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A Broad-Band LTCC Integrated Transition
of Laminated Waveguide to Air-Filled
Waveguide for Millimeter-Wave Applications

Yong Huang and Ke-Li WuSenior Member, IEEE

Abstract—In this paper, a compact and broad-band inte- integrated millimeter-wave applications such as integrated an-
grated transition between laminated waveguide in a multilayer tenna array for collision-avoidance radar [4], [5]. A laminated
low-temperature co-fired ceramic (LTCC) substrate and standard waveguide can also be used to design some integrated passive

air-filled rectangular waveguide is presented. A parallel inter-cou- e : . g .
pled two-pole filter equivalent circuit is employed to interpret components such as a miniaturized ridge waveguide filter [6],

the working mechanism of the transition and to predict the [7]. Nevertheless, in many practical applications, an integrated
performance. A Ka-band prototype of the proposed broad-band laminated waveguide module is only a part of a system; it needs
transition is designed and fabricated in an LTCC substrate. The to be interfaced with other types of transmission lines. Among
simulated and measured results of the prototyped transition them, a conventional air-filled waveguide would likely be a pop-
show.goo? lagreeliner;tihltKhasbbegn d?TO”SELagftdﬁeth:guggeéhe ular one. When a laminated waveguide module is to be con-
experimental results o e a-pan roto e P . . :
tra%sition configuration gives an effegtive k))/gndwidth ofpovgr 8% n_e_Cted to an air-filled Wav_egwde In a system, an Qﬁgctlvg tra.n_
with —15-dB return loss and average-0.4-dB insertion loss over Sition between the two different types of transmission line is
the bandwidth at the Ka frequency band. required.

Index Terms—taminated waveguide, low-temperature co-fired ~ Air-filled rectangular waveguides (RWGs), due to their ex-
ceramic (LTCC), millimeter wave, rectangular waveguide (RWG), cellent electric performance, are still essential components in
waveguide transition. many practical millimeter-wave systems such as the local mul-
tipoint distributed system (LMDS). An effective transition that
connects a laminated waveguide module with an RWG system
would be a compulsory and critical part for overall system de-

OW-TEMPERATURE co-fired ceramic (LTCC) tech-sign. Since the cross section of a laminated waveguide is much

nology offers many advantages to microwave anshmaller than that of a RWG, due to the high dielectric constant
millimeter-wave applications, such as low losses, high-densiapproximately 7—10) of the filled substrate and the thickness
integration, and low cost for high-volume production. Idimitation of the laminated waveguide, there is a large dimen-
addition to a wide range of applications of the technology in Réfon mismatch between the two types of waveguides. The mis-
modules, the development of the laminated waveguide concepitch causes tremendous difficulties in impedance matching
[1] by making use of LTCC in millimeter-wave frequencyand energy losses. Therefore, designing a broad-band and com-
ranges has called tremendous attentions to the engineers inghet transition between the two types of waveguides is a funda-
field. A recent notable work is the grid-like reinforced conmental and challenging problem.
ducting sidewall structure of the LTCC laminated waveguide Although transition configurations of laminated waveg-
using multilayer conducting strips [2] and transitions from thgides to various practical transmission lines, including
waveguide to various integrated transmission lines [3]. microstrips/strip lines [3], [8] and coplanar waveguides [3],

An effective three-dimensional (3-D) laminated waveguide [9], have been recently reported, to the best knowledge of the
constructed by depositing metal planes on the top and bott@fithors, no configurations have ever been proposed until now
surfaces of a multilayered substrate and using grid-like condyér a laminated waveguide to air-filled waveguide transition.
tive walls as sidewalls. The grid-like reinforced conductive side- |n this paper, a broad-band integrated laminated waveguide
walls in the laminated waveguide comprise a plurality of fillego air-filled waveguide transition is proposed. A prototype of
through via-holes disposed at predetermined intervals and a pd#-integrateds a-band transition between an LTCC laminated
rality of sub-conductor layers deposited between layers of thfaveguide (using Dupont 943 Green Tape) and WR28 wave-
dielectric substrate so as to electrically connect the filled viguide was designed and fabricated for proving the concept. A
holes together inside the dielectric substrate. Due to its neglis-GHz bandwidth defined at15-dB return loss is obtained
gible radiation and low transmission losses, the laminated waygr the transition at a center frequency of 29 GHz. The experi-
guide is considered as a high-performance transmission line feéntal result correlates well with the electromagnetic (EM) de-

signed performance. An average insertion loss@# dB is ob-

Manuscript received October 15, 2002; revised December 23, 2002. TRrved from the experimental results for the prototyped transi-
work was supported by the Research Grants Council of the Hong Kong Spetiain, demonstrating its promising low-loss and broad-band fea-
Administrative Region under Grant 2150279. e _tures. Such a transition provides a broad-band, compact, and

The authors are with the Department of Electronics Engineering, The Chinese . . . .
University of Hong Kong, Shatin, Hong Kong (e-mail: kiwu@ee.cuhk.edu.hkjoW-cost interface for LTCC integrated laminated waveguide

Digital Object Identifier 10.1109/TMTT.2003.810146 modules.

. INTRODUCTION

0018-9480/03$17.00 © 2003 IEEE



1614 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 5, MAY 2003

Fig. 1. Structure of the laminated waveguide to air-filled waveguide transition.

[l. CONFIGURATION OF THE TRANSITION AND ITS Fig. 2. Top view of the transition and the associate variables.
WORKING MECHANISM
Fig. 1 shows the 3-D structure of the proposed multilayere LTCC Module i ? Top Via_hole
transition. The top and bottom layers of the LTCC module ar ! Layen
fully covered by metal, except a rectangular aperture on th ] Metat
bottom layer. The aperture that is called the input coupling ape'® * nil *rip
v D
ture thereafter has the same size as the inner cross section of D k ‘
air-filled waveguide connected to the LTCC laminated wave ! j Flange Bottom

guide module. The microwave energy is transferred between i Layer
air-filled waveguide and laminated waveguide regions throug RWG Aperture
the input-coupling aperture. As shown in Fig. 1, inside the LTC( L_.B‘
module, separated by a partition conductive wall, two parallel o B o
laminated waveguides are formed and excited by the input-c&if 3 Side view of the transition along bisection line D-D
pling aperture. The two laminated waveguides are shorted at one
end and connected to a single laminated waveguide port on #itect the coupling between the air-filled waveguide and lami-
other end through & branch structure. In Fig. 1, 0 and 5 denot@ate waveguide and also affect the mutual coupling between the
the air-filled waveguide and the single laminated waveguidessonators inside the LTCC substrate.
respectively, and 1-4 denote four equivalent resonators, whictAnother pair of laminated waveguide resonators denoted as
will be explained below in detail, inside the shielded transitioB and 4 are formed between reference line BaBd theY
region. branch junction, which also provides a coupling between the
Being filled by a high-permittivity LTCC substrate, and beingwo resonators. Again, this pair of resonators are excited by
shielded by conductive top and bottom layers, as well as cahe input-coupling aperture and coupled with each other via the
ductive via-hole walls, two parallel resonator chains, which areutual coupling aperture. Note that the couplings between the
separated by the partition wall, are effectively constructed imput coupling aperture and resonators 3 and 4 are negative with
side the transition. As shown in Fig. 1, each resonator chain efspect to those between the input coupling aperture and res-
fectively comprises two series connected quasi-half-wavelengthators 1 and 2 because of the nature offRglan7’-junction.
resonators. The definition of each of equivalent resonators anddccording to the coupling relations discussed above, the
the associated variables of the transition are shown in Fig. 2 fguivalent-circuit model shown in Fig. 4 can be employed to
convenience of the discussion. predict the performance and explain the working mechanism of
In Fig. 2, the rectangle frame with lengthand widthb de- the transition. In the equivalent circuit, edc@ loop represents
notes the input-coupling aperture. From the shorting wall'C—@e corresponding resonator in the transition structure. The
to the reference line B-Ba pair of quasi-half-wavelength wave-coupling coefficientsMyy, Mye, Mys, and My, denote the
guide resonators denoted as 1 and 2 are formed. These two cesplings between air-filled waveguide and resonators 1-4,
onators are excited in phase by the input-coupling aperture ardpectively, and the coupling coefficient®s; and My;
are inter-coupled through a mutual coupling aperture located denote the couplings between the laminated waveguide port
the partition wall. By removing part of metal strips on somand resonators 3 and 4, respectively. The coupling coefficients
sub-conductor layers and correlative filled via-holes, the mutuélys, M5, M>,4, andMs4 signify the mutual coupling between
coupling aperture is created on the partition wall. The mututile four resonators. As a matter of fact, due to the symmetry
coupling aperture with heiglttand lengthb is more apparently of the transition, a magnetic wall is present in the plane D-D
shown in Fig. 3, which illustrates the side view of the transiFig. 2). Therefore, no power crosses this plane. Here, the
tion along bisection line D-D The thickness of the partition coupling coefficientd\/;, andM3, are only used to present the
wall is denoted aw, as shown in Fig. 2. Obviously, andw loading effect of the mutual coupling aperture.

Flange — *l) —
|
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As shown in Fig. 4, resonators 1 and 3 and 2 and 4 form a o _ _

. ; . . . .Fig. 7. Effect of L4 (unit: millimeter, other dimensiond:1 = 1.91, L2 =
pair of two-pole filters, respectively. According to the cwcuﬁjo& 13 = 3.45,h = 0.45, andw = 0.13).
model, there will be two reflection zeros within the passband
and a transmission zero in the finite frequency region. The
nite transmission zero is caused by the cross-couplingdaf
and M. Due to the symmetry of the structure along D-iD
is obvious thaMlg = Moy, Mo1 = Moz, Moz = Moy, and
M35 = Mys. By designing the coupling matrix of the equiva
lent circuit appropriately, a desired passband performance
be obtained. A simulated transition response is shown in Fig3_
with a specific coupling matrix, in whichZy; = My, = 0.898,
Mos = Moy = —0.714, M5 = 3.269, M34 = 0.30, M3 =
My, = 1.797, and M35 = Mys = 1.076. The center fre-
quency and bandwidth used to simulate the response are 29
1.6 GHz, respectively.

g’ptimizedY branch. Therefore, design of a transition becomes
a matter of designind.3, L4, andh.

In order to determine the dependence of the transition perfor-
mance on the resonator lengll3, L4 and the height, of the
‘mutual coupling aperture, a numerical parametric study is per-
ed with Ansoft HFSS, a full-wave finite-element method
EM simulator. A WR28 waveguide is used in the study
as an air-filled waveguide whose cross-sectional dimension is
7.11 x 3.56 mnt. The laminated waveguide with a cross-sec-
tional dimension of 3.56< 0.89 mn? is chosen by using eight
ﬁ(} rs of Dupont 943 Green Tape with = 7.5 andtand =
0.002. A piece of a 3-mm-long air-filled waveguide and a piece
of a 5-mm-long laminated waveguide are incorporated in the
transition model of the EM simulation. A full conductor wall
transition modal is used in the parametric study.

By comparing the equivalent-circuit model with the physical Figs. 6 and 7 show the simulated results of the magnitude of
structure of the transition, one can observe that: 1) changings-parameters of the transition by varyidg and .4, respec-
can control coupling coefficientd/y; ~My4, as well asMy, tively. As can be observed, the two reflection zeros can be sep-
andMs4; 2) L4 determines the resonant frequency of resonataesately controlled by.3 and L4. This is because, as the res-

1 and 2; altering/.4 can also control the coupling coefficientsonator length increase, the corresponding resonating frequency
M3 and Msy4, as well asMy; and Myo; and 3)L3 affects the decreases, and its corresponding reflection zero shifts down.
resonant performance of the resonators 3 and 4; tuhingan This feature can be used to control the bandwidth of the tran-
also control the coupling coefficiettys, Myy, M3, andMs,.  sition.

It is obvious thatL1 and L2 determine the performance of the As interpreted above, adjusting the length of the two pairs
Y branch so these two values can be simply designed for @nresonators also affects the coupling coefficidg, —Mo.,

I1l. EM SIMULATION AND DESIGN
OF THE TRANSITION
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Fig. 9. Photograph of the back-to-back configuration module (left-hand side)
and the single transition module (right-hand side) in an LTCC tile (35.2 mil in

29 30 thickness).
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obtain a desired passband performance at a predestined center y \ / ’\
frequency, the heigtit should be adjusted to cooperate with T IK ‘%E/

and L4 to achieve the broadest bandwidth. Fig. 8 shows three -25

passband responses with three groupsXfL4, andh values. H \

The center frequency is shifted from 30.5 to 28.5 GHz, while all

which causes a change of the matching at the same time. To

lsﬂl dB

three length increase. -35
It can be concluded, from the above discussion, that by ad- 26 27 28 29 30 3 32
justing L3, L4, andh, one can design a transition with a broad Frequency (GHz)

bandwidth at the desired center fr_equer_1cy. The simulated res%s 10. Measured and EM simulatpil 1] of a single transition.
also reveal that over 11% bandwidth with a return loss of better
than—15 dB and an insertion loss of better thaf.3 dB can

be obtained by the proposed transition structure. module is superposed with that of the EM designed structure,

in which the actual grid-like conducting sidewalls were used,
as shown in Fig. 10. Good correlation between the two results
can be observed. The measured bandwidth is approximately
A prototype of the proposed transition working in the LMDS.5 GHz with a return loss below15 dB. A slight frequency
frequency band was designed at a center frequency of 29 GHlzift and a bandwidth reduction might be caused by a slight
In order to facilitate the measurement, two testing modules wesfiset of dimensionL4 in the prototype hardware.
fabricated and measured to verify the overall performance ofFig. 11(a) shows the comparison of the simulated and mea-
the transition. One module is a back-to-back configuration wiured return losses of the back-to-back module. Good correla-
two laminated waveguide ports of two identical transitions cotion between the measured and EM simulation results are ob-
nected with a piece of 14.22-mm-long laminated waveguidained.
in between. Another module is a single transition with an ab- The simulated and measured insertion losses of the
sorbing terminal at the laminated waveguide port. All transitiopack-to-back module are shown in Fig. 11(b), which also
ports of the two modules are interfaced with WR28 waveguideshows good correlation. The good correlation confirms the
The transition modules were built on an eight-layer LTC@®alidation of the loss model used in the EM simulation and
tile. Metal strips with a width of 0.14 mm are employed to conindicates that EM simulation can provide a fair estimation of
nect the via-holes of 0.09 mm in diameter to form effective comasertion loss for the transition. As a matter of fact, because
ducting waveguide sidewalls. The center-to-center via pitch of unequal waveguide interfaces of the transition, it is difficult
the waveguide walls is 0.38 mm. The other dimensions are (uni: experimentally characterize the insertion loss of a single
mils) h = 0.34, L4 = 2.43, L1 = 1.77, L2 = 1.91, and transition. Therefore, EM simulated insertion loss, which has
L3 = 3.35. Fig. 9 shows a photograph of the back-to-back trafreen validated indirectly by the back-to-back module, is used
sition module and the single transition module. WR28 wavés characterize the transition, which is also superposed in
guide flanges have been mounted on the panel to interface Big. 11(b). It can be observed that the insertion loss of a single
modules. transition can be as low as0.3 dB from 28.2 to 31.0 GHz. Ac-
The S-parameters of the transition modules are directly meeseunting for a slight underestimation of insertion loss learned
sured using an HP8510C vector network analyzer. A carefubm the difference between the simulated and measured
thru-reflect line (TRL) calibration was used to move the referesults of the back-to-back module, it can be concluded that
ence planes to the interface surface of the waveguide flangas.average insertion loss of a single transition should be better
The measured reflection coefficient of the single transitiainan —0.4 dB in the whole passband. It should be mentioned

IV. EXPERIMENTAL RESULTS
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Fig. 11. Measured and simulaté®1 of the back-to-back module and EM
simulatedS21 of the single transition module. (a) Magnitude ®f1 of the
back-to-back configuration. (b) Magnitude 821 in the passband of the single
transition and the back-to-back configuration.
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