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1. Introduction 
 

Millimeter-wave systems consist of various components; MMICs, antennas and other 
microwave circuits in different transmission lines. Loss at the connections between 
components is significant problem in the millimeter-wave systems. Transitions between 
different transmission lines; microstrip line, coplanar line, suspended line, slot line, coaxial 
cable, waveguide et al. are required in the millimeter-wave band. Accurate impedance 
matching and complete mode transformation between the different transmission lines are 
important in the design.  
Various kinds of microstrip-to-waveguide transitions have been proposed in the millimeter-
wave band. Transitions with short-circuited waveguide of 1/4 guided wavelength on the 
substrate are very popular (Shin et al., 1988, Leong & Weinreb, 1999) because their principle 
of mode transformation is simple and almost the same with that of ordinary transitions of a 
waveguide and a coaxial cable (Collin, 1990). Slot-coupled transitions are also proposed by 
some authors (Grabherr et al., 1994, Hyvonen & Hujanen, 1996). An additional substrate 
with a radiating element is needed in the waveguide, although the short-circuited 
waveguide is not necessary. Single layer microstirp-to-waveguide transitions have been 
developed in the recent years. The short-circuited waveguide and the additional substrate 
are not necessary, which is advantageous from the industrial point of view for low cost and 
high reliability. However, narrow frequency bandwidth is essential disadvantage due to the 
high-Q resonant structure printed on the substrate (Simon et al., 1998, Iizuka et al., 2002, 
Sakakibara et al., 2003). Broad frequency bandwidth is obtained by using quasi-yagi antenna 
printed on the substrate in the waveguide (Kaneda et al., 1999). However, the microstrip line 
is parallel to the waveguide (Kaneda et al., 1999, Sakakibara et al., 2003), which is a different 
type from others. Here, we treat the transitions whose microstrip line and waveguide are 
perpendicular to each other. 
We have proposed novel microstrip-to-waveguide transitions based on the ones with short-
circuited waveguide, shown in Fig. 1(a), to realize broadband characteristic for uses to the 
broadband applications and for wide manufacturing-tolerance. No additional parts and no 
complicated structures are needed to extend the bandwidth. Broad frequency bandwidth is 
realized only by the change of the printed pattern on the substrate. The short-circuited 
waveguide is replaced by an additional substrate to compose a planar microstrip-to-
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waveguide transition in a multi-layer substrate as shown in Fig. 1(b). Since the short-
circuited waveguide of the substrate is filled with dielectric material, the bandwidth is 
narrower than the transition (a) with the hollow short-circuited waveguide. However, the 
two substrates are attached accurately and free from fabrication error. A planar transition in 
a single-layer substrate has been developed (Iizuka et al., 2002). Bandwidth is narrow but 
the transition consists of only one substrate set on the open-ended waveguide as shown in 
Fig. 1(c), which is attractive from the industrial point of view. The dependencies to the 
characteristics of these transitions on geometrical parameters of the structures are examined 
in detail. Various ways to control bandwidths and center frequencies are presented for 
required characteristics in the designs of the transitions. 

Fig. 1. Variety of microstrip-to-waveguide transitions 

 
2. Configurations of Microstrip-to-waveguide Transitions 
 

Three types of transitions with different features have been developed in the millimeter-
wave band. Configurations of the transitions are shown in Fig. 1. The transition (a) with 
short-circuited waveguide has an advantage of broadband (Deguchi et al., 2005, Deguchi et 

al., 2007). However, it requires an additional short-circuited waveguide on the substrate, 
which suggests the transition suffers from loss increasing due to fabrication error in setting 
the short-circuited waveguide on the substrate. On the other hand, the planar transition (c) 
in a single-layer substrate is free from loss increasing due to the fabrication error of the 
additional parts because the transition consists of only one substrate on the open-ended 
waveguide (Iizuka et al., 2002). However, bandwidth is narrow since the volume of the 
resonant circuit is limited in the thin substrate. Planar transition (b) in multi-layer substrate 
possesses intermediate property between (a) and (c) (Hirono et al., 2007, Sakakibara et al., 
2008, Hirono et al., 2008). 

 
2.1 Transition with short-circuited waveguide 
Broad operation-bandwidth is in high demand for many applications. Wide tolerance in 
manufacturing is also advantageous from the industrial point of view. Then, we propose a 
broadband microstrip-to-waveguide transition with a novel printed pattern in the substrate. 
No additional parts and no complicated structures are needed. Only the printed pattern is 
modified in order to extend the frequency bandwidth. 
The configuration of the proposed transition is almost the same as more conventional ones 
that have short-circuited waveguide on the substrate (Shin et al., 1988, Leong & Weinreb, 
1999). The microstrip-to-waveguide transition connects a microstrip line and a 
perpendicular waveguide. A probe at one end of the microstrip line is inserted into the 
waveguide whose one end is short-circuited. A configuration of the proposed transition is 
shown in Fig. 1(a). A dielectric substrate with conductor patterns on its both sides is placed 
on an open-ended waveguide (WR-12, 3.1×1.55 mm). An aperture of the dielectric substrate 
is covered with an upper waveguide. A short circuit of the upper waveguide is theoretically 
λg/4 (λg : a guided wavelength of the waveguide) above the substrate. Consequently, electric 
current on the probe couples to magnetic field of TE10 dominant mode of the waveguide. Via 
holes are surrounding the waveguide in the substrate to reduce leakage of parallel plate 
mode transmitting into the substrate.  
Figure 2 shows cross-sectional views of the proposed transition. Two distinctive features are 
introduced in the upper conductor pattern (AA’ plane) of the dielectric substrate as is shown 
in Fig. 2(a) and 3. First, the probe is shifted by d toward +y-direction from the center of the 
waveguide (y = 0). Local impedance in the waveguide is defined as a ratio of electric field 
and magnetic field at each point and is lower at y = d rather than at the center of the 
waveguide where the magnitude of the electric field is the maximum. Therefore, a 
characteristic impedance of the waveguide becomes comparable with that of the microstrip 
line (60 Ω, line width: 0.3 mm). Second feature is an extended ground at the opposite side of 
the waveguide from the probe. The extended ground works as a capacitive obstacle which 
can control the reactance of the probe (Marcuvitz, 1993). Consequently, impedance matching 
could be achieved by controlling the shift d of the probe and the length p of the extended 
ground. The length l of the probe and the length s of the short-circuited waveguide are also 
important parameters for the performance of the transition. Reducing leakage from the 
waveguide window at the insertion of the microstrip line, width of the window should be 
narrower than the width for the cut off condition and is 1.0 mm in this case. Taper structure 
of 0.5 mm long is adopted for gradually change of impedance. On the other hand in the 
substrate, cut off condition is much more significant because the wavelength is shorter than 
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waveguide transition in a multi-layer substrate as shown in Fig. 1(b). Since the short-
circuited waveguide of the substrate is filled with dielectric material, the bandwidth is 
narrower than the transition (a) with the hollow short-circuited waveguide. However, the 
two substrates are attached accurately and free from fabrication error. A planar transition in 
a single-layer substrate has been developed (Iizuka et al., 2002). Bandwidth is narrow but 
the transition consists of only one substrate set on the open-ended waveguide as shown in 
Fig. 1(c), which is attractive from the industrial point of view. The dependencies to the 
characteristics of these transitions on geometrical parameters of the structures are examined 
in detail. Various ways to control bandwidths and center frequencies are presented for 
required characteristics in the designs of the transitions. 

Fig. 1. Variety of microstrip-to-waveguide transitions 

 
2. Configurations of Microstrip-to-waveguide Transitions 
 

Three types of transitions with different features have been developed in the millimeter-
wave band. Configurations of the transitions are shown in Fig. 1. The transition (a) with 
short-circuited waveguide has an advantage of broadband (Deguchi et al., 2005, Deguchi et 

al., 2007). However, it requires an additional short-circuited waveguide on the substrate, 
which suggests the transition suffers from loss increasing due to fabrication error in setting 
the short-circuited waveguide on the substrate. On the other hand, the planar transition (c) 
in a single-layer substrate is free from loss increasing due to the fabrication error of the 
additional parts because the transition consists of only one substrate on the open-ended 
waveguide (Iizuka et al., 2002). However, bandwidth is narrow since the volume of the 
resonant circuit is limited in the thin substrate. Planar transition (b) in multi-layer substrate 
possesses intermediate property between (a) and (c) (Hirono et al., 2007, Sakakibara et al., 
2008, Hirono et al., 2008). 

 
2.1 Transition with short-circuited waveguide 
Broad operation-bandwidth is in high demand for many applications. Wide tolerance in 
manufacturing is also advantageous from the industrial point of view. Then, we propose a 
broadband microstrip-to-waveguide transition with a novel printed pattern in the substrate. 
No additional parts and no complicated structures are needed. Only the printed pattern is 
modified in order to extend the frequency bandwidth. 
The configuration of the proposed transition is almost the same as more conventional ones 
that have short-circuited waveguide on the substrate (Shin et al., 1988, Leong & Weinreb, 
1999). The microstrip-to-waveguide transition connects a microstrip line and a 
perpendicular waveguide. A probe at one end of the microstrip line is inserted into the 
waveguide whose one end is short-circuited. A configuration of the proposed transition is 
shown in Fig. 1(a). A dielectric substrate with conductor patterns on its both sides is placed 
on an open-ended waveguide (WR-12, 3.1×1.55 mm). An aperture of the dielectric substrate 
is covered with an upper waveguide. A short circuit of the upper waveguide is theoretically 
λg/4 (λg : a guided wavelength of the waveguide) above the substrate. Consequently, electric 
current on the probe couples to magnetic field of TE10 dominant mode of the waveguide. Via 
holes are surrounding the waveguide in the substrate to reduce leakage of parallel plate 
mode transmitting into the substrate.  
Figure 2 shows cross-sectional views of the proposed transition. Two distinctive features are 
introduced in the upper conductor pattern (AA’ plane) of the dielectric substrate as is shown 
in Fig. 2(a) and 3. First, the probe is shifted by d toward +y-direction from the center of the 
waveguide (y = 0). Local impedance in the waveguide is defined as a ratio of electric field 
and magnetic field at each point and is lower at y = d rather than at the center of the 
waveguide where the magnitude of the electric field is the maximum. Therefore, a 
characteristic impedance of the waveguide becomes comparable with that of the microstrip 
line (60 Ω, line width: 0.3 mm). Second feature is an extended ground at the opposite side of 
the waveguide from the probe. The extended ground works as a capacitive obstacle which 
can control the reactance of the probe (Marcuvitz, 1993). Consequently, impedance matching 
could be achieved by controlling the shift d of the probe and the length p of the extended 
ground. The length l of the probe and the length s of the short-circuited waveguide are also 
important parameters for the performance of the transition. Reducing leakage from the 
waveguide window at the insertion of the microstrip line, width of the window should be 
narrower than the width for the cut off condition and is 1.0 mm in this case. Taper structure 
of 0.5 mm long is adopted for gradually change of impedance. On the other hand in the 
substrate, cut off condition is much more significant because the wavelength is shorter than 
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the air. Distance between the via-hole centers is 1.5 mm at the both sides of the probe 
insertion. 
A photograph of the fabricated transition is shown in Fig. 3. Top plate of the short-circuited 
waveguide is removed to see the inside. Shift d and length l of the probe, length p of the 
extended ground and length s of the upper waveguide are designed to obtain the required 
performance. d, l and p are in the printed pattern and s is controlled by the thickness of the 
metal plate for the short-circuited waveguide shown in Fig. 3. 
 

Fig. 2. Structure of the transition with a short-circuited waveguide 
 

Fig. 3. Photograph of the transition inside 

2.2 Planar transition in multi-layer substrate 
To reduce the number of required parts and to avoid loss increasing due to alignment error 
in setting the short-circuited waveguide on the substrate, the short-circuited waveguide is 
replaced by an additional layer of the substrate, which results in a flat, planar and 
broadband transition in multi-layer substrate as is shown in Fig. 1(b) and 4. Two layers 
(Rogers RO4350B, r = 3.48, tan = 0.0035) are stuck by an adhesive layer (Rogers RO4450B, 
r = 3.54, tan = 0.004) as shown in Fig. 5. Quasi waveguide is formed in the multi-layer 
substrate by surrounding via-holes. The top plane is a short circuit of the quasi waveguide. 
The microstrip line is inserted at the upper plane of the lower substrate into the quasi 
waveguide with distance of approximately g/4 away from the short circuit, where g is a 
guided wavelength in the quasi waveguide. The thickness t1 of the top layer is optimized as 
0.25 mm, while both thicknesses of the lower and the adhesive layers are 0.1 mm. 
Metal printed patterns and major parameters are indicated in Fig. 6. Two geometrical 
features are supplied in the conductor patterns. One is an extended ground as well as the 
previous transition shown in Fig. 2. Reactance can be controlled by the shunt capacitance 
caused by the extended ground in the quasi waveguide. Double resonance is expected as the 
transition with short-circuited waveguide. Probe shift was not applied because it was not 
necessary for double resonance in this transition. The other feature is the size of the quasi 
waveguide. The dimensions of the quasi waveguide (2.04 mm X 1.15 mm) composed of via-
holes are designed to be smaller than that of the open-ended metal waveguide (WR-10: 2.54 
mm X 1.27 mm) in order to suppress the higher order mode in the quasi waveguide because 
a wavelength in dielectric material is shorter than in the air. Electric field distributions in the 
transitions with narrow upper waveguide and with wide upper waveguide are shown in Fig. 
7 (a) and (b), respectively. The field concentrates around the waveguide center and can 
couple to the probe in the narrow waveguide (a). 

Fig. 4. Photograph of the fabricated planar transition in multi-layer substrate 
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the air. Distance between the via-hole centers is 1.5 mm at the both sides of the probe 
insertion. 
A photograph of the fabricated transition is shown in Fig. 3. Top plate of the short-circuited 
waveguide is removed to see the inside. Shift d and length l of the probe, length p of the 
extended ground and length s of the upper waveguide are designed to obtain the required 
performance. d, l and p are in the printed pattern and s is controlled by the thickness of the 
metal plate for the short-circuited waveguide shown in Fig. 3. 
 

Fig. 2. Structure of the transition with a short-circuited waveguide 
 

Fig. 3. Photograph of the transition inside 

2.2 Planar transition in multi-layer substrate 
To reduce the number of required parts and to avoid loss increasing due to alignment error 
in setting the short-circuited waveguide on the substrate, the short-circuited waveguide is 
replaced by an additional layer of the substrate, which results in a flat, planar and 
broadband transition in multi-layer substrate as is shown in Fig. 1(b) and 4. Two layers 
(Rogers RO4350B, r = 3.48, tan = 0.0035) are stuck by an adhesive layer (Rogers RO4450B, 
r = 3.54, tan = 0.004) as shown in Fig. 5. Quasi waveguide is formed in the multi-layer 
substrate by surrounding via-holes. The top plane is a short circuit of the quasi waveguide. 
The microstrip line is inserted at the upper plane of the lower substrate into the quasi 
waveguide with distance of approximately g/4 away from the short circuit, where g is a 
guided wavelength in the quasi waveguide. The thickness t1 of the top layer is optimized as 
0.25 mm, while both thicknesses of the lower and the adhesive layers are 0.1 mm. 
Metal printed patterns and major parameters are indicated in Fig. 6. Two geometrical 
features are supplied in the conductor patterns. One is an extended ground as well as the 
previous transition shown in Fig. 2. Reactance can be controlled by the shunt capacitance 
caused by the extended ground in the quasi waveguide. Double resonance is expected as the 
transition with short-circuited waveguide. Probe shift was not applied because it was not 
necessary for double resonance in this transition. The other feature is the size of the quasi 
waveguide. The dimensions of the quasi waveguide (2.04 mm X 1.15 mm) composed of via-
holes are designed to be smaller than that of the open-ended metal waveguide (WR-10: 2.54 
mm X 1.27 mm) in order to suppress the higher order mode in the quasi waveguide because 
a wavelength in dielectric material is shorter than in the air. Electric field distributions in the 
transitions with narrow upper waveguide and with wide upper waveguide are shown in Fig. 
7 (a) and (b), respectively. The field concentrates around the waveguide center and can 
couple to the probe in the narrow waveguide (a). 

Fig. 4. Photograph of the fabricated planar transition in multi-layer substrate 
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Fig. 5. Cross-sectional view of the planar transition in the multi-layer substrate 
 

Fig. 6. Printed patterns of the planar transition in the multi-layer substrate 
 

 
Fig. 7. Electric field distributions in the planar transitions of (a)narrow and (b)wide 
waveguides 

2.3 Planar transition in single-layer substrate 
Simple configuration of transition is constructed by setting a single-layer substrate ( r = 2.2 ) 
on the open ended waveguide (WR-12) as shown in Fig. 1(c). Microstrip line is inserted into 
the top ground plane to compose partly coplanar line. Via holes surrounds waveguide. The 
current on the line couples electromagnetically to the current on the patch of the lower plane 
in the aperture as shown in Fig. 8. Resonant frequency is controlled by the length of the 
patch and coupling magnitude is controlled by the insertion length of the microstrip line 
into the ground plane of the waveguide short circuit. Bandwidth would be narrow due to its 
high-Q characteristic of the patch. 

Fig. 8. Cross-sectional view and printed patterns of the transition in the single-layer 
substrate 

 
3. Performances  
 

3.1 Measurement setup of scattering parameters 
Performance of the fabricated transitions is evaluated by experiment in the millimeter-wave 
band. Scattering parameters are measured in back-to-back configuration as shown in Fig. 9. 
Microstrip-line ports of two identical transitions are connected by a microstrip line. The 
other two waveguide-ports of them are connected to the vector network analyzer (Anritsu 
ME7808B). Frequency dependency of reflection S11 for one transition is evaluated by using 
the time gating function of the vector network analyzer. On the other hand, transmission 
S21exp [dB] for one transition is obtained by subtracting the loss of the microstrip line Lmsl 
[dB] from the raw data S21_raw [dB] of the two waveguide ports shown in Fig. 9, and dividing 
by two, that is,  
 

S21_exp = ( S21_raw[dB] − Lmsl[dB] ) / 2 [dB]   (1) 
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Fig. 5. Cross-sectional view of the planar transition in the multi-layer substrate 
 

Fig. 6. Printed patterns of the planar transition in the multi-layer substrate 
 

 
Fig. 7. Electric field distributions in the planar transitions of (a)narrow and (b)wide 
waveguides 

2.3 Planar transition in single-layer substrate 
Simple configuration of transition is constructed by setting a single-layer substrate ( r = 2.2 ) 
on the open ended waveguide (WR-12) as shown in Fig. 1(c). Microstrip line is inserted into 
the top ground plane to compose partly coplanar line. Via holes surrounds waveguide. The 
current on the line couples electromagnetically to the current on the patch of the lower plane 
in the aperture as shown in Fig. 8. Resonant frequency is controlled by the length of the 
patch and coupling magnitude is controlled by the insertion length of the microstrip line 
into the ground plane of the waveguide short circuit. Bandwidth would be narrow due to its 
high-Q characteristic of the patch. 

Fig. 8. Cross-sectional view and printed patterns of the transition in the single-layer 
substrate 

 
3. Performances  
 

3.1 Measurement setup of scattering parameters 
Performance of the fabricated transitions is evaluated by experiment in the millimeter-wave 
band. Scattering parameters are measured in back-to-back configuration as shown in Fig. 9. 
Microstrip-line ports of two identical transitions are connected by a microstrip line. The 
other two waveguide-ports of them are connected to the vector network analyzer (Anritsu 
ME7808B). Frequency dependency of reflection S11 for one transition is evaluated by using 
the time gating function of the vector network analyzer. On the other hand, transmission 
S21exp [dB] for one transition is obtained by subtracting the loss of the microstrip line Lmsl 
[dB] from the raw data S21_raw [dB] of the two waveguide ports shown in Fig. 9, and dividing 
by two, that is,  
 

S21_exp = ( S21_raw[dB] − Lmsl[dB] ) / 2 [dB]   (1) 
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Loss of waveguide is quite small and is neglected in the measurement. Performances of 
transitions are evaluated by S21_exp in later sections. 

 
Fig. 9. Measurement setup of the developed transitions 

 
3.2 Transition with short-circuited waveguide 
The transitions with short-circuited waveguide are fabricated for experiment as shown in 
Fig. 3. A Teflon substrate (relative dielectric constant εr = 2.2, thickness t = 0.127 mm) with 
conductor pattern is located on the waveguide aperture. The short-circuited waveguide in 
the aluminium block is placed on the substrate. All these parts are screwed together. 
Scattering parameters of reflection S11 and transmission S21 are calculated by using a 
commercial electromagnetic simulator of the finite element method. Major parameters 
indicated in Fig. 2 (the length l and the shift d of the probe, the length p of the extended 
ground and the length s of the short-circuited waveguide) are optimized so that bandwidth 
where S11 is lower than −30 dB (low-reflection design (1)) or −20 dB (broadband design(2)) 
becomes the maximum.  
Figures 10 and 11 show S11 and S21 for the transitions of low-reflection design (1) and 
broadband design (2), respectively. The dimensions are listed in Table 1. The geometrical 
difference between the designs (1) and (2) is only d. The simulated performance of the 
conventional transition ( d = p = 0 ) is also shown in Fig. 12 for reference. Only l and s are 
optimized in the condition of no probe shift d = 0 and no extended ground p = 0. Low 
insertion loss of the proposed ones is achieved such that measured insertion loss is 0.35 dB 
(design (1)) and 0.33 dB (design (2)) at 76.5 GHz. The simulated loss is almost the same level 
with the conventional one. Moreover, two resonances are observed in the frequency 
dependency of S11. Broad frequency bandwidth is obtained such that bandwidth for 
reflection below −30 dB is 12.9 GHz (16.8 %) in the low-reflection design (1) and that 
below−20 dB is 24.9 GHz (32.5%) in the broadband design (2). They are 1.95 and 1.37 times 
as broad as the bandwidth of the conventional ones. The frequency band of S11 lower 
than−20 dB for low-reflection design (1) shifts by only 1 GHz, though both of the two 
resonant frequencies shift by approximately 3 GHz lower than that of the simulation. Loss 
increasing due to the frequency shift is quite small because this transition works well over 
broad frequency bandwidth. 

Fig. 10. Meaured and simulated S11 and S21 of the transition of the low-reflection design (1). 

Fig. 11. Measured and simulated S11 and S21 of the transition of the broadband design (2). 
 
Figures 13 and 14 show measured and simulated S11 depending on the shift d of the probe 
and the length p of the extended ground, respectively. Dependencies on d and p are clarified 
from the change of the curves. The two resonant frequencies approach as d grows or as p 
becomes small. Consequently, the number of resonant frequencies becomes one when d is 
larger than 0.45 mm or p is smaller than 0.50 mm. On the other hand, as d becomes small or 
as p grows, the interval between the two resonant frequencies extends and the frequency 
bandwidth becomes broader. Simultaneously, the reflection level at the middle of the two 
resonant frequencies grows higher. The shift d of the probe and the length p of the extended 
ground are designed in accordance with the required bandwidth and the admitted reflection 
level. Measured curves indicated as solid lines almost agree well with the simulated results 
indicated as dashed line.  
 

Major 
parameters 

Low-
reflection 
design(1) 

Broadband 
design(2) 

Conventional 
design 

d [mm] 0.45 0.30 0.00 
p [mm] 0.50 0.50 0.00 
l [mm] 0.70 0.70 0.72 
s [mm] 0.50 0.50 0.71 

Table 1. Optimized major parameters 
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Loss of waveguide is quite small and is neglected in the measurement. Performances of 
transitions are evaluated by S21_exp in later sections. 

 
Fig. 9. Measurement setup of the developed transitions 
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The transitions with short-circuited waveguide are fabricated for experiment as shown in 
Fig. 3. A Teflon substrate (relative dielectric constant εr = 2.2, thickness t = 0.127 mm) with 
conductor pattern is located on the waveguide aperture. The short-circuited waveguide in 
the aluminium block is placed on the substrate. All these parts are screwed together. 
Scattering parameters of reflection S11 and transmission S21 are calculated by using a 
commercial electromagnetic simulator of the finite element method. Major parameters 
indicated in Fig. 2 (the length l and the shift d of the probe, the length p of the extended 
ground and the length s of the short-circuited waveguide) are optimized so that bandwidth 
where S11 is lower than −30 dB (low-reflection design (1)) or −20 dB (broadband design(2)) 
becomes the maximum.  
Figures 10 and 11 show S11 and S21 for the transitions of low-reflection design (1) and 
broadband design (2), respectively. The dimensions are listed in Table 1. The geometrical 
difference between the designs (1) and (2) is only d. The simulated performance of the 
conventional transition ( d = p = 0 ) is also shown in Fig. 12 for reference. Only l and s are 
optimized in the condition of no probe shift d = 0 and no extended ground p = 0. Low 
insertion loss of the proposed ones is achieved such that measured insertion loss is 0.35 dB 
(design (1)) and 0.33 dB (design (2)) at 76.5 GHz. The simulated loss is almost the same level 
with the conventional one. Moreover, two resonances are observed in the frequency 
dependency of S11. Broad frequency bandwidth is obtained such that bandwidth for 
reflection below −30 dB is 12.9 GHz (16.8 %) in the low-reflection design (1) and that 
below−20 dB is 24.9 GHz (32.5%) in the broadband design (2). They are 1.95 and 1.37 times 
as broad as the bandwidth of the conventional ones. The frequency band of S11 lower 
than−20 dB for low-reflection design (1) shifts by only 1 GHz, though both of the two 
resonant frequencies shift by approximately 3 GHz lower than that of the simulation. Loss 
increasing due to the frequency shift is quite small because this transition works well over 
broad frequency bandwidth. 

Fig. 10. Meaured and simulated S11 and S21 of the transition of the low-reflection design (1). 

Fig. 11. Measured and simulated S11 and S21 of the transition of the broadband design (2). 
 
Figures 13 and 14 show measured and simulated S11 depending on the shift d of the probe 
and the length p of the extended ground, respectively. Dependencies on d and p are clarified 
from the change of the curves. The two resonant frequencies approach as d grows or as p 
becomes small. Consequently, the number of resonant frequencies becomes one when d is 
larger than 0.45 mm or p is smaller than 0.50 mm. On the other hand, as d becomes small or 
as p grows, the interval between the two resonant frequencies extends and the frequency 
bandwidth becomes broader. Simultaneously, the reflection level at the middle of the two 
resonant frequencies grows higher. The shift d of the probe and the length p of the extended 
ground are designed in accordance with the required bandwidth and the admitted reflection 
level. Measured curves indicated as solid lines almost agree well with the simulated results 
indicated as dashed line.  
 

Major 
parameters 

Low-
reflection 
design(1) 

Broadband 
design(2) 

Conventional 
design 

d [mm] 0.45 0.30 0.00 
p [mm] 0.50 0.50 0.00 
l [mm] 0.70 0.70 0.72 
s [mm] 0.50 0.50 0.71 

Table 1. Optimized major parameters 
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Fig. 12. Measured and simulated S11 and S21 of the conventional transition 
 

Fig. 13. Measured and Simulated S11 variation depending on the parameter d 
 
The change of the resonant frequencies is summarized in Fig. 15. Figure 15(a) shows 
simulated resonant frequencies versus d when the length p is 0.40, 0.50, and 0.60 mm. 

Measured resonant frequency is also shown only for p = 0.50 by dots. No second resonance 
is observed when p is 0.40 mm even though the shift d of the probe changes from 0.25 up to 
0.65 mm. When p is 0.50 mm, only one resonant frequency is observed when d is larger than 
0.47 mm. However, two resonant frequencies appear when d is smaller than 0.47 mm. The 
interval between the two resonant frequencies extends when d becomes small. Next, we 
investigate the effect of the extended ground as well. Figure 15(b) shows simulated resonant 
frequencies versus length p of the extended ground when the shift d is 0.30, 0.45, and 0.60 
mm. Measured resonant frequency is also shown only for d = 0.45 mm. 

 
Fig. 14. Measured and Simulated S11 variation depending on the parameter p 

(a) versus shift d of the probe                   (b) versus length p of the extended ground 
( p = 0.40, 0.50, 0.60 mm )                              ( d =  0.30, 0.45, 0.60 mm ) 

Fig. 15. Simulated resonant frequencies (lines) with measured resonant frequencies (dots) 
 
No second resonance is observed when p is 0.60 mm even though the length p of the 
extended ground changes from 0.00 up to 0.65 mm. When d is 0.45 mm, only one resonant 
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frequency is observed when p is smaller than 0.48 mm. However, two resonant frequencies 
appear when p is larger than 0.48 mm. Furthermore, the higher resonant frequency is almost 
constant, while the lower resonant frequency shifts low when p becomes large. 
Consequently, bandwidth can be controlled by changing the two parameters d and p. 

 
3.3 Planar transition in multi-layer substrate 
Next, planar transition in multi-layer substrate is designed and its performance is evaluated 
by simulation and experiments. First, to verify the reason for the double resonance in S11, 
scattering parameters are investigated by electromagnetic simulation based on the finite 
element method. Figure 16(a) shows variation of scattering parameters S11 and S21 
depending on the length t1 of the short-circuited waveguide shown in Fig.5. Lower resonant 
frequency shifts according to the length t1 variation, while higher resonant frequency is 
stable. Consequently, lower resonant frequency is due to the resonance of the short-circuited 
waveguide. On the other hand, as shown in Fig. 16(b), the higher resonant frequency shifts 
according to the shift x of via-holes located at the opposite side of the microstrip-line 
probe. Consequently, higher resonant frequency is due to the resonance of the stub 
composed of the parallel plate waveguide short-circuited by the via-holes. So, the lower and 
higher resonant frequencies can be independently controlled by the length of the short-
circuited waveguide and location of the via holes, respectively.  
 

 
Fig. 16. Parameter dependency of double resonant-frequencies on scattering parameters 
 
The planar transitions in multi-layer substrate are fabricated for experiment as shown in Fig. 
4. The multi-layer substrate is fixed on the open-ended waveguide by screws. Surrounding 

via holes form the quasi waveguide. The top metal in the via-hole arrangement is short 
circuit. Scattering parameters of fabricated transitions are measured in the millimeter-wave 
band. Figure 17 shows the measured S11 and S21 of the transition. The measured resonant 
frequencies shift by only 1 GHz lower than the simulated ones. Bandwidth of the transition 
for reflection lower than 20 dB is 7.0 GHz (9.2 %). Measured insertion loss was 
approximately 0.7 dB which is the same level with the simulated one. 
 

Fig. 17. Measured and simulated S11 and S21 of the transition in multi-layer substrate 
 
Degradation of matching characteristics due to fabrication error in setting the substrate on 
the open ended waveguide is examined by electromagnetic simulation. Scattering 
parameters of the transition with shift of the substrate on the open-ended waveguide in x- 
and y-directions are shown in Fig. 18. The effect due to the shift of substrate in both x- and 
y-directions is quite small since the size of the aperture on the lower plane of substrate is 
much smaller than the waveguide open end and waveguide walls do not affect to the probe 
current until the waveguide wall appears in the aperture due to the shift. This phenomenon 
is one of the effective advantages of the transition from the industrial point of view. 

Fig. 18. Scattering parameters of the transition with shift of the substrate on the open ended 
waveguide in x- and y-directions 
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3.4 Planar transition in single-layer substrate 
The planar transition in single-layer substrate is designed by electromagnetic simulation 
based on the finite element method. Patch length is designed to obtain resonant frequency at 
76.5 GHz. Insertion length of the microstrip line is designed to couple between patch and 
microstrip line for low reflection-level at the resonant frequency. Figure 19 shows S11 and S21. 
As resonant structure is a patch and is quite smaller size than short-circuited waveguide, Q-
factor results high and bandwidth becomes narrow. Thus, bandwidth of reflection lower 
than 10 dB is approximately 6 GHz. 
 

 
Fig. 19. Scattering parameters of planar transition in single-layer substrate 

 
4. Conclusion 
 

Three types of microstrip-to-waveguide transitions are presented in this chapter. One is a 
transition with a short-circuited waveguide which is quite broadband such that bandwidth 
of reflection below −20 dB is 24.9 GHz (32.5 %). However, it requires an additional part of a 
short-circuited waveguide on the substrate. Second one is a planar transition in multi-layer 
substrate which is relatively broadband such that bandwidth of reflection below −20 dB is 
7.0 GHz (9.2 %) and is composed of the multi-layer substrate. Third one is also a planar 
transition in single-layer substrate. This is the most cost-effective transition due to its simple 
structure. However, bandwidth is quite narrow. We can choose the appropriate transition 
depending on the system requirement. 
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3.4 Planar transition in single-layer substrate 
The planar transition in single-layer substrate is designed by electromagnetic simulation 
based on the finite element method. Patch length is designed to obtain resonant frequency at 
76.5 GHz. Insertion length of the microstrip line is designed to couple between patch and 
microstrip line for low reflection-level at the resonant frequency. Figure 19 shows S11 and S21. 
As resonant structure is a patch and is quite smaller size than short-circuited waveguide, Q-
factor results high and bandwidth becomes narrow. Thus, bandwidth of reflection lower 
than 10 dB is approximately 6 GHz. 
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