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ABSTRACT

A detailed th=retical mcdel for lunped-elemnt
circulalmrs is used as the basis for a synthesis
prccedwe, in which the various circuit parameters
are determined such that the lossless 3-pert junc-
tion is a psrfect circulator at the desired design
frequency and that it has mxinnnn bandwidth for
given size of the ferrite disc.

The objective of the presc+mt paper is to describe
a systematic proceduxe for tie synthesis and opti-
mization of lunped-el~t circulators based on an
extension of the theoretical mdel developel by
Knerr et al. 1 An equivalent circuit for the
lurqed-elemmt circulator is shmn in Figure 1.
Here the effect of the ferrite disc is only sym-
bolically indicated by the large circle, d will
be taken into account by appropriate mathematical
equations . The synthesis and optimization proce-
dure is used to derive theoretical expressions for
the maximum bandwidth that can ke achieved for
given circulator size if all other parameters =e
ad justsd for optimal performance.

Laudau-Lif shitz equations. The y-connected h_nnped-
element circulator is then analyzed on the basis
of a very general equivalent circuit (see Figure
1) , which applies to ferrite samples of arbitrary
spheroidal shap. Themetical expressions for the

~ce IMtriX of the ferrite loaded junction
including the effect of other lumped circuit ele-
m+ts, are derived, ad the scattering matrix is
calculated. An algorithm has been constructed for
finding consistent sets of parameter values (capa-
citances, inductances, etc. ) that will result in
perfect circulation (in tie lossless case) at any
desired design frequency. Optimization for maxi-
mal bandwidth at given design frequency is ob-
tained by impsing the additional constraint that
the frquemy derivatives of the phases of the
eigemmlues of the scattering matrix are equal at
the design frequency.

.% iqort parameter that largely determines the
bardwidth is the external quality factor ~ of the
ferrite disc, which my be defined in the same way
as for YIGfilters2 by

VQe = !.IO 2n fMVf K2/Z0 . (1)

Here PO is the -abili+q of vacuum, f~ the mag-
netization frequency, Vf the volume of the ferrite
disc, Z. the characteristic impedance of the trans-
mission lines connected to the junction and K is
a coupling factor defined as the ratio of the mg-
netic field (averaged over the sample volume) to
current. The coupli!q factor K and the external
quality ~ have been calculated for the device
geometries of interest, in particular for hexagonal.
discs with a pair of conductive strips lccatdd

Symmetrically with respect to the disc center and
at a given distarce from the disc swcface (see
Figure 2). It is ocnvenient ti define l/~. by

Figure 1.

The procedure used
Theoretical expressions for the “internal” and
“external” penneabilities are derived from the

Equivalent Circuit of
Lunped-elerent Circulator.

in this work is as follriws:

l/Qeo = !.!() fM a/ZO (2)

The ratio !&o/Qe then depends ofiy on normalizd
disc thickness d/a, rmnmlized conductir spacing
b/a and rrxmalized conductir to ferrite spacing
s/a.
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Figure 2. GOmetrical Configuration of
Hexa~nal Disc and Oxpling Line
Us&i in Calculation of Coupling
Factir K and External ~lity
Factor ~.

Figures 3 and 4 show the depende~e of
?d/a with b/a as parameter and for s = O $’~~3)

arid s/a = 0.1 (Figure 4) . The largest values of

S/A=O.O
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Figure 3.
%?X ~E%S$i?Z~;~ties
in Contact with Ferrite Surface with
the Reduced Splitting b/a as a
Parameter .

8’Qe Qe are realized when b/a . 0.3. ~r given ~
an ZO, optimal aspect ratio of the disc ad opti-
mal spacing of the conductive strips l/~ is S*
stitially proportional ti we disc diameter.

The optimization procedure descrikd above has
ken used b find the various device parameters of
the lunr@-el~nt circulator nr.del, such as shunt

Capaci-e cc, node-ti-groti capacitance Cb,
lcop inductance q, (see Figure 1) and ferrite
resonant frequency f; as functions of l/~ for
CJiVeI_z design f r~~ f Q. A separate ntmerical
calculation is then carr~ed out to determine the
bandwidth at 20 dB isolation.

S/A=O.1

‘“~ I B/A=.S-9 I
I

![ / 4

//// I/A
I I [

I

I I I I
02
p?’-/

0.0
00 0, 02 n. M 05

REDUCED TH ICKNSSS”- D/A

Figure 4.

Figure 5 shows the calculated frequency dependence
of the eigenvalue phases in the vicinity of the
design frequency for an optimized design ox.res-
~Ilding b l/~ = .176.

C&O/Q as a Function of Reduced Disc
‘J!lnckness d/a for Split Coupling Lines
at a Finite Distance s from Ferrite
Surface with the Reduce Splitting b/a
as ParaIEter. The reduced line-to-
ferrite distance s/a is assumed to be
0.1.
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Figure 5. l%quency Dependence of the Eigenvalue
Phases for an optimized Circulator with

I/Qe = 0.176, fa = O, pl = 0.1.

Figure 6 shows isolation (ISOL) return loss (NJ
and 10 ttis the insertion loss (10 x IL) as func-
tions of frequency for the same case.
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Figure 6. Isolation, Return Loss, and 10x Inser-
tion LOSS for Circulator Based on
Parameter Wd_ues Given in Figure 5.

~ Fi~e 7, the optimal device ~=ters and the

mxnmlized bandwidth BW/f 1 are ahown as functions
of l/Qe. Here the bandwidth (BW) has been normal-
ized with respect b the up~ edge of the f rquen-
cy band in which the isolation is larger than 20 dB
(fl) . Fkmmalization with res~t b fl is pre-
ferred to nxmalization with respt b the design
frequency f , &ause the latlxm can fall anywhere

3within the O dB isolation band, so that nmmali-
zation witi respect b f o can ~ misleading- The
particul= results sumnar ized in Figure 7 are
derived for the case in which rn series capaci-
tances are present in the circuit (fa=O) and the

FA=O Pl=o

mutual inductance in the absence of ferrite is
very s&H ~ed to the loop induc~ce (P1=O ) ,
but similar results have keen obtained for other
cases.
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Figure 7. Mrmalized Eandwidth (solid Line) ~
Paramter Values Required for Optimiza-
tion (Broken Lines) as Function of In-
verse External Quality Factor for
fa=o, pl=o.
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