IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 13 March 2024, accepted 28 March 2024, date of publication 3 April 2024, date of current version 11 April 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3384606

== RESEARCH ARTICLE

Broadband Waveguide-to-Differential-Line
Transition in Multi-Layer Substrates With
Triple Stacked Patch in 300 GHz Band

CHATCHAI CHOKCHAI"“, (Graduate Student Member, 1EEE),
YOSHIKI SUGIMOTO ", (Member, IEEE), KUNIO SAKAKIBARA ", (Senior Member, IEEE),

HENRY ABU DIAWUO “, AND NOBUYOSHI KIKUMA™, (Senior Member, IEEE)

Department of Electrical and Mechanical Engineering, Nagoya Institute of Technology, Nagoya 466-8555, Japan

Corresponding author: Yoshiki Sugimoto (sugimoto.yoshiki @nitech.ac.jp)

This work was supported by the Ministry of Internal Affairs and Communications of Japan through a Scheme of Research and

Development for Expansion of Radio Wave Resources under Grant JPJ000254.

ABSTRACT A broadband waveguide-to-differential-line transition with a triple stacked patch is proposed
for use in 300 GHz band. This transition consists of differential signal lines inserted into the waveguide region
from both broad walls of the waveguide. A triple circular stacked patch element was used for broadband
transmission from the waveguide to the planar differential line formed in a multi-layer substrate. Concur-
rently, the optimized arrangement of via holes can prevent electric field leakage efficiently and improve
the transmission characteristic in a high-frequency band. The geometry of the transition was optimized
through electromagnetic simulations using the finite element method. Measurements and simulations were
implemented to evaluate the performance of the transition. The measured result of the transition shows the

bandwidth of the S;; below —10 dB was over 100 GHz.

INDEX TERMS Differential line, multi-layer substrate, stacked patch, terahertz band, transmission line,

transition, waveguide.

I. INTRODUCTION

Terahertz (THz) technologies have received considerable
attention owing to their high-frequency bands with exten-
sive bandwidths. The data transmission rate and speed
increase in gigabits [1], [2], [3]. The development of
signal-encryption techniques for transmitting data and mod-
ulating amplitude-shift keying (ASK) signals has been pre-
sented [4]. The photo-mixer has accompanied the results of
modulation techniques to achieve a greater bandwidth [5].
The KIOSK data-download system was developed as an
application for high-speed wireless communication sys-
tems [6]. Wireless communication systems have been con-
tinually evolved, and terahertz technologies have been
introduced for the sixth-generation mobile communication
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systems [7], [8]. Owing to their superiority in the high
angular resolution of terahertz frequencies, it has been
enhanced for automotive sensor systems operating in
the 300 GHz band [9]. The connection between radio fre-
quency (RF) circuits and antennas significantly affects the
signal-to-noise (S/N) ratio. Therefore, waveguide interfaces
without interference between the antennas and RF circuits
have been developed [10], [11].

To reduce the significant loss of wireless systems in this
frequency range, design techniques for antennas integrated
with RF circuits and embedded in packages with devices
have been applied. Monolithic microwave integrated circuit
(MMIC)-to-antenna connection techniques have also been
proposed [12]. Microstrip lines, coplanar waveguides (CPW),
and grounded coplanar waveguides (GCPW) are the trans-
mission lines that are commonly used on the top metal planes
of multi-layer substrates to connect with an IC. Depending
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on the circuit configuration of the applications, differential
and single-ended lines can be used for IC connections. The
transitions of transmission lines are critical for connecting
planar transmission lines to waveguides to maximize power
transmission and minimize loss. Waveguide transitions from
both differential and single-ended lines must be designed to
prevent loss owing to the balun, depending on the application.
Differential lines are essential in connecting differential cir-
cuits and rectangular waveguides, owing to differential line
advantages in anti-interference. Therefore, both single-ended
and differential-line-to-waveguide transitions have evolved.

Over the past few years, single-ended-line-to-waveguide
transitions have been continuously progressed. The back-short
transition with a wide operating bandwidth is one of the most
popular transitions [13], [14], [15]. The metal top cap must
be accurately assembled on the substrate, which causes fab-
rication problems. Therefore, transitions without back-short
structures were developed using a GCPW feed to mitigate
the structural problems of back-short transitions. However,
its bandwidth is essentially narrow [16], [17]. Microstrip-
to-waveguide transitions with a rectangular patch, which
is a simple structure, were proposed [18], [19], [20], [21].
The design methodology for a waveguide to two microstrip
lines transition using a rectangular patch was proposed in
reference [22]. Recently, the types of transitions that have
gained recognition are the E-shaped patch element [23], slot
coupling technique in multi-layer substrates [24], V-shaped
patch element [25], via-less with choke structure transi-
tions [26], [27], rectangular patch with the positioning of
the via-hole to control the transmission mode [28], and via
fence and air hole matching structures [29], [30]. CPW to
air-filled rectangular waveguide transition using a rectangular
radiator etched with a semi-elliptic slot [31]. Suspended
stripline to air-filled rectangular waveguide transition with
a U-shaped patch [32]. On the other hand, the air-filled
transition has the disadvantage of difficulty in fabrication.
Substrate integrated suspended line (SISL) to rectangular
waveguide with a T-shaped patch [33]. The most popular
approach for increasing bandwidth is the stacked double-
patch configuration [34], [35].

Both single-ended and differential lines are typically used
at IC terminals. Differential-line-to-waveguide transitions
connect a differential line to a waveguide to avoid the loss of
area-consuming baluns. The differential-line-to-waveguide
transitions support a direct connection between the dif-
ferential microstrip line and rectangular waveguide [36]
A waveguide-to-stripline transition uses a dual-frequency
response technique to increase bandwidth [37]. The hol-
low waveguide-to-differential-line transition on a multi-layer
dielectric substrate in the 300 GHz band using patch and
window dimensioning techniques for increasing the band-
width was offered [38]. In [39], a differential microstrip
line (DML)-to-rectangular waveguide transition with wide
bandwidth was proposed. A differential-line-to-waveguide
transition with a short-ended slot line using the differential
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line as the ground-signal-signal-ground technique (GSSG)
and waveguide blocks has been presented [40]. A waveguide-
to-differential-line transition has also been proposed [41].
The waveguide-to-differential-line transition in a multi-layer
substrate was presented in [42] and [43]. In the core and
prepreg layers, when electromagnetic waves pass through
multiple substrates, multiple resonances can occur, thereby
increasing the bandwidth.

The excitation technique for the waveguides is essential
for the efficiency and bandwidth of the transition. Many
techniques, such as aperture excitation, have been applied to
waveguides [44]. Broadband techniques have been developed
using waveguide taper [45], back-short structure [46], fin-
line taper [47], unilateral substrateless finline structure [48],
and differential line inserted from the narrow wall of the
waveguide with X-shaped patch [49]. In addition, the devel-
opment of this transition depends on its implementation in
applications.

As mentioned above, most waveguide-to-differential-line
transitions are designed for low frequencies and narrow band-
widths. In addition, the feed direction is limited due to the
polarization in the rectangular waveguide. Therefore, there
remains a challenge for existing designs to achieve broadband
in terahertz band. A comparison with our previous work [49],
the transition using a differential line inserted from the narrow
wall of the waveguide and multi-resonance of the X-shaped
patch used for broadband operation. However, the bandwidth
was insufficient to fully cover the WR-3 band. With the dif-
ference in design and principle, this work can achieve higher
performance with a frequency bandwidth of 100 GHz, cov-
ering the full WR-3 band. This paper proposes a broadband
waveguide-to-differential-line transition covering the WR-3
band based on the principle of multimode resonance in a
cavity. Broadband operation is accomplished through a com-
bination of techniques, a triple circular stacked patch, and the
utilization of multiple resonances within the circular cavity
formed by a via-hole arrangement with apertures patterned
in a multi-layer substrate. The differential lines are located
on the top layer of the multi-layer substrate, where IC chips
can be mounted. The differential lines are inserted from the
broad wall of the waveguide. The TEjg mode on L8 of the
rectangular waveguide transforms into the TE;; mode within
the quasi-circular waveguide on L6 and L7. Subsequently,
the TE{; mode from Patch 1 transforms into the quasi-TEM
mode on the differential lines. Then, multimode resonance in
a cavity produces broadband operation.

The remainder of this paper is organized as follows. The
design and structure of the circular cavity, triple circular
patch, and via-hole arrangement are described in Section II.
The verification of the transition simulations by numeri-
cal validation via electromagnetic analysis using the finite
element method (Ansys HFSS) is presented in Section III.
Experimental results on the feasibility of the proposed design
technique are presented in Section IV. Finally, the conclu-
sions of the study are presented in Section V.
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Il. CONFIGURATION OF PROPOSED TRANSITION

This section describes the configuration and the design
of the proposed waveguide-to-differential-line transition.
Microstrip-to-waveguide transitions can offer broadband
performance across a broad frequency spectrum while main-
taining low insertion losses. The purpose of developing this
transition is to establish a connection between the 265 GHz
CMOS circuit receiver and the WR-3.4 waveguide interface
in a multi-layer substrate [10], [11]. Multi-layer substrates
provide the flexibility to integrate various passive and
active components. Utilizing the specified core materials,
these substrates offer the advantage of enabling the tran-
sition’s use in intricate circuits requiring multiple routing
layers. The multi-layer substrate consists of eight cop-
per plates separated by seven dielectric plates, with three
prepreg layers on each side of the core layer. It is pro-
duced using a high-pressure heating process. The modified
semi-additive process (MSAP) achieves micropatterns with
fine pitches [50]. These micropatterns are gold-plated with a
thickness of 0.05 um, following a 4 um nickel layer appli-
cation on the copper plate interface. MSAP imparts rounded
corners to the metal patterns, with a 10 um corner radius.
The accuracy of metal patterns on the same layer is 10 pum,
whereas on different layers, it is 25 um. Additionally, the
signal line pattern width maintains an accuracy of 10 pm.

A. CONFIGURATION AND PRINCIPLE

The rectangular structure will produce errors with rounded
corners, so a comparatively circular structure reduces the
frequency shifts due to rounded corner errors and a more
compact size at the same frequencies. The circular cavity
structure was chosen for This paper because a circular cavity
possesses a high degree of geometric symmetry, and the
circular cross-section of the cavity inherently encourages the
formation of multiple resonance modes.

The transition consists of three parts: a triple-stacked patch
arrangement in the circular cavity structure and a via hole
arrangement to block the electric field leakage in the high
band. The cavity structure in a multi-layer substrate consists
of a main TEj¢ and TE;; dual-mode cavity. The concept
behind this cavity structure is founded on utilizing three
cavity resonance modes. The cavity structure is configured in
an hourglass shape. The circular aperture sizes transition from
small to large from L5-L7, whereas they shift from large to
small from L2-L5. Specifically, L5 features the smallest aper-
tures. On the other hand, L8 is distinguished by rectangular
apertures, primarily due to its connection to the waveguide.
Grounded coplanar waveguides (GCPW) are used as differen-
tial signal lines. The differential signal lines are inserted into
the waveguide region on top of L1 from both broad walls of
the waveguide, as shown in Fig. 1. The TE¢ mode propagates
in the bottom waveguide and inputs into the substrate from the
aperture on the metal L8. The electromagnetic wave passes
through all apertures on all metal layers. Three patches on
L2, L4, and L5 were placed at the middle of the apertures to
control the electromagnetic coupling between the apertures.
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FIGURE 1. Configuration of the waveguide-to-differential-line transition.

The excited field at the patch on L2 was strongly coupled with
the signal lines of the differential lines on top L1.

The detailed design of each copper layer is shown in
Fig. 2. The metal L8 is in direct contact with the bottom
waveguide. Therefore, the aperture is rectangular, and its
size is smaller than that of the waveguide cross-section for
tolerance in assembly. The apertures on L2-L7 are circular
and transformed into the TE;; mode, which forms a circular
cavity in the multi-layer substrate. The size of the circular
aperture gradually decreases from L7-L5. Next, the size of
the circular patch increases from L5-L2 for a smooth flow
of the electromagnetic wave from the waveguide to the upper
layers for broadband characteristics, as shown in Fig. 3. The
sizes of the circular apertures on L6 and L7 were designed
to balance the mode transformation and prevent higher-order
modes. To connect the via holes between L8 surrounding the
rectangular aperture and L6 and L7 surrounding the circular
apertures via pads are necessary in the inner region of the
circular apertures.

The outer conductor of each patch was operated on the
ground. The simulated electric field on each layer is shown
in Fig. 4. It was confirmed that the electric field of the
TE 9 mode on L8 transformed into the TE{; mode in the
quasi-circular waveguide on L6 and L7. Patch 3 on L5 was
excited, and a strong electric field was generated on both
sides of the patch. Patch 2 was excited in the same manner as
Patch 3. These two patches are required for a strong coupling
between both planes of the thick core layer. The field passes
through the aperture on L3. The aperture sizes of L2-1.4 were
almost the same. However, the size of Patch 3 was smaller,
the size of Patch 2 was larger, and Patch 1 was the largest.
Therefore, the gap between the patch and the ground gradu-
ally decreased from lower to upper to increase the bandwidth.
The cavity structure is anticipated to yield multiple reso-
nances. Leveraging these principles, we have extended the
bandwidth of reflection below -10 dB to encompass the range
of 218.5-314.5 GHz. In our analysis, we observed multimode
resonant frequencies at 226 GHz, 278 GHz, and 304 GHz.
To validate the impact of multi-transmission modes on the
transition characteristics, we conducted a parametric study,
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FIGURE 2. Top views of each layer with the parameters for the proposed
transition.

systematically varying the radius of the circular patches and
apertures. A strong electric field was excited on both sides of
Patch 1 on L2 in the opposite phase. The signal lines of the
differential line were essentially excited at 180° out of phase
due to the symmetrical structure, resulting in differential
mode operations.

B. GEOMETRY OF MULTI-LAYER SUBSTRATE WITH VIA
HOLES

Both the waveguide region and grounded coplanar lines were
surrounded by the via-hole arrangement to prevent leakage of
the parallel-plate mode between the ground planes. The min-
imum diameter of the via holes, minimum spacing between
adjacent via holes, minimum clearance from the via hole,
and pattern edge of the aperture were limited owing to the
fabrication process. The via-holes with a diameter of 70 um
are arranged around the waveguides with a center separation
of 180 um. The manufacturing of the substrate, the via-hole
positions may vary by up to 25 pum, and their diameters
may vary by up to =20 um. The layout of the via holes
was designed to minimize the leakage between the via holes,
as shown in Fig. 5 (a). The via holes between the signal lines
were located at the middle of the two signal lines. However,
the via hole spacing was sufficiently large to allow the leak-
age of electromagnetic waves from the waveguide corners.
To prevent the leakage between the via holes at the middle of
the signal lines and at the waveguide corners, two via holes
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FIGURE 4. Simulated electric field distribution on the metal layer n
(n=1,2,..., 8) of the proposed transition at 250 GHz.

were designed at a location nearly under the signal lines from
L2-L8 without connecting to L1, as shown in Fig. 5 (b). The
via holes did not interfere with the signal lines on L1.

The features of the proposed transition are included
in the eight copper patterns with a conductivity (o) of
5.8 x 107 S/m. The copper plate has a thickness of 15 pm.
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The variation in thickness of the copper plate is less than
+7 pum. A seven- layer dielectric substrate HL972LF-
LD [51] (Mitsubishi Gas Chemical Company, Inc.) with a
dielectric constant (g,) 3.5 and loss tangent (tan §) 0.003
(based on the datasheet) was used in this paper. Concurrently,
three prepreg layers with copper were placed on both sides
of the center core layer, forming seven dielectric layers.
The thicknesses of the core and the prepreg substrates were
100 pem and 30 pum, respectively. The thickness variation of
the core layer is less than £15 pum, and the variations of the
prepreg layers are less than =10 um. A WR-3 waveguide
(864 um x 432 pum) was used for the feeding. The dimen-
sions of the design parameters for all the copper layers are
shown in Fig. 2. A differential line with width Wy and gap g
was inserted into the waveguide region with an overlap p on
the patch at the top layer, L1. Circular Patch 1 with radius
Rpy approximately Ag/4 at 250 GHz (where Ag represents
the wavelength in the substrate) was located at the center
of the circular aperture on Substrate 2. The radius of circu-
lar aperture on L2 can be approximately Ag/2 at 250 GHz.
The radius of Circular Patch 2 and Circular Patch 3 are
smaller than the radius of Circular Patch 1. Circular Patch
2 with radius Rp4 and circular Patch 3 with radius Rps were
placed at the center of the circular apertures on both sides
of the thick-core substrate for strong coupling. Following the
arrangement of elements within their layers and assessing
their interactions with the ground planes, we conducted para-
metric optimization to adjust size and gap dimensions. The
rectangular aperture S, x Sp on L8 was slightly smaller than
that on the WR-3 waveguide.

Ill. PARAMETRIC ANALYSIS AND DISCUSSION

This section presents the numerical investigations of
the multi-layer waveguide-to-differential-line transition
using the finite element electromagnetic simulator Ansys
HESS [52]. Furthermore, parameters such as the circular
patch radius, circular aperture radius of each layer, and via
hole arrangement were investigated to study their effects on
the frequency response and bandwidth of the transition.
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A. TRIPLE CIRCULAR PATCH
This section discusses the effects of the circular patch radius.
First, the effect of the radius of circular Patch 1 was studied.
The radius of circular Patch 1 (Rpy) affects the center resonant
frequency observed at approximately 250 GHz. As the radius
decreased, the center resonant frequency shifted to a higher
as shown in Fig. 6. Next, the effect of radius (Rp4) of parasitic
Patch 2 was analyzed. When varying Rps, the reflection
level changes, as shown in Fig. 7. This implies that the
electromagnetic coupling was controlled by changing Rp4.
As Rps decreases, the radius of circular Patch 2 approaches
that of circular Patch 3, enhancing electric field coupling.
Thus, significant improvement in impedance matching was
observed. Conversely, the reduced radius of circular Patch 2
led to a reduction in the bandwidth. Thus, the optimum value
for Rps was 105 um, providing a broad bandwidth and a
suitable matching impedance. This suggests that the matching
characteristics can be controlled by changing the radius of
circular Patch 2 during the transition.

Finally, the effect of the radius of the parasitic circular
Patch 3 (Rps) was analyzed. Circular Patch 3 was crucial
for improving the matching impedance at low frequencies.
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FIGURE 9. Reflection characteristics of the waveguide-to-differential-line
transition with center via hole L1-L8 depending on R;,.

The reflection coefficient of the transition depends on Rps,
as shown in Fig. 8. The results demonstrated an improved
matching impedance at 224 GHz and an increased band-
width at low frequencies. As Rps increased, the matching
impedance at low and high frequencies increased. However,
it is worth noting that a slight impact on bandwidth occurs
with an increased Rps. The optimal value of Rps was 50 um.

B. CIRCULAR CAVITY

This section discusses the effects of the aperture on each
layer. The effect of the aperture radius on L2 (Ryy) was
studied to assess its effect on the resonant frequency and
bandwidth of the transition. Fig. 9 illustrates the influence
of varying Ry, which includes the circular Patch 1, on the
reflection coefficient. The aperture size affected the distance
between the patches and the aperture edges. When the R;»
decreased, the gap with the patch decreased. The bandwidth
narrowed with a shifting lower band, owing to the high-Q
structure. The effect of the aperture radius on L4 (Ry4), which
contains circular Patch 2, on the reflection coefficient at high
frequencies is shown in Fig. 10. As observed, a decrease in
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FIGURE 11. Reflection characteristics of the waveguide-to-differential-
line transition with center via hole L1-L8 depending on R;s.

R4 resulted in an improvement in the matching impedance
at high frequencies.

Fig. 11 illustrates the dependence of the reflection coeffi-
cient on the radius of the aperture on L5 (Rys). The graph
demonstrates that increasing Rps significantly improves
impedance matching in the low-frequency band. The trans-
mission mode changed drastically at L5 from the waveguide
mode to the coaxial mode because of the center patch. There-
fore, the dimensions of the apertures Ry s and patch Rps are
significant parameters for controlling the bandwidth. Fig. 12
shows the reflection coefficient of the transition as the radius
of the aperture on L7 (Rp7) is varied. The graph demon-
strates that the matching impedance at the low-frequency
range improves as the radius increases, thereby providing
evidence that the aperture radius significantly influences the
reflection coefficient level. In conclusion, Ry, regulates the
reflection coefficient level of the transition across the entire
frequency range. Ry 4 governs the reflection coefficient level
of the transition at high frequencies, whereas R;5 and Ry 7
determine the reflection levels of the transition in the low-
frequency range.
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C. VIA-HOLE ARRANGEMENT

The via-hole spacing against wavelength is wider in
the higher-frequency band. This subsection describes the
enhancement of the transmission and reflection coefficients
at high frequencies by improving the via-hole arrangement.
In response to the identified issue, the rearrangement of the
via holes is discussed in Section II and shown in Fig. 5.
The layout of the via holes was designed to minimize the
leakage between the via holes. Fig. 13 shows the transmission
and reflection coefficients of these transitions. An analysis
was conducted to identify the factors contributing to the
decrease in the transmission coefficient at high frequencies
over 300 GHz by examining the electric field distribution
on each transition layer. Fig. 14 illustrates the electric field
distribution of the proposed transition at 305 GHz. Fig. 14 (a)
shows the electric field distribution on the YZ-plane, includ-
ing the center axis of the waveguide, indicating a stronger
electric field in the substrates from L5-L8. Consequently,
resonance occurs at a frequency of 305 GHz, leading to a
decrease in the transmission coefficient at this frequency,
as depicted by the red dashed line in Fig. 13. It was observed
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FIGURE 14. Simulated electric field distribution of the proposed
transition at 305 GHz (a) Electric field distribution on the YZ-plane of the
waveguide center (b) Electric field distribution of the transition from
L5-L8 of the multi-layer substrates with center via hole L1-L8 (c) Electric
field distribution of the transition from L5-L8 of the multi-layer
substrates with two via holes L2-18.

that the inclusion of two via holes in L2-L8 effectively
eliminates the strong electric field. To demonstrate the pre-
ventive effect of the via hole arrangement on the electric field
leakage, Figs. 14 (b) and 14 (c) illustrate the electric field
distribution of the transition from L5-L8 in the multi-layer
substrates with a center via hole in L1-L.8 and two via holes
in L2-L.8. The results indicate that the via-hole arrange-
ment, specifically with two via holes in L2-L8, effectively
prevents leakage and resonance at 305 GHz. The proposed
arrangement reduced the via-hole pitch and positioned the via
holes to cover the waveguide connections. Consequently, the
transmission coefficient was improved, which is evident from
the enhancement shown by the black dashed line in Fig. 13.
Table 1 presents all the parameters of the proposed
transitions obtained through this optimization process after
conducting a comprehensive study on the impact of various
transition parameters and subsequent optimizations. Except
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TABLE 1. Optimized parameters of the proposed transition.

Name Description Value
& Relative permittivity 35
0 Loss tangent 0.003
Wr Total width of the transition 1.5 mm
Ly Total length of the transition 1.5 mm
a Broad wall length of the waveguide 864 um
b Narrow wall length of the waveguide 432 ym
¢ Diameter of via hole 70 um
d Distance between via hole (Pitch) 180 um
Wy Width of differential line 40 pum
g Width of gap 35 ym
P Overlap length of inserted probe 87.5 um
Rp> Radius of circular Patch 1 135 um
Rpy Radius of circular Patch 2 98 um
Rps Radius of circular Patch 3 50 um
Ry, Radius of circular aperture on L2 200 ym
Ry Radius of circular aperture on L3 210 pm
R4 Radius of circular aperture on L4 210 um
R;s Radius of circular aperture on LS 175 pm
Ris Radius of circular aperture on L6 300 um
R, Radius of circular aperture on L7 300 um
Rpaa Radius of circular pad for via 80 um
Sa Broad wall length of aperture on L8 700 pm
S» Narrow wall length of aperture on L8 350 um
Thickness of the copper 15 um
Thickness of the prepreg 30 um
Thickness of the core 100 um

for three parameters, namely, the radius of circular Patch 1
(Rpp), the radius of circular Patch 2 (Rp4), and the radius of
the circular aperture on L5 (Ryrs), all the other parameters
remained unchanged between the transitions with a center via
hole in L1-L8 and with two via holes in L2—-L8. The proposed
transition introduces the following parameter values: Rpy =
140 pum, Rps = 104 um, and Ry 5 = 170 um.

IV. EXPERIMENTAL PERFORMANCES

This section presents the validated simulation results
of the proposed transition that were obtained by conduct-
ing measurements on the fabricated transitions. We focused
on measuring the transmission loss and reflection
characteristics.

A. FABRICATION AND MEASUREMENT SETUP

A back-to-back configuration was employed to assess the
transmission line losses, characteristics, and efficiencies of
the proposed transitions. The fabrication accuracy from the
company is shown in Table 2. The setup of the measurement
system is shown in Fig. 15. The measured transitions were
positioned on a metal jig connected to the waveguide. The
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™ J E
(b)

FIGURE 15. Experimental setup of the transition (a) top view (b) side
view.

measurement setup involved a differential line connecting
two identical transitions with the same geometrical param-
eters as those of the fabricated substrate. The substrate was
mounted on a metal jig, and the waveguides were connected
at both terminals and attached to the flange of a standard
waveguide (WR-3), as shown in Fig. 15 (a). A choke struc-
ture was built around the waveguide on the jig surface to
reduce leakage from the gap between the substrate and the
jig. The substrate was fixed at a particular position with high
precision using a small screw with a diameter of 1 mm.
The measurement accuracy was ensured through repetition of
the assembly and measurements. Millimeter-wave extension
modules VDI WR-3.4-VNAX were connected to a vec-
tor network analyzer (ANRITSU MS4647B), as shown in
Fig. 15 (b). The two ports of the standard waveguide, which
extend from the millimeter-wave module, were calibrated
using a WR-3 Anritsu waveguide calibrator model SM6567
at the waveguide-connected plane within the metal jig. The
reflection and transmission characteristics encompassing the
waveguide within the jig and the transmission line between
the two transitions were measured. A vector network analyzer
equipped with a time-gate domain function was employed
to measure the scattering parameters and mitigate the occur-
rence of multiple reflections [53]. The entire frequency band
of WR-3, ranging from 220 to 320 GHz, was utilized to
achieve high time resolution.

To evaluate the insertion loss of each transition accurately,
the losses of the differential line between the transitions
and waveguides within the jig were measured to determine
the required compensation. A study focused on investigating
losses in transmission line structures on package substrates
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FIGURE 16. Fabricated substrates for different lengths of the
transmission line and an enlarged view of the proposed transition (left).

TABLE 2. Design values and fabrication accuracies of the multilayer
substrate.

Design value  Accuracy
Thickness of the core 100 um +15 ym
Thickness of the prepreg 30 um +10 um
Thickness of the copper 15 um +7 um
Via diameter 70 um +20 um
Via position N/A +25 um
Pattern width of the signal lines 40 um +10 um
Gap 35 um +10 um
Rounded corner 10 um N/A

tailored for the 100 GHz to 300 GHz frequency range.
The performance of these transmission lines was evalu-
ated through a combination of analytical and experimental
methods, as implemented in [49] and [54]. To obtain the
transmission loss of the differential line, transitions with
back-to-back configurations connected by differential lines
of different lengths were fabricated as shown in Fig. 16.
The lengths of the transmission lines were selected as 3.136,
5.136,7.136, and 19.136 mm to evaluate the transmission loss
of the differential line accurately. Fig. 17 illustrates the trans-
mission loss of the differential line, assessed by examining
the slopes of curves derived from transmission measurements
with differential lines of four different lengths at 230, 250,
and 270 GHz. The assessment reveals a transmission loss of
approximately 0.8 dB/mm at 250 GHz. Fig. 18 illustrates the
individual losses of each component for estimating the inser-
tion loss of a single transition. The measured transmission of
the back-to-back of two transitions, including transmission
line and jig from Port 1 to Port 2, is represented by the black
dashed line. The purple dashed line represents the 3.136 mm
transmission line loss, estimated from the difference in mea-
sured transmissions for the back-to-back transition of four
lengths, as shown in Fig. 16. Additionally, the transmission
with waveguide losses in the jig, indicated by the green
dashed line, was obtained through jig measurement. The loss
of the waveguide in the jig was measured by connecting two
identical jigs. The losses of the two waveguides in the jigs
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FIGURE 17. Measured transmission of the fabricated transition with four
different line lengths.
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FIGURE 18. Transmission characteristics at each correction process of the
proposed transition.

were measured as 1.8 dB at 250 GHz, and the loss of the
single waveguide in the jig was estimated to be 0.9 dB by
dividing the measured transmission of the two jigs by two.
Finally, the transmission coefficient of the single transition
was evaluated from the transmission of the entire structure
with a differential line of 3.136 mm by de-embedding the jig
and differential line losses at every frequency point across the
entire frequency band, is represented by the red solid line.

B. MEASUREMENT RESULTS

The measured and simulated scattering parameters for the
waveguide-to-differential-line transition are shown in Fig. 19.
The measurement process used the WR-3 standard equip-
ment, which covered the entire frequency band ranging
from 220 to 320 GHz. The simulation results for the transition
with two via holes in L2-L8 indicate a bandwidth of reflec-
tion coefficient less than —10 dB, which spans 95.6 GHz
(35.8%). The simulated transmission coefficient of the tran-
sition with two via holes in L2-L8 at the center frequency
of 250 GHz was —1.0 dB. Regarding the measured results,
although the lower band edge could not be observed because
of the limit of the WR-3 band, the bandwidth of reflection
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FIGURE 19. Simulated and measured scattering parameter results of the
waveguide-to-differential-line transition.

lower than —10 dB from the simulated lower band edge to the
measured band edge was 100.0 GHz (37.0%). The measured
transmission coefficient at the design frequency of 250 GHz
was —2.0 dB.

It is evident from the graph that the measured reflection
coefficient shifted to lower frequencies and the reflection
level was deferred. This shift can be attributed to the imper-
fections in the size and position of the via hole as well
as uneven substrate thickness. Furthermore, the measured
dielectric constant of the fabricated substrate exceeded the
reference value provided in the datasheet, with a value of
approximately 3.6 at 250 GHz. The measured reflection level
at a high resonant frequency is higher than the simulation.
The reflection level decreases due to transmission loss. This
discrepancy could be attributed to imperfections in the size
and placement of the patch, as well as misalignment between
layers during the fabrication process.

The measured transmission coefficient results differ from
the simulation results mainly because of the surface rough-
ness of the copper sticking to the substrate. The average
surface roughness (R,) utilized in fabrication was approxi-
mately 0.3 um. R, is the arithmetic average of the absolute
values of the profile heights over the evaluation length. This
information was sourced from the fabrication company. The
skin depth on the copper surface was 0.13 um based on
the theoretical calculations performed at 250 GHz, which
is nearly the same dimension as the surface roughness.
Therefore, it is suggested that surface roughness significantly
influences conductor loss. Additionally, the measured loss
tangent of the fabricated substrate exceeded the reference
value provided in the datasheet, with a value of approximately
0.01 at 250 GHz. The relative permittivity and loss tan-
gent of the substrate were determined using the Fabry-Perot
resonator method within the frequency range of 220 GHz
to 320 GHz. Furthermore, multiple factors including fabrica-
tion tolerance and mechanical assembly errors can decrease
the transmission coefficient. These factors are critical in the
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TABLE 3. Comparison of waveguide-to-microstrip transitions.

Ref. ( GJ;IZ) BEZZ;' (iﬁ) (iﬂ) Interface Structure
[31] 10.5 47.6 -15 -0.95 CPW Back-to-Back
[32] 33 409 -185 -0.26 SSL Single
[33] 33 44.0 -12 -0.34 SISL Single
[39] 33 40.6 -15 -0.4  Differential Single
[40] 80 20.2 -10 -1.92  Differential Single
[41] 122 11.8 -10 -1.63" Differential  Back-to-Back

[42] 120 25.0 -10 -1.8 Differential Single
[43] 60 20.0 -10 -0.8 Differential Single
[49] 275 23.6 -10 -2.6  Differential Single
This 550 370 —10 20  Differential Single
work

*Simulation result

THz frequency bands, particularly when dealing with mul-
tilayered structures. For surface roughness analysis, HFSS
offers a modified version of the Morgan-Hammerstad empir-
ical fit, referred to as the Groiss equation. The Groiss
model [55] assumes that the high-frequency current adheres
to the surface profile. This adherence is measured by devi-
ations in the direction of the normal vector from its ideal
form. Large deviations indicate a rough surface, while small
ones suggest a smooth surface. The simulation results inte-
grate a Groiss model with an average surface roughness
(Rg) of 0.3 um, as the actual value from the fabrication is
not available. Coupled with the measured dielectric constant
of 3.6 and a loss tangent of 0.01, they are depicted by the
black dotted line in Fig. 19. It can be observed that surface
roughness and loss tangent affect the transmission, partic-
ularly at high frequencies. It aligns with [54] that as the
frequency increases, the loss tangent and the dielectric con-
stant of the substrate also increase, resulting in an increase in
loss at high frequencies. Moreover, an increase in the dielec-
tric constant causes the reflection coefficient to shift to low
frequencies.

C. COMPARISON OF PERFORMANCES

Table 3 presents the performance comparison between the
proposed waveguide-to-microstrip transition and previously
published results. However, the design frequencies and tech-
niques used in this paper differ from those of the proposed
method. For instance, a transition from CPW to air- filled
rectangular waveguide was proposed in [31]. A suspended
stripline to air-filled rectangular waveguide transition was
presented in [32], and a substrate integrated suspended
line (SISL) to rectangular waveguide transition was devel-
oped [33]. While these transitions exhibit a wide bandwidth,
their operation is low frequencies. Therefore, comparisons
with the most similar methods are provided to evaluate
the effectiveness of this paper, focusing mainly on the
waveguide-to-differential-line transitions [39], [40], [41],
[42], [43], but the bandwidth is still not wide. For [49], the
bandwidth of the reflections less than —10 dB was 66.3 GHz
(23.6%) and the measured transmission coefficient for the
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single transition was —2.6 dB at 275 GHz. For this work, the
frequency bandwidth of 100 GHz (37.0%) at the reference S;;
below —10 dB was consistent with the waveguide standard of
WR-3. The transmission coefficient of the single transition
from the measured was —2.0 dB at 250 GHz and more than
—3 dB at frequencies higher than 280 GHz. These results are
comparable to those of other designs.

V. CONCLUSION

A multi-layer waveguide-to-differential-line transition with a
circular cavity and triple circular patch was proposed. The
multi-layer waveguide-to-differential-line transition operates
under a combination of triple-stacked patch arrangements and
circular cavity structures. The transition had a wide band-
width of 100.0 GHz (37.0%). The multi-layer waveguide-to-
differential-line transition measured with circular cavity and
triple patch showed a transmission coefficient of —2.0 dB at
the center frequency of 250 GHz. The measured performance
confirmed the feasibility of the multi-layer waveguide-to-
differential-line transition. It is suitable for applications in
practical terahertz systems.
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