1416

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL MTT-33, NO. 12, DECEMBER 1985
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Abstract —The parameters of general two-coupled lines and symmetric
three-coupled lines in an inhomogenecus medium for the lossless case are
obtained. The impedance and chain matrices of spurline bandstop filters
are derived. One-section spurline bandstop filters with their stopbande
centered near 33 GHz have been designed and tested. There is excellent
agreement between the experimental results and these predicted theoreti-
cally.

I. INTRODUCTION

ECENT ADVANCES in microwave and milimeter-
Rwave integrated circuits have created a demand for
compact bandstop filters; spurline bandstop filters (Fig. 1)
are most promising. They are compact structures, with a
significantly lower radiation loss than conventional shunt-
stub and coupled-line filters [1].

A basic spurline bandstop filter, consisting of two identi-
cal parallel conductors (Fig. 1(a)) built in stripline config-
uration, was first introduced by Schiffman and Matthaei
[2]. Bates adapted this technique in microstrip medium by
assuming the same phase velocities for even and odd
modes [1]. Later, Nguyen et al. analyzed the structure,
taking into account the different even- and odd-mode
phase velocities {3]. None of the papers published on this
subject, however, analyze spurline filters using asymmetri-
cal two lines (Fig. 1(b)) and symmetrical three lines (Fig.
1(c)).

The principal advantages of the asymmetric two-line
filter are its ability to act as a symmetrical two-line filter
combined with an impedance transformer, and can be
designed to achieve a wider stop-bandwidth by choosing
appropriate dimensions for the asymmetric coupled lines.
The symmetrical three-line filter has significant advantages
over asymmetrical and symmetrical two-line filters because
it can offer a much wider bandwidth in addition to a
higher stopband rejection in a comparable size.

It is the intent of this paper to provide an analysis and
performance of such spurline bandstop filters in an inho-
mogeneous medivm.

To study the theoretical behavior of spurline networks,
the parameters of the corresponding lossless coupled lines
are also obtained completely in terms of the static capaci-
tance matrix for the structure and the capacitance matrix
of the same structure with the dielectric removed.

II. GenNerRAL Two-COUPLED LINES

Fig. 2 shows a nonidentical, coupled .transmission line
embedded in an inhomogeneous medium. This structure
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Fig. 1. Spurline bandstop filter configurations.

supports two quasi-TEM propagatlon modes, designated
here as mode C and mode =.

The propagation constants and ratios of voltages R,
on the lines for the two modes have been obtained in terms
of the elements of the per-unit-length inductance and
capacitance matrices of the structure [4]. Assuming the
dielectric is nonmagnetic, the two distinct velocities Ve n
and parameters R, for the two modes can now be
derived in terms of the elements of the per-unit-length
capacitance matrices of the structure with and without the
presence of the dielectric, G, and C,,, (i, ] 1,2), respec-

tively. They are given as follows
D +D, 1 Lo\ 2
Ve,n ™ { 2 —E[(D1"D2)2+4E1E2] }

e
and
1
R, = E{(Dz - D) £ [(D; = D)+ 4B, E,] )

(2)

where
Dy = (CpyCop = CioCon2) /(73 det [ Gy ])
Dy = (CpCoyy — Clzcou)/(”g‘ det[CO])
Ey = (CpoCop — CrConz )/( vg: det[Col)
E; = (CppCopy — C11C012)/( vg- det ol) (3)
with
det[Cy] = Cy11Cons — Ciia- (4)
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CONDUCTOR 2

Fig. 2. Schematic of a pair of coupled lines with unequal width.

v, is the free-space velocity. The characteristic impedance
Zoy (i=1,2 and k=C,7) of line i for mode k can be
derived as

1 1
Zoy = = (5a)
otk ”k(Cn + chu) Youx
O 1 1
Zyy =

(5b)

i

Vk(C22 + RZICu) B Yoor

The total static capacitance per unit length C,, of line i for
mode k, thus, can be seen to be

Cu=Cu+ R,
G = Cpt R;1C12-

(6a)
(6b)
The elements of the impedance and admittance matrices

have been obtained for a general case in [5]. For a lossless
coupled lines structure, they can be found to be

Zy,,cot ]
(1-R,/R¢)

Zy-cotf
le=233=‘j[(1_01; /RC)+
C T
Zy=Zy=2Zy=24
| ZocRccot e
~ /| G-R/R,)
_ j[

Zyccotbe
Rv'”(l_ RC/RW)
Ziw=Zy=2Zy=2y
RcZy

" ZyaR,c0t0, ]
(1~-R,/R()

Zgncotl, }
Rc(1-R,/Rc)

Rw201'rr

- | (1— R¢/R,)sinfc ¥ (1-R,/R)sind, |
Zy3=12y

- ] Zyc + Zota 1

| (1= R./R,)sinb.  (1-R,/R.)sind, |
RcZyccot b R,Zycotl,
Zy=Zyu= j[R,,(Cl —021CQC/Rf,) + Rc(wl _ozRﬂ/Rc) ]
[ RLZyocotf.  R2Zy,cotd,

~ Tl a=-Re/R) T A=R,/R) ]
Zy=2Zyp

—- REZg ¢ + R7Zy, ]

- | (1-R/R,)sinf.  (1-R,/R()sinb,

UN
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and
Yy=Yp=-j (1)?_)1;“;10; ) (1}_’?1;“;1? )
c/ By o/ fc
Yo=Yy=Y=Y,
Ygiccot 6.

=J

Yoisc0t 8, }
R'n(l_RC/Rﬂ) RC(l—R'Ir/RC)
Yu=Ya=Y;=Y;

YOIC

Y()lvr
(R-—R,)sind,

J (R, — R.)sind,
YOIC YOl'lr
Yo=Yy =j +
BT 1"R./R,)sinf, (1-R,/R.)sinb,
YTt R Yy ccotbe R,,YOZ,,cotO,,
2= 4TI R,(I-Re/R,)  Rc(1-R,/R()
RCYOZC
Y — _ — 7
%= Ve J[R,,(l—RC/R,,)sinHC
R'II'Y T
+ 02 _ (8)
R.(1-R,/R.)sind,

where 0., are the electrical lengths of the line for the two
modes. For the special case of two symmetrical coupled
lines, the two propagation modes become an even mode
and an odd mode. The even- and odd-mode phase veloci-
ties are obtained as

]1/2

Vpe,o= V0|: (9)

where the subscripts ¢ and o denote even and odd modes,
respectively, and the even- and odd-mode characteristic
impedances are

Cou1 £ Corz
CuxtCypy

1
Zp=—————— 10a
0 ¥,(Cy + Cpy) (10a)

1
Zo, (10b)

Vpo(Cu - C12)
whereas
Coe,o=Cn 2 Cpy

(11)
are the even- and odd-mode static capacitance per unit
length.

111

In the structure of three symmetric coupled lossless lines
in an inhomogeneous medium (Fig. 3), there are three
quasi-TEM propagation modes, referred to here as modes
a, b, and c.

The propagation constants and ratios of voltages on the
lines for the three modes have been characterized in terms
of the elements of series impedance and shunt admittance
per-unit-length matrices of the structure [6]. In this paper,
the distinct phase velocities », , . and ratios of voltages are
derived in terms of the elements of the static capacitance
matrices C,; and C,, ; (i, j=1,2,3) of the structure with the

SYMMETRIC THREE-COUPLED LINES



1418

dielectric in place and removed, respectively, and are given
by

Vv, = (Bl"Ba)—l/z (12a)
B+ B, + B,
BRLATAT
1 1,2 2
5[(3 + By~ Bs)*+8B, B, }
(12b)

and

R2b,c 2B { (B1+B BS)

+[(B,+ B~ B;)’+8B,8,] %)
(13)

where R, =V, /Vi,, i=2,3 and k=a,b,c, is defined as
the ratio of voltage on the ith to the voltage on the first
lines in mode &

B, = [C11(Co11Com — Cdz) + C1oCor2 (Cors — Corr)
+ Ci3(Cir = CousCom )| /73
B, = [Cu(coucozz - C0212) + C2Co12( Cors — Conr)
+ ClZ(CO212 - C013C022)]/V02‘
B,= [C13(C011C022 - C0212) +C15Co12(Cors — Conr)
+Cpy (€23 = CorsCon )| /93
B, = [C11Co12(Cors — Copn)+ Cia(Céy — C33)
+ C13C012(C013 - Cou)]/”g‘
Bs = [C22(C02u - C0213)+2C12C012(C013 - Cou)]
/vg-det[C,] (14)

det[ G, ]

det[C,]

det[C,]

det[C, ]

with
det[Cy] = [Cop — Cius] [Cozz(cou + Co3) _2C0212] .
(15)

The characteristic impedance and admittance Z,, and Y,
(i =1,2,3 and k = a, b, ¢), respectively, of line i for mode
k can be derived as follows:

1
2y, =2
ot 03 ”a(Cu C13)
1 1 ‘
= = (16a)
YOla Y03a
Z Z !
o »b b(Cll + Ry, Cpy + C3)
1 1
- (16b)
Yoo Yoss
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1
Zop = = (16¢)
026 Vb(sz +2C12/R2b) Yo2s
Z Z !
ore B ”c(Cu +R,Cpp+ C13)
1 1
- (16d)
YOIC Y03c
and
1
Zpe= = . (16e)
VL‘(C22 +2C12/R2c) Y02c

The total static capacitance per unit length C
mode k, therefore, can be seen to be

.. of line i for

Cra=GC3,=Cyy — Cyy (17a)
Cip=GCp=Cp+ Ry (i + (5 (17b)
Cop =Cp +2C, /Ry, (17¢)
Ce=CG.=C+ Ry Ci + Cyy (174)
G, =Cp +2C, /R, (17¢)

The impedance and admittance matrix parameters have
been obtained for a general case in [6]. For a lossless
structure, they can be derived as follows:

Zy=Zy=Zy=2Z
= — j3[Zoiacotd,
—(R;.Zypc0t 0, — RyyZyy 0t 6,) /R ]
Zyy=Zy=2Zy=2y
=Ly =Zys=ZLsg=Zgs
=~ j(Zoypc0t 8, — Zyy cot6.) /R,
Zy3=Zy=Zys=Zg4
= j3[ Zguc0t b,
+ (R Zypcot 8, — R, Zy, cot 00)/Rd]
Zy=Zy=Zy=Zg
= — j3[ Zoracsc,
+(R2pZg1c05¢,— Ry Zgpe5¢6,) /R,
Zis=Zs=2y=Zy
=Zys=Zsy3=Ly=Zg
= = j(Zoypesc 0, — Zgy c5¢6,) /R,

Ziyg=Za=2Zy=2Zy
= ji [Zmacsc 0,

+(Ry.Zyypescl, — Ry, Zg 05¢6,) /R,
Zyy=Zss

=~ j(RypZppcoty,~ R, Zy cotb,) /R,
Zys=Zg
=— j(R,ypZycsch, ~ R, Zy.cc8,)/R, (18)
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Fig. 3. Schematic of symmetrical three-coupled lines.

and

Y=Yy=Y,=Y

== J%[Yomco'[ b,

= (R, Yosc0t 8, — Ry, Yy cot 8,) /R, |

Yp=Yn=Yy=Ty,

=Yy =Yy =Y56 =Y,

=~ j(¥g,c0t 6, — Yo, cot8,) /R,
Yo=Y =Y,=Y,

= j3[Yor.c0t6,

-+ (RyYouc0t 0, — Ry, Yy 00t 6,) /R 4]

Yo=Yy =Y=Yg

= j3[ Yo.csc8,

+(Ryp Yo 050, — R, Yo ,05¢0,) /R ]

Yis=Yg=Yu=Y, |

=Y =Y5=Yy=Yg,

= j(¥Yg15c¢0, — Yo c5¢8,) /R,
Nie=Ya=Yy =Y,

== j}[Youcscl,

+ (R, Yorpesc 8, ~ Ry, Y es¢8,) /R ]

Yy =Yss

= — j(RyYp,c0t 8, ~ R, Y cotb,) /R,
Yys=Ys,

= j(R2pYo2se5¢8, — Ry Y5 c5¢0,) /R, (19)

where 6, , _ are the electrical lengths of the lines for the
three modes, and

R,=R,,—R,,. (20)

IV. SPURLINE BANDSTOP FILTERS

A. Two-Conductor Spurline Filter

Fig. 4 shows the schematic of a single section of the
spurline bandstop filter employing two coupled lines. After
applying the appropriate boundary conditions to the im-
pedance matrix in Section 11, the ABCD matrix parameters

A
INPUT : B
PORT 2 ——o—e—
v

Al B
INPUT o3 oUTPUT
PORT v, v s PORT

[ | [ 1

Fig. 4. Schematic of two-conductor spurline section.

PORT

I
W—

Fig. 5. Schematic of three-conductor spurline section,

of this two-port spurline network can be derived as

y cosf.cosb,(R.—R)
~ Re(1-R,)cos8,— R (1—- R.)cosb,
_ J
R-(1-R,)cosb,.— R_(1— R.)cosb,

C

(1~ R.)*cos b, _ (1- R, ) cosd,
R, Zy ., csch, R,Zy cscl.

D= {cos 6 cos H,T[Rfr(l ~ R+ RL(1- R,,’)Z]

+ RcR,sinf-sind,

ZOIC 2 Z()lvr
-[ (1- R+ 222 (1= R,)?

Z()l n 01C
~2RCR41—ch1—R,ﬁ

//(RC - Rw)[RC(]‘v RW)COSH,T
~R,(1—R.)cosb,]
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B
OUTPUT

B=%(AD—1). (21)

B. Three-Conductor Spurline Filter

For the special case of a spurline structure consisting of
two identical coupled lines, the above equations reduce to
those obtained in [3]. The open-circuit impedance matrix of
the spurline network can also be obtained in a similar
fashion.

A single section of a spurline bandstop filter consisting
of three symmetrical coupled lines is illustrated in Fig. 5.
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Fig. 6. Transmission loss for single-section two-line spurline filter.

After the appropriate termination conditions are applied
to the coupled-line six-port network characterized by an
impedance matrix in Section III, the chain matrix and
open-circuit impedance matrix of this spurline network can
be obtained as

v,] 1[L (IN-M*)/E|[ Vs

I,| M|E N ~ I (22)
and
V 1L M||I
== ! (23)
Ve| EIM N||I
where

2j
E=- R, Zyypc0t0,(2— Ry,) — Zgp cot 8.(2— R5,)
d
1
+ EchZowCOt g,
1 2
L=- e {2(202bcot 8, — Zy,.cotb,)
d

+ Ry Zypcot 0, ( Ry, Zgy, 00t 6,

- RZCZOZCCOt 0C)}
2
N= - F { [ZOZbcsc 0,(R,; — 1)- Zy 8¢ 0.(Ry.~ 1)]2
d
+[RyyZyppc0t 8, = Ry Zpy, 001 6, ]
| Zgppe0t 8,(2— Ry, )~ Zy c0t8,(2~ R,,)
1
+ EchZomCOt g, }

and

1
M=— xz QM M, + M, M;) (24)
d
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Fig. 7. Transmission loss for single-section three-line spurline filter.
A R
Fig. 9. Photograph of the three-line spurline filter.
with

M= Zy,cot0,(1— Ry, )~ Zgy cot (1 - R,.)
M,=2Zy,cotl,—27Z,, cotd.+ R, .Zy,cotb,
M= Ry, Zy,cscl,— Ry Zgy osc b,

M,=Zy,cscl,— Zg, cscl,. (25)

V. EXPERIMENTAL RESULTS

To validate the theory of spurline bandstop filters devel-
oped, single-section spurline bandstop filters with stop-
bands centered near 33 GHz were designed using sus-
pended stripline and tested. To minimize the discontinuity
and obtain a very compact structure, these filters have been
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fabricated within the width of ‘a 50-Q transmission line.
The mode-characteristic impedances and mode-prop-
agation velocities for the coupled lines are obtained
numerically first. The theoretical characteristics of the test
circuits have been calculated through the use of chain
matrices. The responses of these filters are shown in Figs. 6
and 7. It can be seen that there is good agreement between
calculated and measured responses. Figs. 8 and 9 are
photographs of these filters. As shown in their photo-
graphs, these filters are connected to the 50-Q input and
output transmission lines.

VI. CONCLUSIONS

The results for the parameters of general two-coupled
lossless lines and symmetrical three-coupled lossless lines
embedded in an inhomogeneous medium have been ob-
tained. By applying the appropriate port-termination con-
ditions, the chain and impedance matrices of the corre-
sponding spurline bandstop filters have been derived. The
experimental results obtained on two- and three-conductor
spurline bandstop filters were found to be in good agree-
ment with the computed results. The results obtained should
be useful in designing spurline bandstop filters in an
inhomogeneous medium (homogeneous medium is a spe-
cial case):
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