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Abstract. At the moment, millimeter waves attract close attention not only of the scien-
tific community, but also of the communication industry. Number of studies worldwide are
currently focused on finding efficient solutions for the transceiver technologies compatible
with beamforming and carrier frequencies beyond 100 GHz. It was recently demonstrated
that the technology of integrated silicon photonic crystals provides decent propagation loss
and low fabrication complexity upon implementation of waveguide components for the sub-
mmWave band. In this paper, we report on the millimeter wave photonic crystal waveguides
fabricated from high permittivity PCB laminate by the means of direct machining. Inspection
of the fabricated waveguide samples reveals no violation of the photonic crystal geometry due
to the fabrication tolerances. The photonic crystals are designed for operation at frequencies
140—160 GHz, and we measure the power attenuation coefficient attributed to the waveguide
geometry of 0.02 dB/mm at 145 GHz. The design considerations, including justification of the
laminate choice, and detailed results of performance tests are presented in the paper.
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Annoranusg. B HacToSIIMiT MOMEHT MWUIMMETPOBBINM BOJHOBOM AMala3oH IIPUBIIEKACT
BHMMAaHUE HEe TOJIbKO HAYYHOTO COOO0I1IeCTBAa, HO M OTPACIM CBSI3U. boJibIlioe Yncio uccieoBaHu i
M0 BCEMY MUpPY COCPEIOTOYEHO Ha MOoMCKe 3GhGEKTUBHBIX PEIICHUN ISl TEeXHOJOTUi
MpUeMonepeaTYINKOB, COBMECTUMBIX ¢ DYHKIIMEN YITpaBACHUS IMTyYKOM IMPU HECYIIMX YaCTOTax
Berme 100 I'To. HemaBHO OBUTIO TTOKa3aHO, YTO TEXHOJIOTHSI MHTETPUPOBAHHBIX KPEMHUEBBIX
(POTOHHBIX KPUCTAIJIOB 00€CIIeUMBACT MIPOCTOTY U3TOTOBJICHUS M HU3KHWE BHOCHMEBIC TTOTEPU
TP CO3IaHNY BOJJHOBOIHBIX KOMIIOHEHTOB CYOMMJUIMMETPOBOIO Aramna3oHa. B maHHoOI cTaTbe
Mbl cooOIiaeM O (POTOHHO-KPUCTAIMYECKUX BOJHOBOAAX MMJUIMMETPOBOIO AMara3oHa,
MU3TOTOBJAEHHBIX METOIOM MEXaHWUYeCKOoi oOpaOOTKM M3 JIaMMHATa Al TMe4YaTHBIX IiaT ¢
BBICOKOW IM3JEKTPUUYECKON MpoHUIIaeMOoCThio. [Ipu KOHTpose KayecTBa WM3rOTOBJICHHBIX
00pa3lloB BOJTHOBOJIOB HE BBISIBJICHO HApYIICHUS 3aJaHHOW reMeTpru (POTOHHOIO KpHUCTaJja
BCJICACTBHEC TIOTPEIIHOCTH M3TOTOBIeHMSI. MDOTOHHBIE KPUCTAJUTBI  CIIPOCKTUPOBAHBI
JUISL MCIOJIb30BaHUS B mosioce yactoT 140—160 I'Tu: usmepeHHoe Ha uactore 145 I'Tn
3HaYeHUEe Ko3(hdUILIMEeHTa OClIa0JeHUs MOIIHOCTU, CBSI3aHHOTO C TeoMeTpueil BOJHOBOJA,
coctaBwio 0.02 nb/Mm. IlompoOHBIE pe3yabTaThl U3MEPEHMI TEXHUYECKUX XapaKTePUCTHUK,
a TakXe KJIOYEeBbIe aCMEeKThl MPOCKTMPOBAHMs, BKJIOYass 0OOCHOBaHME BbIOOpa JaMMHaTa,
MIpeICTaBJICHBI Jajice B TEKCTE CTaThHU.
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Introduction

At the moment, the millimeter wave (mmWave) band attracts close attention not only of
the scientific community, but also of the communication industry. Progress in a mmWave
communication is in line with the society needs for the speed and quality of data transfer which
drastically enlarged in the coronavirus pandemic era. Next generation communication networks
should rely on the transceiver technologies compatible with beamforming and carrier frequencies
beyond 100 GHz [1]. This may potentially result in a fatal increase of their complexity, fabrication
and operational costs. Thus, number of studies worldwide are currently focused on finding efficient
software and hardware solutions.

It was recently proposed that the technology of integrated silicon photonic crystals is beneficial
compared to that of conventional hollow metallic rectangular waveguides at sub-millimeter waves
[2]. The benefits are mainly related to the reduction of propagation loss and fabrication complexity
upon implementation of a single-mode waveguide and simple passive components. In this paper,
we report on the technology of a mmWave photonic crystal waveguide (PCWG) fabricated by
the means of direct machining. PCWG utilizes high permittivity laminate [3]. The geometry of
photonic crystal is implemented with the aid of a PCB prototyping machine [4]. Metallization on
both sides of the laminate is removed via wet etching at the final step of the fabrication process.
The waveguide is designed for a single-mode operation at frequencies 140—160 GHz. The design
considerations and results of performance tests are presented further in the text.

Evaluation of Fabricated Samples
Our designs make use of FSD1020T series laminate, which attributes relative permittivity (e )
of 10.2 and loss tangent (tand) of 0.002 at 10 GHz according to the manufacturer specifications.

© IMpuxonwsko A. H., benukos U. U., JIsBos A. B., lllypakos A. C., l'omsuman I'. H., 2022. Uznarens: Cankr-IletepOyprekuit
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Suitability of the laminate for our task is justified by evaluation of its dielectric properties in
the mmWave band. This is achieved by measuring return (RL) and insertion losses (/L) of a
WR6.5 rectangular waveguide section with an FSD1020T insert installed in it. The lengths of
the waveguide section (/ ) and the dielectric insert (/,) are 25 and 6.4 mm, respectively; other
their linear dimensions are identical. During the return loss measurement, we use a solid state
mmWave source providing up to 120 mW of output power over the frequency range from 133
to 162 GHz. The source and the waveguide under study are connected through a waveguide
directional coupler with a coupling factor of -15 dB and an isolation of 30 dB. The dielectric
insert inside the waveguide is placed next to its flange facing the directional coupler, i.e., the
front flange. For a given frequency of the source (F,), the RL value is calculated with the aid of
equation 1.

RL=10log,, (RE"), (1)

where P, and P, are the mmWave powers at the input and transmitted ports of the directional
coupler, respectively. The power values are consequently measured by a precision waveguide
power meter while the source is permanently connected to the coupled port of the directional
coupler. During the insertion loss measurement, the source is disconnected from the latter port
and is attached to the rear flange of the waveguide under study. This is to keep electric length
of the transmission line constant which is useful in further analysis of the measured frequency
profiles. At given F, the /L value is defined by ratio of power provided by the source (P,) to that
measured by the power meter (Ppm) in accordance with equation 2. Results of both the return and
insertion loss measurements are provided in Fig. 1.
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Fig. 1. Return and insertion losses measured for a WR6.5 rectangular waveguide section with an
FSD1020T insert installed in it

Measured frequency profiles of the return and insertion losses are used to evaluate dielectric
properties of the FSD1020T insert. This is achieved with the aid of math provided in equations
3—5 accompanied by S-parameter simulations for the studied transmission lines in QUCS [5].
Degree of agreement between the measured and simulated frequency profiles is used as a feedback
parameter. In the end, we obtain ¢ ~ 10.6 and tand = 0.011 at 145 GHz. This corresponds to
the laminate power attenuation coefficient (o) of 0.47 dB/mm. These values are used to develop
geometry of the photonic crystal intended for the implementation of a single-mode waveguide.

A=1-10701H 1901 3)
tan§ = —In(A)c(2nF,e°L,) ", @
a=—10log, (A)". ©)

Here A is the absorptance and c is the speed of light in vacuum.

347



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.3 >

WR6.5 input of WR6.5 mput of
mmWave source power meter
. Waveguide

section

A=04mm: B=035mm: D=0.3 mm
he = {64 mm. 12.8 mmj: wye = 0.55 mm: 68 = 10°
sample thickness = 0.5 mm

Fig. 2. Measurement setup with a PCWG sample installed (a); (b) geometry of the samples (b)

We fabricate PCWG samples with waveguide sections of several lengths (/ ) to evaluate
insertion losses due to the energy leakage into a free space (L, ) and those due to the input/output
coupling elements (L_). Thus, total insertion loss (L, ) can be explicitly presented as a function
of Iwg as Lmt(l ) = 2L + (a i o, ) Iwg if measured in decibels. Here Oy = ng lng is the power
attenuation coefficient attributed to the waveguide geometry.

Fig. 2, a provides photo of the fabricated PCWG sample installed between WR6.5 inputs of a
solid state mmWave source and precision power meter. Referring to Fig. 2, 5, PCWG section is
integrated with input/output tappers, which ensure coupling with the TE10 mode when inserted
into a WR6.5 waveguide. Positioning of the sample together with the power meter with respect to
the mmWave source is maintained with the aid of a precision 3D translation stage.
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Fig. 3. Insertion losses of the fabricated PCWG samples (dielectric losses are calibrated out)

We measure O, = 0.02 dB/mm and L, = 0.2 dB at 145 GHz. Detailed inspection of the
fabricated PCWG samples reveals no violation of the photonic crystal geometry due to the
fabrication tolerances. As provided in Fig. 3, frequency profiles of the samples insertion losses
agree well, once absorption and scattering in FSD1020T are calibrated out. All together proves
suitability of a 2D CNC machining for implementation of mmWave PCWG components.

Conclusion

In this paper, we report on the development and fabrication of a mmWave PCWG making
use of an FSD1020T series PCB laminate. Dielectric properties of the laminate were preliminary
evaluated by measuring reflection and transmission spectra of a WR6.5 rectangular waveguide
section with a dielectric insert made of it. We measured ¢ ~ 10.6 and tan3 = 0.011 at 145 GHz
compared to those of 10.2 and 0.002 specified by the manufacturer at 10 GHz, respectively.
The measured values were used to develop geometry of the photonic crystal intended for the
implementation of a single-mode waveguide. Study of the PCWG samples fabricated via 2D CNC
machining revealed power attenuation coefficient of 0.02 dB/mm attributed to the waveguide
geometry. Frequency profiles of the samples insertion losses agreed well, and we observed no
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violation of the developed geometry upon fabrication. All together proves suitability of a 2D direct

machining, i.e., drilling and milling, for implementation of mmWave PCWG components.
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