1106

IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 6, NO. 7, JULY 2016

A Novel Microwave Attenuator on Multilayered
Substrate Integrated Waveguide

Zheng Liu, Student Member, IEEE, Lei Zhu, Fellow, IEEE, and Gaobiao Xiao, Member, IEEE

Abstract—1In this paper, we propose a novel microwave atten-
uator based on the multilayered substrate integrated waveguide
(SIW). The large loss tangent of Flame Resistant-4 (FR-4)
material in the Ku band is employed to design a highly lossy
SIW resonator cavity as block element for the exploration of
this attenuator. The relative permittivity and loss tangent of
FR-4 at high frequency are at first experimentally extracted
by testing a fabricated ring resonator on FR-4 substrate. Then
the characteristics of single unit of this attenuator versus a few
critical geometrical dimensions are studied. Next, an equivalent
circuit of this single-unit structure is developed to theoretically
predict the propagation characteristics of the designed attenuator
in an efficient and effective manner. Finally, an example of
SIW-based attenuator is designed and measured. The measured
attenuation factor agrees with the simulated and predicted ones
in the stopband frequency of our concern. In addition, good
impedance matching at input and output ports is satisfactorily
realized.

Index Terms— Attenuator, loss tangent, relative permittivity,
substrate integrated waveguide (SIW).

I. INTRODUCTION

N MANY modern communication systems, microwave

bandstop filters or attenuators are critical circuit blocks to
reject all the unwanted and interference signals or to limit the
signal power level. However, most of the reported bandstop
filters are reflective ones, and they can hardly achieve good
impedance matching at two external ports in the desired
stopband. Thus, they may lead to performance degradation of
adjacent circuit components [1], [2]. As an effective approach,
the attenuators can be employed to circumvent these problems
by appropriately equalizing the port impedances with the
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resonator impedances at resonance in the desired stopband.
In this situation, signal power gradually dissipates in a lossy
cavity instead of reflection in a bandstop filter. Therefore, the
attenuators have been highly demanded in various communi-
cation systems.

In general, microwave attenuators can be divided into active
and passive structures. Our attenuation herein will be focused
on the passive attenuators, since the bias circuits involved in
active attenuators may limit their application in some inte-
grated circuits [2]-[5]. Conventional passive attenuators are
usually represented by installing a number of lumped resistors
in a IT or T topology [6], but they dissipate power over a wide
bandwidth and they suffer from poor frequency selectivity in
the desired stopband. The amount of attenuation in waveguide
attenuators primarily depends on the size and position of the
absorbing material placed in a waveguide [7]-[9]. Although
a variety of waveguide attenuators can satisfactorily achieve
the specified performance, their drawbacks, such as bulky
size, heavy weight, and complicated mechanic fabrication, are
not suitable for application in microwave integrated circuits.
In recent years, the substrate integrated waveguide (SIW) has
been widely studied and considered as a promising printed or
integrated waveguide due to its compact size, light weight, low
cost, and easy integration with other planar circuits [10]-[14].
Very recently, the SIW-based attenuators have been reported
in [4] and [10].

In this paper, we propose a novel passive attenuator on the
multilayered SIW. The attenuator is composed of an SIW
section in shunt connection with seven lossy SIW cavities
with different dimensions. Flame Resistant-4 (FR-4) substrate
with large loss tangent is applied to constitute and design
these lossy cavities for power dissipation. After relative per-
mittivity and loss tangent of FR-4 are experimentally de-
embedded with reporting to a fabricated ring resonator, the
equivalent circuit of single unit of this attenuator is developed
to predict and analyze the performance of the designed atten-
uator. Finally, a prototype SIW attenuator is designed with
our proposed method and the measured results show good
performance. Compared with other passive attenuators with
lumped resistors or absorptive materials [6]-[10], our pro-
posed attenuator is implemented on two dielectric substrates
using the printed circuit board (PCB) fabrication process, and
thus it can be easily integrated with other planar integrated
circuits.

The remainder of this paper is organized as follows. The rel-
ative permittivity and loss tangent of FR-4 are experimentally
de-embedded in Section II. Section III demonstrates the effects
of a few critical geometrical parameters on the attenuation
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Fig. 2.

Fabricated ring resonator with a ring width of 0.5 mm.

Ground

Fig. 1.  Schematic of a single unit of the proposed multilayered-SIW
attenuator. sub_1 is Taconic TLX with dielectric constant 2.65 and loss tangent
0.0019. sub_2 is FR-4.

characteristics of the single unit of the attenuator. Section IV
illustrates and validates the presented equivalent circuit of
the single unit structure. An example of the proposed SIW
attenuator is designed, fabricated, and measured in Section V.
Finally, the conclusion of this paper is given in Section VI.

II. DE-EMBEDDING OF LOSSY SUBSTRATE
FOR ATTENUATOR

The schematic of a single unit of the proposed multilayered-
SIW attenuator is depicted in Fig. 1. A small circular aperture
is etched out in the middle metal surface, and it is used
to couple a certain portion of signal power from the upper
SIW section to the lower lossy SIW rectangular cavity. Two
different substrate materials are Taconic TLX and FR-4 as
denoted by Sub_1 and Sub_2 in Fig. 1, for the purpose of
signal transmission and dissipation, respectively. The FR-4
is a highly lossy PCB substrate in microwave frequencies,
and its dielectric properties need to be accurately known in
the concerned frequency range. Otherwise, the inaccurate loss
tangent and unstable dielectric constant may seriously degrade
the performance of the designed microwave components on
this FR-4 substrate [15], [16]. In order to design the lossy
SIW resonators on FR-4 in the Ku band, it is our first task to
accurately de-embed the relative permittivity and loss tangent
of the used FR-4 substrate.

Some approaches to determine the relative permittivity and
loss tangent of a substrate material have been presented, such
as the single-line method [17], T or ring resonator [18], [19],
and bandstop filter method [20]. Following the design proce-
dure given in [19], in this paper, a microstrip ring resonator
capacitively coupled with two feeding microstrip lines is
designed and fabricated with its fundamental resonant mode
operating near 2.0 GHz. The effective dielectric constant of the
microstrip line involved in this ring, i.e., &, can be obtained as

l’l2C
 4zirlf,

(1)

Ere

where n is the order of the resonant mode (n = 1,2,3...)
in such a ring resonator, ¢ denotes the light velocity, r is
the radius of ring resonator, and f; is the measured resonant
frequency of the nth-order mode.

Using the closed-form formula in [21], the actual relative
permittivity, i.e., &, of this substrate can be determined as

Qére — DT+ 128w + 1
Er =
' VTF12h]w + 1

where & is the height of this substrate and w is the strip width
of the ring resonator.

Fig. 2 shows the fabricated ring resonator. Due to the
weak coupling between the feeding lines and resonator, the
unloaded quality factor Q¢ can be approximately determined
by its loaded quality factor Q; under the condition provided
in [19] and [21]. The value of Q; can be calculated by the
3-dB bandwidth of this resonator at resonance. Usually, the
unloaded Q¢ of a resonator is primarily attributed by its
radiation, conductor, and dielectric losses. For such a ring
resonator on the lossy FR-4 substrate at microwave frequency,
the dielectric loss occupies a large percentage of the resultant
Qo, and the conductor and radiation losses are not crucial [16].
The value of Qg can be reasonably determined by its dielectric
loss. Thus, the loss tangent, denoted by tand, of FR-4 can be
computed by [21]

)

1 V1 =2 %10~ Za/10)
tand ~ — =
Qo Qi
where L, denotes the measured insertion loss of this ring
resonator.

With the above method, the relative permittivity and loss
tangent of the used FR-4 can be experimentally extracted as
illustrated in Fig. 3 as a function of frequency. It can be
found that the relative permittivity of FR-4 substrate gradually
decreases with respect to frequency, while the loss tangent
increases. In particular, as the frequency increases from 2.0 to
16.0 GHz, the loss tangent rises by nearly 50%.

3)

III. OPERATION MULTILAYERED-SIW ATTENUATOR

Fig. 1 depicts the schematic of a single unit of the proposed
microwave attenuator formed on a two-layered SIW structure.
The main SIW waveguide is formed on the top substrate
with small loss tangent, whereas the half-wavelength half-
wavelength lossy SIW resonator consist of the lower substrate
with high loss tangent. The lossy SIW cavity is connected
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Fig. 3. Experimentally de-embedded relative permittivity and loss tangent

of the used FR-4 material with respect to different frequencies.

in shunt with the SIW waveguide via a circular aperture in
the metal surface between them. In order to effectively excite
the resonant modes in this unit attenuator, the introduced
electric field would better have the strongest magnitude during
one period. Meanwhile, it is worthwhile to note that when
multicavities are cascaded in the bottom substrate, they cannot
be overlapped. Due to the relative permittivity of the TLX
material is smaller than that of FR4, A, is larger than Ay
for the same dimensions of SIWs. Thus, the length of unit
attenuator in the top substrate should be equal to about half a
guided wavelength, i.e., [1 = 0.54¢1.

Looking at Fig. 1, we can well understand that the operating
frequency band of this single-unit structure mainly depends
on the resonant frequency of the lossy SIW resonator and
the size of small aperture for coupling. Fig. 4 depicts the
resonant frequency and attenuation factor of this simple unit-
cell attenuator with respect to the varying diameters of the
coupling aperture, where the sizes of the SIW cavity are fixed.
As the diameter d of this aperture is enlarged, the operating
frequency with minimum S>; magnitude gradually moves to
higher frequency, and the minimum S»; value increasingly
falls down.

Now, we would like to apply the perturbation theory to
provide insight into the trend of this variation. Assuming
that the fundamental mode of the SIW cavity is the TEjq;
mode, the maximum electric field magnitude should be located
at the center of this cavity, where the magnetic field magnitude
vanishes. As a small aperture exists on the top metal of this
SIW cavity shown in Fig. 1, its effect on the lossy SIW cavity
can be equivalently considered as a perturbation in electric
field. In other words, this cavity is mainly perturbed by a
variation in relative permittivity, denoted by Aeg, where
Ae = &1 — &2, &1 < &72. According to the perturbation
theory described in [21], the resonant frequency of the
perturbed cavity, denoted by f, can be calculated by

F=fo _ Jy (e el EP)ds
o 4w

where fo is the resonant frequency, W is the stored energy,
| E| is the electric field in the initial cavity without an aperture,

“)
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Fig. 4. Attenuation factor and resonant frequency of the single unit of the
multilayered SIW attenuator in Fig. 1 versus different values of d/l (a; =
10.3,ap = 6.6,b1 = by =1.0,1hb =102, § =2.3,tand = 0.035, g,p = 4.28,
and via’s diameter: 1.2; unit: mm).
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Fig. 5. Attenuation factor and resonant frequency of a multilayered SIW
attenuator in Fig. 1 versus different values of by/l, (a1 = 10.3, ap = 6.6,
by =1.0,d=3.1,1 =102, S =23, tand = 0.035, &, = 4.28, and via’s
diameter: 1.2; unit: mm).

and Sy is the surface area of the circular aperture, which is a
function of the diameter d.

From (4), we can figure out that with increase in d, the
resonant frequency of the SIW cavity tends to rise up at the
beginning, and the frequency band with high attenuation then
moves upward to higher frequency.

Fig. 5 illustrates the attenuation characteristics and reso-
nant frequency of this single-unit attenuator as a function of
height or thickness (by) in the lower SIW cavity. As b is
enlarged, the frequency band with high attenuation is gradually
shifted to lower frequency, and its attenuation level is almost
unchanged. This variation trend in frequency response can
also be explained using the above perturbation theory. In this
manner, the circular aperture gradually decreases the total
amount of electrical energy stored in the lossy SIW resonator,
but hardly gives influence on stored magnetic energy. With
the variation of height b,, the stored magnetic energy varies
much more significantly, so the concerned resonant frequency
can be expressed as follows relying on magnetic field of the
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cavity [21]:

F—fo_ Jy, wolHPdv
o 4w

(5)

where Vj is the varied volume of cavity and it is a function
of by, and |H| is the magnetic field in the resonator.

It is worthwhile to note that the average power handing
capacity (APHC) of the SIW is a function of its height. The
APHC for the SIW resonator cavity is linearly proportional to
its height b, [22].

IV. EQUIVALENT CIRCUIT FOR ANALYSIS AND DESIGN

A complete equivalent circuit, inclusive of a small aperture
for coupling and lossy SIW cavity, is given and then employed
in this section to predict the attenuation characteristics of the
proposed attenuator in Fig. 1 through circuit analysis instead
of time- and memory-consuming full-wave method. Moreover,
the equivalent circuit can provide physical insight into the
nature or behavior of the modeled structure.

An electrically small aperture on the broad wall of a
rectangular waveguide has been well studied in [23]-[27].
As the outcome of these works, it is well known that the
distortion of the field lines in the vicinity of a small aperture
primarily depends on the nature of the excitation, and the
physical shape and size of the aperture. In other words, the
behavior of the aperture is tremendously dependent on the
magnetic polarization and electric polarization, responding to
the tangential components of magnetic field and the normal
components of electric field at the aperture, respectively. These
polarizations are functions of the shape and size of the aperture
only [26], [27]. Parasitic effects caused by the edge of aperture
can be neglected.

Fig. 6(a) depicts the longitudinal view of the multilayered-
SIW attenuator in Fig. 1, and the metallic vias are represented
by perfect electric conductor for simplicity in analysis. Assume
that only the dominant mode in the SIW, TE;g mode, is under
the situation of propagation, only the three field components,
ie., H;, Ey, and H,, are nonzero. The effects of these three
field components on the coupling strength of a small aperture
can be represented by their equivalent lumped circuit elements
in series or shunt connection with two waveguides [26], [27].
Thus, the equivalent circuit of this small aperture can be
constituted as illustrated in Fig. 6(b).

In Fig. 6(b), the magnetic field component H, gives rise to
series-inductive coupling, denoted by an inductance L3, and
the magnetic field H, to shunt-inductive coupling L, and L1,
respectively, while the electric field E, stands for capacitive
coupling, denoted by a capacitance C;. The values of these
coupling parameters can be calculated by utilizing a series of
design formulas in [27]

Y A
1 Ag2del (6)
Y2 Agae
N
gl 2w P .
By, (%) iglzelbl (1 + Z_e;)
v, o | SzP )

22by
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Fig. 6. 2-D view and equivalent circuit of a single unit of the proposed
multilayered-SIW attenuator in Fig. 1. (a) Longitudinal view (b; = b»).
(b) Equivalent circuit.

By, (zgl)z 1 P a?,
B (2) | = - 1+ -l 8
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Y, Y1 (ae1 +ae2)
B B
2Ly _ DLy Gel (10)
Y Y1 ae

Herein, Y; and Y, stand for waveguide equivalent

impedance, and they can be obtained by the power-voltage
definition [21]

_ 2aeiy/1 = (4i/2a¢)?

wbin;

Yi N l - 1, 2 (1 1)
where agj is the equivalent width of SIW [28] and #; is the
wave impedance.
For a centered circular aperture of diameter d, the magnetic
and electric polarizations P and M can be obtained by [21]
d3 d3
P=—, M=—.
12 6
Meanwhile, the equivalent circuit of a lossy SIW cavity
can be represented by a series resonator circuit as illustrated
in Fig. 6(b). All the circuit elements involved can be approx-
imately calculated by [21], [28], [29]

12)

R, = % (13)

L = j—; (14)
1

= @L (1>
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Fig. 7. Comparison among the attenuation factors simulated under different

substrate materials and equivalent circuit model. Ly = 0.19 nH. Ly, =
029 nH. L3 =2.7nH. C; =17 pE. R, =14 Q. C, = 0.04 pF. L, =3 nH.
For FR4, ap = 6.6, I = 10.2, and d = 3.1. For TLX, ap = 7.55, [ = 12.35,
and d = 3.1 (unit: mm).

Based on (6)—(15), the attenuation characteristics of the
single-unit multilayered-SIW attenuator, as shown in Fig. 1,
are calculated using the above-described equivalent circuit
model. Fig. 7 shows the calculated results compared with
those from the full-wave simulation. Although small deviation
is observed in Fig. 7, the equivalent circuit still can be
applied to approximately but efficiently predict the whole
attenuation characteristics of the proposed multilayered-SITW
attenuator with complicated geometry. As shown in Fig. 7,
good impedance matching at input and output ports can be
well gained since the input power dissipates in the lossy cavity.
When the resonator cavity is designed using Taconix TLX as
substrate, the simulated scattering parameters are also given
by comparison. It is clear that the sharp roll-off magnitude
response and high attenuation factor are difficult to control
and then restrict the freedom of designing an attenuator with
wide bandwidth and small attenuation factor.

V. DESIGN EXAMPLES AND RESULTS

In order to validate our proposed method, an SIW-based
attenuator working in the 15.5 GHz with attenuation factor
over 10 dB and 10% fractional bandwidth (FBW) is designed.
Its geometrical structure is implemented by cascading several
half-wavelength lossy resonators with dissimilar dimensions.
After the characteristics of single-unit attenuator and its corre-
sponding equivalent circuit model are obtained, the frequency
response of the entire attenuator can be estimated using these
cascaded equivalent circuit models. Although the obtained
results are approximate due to the intrinsic property of all
the equivalent circuit methods, the number of required unit
attenuators and the initial dimensions of the whole structures
can be accurately and efficiently determined by executing
our final optimization of its entire layout relying on the
commercial EM simulator.

The detailed procedure with our proposed method to design
an SIW-based attenuator is summarized as follows.

1) Extract the characteristics of the used FR4 material, i.e.,

the relative permittivity and loss tangent, with the use
of the ring resonator method.
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Fig. 8. Fabricated SIW attenuator. (a) Bottom layer of sub_1. (b) Top layer
of sub_2. (c) Whole SIW attenuator. @; = 10.3 and ap = 7 (unit: mm).

TABLE I
PARAMETERS OF RESONATOR CAVITIES AND APERTURES

d (mm) [ (mm)

1 3.00 10.80
2 3.10 10.50
3 3.25 10.25
4 3.30 9.95
5 3.10 9.60
6 3.00 9.30
7 2.95 9.10
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Fig. 9. Electric field distribution of the proposed SIW attenuator at 15.45 GHz
(a) on the top metal of the SIW and (b) inside seven lossy resonators.
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2) A single-unit attenuator and its corresponding equivalent
circuit can be formed up with (6)—(15).

3) Based on the desired attenuation factor and operat-
ing bandwidth, the number of unit attenuators can be
determined by calculating the frequency responses of
equivalent circuit models, and thus the initial dimensions
of the whole attenuator can be approximately obtained.

4) The whole structure of the resultant attenuator with
multilossy cavities in shunt and transitions at external
ports is optimally designed to obtain the satisfactory
attenuation performance in a certain stopband.

The conventional tapered microstrip transitions are used to
feed this whole attenuator to obtain good impedance match-
ing [30], [31]. The widths/lengths of transitions in P} and P>
ports are found as 4.6/7.2 and 4.55/7.45 mm, respectively.

Fig. 8 depicts the photography of the fabricated
multilayered-SIW attenuator, where seven SIW resonators
with different dimensions are employed to achieve the
desired operating bandwidth and attenuation factor. The dis-
tance between two adjacent coupling apertures in sub_1
is set as about Ag1/2 to effectively excite these resonators
and avoid to overlap the position of these resonators.
The detailed dimensions of apertures and resonators are listed
in Table L.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 07,2024 at 07:13:56 UTC from IEEE Xplore. Restrictions apply.



LIU et al.: NOVEL MICROWAVE ATTENUATOR ON MULTILAYERED SIW

m
=
= kY
-14f } )
= y ¥zt Measured
-18 [ -=-=-- Simulated 1
'20 G <o Equivalent Circuit]
13 14 15 16 17 18
Frequency (GHz)
(@)
0 T T T T
-5

[ Measured_S;; Measured_ S5,

11
'

W

(%]

mag(S, ) and mag(S, ) (dB)

45k d
-50 A p
13 16 17 18
Frequency (GHz)
(b)

Fig. 10. Comparison among the calculated, simulated, and measured results
of the proposed SIW attenuator. (a) Attenuation factors. (b) Return losses.

Fig. 9 depicts the simulated electric field distribution of this
designed SIW attenuator. It can be clearly demonstrated that
that the input power gradually decays along its propagation
direction.

Fig. 10 shows the simulated and measured scattering para-
meters of the designed multilayered-SIW attenuator. The
predicted attenuation factor is given as well by cascading
several equivalent circuits as shown in Fig. 6(b). The mea-
sured attenuation characteristic is found in reasonably good
agreement with the simulated and calculated ones, except
that the measured center frequency slightly deviates from
the simulated ones by about 2%. This deviation may be
caused by the fabricated tolerance and Subminiature version A
connecters. However, the fabricated multilayered-SIW atten-
vator still shows good performance. From Fig. 10(a), we
can see that this attenuator has achieved higher than 10-dB
attenuation in the frequency range from 14.7 to 16.75 GHz,
representing an FBW of about 13%. Moreover, the measured
return losses in input and output ports are better than 16 dB in
its operating bandwidth as can be observed in Fig. 10(b), so
good impedance matching has been achieved as well. Mean-
while, Table II lists the comparison results with other reported
results.

For the conventional attenuators, absorbing materials or
lumped resistors are always inquired to attenuate the
microwave signal. However, our proposed attenuator is simple

1111

TABLE 11
COMPARISON WITH OTHER REPORTED MICROWAVE ATTENUATORS

[Sa1 | [Si1 ] FBW Structure
(dB) (dB) (%)
[2] -7+0.5 -7 18 Active /
Microstrip+Graphene
[4] -13+0.5 -15 40 Active /
HMSIW+PIN diodes
[5] -4+0.5 -15 62 Passive/
Microstrip+Resistors
[6] -54+0.5 -20 1~67 Passive /
GHz Resistive m networks
[7] -240.1 / 13 Passive / Rectangular
Waveguide+ Loads
[8] -12.5+£0.5 / 14 Passive / Rectangular
Waveguide+ absorber
[9] -14.5+0.5 -15 3 Passive / Rectangular
Waveguide+ absorber
[10] -5+0.5 -15 32 Passive / SIW+ Resisters
This -12.5+0.5 -16 13 Passive/SIW
Work

in geometrical structure since it is fully implemented using the
standard PCB fabrication process, so it can be easily integrated
with other planar integrated circuits.

VI. CONCLUSION

In this paper, a multilayered-SIW microwave attenuator
is presented by forming a few lossy SIW cavities in shunt
connection with the main SIW waveguide. For low cost and
easy integration, the FR-4 substrate is used to realize these
lossy SIW cavities. This attenuator is realized without needing
to install any lumped resistors, bias circuits, or absorptive
materials. Compared with the conventional metallic waveguide
attenuators, the proposed attenuator is compact in size and
easy integration with other planar integrated circuits and SIW
circuits. After the single-unit multilayered-SIW attenuator is
described, and analyzed, a practical attenuator with seven
lossy SIW cavities is designed, fabricated, and measured.
The measured results show good performance as expected
and are in good agreement with the simulated and predicted
ones.
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