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ABSTRACT In this paper, ideal suspended coplanar waveguide model is analyzed by using conformal
mapping method, and the characteristic impedance is formulated and verified. A self-packaged suspended
coplanar waveguide (SCPW) using multi-layer PCB technique is proposed and implemented with a experi-
mental insertion loss of no more than 0.5dB, and return loss of better than 15.8dB from DC to 10GHz, which
eliminates the drawbacks of the traditional suspended circuits such as bulky size, heavy weight and difficult to
be integration because of their indispensable metal cavity and mechanical assemble. Both self-packaging and
inside/outside end connection are used to reduce the wave leakage. Based on the self-packaged multi-layer
suspended coplanar waveguide, a high frequency selective and high isolated multi-resonator coupled diplexer
with measured isolation of no less than 42.5dB, and out-of-band suppression of more than 37dB as well as
multiple transmission zeros have been implemented. A reflectionless bandstop filter with a measured Sy
attenuation of more than 13.8dB is also implemented for demonstrating the availability of the self-packaged
multi-layer SCPW.

INDEX TERMS Suspended coplanar waveguide, self-packaging, transition, diplexer, reflectionless

bandstop filter.

I. INTRODUCTION

Suspended microstrip/stripline circuits have been demon-
strated of an improved quality factor [1]-[5] because of
the reduced loss and dispersion. The traditional suspended
microstrip/stripline has been used to implement microwave
filters [1], [2], resonator [3], and oscillators [4], et al, how-
ever, the further applications of this kind of circuits have
many difficulties because of the obvious drawbacks of large
circuit size and heavy weight, which is dominantly due to
the metal cavity. In communication systems, multi-layer cir-
cuits [6]-[8] have been paid more and more attention because
of the vertical integration capabilities even for system-
on-package. Recently, multi-layer substrate integrated sus-
pended line (SISL) circuit [7] has been realized by using
common PCB technique to overcome the disadvantages of
the traditional suspended line circuits.

The associate editor coordinating the review of this manuscript and
approving it for publication was Wenjie Feng.

Transmission lines are the basis of RF circuits. Full-wave
analysis and quasi-static analysis [9] are usually be used for
theoretical research on transmission lines, and as full-wave
analysis requires a lot of numerical calculation, so quasi-static
analysis which only needs solving two-dimensional potential
field has become the preferred method for analyzing trans-
mission lines, and analytical formulas also can be achieved

The first analytical formula for calculating CPW quasi-
static parameters using conformal mapping method is per-
formed by Wen [10], and later, Veyres and Hanna [11]
extended the application of this method to CPW with limited
size and dielectric thickness, and the feasibility had been
demonstrated [12], [13]. However, these formulas only suit-
able to the case of transmission lines with a single dielectric
substrate In practice, there are many cases of multilayer
substrates, such as the cable in the integrated circuit which
is either on the substrate or buried between two substrates In
1997, Chen and Chou [14] deduced analytical formulas for
CPW on multilayer substrates by conformal mapping, and
the results have been verified. In transmission line analysis,
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the validity of conformal mapping completely depends on the
assumption that the transmission mode is quasi-static. The
quasi-static approximation is valid at frequencies below
100GHz [15].

In this paper, an ideal suspended coplanar waveguide
model is analyzed by using conformal mapping, and a
suspended coplanar waveguide with self-packaging and
inside/outside end connection in air cavities has been pro-
posed by using multi-layer PCB technique. In order to val-
idate the applications of the proposed SCPW, a diplexer
with multiple transmission zeros and high isolation using
self-packaged SCPW is proposed, while a reflectionless
bandstop filter is also designed. All of the proposed SCPW
circuits have been fabricated and have been validated by
experiment. The proposed SCPW circuits have both advan-
tages of the coplanar waveguide and the cavity circuit, which
include easy shunt and series with the other passive/active
components, low weight, ordinary processing and manufac-
turing technique, easy integration with other components, and
favorable electromagnetic compatibility not only because the
ground and conductor strip are coplanar, but also because
the self-packaging and outer end connection Meanwhile, the
PCB cut air cavities bring reduced dielectric loss, which
in return introduces enhanced quality factor, and the most
important is that other components including circuit chips
and power supplies can be put down easily in the reserved
air cavities.

Il. ANALYSIS OF SUSPENDED COPLANAR WAVEGUIDE
BY USING CONFORMAL MAPPING METHOD

A. CONFORMAL MAPPING PROCESS OF THE IDEAL
SUSPENDED COPLANAR WAVEGUIDE

An ideal suspended coplanar waveguide model with three
zones labeled as I, IT and III, respectively, has been proposed
as shown in Fig. 1. The characteristic impedance of the circuit
model can be achieved by the conformal mapping method.
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FIGURE 1. Ideal suspended coplanar waveguide structure.

For zone I, the capacitance per unit length is set to be Cy,
and the conformal mapping process is plotted in Fig 2. Zone |
is the inner region of a polygon on the zplane, as shown in
Fig. 2(a) Firstly, the exponential transformation as

t= exp(z—lz) (1)

is used for transforming the rectangular area shown in
Fig.2(a) into the lower part of the t-plane, as shown in
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FIGURE 2. Schematic diagram of the transformation steps for solving C1.
(a) z-plane. (b) t-plane. (c) w-plane.

Fig 2(b). Each point on the t-plane is corresponding to
each point on the z-plane, that is t; = exp(—nblh))r =
exp(—malhy), t3 = exp(walhy), t4 = exp(wb/hy) Then by
using the Schwarz-Christoffel transformation, the lower part
of the t-plane can be transformed into the rectangular domain
of the w-plane, as shown in Fig. 2(c). The transformation
from tplane to wplane is shown in Table 1.

TABLE 1. Transformation from t-plane to w-plane.

v w, a, t (t-t)> &
1 W /2 4 (t=1)'"?
2 W, 2 f ()"
3 W3 /2 f (t-15)""
4 Wy /2 Iy (t—tz;)-l/z

The integral transformation can be obtained by substituting
into the Schwarz-Christoffel formula as
! dr
1 +
n V=11 — )t —16)t — 1)
Here w|,—y = 0, so By = 0 The Antiderivative of the integral
above can not be expressed as an elementary function [16].

If we set r, = % [16], formula (2) can also be
expressed as

w=A

B (2

G—t)—t)dt (o . 2 (3—1))
W= " l—n)i—n)? (t—1t) (B3—1)(13—11) 3)

i1 A =1t —10)t —6){t —14)

Then we can get the expression of wows3 as

1 d
Wow3 = A1g1k1/ d = A181k1K(ky)
0 J(1 - -1382)
4)
with
2 (3—10)(t4 —11) (52)
U7 (1)1 — 1)
£ =r (5b)
2
g1 = (5¢)

V(3 — )ty — 1)
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In the same way, wiw> can be obtained as

wiwz = —jAi1g1kiK (k) (6)

ki =1 -k 7

According to the well known parallel plate capacitor formula
of C = &S /d the capacitance per unit length of zone / can be
obtained as

with

K (k1)

waws| .
YK &)

C1=80|

®)

wiwz|
where [Wwrws3| represents the plate area of the parallel plate
capacitor, |[wywy| is the parallel plate spacing, and g is the
dielectric constant of air. K (k;) and K (k;’) are the first class
of complete and incomplete elliptic integrals, respectively
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FIGURE 3. Schematic diagram of the transformation steps for solving C,.
(a) z-plane. (b) t-plane. (c) w-plane.

For zone II, the solution process of conformal mapping is
shown in Fig 3. Firstly, the hyperbolic sine function

= sinh(;%) 9)

is used to transform the rectangular area with a width of Ay
on the z-plane as shown in Fig 3(a) into the lower part of
the t-plane as shown in Fig3(b) through conformal mapping
method. Where

b
‘s sinh(—;—hz), t6=sinh(—;—hi) (10a)

ma b
t sinh(—), g = sinh(— 10b
7 (2 hz) 8 (2 hz) (10b)
Then Schwarz-Christoffel transformation is used to transform
the lower part of the tplane into a rectangular domain of the
wplane, as shown in Fig3(c). The transformation process is

similar to that of zone I, and we have

wew7 = Axg2koK (k) 11
Wswe = —jA2g2kaK (k}) (12)

The capacitance per unit length in zone II can be achieved as:

lwew7| _ __K(k)
|—80(81 80)_K(k§) (13)

Cr = go(e1 — €0)

[Wswe
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where, ¢ is the dielectric constant in zone II, and

5 (7 —te)tg — 15)
ST BT 14
27 (13— te)(t7 — 15) (19

ky=\/1-k3 (15)
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FIGURE 4. Schematic diagram of the transformation steps for solving Cs.
(a) z-plane. (b) t-plane. (c) w-plane.

For zone III, the conformal mapping process is shown in
Fig. 4, and which are similar to that of zone I Similarly,
the exponential transformation as t+ = exp(wz/h3) is used
for transforming the z-plane shown in Fig.4(a) into t-plane,
and we have t9 = exp(-wb/h3), tjg = exp(-walh3), t;1 =
exp(rwalhs), t1o = exp(wb/hz) Then the t-plane as shown
in Fig.4(b) is transformed into the w-plane, as shown in
Fig. 4(c), and we get

wiowi1 = A3gzk3K (k3) (16)
wowio = —jA3g3k3K (k3) (17)
The capacitance per unit length of zone III can be obtained as
[Wiowitl K (k3)
C3 =80———— =& (18)
[WowTo| K (k)
with
t1 — o)ty —
2 - (ti1 — no)(f12 — 19) (19)
(t12 — t10)(f11 — 19)
ki =.1-k; (19b)

B. BCHARACTERISTIC IMPEDANCE CALCULATION AND
SIMULATION COMPARISON

The total capacitance per unit length of the suspended copla-
nar waveguide can be achieved as

C=C+C+Cs
= 80@ + €o(e1 — 80)K(k2) Rts)
K(ky) K(k3) K(k3)
while the effective dielectric constant &, and fill factor g;
can be expressed respectively as

/

(20)

€0

Eelf = 7 = q1€0 + g260(e1 — €0) + q380 21
K(ki)
K (k) -
qi — K(k) + K (k3) (l - 1, 27 3) (22)
K (k}) K(k3)
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Here, C’ represents the capacitance per unit length filled
with mixed media, and C” represents the capacitance per
unit length filled with air. Substituting formulas (22) and (21)
into (20), the total capacitance per unit length can be simpli-
fied as

K (k1)
K(k))

K (k3)
K (k)

C = eoeeir( ) (23)
Then the characteristic impedance of the suspended coplanar
waveguide can be expressed as

1207 & o7 €0 1207
Z= JearC T (K@) K
o Vel R wD T KK

With the help of MATLAB, the characteristic impedance of
the suspended coplanar waveguide can be obtained from (24)
The suspended coplanar waveguide is also simulated by
HFESS, and the calculated result from (24) is compared with
the simulation, as shown in Fig.5 (a) and (b). Where a =
0.8mm, b = 1.1mm, ~; = 0.508mm, &y, = 0.254mm, h3 =
1.041mm, and hqy = h3hy. Z; is the simulated value, while
7, is the calculated one It is seen that the calculation and
the simulation have the similar variation trend, and the error
between them is within 3.1%, which verifies the reliability of
the analysis and calculation process.

(24)

lll. SUSPENDED COPLANAR WAVEGUIDE
IMPLEMENTATION BY USING

MULTI-LAYER PCB TECHNIQUE

A. A DESIGN AND ANALYSIS OF THE

SELF-PACKAGED MULTI-LAYER SCPW

Based on the ideal SCPW model, a self-packaged SCPW cir-
cuit is constructed by five-substrate PCB technique, as shown
in Fig.6. Where S| and S5 are used for packaging, S» and
S4 have part PCB cut air cavities, and S4 is used for con-
centrating electromagnetic field to realize the suspension,
while the desired components can be set in S»/S4 S3 is the
main circuit Here S; represents the i-th dielectric substrate.
The PCB cut air cavity introduces reduced dielectric loss,
and the two cavities have the same size of 16mm x 6mm.
F; ¢ = 1,2,...,10) is the upper/bottom layer of each
substrate, as illustrated in Fig.6, where both F; and Fj( are
covered with copper for electromagnetic shielding, F3, F4, F7,
Fg, and Fg are part copper covered layers, while F5 and Fg are
the upper/bottom layers of the main circuit, respectively. The
whole circuit includes grounded coplanar waveguide (GCPW
or CBCPW), strip line structured GCPW, SCPW, and transi-
tion parts. Where the strip line structured GCPW is between
the GCPW and the SCPW, which is a GCPW structure but
imbedded in the dielectric, like that of the strip line structure.
All of the circuit sections with lengths of /;(i = 1, 2, 3) have
characteristic impedance of 50€2.

In this design, the copper-covered planes are connected
through the copper-covered side wall of the air cavity, as is
shown in Fig.7. For the structure composed of substrate
3 and 4, it is a GCPW but make some grounded part
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FIGURE 5. Influence of upper/lower air cavity on characteristic
impedance of the suspended coplanar waveguide. (a) Characteristic
impedance versus hy, hy = 0.787mm. (b) Characteristic impedance versus
h4, h] = 0.508mm.

lower to generate suspension, which is like a grounded sus-
pended coplanar waveguide [17]. The end connections of the
upper/lower air cavities and the left/right end connections
of each substrate are sealed with copper for electromagnetic
shielding. The rows of via holes which are perpendicular to
the GCPW are used for the harmonics suppression.

Cross section of the self-packaged SCPW and its electro-
magnetic field is illustrated in Fig.7, where the lateral walls
and the top/bottom layers have been connected to the ground,
which is not only beneficial for electromagnetic shielding, but
also beneficial for the circuit’s mechanical strength enhance-
ment Substrates 1 and 5 are designed using FR4, which have
relative permittivity of 4.4 and thickness of 0.6mm, while
substrates 2, 3, and 4 are designed using Rogers 5880 mate-
rial with relative dielectric constant of 2.2, and thickness of
0.508mm, 0.254mm, and 0.787mm, respectively

The core circuit structure is shown in Fig.8, where
the circuit top view and the backside view are shown in
Fig.8 (a) and (b), respectively. For the certain dimensions
as shown in Fig.8, the simulated circuit frequency responses
versus air cavity heights of hy and h4 are illustrated in
Fig.9 (a) and (b), respectively. It is noted that the cavity height
h> has important influence on the return loss, and the atten-
uation of Sy; becomes poor with % increasing. It also can
be seen that /4 influences both S1; and Sj1, and parasitical
harmonic would be produced in higher frequency band when
hy is less than 0.508mm, which indicates that the parasitic
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FIGURE 6. Three dimensional view of the proposed self-packaged SCPW.
S;(i =1, 2, 3, 4, 5) denotes the i-th substrate.
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FIGURE 7. Cross section and electromagnetic field of the self-packaged
SCPW.

FIGURE 8. Core circuit structure. (a) Top view of the core circuit layer.

(b) Backside view of the core circuit layer. I; =15.6 1, =1.415 =6.2, 15 =
l5 =0.3, wy = 0.7, Wy = 0.5 Wy = 1.6, Wy =Wg = 12.05,s = 0.2, |5 =16,
l; = 8, wg = 6, w; = 9.6. unit: mm.

modes have some relevance with the cavity height. It can be
concluded from Fig.9 that 1) the air cavity height affects the
transmission performance, and the transmission line has the
best performance when #; = 0.508mm and 24 = 0.787mm;
2) the electromagnetic wave would concentrates to the dielec-
tric when the lower air cavity height is too small, which would
increase the parasitic effects; 3) SCPW would be similar to a
common CPW when the air cavity is too high, which would
increase the radiation loss. Both 2) and 3) are not beneficial
to the improvement of the transmission performance of the
SCPW.

The proposed SCPW can be seen as a black box as shown
in Fig.10, where the input/output voltage-current matrix can
be formulated as

[21]= [?}IB)HY;] 25)
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FIGURE 9. Simulated circuit frequency responses versus air cavity height.
(a) Frequency responses versus h,. (b) Frequency responses versus h,.
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FIGURE 10. Black box of the SCPW circuit.

A B Ay By A1 By Ay By
[C D] - |:C2 D2:| X |:C1 D1:| X |:C2 D2:| (26)
For the lossless case, A; = cos BiliB; = jZysin Bil;, C; =
jYosinBil;, Di = cosBili, i = 1, 2. Bi = w@/c.
Here, B; is the corresponding phase constant of the SCPW
transmission line, c is the velocity of light in free space,
&rei 18 the corresponding effective relative permittivity, and
Yo = 1/Zy, Zp = 5022.
For the lossy case, the ABCD matrix of each circuit section
can be formulated as [5]

coshy;l;  Z sinh y;l; ] 27

Al' Bi _
Ci D; | | (sinhy;l)/Z coshyl;
7% = 2211+ S11)? — S3,1/1(1 = S11)* — 3,1 (28)

where the propagation constant y; can be formulated as y; =
o; + jBi, here «; is the corresponding attenuation constant,
and the ABCD matrix can be achieved as that in (27). It is
noted that the ABCD matrix of the lossy circuit is compli-
cated, and in order to simplify the computation, only the
suspended section with length of /; is considered because
the other sections such as the parts with length of I, have
non-significant effect on the transmission line compared with
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the suspended coplanar waveguide section. So, according
to the relationship between the S-parameter and the ABCD
matrix, the attenuation and phase constants of the SCPW can
be obtained by

e V!
_ ki

-1
{[1—5121+5221+\/(5121 _5221+1)2—(2511)2]/(2521)}
(29)

0.8 a of CPW

0. 74 —— o of SCPW
0. 64
0. 54

0. 44
0. 34

o (dB/m)

0.2+
0.14
0.0+

0 5 10 15 20
Frequency (GHz)

FIGURE 11. « of SCPW and of CPW versus working frequency.

Attenuation constant of the SCPW is plotted in Fig.11,
where the 502 CPW transmission line which is used for
comparison with the proposed SCPW has the same dielectric
constant and thickness as that of the core circuit. It is seen
from DC to 20GHz, o of the proposed SCPW is obvious
smaller than that of the CPW, and o gets lower as working
frequency increases.

As ¢/ /ee = MAgf and B = 2m/Ag, the relationship of
phase constant 8 and frequency can be expressed as f =
2mf \/€re/c, where c is the velocity of light in free space, f
is the working frequency, and A is the guided wavelength.
It is noted that 8 is proportional to frequency. If the slope of
B — f curve is defined as k, the effective permittivity of the
SCPW transmission line can be achieved as

&re = [ke/(2m)]? (30)

Simulated electric/magnetic field distributions of the SCPW
are plotted in Fig.12 (a) and (b), respectively. It shows that
the electromagnetic field concentrates on the conductor strip
and the gap around, especially on the suspension part, which
is consistent with that shown in Fig.7

Lumped element equivalent circuit of the proposed SCPW
is shown in Fig.13(a), and the simulated frequency responses
comparison by electromagnetic/circuit simulators are plot-
ted in Fig.13(b). It is seen that the circuit simulation result
approaches to the electromagnetic simulation one. The cir-
cuit parameters are extracted as C; = 0.1430pF, L; =
0.7374nH, C; = 0.3291pF, C3 = 0.0274pF, L, = 0.7872nH,
C4 = 0.1595pF
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FIGURE 12. Simulated electric/magnetic field distributions. (a) Electric
field distribution. (b) Magnetic field distribution.
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FIGURE 13. Lumped element equivalent circuit and frequency responses

of the SCPW transmission line. (a) Lumped element equivalent circuit.
(b) Simulated frequency responses.

0 2

B. B EXPERIMENTAL RESULTS

The proposed SCPW has been fabricated and measured,
as shown in Fig.14 and Fig.15, where the fabricated indi-
vidual substrate and the assembled circuit are shown in
Fig.14(a) and (b) respectively, and the comparison of mea-
surement and simulation is shown in Fig.15. The measure-
ment is using Agilent E5S071C vector network analyzer. It can
be seen that the measured Sy; agrees with the prediction,
while the measured S;; has less attenuation compared with
the simulation. The measurement and simulation difference
is due to the fabrication, assembling uncertainty, and even
the substrate permittivity/height tolerance. It is noted that the
measured insertion loss is no more than 0.5dB from DC to
10GHz, while it is of less than 0.8dB from 10GHz to 13GHz,
and the measured return loss is no less than 15.8dB from DC
to 10GHz. The self-packaged SCPW has an overall circuit
size of 32mm x 25.2mm x 2.75mm.

IV. APPLICATION OF THE SELF-PACKAGED

SCPW IN DIPLEXER

A. BDIPLEXER DESIGN AND ANALYSIS

In order to validate the application of the presented SCPW,
a high isolated and high frequency selective diplexer with
mixed electric/magnetic coupling by using self-packaged sus-
pended coplanar waveguide is designed, as shown in Fig.16.
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(b)

FIGURE 14. Fabricated hardware of the self-packaged multi-layer SCPW.
(a) Fabricated individual substrate. (b) Assembled whole circuit.
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FIGURE 15. Measured S-parameter.
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[ Copper

Bl Diclectric

FIGURE 16. Three dimensional layered structure of the proposed
self-packaged SCPW diplexer.

The diplexer is stacked with FR4 substrates for S1 and S5
with relative permittivity of 4.4 and both thickness of 0.4mm,
and Rogers RT/duroid 5880 substrates for S2, S3 and S4
with relative permittivity of 2.2 and thickness of 0.508mm,
0.254mm and 0.787mm, respectively. The core circuit of
the diplexer is mainly on the upper surface F5 of the core
substrate S3, and part of the lower surface F6 in the position
of the air cavity is etched away, so as to achieve the sus-
pension. In order to simplify the design, the feeders of the
input and output ports are designed only using the transition
from SCPW to GCPW. The characteristic impedance of the
input/output port is 502

The core circuit (in F5) of the proposed diplexer is
composed of open-circuited resonators, short-circuited res-
onators, and an E-shaped dual-mode resonator [18], as is
shown in Fig.17. The diplexer coupling topology is plotted
in Fig.18. The resonators used in the proposed diplexer
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FIGURE 17. Core circuit of the SCPW diplexer.

ki% Jh
ﬁﬁwmﬁﬂ

. Resonator Q Source/load
E=electric coupling ‘M=magnetic coupling

FIGURE 18. Multi-resonator coupling topology of the proposed diplexer.

are shown in Fig.19(a), (b) (c), (d) and (e), respec-
tively. Where, the open-circuited resonators are denoted
by R1/R4/R6/R9, while the short-circuited resonators are
denoted by R2/R3/R7/R8, and the odd/even-mode of the
E-shaped resonator are denoted by RS and R5’, respectively.
The odd/even-mode of the E-shaped resonator works at dif-
ferent resonant frequency, which can be designed correspond-
ing to the working frequency of the lower/upper channel of
the diplexer. Set 6, = 6,1 + 6,2 the input admittance of the
odd/even-mode of the E-shaped resonator can be formulated
respectively as

Yo i 1 Vo i Zytan 6 + Zp tan b,
in,od JZa tan 6, > in,e v JZa (Zy — tan0, tan6y)
(31

The diplexer design scheme is that the coupling of
R1-R2-R3-R4 with the odd-mode of the E-shaped res-
onator generates the diplexer lower frequency channel, while
the coupling of R6-R7-R8-R9 with the even-mode of the
E-shaped resonator generates the diplexer higher frequency
channel, and all of the coupling constitutes mixed elec-
tromagnetic coupling. Multiple transmission zeros can be
produced by multiple resonators coupling through multiple
electromagnetic paths In order to achieve high isolation of
the two channel filters, the right out-of-band transmission
zero of the lower frequency filter is designed near the center
frequency of the higher frequency filter, while the left out-
of-band transmission zero of the higher frequency filter is
designed near the center frequency of the lower frequency
filter.
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FIGURE 19. Resonators used in the proposed diplexer. (a) Open-circuited
resonator. (b) Short-circuited resonator. (c) E-shaped resonator.

(d) 0dd-mode circuit of the E-shaped resonator. (e) Even-mode circuit of
the E-shaped resonator.

Z40a

Zy Oa1

When the diplexer is designed working at 2.53/3.75GHz
with fractional bandwidth of 9.6%/6.0%, return loss of more
than 20dB, and isolation of no less than40dB, the coupling
matrices of the two channels including the source and load
can be formulated as (32) and (33), shown at the bottom of
the page.

The actual coupling coefficient can be obtained as kjj =
ki = M;;xFBW. The diplexer physical dimensions can be
calculated by the diplexer specifications, the resonant con-
ditions (Y, = 0) of open and short-circuited resonators, the
E-shaped dual-mode resonator, and the coupling coefficients,
and the circuit size can be obtained as w = 2.2, w; = 0.4,
Lh =128, w, =2,1pb =8.6, w3 =0.6, ws =12, ws = 1.3,
s1=02,5=04,53=05,54=02,wg=1,11 =13, 10 =
48, wr=1,13=124,55 =0.2,5¢ =0.2, 57 = 1.2, 55 = 0.3,

=02,l4=7.1,w9g=23,l5 =6.8, wig = 0.5, w11 =04,
and wip = 0.6, unit: mm

Simulated electromagnetic field distributions of the SCPW
diplexer at 2.53/3.75GHz are shown in Fig.20. It is seen that
when working at 2.53GHz, the electromagnetic field of the
diplexer concentrates on R1-R2-R3-R4 and the odd-mode
part of E-shaped resonator, as shown in Fig.20(a) and (b),

FIGURE 20. Simulated electromagnetic field distributions of the SCPW
diplexer. (a) Electric field distribution at 2.53GHz. (b) Magnetic field
distribution at 2.53GHz. (c) Electric field distribution at 3.75GHz.

(d) Magnetic field distribution at 3.75GHz.

while when working at 3.75GHz, the diplexer electromag-
netic field concentrates on R6-R7-R8-R9 and the even-mode
part of the E-shaped resonator, as shown in Fig.20(c) and (d).
Electric field is dominantly concentrates on open-circuited
resonator such as R1/R4/R6/R9 and the coupling gap, while
the magnetic field is dominantly concentrates on short-
circuited resonator such as R2/R3/R7/R8. All these are accor-
dance with the diplexer design scheme and the coupling
topology shown in Fig.18.

Multiple transmission zeros (TZs) have been introduced
by the multi-resonator coupling topology, as shown in
Fig.21. Transmission zeros can be controlled/adjusted by
electric/magnetic coupling, for example, for the lower fre-
quency channel, TZ1 and TZ3 can be controlled/adjusted by
the resonator coupling gap (electric coupling) S3, as shown

S RIL R2 R} R4 RS L
ST 0 179 0 0 0o 0 0
RI | 1796 —0.486 2.037 0272 —0.027 0 0
R2| 0 2037 —0773 1189 0 0 0
MU=p3| 0 0272 1189 —0384 1194 0 0 (32)
RA4| 0 —0027 0 1.194 0458 2.055 0
RS| 0 0 0 0 2055 0.486 1.796
Ll o o 0 0 0 179 0 |
S RO RS R7I R6 RS L
ST o0 196 0 0 0 0 0
RO | 1.976 0.667 2.419 0432 0.035 0 0
RS | 0 24191113138 0 0 0
M2=p7 1 0 04321383049 1405 0 0 (33)
R6 | 0 0036 0 140506222457 0
RS | 0 0 0 0 24570667 1.976
LLo o o 0o 0 196 0
VOLUME 10, 2022 463



IEEE Access

J.-K. Xiao et al.: Analysis and Implementation of SCPW and Its Applications in Filtering Circuits

in Fig.21(a), while for the higher frequency channel, TZ5
can be controlled/adjusted by the resonator coupling gap Sg,
as shown in Fig.21(b). It can be seen that TZ1/TZ3/TZ5 will
be further away from center frequency with coupling gap
increasing, while TZ2/TZ4 nearly stays fixed. TZ1/TZ5 also
can be adjusted by S»/S7, respectively.

T N — 5,=0.3mm
204 ——5,=0.5mm
e s, =0.7mm
o 401
=
& 601 -
80!
-100+4
o 1 2 3 4 5 6
Frequency (GHz)
(@)
01
""" 5,=0.2mm
20 —5,~0.3mm

1TZ4

Frequency (GHz)
(b)

FIGURE 21. Influence of coupling gap on transmission zeros. (a) TZ
versus Ss. (b) TZ versus Sg.

Influence of /3 on diplexer bandwidth of the higher fre-
quency channel is shown in Fig.22. It is seen that higher
frequency channel bandwidth decreases with the even-mode
circuit size of the E-shaped resonator increasing, so the circuit
bandwidth can be adjusted. The lower frequency channel
bandwidth also can be adjusted by the odd-mode circuit of
the E-shaped resonator. The changing of diplexer bandwidth

404

S31 (dB)

604 /

-80

Frequency (GHz)

FIGURE 22. Influence of /5 on diplexer bandwidth.
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is due to the changing of electromagnetic coupling introduced
by the changing of circuit dimension.

The proposed self-packaged SCPW diplexer is fabricated
and measured, as shown in Fig.23 and Fig.24, respectively.
The fabricated individual substrate and the assembled whole
circuit are plotted in Fig.23(a) and (b), respectively, while
the measured S11/S71/S31 and isolation which have been
carried out by Agilent E5071C vector network analyzer are
demonstrated in Fig.24(a) and (b), respectively It is seen that
the presented diplexer has measured insertion loss of 1.05dB
and 1.1dB respectively for the lower and higher frequency
channel, and the diplexer out-of-band suppression is more
than 37dB, while the measured isolation is no less than
42.5dB. Measurement is similar to the prediction, and the
discrepancy between experimental results and prediction is
due to the fabrication uncertainty and system error caused

(b)

FIGURE 23. Fabricated hardware. (a) Fabricated individual substrate.
(b) Assembled whole circuit.
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(b)

FIGURE 24. Experimental results. (a) Measured diplexer S;;/S;;/S3;-
(b) Measured diplexer isolation.
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by the vector network analyzer. The diplexer circuit size is
20.6mm x 41.6mm, which is about 0.254,x0.51A,, where
Ag is the guided wavelength at the lower frequency channel.

Comparison of this work with the related reports is shown
in Table 2. It is seen that less passband insertion loss, better
out-of-band suppression, more transmission zeros, and even
smaller ciecuit size have been realized compared with the
related reports.

TABLE 2. Comparison of this work with the related reports.

CF 1L Iso. CS
Ref. (GH2) (dB) (dB) TZs CT SP 0D
[19] | 1.5/1.76 2.8/3.2 >30 7 M no | 0.34x0.54
[20] 1.1/1.3 1.8/1.5 >26 1 M no | 0.82x0.86
[21] | 1.95/2.14 1.2/1.5 >35 3 M no | 0.36x0.38
[22] 5/5.25 1.8/1.5 >40 6 SIW no | 1.02x2.08
[23] 0.8/2.5 1.26/1.21 | >45 7 SISL | yes -
ours | 2.53/3.75 | 1.05/1.1 | >42.5 8 SCPW | yes | 0.25x0.51

Ref.: reference, CF: center frequency, IL: insertion loss, Iso.-isolation, CT:
Circuit type, M: microstrip, SP: self-packaging CS: circuit size.

V. APPLICATION OF THE SELF-PACKAGED SCPW IN
REFLECTIONLESS BANDSTOP FILTER

A simple reflectionless bandstop filter (RBSF) with absorp-
tive resistors is also designed, as is shown in Fig.25. Here
Si and S5 are designed using FR4 substrate with relative
permittivity of 4.4, and thickness of 0.6mm, both S, and S4
have relative permittivity of 2.2, and thickness of 1.57mm,
while S3 is with Rogers 3010 which has a relative dielectric
constant of 10.2, and thickness of 0.635mm. The main circuit
is composed of two pairs of asymmetric U-shaped slots in
the ground and a pair of absorptive resistors bounded to
the first stage defection, as is plotted in Fig.26(a), and the
lumped element equivalent circuit is plotted in Fig.26(b). The
resistors are used to absorb the reflection signal, and matching
in a certain frequency band can be obtained.

The SCPW RBSF is designed with a center frequency of
1.84GHz, a 3dB fractional bandwidth (FBW) of 24.7%, and a
return loss of no less than 15dB. ¢, of the suspended circuit
can be obtained as 6.4044, while the guided wavelength at
1.84GHz can be achieved by A, = ¢/( /&/f) as 64.44mm.
As a microwave filter is usually implemented by a quarter-
wavelength resonator, and according to the filter specifica-
tions, the circuit dimensions can be obtained as w = 0.54,

Alr cavity
Via holes
Air cavity
Rivet hole

==Copper = Dielectric

FIGURE 25. Self-packaged SCPW RBSF.
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FIGURE 26. Core circuit structure and lumped element equivalent circuit
of the SCPW RBSF. (a) Structure of the core circuit. (b) Lumped element
equivalent circuit of the RBSF.
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FIGURE 27. Circuit/EM simulated S-parameter of the proposed SCPW
RBSF.

g=0504=50hL=151=451=3,15=07,81 =g =
g3 = 0.2, unit: mm. R = 120€2. Here /; which approaches to
Ag/4 (16.11mm) is dominantly used for controlling the filter
center frequency.

For the lumped element equivalent circuit of the proposed
RBSF shown in Fig.26(b), the simulated S-parameter of the
lumped element equivalent circuit by using ADS and the elec-
tromagnetic simulation result by HFSS is shown in Fig.27.
Where the extracted circuit parameters are Ry = 602, L1 =
8.5nH, C; = 0.9pF, L, = 0.7nH, C, = 11pF, Ry, = 232Q.
R, is equivalent to two parallel patch resistors with a value
of 120€2. It can be seen from the S-parameter comparison
that the circuit simulation result approaches to the electro-
magnetic simulation one.

Simulated filter frequency responses variation versus /1, [,
g> and R are shown in Fig.28 (a), (b), (c) and (d), respectively.
It is seen that 1) vertical length of the asymmetric U-shaped
slot /; has weak influence on filter S1; and S;{, as shown in
Fig.28 (a), but it is different for the horizontal slot length /5,
and the circuit working frequency increases with /, decreas-
ing. It is noted that S has an attenuation of more than 13dB
within 5GHz in the cases shown in Fig.28(a), (b) and (c),
and the maximum attenuation is more than 35dB, as shown
in Fig.28 (b); 2) horizontal slot width g has slight effect on
S11/S21, and parasitic harmonic will be introduced with g
increasing, as shown in Fig.28(c); 3) The loading resistors
are very important for RBSF. It is noted that when R = 50%2,
S11 attenuation is less than 10dB, and when R = 120€2,
the attenuation is about 15dB, while when R = 100002,
the reflectionless phenomenon disappears because this case
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FIGURE 28. Simulated frequency responses variation versus some
physical parameters and R. (a) Variation of frequency responses with /;.
(b) Variation of frequency responses with /,. (c) Variation of frequency
responses with g,. (d) Variation of frequency responses with resistor R.
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FIGURE 29. Fabrication and measured results of the self-packaged SCPW
RBSF. (a) Fabricated individual substrates. (b) Whole circuit hardware.
() Measured results.

is similar to an open circuited one and a favorable reflective
bandstop filter is obtained, as Fig.28(d) demonstrates.

The multi-layer SCPW RBSF has been fabricated and
tested, as illustrated in Fig.29(a) (b)and (c), respectively.
It can be seen that the proposed SCPW RBSF has a measured
working frequency of 1.76GHz, a measured bandwidth of
about 27.3%, and a measured S{; attenuation of no less than
13.8dB from DC to 5GHz. The measurement approaches to
the simulation, and the discrepancy between measurement
and prediction is due to the material tolerance and fabrica-
tion uncertainty. The proposed SCPW RBSF has a size of
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TABLE 3. Comparison of this work with the related reports.

Ref. | CT | é:}fz) F(];\;] S SP (Sx‘;%
>

41| ™M 2 8 N cl.%dcﬁiz no ;
>

Rs1| ™M 2.33 o 5_13(?;12’}12 no ;

26| ™M 2 86.5 T){ié(}il]i’ no | 018
>

[27] M 2 1 0-180((}1113; no -

ours | scew | 176 | 273 | SUS e | 04l

0.210; x 0.67Ay (43.4mm x 13.8mm), where Ay is the
guided wavelength at 1.84GHz.

Comparison of the proposed reflectionless bandstop filter
and the related works is listed in Table 3. It is seen that the
presented self-packaged SCPW RBSF not only has more Sy
attenuation, and even wider bandwidth, but also has smaller
circuit size compared with some related reports. The avail-
ability of the proposed SCPW has been demonstrated.

VI. CONCLUSION

Suspended coplanar waveguide model is analyzed by using
conformal mapping method, and a multi-layer self-packaged
SCPW transmission line with wideband and low insertion
loss has been proposed and manufactured by using com-
mon PCB technique. The attenuation constant of the SCPW
has been extracted, and a smaller attenuation constant com-
pared to the traditional CPW has been demonstrated. Based
on the self-packaged SCPW transmission line, a multi-
resonator coupled diplexer with high frequency selectivity
and high isolation has been implemented. Diplexer isolation
and out-of-band suppression have been effectively improved
by assigning the transmission zeros of each channel filter to
the passband of the other channel filter, and the transmission
zeros can be controlled/adjusted by electric/magnetic cou-
plings. A reflectionless bandstop filter is also developed for
demonstrating the availability of the proposed self-packaged
SCPW. The advantages of wideband and low loss of the self-
packaged SCPW, and high frequency selectivity as well as
high isolation of the proposed SCPW diplexer, and matching
of the proposed SCPW RBSF have been demonstrated. All
of the proposed SCPW circuits have been fabricated and
demonstrated by experiment.

The proposed SCPW circuits have advantages of self-
packaging, low loss because of the low electromagnetic
leakage, and desired components including power source,
integrated circuit chips and dielectric resonators, et al can be
placed in the reserved air cavities, and simultaneously, more
vertical integration can also be implemented.
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