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Broadside-Coupled Coplanar Waveguides and Their
End-Coupled Band-Pass Filter Applications

Cam Nguyen, Senior Member, IEEE

Abstract—New broadside-coupled coplanar waveguides, suit-
able for applications requiring wide bandwidths, tight cou-
plings, and large mode effective-dielectric-constant ratios, are
presented. Their analysis and investigation are described. Sim-
ple equations relating the per-unit-length capacitances of the
c- and 7-modes and the per-unit-length capacitance matrices of
the coupled structures to those obtained when applying even-
and odd-symmetric voltages are also derived. New broadside
end-coupled band-pass filters have been developed at X-band
(8-12 GHz) with less than 1.5 and 1.0 dB passband insertion
losses using the proposed four-ground-plane and two-ground-
plane coplanar waveguide structures, respectively. Good
agreement between the experimental results and those pre-
dicted theoretically was also observed.

I. INTRODUCTION

DGE-COUPLED parallel transmission lines are very
useful transmission media for many microwave com-
ponents such as filters and couplers. The main drawback
of these structures is the weak coupling that results in lim-
ited operating bandwidths. A novel broadside-coupled
structure, first proposed by Dalley [1] using strip-line
technique and subsequently investigated by Allen and
Estes [2], has an inherent broad-band characteristic. The
wide-band feature is obtained from the strong coupling
produced by the two broadside-coupled strips. As pointed
out in [3], this structure also has several desirable features
not achievable by its edge-coupled counterpart, such as
multiple stop-band and multizero pass-band responses
from a single filter section, due to the large ratio between
the even- and odd-mode phase velocities. A similar struc-
ture realized using coplanar waveguide (CPW) transmis-
sion line would be an attractive candidate for both micro-
wave integrated circuit (MIC) and microwave monolithic
integrated circuit (MMIC) applications. The use of CPW
for MICs and MMICs has recently been growing due to
its many appealing properties, including 1) elimination of
via holes in connecting circuit elements to ground, 2) easy
realizations of compact baluns for balanced circuits, and
3) good line-to-line isolation.
A symmetrical broadside-coupled CPW, with air above
and below the substrate, was first proposed and analyzed
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by Hatsuda [4]. Another version of broadside-coupled
CPW with equally thick dielectric materials above and be-
low the main substrate, sandwiched between top and bot-
tom conducting covers, has also been analyzed [5]. In
these, structures, four ground planes on both sides of the
main substrate are used. These ground planes form a par-
allel-plate waveguide that can produce leakage loss in the
structure due to coupling to the parallel-plate mode. In
addition, higher-order waveguide modes may be gener-
ated if all four planes are not kept at the same RF poten-
tial. Maintaining the same RF potential for all these
ground planes is extremely difficult, if not impossible, at
high microwave frequencies. These undesired parallel-
plate and higher-order mode propagations excite spurious
resonances and unwanted couplings, which limit and de-
grade circuit performance. The operating frequency range
of these broadside-coupled CPWs are thus limited.

To overcome the problems of leakage loss and higher-
order mode propagations, we have modified the reported
structures [4], [5], by using an enclosed conducting chan-
nel and different thicknesses for regions above and below
the main substrate, and proposed a new one that has only
two ground planes located on the same side of the sub-

_ strate, as depicted in Fig. 1. The modified and new broad-

side structures can avoid leakage of energy and propaga-
tions of higher-order modes up to high frequencies with
appropriate channel dimensions and substrate parameters,
and thus extend the operating frequency range. The new
version, especially, eliminates the parallel-plate mode
propagation and excites less higher-order modes due to
the use of only two ground planes on the same substrate
side, which can easily be maintained at the same RF po-
tential, and thus further increases the operating frequency
limits. In addition, it has lower loss due to the use of wider
center conductors for given characteristic impedances,
substrate thicknesses, and dielectric constants and less
conductor-edge loss as compared with that for the modi-
fied structure. Moreover, our proposed structures can have
improved characteristic impedance ranges by proper se-
lection of spacings between the main substrate and the top
and bottom channel walls. Finally, as compared to the
broadside-coupled strip-line, the new transmission lines

~ have additional desirable features provided by the gaps,

including more design flexibility and large impedance
range.
In this paper, we present the analysis and detailed in-

vestigation of these new broadside-coupled CPWs (Figs.
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Fig. 1. Cross sections of the FBCPW (a), TBCPW (b) and single CPW
(©). ’ .

1(a), (b)): the four-ground-plane (FBCPW) and two-
ground-plane (TBCPW) broadside-coupled CPWs, whose
ground planes are located on the substrate surfaces. The
analysis is based on the quasi-static spectral domain ap-
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Fig. 2. CPW broadside end-coupled band-pass filters using FBCPW (a)
and TBCPW (b).

proach (SDA) developed by Itoh [6]. New and simple
equations relating the capacitances per unit length of the
¢ and 7 propagation modes and the elements of the per-
unit-length capacitance matrices to those obtained when
applying even- and odd-symmetric voltages are derived.
Various numerical results for the mode characteristic
impedances and effective dielectric constants of the new
broadside-coupled CPWs are presented and discussed.

In comparison with the popular microstrip line, filter
development on CPW has been very sporadic, in spite of
its attractive advantages. Only a few CPW filters have
been reported, such as the CPW end-coupled band-pass
filters [7], CPW short-circuited stub band-stop filters and
open-circuited stub band-pass filters [8], and CPW-slot
line band-pass filters [9].

In this paper, we also report, for the first time, the de-
velopment of new end-coupled band-pass filters using the
proposed broadside-coupled CPWs (Fig. 2). Compared to
the conventional CPW end-coupled filter [7], this filter
structure can achieve the tight coupling between resonator
elements required for wide-band applications. The char-
acteristic impedance and effective dielectric constant for
the single CPW (Fig. 1(c)), employed in the filters, are
also obtained using the quasi-static SDA. Two X-band

- (8-12 GHz) three-section end-coupled band-pass filters,

employing the proposed broadside structures, have been
built and tested, and measured performances agree favor-
able with the results calculated theoretically.

II.- FORMULATION

Fig. 1 shows cross sections of the considered broad-
side-coupled and single CPWs. The structures are en-
closed in a perfectly conducting waveguide and assumed
to be uniform and infinite in the z-direction. Both the
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ground planes and central strips are assumed to be
perfectly conducting and infinitesimally thin, and the di-
electric substrates are assumed to be lossless. These
broadside-coupled structures support two quasi-TEM
propagation modes, the c-mode (in-phase) and the m-mode
(anti-phase), similar to those in the two asymmetric par-
allel coupled lines embedded in an inhomogeneous me-
dium [10]. The ¢- and w-modes become the even- and
odd-modes when #; = h; and ¢, = ¢ for the FBCPW,
The analyses for these structures are similar, except that
there exists only a single quasi-TEM mode in the single
CPW structure. So only that of the FBCPW is described.
The analysis consists of two parts. First, we use the quasi-
static SDA [6] to obtain the capacitances per unit length
corresponding to equal (even-symmetric) and opposite
(odd-symmetric) potential excitations. Second, we eval-
uate the capacitances per unit length and then the char-
acteristic impedances and effective dielectric constants for
the ¢- and m-modes.

A. Even- and Odd-Mode Quasi-Static Analysis
We begin the analysis by defining a Fourier transform
with respect to x as

a

~ 2

f(am }’) = ;1_ SO f(x5 )’) sin oy X dx (1)
where the tilda (~) specifies the Fourier-transformed
quantity and oo, = nw/a,n = 1,2, - -
transform variable. The unknown potentials G (e, ¥),
i =1, 2,3, in region i are the solutions of the Fourier-
transformed Laplace equation

4’3, (@ )
ay*
which are found to be
é1 (s, y) = A sinh (b ~ y)
¢y (cty, ¥) = Bsinh a0, (y — hs) + Ccosh o, (y — h3)
(3b)

63(an’ )’) =D Slnh Oln(}’) (30)

where A, B, C, and D are unknown functions of «,,. The
boundary conditions at the perfectly conducting walls at
x =0, aand aty = 0, b are already enforced in the above
potential functions. The remaining boundary conditions
in the spectral domain, obtained as the Fourier transforms
of those in the space domain, that those potentials must
satisfy are given as

ondi(ay,y) =0 Q)

(3a)

b1(ap, by + h) = Gy(ty, by + h3) (4a)
B1 (0, By + ) = VV(a) @b)
27 T ~U
€ i_?z _ % = —p (Ot,,) (4C)
0y y=hy+h3 dy y="h2+h3 €o
G0ty B3) = b3loy, h3))  (4d)

, 1s the Fourier-
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b3 (aty, b)) = V() (4e)
z r ~L
€2 %0 — € 80 ) 4f)
ay y=h3 ay y =3 €o
V) = Vo) + Vi), X=UL (4g) .
i) _ P3(w) + Pinlow) + Bl
EO 60
(4h)

where, in the above equations and in what follows, quan-
tities with the subscripts U and L correspond to the upper
and lower surfaces of the central substrate, respectively.

- V&% X = U, L, represent the Fourier transforms of the

known potentials of the strips, respectively; V¥ are the
Fourier transforms of unknown potential distributions on
the left- and right-hand-side slots; the ground planes are
assumed to be at zero potential; 55, 55, and 5}, stand for
the Fourier transforms of the unknown charge distribu-
tions of the strips, the left-hand-side ground planes, and
the right-hand-side ground planes, respectively; e is the
free-space permittivity; and ¢,; and ¢,, are the relative di-
electric constants of the central and bottom substrates, re-
spectively.

Imposing the foregoing boundary conditions then yields
the following system of coupled linear algebraic equa-
tions

G (a)p (@) + Gr(a)p () = VWi (52)

G (o) p () + Gula)p(e) = V() (5b)

where the spectral-domain Green’s functions, Gl-j, i=1,
2,and j = 1, 2, are derived as

- 1
Gy = 7 {tanh anhy <2 tanh o,y + tanh anh3>}
€1
(62)
1 tanh o, tanh o,h,
E cosh o, by

Gp =Gy =

(6b)

. 1
Gy = % [tanh o, hy <tanh a,h; + — tanh anh2>]

€1

(6¢)

1
E = ¢y, tanh o, b, [eﬂ <e_ + tanh «,/; coth anh2>

rl

+ tanh o, k3 (coth o fy + €, tanh oz,,hl)]. (6d)

Galerkin’s method along with Parseval’s theorem are
now employed to solve equation (5). In order to do that,
we first expand the unknown charge distributions as series
in terms of known basis functions, and then substitute the
series into (5) and take the inner products of the resulting
equations with the individual basis functions. The result
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is a system of [MY + M* + 2(NY + N)] coupled linear
equations.
NU

Z Pili(a,) el + Z PP (a)d?,

NL
+oe + Z Plé(an)dészJUa
i=1,2, - ,MY (7a)
NU
Z P () cl + Z PE(a,)d?,
NL
+ oo+ kgl Pj2k6(an)d%k = Ogy
J=1,2, ,NY (7b)
MU NU
2 Pl + 2 Ph(ey)dy,
NL
+ v+ Z Pés(ot,,)dok - O"j’
ji=1,2,--+- Nt (7c)
Wherecf,{,m=1,2,- MU dlp, =1,2, ,NY,
,and db, k=1, 2, , NE, are unknown coeffi.

cients associated with the respectlve known Fourier-trans-
formed known basis functions psm, pglp, + -, and ,5?2,(
that describe the charge distributions of the upper strip,
the upper-left ground plane, -, and the lower-right
ground plane, respectively. For an exact computation, the
series should be infinite. Here, for computational pur-
poses, they are limited to M*, X = U, L and N* for the
strip and ground planes respectively. P’s and Qs are
known parameters obtained from the inner products. For
instance,

Pillis = g 2pg2k’
i=1,2, MY k=1,2, , Nt
®
2VU G+S+Ww
0 = S P (x) dx. ©)
a G+ S

Equation (7) can now be solved for the unknown coeffi-
cients, from which the per-unit-length capac1tances c¥
and C¥, X = U, L, correspondlng to equal (V§, = V§
= 1) and opposite (V§, = VO o = 1) potential excna-
tions on the strips, respectively, can be computed from
the relation

MX

cr = 2 O,

ST Vi 19

r=ce,o
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B. ¢- and w-Mode Quasi-Static Analysis

The charge equations for the coupled structures (Fig.
1) can be written as

QU — (CUO + CUL)V([)J_ CULVé
gt = —=c"vi + (c* + ¢y

where Q% and V§, X = U, L, are the total charges and
potentials on the strips, respectively; C* is the self-ca-
pacitance per unit length of the strip X; and C% is the
mutual-capacitance per unit length between the upper and
lower strips. Now we impose the following sets of exci-
tations according to [11]:

(11a)
(11b)

(1) Even-symmetric excitation: Vi =vE=1
(i) Odd-symmetric excitation: vy = —-vi=1
(ili) c-mode excitation: Vy=1, V=R,

m-mode excitation: V=1,V =R,

(iv)
where R, , stand for the ratios of the voltages on the strips
for modes ¢ and = [10].

For the even- and odd-symmetric excitations, we ob-
tain the following relations

c® =cY (12a)
c? = ¢t (12b)
C% =3(Cy = € =5(Cs = €. (129

Finally, using the c- and 7-mode excitations, along with
(12), yields the quasi-static per-unit-length C¥ of strip X
formode », v = ¢, 7, as

CU

Il

1
cy + 3 (cy-cha -Rry) (13a)

i

1
ct =t + E(Cg - CE)<1 — Ri> (13b)

The Voltage ratios R, , can be evaluated from [12]

R.r = 5_; {(D, = Dy * [(Dy - D))’ + 4E\E,]'/%}
1
(14)
where
D, = C11Co2 = C12Cp12
det [Co]
D, = €22 Co11 — C12Co12
- det [co]
E = C1aCoa — € Cpp2
det [cg]
C12€011 — €11612
E, =
2 det [col
det [co] = v(con Com — Cor2) (15)
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and v, is the free space velocity. ¢, i, j, = 1, 2, are
elements of the per-unit-length capacitance matrix of the
structure and can.be obtained, by making use of (13), as

¢ = %(Cij + Cg) . (163)
o =2CL+CH (16b).
e = 3(CY = €Y = 5(CL - Ch. (16¢c)

coy are elements of the same capacitance matrix per unit
length but with all the dielectric substrates replaced by
air. :

The mode characteristic impedances Z{ , and effective
dielectric constants €. , of the strips for modes » can now
be determined from the following formulas [12]:

1
zZ¥, =
0,v UVCI}/( (17)
ett,r = <—°> 18)
UV

where v,, the phase velocities for modes », are given as

- D, +D, 1 ) -2
Vor = {45——2 F 1D - D) + 4E1E2]‘/2} :

(19)

When s, = h; and €, = ¢y, the ¢- and w-modes in the
FBCPW become the even- and odd-modes, respectively.
That iS, Z(l)],c(r) = Zé,c(w) = ZO, €(0)> Ecff, c(x) = €eff, e(0)> where
Zy, o) DA g ¢(o) are the even (odd) mode characteristic
impedance and effective dielectric constant, respectively.

For the TBCPW (Fig. 1(b)), the derived Green’s func-
tion remain the same. However, (8) is reduced to a set of
MY + M* + 2NY) equations.

IIT. NuMERICAL RESULTS

To obtain numerical results, we used the following ba-
sis functions ‘

cos [(m -1 W)_C_“_G_‘§}

/4

1_{2(x—S—G)—WT 12

P @) = p5, () =

(20a)
[( B 1> x— G
. ; cos i (m 5 TG
pglm(x) = Pgim (X) = C241/2 (20b)
, : X
[1 - <'G‘> }
{< _1) x—a-+ G} ‘
COS m 2 T G
Pim®) = Ppm(®) = T
' | - fa — x
()
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Fig. 3. Mode characteristic impedances (a) and effective dielectric con-
stants (b) of the TBCPW. versus the strip width. @ = 100 mil, h; = h; =
20 mil, #, = 5 mil, e,, = 10.5 (Alumina), ¢,, = 1 (air), S = 20 mil.

which are defined only over the strips and left and right
ground planes, respectively, and the charge density in
(20b) and (20c) vanishes atx = 0 and x = a, respectively.
m=1,2,-+,M5,X=U,L,forp¥ andm = 1, 2,
-+, N* for p¥,, and p},. These functions describe
closely the actual behavior of the charge distributions.due

“to the inclusion of the edge effects. Their Fourier trans-

forms are given in the Appendix.

Results of the ¢- and w-mode characteristic impedances
and effective dielectric constants for the TBCPW and
FBCPW are similar, so only those of the former are pre- -
sented here. Fig. 3 shows calculated values of the c- and
w-mode characteristic impedances and effective dielectric
constants for the TBCPW versus the strip width. As can
be seen, increasing the strip width reduces all the mode
characteristic impedances while respectively increasing
and decreasing the 7- and c-mode effective dielectric con-
stants, resulting in an increase for the effective-dielectric-
constant ratio. Also, the TBCPW, while having- similar
w-mode characteristic impedances and effective dielectric
constants as those for the FBCPW, has higher c-mode
impedances, thus producing a larger impedance ratio. At
W = 40 mil, impedance and effective-dielectric-constant
ratios of more than 14 and 5 are obtained for the TBCPW,
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side-coupled strip-line.

‘respectively. These unique phenomena are very desirable
for applications requiring broad bandwidth and tight cou-
pling.

In Fig. 4, mode characteristic impedances and effective
dielectric constants for the TBCPW are plotted as a func-
tion of the gap width. It is seen that as the gap width is
increased the c-mode characteristic impedance and effec-
tive dielectric constant increases and decreases respec-
tively, whereas those for the m-mode remain virtually the
same. As a result, large ratios for the mode effective di-
‘electric constants and characteristic impedances can be
achieved by increasing the gap width. Again, the TBCPW
has larger impedance ratio than the FBCPW due to higher
c-mode impedance. At S = 35 mil, the TBCPW has
impedance and effective-dielectric-constant ratios of about
11.5 and 5, respectively. It is also clear that as the di-
electric constant of the lower substrate increases, the mode
characteristic impedances and effective dielectric con-
stants of the lower strip decrease while those of the upper
strip remain virtually unaffected.

Fig. 5 shows variations of the mode characteristic
impedances and effective dielectric constants of the
TBCPW versus the gap width for unequal spacings be-

tween the substrate and the channel top and bottom walls.
Compared to the equal-spacing data (Fig. 4), the ratio of
the mode impedances increases due to an increase in the
c-mode characteristic impedance of the upper strip, while
that for the effective dielectric constants is virtually un-
changed.

Computed values of the mode characteristic imped-
ances and effective dielectric constants of the TBCPW are
plotted against the channel width in Fig. 6. It is apparent
that these parameters are insensitive with changes in the
channel width. It should be noted, however, that although
the channel width does not affect the transmission line
characteristics, it must be appropriately chosen to avoid
the propagations of the parallel-plate and hlgher—order
modes at desired frequencies.

As an example to compare our new broadside-coupled
CPWs to the familiar broadside-coupled strip-line, cal-
culated characteristic impedances and effective dielectric
constants of the latter, obtained using an analysis similar
to the one presented in Section II, are also presented in
Fig. 4(a)-(b). It is readily seen, as expected, that the re-
sults for the TBCPW approach those of the broadside-
coupled strip-line as the gap width increases. One further
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remark appropriate here is that, compared to the broad-
side-coupled strip-line that has only one impedance set for
a given strip width, CPW counterparts have a wide range
of impedance values, which make them very useful for.
circuit designs where different impedance levels are
needed. '

IV. FILTER DESIGN AND PERFORMANCE

New end-coupled band-pass filters using the broadside-
coupled CPWs, are shown in Fig. 2. They are actually a
direct-coupled-resonator band-pass filter that consists of
a sequence of CPW broadside coupled sections, periodi-
cally located along CPW. To demonstrate the perfor-
mance of the proposed new filters and to validate the de-
veloped analyses of the broadside-coupled CPWs, two
X-band (8-12 GHz) three-section filters, with a pass-band

ripple of 0.4 dB, were designed and tested. The filter de-
sign was based on the mode characteristic impedances and
effective dielectric constants of the FBCPW, TBCPW, and
CPW. The filter theoretical responses were obtained
through the use of the equivalent circuit of an open-cir-

0.000 T
Calculated A
L Measured -.- . ‘}
g { \ kN
.':: v' N
(8112 N\
-30.00
-60. 00 f
5 000 2000 FREG-GHZ 15.00

Fig. 7. Measured and calculated performance of the FBCPW end-coupled
band-pass filter.

trix of a transmission line section. The channel dimen-
sions are ¢ = 180 mil and » = 131 mil. The filters were
fabricated on a Duriod substrate with a relative dielectric
constant of 2.2 and a thickness of 31 mil. Figs. 7 and 8
show their performances. Insertion losses of less than 1.5
and 1.0 dB were achieved in the pass bands for the
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Fig. 8. Measured and computed performance of the TBCPW end-coupled
band-pass filter.

Fig. 9. A photograph of the FBCPW end-coupled band-pass filter.

FBCPW and TBCPW filters, respectively. It can be seen
that there is a good agreement between the calculated and
measured responses. A photograph of the filter, fabricated
using the FBCPW, and its test fixture is given in Fig. 9.

V. CONCLUSIONS

New broadside-coupled CPWs, suitable for broad-band
applications as well as those requiring tight couplings and
large ratios of mode effective dielectric constants, along
with their analyses have been presented. It has been found
that ratios for the mode characteristic impedances and ef-
fective dielectric constants increase with increasing gap
width. The effective-dielectric-constant ratio also in-
creases with increasing strip width. By properly selecting
the spacings between the substrate and the enclosure top
and bottom walls, one can also realize large impedance
ranges. The development of CPW broadside end-coupled
band-pass filters has also been reported for the first time.
The measured results obtained for three-resonator filters,
fabricated using the TBCPW and FBCPW, in X-band are
in good agreement with the computed performances,
which validates the developed broadside-coupled CPW
analyses. The TBCPW filter exhibits noticeably lower in-
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sertion loss than the FBCPW as expected. These new fil-
ter structures are attractive components in many narrow-
as well as wide-band applications.

APPENDIX

Fourier transforms of the charge distributions described
in (20) are derived as

- ) | 4 5 ("= 1 + w
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where J, and H; denote the zeroth-order Bessel function
of the first kind and Struve function, respectively.
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