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ABSTRACT: This paper presents a novel compact, broadband, and low-loss slow-wave folded substrate integrated waveguide (SW-FSIW)
structure, achieved by integrating grounded patches into a conventional FSIW configuration. The slow-wave effect is generated through
enhanced capacitive coupling between the grounded patches and the signal trace grid patterned on the FSIW’s middle metal layer. Com-
pared to a conventional SIW with the same cutoff frequency, the SW-FSIW achieves a 66% reduction in lateral dimension and a 37%
reduction in longitudinal dimension, resulting in a total area reduction of 78.6%. The design exhibits superior performance to state-of-
the-art slow-wave SIWs in lateral size reduction, fractional bandwidth (92%), and attenuation constant. Experimental validation shows
excellent agreement between measurements and simulations for a fabricated prototype operating across the 4.07-11 GHz frequency range,
confirming the structure’s strong potential for applications in compact microwave systems, 5G/6G front-ends, and satellite communica-

tions.

1. INTRODUCTION

Substrate integrated waveguide (SIW) [1, 2] has been widely
used in microwave circuits and systems, due to its advan-
tages of low loss, low cost, planar integration, high power ca-
pacity, and robust electromagnetic (EM) shielding. Despite
these advantages, conventional SIWs face inherent limitations
in compactness due to their high-pass characteristics, particu-
larly in low-frequency applications (< 10 GHz). Recent ad-
vances in SIW miniaturization have primarily focused on struc-
tural modifications, including folded SIW (FSIW) configura-
tions [3,4], half-mode SIW (HMSIW) implementations [5—
7], and ridged SIW (RSIW) designs [8—11]. While these ap-
proaches successfully reduce lateral dimensions, they fail to ad-
dress the critical need for longitudinal size reduction, ultimately
limiting their effectiveness in space-constrained applications.
Recently, the introduction of slow-wave (SW) techniques
has opened new possibilities for comprehensive SIW minia-
turization. Pioneering work employing metallized blind via-
hole arrays [ 12] demonstrated 40% reduction in both lateral and
longitudinal dimensions. Subsequent developments, includ-
ing multi-antipodal via-holes with distributed metal strips [13],
improved it to 55% lateral and 50% longitudinal reduction,
while alternative designs combining via-holes with shorted
patches [14] achieved 53% lateral and 73% longitudinal re-
duction. However, these approaches share significant draw-
backs including complex fabrication processes and elevated
production costs associated with metallized blind via-hole im-
plementation. Alternatively, single-layer SW-SIWs have been

* Corresponding author: Liang Li (liliang@zjvtit.edu.cn).

doi:10.2528/PIERM25040701

13

developed using microstrip polylines [15] or lumped induc-
tors [16]. These methods leverage increased effective perme-
ability/permittivity to achieve ~ 40% size reduction. In addi-
tion, slow-wave HMSIW (SW-HMSIW) variants [17-19] have
been proposed, but their semi-open structures compromise EM
shielding and introduce undesirable radiation losses.

In this work, we propose a novel compact, broadband, and
low-loss SW-FSIW structure. The proposed design incorpo-
rates grounded patches within a conventional FSIW configura-
tion, where the slow-wave effect is achieved through enhanced
capacitive coupling between these patches and the signal trace
grid on the middle metal layer. The proposed structure is in-
spired by the SW-HMSIW design reported in [20], which uti-
lizes a mushroom-like structure for miniaturization.

Compared to state-of-the-art slow-wave SIW implementa-
tions, the SW-FSIW demonstrates three key advancements:
it achieves the most significant lateral size reduction to date
(66%), maintains the widest fractional bandwidth (92%) while
exhibiting the lowest attenuation characteristics, and does so at
a moderate fabrication cost that avoids the complexities associ-
ated with metallized blind via-holes. The effectiveness of this
approach is validated through both simulation and experimen-
tal measurements of a fabricated prototype operating across the
4.07-11 GHz frequency range, with results showing excellent
agreement between theoretical predictions and practical perfor-
mance.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the operational principles and design methodol-
ogy. Section 3 provides simulation and measurement results,
and Section 4 concludes the paper.
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FIGURE 1. Configuration of the proposed SW-FSIW. (a) 3-D view. (b) Unit length.
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FIGURE 2. Top view of the EM field distributions of the SW-FSIW at 5 GHz. (a) Electric field. (b) Magnetic field.

2. DESIGN OF THE SW-FSIW

2.1. Configuration and Electromagnetic Field Analysis

The proposed SW-FSIW configuration is illustrated in Figure 1.
The structure utilizes two layers of Taconic TLY-5 substrate
with dielectric constant €, = 2.2, loss tangent tan § = 0.0009,
and thickness A = 0.508mm. The waveguide’s lateral di-
mension (W) is defined by two rows of metallized via-holes
connecting the top and bottom ground planes. The diameter
of the metallized via-holes is d;, and the pitch between two
adjacent via-holes is p. The critical gap width g between the
middle metal layer and via-hole wall follows the theoretical
formulation established in [3]. Each periodic unit of the SW-
FSIW, shown in Figure 1(b), incorporates three innovative ring-
mushroom elements. These elements consist of square patches
(width wq) on the middle metal layer, vertically interconnected
to both ground planes through metalized via-holes. Each patch
is concentrically surrounded by a square slot (width s) and an
outer metal grid. The square slots serve as distributed capac-
itors between grounded patches and the metal grid, enhancing
the shunt capacitance of the FSIW without significantly affect-
ing the series inductance. As a result, the effective permittiv-
ity (g,¢p) is increased while the effective permeability is un-
changed.
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The cutoff frequency of the SW-FSIW is given by [12]:

f Co Er f

_SW-FSIW — = _FSIW

¢ 4WF_eff\/ Er_eff Ereff ‘ ’
)

where ¢ is the speed of light in free space, and Wr_¢s is the
effective width of the FSIW.

The phase velocity (v,,) of the SW-FSIW can be expressed
as:

vp = = 2)
\/5r_eff(1 _ ( c_SW];FSIW )2)
Then, the guided wavelength () is calculated by
Ag = vp/ f 3)

Equations (1)—(3) demonstrate that the cutoff frequency, phase
velocity, and guided wavelength are reduced with the increase
of effective permittivity (¢,_¢). This results in the desired slow-
wave effect.

Full-wave simulations conducted in Ansys HFSS reveal the
distinctive electromagnetic field distribution at 5 GHz (Fig-
ures 2-3). The electric field shows strong concentration within
the square slots, such concentration indicates a substantial en-
hancement of the shunt capacitance. On the other hand, the
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FIGURE 3. Cross-section view of the EM field distributions of the SW-FSIW at 5 GHz. (a) Electric field. (b) Magnetic field. (c) Cross-sectional

position.
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FIGURE 4. (a) Simulated phase constant and (b) normalized phase velocity of the SW-FSIW and FSIW with the same lateral width.
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FIGURE 5. Simulated normalized group velocity of the SW-FSIW.

magnetic field distributes throughout the whole volume. This
spatial separation of electric and magnetic fields characterizes
effective slow-wave propagation.

Comparative analysis of dispersion characteristics (Fig-
ure 4) demonstrates the SW-FSIW’s superior performance.
The structure achieves a 3.56 GHz cutoff frequency compared
to 5.22 GHz for conventional FSIW, enabling a 32% lateral
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width reduction versus FSIW (equivalent to 66% reduction
compared to standard SIW). Additionally, the normalized
phase velocity (v,/co) decreases to 0.55 at 8 GHz (versus 0.87
for FSIW), corresponding to a 37% longitudinal dimension
reduction. Collectively, these improvements yield a remark-
able 78.6% total area reduction compared to conventional SIW
implementations. Figure 4 also demonstrates that the SW-
FSIW achieves a significantly wider single-mode operation
bandwidth (3.56-10.41 GHz, 98.1%) than the conventional
FSIW (5.22-10.41 GHz, 66.4%). This performance advantage
stems from their distinct higher-order mode characteristics:
the SW-FSIW’s first higher-order mode is the folded TE30
mode, while the FSIW exhibits a folded TE20 mode as its first
higher-order mode. Figure 5 demonstrates that the proposed
SW-FSIW achieves a reduced group velocity (vg ~ 0.4c) from
4 to 11 GHz, confirming its effective slow-wave operation.
Furthermore, the flat group velocity across 6—11 GHz confirms
the low-dispersion characteristics of the proposed structure.

2.2. Parametric Analysis

Figure 6 presents the phase constant and phase velocity char-
acteristics of the SW-FSIW structure versus the number of ele-
ments. Both cutoff frequency and phase velocity exhibit an in-
verse relationship with the number of elements. A notable per-
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FIGURE 6. (a) Simulated phase constant and (b) normalized phase velocity of the SW-FSIW versus the number of elements.
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FIGURE 7. Simulated phase constant of the SW-FSIW with different values of (a) w1 and (b) s.

formance shift occurs between 2-element and 3-element con-
figurations, while the transition to 4 elements yields diminish-
ing returns. Based on these observations and accounting for the
trade-off between performance gains and structural complexity,
3-element configuration was adopted as a compromise between
electrical performance and practical implementation.

The equivalent permittivity of the SW-FSIW structure ex-
hibits strong dependence on two key geometric parameters: the
grounded patch width (w;) and slot width (s). To systemati-
cally investigate their influence on waveguide performance, we
conducted a comprehensive parametric study while maintain-
ing other dimensions constant (h = 0.508 mm, s = 0.2mm,
wy = 2.4mm, g = 0.2mm, W = 10 mm, and dy = 0.4 mm).

Figure 7 presents the relationship between these parameters
and the cutoff frequency. The simulation results demonstrate
an inverse correlation between cutoff frequency and both patch
width and slot width — the cutoff frequency decreases as w;
increases or s decreases. This trend becomes physically intu-
itive when considering the underlying capacitance mechanism:
wider patches provide greater surface area for charge accumu-
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lation, while narrower slots enhance electric field concentration
between adjacent metal features, both contributing to increased
distributed capacitance. An identical parametric dependence
emerges in the normalized phase velocity characteristics shown
in Figure 8. The phase velocity decreases proportionally with
increasing wy or decreasing s, confirming the consistent en-
hancement of slow-wave effects through these geometric modi-
fications. This dual-parameter sensitivity provides valuable de-
sign flexibility, as the cutoff frequency and phase velocity can
be independently tuned by appropriate adjustment of patch and
slot dimensions.

From an application perspective, these parametric relation-
ships enable precise control over both lateral and longitu-
dinal waveguide dimensions. The reduction in cutoff fre-
quency permits decreased lateral width while maintaining op-
erational bandwidth, and the lowered phase velocity allows
proportional reduction in longitudinal dimensions. This dual-
dimensional scaling capability is particularly valuable for com-
pact microwave system design, where simultaneous optimiza-
tion of both planar dimensions is often required.
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FIGURE 8. Simulated normalized phase velocity of the SW-FSIW with different values of (a) w; and (b) s.
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FIGURE 10. (a) Microstrip-to-stripline transition. (b) Stripline-to-SW-FSIW transmission.
TABLE 1. Dimensions of the fabricated SW-FSIW (Unit: mm). 3. EXPERIMENTAL RESULTS
Experimental validation was performed on fabricated pro-
w d i | wr | di 12 totypes of the proposed SW-FSIW structure with lengths
10 | 04 8 | 2405|155 of 36 mm and 72mm. The measurement setup incorpo-
g | w2 | ws | a | s D rate.d a custom-ds:signed n}icrostrip-to-S'W-FSIW tran;itiop,
02 1075 | 1451 3 | 02 1 optimized to achieve maximum bandwidth while maintain

return loss better than 20dB. As shown in Figure 9, this
transition combines a microstrip-to-stripline section following
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TABLE 2. Comparison with other SW-SIWs.
Lateral Longitudinal Area Fractional Attenuation Processing | No. of
Ref. Type . . . . Constant
Reduction* Reduction Reduction | Bandwidth** Cost Layers
(dB/mm)
[12] .SIW_ with 40% 40% 64% 71.4% 0.03 High 2
blind via-holes
SIW with
[13] antipodal 55% 50% 77.5% 21.6% 0.017 High 3
blind via-holes
SIW with
[14] blind via-holes 53% 75% 88.2% 90.2% 0.01 High 2
and patches
SIW with
[15] microstrip 40% 40% 64% 73.9% 0.02 Low 1
polylines
SIW with
[16] lumped 35% 35% 57.8% 66.7% N/A Medium 1
inductors
FSIW with
This through 66% 37% 78.6% >92% 0.008 Medium 2
Work via-holes
and patches

*Compared with SIW with the same cutoff frequency. **Defined by |S11| < —10dB.

FIGURE 11. Photograph of the fabricated SW-FSIWs.

established design principles [21] with an optimized stripline-
to-waveguide interface (Figures 10(a) and (b)). All transition
components were carefully dimensioned to maintain 50-)
impedance matching, with the microstrip (w4) and stripline
(w2) widths determined through parametric optimization. The
complete set of final dimensions is provided in Table 1.

The fabricated devices (Figure 11) were manufactured us-
ing standard printed circuit board (PCB) processing techniques,
with the two substrate layers aligned and secured using pre-
cision mechanical fasteners. Characterization measurements
conducted with an Agilent PNA E8363C vector network an-
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FIGURE 12. Simulated and measured S-parameters of the 72-mm-long
SW-FIW with transitions.

alyzer revealed good correlation with simulation predictions,
despite some expected variations. Figure 12 shows the simu-
lated and measured results of the 72-mm-long SW-FSIW with
microstrip-to-SW-FSIW transitions. The measured cutoff fre-
quency of the SW-FSIW is 3.8 GHz, which is a little lower than
the simulation. The measured return loss is better than 10 dB
from 4.07 to 11 GHz, with a fractional bandwidth of 92%. The
measured insertion loss of the SW-FSIW is lower than 1.1 dB,
including the microstrip-to-SW-FSIW transitions. The slight
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FIGURE 13. Simulated and measured attenuation constants of the SW-
FSIW.

difference between the simulated and measured results may be
caused by fabrication tolerance, the air gap between two sub-
strate layers, and the permittivity fluctuation of the substrates.
The intrinsic attenuation characteristics of the SW-FSIW itself,
extracted using the methodology from [22], demonstrated an
exceptionally low loss of 0.008 dB/mm (Figure 13). This per-
formance, combined with the measured 66% lateral size reduc-
tion relative to conventional SIW designs, represents a signifi-
cant advancement in slow-wave waveguide technology.

The comprehensive performance comparison presented in
Table 2 highlights the design’s advantages over existing ap-
proaches, particularly in achieving simultaneously wide band-
width (> 92%), low loss (0.008 dB/mm), and substantial minia-
turization while maintaining practical fabrication requirements.

4. CONCLUSION

This paper proposes a novel slow-wave FSIW structure using
ring-mushroom units, achieving 66% lateral size reduction and
37% phase velocity decrease versus conventional SIW. The de-
sign demonstrates superior performance with 92% bandwidth
and 0.008 dB/mm loss while maintaining moderate fabrication
cost. These advantages make it promising for developing com-
pact microwave components in future work.
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