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The Frequency Behavior of Stripline
Circulator Junctions

SEVI~ AYTER AND YALCIN AYASLI

Abstract—The frequency dependence of the circulation equations

for Y-junction stripline and microstrip circulators is investigated, and

a new set of design curves is generated for the frequency-independent
forms of the circulation condition’s roots for both below- and
above-resonance cases. Using this new set of curves, the wide-band
design predicted by Wu and Rosenbaum and Bosma’s narrow-band

dmign are analyzed and compared. Quantitative arguments for the

effect of the junction parameters on the bandwidth are given. To
support the arguments, the theoretical junction performance of the

7–15 GHz “continuous tracking” circulator reported by Wu and

Rnsenbaum is calculated and compared with the theoretical perfor-
mance of a 24 GHz circulator junction designed using the same

method. Experimental results also are presented for the 24 GHz

design.
An analysis for the effect of the ferrite thickness on impedance

matching is also included.

1. INTRODUCTION

T

HE ANALYSIS of stripline Y-junction circulators

generally employs Bosma’s Green-function method to

solve for the junction fields. This theory leads to two

circulation equations which must be satisfied simultan-

eously for ideal circulation. These circulation equations are

reviewed and then reformulated, generating a new set of

design curves for both below- and above-resonance cases in

order to bring out the frequency dependence in an explicit

manner. These new design curves provide more information

on the frequency behavior of the junction. They are

especially useful in understanding the effect of the junction

parameters on the intrinsic bandwidth of the wide-band

designs.

II. GENERAL BEHAVIOR OF THE

CmcuLAmoN EQUATIONS

The first and second circulation equations for a stripline

or microstrip Y-junction circulator with the junction

geometry (shown in Fig. 1) are given as [1], [2]

P=
M(M2 – 3iv2)

M2 + N2

and

N(3M2 – N’)Q=—
M2 + N2

(1)

(2)
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Fig. 1 Junction configuration.

where

Q=I&
ef f

()
cc Sinzrnj J.(x)J~(x)

N=~— (nfc/p) sin (2nfj/3)
~=1 n2* D.

D.= [J;(X) – (n/x) I ft/# IJH(x)]

~ [J:(x)+ (n/x)l K/LJlJn(.x)]

x=kR

Zd = 1207c/(&d)112ohms

—— wave impedance of the surrounding medium

.zeff = (Po\kff/&o %)1’2

—– intrinsic wave impedance of the ferrite

J.(x) = Bessel function of the first kind with order n

J;(x) = derivative of J.(.x) with respect to its argument

p,~ = Polder tensor elements of the ferrite

,&ff = (P2 – ~2)/#

= effective permeability of the ferrite

k = (m/c) (peffcf)l’2

—— radial wave propagation constant.
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Fig. 2. Roots of the first circulation equation for various coupling angles.
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Fig. 3. Roots of the second circulation equation for various coupling
angles.

In order to obtain the ideal circulation conditions of the

junction, (1) and (2) must be solved simultaneously. They

are derived by requiring infinite isolation between the

isolated ports of the junction [3].

The solution of the first and second circulation equations

are shown in Figs. 2 and 3, respectively. These curves agree

well with those given by Wu and Rosenbaum [1]. For a small
region bounded by 0.2< * <0.5 and 0.5< I fc/u I <0.6, the,,. ,

first and second circulation equations have multiroots, and

this region is left blank. The dashed lines in Fig. 2 corre-

spond to the first root pair of the resonance equation,

D. = O, for n = 1. The roots are found by means of Mueller’s

iteration scheme of successive bisection and inverse para-

bolic interpolation [4].

III. FREQUENCY DEPENDENCE OF THE

JUNCTION CIRCULATOR

The parameters k, Z.~~, and I ~/p I are all frequency

dependent quantities, and, therefore, Figs. 2 and 3 do not

explain how the circulation action is affected by the

frequency variations. The equations for w p, ,u,ff, k, z. ff/.zd

are

‘ = - J’_;2)
f f.~=1+ (f;_f2)

/Jeff = [1 – (dP)2]P

~ = (wc)(&fPeff)l’2

‘e ff/zd = (peff&f/’:f)”2

where

f= operation frequency;

f== (2.8 HO) MHz for HO measured in Oe;

f.= (j.gxqn~.) MHz for 47u14, measured in

(3)

(4)

(5)

(6)

(7)

G.

The frequency dependence of the circulation action must be

investigated for below- and above-resonance operations

separately.

Case 1: Below-Resonance Operation

For below-resonance operation, the following condition

must be satisfied:

f~fm +fz. (8)

When~z < fm, i.e., the ferrite is just saturated, the ferrite and

junction parameters can be approximated as

K =fm/f (9)

p=l (lo)

lfc/pl =fm/f (11)

Aff = 1 – 1~/v12 (12)

k R (2nfm/c)(&~)12(l – \7C//L12)12/l K/Jt (13)

and

zeff/zd = (&d/&f )12(l – I K/p 1’)1/’. (14)

The first circulation equation solutions give kR as a function
of I K/p I and ~, that is;

kR = ~l[lK/fll, ~]. (15)
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Fig 4. Frequency-independent form of the roots of the first circulation
equation under below-resonance conditions

Using (11 ) and (13), (15) can be rewritten as

(.fmlf )

2nR’am = ~1 - (fro/f)’)” “[(fm’f)’ ‘]
(16)

where 2~ - c/(~ fm) is a constant depending on the ferrite

used.

The second circulation equation is of the form

zeff/z, = F2( ]1{/,Ll\ , I/b) (17)

and using (11 ) and (14), it can be rewritten as

(@f)”2 = ~2[(fm/”f)> *I
[1- (fm/f)2]”2 (18)

Equation (16) gives the required disk-radius variation

and (18) gives the required junction dielectric constant

variation with frequency. These equations are plotted in

Figs. 4 and 5 using the solutions of the circulation equations

given in Figs. 2 and 3. Since R, J,m,~~, and cdare not functions
of the frequency, the curves must stay constant over the

bandwidth of interest if broadband circulation action is

required. In Fig. 5 the curves stay almost constant for
~ >0.4 and 0.5< ,fm /f <1, and, therefore, over approxi-

mately the octave bandwidth off= + j. < f < 2fm, the second

circulation equation can be satisfied.

The first circulation equation can also be satisfied over the

same frequency range. The best choice for I) seems to be
around 0.5 rad. For this choice, at the center frequency of

fo = 1.5fm, the variation in R/2m ratio is less than T 10
percent when the frequency is changed within the octave

band specified above. Then Fig. 5 gives the optimum value
for (Ed/Cf ) ratio corresponding to IJ = 0.5 as unity.

Unity ratio for the dielectric constants can be achieved by

I12
(Ed/Ef)
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Fig. 5. Frequency-independent form of the roots of the second circula-
tion equation under below-resonance conditions.
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Fig. 6. Calculated isolation and insertion loss for the “continuous-
tracking” circulators for c~/cf = 1.0 and &~/&f = 0.62.

inserting the ferrite disk into a hole in the substrate of a

dielectric constant equal to that of the ferrite, or using the

ferrite itself as the substrate and biasing only the junction

region. Both methods are equally applicable in practice [5],

[1]. When a smaller dielectric constant is used for the

surrounding medium, one must increase the coupling angle

(see Fig. 5), but available intrinsic bandwidth decreases in
this case (see Fig. 4).

To illustrate this point more clearly, junction parameters

for the “continuous-tracking circulator” designed by Wu

and Rosenbaum are calculated, and among them junction

isolation and insertion loss are plotted in Fig. 6. This should

be an example to optimum design with E~/sJ = 1. For an
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application of the design to an &d/2f < 1 case, a circulator

junction at 3 GHz with Ed/Ef = 0.62 is designed. The junc-

tion parameters for this circulator are also calculated, and

isolation and insertion losses are shown on the same figure.

The decrease in the intrinsic bandwidth is evident. It must be

noted that in the theoretical analysis of the junction

designed by Wu and Rosenbaum, the junction parameters,

in addition to those shown in Fig. 6, all showed the sudden

deterioration around 13.4 GHz. An explanation for this

behavior may be found by examining the frequency indepen-

dent form of the roots of the first circulation equation in Fig.

4. For ~ around 0.5 (for Wu and Rosenbaum ~ = 0.52) there

is a sudden hump on the curve, which should be responsible

for the hump of the junction behavior. Wu and Rosenbaum

noticed a sudden deterioration around 13.2 GHz in their

experimental results for the insertion loss but attributed it to

other causes.

Case 2: Above-Resonance Operation

For above-resonance operation,~= must be larger than~

When ~~ >fz, the ferrite and junction parameters can be

approximated as

f.
Km –Tf

f,

(19)

/K/p/ = ‘m
(fm +fz)fzf

(21)

Peff =

()

1 + + [1 – (K/#)’] (22)
z

~ ~ WT f:’z(fm +fz)3’2

c f.

I K/p I [1 - (K//L)’]’/’ (23)

and

()
; “2 (E,/Zf)’’2[l - (K/K)2]”2. (24)Z~ff/Zd = 1 + —

z

Following the same steps as in the previous case, a constant

C. can be defined as

2~& 1/, (fm +fz)3’2
Ca G ~.f= ~

m

such that

F,[lK/pl, l)]

C“R= /K/p][l - (K/#)’]’”

(25)

(26)

can be written for the first circulation condition. The second

circulation condition, on the other hand, can be rearranged

as

(1~+~“2 (&d/&f)’/’ =
F2[l K/,ul, l)]

f, [1 – (K/~)2]’/’ “
(27)

Since I fc/,u \ H [fm /( fm + fz)]( f/f=) andf ~ > f 2, the above

results are valid only for small I K/,u 1.Usuallyf~ andfz are of

60.
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Fig. 7. Frequency-independent form of the roots of the first circulation
equation under above-resonance operation.
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Fig. 8. Frequency-independent form of the roots of the second circula-
tion equation under above-resonance conditions,

the same order. Iffz > 3fm,X is taken as a rule for smallness,

wheref~.X is the maximum value of the operation frequency,

it is seen that the above analysis is valid for I fc/,u I <0.2.

Equations (26) and (27) are plotted in Figs. 7 and 8,

respectively. These figures show that no inherent broad-

band circulation of the junction exists for above-resonance

circulators. In fact when I ~/,u I is small, the circulation

equation roots are close to the roots of the first order

resonance equation and approximating each series expres-

sion by only the n = 1 term is quite valid. Bosma [3]
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Fig. 9. The magnitude of the calculated junction impedance normalized
with respect to the characteristic impedance of the stripline at the edge

of the disk under perfect circulation.

calculated the relative bandwidth approximating the

Green’s function by only its first term and found the

fractional bandwidth as Af/fO = 2.9( I K/E I )pm,X wherefO is

the center frequency and p~.X is the maximum allowable

value of the input reflection coefficient. Forfo = 450 MHz

and pm=, = 0.1, he found 3.2 percent fractional bandwidth.

Therefore, if broadband operation of the above resonance

circulator is required, external matching techniques must be

used [3], [6].

The first order approximation also reduces the first and

second circulation equations to

kR = 1.84 (28)

(29)

Equation (28) shows that the disk radius R is not a function

of the coupling angle ~ for above-resonance circulators.

This result agrees with Fig. 7. Also (29) gives Z. ff/ZJ as a

linear function of I ~/p 1, and this is an accurate approxima-

tion of Fig. 8 for small I ~/p\. Therefore, (28) and (29) are

quite sufficient for the design of above-resonance

circulators.

IV. IMPEDANCE-MATCHING CONSIDERATIONS FOR

THE WIDE-BAND DESIC,N

The junction impedance remains fairly constant over an

octave bandwidth for the wide-band designs as shown in

Fig. 9. However, the problem of matching this impedance to

the impedance of the feeding transmission lines still remains.

The effect of the ferrite thickness on this impedance is
discussed in this section.

The analysis presented so far does not include the ferrite

thickness as a parameter since the fields were assumed to be

z-invariant. The most important factor in determining the

ferrite thickness is the characteristic impedance of the

stripline at the edge of the junction. This impedance is also

the input impedance of the circulator junction under circula-

1Zclz
w

/“‘#, 2

‘f ‘R

r I

5 I 15 2.

Fig. 10. The geometric factor of the stripline at the edge of the disk as a
function of the disk thickness Tf over radius ratio for various coupling
angles,

tion conditions. Since the main objective for broad-band

circulators is to match the input impedance at the edge of

the disk (which stays fairly constant over the bandwidth of

interest) to the external feed lines, it is desirable to obtain an

input impedance as near as possible to the impedance of the

feedlines (usually 50 Q), for a relatively easy broad-band

matching procedure. There is an extensive literature on the

general topic oftriplate stripline, and much of this is devoted

to attempts to derive accurate but simple approximation

formulas for the characteristic impedance. For zero-

thickness triplate striplines, Rochelle [7] gave the following

equation for the characteristic impedance ZCwhich is said to

be highly accurate for both wide (w/b > 0.5) and narrow

(w/b < 0.5) striplines with maximum inaccuracy of 5 percent

on the transition region (w/b m 0.5), where w is the width of

the stripline, and b is the distance between the ground plates;

{
ZC=5W ‘tan-i u + 0.25 In (1 + U-2)

nu

I
– 0.25u-2 in (1 + U2) (30)

where

U = 2w/b, (31.)

ZW = 376.687/~ Q (32)

and Fjd is the relative dielectric constant of the medium

between the ground plates, The width of the stripline at the
edge of the disk is

w = 2R sin +. (33)

Using (30) and (33 ) and taking ~ as a parameter, a family of

curves for the geometric factor of the triplate stripline, i.e.,

ZC/ZW at the edge of the disk, has been generated and is

presented in Fig. 10. This family of curves proved to be very
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Fig. 11. Experimental performance of the “continuous-tracking”

2--4-GHz circulator. (a) Return loss, (b) Isolation. (c) insertion loss.

useful, not only for choosing the ferrite thickness, but also

for investigating the limits of the characteristic impedance

that can be obtained at the edge of the junction for a given Ed.

The limitation comes from the fact that the method of

analysis depends on the basic assumption of TEM-wave

propagation in striplines. The suppression of the higher

order modes can be achieved if the distances between the

ground plates measure less than half the wavelength of the

waves propagating in the stripline [8]. Therefore, there is an

upper bound for the ferrite disk thickness, and thus there is

an upper bound for a given ~ and cdon the maximum ZC that

can be achieved.

V. EXPERIMENTAL RESULTS

The 2-4-GHz circulator which has the theoretical junc-

tion performance shown in Fig, 6 was realized using

TDK-Y3 Y-Al garnet material which has a saturation
magnetization of 750 G. The disk radius is 7.5 mm, and the

junction coupling angle is ~ = 0.65 rad. The biasing magnet

was of TDK-FB2 material. The circulator is matched by a

“triangular taper” [9].

The experimental performance of the designed circulator

with 24-mm matching taper sections is given in Fig. 11, with

each port measured sequentially. On the average, better

than 15-dB isolation and return loss, and lower than l-dB

insertion loss are obtained over the octave bandwidth.

However, the circulator characteristics do not track well

from port to port because the center conductor was hand cut

and did not have a perfect symmetry. Better machining

techniques should improve the performance. To point out

that no extensive matching network need be developed to

increase the bandwidth, no alignment or tuning was done to

obtain better tracking between ports or to decrease insertion

loss.
VI. CONCLUSION

The design criteria for the Y-junction stripline circulators

are reviewed and reformulated in a frequency independent

form. This new set of design curves thus generated shows

that “the continuous-tracking” circulator does have a large

intrinsic bandwidth. The effect of the junction parameters on

this bandwidth is investigated using these curves, and the

conclusions are supported by the theoretical and experimen-

tal data obtained on two wide-band designs. These theoreti-

cal and experimental results provide conclusive evidence

confirming the validity of the wide-band design.
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