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ABSTRACT

Introduction: For “smart health” Internet-of-Things (IoT) applications, substrate integrated waveguide (SIW) is a 
promising component to construct a wearable microwave device. For its efficacy in wearable devices, minimizing 
signal losses in terms of return and transition losses in SIW is of paramount importance. To enhance its performance, 
this paper presents the characterization of air-filled SIW transition losses for the SIW microwave device. Method: To 
investigate the effect of transition length on losses, the full-wave analysis of an air-filled SIW with different lengths 
of the taper transition was presented. For the analysis, the linear taper is designed for the Roger RT/Duroid 6002 
substrate and utilized in the Ka-band frequencies. Result: From the full-wave analysis results, the length of the tran-
sition taper can be reduced considerably while achieving a wide-bandwidth characteristic of return loss better than 
20 GHz. The results also show that the transmission loss can be reliably reduced while reducing the size of the SIW 
component. Conclusion: The findings may contribute to the development of the compact design of wearable micro-
wave devices having a comparable performance with the conventional waveguide.
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INTRODUCTION

Due to the demand for “smart health” Internet-of-
Things (IoT) developments and systems, wearable 
microwave devices have gained popularity (1–3). The 
wearable device is one of the categories of digital health 
technologies that can be used to monitor, improve and 
organize health care resources (4). It is well-known that 
IoT applications need high-performance waveguide 
components to support high data rate communication 
links (5). Established printed guiding structures, e.g., 
microstrip, stripline, coplanar waveguide, etc., are 
generally accepted to exhibit high dielectric losses 
and become inefficient as a result of skin effect at high 
frequencies (6–7). Moreover, the rectangular waveguide 
is bulky and non-planar in nature (8). Hence, integrating 
and manufacturing at a low cost in the planar structure 
is difficult. 

As a consequence, the substrate integrated waveguide 
(SIW) was utilized to customize printed flexible and 
high-performance wearable devices (9–10). SIW has 
many advantages compared to conventional rectangular 

waveguide (11–18). However, the main problem with 
the design of SIW components is to minimize the losses, 
especially when they include signal transitions (13). A 
widely accepted approach today to enhance the SIW 
performance is the use of air as the propagating medium 
to reduce losses and increase the capacity to handle 
power (19–22).

One of the more promising features of modified SIW 
is an air-filled substrate integrated waveguide (AFSIW) 
with a transition between the dielectric and the air-filled 
regions. Such a design has been proven to substantially 
improve losses, power handling capabilities and allows 
more flexibility for designing microwave devices (21). 
Nevertheless, the construction of a low-loss transition 
consisting of two types of material is difficult (23). In 
addition, any longer length of the transition will further 
increase the losses which can be observed from the 
values of the reflection and transmission coefficients 
(21). In fact, efforts have been focused to optimize the 
transition length for minimum losses as in (22–23). The 
achievement of the previous findings has conclusively 
shown that there exists a unique shape of the transition 
at a specific length that minimizes transition losses.

So far, the compact transition for modified SIW was 
introduced but it is well suited for Low-Temperature 
Cofired Ceramics (LTCC) technology (6). Hence, it is 
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of major interest to further minimize AFSIW losses at 
a shorter transition length to allow the possibility of 
the more compact design of printed SIW structure to 
achieve miniaturizations while enhancing the wearable 
microwave device performance. For that reason, the 
transition length effects on AFSIW structure losses are 
reported in this paper. 

MATERIALS AND METHODS

To enable effective interconnection between dielectric- 
and air-filled in AFSIW circuits, a transition is suggested 
in (21). This transition is designed by using the 
characteristic equation (21). Based on the assessment in 
(24), the raised cosine taper is best suited for reducing the 
return and transmission losses throughout the transition. 
In this study, the linearly tapered transition is applied 
to characterize loss in dependence of transition length. 
For the transition taper design, the width of the taper W

1
  

increases with the distance t as 

W1 (t)=a+(b-a)(t/L)       (1)

where the initial width a and the final width b of the 
transition taper are constants to ensure the transition 
continues. The design of the transition taper is shown in 
Fig. 1. Considering the height h is 0.508 mm, 20 different 
transition lengths L, i.e., 1 to 20 mm are used for data 
analysis. The choice for this range of transition lengths is 
in relation to the observation of the reflection coefficient 
(21). Referring to Figure 1, W

1
 is the total width in the 

air-filled region, W is the width of the dielectric-filled 
SIW and W

2
 is the width of the air-filled SIW. Taking into 

consideration the physical dimensions of the transitions 
in Table I, the transition from dielectric- to air-filled SIW 
is designed for the Roger RT/Duroid 6002 substrate ε

r
 in 

the Ka-band frequencies. Then, the full-wave analysis 
by using the high-frequency structural simulator (ANSYS 
HFSS) is applied to analyze an air-filled SIW transition 
structure. ANSYS HFSS is the industry standard for 
simulating 3-D full-wave electromagnetic fields. The 
steps of analysis are presented in Figure 2. As depicted 

Figure 1: Design of the linearly tapered transition in HFSS

Figure 2: The steps of analysis

Table I: Structural properties of SIW

Band  Freq. Ka-band

Parameters (mm) AFSIW SIW

W
1

7.02

W
2

6

W 4.12

ε
r

2.94 2.94

h 0.508 0.508

in Figure 1, the boundary of the top, bottom, and side 
surfaces are assigned as a perfect conductor. Then, 
the transition structure is divided into a finite element 
mesh using tetrahedral elements. For the wave port, 
W

1
 is input port and W

2
 is an output port in HFSS. 

The wave port acts as if there is a SMA connector is 
connected with SIW during the simulation. Before 
running the simulation, analysis of solution sweep and 
frequency needs to be pre-set before start simulation. 
After the simulation, the S-parameters results will be 
recorded. Based on S-parameters results, the return 
and transmission loss are observed and compared. The 
taper transition length with low losses is considered an 
effective transition taper design in terms of losses.

RESULTS  

Figures 3 and 4 show the result of the reflection 
coefficient  S

11
 of 1 to 20 mm transition length by a step 

size of 1 mm length.  Based on the graph shown in Figure 
3, the S

11
 of the 1 to 3 mm transition length signifies that 

air-filled SIW complete structure generates a high return 
loss. Thus it can be assumed that an incident wave is still 
reflected rapidly in the dielectric. The short transition 
and unmatched waves between dielectric- and air-filled 
are the reason for this incident wave. This phenomenon 
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than 20 dB within the frequency range of 30 to 40 GHz 
is not sufficiently wide for certain potential applications: 
E.g., an application with operating frequencies up to 
30 GHz will experience return loss worse than 20 dB. 
The bandwidth of return loss better than 20 dB has been 
extended from 11 to 14 mm transition length as shown 
in Figure 4. As well as the transition length of 15 to 20 
mm as depicted in Figure 4.

The transmission coefficient S
21

 results are shown in 
Figures 5 and 6. As can be seen in Figure 5, when the 
transition length increases, then  S

21
 also decreases 

significantly. Therefore, the transmission of a wave 
from air to the electric medium is smooth. As a result, 

Figure 3: The reflection coefficient |S11| vs. 10 different 
transition lengths

Figure 4: The reflection coefficient |S11| vs. 10 different 
transition lengths

is similar to a short-circuited transmission line (25). 
Starting at the 5 mm length, a dip of the  S

11
 starts to 

occur within 37 to 40 GHz and the return loss better 
than 20 dB are obtained. As can be seen in Figure 3, the 
return loss is reduced slightly. 

An increase in the transition length from 5 to 10 mm, 
as depicted in Figure 3, causes the single dip trend of 
the S

11
. Based on this trend, the lower return loss may 

be noticed at a certain frequency. The 7 mm transition 
yields the lowest loss within this range. This corresponds 
to the reflection coefficient S

11
 at 33 GHz with a value 

of 54 dB. Nevertheless, it is still not deemed a well-
designed transition as the bandwidth of return loss better 

Figure 5: The reflection coefficient |S21| vs. 10 different 
transition lengths

Figure 6: The reflection coefficient |S21| vs. 10 different 
transition lengths
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the transmission loss is decreased. Starting at 11 mm 
transition length the S

21
 values increase as presented in 

Figure 6.
 
DISCUSSION

The full-wave analysis of an air-filled SIW transition 
as shown in Figure 1 with numerous different lengths 
of the transition is performed as an initial study to 
characterize the effect of transition length on losses. As 
shown in Figures 3 and 4, the values of the S

11
  drop at 

certain frequencies. This is because of the resonances 
and this situation has been reported in (26). Moreover, 
the resonant frequencies can be controlled by the 
transition (27). The relationship between resonant and 
the transition length can be seen in all figures. Based 
on Figure 3, 33 GHz is a higher resonant frequency 
for a 4 mm transition length, but at 7 mm transition 
length, it becomes a lower resonant frequency. Hence, 
an increase in the length causes the change in resonant 
frequency and an increase in the bandwidth of return 
loss better than 20 dB.

In contrast, the transmission loss increases slowly due 
to the resonance when the length of the transition is 
increased from 11 to 20 mm as shown in Figures 5 and 
6. Therefore, an increment in the transition length causes 
an increment in the bandwidth of return loss better than 
20 dB, which suggests that a wide-bandwidth for the 
Ka-band can be achieved by increasing the transition 
length. Unfortunately, this also effectively increases the 
transition loss. As such, the bandwidth and transmission 
loss are in a trade-off relationship.

CONCLUSION

To increase an air-filled SIW transition performance, 
both the return and transition losses along the transition 
need to be minimized. For this purpose, the losses 
along the transition have been characterized by using 
full-wave analysis. The results of the full-wave analyses 
have shown important characteristics of the losses in the 
transition that are beneficial in the design of SIW. The 
linear transition, which is the simplest design, is quite 
effective for the length of 10 mm onwards for Ka-bands. 
The results from the full-wave analysis have conclusively 
shown that the length of the taper can be used to 
control the transition losses. This paper contributes to 
the existing research in air-filled SIW transition design 
whereby under the right geometry of the transition 
structure, the transition length can be minimized to 
achieve miniaturization while maintaining the optimum 
quality of signal transmission. The contribution of the 
findings is to develop a compact design of the wearable 
microwave device with better performance compared to 
the conventional waveguide.
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