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of the boundary value problem is easy to survey. The

eigenvalues calculated directly from (15) can be coordi-

nated to the individual modes of the fin line. The method

converges very rapidly and the calculated results for realis-

tic models are in good agreement with experimental results.
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Microstrip Spiral Directional Coupler
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HIDEMITSU KOMIZO, MEMBER, IEEE

A bstract— A new microwave directional coupler with a spiral-shaped

construction is described. This coupler is named the spiraf coupler and is

formed by coiling two edge-coupled lines. Therefore, the size of the coupler

can be greatly miniaturized. Furthermore, this coupler can achieve tight

coupling much easier than the conventional coupler with edge-coupled lines

on account of the mukiconductor structure. The spiraf couplers with a total

length of a quarter-wave were fabricated on alumina ceramic substrates and

resulted in 3.5-dB maximum conpling for a 40-pm strip spacing. The size

of the coupler was about one-sixth of the conventional one. The spiral

coupler with a totaf length of three quarter-waves theoretically showed

2.5-dB coupling for a 95-pm strip spacing on an alumina substrate. The

achieved couplfng is due to the skillful construction of the spiral. An

experimental coupler fabricated on a Teflon snbstrate confirmed the

usefulness of this approach.

I. INTRODUCTION

A S THE SIZE of microwave integrated circuit has

become much smaller in recent years, a small-sized

directional coupler, especially, a wide-band 3-dB hybrid is
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often required. In the microwave integrated circuitry, inter-

digitated microstrip couplers have been developed [1], [2]

since the first description by Lange [3]. But these couplers

are a quarter-wave length for a single section and a much

longer length for multisection couplers.

In order to obtain the small-sized directional coupler

with tight coupling in wide strip spacings, a new micro-

wave directional coupler with a spiral-shaped construction

is proposed in this paper and we have named it a “spiral

coupler.”

The spiral coupler is formed by coiling two edge-coupled

lines and is shown in Fig. l(a), (b) as type-A coupler.

Consequently, the size of the coupler is miniaturized. Fur-

thermore, this coupler can achieve tight coupling much

easier than the conventional coupler with edge-coupled

lines, because the recoupled power which is a portion of

the transmitted power increases the degree of coupling on

account of the multiconductor structure.

In this paper, we describe the theoretical and experimen-

tal results and show good agreement between these results.

In the theoretical analysis, we have derived the relation

between the dimensions of microstrip conductors and the

circuit parameters of multiconductor transmission lines.

Using these results, the performance of the coupler is

calculated. In the experimental results, we show the perfor-
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uses much smaller area of substrate than the conventional

coupler. We show another type of a spiral coupler, which is

named type-B coupler, in Fig. 1(c). The total length of this

coupler is three quarter-waves. This coupler corresponds to

the conventional coupler with three-section coupled trans-

mission lines. We show design examples and experimental

results of the trial construction. Type-A coupler can be

used in the frequency range below 3 GHz, because a side

length of the spiral should be long enough for fabrication.

For the same reason, type-B coupler can be used in the

frequency range up to X-band.

II. THEORETICAL ANALYSIS AND DESIGN

A. General Remarks

The spiral couplers are considered as cascades of multi-

conductor coupled-line sections. While the alternate lines

are of equal potential in the interdigitated coupler, the

concept is not applicable to analysis of the spiral coupler.

So, a separate analysis must be made.

The four-port circuits which, are equivalent to the spiral

couplers are shown in Fig. 2. In the analysis, the coupled

lines are assumed to be ideally connected. Therefore, anal-

ysis of the spiral coupler is reduced to that of multiconduc-

tor transmission lines. The number of lines is limited to less

than or equal to four, because 3-dB coupling is realizable

with a 1.5– 2-turn spiral. We assume equal strip width and

spacing on the multiconductor structure for simplicity.

The outline of our analysis is described as follows. If we

know the relation between the dimensions of strim and the

H
.

capacitance parameters, a scattering matrix S, which con-

-- veni,ently describes the coupler performance, can readily be

Q“
port 3 port 4

Lt=~h~, D=+ +
12W,+ 5WZ+ 1251+ 2s2

L2= ~(Lt- 9W,- W2- 30s1+ 2s2)

L~=;(Li+ Lt)=~(Lt- W,- 10s2)

(c)

Fig. 1. Construction of spiral couplers. (a) Type-.4 coupler (1.5-turn

spiral). (b) Type-.4 coupler (2-turn spiral). (c) Type-B coupler.

mantes of the spiral couplers with 1.5- and 2-turn rectan-

gular spirals on alumina ceramic substrates, which are

named type-~ couplers. For both couplers, 3.5-dB maxi-

mum coupling was obtained for a 40-~m strip spacing. The

spacing is ten times as wide as that of the conventional

edge-coupled directional coupler and the spiral coupler

obtained. Therefore, in the fi~st place, we calculate- the

capacitance parameters by making use of the spectral-

domain method reported in a recent paper [4], because this

method is appropriate for capacitance calculation of multi-

conductor printed lines. Then, we derive the admittance

parameters, from which the scattering parameters are ob-

tained. In this calculation, we derive the admittance matrix

(Y) of a symmetrical four-line microstrip in terms of the

self- and mutual admittances, because matrix Y has not

been derived in an explicit form.

B. Capacitance Calculation

The coupling section of four lines under analysis is

shown in Fig. 3. For computation of the capacitances, we

assume the TEM mode for wave propagation.

With regard to a four-line microstrip structure, the

capacitance matrix element C,, is equal to Cji because of

the symmetric structure. The assumption C,J = Cla = O may

be assumed in almost all practical cases. In obtaining the

capacitance matrix, it is convenient to use the capacitances
for even- and odd-mode excitation. The even-mode excita-

tion occurs when all conductors are held at the same

potential; the odd-mode excitation occurs when the suc-

ceeding adjacent conductors are held at opposite polarity

potentials of equal magnitude. Therefore, Cij is expressed
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Fig. 2. Equivalent circuits of spiraJ couplers. (a) Type-,4 coupler ( 1.5-turn
spiraf). (b) Type-,4 coupler (2-turn spiral). (c) Type-B coupler. ---denotes

that the points are identical.

Y

Fig. 3. Model for calculation of capacitance matrix of four-line rnicro-
Strip.

in terms of the even- and odd-mode capacitances C;, C; terms of known basis functions p~(.x)

(strip number: i= 1, 2) as follows: N

c,, =(c:+c; )/2 Ps(x)= 2 C;P;(x). (2)
*=1

C22 = (c; + c:)/2 The following linear equations for unknown coefficients c;

C,2 = (c: – c;)/’2 are obtained:

c23=–(c: –c; )/2+( c;–c:)/’2. (1)

These capacitances are calculated for the vacuum- and the
i i c;x;~=; vm (j=l,2,...,N; m=l,2) (3)

,=1 .=1

dielectri~-filled cases. The thickness of the stripsisassumed - “r -

to be negligible. In Fig. 3, t/h= a/h= 50 is assumed
~~, Pp(@%)PT(n)

x;; = w -s
(4)

throughout the calculation in order to avoid the influence

of the upper and side walls on the capacitance values. The
,,—,

same procedure as in [4] is used. The unknown charge where j5;(n ) is finite Fourier transform [4] of the assumed

distribution function p.(x) on the s th strip is expressed in charge distribution p~(x ), V~ is the potential on the m th
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TABLE I
COMPARISON OF OUR RESULTS FOR FOUR-LINE MICROSTRIP WITH

PUBLISHED DATA

Dimensions(m) CouP1in~

h=l.0668 (.xw.lrnents ) (calculation in
K.f.r.~c. [3] v=O.1143 this paper)

(J. Lange)
2s=0.0762 3 dB 2.914 dB

h=O. 635
(calculation) (calculation In

Reference [5] W=o. 0711
this. paper)

(D. D. Pa.alln.) 2s=0.0508
3.0589 dB 3.0629 dB

strip, and ~(n) is expressed in (5)

~, ‘(2n– l)r/2a (for the even mode)

~u =nr/a (for the odd mode). (5)

c; is calculated by solving the simultaneous equations (3)

by setting V,= Vz = 1 in the even-mode case and V,= – Vz

= 1 in the odd-mode case. The line capacitance per unit

length of the sth strip C, is given by (6)

N

Preliminary computation showed the following basis func-

tions were suitable for this multiconductor structure and

that the number of basis functions (N) for accurate calcu-

lation was 2, that is, the matrix size was (4x 4)

p’,(x)=

./&

pj(x)= ‘-1+2(X-3;:W)1
p;(x)=

./*

‘(x-s-:) 3 (7,

[ 1

p;(x)= + 1+
w “

We checked the accuracy of our calculation by comparing

our results for a four-line microstrip with published data,

which are described in [3], [5]. The comparison is shown in

Table I. The capacitances of two coupled lines can be

obtained in a similar manner. We ascertained a good

agreement of our results with those reported in [6].

C. Admittance Parameters

The Y-matrix of the coupler (~) can be obtained from

that of the coupled four lines (Y) and the chain matrix of

two coupled lines (Cm ) or only from the matrix Y, by

imposing the terminal conditions that the currents and

voltages continue at the points where the lines are con-

nected. When the spiral coupler is made up of two and

four coupled lines in type-A coupler, the matrix ~ is

expressed in (8). In other cases, the matrices are derived in

Appendix I

~=.v3 +Y4(~ –Y1 )- 1 Y2 (8)

where y, - ya and A are expressed as follows:

Y= [q
[1

cm= a b
ca

II
Y22 ’12 ~ ’17 ’27

Y,2 y,l I y18 y,7
Yl=–y––––___n__n

17 y18 I y,, y12

Y27 Y17 1 Y12 Y22

[1
Y,3 ’23 ~ ’26 ’16

Y,4 y,3 I y16 y,5
Yz=–y––-– L–– .-–

,5 y,6 I Y,’ Y14

Y,6 ’26 ! ’23 ’13

[1
22I 21

Y3= :;5 ; :,:

Y1 I Y1

Y4 ‘Y2’

[
A= -_–?~_ ‘ b-l 1L__ –-.

—c+ab–’a I —ah–l

(9a)

(9b)

(9C)

Matrix Y can be derived, as shown in Appendix I, from the

capacitance matrix of the four-line microstrip that was-

calculated in the previous section and Cm [7] from the even-

and odd-mode capacitances.

D. Calculation of Coupler Performance

The scattering parameters are expressed in terms of the

matrix ~ on the assumption that all the ports of the

coupler are connected to lines with a characteristic imped-

ance Zl(=50 f?)

~=z:i2(Y-~)(Y+y )-’z/-”2 (lo)

where 21( = Y,–‘ ) = 2[1 ~ is the load impedance matrix,

2,’/2 is the square root matrix of 21, and 14 is a unit

matrix. From (10), the design charts can be drawn. In Fig.
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Fig. 4. Design charts of spiral couplers on an alumina substrate (c, =

9.6). (a) Type-A coupler (1.5-turn spiral). (b) Type-A coupler (2-turu
spiral).

TABLE II
DESIGN EXAMPLES OF TYPE-B COUPLER ON AN ALUMNA

SUBSTRATE C,= 9.6

W=% (m) Strv width(nm) Total Coupl.nq Direct
length

2s , 2s , w, w. Lt h

(mm) (:) (::=)(m)
[dB) rem

(i) 0.095 0.095 0.419 0.673 33.46 7.09 0.635 3 -2.51 -3.59

(ii) 0.127 0.064 0.476 0.667 33.34 7.20 0.635 3 -2.70 -3.36

(iii) 0.190 0.064 0.540 0.667 34.70 7.62 0.635 3 -3.42 -2.67

(i)’ 0.045 0.045 0.198 0.318 16.73 3.50 0.3 6 -2.51 -3.59

(ii) , 0.060 0.030 0.225 0.315 16.67 3.56 0.3 6 -2.70 -3.36

(Iii)’ 0.090 0.030 0.255 0.315 17.35 3.76 0.3 6 -3.62 -2.67

Dimens,o”e Normalized by
the Thickness of the Substrate

S,lh S,lh wllh W, Ih

(i),(i)’ 0.075 0.075 0.66 1.06

(ii), (ii)’ 0.10 0.05 0.75 1.05

(iii) , (iii) ‘ 0.15 0.05 0.85 1.05

4 and Table II, we show the design charts for type-xl frequency &, so the charts are center-frequency indepen-

coupler and design examples of type-B coupler. In the dent. Total length L, is expressed in(11)

design examples of type-B coupler, we took given strip

spacings (2S1, 2SZ ) and optimized WI, Wz in such a way L,=?& i=xg(l +$,) (for type-A coupler)
that the reflected and isolated signals were minimized. An

example of the theoretical performance of type-B coupler is (ha)

shown in Fig. 5. From the charts, we can see the coupler

dimensions, that is, strip spacing, width for necessary cou- L,=&~; ~=~,(1+~,) (for type-B coupler).

pling, and coupler length corresponding to the prescribed (llb)
center frequency. ~ in the charts is the coupler length

normalized with free-space wavelength A ~ at a given center ~g is the mean wavelength of normal modes on multicon-
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TABLE III
DESIGN PARAMETERS OF SPIRAL COUPLERS FOR TRIAL

CONSTRUCTION

(1) T3TM A coupler on am alumina substrate (h= O.635 mg, C==9.6)

2s (mm) w (m) Lt(@ D(MM) fo (MIz) ~.P1ing(dB)

{

#1 0.040 0.395 48.51 9.44
(::8:=fo)

1.5 t“,” 750

#2 0.063 0.454 48.37 9.65 750 4.57

2 turn #3 0.043 0.427 48.43 7.99 780 3.32

(11) TYPe B cOUplaZ on a Teflon substrate (h=O.80 mm, .==2. 7)

2s(ml) W(mm) Lt(nm) D(m) fo(GHz)

0.20 0.90 90.0 18.0 2.0

ductor lines, which is normalized with A ~, and is given in E. Design

685

(12)

(124’

Taking the coupler length in (1 1), we calculated the scatter-

ing parameters and determined the optimum $1, $2 so that

maximum coupling might be obtained at the center
frequency. Using the optimum $1, $.., the coupler length is

calculated by (11) and is described in Fig. 4 and Table II.

The formula (12b) is applied to the case where the spiral

coupler is made up of four lines only.

1Nomenclature as in Appendix II.

Using the design charts in Fig. 4, we constructed several

couplers of type-A with rectangular spirals on alumina

ceramic substrates. Circular spiral is also applicable to

construction of the spiral couplers. The dimensions of

fabricated couplers of type-A are shown in Table III.

Type-B coupler for trial construction was built on a Teflon

substrate. whose dimensions are also shown in Table III.

III. EXPERIMENTS

Several couplers of type-A were built on alumina ceramic

substrates of 0.635-mm thickness. The dielectric permittiv-

ity (c,) was 9.6. The thickness of the gold layer was 5 pm.

The midband couplings were 3-4 dB. The photograph of

1.5-turn spiral coupler (#1) is shown in Fig. 6. The mea-

sured characteristics of scattering parameters and calcu-

lated responses are shown in Fig. 7. (a) and (b). The test

data on these couplers show that the return losses are more

than 20 dB, 25 dB, respectively, for a 1.5-turn coupler over

an octave band and more than 19 dB for a 2-turn coupler.
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Fig. 6. Photograph of type-A coupler with 1.5-turn spiral ( # I).
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The isolation is more than 21 dB for both 1.5-turn couplers frequency characteristics of coupling also agree well with

and more than 22 dB for the 2-turn coupler, over the same the calculated ones being within a maximum discrepancy

band. The couplings at the center frequency agree well with of 0.50 dB(# 1), 0.15 dB(#2), and 0.32 dB(# 3) over the

the calculated values, which are listed in Table III, being same band.

within 0.38 dB( # 1), 0.13 dB( # 2), and 0.27 dB(# 3). The The phase difference of coupled and transmitted waves
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p0rt4 port 3

Fig. 8. Correction method of the difference of line length
and that of outer side.

was tested on the # 1 coupler which has about 3-dB

coupling. The deviation of phase difference from 90° was
& 3° over the same octave band. The measured responses

of type-B coupler are shown in Fig. 7(c), in which are also

depicted the responses of type-A coupler with the same

dimensions as the type-B coupler. By making use of the

method of constructing a type-B coupler, the center

frequency shifted from 800 MHz to 2.0 GHz and the

coupling of 6.5 dB in type-A coupler became 3.5 dB.

Therefore, a small-sized coupler with tight coupling can

be successfully constructed with very wide strip spacing. In

addition, a broad band of operation

because the structure is equivalent to a

pier.

can ‘be expected

three-section cou-

and measured re-

. IV. DISCUSSION

The discrepancy between theoretical

sponses of return loss and isolation can be attributed to

wire-bond effects, line losses, and corner effects, none of

which were computer programmed. The influence of the

corner in rectangular spiral on coupler performances will

disappear if we adopt the circular form of the spiral.

Therefore, the problem of corner effects is not inherent in

the spiral coupler. To a first approximation, the difference

of line length between the inner and outer side of a spiral

may be neglected, because the phase difference of two

output waves was 90° & 3° for 1.5-turn spiral coupler in

measurement. But, considering the effect more exactly, a

method of correction of line lengths is shown in Fig. 8,

though this method was not tested.

Although one may make use of the meandered structure

in order to reduce the overall length of a coupler, the

spacing between strip conductors would necessarily be

closer for the meandered case than the spiral and numer-

ous rectangular corners would have undesired effects on

the coupler performance.

V. CONCLUSION

In this paper, a new microwave directional coupler with

a spiral-shaped construction has been described. The spiral

couplers of type-A fabricated on alumina ceramic sub-

strates from the design charts presented 3.5-dB maximum

coupling for a 40-pm strip spacing. The spiral coupler uses

much smaller area of the substrate than the conventional

1

in side

coupler. The calculation shows that the modified spiral

coupler, type-B, can typically give 2.5-dB coupling for a

95-pm strip spacing on an alumina ceramic substrate of

0.635-mm thickness. We confirmed the usefulness of type-B

coupler by trial construction on a Teflon substrate.

The method of construction of the directional coupler in

this paper seems to be quite useful for obtaining a small-

sized coupler with a wide band in the microwave integrated

circuitry.

APPENDIX I

THE ADMITTANCE MATRIX OF A 2-TURN SPIRAL

COUPLER

The admittance matrix ~ is given in

[1tlz~= tll

t2, t22

where tll,.o“,are given in (A2)

t,, =u:’+(up+uj’)wl

t,2 =uy +(U[2 +Z4yvz

t21 =Z# +(U;I +Z#)w,

t22 =up+(u;’ +uy)wz

(Al)

(Al)

W,=-(up +up+uy+u;y’(up+uy)

~,=-(u;l+uzz
1 +U;2 +U;’)-’(U:2+U;2). (A2)

U[l, ..., are partial matrices of UI, U2 in (A3)

These matrices are derived from the admittance matrix of

four coupled lines, Y, as follows:

u, =x, –+ X2 X,–’X2 U2 = — *X2 X,–’X2 (A4)

[1

y= xl X2 .
(A5)

X2 xl

Matrix Y= [~j] is given in (A8).

For type-B coupler, the matrix Y is expressed as in (A6)

P=S3 +S4(A –s, )-’s2 (A6)
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where s, –s4 are derived in (A7) and A is in (9c)

1y,, Y17 ; Y,4 Y,l j

II

Y,3 ’12 ~ ’26 ’27

Y,2 y,3 I y27 y26
S2=_____ L______

Y,5 Y,* I y,3 y,2

Y,* Y15 : Y12 Y13

S4=S2.

APPENDIX II

(A7)

THE ADMITTANCE MATRIX OF FOUR COUPLED LINES

(Y)

The matrix Y is expressed in (A8) in a similar manner to

that described in [8]

Y,1=Y44= Y55=Y88=a–p Y,4=Y4, =Y58=Y85=a+p

Y,2=Y2, =Y34=Y43= Y56=Y65= Y78=Y87=y–8

Y,3=Y24= Y3, =Y42=Y57= Y68=Y75=Y86=y+8

‘15= y48=y51=y84=6+~ Y*8=Y45= Y54=Y8, =6–TJ

y,~=y25= y38=y47= &2=~, =y74=y83 =&’+{

Y,7=Y28= q5=Y46= Y53=~4=Y7, =Y82=&–{

Y22=Y33= Y66=Y77=p+v Y23=Y32= Y67=Y76=p–v

Y26=Y37=&2=Y7~=+-+ Y27=q~=Y~3 =Y72=@+lj

(A8)

where

a= –(r2Ya1c, –r, Yb*c2)/R1 p=(r4Yc,c3 –r3Yd1c4)/R3

c )/R, 8=( YC*C3– Yd,c4)/R3Y=(y.lcl – % 2

C=(r2yaICSI -r,yMCS2)/RI

q=(r4Yc,CS3 –r3YdlCS4)/l?3

‘$= –(ya,cs, – %c$)\R, {=( YC,CS3 – Y~,cs4)\R3

~= (r1ya2cl ‘r2yb2c2)/~1
‘=(r3yc2c3 ‘r4yd2c4)\~3

+= – (rly.2csl ‘r2yb2cs2)/Rl

+= (rsyczc$ – r&2C&)/R3 . (A9)

YX, in (A9) is the normal-mode admittance of the mode x

of the i th line, r, is the element of voltage eigenvector
matrix, C, = coth (y,. Ld ), CS1 = csch (YL.L4 ) (LA is line

length), R,= 2(r1 – r2) and R~ = 2(r~ – r4). All these are

derived from the capacitance matrix C. and C for the

vacuum- and dielectric-filled cases as follows.

y,(i=~, b, c, d) are expressed in (AIO).

(+: a mode, -: b mode)

x;, x;=(A– G+ F–D*@)/2

(+: c mode, –: ~ mode)

D,=(A– G–F+D)2+4(B+C )(E+H)

D2=(A+G–F–D)2+4( ~–C)(ti-~) (A1O)

where A –H are the elements of the matrix C.– *C as shown

in (All)

[A BCD1

H
EFGHC-lc=

a HG FE”
[All)

DCBA

r,(i=l,2,3,4) are given in (A12)

r=
1

(A-X; )H-DE

(F-x; )D+DG-(B+c)H’

i=(l,2)=(a, b) mode

(A-x; )H-DE
(A12)

1- (F-x; )D-;G-(B-c)H’

i=(3,4)=(c, d) mode.

Finally, mode admittances YX,(X= a, b, C,d: i= 1,2, 3,4)
are derived in (A 13)

Yal =Ya4=(Y11 +r1y12)/ya

Y=2 = Ya3 = ( y22 +y23 +y,2/r~ )/ya

‘bl = ‘b4 = (Yll ‘r2Y12)/h

yb~ = yb3 = (~22 ‘Y23 ‘Y12\r2)/Yb

Y,, =X4 =(y,l –r3y12)/yC

Y.a = yc3 = ( Y22 ‘Y23 ‘.h2/r3 )/Y.

‘dl = yd4 ‘(~11 ‘r4~12)\Yd

yd2 = yd3 = ( Y22 ‘~23 ‘y12/r4)/yd (A13)

where yi, is equal to jtiCi,(C= [C,j ]).

~g,/~O, ~go /~o are normalized guide wavelengths for
even and odd modes on the two coupled lines. These are

derived from the capacitances for the vacuum (C:, C;) and

the dielectric-filled cases (C,, CO) as in (A14)

Ag,/Ao=/~ &#o=~~. (A14)
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Circulators Using Planar WYE Resonators

JOSEPH HELSZAJN, MEMBER, IEEE, AND W. TERENCE NISBET, MEMBER, IEEE

A Mract- An important class of commercial three-port circulator relies

for its operation on a junction resonator consisting of the symmetrical

connection of three open-circuited transmission lines. A feature of this

resonator is that it maybe quarter-wave coupled to form a circulator with a

moderate specification (25-percent bandwidth to 25-dB return loss points)

and physicaf dimensions of the order of directly coupled conventional

circulators (using a disk resonator).

For circnfators for which the in-phase eigennetwork may he represented

by an ideal short-circuit, the equivalent circuit is a one-port network which

may be formed from a characterization of the constituent resonator. This

feature is utid iu this paper to study the equivalent circuit of junction

circrrfators using planar WYE resonators. The derivation of the equivalent

circuit parameters is supported with the design of a 4-GHz quarter-wave-

coupled stripline circulator.

I. INTRODUCTION

A N IMPORTANT resonator with three-fold symmetry

for use in the design of three-port junction circulators

is the WYE resonator [1], [4]. This resonator may be

coupled in either of the two ways indicated in Fig. l(a) and

(b). If it is quarter-wave coupled in the manner shown in

Fig. l(a), it maybe adjusted to display the classic frequency

characteristic normally associated with a quarter-wave-

coupled junction circulator, but with physical dimensions

of the order of a directly coupled device (using a disk

resonator). The ‘equipotential lines in such a resonator are

shown in Fig. 2.
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Fig. 1. Schematic diagram of circulators using planar WYE resonators.
(a) High-Q connection. (b) Low Q-connection.

Circulators using planar WYE resonators have been

analyzed [3] in terms of a 6 X 6 impedance matrix for the

central nonresonant disk region, defined by the three open-

circuited stubs of the resonator circuit ‘and the coupling
intervals of the circulator terminals. The boundary condi-

tions at the terminals of the three stubs are subsequently
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