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Techniques for Broad-Banding Above
Resonance Circulator Junctions Without

the Use of External Matching Networks

GORDON P, RIBLET, MEMBER, IEEE

Abstswet-By using a modification of Boasds app- a tkoretfcaf

expbmatfon fs given far the broad-banding effect wbfcb can be achieved by

the use of three opemcfrctsited stubs on the center conductor *-
ferenea of ahove rewsance circsdatora. It fs afso shown that abnfbw
bmad-bandhg am he achieved by the use of materbsfs with very large

values of 471U$h the above resonasscestate. It appears that the frequency

dependence of the wsductance G(u) is a ffndting factor h the bandwidth
bnprovementa that CRSEbe obtafned fn these ways.

I. INTRODUCTION

A hove resonance circulators are normally used at low
microwave frequencies where, for reasons of com-

pactness, it is desirable to obtain as large an intrinsic
bandwidth as possible without the use of external match-
ing networks, One common broad-banding technique,
which has however until now not received a theoretical
explanation in the literature, is to use three open-circuited
stubs around the center conductor circumference, In this
contribution a theoretical explanation based on Bosma’s
approach is given, Furthermore, it is shown experimen-
tally that similar broad-banding can be achieved by using
the standard junction geometry but materials with very
large values of 47r&f,. Both approaches reduce the suscep-
tance slope parameter of the junction susceptance while
leaving the frequency dependence of the conductance
G(to) nearly unaffected. It is found that this frequency
dependence is substantial for above resonance circulators
and that G(o) au” where v > 2(H? = 1.84).
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Fig. 1. Various stripline circulator geometriesconsideredin the text.

IL BROAD-BANDING WITH STUBS

The diagram of a conventional circulator junction is

given in Fig. l(a). The center conductor diameter and

garnet (ferrite) diameter are essentially the same while

each of the striplines subtends an angle of 2+ with the

garnet circumference. A version of the geometry we will

be considering is given in Fig. l(b). The center conductor

diameter is reduced while the garnet diameter remains the

same, Three stubs situated between the connecting strip-

lines and extending out to the garnet boundary have been

added. Although it is possible to perform calculations if

the stubs have a different width than the striplines, it will

be assumed here that their widths are the same. A further

modification that is readily treated is given in Fig. l(c)

where the stubs do not extend to the garnet boundary. As

a typical example for the purpose of illustration we will

assume a garnet disk 1 in in diameter with IE= 15.0 and

41rM, = O.10T. Furthermore, it will be assumed that +=

0.25 rad at the garnet boundary corresponding to a

ground plane spacing of about 0.150 in.
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~he SW% d problem ‘w@an? considering CFUI be treated
usin~ a modification of Bmnm’s approach by considering

tlm basic junction t~ ‘be a six-port device. The boundary

conditions at the wmtm conductor disk Cirmnfemnm

anglogous to those Qf 130snm [1] are

-tl<qS<@, H+= lY~

60”-4’<+<60” +-0’, l?+ = Hz

120 °-#<#<12QQ+o, H*= Hz

180” -0’<$<180” +6’, H+= HA

240” -0<+< 240Q+Q, HP - H5

.3MI”-Q’<+<3(IOQ +0’, H+= H6

H+ u Clelsewhere (1)

where 20 (the angular width of the Cxmmxting strips at the
eefitw ecmductm cirmunfe.rerwe) and 26’ (the angular

width of tht? stubs al the cemtm conductor ~h%wnference)

are greater than 2*, With thww boundary ~onditions the

impedance matrix of the six port can be found, “f’he three

eigsnadmittanees of the thrm -port fmrmd by terminating

ports 2, 4, and 6 in opm-cimuitsd stubs of known length
can tlwm b~ determined, Then these ~igenadmittances
must Iw tramifcmnw.i through the transforming section
sxtending from t.h~ mmter wmhwtor disk to the &arnet
disk boundary, From tlwse cigmwbnittances the equiv-
alent admittsnca at th~ garnet boundary can bs calculated
usin~ known formulas [2]. This establishes the basic ap
prmwhe

In praetic~ there am many free parameters: The garnet
diameter, the widths of tk striplines and stubs, the
lengths of th~ stubs and transforming se~tions, In what
follows tho simplifying assumption will be made that tla~
striplimm and stubs have the same width, This assumption
rwlwxs the number of free parameters and simplifies th$
mathematics while still allowing the broad-banding effwt
to be clearly demonstrated, In fact with this assumption
our basic network btxxums a fully syrnnmtrical six port
for whioh expressions for the eigenimpedances given by
Davies and Cohen can be used [3],

H S i~ th~ S matrix of the symmetrical six port, tlvm
@= $“ V whew ~ is the incident voltage vector and ?’ is
the mflexted voltage wwtor. Taking SI 1, S’U2s13, $’14, ~15,

and S16as the independent S’ matrix entries, then for tlm

eigenexeitations

where 0, -1, and 1 refer to the three eigmmxcitaticms and
it is assumed that ports 2, 4, and 6 are terminated in the
same ma@ivs termination to maintain three-fold syme-
try, For each eigenexdtaticm there is an equivalent syrn.
metrical two port S matrix of th~ form

Charly if the transfer matrices wmespmiding to these two
port S matrices can b~ found, then the eigenadmittance
for each eigemrmcitation can & found by multiplying
together the transfer matrix for the stub, the transfer
matrix for the equivalent two port, and th~ transfer matrix
fm the transforming section (see Fig, 2) and hy assuming
the resulting network to be terminated in an open circuit,

We would like to obtain tho elements of the equivalent
transfer matrices for the three eigenoxcitttt.ions in terms of
the eigenirrqmdances of the six port for whioh expressions
exist in the literature. If we let So(i)= IS1~(i) + S12(0, Si(i)
= Sil(i) - S12(i)(i =0, -1, 1), thm they are ei~mvahxa of
the three symmetrical S matrices given by (5), It is th~n
sasy to show using (2)–(4,) that SO(0)= S’o,SI(W L==%, So(i)
=S_2, S1(l)=Slf So(-l)=Sz, and S1(- l)=S_l where
tha tli’s (i= 0, & 1, &2,3) are the S matrix eigmwaiuw Qf
the symmetrical six port, TIN ~igedmpedancss must
satisfy the same relations so that

These equations can now be wiwd to cktermine the trans-
fer matrices for the three cases,

1! th~ stub length is the same as the transformer length

(as hi l%j l(b)), then the situation simplifies still further

( )(v;(o) ~ {s*i+ s,,+’Si,){Si,+ Si,+ s,,} v,(o)
vi(o) )( ){S12+ ’14+ ‘i6}{Sli+ ’13+ ’15} ‘4(0) (2)

(4)
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where (?is the electrical length of’ the stub or tramfcmning I I .

section, Z= m and 1A,~ are the magnetic and dielec-
m~ppm~ 11’F,BLP%S*TI

n @h9U@lWR DIM ##WICk@ ,88# 1

tric permeabilities of the garnet m ferrite material, Specifi- .6 (Fl!3URElb }

--- e NRUCTQERIA? ,$(FRLP .,RW1

eally,
(?louwld

(

Ztanfl + ZO(6)
‘tand+ “(6) (8)

// “

B/w o - . ..~”--”-----”

‘0(3) = ~ 1- (ta~#/z)zo(6) + 1– (tanO/z)ZJ@
)

{

Ztan6+Z.z(6) ZtanO+Zl(6)
‘1(3)= ~ 1.-(tan#/Z)Z_z(6) + 1–(tanO/Z)i?l(6)

)

(9)

{

Ztan8 + ZZ(6) ZtanO+Z_l(6)

)
‘-1(3)= j 1-(tanO/Z)Z2(6) + 1-(tanO/Z)Z-1(6) ‘

(lo)

The number in parenthesis indicates whether the eigenirn-
pedances refer to a symmetrical three-port or six-port
device. The three-port eigetirnpedances can now be used
to determine the equivalent admittance [2], The six-port
eigenimpedances can be obtained with results summarized
in the Appendix.

Calculations were performed using (8) - (10) assuming
as a typical example a garnet disk (e = 15,0,47riki, = O,10T)
1 in in diameter with ~= 0.25 rad at the garnet circum-
ference and center conductor diameters of a) 1,000 in, and
b) 0.600 in. Cases a) and b) are given approximately to
scale in Figs. l(a) and (b), respectively. Graphs of theo-
retical conductance versus frequency and susceptance
versus frequency for these cases are given in Figs. 3(a) and
(b), It is apparent from Fig. 3(b) that introducing stubs
significantly reduces the susceptance slope parameter. On
the other hand the frequency dependence of the conduc-
tance is substantial and is only slightly effected. The
significance of the frequency dependence of the conduc-
tance of above resonance circulators has been noted re-
cently and will be discussed in more detail in a later
section [4]. It is also apparent from these figures that
introducing stubs lowers the center frequency and the
required magnetic field for a garnet disk of constant
diameter, which are both desirable features.

A further improvement could be achieved by reducing
the length of the stubs with respect to the transforming

-.8 w’

!/
-1 b I

1.8 1,3 M 1.8 IA

F*CO (ail)

0)
Fig, 3, The theoretical jumtion oonductanw and suswptanco versus

frequency for an above resonancecircuktor broad.baadtxi with stubs
(garnet dismeter - 1 in, 4wIU,MIO.IOT, ~-15, and # =0,25 rad) as ia
Figs, l@) and (c),

sections. The optimum situation seemed to be when the

stubs are about half as long as the transforming sections

(see Fig. l(c)). The results for stubs 0,1 in long with a
center conductor diameter of 0.6 in are given in Figs. 3(a)

and (b) by the dashed lines. The susceptance is further

flattened out as a function of frequency while the

frequency dependence of the conductance is also some-

what reduced. Furthermore, the center frequency and

required magnetic field (0, 19 T) are reduced still further,

III. BROAD-BANDING WITH LARGE VALUES OF
4rM8

It is also possible to broad-band above resonance

circulators while using the standard junction geometry of

Fig, l(a) by increasing the saturation magnetization 4TA4$.

As has been emphasized recently, the effect of increasing

47r&f, is to increase the effective magnetic permeability N,ff

at the center frequency [4]. The operating frequency range
shifts to lower frequency but the absolute bandwidth in

megahertz remains essentially constant. Consequently, for

the same physical geometry the normalized bandwidth

increases with increasing 47rM,. These points are demon-
strated experimentally in Figs. 4 and 5 where return loss
versus frequency is plotted for a circulator junction of the
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Fig. 4. Return loss versus frequency for a circulator junction using
l/2-in diameter X-506 disks (47rM, =0.050T, p = 3) biased above and
below resonance. The center frequency is somewhat lower for the
above resonanee ease because ptir is larger above r~on~~.
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Fig. 5. Experimental return loss versus frequency for the junction of
Fig. 4 but using 0.5-in diameter L3003 disks (4TM, =0.30T, c= 15)
biased above resonance.

type of Fig. l(a) (~-0.5 rad) using in one case 0.5-in
diameter X-506 disks (47M, = 0.050T, cs 15) and in the
other 0.5 in diameter L3003 disks (47M~ = 0.30T, c= 15).
This last material is a lithium-ferrite material which is of
some interest for above resonance circulators because of
its good temperature properties (T= =375 0C) and narrow

line width (AH3~~ <0.01 T). Note that the absolute band-

width is essentially constant for all cases. This broad-

banding technique is useful when the coupling angle ~ is

large so that the methods of Section II are inapplicable or
where it is desirable to use a large ground plane

spacing—as in high power applications. It has the dis-

advantage of requiring the application of a large magnetic

field in order to bias the material above resonance.

IV. COMMENTS ON THE FREQUENCY DEPENDENCE

OF THE JUNCTION CONDUCTANCE G(u)

Fig. 3(a) shows that the frequency dependence of the

conductance for above resonance circulators is substantial

in both the standard and broadband forms. It may be-

come a limiting factor in the broadbanding which can be

IIY*q- jfllw G(aI)

Fig. 6. The circuit form of the equivalent admittance for the junctions
given in Table I.

achieved. Recently, it was suggested that G(a) ccU2 above
resonance [4]. These calculations assumed ~= 0.5 rad
whereas the dependence on u is much stronger in Fig. 3(a)
where IJI= 0.25 rad. In general in the frequency range
where kR = 1.84 G(a) a u v where v >2 and increases with

decreasing coupling angle.

The increase in the frequency dependence of G above

resonance as the aperature angle decreases has implica-

tions for below resonance circulators as well. A major

factor determining the frequency dependence of G is the

frequency dependence of the tensor permeability compo-

nent K. Well above resonance

4wM,yu 477M~w
K= ~— ,

y2H~ – W2 yH~

whereas for an unsaturated material
nance

K= 4~M
U

yHi>>u (11)

or well below reso-

(12)

where 47rM = magnetization, 47rM, = saturation magneti-
zation, Hi= internal magnetic field, and y =2.8 MHz/Oe.

Equations (11) and (12) together suggest that for the same

physical structure the frequency dependence of the con-

ductance will differ by a factor a2 between above and

below resonance operation. Indeed if +=0.5 and G(ti)a

02 above resonance, then G should be nearly frequency

independent below resonance in agreement with the ex-

perimental facts. However, if the coupling angle + is

small, then above resonance the frequency dependence of

G will be much greater than Q2 and will become signifi-

cant below resonance as well. This is undesirable for

broadband matching. Particularly for octave band circula-

tors the coupling angle should not be too small, It should

be noted that the wide band circulator of Wu and

Rosenbaum uses a large coupling angle [5]. The propor-

tionality factor is of course governed by the applied

magnetic field. From (12) IG I will increase with applied

field below resonance until M= M. while from (11) [G\
will increase with decreasing field (YHi > w) above reso-

nance.

A number of other reciprocal and nonreciprocal devices

have an equivalent conductance (or resistance) which is a

strong function of frequency. Typically the equivalent

admittance is a frequency dependent conductance G(a)

shunted by a pure susceptance j13(Q) as in Fig. 6. In this

case the frequency dependence of the conductance implies

that the equivalent admittance is not a positive real func-

tion. Consequently, the attempt to broadband these de-

vices with identical matching networks connected at each

port constitutes a new kind of matching problem. Other

devices falling into this category include lumped element
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TABLE I
THSFRBQUENCTDEPENDENCEOFG(u) FORVARIOUS

MULTIPORT NETwoaxs

Junction Type MO_

3 Port Circulator StripTine-below resonance (kRsl .84) Constant

,!
Stripl ine-above resonance (kR.1 .84) =U”(.> 2)*

,!
Lumped Element-below resonance

,!
= 1/.2

Lumped Element above resonance Constant

SY~etPical 2 Branch Coupler Uniform Transmission Limes (L=a/L+) Constant

,, Shunt Connected Capacitors W

,, Shunt Connected Inductors = 1/;

,! Series Connected Inductors R(Lo)=w

,, Series Connected Capacitors R(u)=l/uI

* v increases with decreasing COUP1lng angle

circulators (above and below resonance) and symmetrical

two branch couplers constructed using transmission lines

or lumped elements [6]. For the lumped element circulator

[7]

tiK
G(co) = — —

uLp”
(13)

It follows from (11) and (12) that G(a)= constant well

above resonance and G(o) a 1/a* below resonance. It is

perhaps fortunate that here, unlike the stripline circulator

case, the above resonance mode of operation shows little

frequency dependence since lumped element circulators

are used at low microwave frequencies where above reso-

nance operation is preferable, In the case of the symmetri-

cal 2 branch lumped element coupler with the four ports

connected by capacitors or inductors, G(a) a o or 1/ti [6].
This result applies for all frequencies. A summary of the

frequency dependence of G for these different multiport

networks is given in Table I.

V. CONCLUSIONS

Using a modification of Bosma’s approach, a theoreti-

cal explanation has been given for a common technique

for broad-banding above resonance circulators. It was

found that this method reduces the susceptance slope

parameter but has little effect on the frequency depen-

dence of the conductance—which is substantial. For large

coupling angles (+- 0.5 rad) where this method can’t be

applied, it was de.monstrated experimentally that broad-

banding can still be obtained by using large values of

471M’$ for which certain lithium ferrites are of particular

interest. Finally, it was emphasized that above resonance

G(Q) au” where v >2 and increases with decreasing cou-

pling angle. The frequency dependence of G was
summarized for various reciprocal and nonreciprocal mul-

tiport networks.

AppENDIx

Equations (6) and (8)–(10) require the eigenimpedances

of a symmetrical six-port network. Davies and Cohen

have given expressions for these eigenimpedances [3]

namely

Zi(m) = _jcot *
Z. () 2

–jzeff m+

‘—–n=~+i(%)’Zd T

Ja(kR)

“ [( fd14(n/kR)Jn(kR) -JXkR)] ’14)

forp=O, &l, k2,... , where m = 6 for a six port, and i = O,

* 1, &2, and 3 give the eigenimpedances. Note that

2.(6) + Z3(6)
ZO(3)= z

z_,(3)=
Z_,(6) + Z2(6)

2

z,(3) =
Z1(6) + Z_z(6)

2“

Z,(6) can be obtained by omitting the appropriate terms in
the expansions for z,(3). Using the identities

J;(kR) = ‘i$~) –J.+,(kR)

J_n(kR)=(– l)”Jn(kR)

(14) reduces to

Zi(m) _ . Zeff m+

Z. ‘J Zd m’

“n-~+i(%)2K,p ; [n[lJln+ll(kR) “ ’15)——
k kR— + Jlnl(kR)

For a given value of kR,

~im Jln+ll(k~)
n+m J,.,(kR) =0’,.., .

It is apparent that this series must converge if the series

XT-, l/n3 converges, which it does.
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