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ABSTRACT A slow-wave half-mode substrate integrated waveguide with a spoof surface plasmon polariton
(SW-HMSIW-SSPP) transmission line structure is proposed, analyzed, and demonstrated. Results show
longitudinal and lateral size reductions of more than 80% and 73%, respectively, as compared with an
equivalent SIW at the same cutoff frequency while maintaining a low attenuation constant of 0.02 dB/mm.
By altering the geometric parameters of the SW-HMSIW-SSPP the dispersion curve can be tailored. The
dispersion and electromagnetic (EM) field distribution characteristics of the proposed SW-HMSIW-SSPP
unit cell and overall structure are analyzed by HFSS simulations and an equivalent circuit, and pertinent
performance parameters are compared to those of SW-HMSIW and HMSIW-SSPP structures. A proof-of-
concept PCB SW-HMSIW-SSPP sample was fabricated, and measurement results showing a band-pass of
4.8-11.5 GHz are found consistent with simulation results. The SW-HMSIW-SSPP structure has applications
in the design of miniaturized microwave circuits.

INDEX TERMS Metallized blind via-holes, miniaturization, slow-wave effect, spoof surface plasmon
polaritons, substrate integrated waveguide.

I. INTRODUCTION

Large-scale application of 5th generation (5G) mobile
network communication featuring high frequency and high
speed has increased demands for miniaturization of planar
circuits employed in microwave and RF systems, requiring
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approving it for publication was Nagendra Prasad Pathak.

circuits to have low profile, be lightweight, and able to be
fabricated at low cost [1]. Traditional planar transmission
lines, such as microstrips [2] and coplanar waveguides [3],
have advantages of small size, planar geometry [4], low
cost [5], [6] and applicability in a wide range of scenar-
ios. However, such planar transmission lines are semi-open
electromagnetic field structures, and thus a source of electro-
magnetic radiation and leakage that can cause signal integrity
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problems such as delay, attenuation, and crosstalk; problems
that increases in severity at increasing operating frequencies.
For these reasons, substrate integrated waveguides (SIW)
[7], [8] are of interest as they can overcome the issues of
electromagnetic leakage and signal integrity of semi-open
planar transmission lines while retaining their merits. An SIW
is formed on a low-loss dielectric substrate covered with
metal layers, using two rows of metallized vias that act as the
equivalents of the sidewalls of traditional rectangular metal
waveguides. As a result, SIWs exhibit the same advantages as
those of metal waveguides, i.e., low loss, high Q value, high
power capacity, and electromagnetic shielding. However,
to ensure effective operation, the width of an SIW structure is
designed to be a quarter of the wavelength corresponding to
the lowest frequency. The resulting large circuit area of SIWs
restricts their use in compact microwave systems at low RF
frequencies [9], [10], [11].

Several approaches to develop more compact SIW circuits
have been reported. A ridge SIW proposed in [12] achieved
a 40% reduction in width compared to a conventional STW
by loading a central row of partial-height metal posts con-
nected at their bottom by a metal. In [13], a half-mode SIW
(HMSIW) bisects the SIW along a fictitious quasi-magnetic
wall, which reduced the width by 50%. A folded SIW intro-
duced in [14], which folds the SIW along the E-plane, was
able to reduce the width by half. These approaches however
only address size reduction in the lateral dimension of the
waveguide.

Reduction of the transverse SIW dimension is not strictly
a size reduction from the point-of-view of component
footprint; from that perspective, size reduction in the lon-
gitudinal dimension along the direction of wave trans-
mission is of importance to consider. For this purpose,
Niembro-Martin et al. proposed the concept of slow-wave
(SW) SIWs [15] in which the electric field strength is greatly
enhanced without disturbing the magnetic field by loading
arrays of metallized blind via-holes inside the SIW. Due
to these, the effective permittivity is increased while the
effective permeability remains unchanged. Both the cutoff
frequency and phase velocity were reduced by 40%, resulting
in a reduction of both lateral and longitudinal dimensions.
In [16], a slow-wave HMSIW (SW-HMSIW) was proposed,
which is achieved by combining a SW-SIW with a HMSIW,
which reduced the waveguide width by nearly half com-
pared with the SW-SIW. An slow-wave structure can also
be realized by modifying the top metal layer with a periodic
microstrip polyline [17] or by using lumped inductors [18].
The SW-SIW introduced in [19] reduced the size of an
equivalent SIW by more than 40% in both lateral and longi-
tudinal dimensions by using enhanced capacitance between
the signal trace grid and periodic grounded patches on the
same top layer. The enhanced SW-SIW in [20] incorporated
multi-antipodal metalized blind via-holes and distributed
metal strips longitudinally connecting the bottom of upper
posts. This SIW-based topology achieved a lateral dimension
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reduction of 55.5% and a longitudinal dimension reduction of
more than 50% with reference to the conventional SIW with
the same lateral size. The SW-SIW in [21] loaded patches that
are shorted to the SIW bottom plane by blind via-holes, which
simultaneously increased the effective permeability and per-
mittivity resulting in a decrease of the lateral dimension and
longitudinal length by 53% and 73%, respectively.

A surface plasmon polariton (SPP) is a unique surface
electromagnetic wave that propagates along a metal-air or
metal-dielectric interface at optical frequencies [22], which
confines light to the interface at a subwavelength scale.
Howeyver, in the terahertz and microwave bands, metals are
regarded as perfect electric conductors and lack the ability
to confine electromagnetic fields. Spoof Surface Plasmon
Polariton (SSPP) structures, achieved by etching artificial
periodic structures, such as a 1-D metal grating or a 2-D metal
array, have been proposed to achieve spatial confinement and
slow-wave features of SPPs in the microwave spectrum [23],
[24], [25], [26]. A prominent advantage of SSPPs is that
the dispersion characteristics and spatial confinement can
be controlled simply by geometrical means and the lon-
gitudinal reduction ability of SSPP structures make them
suitable for miniaturization of SIWs. A HMSIW combined
with an SSPP structure by etching subwavelength corrugated
grooves on the top metal layer of an HMSIW was proposed
in [27]. In [28], the slow-wave effect was enhanced in an
HMSIW-SSPP by connecting the subwavelength corrugated
grooves of the top layer with 1-D periodic patches at the
bottom layer through center metalized via-holes. A ridged
HMSIW (RHMSIW) combined with SSPP, which reduced
the longitudinal size by over 50% and the lateral width by
70% as compared to a conventional SIW, was reported in [29].
Motivated by the ability to reduce size by using SSPP struc-
tures, devices such as on-chip bandpass filter (BPF) [30] and
diplexer [31] based on SSPP structures have been designed
and investigated.

However, approaches to miniaturization reported to date
have not been able to achieve significant simultaneous size
reduction of the longitudinal and the transverse dimensions.
We note that SW-SIW and SSPP structures can be utilized
to obtain significant SIW lateral and longitudinal size reduc-
tions, however no study on whether these two methods can
be effectively combined to obtain a more compact SIW have
been reported and there is still a general lack of studies on
the characteristics of the combination of these two meth-
ods in the literature. This paper’s aim is to do so and we
propose and investigate a slow-wave half-mode substrate
integrated waveguide with spoof surface plasmon polaritons
(SW-HMSIW-SSPP). The SW-HMSIW-SSPP combines the
convenience of an SW-HMSIW for integration with other
slow-wave structures and the ability of SSPPs to tailor dis-
persion by adjustment of geometric parameters, enabling
significant miniaturization in both longitudinal and lateral
directions. An SW-HMSIW with an array of metallized
blind via-holes inside the HMSIW increases the effective
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permittivity, which reduces the cutoff frequency and phase
velocity. An SSPP structure with subwavelength corrugated
grooves is etched on the top layer of the SW-HMSIW, which
enables flexible design control of slow-wave features by
changing the depth of the subwavelength corrugated grooves
while at the same time minimizing the longitudinal size.
Compared to a conventional SIW with the same electrical
length, the longitudinal and lateral dimensions are reduced by
80% and 73%, respectively, with the same cutoff frequency.
This represents the most significant SIW size reduction
reported in the literature to date. A prototype of the proposed
SW-HMSIW-SSPP is manufactured and measurement results
are found to agree well with the simulations.

The paper is organized as follows: Section II describes the
SW-HMSIW and HMSIW-SSPP topologies, as well as the
proposed SW-HMSIW-SSPP topology along with its propa-
gation properties; EM simulations and a theoretical derivation
describing the SW effect are presented. Section III analyzes
the slow-wave effect of the SW-HMSIW-SSPP from the per-
spective of an equivalent circuit. Section IV discusses taper
transitions that are designed and optimized to match the SW-
HMSIW-SSPP structure with microstrip feeder lines for the
purpose of measurements, and measurement and simulation
results are presented and compared to validate the concept.
The paper ends with conclusions in Section V.

Il. SLOW WAVE EFFECT ENHANCEMENT

A. SW-HMSIW AND HMSIW-SSPP TOPOLOGIES

Fig. 1 schematically depicts the SW-HMSIW used in our
design. The full structure consists of two substrate layers
(indicated as Top sub and Bottom sub) and three metal layers
(Top metal, Mid metal, and Bottom metal). The thicknesses
of the top and bottom substrates are #; = 0.23 mm and hy =
0.76 mm, respectively, and the width of the SW-HMSIW, W,
is set to be 6.7 mm. Lateral via-holes on one side connect the
top and the bottom metal layers, acting as a perfect electrical
wall in the same manner as in an HMSIW [13]. The lateral
width of an HMSIW is decreased by 50% compared with a
conventional SIW [15], and the SW-HMSIW can be similarly
reduced in size. Considering process capacity and to meet
waveguide structure design standards, the period p; and the
diameter d; of the lateral via-holes are chosen to be 1.0 and
0.5 mm. The six rows of internal metallized blind vias-holes
connected to the bottom metal have diameters d, and sep-
aration distance p;, the latter being the key parameter for
the slow-wave effect and which we will analyze and discuss
in a separate section below. All blind via-holes are covered
with copper lands with diameters d3. The metallized blind
via-holes and lateral via-holes are periodically distributed
along the longitudinal direction with the period pj.

The purpose of loading arrays of metallized blind via-holes
inside the HMSIW is to concentrate the electric field in the
top substrate layer and to increase the capacitance effect.
An increased effective permittivity leads to a reduction of
the cutoff frequency and the phase velocity, generating the
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FIGURE 1. Schematic view of the SW-HMSIW [16]. (a) 3-D view. (b) Lateral
cross section of the SW-HMSIW.
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FIGURE 2. Configurations of HMSIW-SSPP [27].
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FIGURE 3. Comparison of dispersion diagrams of HMSIW, SW-HMSIW,
HMSIW-SSPP, and SSPP structures.

slow-wave effect. The design rules for the SW-HMSIW are
similar to those of an SW-SIW [15]:

& =¢ ho_ g1 -1+ h2) )
r_eff = ¢rl hl =£<&r1 hl
. “ )
SW-HMSIW — ———  ———
- 4. Ws - [Er_eff

where ¢, is the relative dielectric constant of the top
substrate.

To explore the achievable longitudinal size reduction
we consider, the planar SSPP structure shown in Fig.2 is
analyzed. The structure of the SSPP, which have periodic
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TABLE 1. Electric and magnetic field distributions in HMSIW, SW-HMSIW, and HMSIW-SSPP at 10 GHz.
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FIGURE 4. Simulated normalized phase velocity versus frequency for the
SIW, HMSIW, HMSIW-SSPP, and SW-HMSIW having the same lateral
widths.

subwavelength corrugation, is etched on an HMSIW struc-
ture fabricated on a single-layered substrate with thickness
0.99 mm. The width is W, and the period, width, and depth
of the SSPP subwavelength corrugated grooves are py, a, and
1, respectively. The dispersion relation of this idealized SSPP
can be expressed as [29]:

2
B = ko\/l + % tan’(ko - 1) 3)
D1
where B is the propagation constant and kg = w/c.
Although a planar SSPP is different from a true ideal
SSPP [32], the planar periodic corrugation has similar char-
acteristics and is able to support and propagate an slow-wave
mode.
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We compare the slow-wave effect in a range of waveguide
transmission line structures by analyzing their dispersion
characteristics using the eigenmode analysis tool Ansys
HFESS. Analyzed structures are an HMSIW, an SW-HMSIW,
an HMSIW-SSPP, and a SSPP, all having identical periodic
unit cell parameters (see Fig. 3). Arranging multiple unit cells
in succession along the y-axis creates a full transmission line
structure akin to that shown in Fig. 2. The model assumes
substrates with relative dielectric constant &, = 2.2 and dielec-
tric loss tangent tan § = 0.0009. The simulated dispersion
diagrams are depicted in Fig. 3. We find the dispersion curve
of the HMSIW on the left side of the light line indicating
that it supports fast waves. The dispersion curve of the SSPP
structure is on the right side of the light line, indicating that it
supports a pure slow-wave fundamental mode. We note that
the dispersion curve of the HMSIW-SSPP structure starts at
the lowest cutoff frequency, which is identified as the lowest
cutoff frequency of the HMSIW, after which it intersects
the light line, deviates from the light line approaching the
dispersion curve of the SSPP, and finally reaches the upper
cutoff frequency in keeping with (3). We can therefore con-
clude that the slow-wave effect can be obtained by etching a
subwavelength corrugation on the HMSIW structure.

Analogously, the dispersion curve of the SW-HMSIW
structure starts at the lowest cutoff frequency, indicating that
it supports fast waves in this frequency range. After the
dispersion curve intersects the light line, it gradually moves
away from the light line as the frequency increases until
reaching an upper cutoff frequency, i.e., it supports slow
waves in the frequency range from the light line intersection
point to the intersection point of the upper cutoff frequency.
The lower cutoff frequency of the SW-HMSIW is lower
than that of the HMSIW-SSPP, and thus a larger lateral size
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reduction can be achieved with the SW-HMSIW. The larger
the deviation of the dispersion curve from the light line with
increasing frequency, the more pronounced the attenuation of
the phase velocity. As can be seen in Fig. 3, the dispersion
curve of the HMSIW-SSPP deviates from the light line more
sharply than that of the SW-HMSIW, indicating that the phase
velocity attenuation of the HMSIW-SSPP is more evident
with increasing of frequency.

To gain a better understanding of the slow-wave features
of the structures, we compare the electric (E-) field and
magnetic (H-) field distributions of the SW-HMSIW and
HMSIW-SSPP with those in the conventional HMSIW.

Rows 1 and 2 of TABLE 1 show the magnitude distri-
butions of the E-field at 10 GHz inside the HMSIW and
the SW-HMSIW, both having the same lateral and longitu-
dinal dimensions. Looking at the cross-sectional view of the
E-field, we can see that the E-field distribution of the HMSIW
is uniform, while the E-field distribution of the SW-HMSIW
is non-uniform and concentrated between the blind via-holes
and the upper ground plane, which is due to the loading of
the metallized blind via-holes. From the cross-sectional views
of the H-field, we find that the H-field distributions of the
HMSIW and SW-HMSIW are both uniform along the z-axis.
The effective spatial separation of electric and magnetic fields
is a characteristic phenomenon of SW transmission lines.
We can observe that the wavelength of the SW-HMSIW
structure is significantly reduced in comparison with that of
the HMSIW. A reduction of more than 50% can be achieved
in the longitudinal direction at 10 GHz.

Comparing the simulated E-field and H-field magnitude
distributions of the HMSIW-SSPP structure, shown in Row
3 of TABLE 1 with those of the HMSIW structure we find
that, in the cross-sectional view, the E-fields are uniform and
mainly concentrated at the open side with a quasi-magnetic
wall. The strongest point of the H-field for the HMSIW-SSPP
structure is located at the edge of subwavelength corrugated
grooves far from the open side, whereas the HMSIW’s H-field
is uniform. The HMSIW-SSPP structure also shows the sep-
aration of electric and magnetic fields typical for slow-wave
transmission lines. By comparing of the wavelengths of the
HMSIW-SSPP and the HMSIW, we find that a size reduction
of more than 40% as compared to the HMSIW is possible for
the HMSIW-SSPP structure.

Thus, we find the SW-HMSIW structure to be preferable
to the HMSIW-SSPP structure from the point-of-view of
achievable longitudinal size reduction at 10 GHz.

At constant frequency wavelength is proportional to the
wave speed and hence the rate of change of the phase velocity
is equal to the rate of change of the longitudinal length
required to propagate the same amount of wave. To quan-
titatively analyze the possible longitudinal size reduction,
we define a normalized phase velocity as the ratio between
the phase velocity (v,) and the light velocity (cp), where the
phase velocity is

w
— @)
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Normalized phase velocity of the SW-HMSIW,
HMSIW-SSPP, and HMSIW structures having the same
lateral dimensions are plotted in Fig. 4, and we find the cutoff
frequencies to be 4.5, 7.1, and 15.8 GHz, respectively. Hence,
the transverse size of the SW-HMSIW structure is reduced by
about 37% compared with that of the HMSIW structure and
71.5% as compared to the SIW with the same lateral width.
The phase velocities at 10 GHz of the HMSIW-SSPP and
SW-HMSIW structures are reduced by 42% and 54% relative
to the HMSIW structure, respectively.

B. COMPARISON OF HMSIW-SSPP WITH SW-HMSIW IN
THE SLOW-WAVE FREQUENCY BAND
Here we analyze and compare the slow-wave effect in the
SW-HMSIW and HMSIW-SSPP theoretically. Areas shaded
in light blue in Fig. 4 represent the slow-wave region below
the light line, i.e., the region where the transmission lines only
support slow waves. To compare the normalized phase veloc-
ities of the SW-HMSIW and HMSIW-SSPP we calculate the
cut-off frequency point and the phase velocity minimum.
Considering only the primary mode, TEjg, for a
single-layer substrate SIW, we can express the following

relations:
2 i 2
Bio = (| @~ ogourEr — ®)
Weff _SIW
Vp10 = — =
"= Buo 5 . \2
WUOEQMUrEF — (W)
co
folo0=7———7— @)
“ 2Wefr_SIWA/MrEr
Weff_SIW = 2 * Weff_HMSIW
QW) — 1.08 d12+01 di (8)
= —1.08 x - +0.1 x
’ pi 2Ws)

The light line, i.e., the dividing line between fast and slow
waves, is expressed in the v,-f diagram (see Fig. 4) as:

Vp_10 1
co e
The effective relative permittivity of the HMSIW loaded

with metallized blind via-holes, is defined in the litera-
ture [15] as:

©))

h
Sr_eff = 1 - (1 + —2) (10)
hy
Substituting (10) into (6)(7) yields:
w
Vp 10 = (11)
2 _  \?
W UOEOMUrEr_eff WefF SIW
co
fe0 = (12)
“ 2Wer_SIW A/ HrEr_eff

In this case, the minimum value of the dispersion curve
for the SW-HMSIW in the slow-wave region can be
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approximated to be:

|:Vp_10 :| . 1

= (13)
€0 Imin N Er_eff Mr

From the literature [27] it is furthermore known that the
cut-off frequency of the HMSIW with SSPP is equal to the
cut-off frequency of the HMSIW. The principle of SSPP can
be understood in terms of the dispersion relation of an ideal

SSPP, for which the phase velocity is:
Vp_SSPP = 0 (14)

1 + > tan? ( (f )

Clearly, pSSPP S5 s minimized for ‘% - Z 4+ knk =

0,1,2---). If k= 0, then w has physical significance, being:
o

= — 15

N (15)

Therefore, the minimum value of the HMSIW-SSPP dis-
persion curve in the slow wave region will approach 0 but not
equal to 0 due to the presence of substrate loss.

From the above derivation it follows that the normalized
phase velocity curves of the two loaded metallized blind
via-holes (SW-HMSIW and HMSIW) and the loaded SSPP
display monotonic decrease and that the following holds true:

co
Je_sw-HMSIW =
“ 2Weﬁ‘_SIW«/ MrEr_eff
co
<feRMSIW = ————————
- 2Weﬁ‘_SIW ~Hrér
= f._HMSIW-SSPP (16)

and
\% v
€0 Jmin_SW-HMSIW €0 {min_HMSIW-SSPP

Therefore, there must exist a frequency point fswg, such

Vp_SW-HMSIW Vp_HMSIW-SSPP
P N
v | _ [ s |

We can thus summarize the circuit design advantages
and disadvantages of transverse capacitive loading and
longitudinal inductive loading:

1. Metallized blind via-hole arrays have a large effect on
the cut-off frequency. For frequencies below the frequency
point fswgy, the effect of metallized blind via-hole arrays on
the phase velocity reduction is larger compared that for SSPP
loading. The equivalent capacitive slow-wave effect requires
larger size to accommodate a large periodic array of blind
via-holes, and as the slow-wave effect is larger than for SSPP
at low frequencies, metallized blind via-hole array loading is
suitable for low frequency microwave circuits.

2. For frequencies above the frequency point fswg,, the
phase velocity reduction is larger for SSPP compared to
metallized blind via-hole array loading. SSPP has a simple
structure, a larger tolerance to fabrication defects, and a larger
slow-wave effect at high frequencies, which makes it suitable
for high frequency microwave circuits.
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FIGURE 5. Schematic view of the SW-HMSIW-SSPP structure.
(a) Expanded 3-D view. (b) Top view. (c) Transversal cross section. (d) One
unit cell.

We can thus conclude that the combination of the two types
of loading could significantly improve the slow wave effect,
which we will analyze in further detail in Section III.

C. SW-HMSIW-SSPP TOPOLOGY AND PROPAGATION
PROPERTIES

The SW-HMSIW-SSPP structure proposed in this paper,
depicted in Fig. 5, further improves SIW miniaturization
by combining metallized blind via-hole arrays and an SSPP
structure. The SW-HMSIW-SSPP unit cell consists of an
SW-HMSIW with six blind via-holes at the bottom substrate
and an SSPP structure etched on the top metal layer of the
SW-HMSIW structure. Note that the subwavelength groove
is located between the two rows of via-holes along the x direc-
tion. The full periodic structure is based on two SYTECH
GF220 substrates, which have a relative dielectric constant
&r = 2.2 and dielectric loss tangent tan § = 0.0009. Structural
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parameters are consistent with the SW-HMSIW and HMSIW-
SSPP structures discussed above.

35

1 Fast wave region
30
—=— HMSIW

—&— HMSIW-SSPP

—A— SW-HMSIW

—¥— SW-HMSIW-SSPP

—&— SSPP based on blind via-holes
- - -Light line

25 ’

20 A
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Br/n

FIGURE 6. Dispersion diagrams comparison of the HMSIW, proposed
SW-HMSIW-SSPP structure, and blind via-holes SSPP.

To gain an intuitive understanding of the slow-wave effect
in the SW-HMSIW-SSPP structure, consider the simulated
dispersion characteristics shown in Fig. 6. The dispersion
curve of the SW-HMSIW-SSPP structure starts from the cut-
off frequency of the SW-HMSIW, intersects the light line, and
converges to that of the blind via-hole SSPP as the frequency
increases until an upper cutoff frequency. This implies that the
SW-HMSIW-SSPP structure propagates a fast-wave mode
at low frequencies while it propagates a slow-wave mode
at high frequencies. Furthermore, the dispersion curve of
the SW-HMSIW-SSPP is down-shifted compared with the
HMSIW-SSPP, which is due to the fact that etching an SSPP
on an SW-HMSIW is equivalent to improving the relative
dielectric constant of the whole substrate.

The magnitudes of the E- and H-fields of the SW-HMSIW-
SSPP structure are shown in Fig. 7. We can observe that
the E-field is concentrated close to the open side of the
top substrate layer, which indicates an enhancement of the
equivalent shunt capacitance of the transmission line that
increases the effective permittivity. Furthermore, the H-field
is uniform around the metallized vias and the strongest point
is at the edge of the subwavelength corrugated grooves far
from the open side. This enhances the series inductance,
which increases the effective permeability. The effective
separation between the electric and the magnetic fields in
space is, as mentioned, a typical slow-wave phenomenon.
We furthermore find that the longitudinal dimension of
the SW-HMSIW-SSPP is reduced by more than 70% as
compared to the HMSIW of same electric length.

Fig. 8 shows that the cutoff frequency of the SW-HMSIW-
SSPP and the equivalent HMSIW are 4.5 and 7.1 GHz,
respectively. Therefore, the lateral dimension of the SW-
HMSIW-SSPP is decreased by 37% relative to the HMSIW.
The normalized phase velocity of the SW-HMSIW-SSPP
is reduced by 74% compared to the HMSIW, as well
as reduced by 42% and 54% relative the HMSIW-SSPP

VOLUME 12, 2024

E-field Distribution

0 kV/m

=
(c) (d)

FIGURE 7. Electric and magnetic field distributions in the proposed
SW-HMSIW-SSPP at 10 GHz. (a) E-field top view, (b) E-field cross-sectional
view, (c) H-field top view, and (d) H-field cross-sectional view.

H-field Distribution

0A/m

—&—SIW
—e— HMSIW
—¥— SW-HMSIW-SSPP
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74% reduction
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4 8 12 16 20 24

Frequency(GHz)

0.5+

FIGURE 8. Simulated normalized phase velocity versus frequency for the
SIW, HMSIW, and the proposed SW-HMSIW-SSPP structures with the
same lateral width.

and the SW-HMSIW structures (see Fig. 4), respectively.
Thus, the longitudinal length is reduced by 74% compared
with the HMSIW. In summary, the above analysis shows
that the SW-HMSIW-SSPP structure displays an excellent
slow-wave feature based on periodic blind via-holes and the
subwavelength corrugation.

To analyze the relationship between the changes in geom-
etry and the slow-wave effect, the dispersion features for
different geometrical parameters are shown in Fig. 9. Fig. 9(a)
shows the influence of the width of the SSPP structure on
the dispersion, and we note that the propagation constant j is
not strongly dependent on finger width a. An increase of the
finger length / of the SSPP structure yields an increased upper
cutoff frequency, as is seen in Fig. 9(b). Fig. 9(c) shows that
the lower cutoff frequency increases with increasing struc-
ture width Wj, this since the cutoff frequency is inherently
inversely proportional to the HMSIW width. As such, finger
length / and structure width W of the SSPP structure are the
most influential parameters for dispersion curve tailoring.

To explore the effect of the internal metallized via-holes on
the achievable HMSIW size reduction, the cutoff frequency
and normalized phase velocity versus via-diameter are plotted
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FIGURE 9. Simulated dispersion diagrams of the proposed
SW-HMSIW-SSPP structure with different (a) finger width a and (b) finger
length | of the SSPP structure; and (c) structure width of SW-HMSIW-SSPP.
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FIGURE 10. (a) Normalized cutoff frequency and (b) normalized phase
velocity at 10 GHz versus bottom via diameter.

in Fig. 10. Both the cutoff frequency and the normalized
phase velocity decreases with bottom via diameter d» and
number of via-holes n for the two-via-rows and four-via-rows
cases. However, in the six-via-rows case the cutoff frequency
and normalized phase velocity do not decrease but rather
increases when the via-diameter increases beyond 0.5 mm.
This phenomenon can be explained by the H-field behavior:
when the distance p; between the blind via-holes is short for
large blind via-hole diameters, the H-field is susceptible to
interference and hence the H-field will concentrate on the
top substrate layer rather than be uniformly distributed in the
top and bottom substrates flowing around the blind via-holes.
Thus, magnetic flux decreases and capacitance no longer
increases. For this reason, the six-via-rows case with blind
via-hole separation distance p» = 1.0 mm and blind via-holes
diameter d; = 0.5 mm is considered the design optimum for
miniaturization.

Ill. EQUIVALENT CIRCUIT MODEL OF THE PROPOSED
SW-HMSIW-SSPP

In order to do a circuit analysis of the slow-wave effect in the
SW-HMSIW-SSPP, we use the equivalent circuit model of a
periodic unit shown in Fig. 11. The surface current path of
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the top layer of the SSPP can be equated to an inductor, and
the equivalent inductance values L, and Ly can be calculated
from the static electromagnetic field [33]:

L= Moy, 2L L (18)
= ——(In —
“T 2t a+t 2
po(Wsy =10)  2(Ws—=1) 1
L = 1 - 19
y I ) (19

where a, and [ are the width and depth of the SSPP subwave-
length corrugated grooves, and p; and ¢ are the period and
metal layer thickness of the SSPP structure. With an increas-
ing finger width a, the inductance L, will decrease, and with
increasing finger length /, the inductances L, and L, will
increase and decrease, respectively. Because the thickness ¢
of the metal layer is much smaller than the finger width a and
finger length /, the effect of the metal layer thickness ron the
equivalent inductance is negligible. Therefore, the equivalent
inductances Ly, Ly can be controlled by the finger length / and
finger width a of the SSPP structure.

FIGURE 11. Equivalent-circuit model based on SW-HMSIW-SSPP periodic
unit.

There are two types of equivalent capacitances in the pro-
posed model. One, Cy, exists between the two SSPP finger
plates and it can be calculated using EM wave simulation
software. In simple terms, the equivalent capacitance C,
increases as the area of the SSPP finger plate increases and
the distance between the two plates decreases. The second
equivalent capacitance, C, exists between the SSPP finger
plate and ground. Compared to the equivalent capacitance Cy,
the capacitance Cy is relatively small and negligible [34].

Similarly, the capacitance C, can be calculated by EM
simulation software. The equivalent capacitance, C,, can be
roughly modeled using the capacitance calculation equation
for a flat plate capacitor:

&r80A
d
where A denotes the area of the flat plate, and d the distance
between the plates. From (20) it is easy to see that the smaller
the area of the SSPP plate, the smaller the capacitance C;.
As the height of the metallized blind via-holes increases, i.e.,
the distance to the upper metal layer becomes smaller, the
capacitance C; increases, which in turn increases the overall
effective relative permittivity.

C =

(20)
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For the loaded metallized blind via-holes, an inductance
Lyia will inevitably be introduced, which can be expressed
as:

2 2

We can see that the inductance of a metallized blind
via-hole increases with decreasing diameter d; [35], leading
to an increase in the equivalent inductance and effective per-
meability of the SW-HMSIW-SSPP. The metallized via-holes
connecting the upper and lower metal layers can furthermore
be described by an equivalent parallel circuit of parasitic
inductance L, and parasitic capacitance C,, which can be
calculated using [28]:

4h
Lviazﬂ.zt'ln(d—z)—l‘.hz 1)

4h

Ly = 5.08h[In(—") + 1] (22)
1

C, = 1.41¢,h (23)

According to the above analysis, the loaded metallized
blind via-holes introduce an equivalent capacitance C,, which
affects the overall equivalent permittivity; the loaded pla-
nar SSPP introduces equivalent inductances Ly and L,
which, together with equivalent inductance L,;,s introduced
by the metallized blind via-holes, affect the overall equivalent
permeability.

For a miniaturized slow-wave structure, the dissipation of
power during energy transmission needs to be considered.
The primary cause of power dissipation in this structure
can predominantly be attributed to waveguide losses. The
waveguide loss comprises, e.g., conductor loss, dielectric
loss, radiation loss. The total loss resulting from the vari-
ous loss mechanisms in the waveguide can be quantified by
the attenuation constant, o, of the waveguide [36]. Fig. 12
plots the attenuation constants for unit cells of SW-HMSIW,
HMSIW-SSPP and SW-HMSIW-SSPP obtained by simula-
tions (simulation substrate parameters: & = 2.2, ur = 1)
and we found that at 10 GHz these are 0.007 dB/mm,
0.006 dB/mm and 0.015 dB/mm, respectively, all being
within reasonable limits. The reason that the unit cell of SW-
HMSIW-SSPP has largest attenuation constant in is that the
simultaneous use of the SSPP structure and metallized blind
via-holes structure results in a larger electric field concen-
tration between these two structures (see Fig. 7), leading to
increased losses.

Although the attenuation constant of the SW-HMSIW-
SSPP rapidly increases at frequencies above 15 GHz, it is
sufficiently low for today’s 5G requirements in the effec-
tive operating bandwidth of the structure 4.5 - 12 GHz.
Furthermore, the design as presented in this paper is based
on a center frequency of 10 GHz, however it can be made
to work effectively at higher frequencies with global opti-
mization of the whole structure. In order to quantitatively
estimate the equivalent permittivity and permeability, we use
the non-periodic loading unit electromagnetic parameter
extraction method [37], [38]. TABLE 2 summarizes the nor-
malized phase velocity, slow-wave region frequency band,
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FIGURE 12. Simulated attenuation constants of HMSIW, HMSIW-SSPP,
SW-HMSIW and SW-HMSIW-SSPP unit cells.

TABLE 2. Comparison of important performance parameters of
SW-HMSIW, HMSIW-SSPP and SW-HMSIW-SSPP at 10 GHz.

SW- HMSIW-  SW-HMSIW-
HMSIW SSPP SSpp
vp/c0 0.46 0.59 0.26
Slow-wave
region (5.8-36)  (9.2-17.8) (5.1-15.7)
frequency
band (GHz)
a
! 0.007 0.006 0.015
(dB/mm)
/. (GHz) 4.5 71 4.5
e 9 22 9
Lir 0.75 1.28 1.15

attenuation constant and cut-off frequency, as well as the
equivalent permittivity and permeability for the SW-HMSIW,
HMSIW-SSPP, and SW-HMSIW-SSPP structures.

The equivalent dielectric constants of pure HMSIW and
HMSIW-SSPP structure are nearly identical, as the cutoff
frequencies of these two structures are close to identical (see
Fig. 4). Thus, the equivalent permittivity constant of HMSIW
can also be considered as 2.2. The equivalent permittivity is
increased by 309% when the HMSIW is transversely loaded
with metalized blind via-holes only. However, the equivalent
permeability decreases by about 25%, implying a weaken-
ing of the equivalent series inductance of the SW-HMSIW,
which is a phenomenon neglected in the literature [15].
When the HMSIW is only loaded by SSPP, i.e., longitudinal
loading, there is no change in the equivalent permittivity
and the equivalent permeability is increased by 28%. Com-
bining longitudinal and transverse loading the equivalent
permittivity is increased by 309% and the equivalent perme-
ability by 15%, demonstrating that the SW-HMSIW-SSPP
can simultaneously increase the equivalent permittivity and
permeability of the substrate. I.e., significant miniaturization
of the SW-HMSIW-SSPP is possible.
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IV. SIMULATION AND MEASUREMENT RESULTS

A. TRANSMISSION ANALYSIS

The structure of the proposed SW-HMSIW-SSPP including a
tapering transition structure is depicted in Fig. 13. It consists
of two substrates, both with & = 2.2 and tan § = 0.0009,
stacked together by a Rogers 4450F prepreg with 0.102 mm
thickness, as shown in Fig. 13(b). The top substrate is Taconic
TLY-5 with 0.13 mm thickness and the bottom substrate is
SYTECH GF220 with 0.76 mm thickness. The tapering tran-
sition structure that connects the SW-HMSIW-SSPP structure
to a microstrip line (ML) is designed for impedance matching
and measurement convenience. As shown in Fig. 13(a), the
transition consists of two parts: part (1), being a conven-
tional 50 € microstrip loaded with one column of blind
via-holes to the bottom substrate to transition between the
ML and SW-HMSIW, and part (2), in which the finger length
gradually changes from 0.1/ to [ to transition between the
SW-HMSIW and SW-HMSIW-SSPP. Fig. 14 compares the
E-field distributions of the entire proposed SW-HMSIW-
SSPP structure and an equivalent HMSIW. We note that,
in the SW-HMSIW-SSPP the E-field is strongly concentrated
in the finger shaped surfaces of the SSPP structure. The
geometry parameters of the proposed structure following
optimization using Ansys HFSS are listed in TABLE 3.

The SW-HMSIW-SSPP structure can be considered as a
two-port transmission network, and obtain the transmission
characteristics by calculating the S-parameters through sim-
ulations. Based on the definition of a two-port transmission
network, |S11 |2, can be used to estimate the percentage of
reflected power at the input port due to the impedance mis-
match relative to the input power, and |S>;|> can be used
to evaluate the ratio of output power to input power [39].
Therefore, the power reflected back from the input port, Pj,,
and the output power, P, can be calculated as:

Pinr = Py x IS11 (24)
Pour = Pin X 1S211? (25)

In the simulation, the excitation port is set with an input
power (P;;) of 1IW (or 30 dBm). Note that, there is no
need to distinguish between input and output ports due to
the symmetry of the proposed SW-HMSIW-SSPP structure.
As shown in Fig. 15, the proposed structure exhibits minimal
reflected power within the frequency range of 4.8 GHz to
11.5 GHz, and it achieves a maximum output power exceed-
ing 0.8 W. Due to the increase in the attenuation constant with
frequency (see Fig. 12), the output power of the SW-HMSIW-
SSPP structure experiences a rapid decline when operating
above 12 GHz.

B. SIMULATION RESULTS

To illustrate the potential for lateral size reduction, the trans-
mission coefficients (S;;) of SIW, HMSIW, SW-HMSIW,
and the SW-HMSIW-SSPP structures, all with the same
cut-off frequency (f;), are simulated, the results of which
are shown in Fig. 16. For cutoff frequency f. = 4.5 GHz

99930

Part (1) Part (2)

Part(l)

0.1/

Part (2)
(@
h”{

i T

FIGURE 13. (a) Configurations of the SW-HMSIW-SSPP and the tapering
transition structure. (b) Transversal cross section of the SW-HMSIW-SSPP.
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FIGURE 14. E-field distributions of the proposed SW-HMSIW-SSPP
structure and an equivalent HMSIW structure.

of the proposed SW-HMSIW-SSPP structure, the widths of
the equivalent SIW, the HMSIW, and the SW-HMSIW are
22.5 mm, 11.25 mm, and 6.7 mm. Le., the width of the pro-
posed SW-HMSIW-SSPP structure is reduced by about 40%
and 70% as compared with the HMSIW and SIW structures,
respectively.

The simulated SW-HMSIW-SSPP scattering parameters
are plotted in Fig. 18. The cutoff frequency is 4.5 GHz and
the reflection is below —10 dB in the range 5.2 to 12 GHz.
As can be seen in Fig. 20, the simulated normalized phase
velocity of the optimized SW-HMSIW-SSPP is reduced by
about 74% compared with the HMSIW with the same lat-
eral dimension, i.e., same as obtained for the periodic unit
based on normalized phase velocity (Fig. 4). The simulated
attenuation constant is 0.016 dB/mm at 10 GHz (Fig. 21).

C. MEASUREMENT RESULTS
A fabricated PCB SW-HMSIW-SSPP structure with a total
size of 80 mm x 30 mm including the taper transition is
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FIGURE 15. Simulation results of reflected power P;,, and output power
Pyt for the proposed SW-HMSIW-SSPP structure.

TABLE 3. Geometrical parameters of SW-HMSIW-SSPP (UNITS:
MILLIMETERS).

Variable  pi Wi h ha h di d> d3 §23 1

Value 1.0 67 023 076 099 0.5 0.4 0.6 1.0 3.0

Variable  a i W Im I W h h3 ha

Value 0.5 5.0 14 9.3 5.7 6.7 50 0.13 0.102

shown in Fig. 17. S-parameters were measured using an
Agilent N5247A network analyzer, and results are plot-
ted in Fig. 18 together with the simulation results. The
simulation and measurement results agree reasonably well
with each other; however, the measured cutoff frequency is
4.2 GHz, i.e., shifted 0.3 GHz compared with the simulation
result, which we attribute to fabrication error. To verify this
hypothesis, S-parameters for an SW-HMSIW-SSPP having
a compression error yielding a 50um thickness reduction
are simulated. As can be seen in the results shown in
Fig. 19, the cutoff frequency of the SW-HMSIW-SSPP
with the compression error is lower than in the error-free
case, indicating that a compression error is the main reason
for the lower measured cut-off frequency. As the thick-
ness of the prepreg will inevitably be somewhat reduced
during the process of pressing the multilayer together, the
measured impedance bandwidth of 4.8 - 11.5 GHz will con-
sequently be slightly narrower than the simulation result
(5.2-12 GHz).

Comparing the cutoff frequency of the SW-HMSIW-SSPP
with that of an SIW (f._stw = 15.8 GHz) designed with the
same lateral dimension, a reduction of the lateral width of
more than 73% is obtained.

The measured normalized phase curve of the optimized
SW-HMSIW-SSPP are consistent simulation results as can
be seen in Fig. 20. As the simulation results for the
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FIGURE 16. Simulation results of transmission coefficient S,; of SIW,
HMSIW, SW-HMSIW, and the proposed SW-HMSIW-SSPP structures, all
having the same cut-off frequency.

(b)

FIGURE 17. Fabricated PCB sample of the SW-HMSIW-SSPP structure.
(a) Top view. (b) Bottom view.
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FIGURE 18. Measured and simulated reflection (S;;) and transmission
coefficients (S,;) of the proposed SW-HMSIW-SSPP.

normalized phase curves of the SW-HMSIW-SSPP with com-
pression errors in general agree with measurement results,
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TABLE 4. Performance comparison of SIW slow-wave structures proposed in the literature.

o . Cross-
Ref. Freq. BW Long1tu§mal Latergl Attenuation No. of section
No Type (GHz) (GHz) Reduction Reduction Constant Lavers | thickness
(%) (%) (dB/mm) 4 (o)
(157 | SIW with blind 12 9.3-18 40 40 0.03 2 1.113
via-holes
SIW with
[17] microstrip 12 4.0-17 40 40 0.02 1 0.5
polyline
SIW with
[18] lumped inductor 5.5 3.5-8 35 35 - 1 0.5
(197 | STW withring- 7 - >40 >40 0.008 1 1.27
mushroom
SIW with
[20] | antipodal blind 5 5.1-9.6 >50 55 0.018 3 1.118
via-holes
SIW with blind
[21] via-holes and 11 7.1-18.8 73 53 0.02 2 1.016
shorted patch
HMSIW with
[27] SSPP 12 7.2-15.8 >50 50 0.016 1 0.5
HMSIW with
[28] 7 5D SSPP 10 6-14 >50 65 0.035 1 0.508
RHMSIW with
[29] SSPP 10 4.5-14 >50 >70 - 2 0.762
3.34 3.02-3.66
[31] HMSIPW 516 4.66-5.65 >60 19.4 - 1 0.127
Our Work 10 4.8-11.5 >80 >73 0.02 3 0.992
0 2.0 11 i
4 —{— Simulated HMSIW
1.8 —O— Simulated SW-HMS]W-SSPPK
without compression
104 4 16 _- —A—s:;};:i;:};iii;iMSlW-SSPP
1 —@— Measured SW-HMSIW-SSPP
~ 1.4+
g ]
7 20 ! _1.24
2 <]
§ | N0 _ 74% reduction
& 30 0.8
‘ 0.6
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—— S,, with compression 0.2 _ 80% reduction
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FIGURE 19. Simulated S-parameters of the SW-HMSIW-SSPP with and
without the compresses error.

we conclude that the differences observed between mea-
sured and simulated phase velocities are mainly due to
compression discrepancies. The measurement results confirm
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FIGURE 20. Measured and simulated normalized phase velocity of the
optimized SW-HMSIW-SSPP and the HMSIW.

that the SW-HMSIW-SSPP allows for an 80% waveguide
electrical length reduction as compared to a conventional
HMSIW. The measured attenuation constant of the proposed
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FIGURE 21. Measured and simulated attenuation constants of the
proposed SW-HMSIW-SSPP.

SW-HMSIW-SSPP is 0.02 dB/mm at 10 GHz, shown in
Fig. 21 together with results from computer simulations of
the same.

In TABLE 4 we compare the pertinent parameters and
performance between our proposed SW-HMSIW-SSPP and
those of previously published approaches for SIW miniatur-
ization. Although the longitudinal size reduction of the design
in [24] reached 70%, the aspects of the attenuation constant
and insertion loss for RHMSIW with SSPP in [29] are not dis-
cussed in sufficient detail to be able to be compared with the
SW-HMSIW-SSPP. Compared with the SIW loading blind
via-holes and shorted patch [21], the etched SSPP structure
of the SW-HMSIW-SSPP allows for simple dispersion curve
design through adjustment of the geometric parameters. The
work reported in [31] is a diplexer based on a half-mode sub-
strate integrated plasmonic waveguide (HMSIPW) in which
the longitudinal size was reduced significantly (over 60%),
however the lateral size reduction was very limited. Although
the thickness of the proposed SW-HMSIW-SSPP is larger
than that in some of the other designs [17], [18], [27], [28],
[29], [31] it achieves the largest longitudinal and lateral size
reduction reported while having a low attenuation constant.

V. CONCLUSION

In this paper, an SW-HMSIW-SSPP structure based on met-
allized blind via-hole arrays and a spoof surface plasmon
polariton structure is presented, analyzed, and demonstrated
with a PCB processed experimental prototype. According to
dispersion curve analysis, the proposed structure supports
hybrid fast and slow wave modes. The proposed structure dis-
plays the typical slow-wave phenomena of effective electric
and the magnetic field spatial separation. The simultaneous
increase of the effective permeability and permittivity in the
SW-HMSIW-SSPP structure allows for superior miniaturiza-
tion as compared to previously reported SW structures. The
results show longitudinal and lateral size reductions of the
SW-HMSIW-SSPP of more than 80% and 73%, respectively,
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as compared with an equivalent SIW at the same frequency,
with maintained low attenuation constant. The proposed
structure has potential application uses in miniaturized filters,
couplers, and leaky-wave antennas.
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