels involves distributing the LO beam to every
mixers. Beam splitters are a good solution to divide the LO
beam and to specifically illuminate each mixer (fig. 3).

Fig. 3. Use of a beam splitter in a multi-pixel heterodyne receiver.

Phase gratings [3] are already used as beam splitters in
some astronomical heterodyne receivers (e.g. CHAMP [4],
upGREAT [5]). However, the phase gratings currently used
in THz astronomical receivers, stepped gratings [6], [7] and
Fourier gratings [8], [9], have a constrained geometry which
limits the beam patterns they can efficiently produce. To
overcome this limitation, an iterative alternate projection-based
algorithm has been developed to design structured surfaces
without any geometrical constraints, and reach a good effi-



ciency for any far-field distribution. To validate this method,
we have designed, simulated and built two structured surface
prototypes (one in transmission and the other in reflection)
able to split the LO beam into four beams [10].

II. DESIGN PROCESS

A. Structured surface design

The iterative algorithm is based on alternate projections
involving inverse Fourier transforms (IFT) and Fourier trans-
forms (FT). This algorithm is used to generate the phase profile
for the two structured surface prototypes (a reflective one and
a transmissive one) generating four beams of similar intensity
at 610 GHz. More details about the algorithm itself can be
found in [11].

Fig. 4. Structured surface profile calculated by the iterative algorithm.

Both prototypes are based on the same initial phase profile
(fig. 4). The transmissive prototype is made of TPX®, a plastic
quite transparent at THz frequencies, and is illuminated by an
orthogonal incident beam. The reflective prototype is made of
brass and is illuminated by an oblique incident beam making
an angle of 25◦ with the normal of the surface.

B. Electromagnetic simulation

The transmissive and reflective structured surface prototypes
have been simulated (fig. 5) with a commercial electro-
magnetic simulation software, FekoTM, which is based on
the Method of Moments. In the simulations, the structured
surfaces were illuminated by a Gaussian beam and both were
able to generate a far-field pattern composed of four beams of
similar intensity, as expected.

Fig. 5. Far-field beam patterns calculated with electromagnetic simulations
in (a) reflection and in (b) transmission.

The beams generated by the gratings have the same Gaus-
sian shape as the incoming beam, but a lower intensity. The
efficiency predicted by the simulation is 81 % for the reflective
prototype and 68 % for the transmissive prototype.

III. TEST OF THE STRUCTURED SURFACE PROTOTYPES

A. Mechanical design

The structured surface prototypes were milled by a 200 µm
diameter end-mill. A surface accuracy of 6 µm and an average
roughness inferior to 0.4 µm were measured with a profilome-
ter (Dektak8). The dimensions of the two prototypes were set
to be larger than 4 times the beam radius of the incoming
Gaussian beam (which is 10 mm), in order to ensure that
more than 99.9 % of the incoming energy is received by the
structured surfaces. A picture of these two prototypes is shown
in fig. 6.

Fig. 6. Pictures of the manufactured (a) reflective and (b) transmissive
prototypes.

B. Efficiency test

The prototypes were tested with a 610 GHz source and the
intensity of the beams was measured with a Golay cell power
meter (fig. 7).

Fig. 7. Schematic of the experimental set-up to measure the radiation beam
pattern of the structured surface reflector.

The source and the prototypes were positioned on a rotating
platform, and the horizontal radiation pattern generated by
the prototypes was measured by rotating the platform. The
distance between the Golay cell power meter and the LO was
kept constant, so the measured beams had always the same



radius at the input of the power meter and were comparable.
The measured efficiency of the prototypes (sum of each beam’s
intensity divided by the intensity of the source beam without
any prototype) is 78 ± 4 % for the reflective one and 62 ±
4 % for the transmissive one. These efficiency values are very
close to the ones predicted by the electromagnetic simulations.

IV. OTHER BEAM PATTERN POSSIBILITIES

The iterative algorithm can also create structured surfaces
able to generate any kind of beam pattern. To demonstrate
this capability, two more complex beam patterns were given as
targets to the algorithm, the name of our laboratory (LERMA),
and the drawing of a butterfly. In both cases, the algorithm
managed to calculate complex and non-periodic structured
surfaces able to generate these beam patterns. Due to com-
putational limitations, only the reflective structure has been
simulated. The profiles of the structured surfaces and the
corresponding far-field beam patterns simulated by FekoTM

are shown in figs. 8 and 9.

Fig. 8. (a) Structured surface reflector profil generating the (b) normalized
far-field, simulated with FekoTM.

Fig. 9. (a) Structured surface reflector profil generating the (b) normalized
far-field, simulated with FekoTM.

These structured surfaces have not been constructed and
tested yet. However, we expect simulation results to be reli-
able, as the two prototypes presented in the previous section
exhibit a very good agreement between the simulated and
the measured beam patterns. The structured surfaces required
to generate these beam patterns are very complex and were
obtained because, unlike in classical phase gratings used at
THz frequencies, our design procedure can be used to design
non-periodic structures.

V. CONCLUSION

We have developed an iterative alternate projection-based
algorithm to design structured surfaces that can be used to
generate any beam pattern at GHz and THz frequencies. The

commercial electromagnetic software FekoTM was used to
simulate the design and to have a precise estimation of its
efficiency. In order to validate our approach, we designed,
manufactured, and tested two prototype structured surfaces
for 610 GHz, able to split one incoming beam into four
beams. The fabricated prototypes have a measured efficiency
of 78 % (for the reflective structured surface) and 62 % (for the
transmissive structured surface). These results are very close
to the simulations and confirm our algorithm and simulation
tool. Therefore, the structured surfaces are ready to be used
in the next generation of astronomical array receivers as beam
dividers, but also in any other GHz or THz application where
it is required to generate a custom beam pattern.
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