UNIVERSITY OF LEEDS

This is a repository copy of Analysis and design of a novel low-loss hollow substrate
integrated waveguide.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/97275/

Version: Accepted Version

Article:

Jin, L, Lee, RMA and Robertson, | (2014) Analysis and design of a novel low-loss hollow
substrate integrated waveguide. IEEE Transactions on Microwave Theory and Techniques,
62 (8). pp. 1616-1624. ISSN 0018-9480

https://doi.org/10.1109/TMTT.2014.2328555

© 2014 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this
work in other works.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is availablelatp://dx.doi.org/10.1109/TMTT.2014.2328555

Analysis and Design of a Novel Low-Loss Hollow
Substrate Integrated Waveguide

Lukui Jin, Student Member, IEEE, Razak Lee, Student Member, IEEE, and Ian Robertson, Fellow, IEEE

Abstract—In this paper, a novel hollow substrate integrated
waveguide (HSIW) is presented, for realizing low-loss millimetre-
wave (mm-wave) transmission lines embedded in multi-chip
modules. A new analysis method for the HSIW is proposed by
treating it as a combination of a two-dielectric loaded RWG
and standard SIW, where an effective dielectric constant, c., is
introduced. An HSIW prototype in the Ka-band is fabricated
using a progressive-lamination LTCC technique. The measured
results agree well with theoretical calculations and simulations.
An average of 0.009 dB/mm loss is achieved in Ka-band, which is
comparable to an air-filled RWG. This shows that the technique
has great potential for further development to realise highly-
integrated millimetre-wave modules.

Index Terms—Millimetre wave circuits, transmission lines,
multichip modules.

I. INTRODUCTION

N wireless communications, the ever increasing demand for

a higher data rate and network capacity has always been
a challenge for electronic engineers to address. One way is
to shift the operating frequency band higher into mm-waves,
such as the Ka-band used for “5G” mobile communication
[1]-[3], or the 60 GHz band used for a high-definition (HD)
wireless personal area network (WPAN) [4]-[7]. The success-
ful exploitation of the millimetre-wave bands requires a cost-
effective technology which can integrate Si/SiGe integrated
circuits with other specialist active devices and low loss
passive components on a single substrate.

A leading candidate for realizing low-loss millimetre-wave
components is the substrate integrated waveguide (SIW) [8].
In 1998, two groups of Japanese researchers proposed a new
type of waveguide under the name of “laminated waveguide”
[9] or “post-wall waveguide” [10]. After that, Wu et al. intro-
duced and theoretically analysed SIW, extracting the complex
propagation constant of each SIW mode and providing basic
design rules in 2002 [11] and 2005 [12]. Wu then proposed
the Substrate Integrated Circuit (SIC) concept [13] and this
led to intense worldwide research activity into SIW and its
applications. Antennas [14], [15], filters [16], [17], mixers
[18], couplers [19], circulators [20], phase shifters [21], power
amplifiers [22], and power dividers [23] have all been reported
using SIW embedded in a host substrate. Almost every type
of microwave component has been implemented in the form
of SIW, but relatively few attempts have been made to reduce
the loss considerably.

Most of the research published on SIW components has
been at frequencies below the mm-wave band. One reason
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Fig. 1. The configurations of the SIW and HSIW: (a) 3D view of SIW, (b)
3D view of SIW, and (c) cross-sectional view of HSIW.

for this is that traditional PCB technology is most often
used and the resulting SIW is often too lossy for mm-wave
applications. Alternatively, when SIW is realized in other
mainstream fabrication technologies, such as low temperature
co-fired ceramic (LTCC) and semiconductor ICs, the relatively
high dielectric constant will often make the width of the SIW
shrink to a size impossible for practical use at mm-waves.

Although SIW components retain many merits, such as
easy fabrication, low loss, and high level of integration, etc.,
achieving loss comparable to traditional hollow waveguide
beyond 30 GHz proves to be a big problem [8].

This paper presents a novel hollow SIW (shortened to
HSIW, not to be confused with HMSIW - the half-mode
SIW [24]) fabricated with a progressive-lamination LTCC
technology [25], with the aim of achieving much lower loss
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than the standard SIW. The HSIW is realized by removing
the inner dielectric of an SIW and, hence, it incorporates a
hollow cavity inside. This generates a list of advantages over
the standard SIW:

1) The HSIW can be realized with high-permittivity sub-
strates and at higher frequencies, where the size of SIW
otherwise tends to be too small to be practically used.

2) Lower loss due to the removal of most of the lossy
dielectric material.

3) The HSIW can be directly connected with normal RWGs
as long as their heights are roughly equal, whereas
the SIW requires more complicated transitions with
potentially more loss.

4) The low effective dielectric constant resulting from the
air cavity facilitates radiation and thus the design of high
performance antennas.

Fig. 1 compares the configuration of the SIW and HSIW.
Extra dielectric supporting layers are added on the top and
bottom of the HSIW to support the metallic layers after the
removal of inner dielectric, as shown in Fig. 1(c). To facilitate
the fabrication process, the supporting layers can use the same
material as the the main body of the HSIW.

The theoretical analysis method of the HSIW is a combi-
nation of that of for RWG and SIW; therefore, to analyse and
design the HSIW (to find the width of the HSIW), two steps
need to be followed. Firstly, the HSIW is viewed as a two-
dielectric loaded RWG with the same cutoff frequency and
filling dielectric. After solving this boundary value problem,
the width of this RWG can be obtained and, furthermore,
this RWG is transformed into a uniformly-filled RWG by
introducing an effective dielectric constant (EDC), €.. Then,
by modifying the empirical formula in [12] relating SIW and
RWG, the width of the HSIW can finally be determined. This
is described in Section II and III, respectively. In Sections IV,
V, and VI, an HSIW prototype resembling WR28 is designed,
fabricated, and measured to verify the theory.

II. TWO-DIELECTRIC LOADED RWG

This section deals with the boundary value problem of
the two-dielectric loaded RWG to determine its width for a
prescribed cutoff frequency. Firstly, by applying Maxwell’s
Equations with the boundary conditions, the characteristic
equations for both even- and odd-modes propagating inside the
RWG are set up. Then, the width of the two-dielectric loaded
RWG operating in the fundamental TE;(, mode is determined
through either exact or empirical methods. Finally, an effective
dielectric constant, €., is introduced to transform the two-
dielectric loaded RWG into a uniform one.

A. Characteristic Equations

As shown in Fig. 2, a metallic RWG is longitudinally filled
with two symmetrical dielectrics and hence divided into three
regions: 1, 2, and 3. a, b are the width and height of the
two-dielectric loaded RWG, respectively, while the widths of
Dielectric 1 and 2 are represented by 2a; and 2as, respectively.
Then, it is assumed both dielectrics are linear, isotropic, ho-
mogeneous and lossless with permittivities and permeabilities
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Fig. 2. The cross-sectional view of the two-dielectric loaded RWG.

of €1, ;1 and ez, uo, respectively. The metal encompassing the
dielectrics is assumed to be perfectly electric conductor (PEC),
since the attenuation due to a finite conductivity and a lossy
dielectric will not affect the propagation characteristics much
in a low-loss situation [26], [27].

A simple odd/even-mode method is used to analyse the two-
dielectric loaded RWG on the basis that the fields within it
are either symmetrical or asymmetrical, ¢.e., even or odd with
respect to the plane of x = 0, since the RWG is symmetrical in
terms of material and geometry with respect to the same plane.
The final results of the characteristic equations following the
method in [28] are found as follows:

Even mode,
|:Kuk‘$1 tan (k‘wlal) _ kxg ] |: Kekiwl
k2 k%, tan (kyoaz) | | k% tan (kpia1)

ko tan (kyoag) Beanm 2/ 1)\?
5 + 2] =0
kc2 wb kc2 kcl

(1)
and odd mode,
{Kﬂkzl tan (kgz1a1)  kgotan (kxgag)] [ K.k,
k% k2 k2 tan (kg1a1)

n k2 I Bean 11 2—0
k%, tan (kyoaz) wb k kn)

2

where K, = p11/p2, Ke = €1/€2, 2 is the speed of light in
Dielectric 2, and k.1, k.o satisfies the following separation

equation:
ek2 = k2, + (nm/b)? + B2 .
kg = ko + (n/b)* + B2

B. TE\y Mode

A special case of the propagating modes inside the two-
dielectric loaded RWG when n = 0 should be mentioned here.
If n = 0, the longitudinal electric component, F,, vanishes,
generating TE,,,o modes. It can then be derived that the TE
mode is fundamental when b/a < 1 which is the case for
regular RWGs [28].

Now we assume that Dielectric 2 is air and Dielectric 1 is
a nonmagnetic material with a relative permeability, pu, = 1,
and a relative permittivity, €,. Then, K, = 1 and K. = «,.
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Fig. 3. The comparison of cutoff wavelength with different dielectric constants
and the curve fitting.

To determine the cutoff frequency of the TE;g mode which
has a symmetrical distribution of transverse electric fields and
hence belongs to the even-mode group, we set 3 in (3) to 0,
which then reduces (1) to

Veérkoar = arctan [/e,/ tan (koag)] +m'm 4)

where m’ =0,1,2,---

Note, in this equation, there are four unknowns, a, p, €,
and ko. With three of them given, the remaining one can be
solved for immediately. This, in another perspective, offers a
high degree of flexibility when designing the two-dielectric
loaded RWG.

If ko is the target, then when it has been worked out, the
cutoff frequency can be derived as:

koco
fo= 5 5)
where cg is the speed of light in free space. It is also worth
noting that m’ has nothing to do with m. In fact, when m/’
takes one single value, it could correspond to a series of
continuous guided modes depending on the number of curve
intersections represented by the two sides of (4).

Since the HSIW has most of its inner dielectric removed and
behaves like an air-filled RWG, the dielectric-loaded RWG
considered here should also be lightly loaded, ¢.e., either
2a1/a or /€ or the product of them is small. So, a new
loading ratio, g, is defined as:

2a1+/€r
q: —_—

a

(6)

to characterise a dielectric-loaded RWG. The lower q is, the
closer the RWG behaves to its air-filled counterpart.

For those lightly-loaded RWGs with g up to 0.35, a series
of different dielectric constants has been used to theoretically
calculate the accurate cutoff frequency through (4), as shown
in Fig. 3. The relative dielectric constant €, starts at 2 and
ends at 12 with a step of 2. Generally, when ¢, increases,
the normalised cutoff wavelength \. decreases and it behaves
more like the TE,; mode of an air-filled RWG. However, note
that the maximum A, doesn’t appear at the lowest ¢, as it
resembles, again, an air-filled RWG when ¢, approaches 1. It
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Fig. 4. The transformation from a two-dielectric loaded RWG into a uniformly
filled one of EDC, €.

is therefore found through accurate calculation that ¢, = 3.2
gives the maximum ..

Since (4) needs to be numerically calculated, which is
complicated, a curve-fitting technique is used here to derive
a simplified approximation. For 2 < ¢, < 12 which accounts
for most of the regular dielectric materials, €, = 7.1 is chosen
to be curve-fitted, as it stands close to the middle and will
later be used for the HSIW design. The fitted curve takes the
form of an exponential function, shown as the gray solid line
in the middle of the curve cluster in Fig. 3. The approximated
empirical expression for the cutoff wavelength of TE;o mode
is

Ao = 2a[0.999 + 4.946 * 10" (—4) exp (9.409¢)], ¢ < 0.35
(7)
with a discrepancy less than 0.2% for 2 < ¢, < 12. After that,
the cutoff frequency is obtained as:

Co
fczi

. (8)

C. EDC

Now we introduce a virtual dielectric with an EDC of e,
which completely fills the inside of the RWG, to replace the
E-plane dielectric which has a relative dielectric constant of
€ and a loss tangent of tand, as shown in Fig. 4. After the
replacement, the new dielectric loaded RWG should be able
to present a similar propagation characteristic, compared with
the old one. Suppose the original dielectric is low loss and
since

(9a)
(9b)

e=¢ — je’ = ege (1 — jtand)
€e =€, — jei = €gere(l — jtande)
the derivation of €. can be divided into two independent stages
without affecting each other [26].

1) Derivation of €,.: Firstly, we solve for the propagation
constant, 3, of the TE;(, mode by referring to the characteristic
equation (4) with a simplified separation equation:

erky = k2 + 57
kg == kiQ + ﬁz

Then, under the premise of a completely-loaded RWG, the
propagation constant, /3, can be rewritten as:

(10)

B =\/€reki — (7/a)? (11)
Therefore, the real part of the EDC can be derived as:
2 2
€ro = M (12)
k3
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Fig. 6. The theoretically calculated €, of a two-dielectric loaded RWG with
different q (e, = 7.1).

Results for a series of ¢, values are theoretically calculated
with different loading ratio, g, at the center of the single-mode
band, i.e., f = 1.5f.. The result is shown in Fig. 5. As can
be seen, a cluster of curves, with 2 < ¢, < 12, tends to open
up toward higher ¢ values, which indicates a worse deviation.
€re from €, = 7.1 stands in the middle with the maximum
deviation, 0.4%, occurring at ¢ = 0.35. Note that this deviation
is achieved at f/f. = 1.5. As the frequency rises, the deviation
is expected to be increased toward the end of the single-mode
band, f/f. = 2.

Next, we take ¢, = 7.1 as an example to perform the
theoretical calculation across the whole single-mode band, :.e.,
fe ~ 2f.. The result is shown in Fig. 6. It can be seen that €,
takes the form of an exponential function and tends to flare
up with high ¢ values in the single-mode band. To ensure
a uniform dielectric, ¢ should be kept as low as possible,
preferrably below 0.3.

2) Derivation of tan .. Following the rule of power con-
servation, the time-average power dissipated per unit length
due to the dielectric loss of the two RWGs shown in Fig. 4
should be equal to each other. Based on this, tand. can be
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Fig. 8. The theoretical normalised tan d. of a two-dielectric loaded RWG
with different q (e, = 7.1).

derived as:
1" "
tand, = 6—7 — S _tans (er>
€e €re €re
1. -1
14 k2, 2a5 + k5 sin (2k,0a9) cos? (kz1a1)

@ 2a1 — k:;ll sin (2kg1a1) sin? (kzoa2)

(13)

Similar to the analysis of ¢,.., a series of ¢, has also been
calculated to obtain tand./tané and shown in Fig. 7. Since
tan d./tand varies with changing frequency especially for a
high ¢, a fixed frequency point at f/f. = 1.5 has been chosen
to evaluate it. It is seen in Fig. 7 that a cluster of curves, with
2 < ¢ <12, tend to flare up toward higher ¢ values, which
is similar to that depicted in Fig. 5. The only difference lies
in that tand. is monotonically increasing with the decrease
of €,. The tand, for €, = 7.1 stands in the middle with the
maximum deviation, 2%, occurring at ¢ = 0.35. Note that this
deviation is achieved at f/f. = 1.5. As the frequency rises,
the deviation is expected to increase towards the edge of the
single-mode band, f/f. = 2.

A series of tand,. normalised to the actual dielectric loss
tangent, tan d, has been calculated using (13) with different
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q values, as shown in Fig. 8. Note that ¢, is also chosen to
be 7.1, where a moderate tan . is prompted. It can be found
in Fig. 8 that the curves also take the form of an exponential
function and tend not to be flat with high ¢ values in the
single-mode band. To ensure a uniform dielectric, ¢ should
also be kept as low as possible, preferrably below 0.3.

III. SIW

In this section, a multimode calibration method proposed
in [12] is used to analyse and extract the propagation charac-
teristics of the SIW. After that, a modified formula based on
Wu’s method in [11] and [12] is given to relate SIW and its
counterpart RWG.

As stated in Section I, the main difference between an SIW
and a completely dielectric-filled RWG lies in that the solid
side walls of a RWG are replaced by two rows of periodic
metal posts. As can be seen in Fig. 1(a), the diameter of the
posts is d and the pitch between two adjacent posts is s. In
addition, as, b, and [ represent the width, height, and length of
the SIW, respectively. Note that a, is defined from the centers
of the metal posts, as only the dielectric within the confinement
of the posts takes effect.

Based on [12], only TE,,,; modes can propagate within an
SIW, since the discrete posts will cut off the surface currents
of all other modes. This is in line with the propagation of
the TE;p mode in the two-dielectric loaded RWG. Various
methods have been applied to analyse the propagation char-
acteristics of this newly-introduced structure. By assuming
a uniform longitudinal electric current on the post surface,
Hirokawa et. al. used the dyadic Green’s function to solve
the fields generated by a unit cell of the SIW. This method
is completely numerical without giving any closed-form for-
mula [10]. Wu has used the BI-RME method in [11], the
FDTD method, and a multimode calibrated FEM method in
[12]. Apart from the numerical nature of these two methods,
approximated numerical formulas are derived to determine
the equivalent RWG width of an SIW, which is simple and
straightforward within a certain accuracy.

A. Two-Mode Calibration Method

The multimode calibrated FEM method is employed here
to characterise the SIW. The multimode calibration method
is essentially a multiline method, where the basic principle is
that one can determine the propagation constant through uncal-
ibrated S-parameter measurements of at least two transmission
lines [29], [30]. Two lowest-order modes will be considered
in our case, with HFSS simulations based on the FEM method
used to implement the calculation.

B. Modified Relation between SIW and RWG

Following this two-mode calibration method, the propa-
gation characteristics of three SIWs with different widths,
as = 2, 3, and 4 mm are calculated and compared with results
obtained from [12], while the other parameters are chosen as
b=1mm,d =025 mm, s = 0.5 mm, 0 = 3.7¢7 S/m,
tand = 0.001, and €, = 7.1 (the filling dielectric is LTCC).
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Fig. 10. The equivalent width, a., of three SIWs with different widths,
as = 2, 3, and 4 mm for €, = 7.1 (Formulas (8) and (9) are from [12]).

Fig. 9 shows the simulated propagation constants of the
three SIWs with the frequency normalised to their own cutoff.
The attenuation constant, «, is for the TE;y mode. Mode 2
starts to appear at f/f. = 2, where the single-mode band
ends. Based on the phase constant, 3, of TE;y mode in Fig.

9, we can use
T

V 67“k(2) - 62

to find the equivalent width of a RWG completely filled with
the same dielectric material, as shown in Fig. 10.

An interesting phenomenon is discovered here that the
equivalent width, a., is weakly increasing with the frequency
and tends to merge with a constant value given by [12] at
the end of the single-mode band, i.e., f/f. = 2 (Note that
results given by Formulas (8) and (9) are overlapping each
other and thus, presented in one curve). Therefore, a maximum
discrepancy is indicated at the cutoff frequency, i.e., f/f. = 1.
In an ideal situation, the definition of the cutoff is where the
phase constant, 3, equals 0. In the HFSS simulation, however,
[ takes a small positive value below the cutoff. Therefore,
the new definition of the cutoff is where the largest leap of 3
happens, which is also where a. stops dropping and tends to

(14)

Qe =
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TABLE I
THE EQUIVALENT WIDTH, @¢, FROM TWO-MODE CALIBRATION METHOD
AND WU’S METHOD [12] FOR €, = 7.1.

as (mm) 2 3 4

ae (mm, Formula (8) in [12]) 1.868 2.868 3.868

a. (mm, two-mode calibration) 1.847 2.847 3.848
TABLE II

THE EQUIVALENT WIDTH, @, OF THE SIW WITH a = 3 MM FROM
TWO-MODE CALIBRATION METHOD FOR DIFFERENT €.

€r 2 4 6 8 10 12

ae (mm) 2.837 2838 2.852 2.843 2847 2.840

be flat in Fig. 10. To accurately determine the cutoff frequency,
ae at f/f. =1 is required.

The a. from both two-mode calibration method and [12] is
shown in Table I. A maximum discrepancy of 1.1% can be
observed. Apparently, however, Formula (8) will match our
results if the coefficient of the second term is adjusted slightly
as: e

0.817 - s

In order to find out whether ¢, plays a role or not in
determining the equivalent width, a., the SIWs of a = 3 mm
with different ¢, are analysed. Results are shown in Table
II. As can be seen, the influence of ¢, is minor and has no
obvious trend, which means that €, is not a determining factor
to derive a,. and the small deviations among different ¢, might
be attributed to insufficient simulation accuracy.

Other basic design rules with respect to s/d and as/d in
[12] can be followed to minimise the leakage loss, ensure a
proper TE,,,o mode, etc.

15)

Qe = Qg

IV. HSIW

The typical context in which a single-mode HSIW needs to
be designed is that the material, fabrication technology, and
cutoff frequency have all been specified and the dimensions
of the HSIW need to be determined. As stated before, the
HSIW is viewed as a combination of a two-dielectric loaded
RWG and an SIW. With the introduction of ¢., the RWG is
transformed into a uniformly-filled one and hence, (14) and
(15) are rewritten as:

T d?

JodZ—F@ T 08IT-s

to determine the width of the HSIW. Note that to ensure a
frequency-invariant €, and thus a., the loading ratio, g, needs

(16)

e =

TABLE III
THE STRUCTURAL PARAMETERS (IN MM) OF THE WR28-LIKE HSIW.

ar al a ap b d s

7.11 070 7.08 726 1 030 0.60
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to be close to 0 or ,/¢,. Otherwise, a. varies with frequency,
which means that this type of HSIW cannot be characterized
by a two-dielectric loaded RWG of a constant width. Since our
HSIW has removed most of the dielectric, it well satisfies the
condition. Therefore, by combining the analysis in Sections II
and III, a general rigorous design procedure of the HSIW can
be obtained as follows:

1) Decide the cutoff frequency f. of the TE;y mode and
hence, the single-mode band is f. ~ 2f..

2) Determine s, d, ai, and €, based on the materials and
techniques available and make sure s/d < 2, 2a;/d > 1.

3) Use (4) to find the width of the two-dielectric loaded
RWG, a, for f. and check if a/d > 5. If not, reduce d,
or a; until it satisfies the condition. Numerical analysis
is needed to solve this transcendental equation.

4) Use (16) to find the width of the HSIW, a;. Note that
a. = a. The height of the HSIW, b, enjoys a certain
degree of flexibility and can be selected according to
the convenience of fabrication, loss requirements, etc.

5) Use the two-mode calibration method to find the propa-
gation characteristics, i.e., a and 5. HFSS based on the
FEM method is needed to perform the 3D modelling.

Based on the steps discussed above, an HSIW has been de-
signed in the Ka-band which has the same cutoff frequency as
the standard WR28 (21.10 GHz). The Dupont™ GreenTape™
9K7 LTCC system as mentioned before has been employed as
the dielectric material, with €, = 7.1 and tand = 0.001 at 10
GHz. The conductivity of the silver paste to be coated on the
LTCC is o = 3.7e7 S/m.

Table III shows the structural parameters of the WR2S8-
like HSIW, where a, is the width of a standard RWG.
The propagation characteristics are shown in Fig. 11, where
the frequency has been normalised to the simulated cutoff.
Standard WR28 and a corresponding dielectric-filled SIW with
the same cutoff frequency have also been simulated by HFSS
and results are shown for comparison. Note that the height of
the RWG and SIW is also 1 mm, the same as the HSIW.

In Fig. 11(a), the loss of SIW indicated by the attenuation
constant, ¢, is significantly larger than that of the HSIW. This
has clearly verified the reduction of loss by removing the inner
dielectric of the SIW. Compared with the standard RWG, the
WR28-like HSIW is very close to a standard waveguide in
terms of attenuation, which shows we achieved the design
goal.

In Fig. 11(b), the phase constants, 3, of the HSIW and
WR28 for the TE;y mode are almost overlapping each other
and the cutoff frequency defined by the largest derivative of 3
is only 0.11 GHz discrepancy. For the TE,, mode, however,
that deviation doubles and can be observed in Fig. 11(b). The
SIW, in contrast, has a similar cutoff frequency; while the
rate of increase of § is far higher than that of the other two
structures.

V. FABRICATION

The WR28-like HSIW designed in Section IV was fabri-
cated with a progressive-lamination LTCC technology without
the use of sacrificial materials [31]. The material is, as stated
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Fig. 11. The propagation characteristics of the WR28-like HSIW in contrast
with the corresponding RWG and SIW: (a) the attenuation constant, «; (b)
the phase constant, 5.

Fig. 12. The middle layers of LTCC tape before lamination of the top and
bottom.

in previous sections, Dupont™ GreenTape™ 9K7, the single-
layer thickness of which is 0.254 mm before firing. In total,
there are four middle layers where the cavity and via-hole
sidewalls are laser machined, as shown in Fig. 12, and 2
supporting layers at the top and bottom to support the metallic
layers of the upper and lower broadwalls. The fabrication
procedure is as follows:
1) Pre-lamination: All the raw LTCC sheets need be pre-
laminated at 20 MPa, 70°C for 10 min to provide
sufficient densification for minimizing the shrinkage.

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

(b)

Fig. 13. (a) The prototype of the WR28-like HSIW and (b) its measurement
fixture.

Note that the 4 middle layers are pressed together,
while the top and bottom supporting layers are done
so individually.

2) Laser-machining: A Nd:YAG laser machine (ProtoLaser
200 from LPKF™) is used to cut out shapes and
structures, such as vias, slots, cavities, etc.

3) Screen-printing: The LL601 paste for via filling and
LL612 paste for layer metalisation were deposited onto
the LTCC samples with an Aurel VS1520A screen
printer.

4) Lamination: All layers were then aligned using a jig and
laminated using a uniaxial laminator.

5) Co-firing: The stacked green tapes were then co-fired us-
ing a programmable furnace according to a temperature
profile for around 36.5 hours.

The manufactured HSIW test samples are shown in Fig.
13(a). Three HSIWs with an equal difference in length of 10
mm, ¢.e., 30 mm, 40 mm, and 50 mm, are built into one tape.
This saves time, material, and facilitates the application of the
two-mode calibration method presented in Section III.

VI. MEASUREMENT

As shown in Fig. 13, a back-to-back transversal slot-pair is
employed to couple the energy in and out. Around each slot,
there are also four holes to mount the RWG-to-Coax adaptor,
as shown in Fig. 13(b). To verify this feeding scheme, the
measured and simulated S-parameters of the 30 mm HSIW
are shown in Fig. 14. It can be seen that they agree well.

Through the multimode calibration technique, the propa-
gation constant of this WR28-like HSIW can be extracted,
and is shown in Fig. 15. To compare with results from the
measurement, the simulated propagation constant using HFSS
has also been plotted in the same figure.

In Fig. 15, the measured phase constant, 3, stays very close
to the simulated one, including around the cutoff frequency.
As for the measured loss constant, «, it ripples above the
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Fig. 14. Measured and simulated S-parameters of the 30-mm-long HSIW.
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Fig. 15. Extracted attenuation constant, « and phase constant, 5 of the WR28-
like HSIW from the measurement.

simulated one, which indicates that the actual sample is more
lossy. Possible reasons may lie in that the loss characteristics
of materials (LTCC, silver paste) tend to be worse at high
frequencies; in particular, in this experimental in-house process
we have observed significant surface roughness issues and
some voids in the fired silver paste, which will certainly
deteriorate the loss performance of the HSIW. Even with these
fabrication issues, an average o of approximately 1 Np/m or 9
dB/m is still achieved, which is an excellent loss performance.
Furthermore, we are confident that these fabrication issues
could be addressed with suitable process optimization in a
commercial environment.

VII. CONCLUSION

By decomposing the HSIW into the two-dielectric loaded
RWG and a standard SIW, this paper develops a systematic
method for the analysis and design of the hollow SIW (HSIW).
A prototype operating in Ka-band has been fabricated using
an experimental progressive lamination method of fabricating
LTCC channels and the measured results suggest that the
HSIW can achieve transmission loss comparable to a standard
RWG with the same cutoff frequency. The potential for HSIW
to be integrated with other active and passive components in

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.ol

an integrated multilayer, multi-chip module is highly attractive
and the technology offers tremendous prospects for realizing
low-loss integrated passive components such as resonators,
filters, power combiners and antennas.
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