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Purpose of the visit:
The breakthrough targeted by this project is the achievement of a long-needed terahertz source that features high power, large tunability, high reliability, and integration to the antenna arrays for beam steering application. 
If two lasers, oscillating at frequencies f1 and f2 have a small frequency off-set with respect to each other, they can generate an optical beat frequency f1-f2. We propose a photomixing scheme of generating continuous-wave THz- radiation. This process is schematically depicted in Fig. 1a. The photomixer itself is driven by a dual-optical–frequency semiconductor-based laser source that provides down to Hz-level linewidths of the THz beat frequency.
Because of the high dielectric constant of the semiconductor substrates only a small amount of terahertz power is radiated. For increasing the radiated power a dielectric lens can be placed down the substrate (Fig. 1a). Dielectric rod waveguide (DRW) antennas are a more compact, cost-affordable alternative than dielectric lenses. They can be combined in an array configuration for increasing the THz power or getting an electronically steerable beam.

[image: image2]
Fig. 1. Lens (a) and DRW antena (b) integrated with photomixer-based therahertz sources.
As shown in [1], DRW antennas are limited in band by their physical width and thickness, as they condition the support of fundamental and higher-order modes in the dielectric structure. For achieving a single-lobe endfire radiation pattern only fundamental mode must be present in the radiation taper. 

For increasing the working band, a planar (flat) lens is embedded into the dielectric rod [2,3]. Fig. 2a DRW antenna has a planar hyper-hemispherical lens. It is implemented by reducing the relative permittivity ε2 around its shape either by using different materials (Fig. 2a) or by doing electrically small holes (Fig. 2b). Lens permittivity ε1 is kept the same as the wafer one.
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Fig. 2. Hiper-hemispherical lens embedded in a DRW antenna of permittivity ε2 lower than the substrate (a). Eliptical dielectric lens  defined by drilling holes around its shape (b). This proof-of-concept was manufactured at Carlos III university of Madrid.
The purpose of the visit is to investigate the possibilities of this kind of antennas in the millimeter and sub-millimeter wave frequencies. Both the manufacture of arrays for electronic steerable sources and the integration of active elements are considered, with and without embedded planar lenses. Next picture shows two examples of one-row array of DRW antennas. They can be manufactured by using the same etching process required for manufacturing a porous silicon (PS) lens-based DRW antenna (similar to Fig. 2b prototype. See Fig. 9).

[image: image4]
Fig. 3. Convectional (a) and lens-based (b) DRW antena array. They are intented to be manufactured in a single piece of the same subtrate.
This kind of antennas is well suited for travelling-wave amplifiers (TWA). Since TWAs are under study in Aalto University the integration of many of these active elements with DRW antennas is considered. Fig. 4 shows a sketch of such concept. An antenna emitter generates THz power, injected into a dielectric rod waveguide. Signal is amplified by TWAs and then radiated by the radiation taper.
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Fig. 4. Lens-based (a) and convectional (b) DRW antena array. They are intented to be manufactured in a single piece of the same subtrate. 
Description of the work carried out during the visit:
· Evaluation of the manufacture of the PS-based ultra-wideband DRW antennas in the Micronova cleanroom.
· Characterization of lens-based DRW antennas prototype (25-40 GHz) as a proof-of-concept.

· Design of PS-based 1x3 DRW antennas array fed by antenna emitters for either increasing the available power or enabling beam steering.
· Design of a 4x4 DRW antennas array (100 GHz) fed by a WR-10 waveguide as a proof-of-concept.
· Manufacture of DRW antennas (optimized for the 80 – 120 GHz band) for running experiments with Whispering Gallery Mode Resonators.

· Study of TWAs DC pads effects on dielectric rod waveguides.

· Characterization of new TWAs prototypes: DC and RF (75-110 GHz band) characterization.

Description of the main results obtained:
· Ultra-wideband lens-based DRW antenna:

Measurements of the manufactured prototypes for the 8-30 GHz range were done in Carlos III University of Madrid (December 2013, in the 8-16 GHz range) and in Aalto University, during this exchange stay (25-40 GHz range). Next picture shows measurement setup in Aalto University.

[image: image6]
Fig. 5. Measurement setup in Aalto University.
Next figure shows S21 parameter over the frequency with the DRW antenna pointing to a rectangular horn. As it can be seen, lens-based prototype presents no endfire nulls on its radiation pattern beyond 30 GHz. This agrees with simulations results: avoiding the existence of higher-order modes inside the rod leads to a single radiation zone improving SLL and avoiding such nulls [1, 2].

[image: image7]
Fig. 6. S21 parameter for the lens-based (a) and homogeneous (b) PP DRW antennas. 
Next picture shows measured radiation patterns for 25 GHz and 30 GHz. As stated, SLL is improved although cross polar component is increased due to the embedded lens.

[image: image8]
Fig. 7. Measured radiation patterns for the lens-based (a, c) and homogeneous (b, d) PP DRW antenna at 25 GHz (a, b) and 30 GHz (c, d). Cuts φ=0º (red, solid), φ=45º (green, dot) and φ=90º (blue, dashed) are shown. Both co (red, blue) and cross (green, white) polar components are shown for the E (red, green) and H (blue, white) planes.
A sub-mm wave lens-based DRW antenna manufacture was evaluated. For reducing the permittivity of the area around the lens, an etching process is considering for doing porosities in the silicon wafer. A lens-based DRW antenna pattern (see Fig. 2) is printed in a mask and placed down the wafer. Area to be etched is illuminated by a lamp. 

[image: image9]
Fig. 8. Scheme of the etching setup. 
Etching process was rather slow (about 1-2 µm/min) and not uniform. Since borders are not sharp enough a protective mask (e.g. isolating silicon nitride, conducting platinum, gold,) of the same shape should be used in the top surface. A lithographic process with double side alignment could be unavoidable. Not a functional sample was achieved during this exchange visit.

[image: image10]
Fig. 9. Picture of the sample after 10 minutes of etching. SEM pictures of the cross-section are shown for both the area intended to be porous (a) and solid (b). Scale of (a) inset is 2 µm. Scale of (b) is 200 nm.
· DRW antenna array designs:

A 4x4 array prototype was designed in order to evaluate this family of antennas performance in array configurations. Instead of using an array of antenna emitters as sources in the sub-mm wave frequencies, a feeding network is designed for a central frequency of 100 GHz. WR-10 rectangular waveguide standard is used for convenience. Manufacture is still under discussion.

[image: image11]
Fig. 10. 3D view of the designed prototype. 
· Integration of active elements in dielectric rod waveguides (see Fig. 4):

Study of the effect of metallic pads has been done in the 75-100 GHz band. S21 parameter is measured in a tapered dielectric waveguide placed between two WR-10 waveguides. DRW is done using silicon. Width is 1.2 mm and thickness 0.5 mm. Pads have a length of 1 mm and a width of 0.5 mm.

[image: image12]
Fig. 11. Dielectric rod waveguide with four (a) and eight  (b) contact pad emulating two and four travelling wave amplifiers, respectively. Pads were done using conductive silver ink pasd size is 0.7 mm. 
Losses increment due to metallic pads can be obtained by measuring S21 parameter. 

[image: image13]
Fig. 12. S21 parameter over the frequency (in GHz). Both symmetric (a) and asymmetric (b) configurations were considered. Two 1 amp (2 contact pads) prototypes were measured.
As it can be seen, a symmetric configuration is desirable since it leads to a greater S21 over the whole band. Depending on the manufacturing process this could be difficult to achieve since it would require alignment between both layers. 
· DRW antennas for exciting Whispering gallery mode resonators (WGMRs):

Some prototypes optimized for the 80 – 120 GHz band were designed and manufactured for exciting whispering gallery mode resonators [1]. New experiments are being done nowadays. Next picture shows these new samples.

[image: image14]
Fig. 13. Manufactured DRW antennas for the wispering gallery mode resonators experiments. 
Future collaboration with host institution (if applicable):
The following research lines are still opened:

· Ultra-wideband lens-based DRW antenna:

Since doing porosities into the silicon substrate seems to be a complex way for manufacturing embedded planar lenses other alternatives are under discussion. This working line is still open and will require collaboration between both universities. A viable manufacturing process will lead to antennas expected to work beyond 1 THz range for antennas thicknesses around or below to 0.3 mm.
· DRW antenna array:

After manufacturing the prototype, it will be measured both in Aalto University and in Carlos III of Madrid. In order to evaluate scanning properties, phase shifters will be included in the vertical power divider (for E-plane scanning). Then, array configuration should be tested in the sub-millimeter range by feeding each element with antenna emitters.
· Integration of TWAs in DRW antennas:

Nowadays TWAs are integrated in dielectric rod waveguides intended for the 75-110 GHz band. New prototypes can be assembled with antenna emitters and radiation tappers for increasing available terahertz power in the mm-wave range.
Projected publications / articles resulting or to result from the grant (ESF must be acknowledged in publications resulting from the grantee’s work in relation with the grant)
[1] Alejandro Rivera-Lavado, Sascha Preu, Luis Enrique García-Muñoz, Andrey Generalov, Javier Montero-de-Paz, Gottfried Döhler, Dmitri Lioubtchenko, Mario Méndez-Aller, Florian Sedlmeir, Martin Schneidereit, Harald G. L. Schwefel, Stefan Malzer, Daniel Segovia-Vargas, and Antti V. Räisänen, "Dielectric rod waveguide antenna as THz emitter for photomixing devices", paper accepted for the IEEE transactions on antennas and propagation, 09/2014. 

[2] Another journal publication is now under discussion for presenting the lens-based DRW antenna performance in the sub-mm range. Prior to that, two differents manufacturing strategies are being considered. Design guidelines and measurement results will be published. (2015).

[3] Alejandro Rivera-Lavado, Sascha Preu, Luis Enrique García-Muñoz, Andrey Generalov, Javier Montero-de-Paz, Gottfried Döhler, Dmitri Lioubtchenko, Mario Méndez-Aller, Stefan Malzer, Daniel Segovia-Vargas, and Antti V. Räisänen, "Ultra-Wideband Dielectric Rod Waveguide Antenna as Photomixer-Based THz Emitter", EuCAP2014.

[4] Antti V. Räisänen, Andrey A. Generalov, Dmitri V. Lioubtchenko, Alejandro Rivera-Lavado, Mario Méndez-Aller, Luis Enrique García-Muñoz, Daniel Segovia-Vargas, and Sascha Preu, Dielectric rod waveguide antennas and their applications at mm-wave and THz frequencies, Global Symposium on Millimeter-Waves 2014 Proceedings, awarded with the first prize.

Other comments (if any)

Author would like to thank Kestutis Grigoras for providing his expertisement by evaluating the manufacture of embedded planar lenses in porous silicon in Micronova cleanroom, in Espoo (Finland).
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