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Abstract

Introduction. Increased data rate in modern communication systems can be achieved by raising the operational frequency
to millimeter wave range where wide transmission bands are available. In millimeter wave communication systems, the
passive components of the antenna feeding system, which are based on hollow metal waveguides, and active elements of
the radiofrequency circuit, which have an interface constructed on planar printed circuit boards (PCB) are interconnected us-
ing waveguide-to-microstrip transition.

Aim. To design and investigate a high-performance wideband and low loss waveguide-to-microstrip transition dedicated
to the 60 GHz frequency range applications that can provide effective transmission of signals between the active compo-
nents of the radiofrequency circuit and the passive components of the antenna feeding system

Materials and methods. Full-wave electromagnetic simulations in the CST Microwave Studio software were used to es-
timate the impact of the substrate material and metal foil on the characteristics of printed structures and to calculate the
waveguide-to-microstrip transition characteristics. The results were confirmed via experimental investigation of fabricat-
ed wideband transition samples using a vector network analyzer

Results. The probe-type transition consists of a PCB fixed between a standard WR-15 waveguide and a back-short with a
simple structure and the same cross-section. The proposed transition also includes two through-holes on the PCB in the
center of the transition area on either side of the probe. A significant part of the lossy PCB dielectric is removed from that
area, thus providing wideband and low-loss performance of the transition without any additional matching elements.
The design of the transition was adapted for implementation on the PCBs made of two popular dielectric materials
RO4350B and RT/Duroid 5880. The results of full-wave simulation and experimental investigation of the designed wave-
guide to microstrip transition are presented. The transmission bandwidth for reflection coefficient S; < -10 dB is in ex-
cess of 50...70 GHz. The measured insertion loss for a single transition is 0.4 dB and 0.7 dB relatively for transitions
based on RO4350B and RT/Duroid 5880.

Conclusion. The proposed method of insertion loss reduction in the waveguide-to-microstrip transition provides effec-
tive operation due to decrease of the dielectric substrate portion in the transition region for various high-frequency PCB
materials. The designed waveguide-to -microstrip transition can be considered as an effective solution for interconnec-
tion between the waveguide and microstrip elements of the various millimeter-wave devices dedicated for the 60 GHz
frequency range applications.
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AHHOTauuMA
BBeaeHune. [Ing yBennuyeHns CKOPOCTU MnepeAayn JaHHbIX B COBPEMEHHbIX cMcTeMax 6ecnpoBOAHON PajnoCBsa3n
HeobX0AMMO CyLLIeCTBEHHOE pacLUVpeHe NMoaoCkl YacToT rnepeAaBaeMbiX CUTHaNO0B, YTO BO3MOXHO 3a CYeT yBenu-
yeHMa paboyer YacToTbl 40 MUAIVIMETPOBOrO AManasoHa. B cuctemax pagrmocsasy MUAMMETPOBOIO AanasoHa co-
e/JHeHe MacCUBHbIX 3/IEMEHTOB aHTEHHO-PUAEPHOro TPaKTa, Peann30oBaHHbIX Ha MeTa/JINYyecknX BOIHOBOAAX, U
aKTVIBHbIX 3/16MEeHTOB PajMo4acTOTHOro TPakTa, UMeLMX NHTepdeinc Ha OCHOBE MUKPOMOJIOCKOBLIX JIMHWIA, OCYy-
LLecTBASAETCS C MOMOLLIbIO BO/IHOBOAHO-MUKPOMO/I0CKOBOro nepexoaa (BMIIM).
Lienb pa6oTbl. PazpaboTtka n nccnegoBaHve wmnpokononocHoro BMMM ans yactoTHoro gnanasoHa 60 My, ¢ HU3KKM
YpOBHEM MoTepb 419 3GPEeKTBHON Nepeaayn CUrHaA0B MeXAy aKTVBHbIMU 31eMeHTaMn PagMoYacToOTHOro TpakTa v
NacCMBHBLIMW 3/1IeMEHTaMW aHTEHHOTO TpakTa.
MaTepunanbl n metogpl. OLeHKka BANSHUA MaTepurana MoAI0XKM 1 CBOMCTB MeTannyeckon ponbry Ha xapaktepu-
CTUKM MeYaTHbIX CTPYKTYP M pacyeT XapakTepUCTUK pa3paboTaHHOro nepexoAa BbIMOJIHEHb! C MOMOLLbIO 3/1€KTPOAM-
HaMN4YeCcKoro MoJeNnpoBaHuA B CUCTEMe aBTOMATM3MPOBAHHOrO npoekTuposaHus CST Microwave Studio v noa-
TBepPXAeHbl pe3ynbTaTamy 3KCNepYIMeHTaNbHOIo NCCNef0BaHNSA N3roTOBEHHbIX 06Pa3L0B LMPOKOMOMOCHOMO BOA-
HOBOZAHO-MVKPOMOJIOCKOBOrO NMepexo/a Ha BeKTOPHOM aHanm3aTtope Lenei.
PesynbTaTbl. PaspabotaHHbli BMIIM ocHOBaH Ha MCNOMb30BaHUM MPOBOASALLEr0 30HAA, PeasM30BaHHOrO Ha ne-
YaTHOW nnaTte, 3aKpenneHHOW Mexay CTaHAaPTHBIM NOABOAALLMM BOAHOBOAOM WR15 1 4eTBepTbLBOHOBOW 3arnyLu-
KOW TOro e ceveHns. [ing yMeHbLUeHNS NOoTepb B Mepexoje Ha neyaTHOM nnaTte BblIMOMHEHbl CKBO3HblE HEMeTaNu-
31pOBaHHble OTBEPCTUS, CUMMETPUYHO PACcoONOXeHHbIe BOKPYT 30HAA A1 YMEHbLUEHWS AOAN AN3NEKTpYKa neyart-
HOW NnaTbl B BOJIHOBOAHOM KaHane. o pe3ynbTaTtaM 3KCNeprIMeHTaNbHOro NCCnefoBaHNA N3roTOBNEHHbBIX MakeToB
nepexofoB, peann3oBaHHbIX Ha NeYaTHbIX MaaTax, BbIMOAHEHHbIX 13 MaTepuanoB RO4350B n RT/Duroid 5880 npo-
N3BOACTBA KOMMaHuKM "Rogers", 6bl10 MONYyYeHO, YTO Mepexos COrlacoBaH Mo YPOBHIO KO3IQPULMEHTa OTPaxeHUs
$11 <—10 nb B nonoce yactot 50...70 [Ty 1 obecneynBaeT NoTepu Ha NpoxoxaeHue He 6onee 0.4 1 0.7 ab ans mate-

puanoB RT/Duroid 5880 n RO4350B cooTBeTCTBEHHO.

3akuoueHue. MpeaoxXeHHbI MeTOZ CH/XKEHNSA NoTepb B BOJIHOBOAHO-MVKPOMO/I0CKOBOM Nepexoje OCyLLEeCTBASeTCs 3a
CYET YMeHbLLUEHUSI BAVAHUSA ANINEKTPUYECKON MOAMNOXKM NMPU MCMONb30BaHUN pa3nnyHbiX CBY-maTepranos neyatHbix
nnaT. 3To NO3BOJIAET paccMaTpPUBaThL Pa3paboTaHHbI BOJHOBOAHO-MUKPOMO/IOCKOBbIN Mepexos Kak nepcrekTUBHBIN 415
CoeANHeHNs PasIYHbIX MUKPOMOIOCKOBBIX 1 BOTHOBOAHBIX YCTPOMCTB MUTMMETPOBOIO AManasoHa A/ IVH BOJH.

KnioueBble cnoBa: MUIMMETPOBBIA ANaNa3oH A/IVH BOJH; BOJIHOBOAHO-MVKPOMOJIOCKOBLI/ Mepexo; neyat-
Has nnaTta; MeTananyeckii BOJHOBOZ

Ansa umtupoBaHua: LLUMPOKONONOCHBLI BONHOBOAHO-MMKPOMOI0CKOBbLI Mepexos 30HA0BOro TMna MUIMMETPO-
BOrO AnanasoHa AnvH BonH / A. B. Moxaposckui, O. B. CoinkuH, A. A. ApTeMeHko, P. O. MacneHHWKoB, W. b. BeHaunk
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Cratbs noctynuna B pegakumio 27.03.2019; npuHATa K nybamkaumm nocne peveHsnposaHus 16.08.2019;
onybnvkoBaHa oHnalriH 29.11.2019

Introduction. One of the main modern trends in ~ mation. This is primarily due to the increasing share
the development of wireless networks is the perma-  of multimedia mobile traffic and the popularity of
nent growth in the volume of transmitted infor- modern high-resolution video streaming services. To
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meet present-day high throughput requirements,
modern communication systems must support data
transfer rates up to units or even tens of gigabits per
second. The achievement of such speeds is possible
primarily through the use of a wider frequency band
of transmitted signals, as well as by developing more
efficient ways of using the spectrum. Such methods
include, for example, high-order modulations and the
implementation of communication systems based on
the MIMO (Multiple Input Multiple Output) technol-
ogy [1], which allows the simultaneous parallel
transfer of several data streams using multiple anten-
nas, including also a polarisation diversity.

The main difficulty in allocating a wider fre-
quency band of transmitted signals is an overloaded
spectrum in traditional frequency ranges up to 6
GHz. One of the possible approaches to solving this
problem is to increase the carrier frequency of the
transmitted signals to the millimetre-wavelength
range (30...300 GHz). This range allows the use a
number of bands with a width of up to several giga-
hertz for data transmission, which seems sufficient to
achieve the required speeds.

For the development of new fixed radio commu-
nication systems of millimetre (or close-to mil-
limetre) ranges, the most actively used ranges are
27.5..29.5, 40.5..43.5, 57..64, 71..76/81..86 and
92..95 GHz. Moreover, the frequency range of
57...64 GHz is the most attractive for the implemen-
tation of next-generation Wi-Fi systems [2], line-of-
sight links for cellular communication systems, fixed
wireless access networks, as well as the deployment
of 5th generation (5G) mobile networks [3]. The
main reason for this is the simplified (or, in a number
of countries, completely absent) licensing procedure
for frequencies and devices, as well as weakened
regulatory restrictions [4—6] due to the oxygen ab-
sorption line allocating within this range, which leads
to a signifacant (up to 16 dB/km) attenuation of elec-
tromagnetic energy during propagation [7]. In view
of this, the frequency range of 60 GHz is mostly used
for local communication systems designed to work
over short distances up to 10-20 m indoors and up to
300-500 m outdoors.

Most of the passive elements of millimetre-wave
radiocommunication systems, such as diplexers, cir-
culators, orthomode transducers, as well as external
antennas having a high gain, are usually based on
hollow metal waveguides or have a waveguide inter-
face. The main advantage of waveguide-based devic-
es is a low insertion loss level comparing to other

technologies, as well as high reliability, mechanical
stability, the ability to transmit high power signals
and the possibility to integrate with communication
system housing elements. On the other hand, the vast
majority of active elements of the radio frequency
path of millimetre-wave communication systems,
such as power amplifiers, low-noise amplifiers, mix-
ers, filters, etc., are typically implemented on printed
circuit boards and have an interface based on mi-
crostrip or other planar transmission lines. Thus, the
development of a broadband waveguide-microstrip
transition (WMST) for the efficient transmission of
signals between the active elements of the radio fre-
quency circuits and the passive elements of the an-
tenna feeding path of communication systems is rel-
evant. In addition, such a transition can be used to
test the characteristics of various samples of devel-
oped printed circits and devices based on surface
mounted elements.

With an increase in the operating frequency to
the millimetre-wave range, losses in printed struc-
tures increase significantly and therefore the reduc-
tion of the losses during the passage of a wave
through a transition becomes an important problem.
In this case, there is a need to analyse the influence
of the properties of the dielectric substrate material
and the conductive layers of the printed circuit board
on the characteristics of the printed structures, as
well as to analyse methods for reducing the negative
effect of the properties of the substrate on the charac-
teristics of the developed WMST.

The main requirements for the developed WMST
are low insertion losses (less than 1 dB) and the re-

flection coefficient S;1 <—10 dB in the considered

frequency range of 57...64 GHz. Since the WMST is
intended for use as part of the radio frequency mod-
ule of a radio communication system, it must be im-
plemented on a common multilayer printed circuit
board together with the active radio frequency circuit
elements. For a radio-frequency module implementa-
tion several layers of metallisation of a printed circuit
board are often used for tracing signal lines, control
lines and supplying active components, providing
several shielding layers of metallisation necessary for
isolation of digital and analogue circuits. The multi-
layer structure of the printed circuit board provides a
compact arrangement of lumped and distributed ele-
ments and reduces overall dimensions. For connec-
tion to the waveguide components of the antenna
path of communication systems in the frequency
range 57...64 GHz, as well as to measuring equip-
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ment, the transition should have an interface based
on a standard rectangular waveguide WR15 with a
section size of 3.76 x 1.88 mm.

In order to reduce losses in the transition, the au-
thors studied the effect of the dielectric substrate ma-
terial and the method of manufacturing copper foil
on the characteristics of printed structures imple-
mented on a printed circuit board, including the de-
veloped WMST.

A probe-type junction with an additional wave-
guide back-short based on a shorted section of a reg-
ular waveguide WR15 was chosen as the main version
of the WMST. The characteristics of the transitions
were studied using full-wave simulations in the com-
puter-aided design (CAD) system CST Microwave
Studio and confirmed by measuring test samples.

The effect of the substrate material and the
properties of metal foil on the characteristics of
printed structures. The properties of transitions and
features of the technology significantly depend on
the properties of the materials used. Losses arising in
transmission lines on printed circuit boards can be
sorted by the nature of the occurrence into losses in
conductors and losses in a dielectric substrate.

Losses in conductors occur for several main rea-
sons. The first is the finite electrical conductivity of
the metal foil used in the manufacture of printed cir-
cuit boards. The current density is maximal at the
surface of the conductor, decreasing exponentially
within the surface. The depth at which the current
density decreases by e times, known as the skin
depth, is determined by the expression

1
afrcf uc’

where f'is the frequency; o is the electrical conductivi-
ty; p is the magnetic permeability of the conductor.
With increasing frequency, the thickness of the skin
depth decreases, leading to an increase of the current
density in the surface layer of the conductor, as well
as, consequently, to a significant increase in the active
resistance of the conductor and an increase in linear
losses. So, with an increase in the signal frequency
from 1 to 60 GHz, the thickness of the skin depth of a
copper conductor decreases from 2.1 to 0.27 um. Ob-
viously, with such a small thickness of the skin depth
in the millimetre-wave range, surface inhomogeneities
caused by the peculiarities of copper foil production
become comparable in size to it, significantly affecting
losses per unit length in conductors.

A:

Typically, there are 2 types of foil used for the
manufacture of printed circuit boards: rolled and
electrolytically deposited. Rolled copper foil is ob-
tained from a thick copper billet by successive cold
rolling until the desired thickness is achieved [8].
The smoothness of the surface of the foil, usually de-
scribed by the root-mean-square (RMS) deviation of
the grain size, in this case, depends on the character-
istics of the rolling machine and usually amounts to
tenths of a micrometre, which helps to reduce the
heat loss in microwave conductors. On the other
hand, a uniform surface reduces the bonding strength
of the layers in multilayer printed circuit boards and
degrades the adhesion of the printed-circuit resist. In
addition, the rolled foil has a horizontal grain struc-
ture, which complicates etching in a confined space
conductor.

For the manufacture of electrolytically deposited
foil, the process of galvanic deposition of copper [§]
on a rotating drum made of titanium or stainless steel
is used. The thickness of the deposited copper layer is
controlled by the rotation speed of the drum. At the
same time, the copper surface is smoother and brighter
on the drum side, but matte and rougher on the elec-
trolyte deposition side. On the rough side, copper ad-
heres to the dielectric to improve adhesive properties
when adhered to the substrate. This approach makes it
possible to improve the adhesion of the dielectric and
the foil in the core layers, which improves their me-
chanical properties; however, the rougher side is lo-
cated in the region with a higher dielectric constant of
the surrounding space and, as a result, in the region of
higher electric current density due to the "pulling" of
the electromagnetic field to dielectric.

Typical roughness values (RMS) for various types
of copper foil materials manufactured by Rogers*! are
0.3...0.4 um for rolled foil and 1.8...3.2 pm for the
roughened side of the electrolytically deposited foil. For
the smooth side of an electrolytically deposited foil, the
roughness values are close to those for rolled foil and
amount to 0.4...0.5 pm.

In order to study the effect of surface roughness
of copper foil on losses per unit length in transmis-
sion lines on printed circuit boards, full-wave simula-
tion was performed in the CST Microwave Studio
CAD system using an MSL (microstrip line) model
with a line impedance of 50 Ohms implemented on a

*1 https://www.rogerscorp.com/documents/749/acs/Copper-Foils-for-
High-Frequency-Circuit-Materials.pdf (nara o6parennst: 29.09.2019).
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0.203-mm thick-substrate. A thickness of 18 pum for
both metallisation layers (MSL and ground plane)
was selected. The loss tangent of the substrate mate-
rial was set to zero to exclude the influence of losses
in the dielectric. The surface roughness of the copper
foil was set by introducing a two-layer material with
copper conductivity and given parameters RMS* of
inhomogeneities both on the dielectric side and on
the reverse (smooth) side.

Fig. 1 shows the results of full-wave simulation
of losses / in the millimetre-wavelength range in an
MSL made of smooth (without roughness), rolled
and electrolytically deposited copper. As seen from
Fig. 1, the introduction of roughness significantly af-
fects the losses in the MSL. According to the simula-
tion results in the considered frequency range, an
0.08 dB/cm losses increase was obtained when using
rolled foil and 0.13 dB/cm increase for electrolytical-
ly deposited foil compared with losses in the case of
using a smooth foil.

Another source of losses in printed circuit boards
is a dielectric loss. The most common in the manufac-
ture of microwave printed circuit boards are materials
based on a are glass reinforced hydrocarbon lami-
nates with ceramic filler, such as, for example, materi-
als of the RO4000 series*? and their analogues. The
main advantage of such materials is the relatively low
cost of their manufacture and the ability to produce
multilayer boards and reliable RO4000/FR4 hybrid as-
semblies.

However, at frequencies of the order of tens of
gigahertz, the losses in these materials are quite high.
As an alternative, polytetrafluoroethylene (PTFE)-

I, dB/cm
1 ,,”’
_ N —
03=——"" ,””
"".’\
—".’ 2
3
0,2%/%’—7/’
50 55 60 65 f, GHz

Fig. 1. The results of full-wave simulation
of a microstrip line with different roughness of the material:
1 — electrolytically deposited copper foil; 2 — rolled copper
foil; 3 — smooth foil

*2 https://mmww.rogerscorp.com/documents/726/acm/RO4000-Laminates-
--Data-sheet.pdf (nata obpamenus: 29.09.2019).

based materials with additional reinforcement with
non-woven fiberglass, such as, for example, in
RT/Duroid 5880 material*> or ceramic filler, as in
materials of the RO3000 series**, can be used. The
dielectric loss tangent of PTFE-based materials is the
lowest among currently available printed circuit
board materials, which makes them most suitable for
microwave devices where losses should be mini-
mised. The main disadvantage of these materials is
their low adhesive properties, which greatly compli-
cates the manyfacturing of multilayer printed circuit
boards. For this reason, the fabrication of a multilayer
structure usually requires a significant (about 100 °C)
increase in temperature, which complicates the pro-
cess, increases the cost and reduces the yield of suita-
ble samples.

It should be noted that most manufacturers of
printed circuit board materials indicate in the specifi-
cations only the characteristics of materials for fre-
quencies up to 10 GHz; therefore, to analyse the effect
of dielectric losses on the characteristics of printed
transmission lines, it is important to study the charac-
teristics of the material at higher frequencies. The ex-
perimental data on the dielectric permittivity of some
popular microwave materials of printed circuit boards
manufactured by Rogers are presented, for example, in [9].

In order to study the losses in various dielectric
substrates of printed circuit boards, MSL models on
substrates made of Rogers materials RO4350B,
RO3003, and RT/Duroid 5880 with a line impedance
of 50 Ohms were used. During the simulation, the
thinnest allowable substrate was chosen for each of
the materials from those presented in the specifica-
tions (Table 1). This choice is explained, first of all,
by the fact that with a decrease in the thickness of the
substrate, the width of the MSL with the selected im-
pedance decreases, greatly simplifying the further in-
tegration of printed transmission lines with monolith-
ic microwave integrated circuits (MMICs) and sur-
face mount elements, as well as increasing the node
packing density.

The results of full-wave analysis of losses for
MSL on the substrates indicated in Table 1 are pre-
sented in Fig. 2. The solid curves show the results

*3 https://www.rogerscorp.com/documents/606/acm/RT-duroid-5870-
5880-Data-Sheet.pdf (nata o6pamenust: 29.09.2019).
*4 https:/Amwv.rogerscorp.com/documents/722/acs/RO3000-Laminate-Data-

Sheet-RO3003-R0O3006-R03010-RO3035.pdf (mara obparenws:
29.09.2019).
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Table 1. Characteristics of microstrip lines, implemented on the materials of the company "Rogers"

Material Substrate thickness, mm Line width, mm pgﬁﬁﬁ\r/ﬁy Dm}!f:;[}':ﬂ'g;%gaggﬁ rz1t at
RO4350B 0.101 0.2 3.66 0.0115
RO3003 0.127 0.29 3.0 0.0034
RT/Duroid 5880 0.127 0.36 2.2 0.0024

I, dB/cm

0.7 2 3

——
——
——
— —
s

MEEe==—E=———r———"T —
50 55 60 65

Fig. 2. The results of full-wave simulation
of a microstrip line on substrates of company "Rogers™:
1 - R0O4350B; 2 — RO3003; 3 — RT/Duroid 5880.
Solid curves — lines based on electrolytically deposited foil;
dashed curves — lines based on rolled foil

£ —
f, GHz

obtained for an MSL with the characteristics of a foil
made by electrolytic deposition; the dashed curves
correspond to the results for rolled foil.

In accordance with the simulation results, losses
in the dielectric substrate play a decisive role for pla-
nar transmission lines made on printed circuit boards
in the millimetre-wave range. Nevertheless, for elec-
trically large structures, such as, for example, printed
filters, losses in conductors also have a significant ef-
fect on the overall level of losses in a planar struc-
ture. The obtained results are confirmed by the ex-
perimental data presented in a number of works for
lower frequencies (see, for example, [10]). Thus, for
a material with a small dielectric loss tangent in the
low-frequency region, losses in conductors prevail
over dielectric losses. However, with increasing fre-
quency, the influence of dielectric losses increases,
becoming dominant in the overall level of losses at
frequencies above several gigahertz. As a rule, losses
in the conductors are proportional to the square root
of the frequency, while dielectric losses are propor-
tional to frequency. Although the results presented in
[10] were obtained only for the frequency range up
to 20 GHz, the observed relations are also valid for
higher frequencies.

Thus, based on an analysis of the properties of
the dielectric substrate and the metal foil, it can be
concluded that in the millimetre-frequency range, the
choice of the material of the printed circuit board is a
key factor in reducing losses in the structure of print-
ed transmission lines.

Structure. There are many options for the im-
plementation of the WMST for millimetre-wave
range. For example, the transition can be based on a
printed antenna located inside a metal waveguide.
The antenna can be a microstrip antenna [11, 12], a
printed dipole [13, 14], a quasi-Yagi-Uda antenna
[15] or a slot antenna [16, 17]. Typically, transitions
of these types provide a wide band of operating fre-
quencies and do not require modifications in the
structure of the input waveguide; however, they have
a high level of backward radiation, as well as signifi-
cant losses in the dielectric substrate, which increase
with increasing frequency. Another common type of
transition comprises those implemented co-
directionally with the structure of the input wave-
guide using a matching metal ridge [18] or based on
overlapping strip lines [19], [20]. However, such
transitions require modifications in the structure of
the waveguide, which must be performed with very
high accuracy, leading to a significant increase in
manufacturing cost and installation difficulties. In
addition, transitions of this type are often can be im-
plemented only on printed circuit boards having a
single layer structure, complicating their use in the
radio frequency modules, which are usually imple-
mented on multilayer printed circuit boards. A possi-
ble solution to this problem consists in the use of
printed circuit boards based on combinations of zones
having both a single-layer and a multi-layer structure
[21]. However, this significantly complicates the man-
ufacturing process of printed circuit boards, as well as
increasing the manufacturing cost.

One of the most common types of millimetre-
wavelength range WMST is probe-type transitions,
in which a conductive probe is located in the struc-
ture of the waveguide channel, implemented on a
printed circuit board and connected to the MSL [22—
24]. A printed circuit board having a probe structure
is typically located between the input waveguide,
which can comprise the interface of a waveguide di-
plexer, an orthomode transducer or antenna and addi-
tional waveguide back-short (quarter-wavelength
shorted segment of the waveguide). The back-short
provides in-phase addition of the incident wave from
the input waveguide and the wave reflected from the
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a

Fig. 3. The structure of the probe type transition: a — section; b — top view
(1 — perforating non-metallic holes; 2 — probe; 3 — quarter-wave cap; 4 — supply waveguide WR-15; 5 — printed circuit board;
6 — microstrip line; 7 — vias)

waveguide back-short on the conductive probe (Fig.
3, a). Typically, probe-type WMSTs have low inser-
tion loss and a wide operational frequency band, as
well as providing a low level of spurious radiation,
which makes them very attractive for use in millime-
tre-wave communication systems. The main disad-
vantage of the presented WMST design is the pres-
ence of a thick multilayer dielectric substrate through
which the wave passes in the region of the wave-
guide channel. With an increase in the operating fre-
quency, the dielectric progressively affects the transi-
tion characteristics, significantly increasing losses. In
addition, the printed circuit board dielectric introduc-
es additional parasitic capacitive reactance between
the input waveguide and the conductive probe, com-
plicating the impedance matching and narrowing the
operational bandwidth [25]. In order to compensate
the parasitic effect of the printed circuit board mate-
rial, as well as improving the matching in the probe-
type WMST, various matching circuits are typically
used, which can be based, for example, on MSL sec-
tions [26], complex matching chains [27] or cutouts
in a number of dielectric layers [28]. The main dis-
advantage of the described approaches is their inher-
ently complex structure due to which a noticeable
narrowing of the operational frequency band occurs.
In this work, in order to reduce the influence of a
thick dielectric substrate on the transition characteris-
tics, non-metallised through holes were used in the
region of the waveguide channel [29]. The use of
holes allows the proportion of dielectric material in
the transition region to be reduced, thereby reducing
all the earlier-described negative effects of the influ-
ence of the dielectric substrate. The holes, having a di-

ameter of Dy, are of round shape and symmetrically

located around the conductive probe (Fig. 3, b). The
choice of the shape of the holes is justified by the
simplicity of their manufacturing by drilling, which
is suitable for mass production since the cost of pro-
duction of printed circuit boards is not increased.
When designing the transition, holes of a different
shape were also studied; however, when using them,
a significant improvement in the characteristics of
the transition was not achieved in comparison with
round holes. The diameter and position of the holes
were optimised using full-wave simulation to reduce
insertion loss and improve the reflection coefficient.
The three-dimensional model of the probe-type
transition is shown in Fig. 4. The transition is based
on a combination of a printed circuit board contain-
ing a conductive probe located between a standard
WRI15 input waveguide with a cross-section of
3.76 x 1.88 mm and a waveguide back-short of the
same cross-section with a length of a quarter wave-
length in the considered frequency range. In the area
of the waveguide channel, metallisation is removed
from all layers of the printed circuit board (except for

Fig. 4. 3D model of the developed transition:
1 — perforating non-metallic holes; 2 — probe; 3 — quarter-
wave cap; 4 — supply waveguide; 5 — printed circuit board;
6 — microstrip line
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Fig. 5. The structure of the electric field of the probe waveguide microstrip transition

the probe) for the free passage of electromagnetic
waves from the input waveguide. Metallised via
holes are located along the contour of the input
waveguide and effectively extend the waveguide
channel in the body of the board to electrically con-
nect the input waveguide and the quarter-wave back-
short. At the same time, they provide reliable shield-
ing of the transition structure and prevent signal
leakage or spurious radiation. The diameter of the
metallised via holes is 0.2 mm, with a distance be-
tween the centres of about 0.4 mm. To prevent reflec-
tion in the region where the section of the waveguide
back-short is located above the MSL, forming a qua-
si-strip asymmetric line structure, narrowing was im-
plemented to compensate for this effect. The struc-
ture of electric fields in a probe-type WMST is pre-
sented in Fig. 5.

To assess the effect of the properties of the dielec-
tric substrate on the characteristics of the waveguide-
microstrip junction, its structure was implemented on
two different printed circuit board based on Rogers
4350B material (low cost, ease of manufacture and
applicability for mass production; however, the dielec-
tric loss tangent is quite large in the millimetre-wave
range) and Rogers RT/Duroid 5880 material (the
smallest dielectric loss tangent in the millimetre-wave
range; however, involving a high cost and complexity
of multilayer printed circuit board manufacturing).

The structure of both boards, which corresponds
to that shown in Fig. 3, a, is made on three layers of
a dielectric and four layers of metallisation. For both
printed circuit boards, dielectric cores located on the
outer layers of the printed circuit board are separated
by one prepreg layer (Rogers 4450B for a board
based on RO4350B and TacBond 1.5 for a board
based on RT/Duroid 5880). The dimensions of the
individual elements and the thickness of the dielec-

Table 2. Dimensions of waveguide microstrip junctions
implemented on printed circuit boards from Rogers materials

Dimensions, mm (see Fig. 3) |RO4350B | RT/Duroid 5880
W, 0.38 0.35
Ly 1.22 1.0
W 0.15 0.2
L 0.115 0.15
Wi, 0.2 0.36
Ly 0.27 0.2
D, 155 14
Hps 1.27 1.2
Hgt 0.3 0.3
H; 0.101 0.127
H, 0.1 0.144
Hs 0.338 0.381

tric layers for both printed circuit boards are present-
ed in Table 2.

Results of full-wave simulation of probe-type
transition. The probe-type WMST on substrates
based on the Rogers RO4350B and RT/Duroid 5880
materials were studied using full-wave simulations in
the CAD software CST Microwave Studio. During
simulations, the characteristics of the substrate were
set in accordance with Table 1. For transition models
in all cases, the properties of the conductive layers of
the printed circuit board were set in accordance with
the characteristics of copper foil made by electrolytic
deposition. Aluminium was used as the material for
the section of the WR-15 input waveguide and the
back-short.

A comparison of the results of simulated S-
parameters for both transitions is presented in Fig. 6.
As follows from the simulation results, transitions in
the considered frequency range 57...64 GHz are
consistent in terms of the reflection coefficient
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Fig. 6. Results of electrodynamic modeling of coefficients of transmission S,; and reflection S;;
of probe waveguide-microstrip transitions. Backing materials: 1 — RT/Duroid 5880; 2 — RO4350B

$11<-17dB and S;;<-21dB for transitions

based on the materials RO4350B and RT/Duroid
5880, respectively. In addition, both transitions are

provide the reflection coefficient Sy <—10 dB over

the entire frequency band 50...70 GHz. The level of
the transmission coefficient in the frequency range
57...64 GHz was Spq >-0.6 and —0.35 dB, respec-
tively.

Experimental studies of prototypes of probe-
type transitions. The experimental verification of
the designed transitions was performed on the proto-
types of the back-to-back transitions "waveguide—
MSL-waveguide". For each of the transitions, back-
to-back implementations with different MSL lengths
were fabricated. This approach made it possible to
experimentally estimate the insertion loss per unit
length in the MSL that can be further used to deter-
mine the characteristics of individual transitions. The
MSL lengths for fabricated back-to-back transitions
are 25 and 35 mm for transitions based on the mate-
rial RO4350B and 25 and 40 mm for transitions
based on RT/Duroid 5880 (Fig. 7). Rolled foil is used

in experimental mock transitions to reduce the level
of losses.

Experimental studies are performed using the
Rhode & Schwarz ZVA24 vector network analyser
with ZVA-Z90E external upconverting mixers. The
specified equipment allows measurements in the fre-
quency range 57...95 GHz, which is enough to study
the developed transitions.

A comparison of the reflection and transmission
coefficients measured and obtained from the results

S11 of full-wave simulations Spq for back-to-back

WMSTs is presented in Fig. 8 for transitions based
on RO4350B and in Fig. 9 for transitions on
RT/Duroid 5880.

For back-to-back transitions, a good agreement
was achieved between the simulation results and

measurement both for the reflection coefficient Sqg

and for the transmission coefficient Syq. Thus, ac-

cording to the measurement results, with the excep-
tion of a number of points, for all back-to-back tran-
sitions the level of the reflection -coefficient

$11<-10dB is achieved in the frequency band

b

Fig. 7. Photos of printed circuit boards of two-way transitions:
a — based on material RO4350B; b — based on material RT/Duroid 5880
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Fig. 8. Comparison of the results of modeling and measuring coefficients of the transmission S,; and reflection S;;

of double-sided waveguide-microstrip junctions based on RO4350B.
Microstrip length: 1 — 25 mm; 2 — 35 mm.
Solid lines — simulation results; dashed lines — measurement results

57 59 61 63 65 67 69 f GHz

SZl' dB

57 59 61 63 65 67 69

Sll' dB

Fig. 9. Comparison of the results of modeling and measuring coefficients of the transmission S,; and reflection S;q

of double-sided waveguide-microstrip junctions based on RT/Duroid 5880.
Microstrip length: 1 — 25 mm; 2 — 40 mm.
Solid lines — simulation results; dashed lines — measurement results

57...70 GHz. An increase in the reflection coefficient
compared to a single transition (Fig. 6) is caused by
reflections between the transitions in “waveguide—
MSL-waveguide” structure. However, a good
agreement between the measured S-parameters of the
test structures and the simulation results leads to the
conclusion that, for an individual transition, the re-
flection coefficient values should also be close to
those shown in Fig. 6.

The loss per unit length in the MSL with an im-
pedance of 50 Ohms are estimated according to the re-
sults of measurements of back-to-back transitions with
different lengths of the MSL. In the frequency band
57...64 GHz, they amounted to 1.1 dB for a line on a
substrate of RO4350B material and 0.55 dB for a line
on a substrate of RT/Duroid 5880 material, which is in
good agreement with the results of full-wave simula-
tions for MSL made of copper foil made by electrolyt-
ic deposition. Taking the measured losses in the MSL
into account, it is possible to determine the insertion
loss for an individual transition. Thus, according to the
results of measurements in the frequency range
57...64 GHz, insertion loss in the developed transi-

tions are 0.4 dB and 0.7 dB for materials RT/Duroid
5880 and RO4350B, respectively, which is also in good
agreement with the simulation results. Googrepetability
of the results were obtained from the measurements car-
ried out for several samples of the manufactured transi-
tions, demonstrating the stability of the characteristics
of the developed WMST in terms of manufacturing in-
accuracies and its applicability to mass production.
Conclusion. The problem of developing a wide-
band probe-type WMST for the frequency range of
60 GHz has been considered. A distinctive feature of
the transition is the use of non-metallised through
holes in the printed circuit board, symmetrically locat-
ed around the probe. These holes can reduce the frac-
tion of the lossy dielectric material in the waveguide
channel and, thereby, reduce losses in the transition to
ensure good matching of the input waveguide and the
MSL. The transition structure has been adapted to the
use of printed circuit boards. Analysis of losses in
metal foil and dielectric material justified the choice of
dielectric and the foil manufacturing method. As a re-
sult, the transition was made using two common mi-
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crowave materials manufactured by Rogers:
RO4350B and RT/Duroid 5880.

In order to conduct the experimental studies,
mock-ups of "waveguide-MSL-waveguide" back-to-
back transitions were made on printed circuit boards
using selected materials. Measurements of the back-
to-back transition confirmed the results of prelimi-
nary full-wave simulations. The operational frequen-
cy band of the developed transitions in terms of the

reflection coefficient S;q <—10dB amounted to

more than 20%. For the RT/Duroid 5880 material,
the loss per unit length in the MSL was 0.55 dB/cm,

while the insertion loss in transition was 0.4 dB; for
the RO4350B these losses are 1.1 and 0.7 dB, respec-
tively. As a result of the study, the problem of provid-
ing a low loss in the WMST operating in the fre-
quency range of 57...64 GHz was solved due to the
use of high-frequency materials of printed circuit
boards with rolled foil and additional non-metallised
through holes in the transition structure. The results
show that the proposed transition design allows low
insertion loss values to be achieved by reducing the in-
fluence of the dielectric substrate when using various
high-frquiency printed circuit board materials.
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