IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-28, NO. 8, AUGUST 1980

260 -

240

220
—— EXPERIMENTAL —

200 — —~-THEORETICAL

®
o
T

Acg T (deg)
*

)

T

" (mm)

Fig. 4. Comparison of experimental and theoretical results for phase of the
reflection coefficient of a half-moon element terminating a 50-@ input
microstrip transmission line (¢, =2.35, =250 pum) as a function of radius
with X-band frequency as a parameter.

specified reactance (approximately zero resistive component) at
the center frequency as determined from information in Fig. 3.
For example if a load with —24-Q reactance at 10 GHz is
required, this corresponds to I'=1.0/—129° in a 50-Q system.
From Fig. 4 a half-moon circuit of radius r, =1.9 mm will have
the desired reactance.

Also, in Fig. 4 it can be seen that for 2.7 <r; <4.3 mm, the
half-moon element is a broad-band RF short-circuit at point 4
with center frequency in X band. Note that since the half-moon
circuit is a radial line element, the required r, is less than a
quarter-wavelength at the center frequency. The half-moon
circuit can be used as a bias line for series-mounted active
devices with the dc bias applied at point 4 through a microstrip
transmission line of high characteristic impedance (>100 Q).
Typically the arg (I') changes only +15°, about the phase 180°
at center frequency, over a 6-GHz bandwidth.

Alternative RF short-circuits have smaller bandwidth and
larger area. For example, an RF short-circuit designed at 10
GHz using the half-moon element was compared with a low-im-
pedance open-circuited quarter-wavelength microstrip stub.
From Fig. 4, an outer radius r;, =3.65 mm is required for the
half-moon circuit (with inner radius ;=0.38 mm corresponding
to a 50-Q input microstrip line). For a meaningful comparison
the characteristic impedance of the microstrip stub must be
chosen carefully. A terminal characteristic impedance for the
radial line can be defined as

Zyy(kr)= % Zo(kr) ®

from (4) and (7). Then the radial line stub will have an equiv-
alent characteristic impedance defined as

Zoo=V Zoyp(kr) Zor(kry) . )

Since Zyp(kr)=173 @ and Zy (kr,)=5.1 £, a microstrip stub
having characteristic impedance Zy=Z, =94 Q was con-
structed for comparison purposes. The measured arg (T) for the
9.4-Q open-circuited quarter-wavelength stub changed 29° over
the band 7-13 GHz whereas the arg (I') for the half-moon
element changed 22° over the same bandwidth. In addition to
the wider bandwidth, the half-moon element has a smaller
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physical area (21 mm?) than the low-impedance rectangular stub
(28 mm?).

It is usually advantageous for shunt-mounted active devices to
be biased looking into an RF open-circuit. The broad-band RF
short-circuit at point A in Fig. 2(b) can be transformed into an
RF open-circuit at point B, with little sacrifice in bandwidth, by
means of a quarter-wavelength microstrip line of high character-
istic impedance. Again the dc bias should be applied at point 4
through another line of high characteristic impedance but of
arbitrary length. Typically arg (I) at point B changed *18°,
about phase 0° at center frequency, over 4-GHz bandwidth.
Two such configurations can be cascaded to improve bandwidth
if necessary.

Y. CONCLUSIONS

The half-moon radial line element displays broad-band reflec-
tion coefficient properties which make it a useful one-port mi-
crostrip circuit element. It is especially well suited for use in
broad-band RF bias lines or tuning circuits for active devices.
The analytical model presented for the half-moon circuit can be
used for computer-aided circuit design.
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Dispersion in » Coupled Microstrip Meanders
A. K. AGRAWAL

Abstract—A meander line consisting of an even (n), or odd (n—1),
number of coupled microstrips has been analyzed for its dispersion and
iterative impedance characteristics. In contrast with the umit cell approxi-
mation used by other authors, this method takes all the couplings into
account and enables correct determination of stopband locations, which is
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very important in the design of such slow-wave structures. Other periodic
structures can also be analyzed by this method, and their possible future
applications as filters, etc., can be predicted.

I. INTRODUCTION

Slow-wave structures, which consist of different types of spa-
tially periodic media, occur in a variety of physical situations
and are used in crossed-field amplifiers (CFA), and in the
solid-state traveling wave amplifiers. An infinite array of cou-
pled lines with connections at the alternate ends, thus forming a
meander line (one form of slow-wave structure), has been
analyzed for its dispersion and other characteristics with some
approximations.

Jones and Bolljahn [1], and Libbey [2], have described the
theory of the basic single-coupled pair of lines, but they did not
take into account the variations of the even- and odd-mode-
characteristic impedances Z, and Z,, and velocities of propaga-
tion ¥V, and V,, with frequency f. Weiss [3], and Crampagne and
Ahmadpanah [4], [5], have considered these variations, but
analyzed a single unit cell embracing two lines only of the
periodic medium and thus neglected the couplings between the
unit cell and other lines. Moreover, the unit cell approximation
cannot be used when the total number of lines is odd.

In this paper a microstrip meander line consisting of an even
(n), and odd (n—1), number of lines has been analyzed for its
dispersion #, and iterative impedance Z;,, characteristics, taking
the couplings into account. This enables correct prediction of
stopband locations, which is very important for the design
purposes.

II. TERMINAL VOLTAGES

The structure to be analyzed is shown in Fig. 1. The constant
current generators i; and i, for the even mode, and i,,_, and i,,
for the odd mode, respectively, are assumed to energize the rth
line (r=2,3,---,n). The voltages on the rth and (» — 1)th lines
are of the form

. . cosK (L—x)
V;(f) = rIE(IX)l = JZell"—siTKe—L——
cosK (L—x
V) =~ Vyx) = =2y el )
r2r—-1 r—12r-1 4
cos K, x
Ve(x) = Ve(x) = _jZeiZ—'—e_
r2 r—1,2 sinK, L
K
| 4 (x) = - Vo(x) = _jZOinE'os—trE (1)
n2r  r—1,2r sin K, L

where K, =27f/v, and K,=2nuf/v, are the even- and odd-mode
propagation constants, v, and v, are the velocities of the respec-
tive modes, and f is the frequency of excitation. The total
voltages at the rth and (r— 1)th terminals are

Vi(x)= Ve(x) + Vo(x) + V.(3)

r1 r2r—1 r2
+ Vo(x) + Vo(x) + Vo(x)
r,2r  r2r+l1  r2r+2
. CosK(L—x) cos K,(L—x)
=JZh gL S T KL
7 i cosK.x cos K, x
Jer K, L /%" sink, L
. cosK,(L—x) _ . cos K, x
+JZol2r+l SinKoL +.]Z<)12r+2 sinkK. L
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and
Vii(x)=V(x) + V,(x) + V(x)
r—-1,1 r—12r—-1 r—12
T V(x) + V(x) + V()
r—12r r—1,2r-3 r-12r-2
_ CCosK,(L—x) . cosK,(L—x)
=i g PTGk T
. . CcosKx _  cosKx
el KL ot gy K,L
.. cosK,(L—x) cos K, x
—JZ°'2"3W_1 Ty o 2

The terminal voltages are obtained on substitution of x=0, and
x=L in 2).

III. TraNSMISSION MATRICES

A. Number of Lines Even (n)

When the number of lines is even the output is taken from the
(2n—Dth terminal, as shown in Fig. 1. The mode currents in
terms of terminal currents are

n
% I2r—l

o]
! n

. r=1& n—r+17g!
’2r—1=‘n—212r—1““—n— P P
1

1 n
12=;ler
=1 n—r+1 72}
L= p ler—_n‘ 212,
r 1

which on substituting the boundary conditions for the terminal
currents become

. 1
ll=°’;(ll+12n-l)

r—1 n—r+1
PR et

reven (2,4,---,n)

-7, n—r+1
—— Lo+ Ly y) — —n—(11+12r—3),

n
rodd (3,5,---,n—1)
i2=0

; _{12,, reven (2,4,---,n)
2r=

0, rodd(1,3,---,n—1) )

When (3) is substituted into (2) and the boundary conditions for
the terminal voltages are applied, the following (rn+ 1) X(n+1)
impedance matrix equation (for » lines) is obtained. The upper
left partition of the impedance matrix has (-g— + 1) x( g +1)
terms, the lower right has g X % terms, and
_(2./Z,) cotK,LtanK,L+n—1

n

_(Z,/Z,)cotK, LtanK,L—1 @
n

R

S
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Fig. 1. An array of n coupled microstrip lines in meander form. (W=0.8
mm, $=0.13 mm, d=1 mm, =10 cm, and ¢,=9.6)
- - - o
v, RC, 0, .. ..iiiiiiiiinnannnnn , S§C, | -1, O e s 0 I, W
0 0, 2C, O ., 011 1, 0. . oll 1,
] 0, 0, 2C. O .......uuiiin.n ., 0 | o 1, 1, [ YN R 0 I
: . I . .
0 O, L 026 0 0 G N R
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0 sin K, L 1, -1, TN , 0, -2C, L , 0 Iy
0 0, =1L =L O .iiiiiiiiii.. , o | o -2¢ O » Y Ig
0 0, 0 —1, —1, O .covernnon.. , 0 1 o o, -2, 0 . it , ° I,
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° [ L0 =L =L 0 0 0 , 0, —2¢ o, 0 || Iy g
[\ 0 e e , 0 -1, -1, 0 0 .. , 0, -2C, 0 || Inn-a
0 O et N e S .0 —2¢ || n,
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Here C=cosK,L. , ”ill (n—r) "5:11
1 — e .
2r =~ 2r (n_l) ; 2r

B. Number of Lines Odd (n— 1)

Referring to Fig. 1, for (n—1) lines the output is taken at the
2nth terminal. The mode currents in this case are given by

x=0
1 nil
iy= I, .
1= 71 2 2r~1
n—1 n—1
. n—r
1= Z 12r—1_-§n—__T;_ 2 I
1
x=L
1 n—1
ip= 7n—1 ; I,

When boundary conditions are substituted into the above equa-
tions, the mode currents become

x=0
. I
1 iy )
(n—r)
- 4,-+,n—2
i _ (n—l)Il’ reven (2,4, n—2)
2r—1=
—(n_r) .o —
L,_, (n—l)I" rodd (3,5,---,n—1)
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Fig. 2. The characteristic impedance, phase velocity, and phase shift con-
stant of the unit cell versus frequency.
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obtained
1, _JsinK,L| Y1, Yin/2+1 Vi ©
IZn—l Za Yn/2+1,1 Yn/2+1,n/2+1 V2n—1 '

The iterative impedance Z;, and phase shift # are obtained from

x=L (9), assuming zero attenuation, as
iy= IZn—Z
2 n—1 7 = Yojaermzer 1
(r—1) 1 Y, Y
L,+—>—=<1,,_5 reven(2,4,---,n—2)
. (n=1) ©
= . VY, Y
(r—1) _1 LU Ya/2+1,n/2+1
I, ., rodd (3,5,---,n—1 #=cos - 10
(n—l) 2n—2 ( H ) Yl,n/2+l ( )
On substitution of (6) into (2) the following matrix equation (for
(n—1) lines) is obtained where §Y = Y1,1'Yn/2+1,n/2+1 - Yl,n/2+1‘Yn/2+1,1-
r T r T T
vy vc, 0, e i , ol L, 0 ...l T 4 I
0 0, -2, Ot e , 0l -1, -1, O ............ ... ... > 0 Is
0 o, 0, =2C, O, ... , Of 0 -1, -1, O.............. A
: : ! ol
0 O 0 —2¢, o o o............ 0 =1, =1, 0 0 || Iyn
0 0, 0, -2C, 0 : O ... ... , 0, -1, -1, 0 Lypq
o y 0, e e o -2¢! oLl o, -1, -1 Iy
_____ J? o0 (PO GO A 5 A A A R | @)
0 smK,L 1, 1, O, « ot . 0 2C, 0, i e e B 0 I
o o, 1, L0 , ol 0 2¢, O0.................. > 0 s
0 0, 0, L L, O, s 0} 0 0 2C O ............... , 0 Iy
: : ! |
. . | . .
0 O i .0, 1, 1, O Ot . 0, 2¢, 0 o0 |l L,y
0 0 . o, L L0 , 0 26, o0 || s
Van_a Vi O , 0, L .0 vc || 1y
1 ! ]
It should be noted in (7), that n 1s even, B. Odd Number of Lines
Z. cotK,LtanK,L+n—2 The' ad‘mittancc mat.rix relat‘ing in.put and output .terminal
Uz Z, behavior is also determined by inversion of the matrix in (7) as
B n—1 follows:
Z, sink L , 1, _JsimK L[ Y, Y| " an
V= Zo sinKeL (8) I2n—2 Zo Yn,l Yn,n V2n—2 )
n—1 Z,, and @ (assuming zero attenuation), become
and
C=cosK,L. Z.= Yon, L
i Y. 8Y
IV. DiSPERSION CHARACTERISTICS and
A. Even Number of Lines 0=cos_1( _ _____VYIIYnn) (12)
. . .. . Y
By inversion of the matrix in (5), the following 4-element Ln
admittance matrix between input and output terminals can be where 8Y=7Y, 'Y, ,— Y Y, ;.
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Fig. 4. The iterative impedance and phase shift versus frequency for the
unit cell.
V. REesuLts

Computations involving inversion of the impedance matrices
in (5) and (7) (for n=2,4,---,12) were performed on the RCC
DEC system 20 monitor, and the results are to be discussed.

A. Two Lines (n=2)

Before considering more than one coupled pair of lines, the
calculated # and Z; curves for a unit cell were compared with
those published by Crampagne and Ahmadpanah. Assuming the
same line dimensions, and the same variation of Z,, Z,, V,, and
V, with frequency as shown in Fig, 2, the data were found to be
identical when the input and output ports of the unit cell were
chosen at x=0. The unit cell so formed is shown as meander
BCDEF in Fig, 3. Fig. 2 also shows the calculated curves of the
even- and odd-mode phase shift constants X, and X, (assuming
zero attenuation) versus frequency.

Fig. 4 shows the calculated Z;,, and 8 curves for the meander
BCDEF (dashed lines), which do resemble those previously
published [5]. On the other hand Fig. 4 also shows the calculated
curves for the meander ABCDE (solid lines), whose input and

output ports are located at x= — 3" These curves differ from

these previously published. Z;, and 8, therefore, are not indepen-
dent of x, the location of the input and output ports of the unit
cell. This result contradicts the assumption of Weiss [3], and
Crampagne and Ahmadpanah [4], for according to them

Va(x)=V(x)e” (13)

where # has been assumed to be same for all x. The assumption
in (13) is invalid for the following reason.

The meander BCDEF consists of a series connection of BCD
and DEF which are uncoupled. Therefore, the total phase
change 4 from B to F is equal to 2¢ where ¢ is the calculated
phase shift for the meander BCD (or DEF) of length L/2. Also,
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Fig. 5. The iterative impedance of an even number () of lines. Z, and Z,
of one line-pair of the same configuration are also shown for comparison
by dashed lines.
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Fig. 6. The phase shift due to an even number (#) of lines.

Z;, for BCDEF is equal to that for BCD (or DEF). In fact, the
dashed curves in Fig. 4 which compare favorable with the
published ones are plots of Z;, and 2¢, for a meander of line
length L /2. They must obviously differ from the solid curves
which are calculated for the meander ABCDE of length L.

B. Number of Lines Even (n)

The output terminals for the even-line case are identified in
Fig. 1. The calculated curves of Z;,, and 8, versus frequency are
shown in Figs. 5 and 6 for n=8, 10, and 12. It is seen that the
odd pairs (n=2,6,10,---) of coupled lines have broader and
more uniform passbands than even pairs (n=4,8,12---). As the
number of line pairs is increased, more stopbands appear and
they shift towards lower frequencies. The number of stopbands
is more for even pairs of coupled lines, but the phase changes at
a comparatively slow rate.

C. Number of Lines Odd (n— 1)

The input and output terminals for the odd-line case also
indicated in Fig. 1. Figs. 7 and 8 show the variation of calculated
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Z, and @ with frequency for 7, 9, and 11 lines. Around 17.5
GHyz, all the curves have a passband; however, the Z;, character-
istics for 3,7,11,- - - lines differ markedly from those for §,9,- - -
lines. In some passbands Z,, is nearly constant and phase shift is
linear with frequency. With an increase in the number of lines,
more stopbands appear and shift towards lower frequencies.

V1. ConcLusioN

Iterative impedance Z;,, and phase shift 4, (assuming negligi-
ble attenuation) have been calculated for even (8, 10, and 12),
and odd (7, 9, and 11) coupled lines, and their variations with
frequency have been compared. When all possible couplings are
taken into account, it was found that the unit cell approximation
is inadequate. The stopbands increase in number, become
narrower, and shift towards lower frequencies as the number of
lines is increased. For even pairs of lines, the number of stop-
bands increases and the phase changes at a slower rate when
compared to the case of odd-pairs of lines. When the number of
lines is odd, there is a clear difference between the Z;, curves for
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the groups of 3,7,11 lines and 5,9 lines. All the curves have a
passband around 17.5 GHz. In some passbands, Z;, is uniform
and @ is linear with frequency.

This method can be used for other periodic structures as well,
e.g., interdigital line, etc., and enables determination of precise
locations of stopbands.
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The Bandwidth of Image Guide
RICHARD. J. COLLIER anp ROBIN D. BIRCH

Abstract—The various parameters involved in the bandwidth of image
guide are discussed, viz., the aspect ratio and dielectric constant. Three
definitions of bandwidth are given involving dispersion, wave-guiding prop-
erties and variation of characteristic impedance with velocity. Theoretical
values of these definitions are given and the paper concludes with a
discussion about their relative importance.

I. INTRODUCTION

A large amount of work is being carried out into the uses of
image line. At frequencies where better known wave guiding
structures experience difficulties, by suitable choice of parame-
ters, image lines can be made which are less susceptible to many
of these problems. This work has been both theoretical [1]-[3],
[10] and practical [4], [5] but little consideration has been paid to
what actually are the practical constraints limiting the band-
width available to image line. Without due consideration, it
might appear that since the fundamental mode exists down to
zero hertz the bandwidth is purely and simply the cutoff
frequency of the next higher order mode. This is far from the
case and this paper will discuss the major problems limiting the
bandwidth. Topics such as dispersion, wave guiding properties
and radiation will be dealt with, along with a discussion as to the
usable upper frequency limit.
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