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ABSTRACT This paper presents a design technique to achieve a broadband planar microstrip-to-waveguide
transition in a millimeter-wave (mmWave) band. In the conventional planar microstrip-to-waveguide tran-
sition, via holes are located around the rectangular waveguide and microstrip line to prevent power leakage
due to the generation of a multi-transmission mode. Therefore, a single-transmission mode is dominant
at the input port of the transition, with a narrow bandwidth of the single resonance. In the broadband
planar microstrip-to-waveguide transition, via-hole positioning is utilized to add inductance to constrain
the predominance of the single-transmission mode at the input port of the transition. The double-resonant
frequency yielded by excitation of the grounded coplanar waveguide transmission mode and parallel plate
transmission mode is obtained by controlling the positions of holes adjacent to the microstrip line. Moreover,
to simplify the structure and meet the requirement of high assembly accuracy in fabrication, two holes
adjacent to the microstrip line are maintained, but the remaining holes are replaced by a choke structure that
performs the equivalent function to the via-hole arrangement. The influences of the multi-transmission mode
and choke structure on the characteristics are investigated by electromagnetic analysis, and the feasibility is
confirmed by experiments in this work. A double-resonant frequency and a broad bandwidth of 10.6 GHz
(13.8%) are obtained. Themeasured results of the broadband planarmicrostrip-to-waveguide transition using
via-hole positioning show an insertion loss of 0.41 dB at the center frequency of 76.5 GHz.

INDEX TERMS Microwave and millimeter-wave circuits, broadband, microstrip transition, waveguide
transition, multi-transmission mode.

I. INTRODUCTION
MILLIMETER-WAVE (mmWave) technologies have been
applied in various applications of broadband high-speed
wireless communication systems, such as fixed wireless
access [1], wireless LAN [2], 5G antenna systems [3] or high
angular resolution automotive radars [4]–[7]. The next gener-
ation of ultra-wideband (UWB) automotive radar requires a
wider frequency bandwidth [8]. Antennas in mmWave sys-
tems with a high gain and a narrow beam even when the
physical size of the antenna aperture is very small could be
developed. Such antennas are appropriate for meeting the
demand for high traffic capacities and beam steering capa-
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bilities in mmWave applications. Some mmWave applica-
tions have been studied and commercialized on the market.
Antennas for these products are designed depending on the
specifications required for the systems such as performance,
physical size or production cost. Several types of antennas
have been developed for mmWave systems, including dielec-
tric lens antennas [9], folded reflector antennas [10], slot
antennas [11], [12], etc. The microstrip array antenna is one
of the most attractive options for realizing a low cost and a
low profile, which can be easily integrated into the RF circuit
of mmWave devices.

Techniques for integrating a microstrip array antenna into
an RF circuit were developed by using a microstrip-to-
waveguide transition. The performances of microstrip array
antennas fed by microstrip-to-waveguide transitions were
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reported in [13], [14]. However, to meet the demand of a feed-
ing line for a broadband antenna, the design techniques for a
broadband transition need to be enhanced. In the usual config-
uration of the transition, the oscillating signals are transmitted
into the rectangular waveguide through microstrip lines. The
typical transitions from a microstrip line to a waveguide
are classified as longitudinal and vertical transitions. The
transitions of the ridge waveguide [15], quasi-Yagi [16], and
planar waveguide [17] types are examples of longitudinal
transitions from a microstrip line to a waveguide. However,
in current PCB designs, the antenna layer is commonly paral-
lel to the RF circuit on the back, and they are connected by a
perpendicular waveguide. Consequently, vertical transitions
have been proposed, such as probe feeding [18] and slot cou-
pling [19] transitions. Various types of broadband microstrip-
to-waveguide transitions have been developed for multilayer
planar circuits in the mmWave band [20]–[25]. However,
the structures were quite complex because theywere designed
by combining substrate integrated waveguide (SIW) and
microstrip line (ML) techniques.

The probe feeding transition has a wideband characteristic;
however, a quarter-wavelength metal short block on top of the
substrate is necessary to obtain sufficient coupling between
the microstrip line and the waveguide. This results in an
increase in the transition size. The probe feeding transition
has been replaced by the slot coupling transition, which is
composed of two-layer dielectric substrates without a metal
short block. The electromagnetic field of the microstrip line
is coupled to the matching patch through the excitation of a
slot. To simplify the structure of the microstrip-to-waveguide
transition, a planar transition composed of a single dielectric
substrate was proposed [26]–[31]. Via holes are arranged
around the waveguide aperture to prevent power leakage from
travelling in the parallel plate transmission line formed in
the dielectric substrate. However, the conventional planar
microstrip-to-waveguide transition operates over a quite nar-
row frequency bandwidth in terms of the mmWave band.
Therefore, a design technique to extend the bandwidth of the
planar microstrip-to-waveguide transition is necessary.

This study proposes a technique of using multi-
transmission mode excitation to form a double-resonant
structure. The multi-modes of the grounded coplanar waveg-
uide (G-CPW) and parallel plate modes can be generated and
controlled based on the via-hole locations at both sides of the
microstrip line. As a result, a broadband planar microstrip-
to-waveguide transition is obtained by the formation of a
double-resonant frequency when the transition input is dom-
inated by different transmission excitations. Subsequently,
a combination of via holes controlling the multi-transmission
mode and a choke structure are proposed to simplify the
structure of the planar microstrip-to-waveguide transition.
Compared to the performance of the transition with via-
hole arrangement, the transition with a choke structure shows
similar reflection and transmission characteristics even with
the simple structure.Moreover, the reliability of the simulated
results is confirmed by measured results in this paper.

FIGURE 1. Configuration of the planar microstrip-to-waveguide transition.

In this paper, the structures of the broadband planar
microstrip-to-waveguide transitions with the proposed via-
hole arrangement and choke structure are described in section
II. The simulation investigation on double resonance is pre-
sented in section III, in which the characteristics of the
broadband microstrip-to-waveguide transition depending on
the parameters of the via holes and choke structure are
numerically investigated by electromagnetic analysis using
the finite element method [32]. In section IV, the feasibil-
ity of the proposed design techniques is confirmed by the
experimental performance. Conclusions are then presented
in Section V.

II. BROADBAND PLANAR MICROSTRIP-TO-WAVEGUIDE
TRANSITION
A planar microstrip-to-waveguide transition is a simple struc-
ture; it is only a dielectric substrate on a metal plate. The
configuration of the planar microstrip-to-waveguide transi-
tion in the millimeter-wave band is illustrated in Fig. 1. The
transition is composed of a single-layer dielectric substrate
with conductor patterns on metal plates and an open-ended
rectangular waveguide (WR-12, 3.1 mm × 1.55 mm). Using
etching technology, a matching patch is formed at the center
of the waveguide profile on the lower plane of the dielectric
substrate. On the upper plane of the dielectric substrate,
a microstrip line is inserted into a waveguide short. Conse-
quently, when the signal from the microstrip line transmits
to the transition, the electromagnetic fields at the end of the
line will be electrically coupled to the matching patch on
the lower plane of the substrate. Then, the electromagnetic
power transmits to the rectangular waveguide. These phe-
nomena are created by the electromagnetic fields of the quasi-
TEM transmission mode of the microstrip line coupled to
the magnetic field of the TM01 dominant mode of the patch
antenna, as illustrated in Fig. 2. The relationships between the
parameters and the bandwidth were investigated to determine
the optimum parameters of the transition [28]. The quality
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FIGURE 2. Transmission mode in the planar microstrip-to-waveguide
transition.

factor of the power transmitted into the waveguide QWG is
expressed as follows:

QWG =
15ωπ2ε0εeLeb

4t
1√

1− (λg2a )
2

C
(sinC)2

(1)

where ω and εe are the angular frequency and effective per-
mittivity of the dielectric substrate. C is a constant coeffi-
cient of 1.666. In the conventional microstrip-to-waveguide
transition, the frequency bandwidth is quite narrow due to
the high Q factor and single-resonant frequency of the transi-
tion. Therefore, the design technique of multi-transmission
mode excitation for realizing the double-resonant fre-
quency of the transition is proposed and discussed in this
section.

A. PROPOSED VIA-HOLE ARRANGEMENT FOR REALIZING
THE MULTI-TRANSMISSION MODE
This section describes a simple but effective technique for
enhancing the frequency bandwidth of a planar microstrip-to-
waveguide transition. Cross-sectional views of the broadband
planar microstrip-to-waveguide transition along with the geo-
metrical parameters are shown in Fig. 3. A dielectric substrate
(relative permittivity εr = 2.2, loss tangent tan δ = 0.001
and thickness t = 0.127 mm) is located at the aperture
of the waveguide, as presented in Fig. 3(a). The end of the
microstrip line overlaps the matching patch with an insertion
length ρ. Impedance matching can be obtained by controlling
the insertion length ρ of the microstrip line. Fig. 3(b) illus-
trates an upper view and the geometrical parameters of the
broadband microstrip-to-waveguide transition. The dashed
line and the dotted line indicate the patterns of the waveguide
profile and matching patch, respectively. The microstrip line
width is set to Wm = 0.3 mm (characteristic impedance of
Z0 = 60 �). The gap g between the microstrip line and the
waveguide short equals 0.1 mm. The resonant frequencies of
the transition can be controlled by adjusting the patch length
Lp of the matching patch. The patch length and patch width

FIGURE 3. Cross-sectional views along with the parameters of the
broadband planar microstrip-to-waveguide transition. (a) xz plane.
(b) xy plane. (c) Propagation mode in the AA’ plane.

are respectively optimized as Lp = 1.12 mm and Wp =

1.8 mm. Adequate impedance matching of the transition is
obtained by optimizing the value of the insertion length to
ρ = 0.16 mm.

In the conventional transition, via holes are located
close to the microstrip line to prevent higher-order modes,
enabling the G-CPW mode to dominate at the input port
of the microstrip line insertion in the waveguide short.
However, in the design of the broadband planar microstrip-
to-waveguide transition, two holes adjacent to the microstrip
line are utilized as added inductance to constrain the predom-
inance of the single-transmission mode at the input port. The
influences of these two holes can be controlled by the distance
d0 between the via holes and the edge of the waveguide short
and the distance c0 between the via holes and the waveguide
profile.

By choosing appropriate values of d0 and c0, the G-CPW
mode is no longer dominant at the input port, and an addi-
tional transmission mode exists in the area between the via
holes spaced by d0 in addition to the electric field distribu-
tions of the G-CPW mode, as illustrated in Fig. 3(c). This
is considered as a parallel plate mode formed by coplanar
strips and the ground plane at the upper and lower sides
of the dielectric substrate. The multi-transmission mode is
effective in extending the frequency bandwidth of the pro-
posed transition. On the other hand, the structure of the
transition can give rise to various resonances under the dom-
inant excitation of particular transmission modes at different
frequencies. In this proposed structure, a double-resonant
frequency is generated for broadband operation when the G-
CPW mode excites the patch antenna and the parallel plate
mode excites the slot between the waveguide profile and
the patch at different frequencies. Table 1 summarizes the
optimum parameters of the broadband planar microstrip-to-
waveguide transition. The distances d0 and c0 are optimized
as 0.5 mm and 0.28 mm, respectively. The pitch sizes d of the

VOLUME 7, 2019 161387



N. T. Tuan et al.: Bandwidth Extension of Planar Microstrip-to-Waveguide Transition by Controlling Transmission Modes

TABLE 1. Parameters of the broadband planar microstrip-to-waveguide
transition.

via holes are equally 0.516 mm. The formation of the multi-
transmission mode by via-hole positioning is investigated by
numerical simulations.

B. CHOKE STRUCTURE
The via-hole arrangement reduces the transmission loss of
the planar microstrip-to-waveguide transition. However, dis-
advantages of via holes could be encountered in fabrication.
The characteristics of the planar microstrip-to-waveguide
transition could be unexpectedly degraded due to the toler-
ance of via holes during mechanical machining. To reduce
the influence of the fabrication tolerance and simplify the
structure of the planar microstrip-to-waveguide transition,
a drastic reduction of the number of via holes is proposed in
this section. The two via holes adjacent to the microstrip line
are maintained to control the multi-transmission mode at the
input port, and the remainder of the via holes are replaced by
a choke structure [30].

The distance C of the choke on the waveguide short from
the waveguide profile is examined to optimize the choke
structure, as shown in Fig. 4(a). The choke structure plays
the same role as the via-hole arrangement in preventing leak-
age through the parallel plate transmission line between the
waveguide short and ground plane. To create an equivalent
short circuit along with the waveguide profile, a pattern edge
equivalent to an open circuit is formed with a distance of
C = λg/4 (λg: wavelength in a dielectric substrate) from the
waveguide profile, as shown in Fig. 4(b).

C. BROADBAND CHARACTERISTICS UNDER
DOUBLE-RESONANT FREQUENCY
The simulated reflection characteristics of the conven-
tional planar microstrip-to-waveguide transition and pro-
posed broadband planar microstrip-to-waveguide transition
are shown in Fig. 5. A single-resonant frequency of the patch
antenna due to excitation of the G-CPW transmission mode
was observed in the conventional transition. In the broadband

FIGURE 4. The replacement of via holes by a choke structure. (a) xy
plane. (b) xz plane.

FIGURE 5. Simulated reflection characteristics of the conventional and
broadband planar microstrip-to-waveguide transitions.

planar microstrip-to-waveguide transition, a double-resonant
frequency was obtained at 73 GHz and 79.6 GHz when via
holes were located at d0 = 0.5 mm, with c0 = 0.28 mm and
an insertion length of the microstrip line of ρ = 0.16 mm.
The bandwidth of reflection lower than −15 dB is enhanced
to 10.6 GHz (13.8%) (|S11| = −15 dB) due to the double
resonance compared to the value of 5.4 GHz (7.2%) for the
conventional transition. When via holes are replaced by the
choke structure with the choke length C approximately set to
a quarter-wavelength in the dielectric substrate, C = 0.65
mm, the reflection characteristic of the broadband planar
microstrip-to-waveguide transition with the choke structure
is similar to that with the proposed via-hole arrangement,
as presented in Fig. 5.

To clearly understand the influences of the multi-
transmission mode on the transition characteristics, an inves-
tigation based on a parametric study of the positioning param-
eters (d0 and c0) of the two via holes adjacent to themicrostrip
line and choke lengthC is conducted and discussed in the next
section.

III. SIMULATION INVESTIGATION ON DOUBLE
RESONANCE
A. PROPOSED VIA-HOLE ARRANGEMENT
This section describes the numerical investigations of the
broadband microstrip-to-waveguide transition characteristics
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FIGURE 6. Reflection characteristics of the broadband planar
microstrip-to-waveguide transition depending on d0.

FIGURE 7. Electric field distributions in the dielectric substrate of the
broadband planar microstrip-to-waveguide transition with the proposed
via-hole arrangement. (a) 73 GHz. (b) 79.6 GHz.

depending on the multi-transmission mode based on the via-
hole arrangement. The reflection characteristics of the tran-
sition depending on d0 are investigated by varying d0 from
0.2 mm to 0.6 mm with a step of 0.1 mm, as shown in Fig. 6.
d0 is set to 0.5 mm for multi-transmission mode operation
at the input port of the transition, which results in a double-
resonant frequency appearing at 73 GHz and 79.6 GHz due
to the excitation of two transmission modes. The lower reso-
nant frequency of 73 GHz is created by the patch resonance
excited by the G-CPW mode; the higher resonant frequency
of 79.6 GHz is formed by the parallel plate mode exciting the
slot between the waveguide wall and patch antenna, as shown
in Fig. 7. The frequency bandwidth is widened to 10.6 GHz
for reflection levels lower than −15 dB.

In the cases of via-hole positions close to the microstrip
line (d0 = 0.2 mm, 0.3 mm, 0.4 mm) or far from the
microstrip line (d0 = 0.6 mm), the electrical function
of the via holes cannot prevent the dominance of single-
transmission mode excitation, resulting in a single-resonant
frequency of the transition. For instance, the G-CPWmode is
dominant when via holes are located close to the microstrip
line, and the parallel plate mode is the dominant excitation
when via holes are located far from the microstrip line.

FIGURE 8. Reflection characteristics of the broadband planar
microstrip-to-waveguide transition depending on Lp.

FIGURE 9. Reflection characteristics of the broadband planar
microstrip-to-waveguide transition depending on c0.

Therefore, by choosing an appropriate value of d0, the multi-
transmission mode can be propagated at the input port of the
transition, and a double-resonant frequency can be obtained
by multi-mode excitation.

To ensure the realization of patch resonance, the patch
length Lp is investigated to assess the change in resonant
frequencies. As shown in Fig. 8, the lower resonant fre-
quencies are shifted to lower frequencies with increasing Lp,
while higher resonant frequencies remain unchanged with the
variation of Lp. This means that the G-CPWmode excites the
different structures of the patch, which will result in different
resonant frequencies. The higher resonant frequencies are due
to the slot resonance; they are, of course, not affected by the
patch structure.

The reflection characteristics of the transition depending
on the distance c0 between via holes and the waveguide
profile are presented in Fig. 9. c0 is assessed in the range from
0.26mm to 0.34mmwith a step of 0.02mm.When c0 is grad-
ually extended, the lower resonant frequencies are slightly
shifted to lower values, but the higher resonant frequencies
remain at 79.6 GHz. However, the reflection levels |S11| at the
higher resonant frequencies decrease following the expansion
of c0. This indicates that the impedance matching of the
coupling to the slot could be controlled by changing c0. c0
is optimized as 0.28 mm so that the reflection level |S11| is
below −30 dB at 79.6 GHz.
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FIGURE 10. Reflection characteristics of the broadband planar
microstrip-to-waveguide transition depending on ρ.

FIGURE 11. Reflection characteristics of the broadband planar
microstrip-to-waveguide transition depending on choke length C .

Moreover, impedance matching of the patch resonance can
be obtained by controlling the insertion length ρ, as presented
in Fig. 10. ρ is optimized as 0.16 mm so that the reflection
level |S11| of the patch resonance is below−30 dB at 73 GHz.
Consequently, by optimizing the values of d0, c0, Lp and

ρ, the input port of the broadband transition works over the
multi-transmission mode of the G-CPW mode and parallel
plate mode. The excitation of each mode at different fre-
quencies results in the double resonance of the transition.
The frequency bandwidth is enhanced approximately two-
fold to 10.6 GHz (13.8%) compared to the conventional one
of 5.4 GHz (7.2%) due to the formation of double resonance.

B. CHOKE STRUCTURE
In the broadband microstrip-to-waveguide transition using
the choke structure, via holes are replaced by the choke
structure. The reflection and transmission characteristics
of the broadband planar microstrip-to-waveguide transi-
tion depending on the choke length C are presented in
Figs. 11 and 12. When the choke length C is approx-
imately set to a quarter-wavelength in the dielectric sub-
strate, C = 0.65 mm, a reflection characteristic similar to
that in the broadbandmicrostrip-to-waveguide transition with

FIGURE 12. Transmission characteristics of the broadband planar
microstrip-to-waveguide transition depending on choke length C
compared to that with via-hole arrangement.

FIGURE 13. Electric field distributions in the dielectric substrate of the
broadband planar microstrip-to-waveguide transition with the choke
structure. (a) 73 GHz. (b) 79.6 GHz.

the proposed via-hole arrangement is obtained, with double
resonant frequencies at 73 GHz and 79.6 GHz.

By applying a choke structure, the waveguide short and
ground plane are electrically connected along the waveguide
profile due to the formation of an equivalent short circuit.
Therefore, electromagnetic fields are mostly transmitted into
the waveguide. Some electric field is observed in the choke
structure because the choke works when it resonates from the
edge of the waveguide short for an open circuit to the waveg-
uide profile for a short circuit, as presented in Fig. 13. There-
fore, the insertion loss is slightly increased compared with
the transition with via-hole arrangement, as shown in Fig. 12.
The insertion loss of the transition with the choke structure is
0.5 dB at 76.5 GHz, compared to 0.41 dB for the transition
with via-hole arrangement. However, the choke structure still
has advantages despite its simple structure. The feasibilities
of the broadband planar microstrip-to-waveguide transitions
with the proposed via-hole arrangement and choke structure
are confirmed by their experimental performances in the next
section.
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FIGURE 14. Experimental setup. (a) Upper view. (b) Side view.

IV. EXPERIMENTAL PERFORMANCES
Measurements are conducted to validate the reliability of
the proposed techniques. An experiment is set up as shown
in Fig. 14. Two patterns are laid out on a dielectric sub-
strate. Each pattern is composed of two broadband planar
microstrip-to-waveguide transitions with the same parame-
ters, and they are connected by microstrip lines with dif-
ferent lengths, as shown in Fig. 14(a). Each transition is
connected to a port of a vector network analyser (VNA)
through a rectangular waveguide to measure the reflection
and transmission characteristics, as shown in Fig. 14(b).
Measurement of the |S11| and |S21| parameters is conducted
using a gate function in the time domain [33]. In the time
domain gating, a region of interest in a portion of the time
domain is selected; gating removes unwanted responses, and
the result is displayed in the frequency domain. Gating can
be considered as a time domain reaction multiplier with a
valuable mathematical function that corresponds to the area
of interest. The controlled time domain function can then be
converted to show the frequency response without the effect
of the other responses in time. Therefore, the multi-reflected
wave can be suppressed in the measurement.

The microstrip line lengths of pattern 1 and pattern 2 are
set to Lm1 = 3 cm and Lm2 = 2 cm, respectively.

FIGURE 15. Measured and simulated |S11| and |S21| of the broadband
microstrip-to-waveguide transition with the proposed via-hole
arrangement.

From the difference in the measured results of pattern
1 and pattern 2, the transmission loss per centimeter of the
microstrip line was estimated. The real insertion loss of
the broadband microstrip-to-waveguide transition could be
deduced by subtracting the loss of the microstrip line as
follows:

S21 =
S ′21 − Lm1|(S

′

21 − S
′′

21)|

2
(2)

where S21 is the actual measured insertion loss of the transi-
tion. S ′21 and S

′′

21 indicate the measured transmission losses of
pattern 1 and pattern 2, respectively. |(S ′21 − S

′′

21)| represents
the transmission loss of the microstrip line in 1 cm. In this
measurement, the transmission loss of the microstrip line was
measured as 0.35 dB/cm.

The measured and simulated |S11| and |S21| of the broad-
band microstrip-to-waveguide transition with the proposed
via-hole arrangement are presented in Fig. 15. Solid lines
and dashed lines represent the |S11| and |S21| characteris-
tics, respectively. The reflection characteristics show agree-
ment between the measured and simulated results in which
the measured result exhibits a double-resonant frequency at
72.8 GHz and 79.5 GHz and a broad frequency bandwidth
of 10.6 GHz (13.8%) at |S11| = −15 dB. The measured
insertion loss at the center frequency of 76.5 GHz is 0.41 dB.

In addition, the measured and simulated |S11| and |S21|
of the broadband microstrip-to-waveguide transition with
the choke structure are presented in Fig. 16. Solid lines
and dashed lines represent the |S11| and |S21| characteris-
tics, respectively. By using a choke structure instead of via
holes, the measured result of the reflection characteristic
still exhibits a double-resonant frequency at 73.5 GHz and
79GHz and a broad frequency bandwidth of 9.6 GHz (12.5%)
at |S11| = −15 dB. Themeasured insertion loss almost agrees
with the simulated result. The measured insertion loss at the
center frequency of 76.5 GHz is 0.6 dB. The insertion loss
of the transition with the choke structure is approximately
0.2 dB higher than that with via-hole arrangement.

Table 2 shows the performance summary of the state-
of-the-art broadband microstrip-to-waveguide transitions.
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FIGURE 16. Measured and simulated |S11| and |S21| of the broadband
microstrip-to-waveguide transition with the choke structure.

TABLE 2. Performance summary of the state-of-the-art
microstrip-to-waveguide transitions.

Although the techniques and design frequencies are different
for each study, the fairest comparisons are given to evaluate
the effectiveness of this study. The frequency bandwidth
of 10.6 GHz at reference |S11| = −15 dB is wide, with
the waveguide standard of WR-12. The insertion loss of the
proposed transition, obtained as 0.41 dB, is also respectable
in comparison with that of the other designs. Note that the
other designs are quite complex structures because they used
both a substrate integrated waveguide (SIW) and a microstrip
line (ML) along with the excitation from a larger waveguide
standard. Therefore, the advantages of the proposed broad-
band microstrip-to-waveguide transition have been clearly
highlighted.

V. CONCLUSION
A design technique of the multi-transmission mode for
a broadband planar microstrip-to-waveguide transition has
been proposed. The broadbandmicrostrip-to-waveguide tran-
sition works under a combination of the G-CPW mode and
parallel plate mode by controlling the positions of two via
holes at the input port. A double-resonant frequency and
a broad bandwidth of 10.6 GHz (13.8%) were obtained.
The measured results of the broadband planar microstrip-to-
waveguide transition with via-hole arrangement showed an
insertion loss of 0.41 dB at the center frequency of 76.5 GHz.

Then, the choke structure was proposed to replace the via-
hole arrangement. The choke structure is attractive from an
industrial point of view because of its simple structure, low
cost, and small assembly tolerance. The measured results
of the broadband microstrip-to-waveguide transition with
the choke structure exhibited an insertion loss of 0.6 dB at
76.5 GHz. The feasibility of the broadband microstrip-to-
waveguide transition was confirmed by the measured perfor-
mances, and it could be applied in practical millimeter-wave
systems.
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