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A Novel Design of Substrate Integrated Waveguide (SIW)
E-Plane Inductive Strip Filter Implemented Using LTCC
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Abstract�Low-temperature cofired ceramic (LTCC) was used
for a novel band-pass filter design. The filter is based on metal-
lic strips parallel to the E-plane and mounted in a substrate-
integrated waveguide (SIW). A new iterative technique based on
the variation principle was used to obtain the inductive reactance
of equivalent T-network of the metallic strip. The design method
of the filter was derived by applying the equivalent network of
the metallic strip to the usual method of the filter design. A set of
curves relating the various filter parameters is introduced. This
filter was designed such that it is electromagnetically isolated
inside the SIW and excited using grounded coplanar waveguide
(GCPW) to SIW transitions; therefore, it can be easily integrated
with MMICs. The design steps are explained and verified by
examples and results. Three-dimensional electromagnetic field
modeling and simulation was carried out using a high frequency
structure simulator (HFSS). A comparison between different
types of SIW is presented showing the resulting S-parameter curves
for each case. By following the design steps, similar filters for
various frequency bands using any dielectric material can be
easily designed.

Keywords�Filter design, low temperature co-fired ceramic
(LTCC), substrate-integrated waveguide (SIW), variation principle

INTRODUCTION

Substrate-integrated waveguide (SIW) filters using LTCC is
one solution that makes the waveguide filters successful

in microelectronic applications. However, most of these filters
use cavity resonator or ridge techniques [1-10]. In this paper,
an SIW E-plane inductive strip filter using an LTCC substrate
is introduced, as shown in Fig. 1. The main concept of that
filter is the use of metallic diaphragms (strips with small thick-
ness) with certain widths mounted inside the waveguide paral-
lel to the electric field plane with specific spacing between
them. These metallic strips are considered as discontinuities
inside the waveguide that will generate higher order modes.
Since these metallic strips are parallel to the E-plane, Hn0 will
be the only type of the higher order modes that will be gener-
ated; therefore the equivalent network of these metallic strips
is inductive reactance, and hence the name inductive strip
filter. The advantages of that filter over other SIW filters are
the straightforward design criterion, the ease of fabrication
with low cost, and the relatively small size. This filter can
be used efficiently in the following frequency bands: X-band,

Ku-band, K-band, and Ka-band. Lower than the X-band, the
filter becomes relatively large, and higher than Ka-band, the
widths of the strips become too small to be manufactured in
most cases.

A new method of design for the planar circuit filter with
inductive strip is presented. First, the equivalent T-network
of an inductive strip inserted in the middle of a waveguide
parallel to the E-plane was represented [11]. The equivalent
circuit of the inductive strip was calculated using an iterative
technique based on the variation principle [12]. A MATLAB
program was used to generate a set of curves that relate the
inductive strip width to the equivalent circuit parameters. The
design method of the filter was derived by applying the equiv-
alent circuit of the inductive strip to the usual method of filter
design using K-inverters [13].

An example of a fourth order, maximally flat band pass
filter in KU-band is presented in this work using 9K7 green-
tape LTCC [14]. Curves and values calculated by the design
method were introduced. The input and output excitation ports
for the LTCC substrate were optimized. Modeling, simulation,
and results of the designed filter were carried out using HFSS.

DESIGN METHODOLOGY

A. Equivalent T-Network

The first step of the design procedure is the calculation
of the equivalent T-network of a metallic strip placed in the
middle of a waveguide parallel to the E-plane. Fig. 2 shows
the geometry of the metallic strip.

By using the Z-parameter equivalent circuit, the T-network
can be obtained as shown in Fig. 3, where Zs � jXs and Zp �
jXp. The T-network can be redrawn to become a symmetrical
network, as shown in Fig. 4. Now, the Z-parameter can be
obtained from one port only (one half circuit).

For one half circuit, the open circuit impedance is ZOC ¼
Z11 þ Z12 and the short circuit impedance is ZSC ¼ Z11 � Z12.
The open circuit boundary is equivalent to a magnetic wall at
the T0-plane (Z ¼ W/2), and the short circuit boundary is
equivalent to an electric wall at the T0-plane.

The expressions of Zs and Zp can be easily obtained from
ZOC and ZSC as follows:

jXs � Zs ¼ ZSC ð1Þ
jXp � Zp ¼ 1

2 ZOC � ZSCð Þ ð2Þ
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The expressions of ZOC and ZSC can be obtained using the
variation principle.

B. Variation Principle

The second step of the design procedure is the application
of the variation principle.

Since the discontinuity in the waveguide due to the induc-
tive strip is uniform along the y axis, the only types of higher
order modes excited at the strip are Hn0 modes [12]. The field
in the region Z � 0 will be given by an expansion in terms of
an infinite set of Hn0 modes as follows:

Ey ¼ a1f1e
��1Z þ R1a1f1e

�1Z þ
X1

n¼3;5;...

anfne
�nZ ð3Þ

Hx ¼ �Y1a1f1e
��1Z þ R1Y1a1f1e

�1Z þ
X1

n¼3;5;...

Ynanfne
�nZ ð4Þ

where,

fn ¼ sin
npx
a

� �
ð5Þ

�2
n ¼

np
a

� �2
� k20 ð6Þ

Yn ¼ �j�n

k0

� �
Y0 ð7Þ

k0 ¼ 2p
l0

� free space wave number;

Y0 ¼ 1

Z0

� characteristic admittance of free space; and

R1 � reflection coefficient:

Fig. 2. The geometry of metallic strip placed in the middle of a waveguide parallel to the E-plane. The left figure shows the end view and the right figure shows
the top view.

Fig. 3. Z-parameter T-network equivalent circuit of the inductive strip.

Fig. 4. Symmetrical Z-parameter T-network equivalent circuit of the
inductive strip.Fig. 1. Waveguide inductive strip filter.

122 Journal of Microelectronics and Electronic Packaging, Vol. 8, No. 3, 3rd Qtr 2011

D
ow

nloaded from
 http://m

eridian.allenpress.com
/jm

ep/article-pdf/8/3/121/2248319/im
aps_304.pdf by guest on 01 N

ovem
ber 2022



For the case of magnetic wall, at Z ¼ W/2, the transverse
magnetic field vanishes. Thus the expression of the field in the
region 0 � Z � W/2 will be as follows:

Ey ¼
X1

n¼1;3;...

bnyn xð Þ cosh gn Z �W

2

� �
ð8Þ

Hx ¼
X1

n¼1;3;...

Y0nbnyn xð Þ sinh gn Z �W

2

� �
ð9Þ

where,

ynðxÞ ¼ sin
2npx
a� t

� �
ð10Þ

g2n ¼
2np
a� t

� �2

� k20 ð11Þ

Y0n ¼ �jgn
k0

Y0 ð12Þ

By applying the continuity of the transverse fields at Z ¼ 0, the
result will be as follows:

1� R1ð ÞY1a1f1 �
X1

n¼3;5;...

anYnfn ¼
X1

n¼1;3;...

bnY0nyn sinh gn
W

2

� �
ð13Þ

where 1� R1ð ÞY1a1 ¼ I1 ¼ ZOCð Þ�1
V1

Let the transverse electric field at Z ¼ 0 be e(x). By Fourier
analysis:

V1 ¼ 4

a ò
a
2

0
e x'ð Þf1 x'ð Þdx' ð14Þ

an ¼ 4

a ò
a
2

0
e x'ð Þf1 x'ð Þdx' ð15Þ

bn ¼ 4

a� tð Þ cosh gn
W
2

� � ò
a�t
2

0
e x'ð Þyn x'ð Þdx' ð16Þ

A variational expression for (ZOC)
�1can be obtained by sub-

stituting the integral expressions from eqs. (14), (15), and (16)
into (13), multiplying eq. (13) by e(x), integrating over the
waveguide half width

ò
a
2

0

 !
;

and dividing both sides by

ò
a
2

0
ef1dx

 !2
:

The expression will be as follows:

ZOCð Þ�1 ¼
�jòò

a
2

0
e xð Þe x'ð ÞG1 xjx'ð Þdxdx'

ò
a
2

0
e xð Þf1 xð Þdx

" #2 ð17Þ

where,

�jG1 xjx'ð Þ ¼
X1

n¼3;5;...

Ynfn xð Þfn x'ð Þ

þ a

a� t

X1
n¼1;3;...

Y0nyn xð Þyn x'ð Þ tanh gn
W

2

� � ð18Þ

For the case of electric wall, at Z ¼ W/2, the transverse
electric field vanishes. A similar procedure to the magnetic
wall can be done, and yields the following equations:

ZSCð Þ�1 ¼
�jò ò

a=2

a
e xð Þe x'ð ÞG2 xjx'ð Þdxdx'

ò
a=2

0
e xð Þf1 xð Þdx

" #2 ð19Þ

where,

�jG2 xjx'ð Þ ¼
X1

n¼3;5;...

Ynfn xð Þfn x'ð Þ

þ a

a� t

X1
n¼1;3;...

Y0nyn xð Þyn x'ð Þ coth gn
W

2

� � ð20Þ

A convenient choice for the transverse electric field e(x) is
an expansion in terms of the orthogonal set of functions ym(x)
as follows:

e xð Þ ¼
XM

m¼1;3;...

bmym xð Þ ð21Þ

The parameter M is chosen according to the accuracy
required. The results obtained from the design example in the
next section show that a two term approximation is sufficient
for the determination of the Z parameters.

By substituting the two term expansion from eq. (21) into
eq. (17) and simplifying, the evaluation of (ZOC)

�1 reduces to
the evaluation of (2 ´ 2) determinants as follows:

ZOCð Þ�1
1 1

h31
p11p31

� h11

p2
11

h33

p2
31

� h13
p11p31

�����
�����¼�j

h11

p2
11

h13
p11p31

h31
p11p31

� h11

p2
11

h33

p2
31

� h13
p11p31

������
������

ð22Þ
where,

pmn ¼ ò
a�t
2

0
ym xð Þfn xð Þdx ¼

2mp
a�t

� �
sin npt

2a
þ p

2

� �� �
4m2p2

a�tð Þ2 �
n2p2
a2

ð23Þ

h11 ¼ j
X1

n¼3;5;...

Ynp
2
1n þ j

a a� tð Þ
16

Y01 tanh g1
W

2

� �	 

ð24Þ

h33 ¼
X1

n¼3;5;...

Ynp
2
3n þ j

a a� tð Þ
16

Y03 tanh g3
W

2

� �	 

ð25Þ
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h13 ¼ h31 ¼ j
X1

n¼3;5;...

Yn p1n p3n ð26Þ

The same equations are valid for the calculation of (ZSC)
�1

by replacing ZOC with ZSC in eq. (22) and replacing the tanh
function with a coth function in eqs. (24), (25), and (26).

By selecting the desired working frequency, the waveguide
width (a), and the inductive strip thickness (t), eqs. (1), (2), and
(22-26) establish a relation between the strip width (W ) and the
T-network parameters (Xp and Xs), which can be given in a
curve format using MATLAB. Curves are shown in the next
section for a fourth order maximally flat band pass filter (BPF)
in the KU-frequency band.

C. Band-Pass Filter Design

The third step of the design procedure is the filter design.
The method of design based on the impedance K-inverters
[13]. Fig. 5 shows an nth-order inductive strip BPF. The widths
of the strips are represented by W1 through Wnþ1 and the spac-
ing between the strips is represented by L1 through Ln. Fig. 6
shows the equivalent network of the filter.

The symmetrical T-reactance connected to the transmission
line acts as an impedance K-inverter network. Therefore, the
equivalent network in Fig. 6 can be transformed to give the
equivalent K-inverter network in Fig. 7.

The values of the K-inverters can be easily calculated using
the following equations [13]:

K01 ¼ x1w
g0g1

� �1=2

ð27Þ

Kj; jþ1 ¼ w
xjxjþ1

gjgjþ1

� �1=2

ð28Þ

Kn;nþ1 ¼ xnw
gngnþ1

� �1=2

ð29Þ

where g0, g1, . . . ,gnþ1 are the low pass filter prototype g values,
w is the fractional bandwidth, and xj are the slope reactance
parameters calculated at the center frequency of the filter.

The values of xj can be chosen arbitrarily according to the fil-
ter design. In the case of waveguide filters, it is convenient to
choose xj for half-wavelength guided transmission line as follows:

xj ¼ p
2

lg
l0

� �2

ð30Þ

lg ¼ l0

1� l0
2a

� �2	 
1=2 ð31Þ

where lg is the guided wavelength.
Fig. 8 shows the relations between the K-inverter values and

the T-reactance values (Xp and Xs). These relations are given
by the following equations [13]:

Kj�1; j ¼ tan
1

2
fj þ tan�1Xsj

� �����
���� ð32Þ

Fig. 5. The nth order waveguide inductive strip band pass filter.

Fig. 6. T-equivalent network of the nth order waveguide inductive strip band pass filter.

Fig. 7. K-inverter equivalent network of the nth order waveguide inductive
strip band pass filter.
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fj ¼ �tan�1 2Xpj þ Xsj

� �� tan�1Xsj ð33Þ

Using eqs. (32) and (33) with the resulting relations between
W, Xp, and Xs from the variation principle, an iterative technique
can be built to get the value of the strip width (W ) associated
with each K-inverter value.
Once the values ofW, Xp, and Xs are obtained, the following

equation is used to obtain the values of yj:

fj ¼ pþ 1

2
fj þ fjþ1

� � ð34Þ

The spacing between the strips is given by:

Lj ¼ yj
2p

lg ð35Þ

DESIGN EXAMPLE

A. Filter Specification

A fourth order, maximally flat, KU-band pass filter is intro-
duced as an example to demonstrate the design procedure and
verify the design methodology.
The filter has a center frequency of 14 GHz, and a fractional

bandwidth of 3%. The LTCC substrate is based on 9K7 green-
tape, with a dielectric constant of 7.1 and a loss tangent of
0.001 at 14 GHz frequency [14]. The substrate-integrated wave-
guide has a width (a) of 5.92 mm and a height (b) of 3 mm. The
metallic strip thickness (t) is 0.2 mm.

B. Design Outcomes

For a fourth order maximally flat band pass filter, the g values
were given as [13]:

g0 ¼ 1 ¼ g5; g1 ¼ 0:7654 ¼ g4; and g2 ¼ 1:848 ¼ g3

Using eqs. (27) through (31), the values of the K-inverters were
obtained as:

K01 ¼ 0:337594 ¼ K45

K12 ¼ 0:073347 ¼ K34

K23 ¼ 0:047204

Using eqs. (1), (2), and (22) through (26), a MATLAB
program was used to generate two curves that relate the strip
width (W ) to the T-reactance parameters (Xs) and (Xp). Fig. 9
and Fig. 10 show these relations.

An iterative process was built using eqs. (32) and (33).
Along with the MATLAB results, the strip widths were
obtained as:

W1 ¼ 0:355 mm ¼ W5

W2 ¼ 2:318 mm ¼ W4

W3 ¼ 2:889 mm

Using eqs. (34) and (35), the values of the strip spacing were
obtained as:

L1 ¼ 4:04 mm ¼ L4

L2 ¼ 4:098 mm ¼ L3

The values of the strip widths have to be modified to com-
pensate for the fringing effect around the strip edges. Due to
this fringing effect, the strips appear to be wider than their
original widths. A reduction factor must be added to the values
of the strip widths.

Fig. 8. K-inverter T-network relation.

Fig. 10. Xs versus W.

Fig. 9. Xp versus W.
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A reduction factor of 1% of the strip width was found to be
reasonable to compensate for the fringing effect. The modified
strip widths were found to be as follows:

W1 ¼ W1old � 0:01W1old ¼ 0:35 mm ¼ W5

W2 ¼ W2old � 0:01W2old ¼ 2:3 mm ¼ W4

W3 ¼ W3old � 0:01W3old ¼ 2:86 mm

MODELING, SIMULATION, AND RESULTS

A. Filter Modeling

The high frequency structure simulator (HFSS) was used to
model and simulate the designed filter.

The simulation was made using various types of SIW
according to the construction of the waveguide walls. The first
type was using solid metallic-wall waveguide, which can be
made by plating the substrate sides with metal. Fig. 11 shows
the model of the solid metallic wall SIW. These solid walls can
be easily replaced by via holes with pitch distance less than
one-tenth of the guided wavelength such that they act as a solid
wall for the EM-wave.

According to the construction of via holes, other types of
SIW were formulated. The second type was constructed using
one row of via holes of 0.2 mm diameter and 0.6 mm pitch
distance between successive via holes. Fig. 12 shows the model
of this type.

The third type was constructed using the same one row of
via holes in addition to metallic traces of 0.2 mm width that
connected the via catch pads for each layer of the green-tape.
Fig. 13 shows the model of the third type. The purpose of these

metallic traces is to avoid any vertical misalignment in via
holes among the layers during filter fabrication.

The fourth type was constructed using two rows of stag-
gered via holes of 0.2 mm diameter and 0.6 mm pitch distance
between each two successive via holes. Fig. 14 shows the
model of that type. Adding metallic traces for each layer of
the previous model gave the fifth type of the SIW, as shown
in Fig. 15.

A grounded coplanar waveguide (GCPW) was designed to
have 50 O characteristic impedance and was used as the exci-
tation port of the filter. The height of the GCPW substrate was
designed to have two green-tape 9K7X layers.

Fig. 12. One row of via holes filter model in HFSS.

Fig. 14. Two rows of staggered via holes filter model in HFSS.

Fig. 15. Two rows of staggered via holes with metallic traces filter model
in HFSS.

Fig. 11. Solid metallic wall filter model in HFSS.

Fig. 13. One row of via holes with metallic traces filter model in HFSS.
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A transition from GCPW to SIW was designed using a via
hole of 0.2 mm diameter and 2.2 mm length that probed the
waveguide in a center position and short distance of 2 mm
to the waveguide wall. This type of excitation offers ground-
signal-ground connections, which is suitable for measurements
and also suitable for wire-bonding, in case of integration with
active elements in MMICs. Also, it can be easily transferred to
a microstrip with the same probing via hole. The 50 O charac-
teristic impedance of the GCPW gives the ability to attach the
standard types of connectors to the excitation ports of the filter,
in case of standalone usage.
The height of the SIW was designed to have 15 green-tape

9K7X layers. A total of 17 green-tape layers were used to for-
mulate the whole substrate. The actual length of the SIW was
40 mm and the actual width was 5.92 mm.

B. Simulation Results

The results were based on simulation processes done by
HFSS. A comparison was done between the various types of
SIW constructions based on the simulated S-parameters of the
designed filter.
Fig. 16 shows the simulated S-parameters of the first type,

solid metallic wall waveguide, filter. The results show an inser-

tion loss of less than�1 dB in the pass band, a shape factor
better than 2.5:1 at 30:3 dB, and S11 less than�26 dB in the
pass band.

Fig. 17 shows the simulated S-parameters of the second type
filter, one row of via holes. The results show an insertion loss
of less than�1 dB in the pass band, S11 less than �26 dB in the
pass band; but the shape factor was affected. It became 2.6:1
at 30:3 dB. Also, there is a small shift in the center frequency
with a value of 0.2%. These effects occurred due to the con-
version of the solid metallic walls of the waveguide into a via
fence. Thus, there was no complete isolation of the field inside
the waveguide, but the results still show a good filter shape.

Fig. 18 shows a comparison between one row and two rows
staggered via walls. It can be shown that the shift of the center
frequency was slightly compensated for by adding the second
row of via holes. Fig. 19 shows a comparison between two
rows and two rows with metallic traces. It can be shown that
the two types had the same response. But as was said previ-
ously, adding these metallic traces avoids the effect of mis-
alignment between via holes.

Depending on these results, the optimum way to design a
substrate-integrated waveguide is by using two rows of stag-
gered via holes connected with metallic traces for each layer.

Fig. 16. Simulated S-parameters of solid metallic wall filter.

Fig. 17. Simulated S-parameters of one row of via holes filter.

Fig. 18. Comparison between the simulated S-parameters of one row of via
holes and two rows of staggered via holes filters.

Fig. 19. Comparison between the simulated S-parameters of two rows of stag-
gered via holes and two rows of staggered via holes with metallic traces filters.
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CONCLUSION

A novel design for SIW filter implemented using LTCC was
introduced in this paper. The variation principle was used to
design the filter. The design procedure is clear and can be
followed easily. HFSS was used to model and simulate differ-
ent types of the designed SIW filter. The small size of the filter
and the GCPW excitation ports make this filter appropriate to
be integrated with MMICs. The simulation results demonstrate
good performance in terms of the insertion loss in the pass
band, and a good shape factor. A comparison between differ-
ent results depends on the S-parameters was presented. This
comparison showed the optimum way to design a substrate-
integrated waveguide using LTCC technology.
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