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A Broadband U-Slot Coupled
Microstrip-to-Waveguide Transition

Xiaobo Huang and Ke-Li Wu, Fellow, IEEE

Abstract—A novel planar broadband microstrip-to-waveguide
transition is proposed in this paper. The referred waveguide
can be either rectangular waveguide or ridged waveguide. The
transition consists of an open-circuited microstrip quarter-wave-
length resonator and a resonant U-shaped slot on the upper
broadside wall of a short-circuited waveguide. A physics-based
equivalent-circuit model is also developed for interpreting the
working mechanism and providing a coarse model for engineering
design. The broadband transition can be regarded as a stacked
two-pole resonator filter. Each coupling circuit can be approxi-
mately designed separately using the group-delay information at
the center frequency. In addition to its broadband attribute, the
transition is compact in size, vialess, and is highly compatible with
planar circuits. These good features make the new transition very
attractive for the system architecture where waveguide devices
need to be surface mounted on a multilayered planer circuit. Two
design examples are given to demonstrate the usefulness of the
transition: one is a broadband ridged-waveguide bandpass filter
and the other is a surface-mountable broadband low-temperature
co-fired ceramic laminated waveguide cavity filter. Both filters are
with the proposed transition for interfacing with microstrip lines,
showing promising potentials in practical applications.

Index Terms—Broadband, laminated waveguide, microstrip-to-
waveguide transition, ridged waveguide, transition, waveguide fil-
ters.

1. INTRODUCTION

N COMMERCIAL and military communication systems
operating in microwave and millimeter-wave frequencies,
microstrip and waveguide are the two most commonly used
transmission lines for effectively transferring high-frequency
signals among various modules. Microstrip lines are often used
for connecting multiple active circuit modules involving tran-
sistors, monolithic microwave integrated circuits (MMICs), and
various surface mounted components, whereas waveguides are
usually the first choice for antenna feed network, high () filters,
and low-loss transmission lines if space is permitted.
In a system architecture design, it is advantageous to have
coexisting modules that use different types of transmission
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line, such as microstrip lines and waveguides. In this con-
nection, a broadband microstrip-to-waveguide transition is
required when a waveguide device needs to be connected with
a module whose interfacing transmission line is microstrip. In
many applications, such inter-connections are preferred to be
surface mounted on a multilayered system board. Therefore,
developing a broadband microstrip-to-waveguide transition,
which is conformal to a planar substrate, easy to fabricate,
and more importantly compact in size, is a very important
subject. In addition to meeting the increasing demands on
signal bandwidth, a broadband transition also provides other
attractive characteristics, such as low insertion loss and less
manufacturing tolerance requirement.

There are many microstrip-to-waveguide transition config-
urations proposed in the past. The earliest published work can
be traced back to 1967 [1]. The existing microstrip-to-wave-
guide transitions can be classified into three categories: the
probe insert type, impedance-taper type, and aperture coupled
type. For the probe insert type, the probe can be considered
as a kind of extension of the microstrip line that is inserted
into the waveguide from either a sidewall or the end wall.
Various probe configurations were proposed for broadening the
working bandwidth. Some prior works in this category include
patch probe [2], Yagi antenna-like probe [3], gradually tapered
ridges at opposite sides of an inserted dielectric substrate and
a T-shaped probe with an impedance transformer [4], [5], and
radial-shaped probe [6]. The probe-type transitions are usually
not conformal to planar circuits. The most unfavorable feature
of these types of transitions is the inconvenience of installation
for mass production, particularly in millimeter-wave applica-
tions due to their nonplanar structure in nature. The impedance
taper type of transitions can be considered as an improvement
of the probe insert type in terms of conformity to planar cir-
cuits. The popular approaches in this category use multisection
ridged-waveguide impedance stairs or microstrip taper to
convert the quasi-TEM mode of microstrip line to a TEqq
dominant mode in rectangular waveguide [7]-[9]. Although
the structure allows a waveguide device to be integrated with
other planar circuits, its oversized dimensions and the narrow
bandwidth would be the limitations for many applications. On
the other hand, aperture coupled transitions were also investi-
gated by many researchers in the past. It is interesting that in
all these aperture coupled microstrip-to-waveguide transitions
found in the literature, the signal is coupled at the end wall or
narrow sidewall of the waveguide [10]-[13] and the apertures
are small in terms of wavelength. It is understandable that the
electric field coupled by an electrically small aperture at the
end wall of rectangular waveguide is in line with the TEjg
mode, and with an appropriate matching element the mode
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can be excited effectively. Nevertheless, considering the con-
formity to planar circuits and the convenience of installation
for high-volume production, the broadside wall aperture cou-
pled microstrip-to-waveguide transitions would be a favorite
configuration for system integrations. Therefore, developing a
new coupling mechanism with a slot on the broadside wall of a
waveguide and an effective circuit structure for transferring the
broadband signal is an important subject.

In this paper, a novel broadband microstrip-to-waveguide
transition is proposed. The transition is analogous to a two-pole
resonator filter with two resonant poles (reflection zeros) in
the passband. For clearly revealing the working principle and
providing an engineering design guideline, a physics-based
equivalent-circuit model for the transition is also developed.
Based on the equivalent-circuit model, the coupling coeffi-
cients of the physical circuit model can be expressed in terms
of group-delay information of an approximated individual
sub-circuit model. For a typical application in microwave
frequencies, more than 55% bandwidth for the return loss
better than 15 dB can be achieved. In addition to the excellent
broadband performance, the new vialess transition will be an
attractive choice for system integration in terms of its compact
size, the conformity to planar circuits, and the simplicity in
manufacturing for mass production.

The declared features are demonstrated through two filter
design examples: one is a surface mountable broadband
ridged-waveguide filter; the other is a surface mountable
low-temperature co-fired ceramic (LTCC) laminated waveguide
filter module. Both are in C'-band. To show the broadband fea-
ture of a standalone transition, a back-to-back microstrip-wave-
guide-microstrip test module was designed, manufactured, and
tested. The two filter examples were designed by following
the given design formula and full-wave electromagnetic (EM)
simulation tool Ansoft HFSS. The designed modules were
manufactured and verified by experiment. Very good agree-
ment between the measured and simulated results is shown,
which further verifies the proposed transition structure and the
design procedure.

II. CONFIGURATION OF THE TRANSITION

The proposed transition consists of an open-circuited quarter-
wavelength microstrip line resonator that is directly coupled to
the input microstrip line, a half-wavelength resonant U-shaped
slot on the substrate ground plane, which also serves as a broad-
side wall of the waveguide, and a short-circuited waveguide
underneath the ground plane. The waveguide here is defined
as a single conductor tube with the electric field of its dom-
inant mode perpendicular to the broadside wall. Both rectan-
gular waveguide and ridged waveguide fall into the category.
Fig. 1(a) and (b) shows an exploded view of the proposed transi-
tion for a microstrip line to rectangular waveguide transition and
a microstrip line to ridged-waveguide transition, respectively.

In the transition structure, the microstrip line printed on a di-
electric substrate is placed perpendicularly to the short middle
section of the U-shaped slot. The coupling between them can
be controlled by the width of the slotline and an offset displace-
ment from the center. In general, the characteristic impedance of
the input microstrip line and that of the open-circuited quarter-
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Fig. 1. Structure of the proposed transition. (a) Microstrip-to-rectangular
waveguide transition. (b) Microstrip-to-ridged-waveguide transition.

wavelength transmission line can be different for controlling the
coupling between them. The open end is deliberately placed ap-
proximately A,/4 away from the middle section for creating
an open-circuited resonator. Being a U-shaped half wavelength
slotline resonator, the transition only occupies a space of less
than a quarter-wavelength.

The waveguide is short circuited at the end near the middle
section of the U-shaped slot and the other end defines as a port
of the transition. The coupling between the waveguide and the
half-wavelength U-shaped slotline resonator can be controlled
by introducing an obstacle in the waveguide section that is in
the vicinity of the slotline resonator. Such an obstacle can be a
tuning screw or an impedance step, as illustrated in the transition
for ridged waveguide shown in Fig. 1(b).

The working mechanism of the proposed transition can be ex-
plained by the concept of a two-pole resonator filter having two
resonant poles in the passband. As compared to the conventional
transitions of prior art, the proposed transition provides a much
wider bandwidth, and consequently, lower insertion loss.

IITI. PHYSICS-BASED EQUIVALENT-CIRCUIT MODEL

In order to reveal the working mechanism of the transition,
an equivalent-circuit model using transmission lines and ideal
transformers is given in Fig. 2. The circuit model comprises
three transformers, an open-circuited quarter-wavelength
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Fig.2. Equivalent-circuit model of the proposed microstrip-to-waveguide tran-
sition.

resonator and two shunt short-circuited quarter-wavelength
resonators. The transformers in the circuit represent the EM
couplings between the input/output transmission lines and the
resonators. The U-shaped slot is represented by two parallel
short-circuited quarter-wavelength slotline resonators and acts
as a middleman between the two types of transmission line.
Specifically, transformer nq represents the coupling between
the U-shaped slotline resonator and the microstrip line. Trans-
former no describes the coupling between the open-circuited
quarter-wavelength resonator and the microstrip line. Similar
to transformer 71, n3 depicts the coupling between the slotline
resonator and the waveguide.

A. Coupling for Open-Circuited Resonator

In the equivalent-circuit model shown in Fig. 2, there are
two interlaced resonators: an open-circuited quarter-wavelength
microstrip resonator and a pair of shunt short-circuited slot-
line quarter-wavelength resonators. Having appropriately deter-
mined the dimensions of the two resonators for a giving center
frequency, designing the physical dimensions for realizing the
three coupling transformers, namely, 71, 12, and n3, will be crit-
ical.

It is known that an open-circuited quarter-wavelength res-
onator can be approximated by a series LC resonant circuit.
Therefore, the coupling circuit of the input microstrip line and
the quarter-wavelength open-circuited resonator as depicted in
Fig. 3(a) can be represented by the lumped-element circuit of
Fig. 3(b). Note that by definition of an ideal transformer with
turns ratio n, there is R’ = R/n?, where R’ is the resistance
looking toward the transformer from the resonator and I? is
the source resistance, or the characteristic impedance Z; of the
input microstrip line in the physical model. Therefore, the ex-
ternal ) of the LC' series resonant circuit of Fig. 3(b) at the
resonant frequency wo = 1/v/LC is

L 1 , [L 1
cw="Ne®

W

L
0
Qe: itd =
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Fig. 3. (a) Coupling circuit between a transmission line and an open-circuited
A/4 resonator by an ideal transformer. (b) Corresponding lumped-element cir-
cuit model.

For the quarter-wavelength open-circuited resonant circuit in
Fig. 3(a), where I = A/4, in the vicinity of resonant frequency
w = wp+Aw(Aw < wyp), the input impedance of the resonator

Zin = _jstl COt(ﬂl)
T TAw
= - '.qu cot | —
J £ms1 €0 (2+ 2w0>
. TAwW
7] stl 2— (2)
wo

whereas its counterpart in the equivalent circuit Fig. 3(b)
looking into the L' series resonator can be expressed by
wo + Aw wo ) 2Aw

Zin = jwol — ~ jwgl - ——. (3
J%o ( wo wo + Aw J@o w0 3)

Comparing (3) with (2) leads to the inductance of the equiv-
alent circuit

7rZInsl
L=—. 4
(4&)0) ( )
Thus, (1) for the external @) reduces to
L1 1227 Zonl
Q. =no’y| =— = =1
de= G R iR )

If the external ¢ can be measured from reflection coefficient
S11, then the coupling coefficient n2 can be determined by (5).

By examining Fig. 3 and using the definition of an ideal trans-
former, the reflection coefficient looking at the input port of the
microstrip line is given by

T — IV I
o in [
S11 =51 = Tl where R poE (6)
More specifically,
ZIIlS
—j Z s cob(BL) — ”4Q 1 |
S11 = s 6,1 = |511|6—2J¢ 7
—§ Zms1 cot (Bl e
J Zms1 cob(Bl) + 10,

where ¢ = tan~!(7 tan(31)/40Q. ).
It can be found that, at resonance, the group delay of the re-

flection coefficient is
4Qe

51, (wo) = oo

®)
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Fig. 4. (a) Coupling circuit between a transmission line (microstrip or wave-
guide) and a pair of short-circuited shunt A/ 4 resonators by an ideal transformer.
(b) Corresponding lumped-element circuit model.
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The above relation is not new and is valid for any single res-
onator circuit [14]. Once (J,, is obtained from (8), the coupling
coefficient 1o can be determined by (5).

B. Coupling Coefficients to U-Shaped Slotline Resonator

Atresonant frequency, the open-circuited quarter-wavelength
resonator short circuits transformer 2. Therefore, the coupling
n1 and no to a U-shaped slotline resonator become isolated.
Thus, the coupling circuit between the transmission line, which
could be either a microstrip line or a waveguide, and the half-
wavelength slotline resonator can be represented by an ideal
transformer, as shown in Fig. 4(a), where input admittance is
given by

j2cot(l)

Yin = —
Zsl

)

Since a short-circuited quarter-wavelength transmission line
can be approximated by a shunt LC' tank, the physical circuit
of a transmission line that is coupled to the half-wavelength
U-shaped slotline resonator, as shown in Fig. 4(a), can be rep-
resented by the lumped element circuit of Fig. 4(b).

By a similar procedure as that for finding coupling coefficient
9, it can be obtained that

R
27

TR
- 2nf 371

Q. =wyCR = (10)
and that the group delay of the reflection coefficient is related to
the external () by (8). Note that the notation n; 3 refers to the
coupling coefficient nj or ng.

IV. DESIGN OF PHYSICAL DIMENSIONS

The detailed guideline for designing physical dimensions
of the proposed transition is illustrated by a design example
of a broadband transition between a microstrip line and a
ridge waveguide. Fig. 5(a) shows a centered longitudinally
cross-sectional view of the microstrip-to-ridge waveguide
transition. Fig. 5(b)—(d) are plan views of the reference planes
A-A’, B-B’, and C-C’, respectively. The related dimensional
variables of the transition are also given in Fig. 5.

With the aid of the equivalent-circuit model discussed in
Section III, an optimal circuit model for a given frequency
band of interest, the characteristic impedances of the microstrip
line and the ridged-waveguide dimension can be obtained by
adjusting or optimizing the parameters in the circuit model
shown in Fig. 2 using a circuit simulator such as Agilent ADS
software. Due to the simplicity of the equivalent-circuit model,
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Fig. 5. Dimensions of the microstrip-to-ridged-waveguide transition.

it takes nearly no time to optimize the circuit model that oper-
ates in the desired frequency bandwidth. The optimized circuit
model should provide all the realizable coupling coefficients
and serve as the coarse model in a space-mapping optimization
process, whereas the Ansoft HFSS EM simulation software is
used as the fine model for designing the physical structure [15].

It is known that changing the width of the slotline not only
changes the characteristic impedance, but also affects its cou-
plings to the input/output transmission lines. With a given slot-
line width, the total length of the U-shaped slotline is designed
to be approximately half guided wavelength according to the
designed circuit model.

Fig. 6(a)—(c) shows the physical models for the determining
coupling coefficients n1, no, and ng in the equivalent circuit of
Fig. 2, respectively.

Since the open-circuited quarter-wavelength resonator is
nearly short circuited at the point extended to the edge of the
slotline, in the physical model for calculating 1, the microstrip
line crossing-over the U slotline will be short circuited to
ground, as shown in Fig. 6(a). It can be seen from Fig. 2 that
when calculating coupling 7, the U slotline resonator must be
detuned so that no energy is divided. In addition, the dominant
factor for determining coupling n is the discontinuity of the
section of slotline that divides the microstrip line and the
quarter-wavelength open-circuited resonator. Therefore, for
calculating coupling 7o, one only needs to consider a simplified
physical model that consists of a short section of the slotline,
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Fig. 6. Physical models for calculating the coupling coefficients.

as shown in Fig. 6(b). By the same token as that for calculating
n1, the coupling coefficient 3 can be calculated with the sim-
plified model given by Fig. 6(c) in which a true short-circuited
node is realized by the waveguide end wall naturally. In other
words, the waveguide end wall should not be placed too far
from the middle section of the slotline resonator. In the design
procedure, the required couplings can be determined one by
one independently by using the group-delay information of
each corresponding simplified physical model at the center
frequency and with appropriate reference planes.

Having had an optimized circuit model, the initial physical
dimensions of a transition can be obtained by the above-men-
tioned process. The final dimensions will be determined by a
few steps of tuning using the concept of space-mapping opti-
mization technique, which are: 1) EM simulation response of
an nonoptimized transition (fine model) is curve fitted by the
response of corresponding circuit model described by Fig. 2
(coarse model); 2) the extracted circuit model is compared to
the optimized circuit model (golden template) for obtaining the
error vector; and 3) a new EM simulation will be conducted
using the updated fine model according to the error vector. The
process will be repeated for a few iterations. Once the extracted
circuit model is close enough to the golden template, an opti-
mized transition design is achieved.

V. DESIGN EXAMPLES

In this section, the claimed features will be demonstrated by
two design examples by following the design procedure out-
lined in Section IV.

A. Example 1

In this design example, a surface mountable broadband
ridged-waveguide bandpass filter with microstrip line as filter
interface is investigated. The detailed design procedure of a
microstrip-to-ridge-waveguide transition is given here, where
a 50-€) microstrip line printed on the substrate is used for both
microstrip line and the quarter-wavelength resonator. Rogers
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TABLE 1
COMPARISON OF THE CIRCUIT MODEL PARAMETERS
Circuit Model Parameters 0"?""“" Extracted
Designed

ni 0.876 0.884

ns 1.136 1.139

ns 1.321 1.372

fo of open-circuited A/4
rBEORator 7.75 GHz | 7.56 GHz
fo of parallel short-circuited A/4
F8EORator 5.24 GHz 5.7 GHz
TABLE II
DIMENSIONS OF THE TRANSITION IN MILLIMETERS

Variables | Initial Final | Variables | Initial Final
a 13.00 13.00 l4 8.42 9.35
b 6.00 6.00 Iz 12.25 11.50
Wy 4.40 4.40 I3 0.00 0.80
Wa 3.00 5.50 lg - 6.50
Ws 1.50 1.50 hy 1.58 1.58
Wy 2.40 2.40 hy 0.60 2.40
h3 0.60 0.60

Duroid 5870 substrate with dielectric constant of 2.33 and loss
tangent of 0.0012 is used. The U-shaped slotline and the ridged
waveguide are with the characteristic impedance of 160 and
88 €1, which were calculated by closed-form formulas given in
[16] and [17], respectively. With the impedances are chosen,
the other circuit parameters in the circuit model shown in Fig. 2
can be easily optimized to achieve maximum bandwidth and are
given in Table I. Having had required coupling coefficients, the
design equations and the segregated physical coupling models
described in Sections Il and IV can be applied directly to obtain
the initial dimensions. The obtained initial, as well optimized,
final physical dimensions are summarized in Table II. Fig. 7
shows the S-parameters of the initial EM model, the optimal
circuit model, and the final EM designed model. The EM simu-
lation is done by commercial Ansoft HFSS software. To verify
the proposed circuit model, the final EM designed responses are
curve fitted for extracting its corresponding circuit parameters
according to the circuit model shown in Fig. 2. The extracted
circuit parameters are also listed in Table I for comparative
purposes. A slight discrepancy in the resonance frequencies of
the quarter-wavelength resonators is caused by the parasitic
effects of the open end and the bends of the U-shaped slotline
resonator. The excellent agreement of the designed and the
extracted coupling coefficients demonstrates that the proposed
circuit model is fully competent for a practical engineering
design.

The EM simulated results in Fig. 7 show that more than 55%
bandwidth for the return loss of better than 15 dB across the
whole frequency band can be achieved. To show the broadband
feature of a standalone transition, a back-to-back test module
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Fig. 7. Simulated results of the equivalent-circuit model and EM model of the
microstrip-to-ridge-waveguide transition.
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Fig. 8. Measured and simulated S-parameters of the back-to-back mi-
crostrip-to-ridge-waveguide transition module.

was designed, manufactured, and tested. The measured and EM
simulated S-parameters of the test module are superimposed in
Fig. 8. The measured in band insertion loss of the back-to-back
module is better than 0.5 dB from 4.6 to 9.1 GHz with a return
loss better than 15 dB. It can be derived that the measured in-
sertion loss of a single transition will be better than 0.2 dB from
4.6 to 9.1 GHz. Very good agreement between the simulated
and measured firmly proves the concept of the proposed com-
pact broadband transition and the circuit model.

With the designed transition, a broadband ridged-waveguide
bandpass filter with microstrip interfaces is designed using ten
ridge post resonators and 11 evanescent mode rectangular wave-
guide as coupling sections. The heights of each ridge post res-
onator are set to be the same and the structure of the filter is
symmetric both in the transversal and the longitudinal direc-
tions. The cross-sectional views of the filter is given in Fig. 9, in
which the microstrip line that is printed on a Duroid 5870 sub-
strate and the transition are not shown in this figure.

An in-house full-wave EM simulation based on mode-
matching theory is applied for designing the ridged-waveguide
filter with ridged-waveguide interfaces. Having merged the
transition design with the filter design that is conducted sepa-
rately into one entity, the final structure needs slight tuning at
the input/output sections to accommodate the higher order mode
effect. The designed filter dimensions are given in Table III.
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Fig. 9. Sectional view of the ridged-waveguide filter. (a) Side view. (b) Top
view.

TABLE III
DIMENSIONS OF THE FILTER IN MILLIMETERS

a 13.00 Iz 3.60 Ds 2.02
b 6.00 ls 6.70 Lo 1.31
Wi 4.40 hy 1.58 L1z 4.52
w; 4.80 h; 3.60 Las 589
W3 1.10 h; 0.60 Las 6.26
w, 2.40 D, 7.42 Lss 6.39
W5 2.40 D 261 Lss 6.42
Iy 14.80 D 212

Iz 11.00 Dy 2.04

Fig. 10. Photograph of the ridged-waveguide broadband bandpass filter with
the microstrip-to-waveguide transition.

The filter is fabricated with an ordinary milling machine and
the photograph of the filter is shown in Fig. 10. The measured
and EM S-parameters are superimposed in Fig. 11, showing a
good broadband characteristic of nearly 2-GHz bandwidth with
the return loss next to 20 dB.

B. Example 2

Laminated waveguides not only provides a low-loss attribute
similar to traditional waveguide, but they also provides manu-
facturability in a planar multilayered fashion. In this example,
an integrated LTCC laminated waveguide cavity filter with
the interface of a microstrip line is designed, fabricated, and
tested. The substrate tape used is Dupont 951 with the dielectric
constant of 7.6 and loss tangent of 0.006. The thickness of
each green tape layer is 0.095 mm. The laminated waveguide
and microstrip line substrate occupies eight and four layers,
respectively. A microstrip-to-laminated-waveguide transition
for a given desired frequency band is designed using the design
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Fig. 12. Simulated performance of a single microstrip-to-laminated-wave-
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Fig. 13. Top view of the back-to-back transition between a microstrip and an
LTCC laminated waveguide.

procedure similar to that in design example 1. The designed
performance of a single transition is shown in Fig. 12. The
back-to-back transition module, as illustrated in Fig. 13, is also
prototyped and tested, whose measured and simulated results
are shown in Fig. 14. The measured magnitudes of S-parame-
ters indicate that in-band insertion loss is better than 0.76 dB
from 5.8 to 8.2 GHz with a return loss better than 15 dB. Thus,
the measured insertion loss of a single transition will be better
than 0.38 dB from 5.8 to 8.2 GHz.

The structure and dimensions of the laminated waveguide
filter are shown in Fig. 15, which consists of four inline lami-
nated waveguide cavity resonators. The dominant TIl15; mode

o]l
[o »
e
| -_l:'__.i
J._

Fig. 15. Structure and dimensions of the LTCC laminated waveguide filter.

TABLE IV
DIMENSIONS (UNIT: MILLIMETERS) OF THE LAMINATED WAVEGUIDE FILTER
a 10.40 I, 515 G, 4.36
r 0.08 Lo 11.90 G; 4.00
g 0.65 L, 8.25 Wy 0.35
t 0.24 L, 9.25 W, 1.10
Iy 7.00 Gy 6.15 A 1.256

Fig. 16. Photograph of the LTCC laminated waveguide filter.

is excited in each half-wavelength resonator. The inter-res-
onator couplings are realized by inductive irises. Using an
HFSS solver, the optimum filter parameters can be obtained
after a few steps of fine tuning and are provided in Table IV.
The photograph of the laminated waveguide filter with inter-
faces to microstrip is illustrated in Fig. 16. The measured and
simulated results presented in Fig. 17 are in good agreement. It
is seen that the filter is with a bandwidth of 0.7 GHz at center
frequency of 7.1 GHz and is with the return loss better than
20 dB. The insertion of the filter module near center frequency
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Fig. 17. Measured and simulated .5 -parameters of the LTCC laminated wave-
guide filter with microstrip interfaces.

is about 2.5 dB. It is worth mentioning that the laminated LTCC
cavity filter module is designed to be surface mountable. Its
insertion loss can be improved by increasing the thickness of
the cavities.

VI. CONCLUSION

This paper has presented a novel broadband microstrip-to-
waveguide transition. A more than 55% bandwidth for the return
loss better than 15 dB has been demonstrated in C'-band. In ad-
dition to the broadband feature, it is compact in size, convenient
for mass production, and highly compatible with planar circuits.
A physics-based equivalent-circuit model and an initial design
procedure are also developed. The circuit model clearly reveals
the working mechanism of the transition and can be used as a
very pertinent coarse model in using the space-mapping opti-
mization technique. The developed formulas and the simplified
models for calculating coupling coefficients can provide a very
good starting point. Two typical uses of the transition in C'-band
applications are given: one for a broadband ridged-waveguide
bandpass filter and one for an integrated LTCC laminated wave-
guide bandpass filter. Both theoretic and measured results have
demonstrated its versatile applications and its excellent perfor-
mance in terms of broad bandwidth and low insertion loss.
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