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Lumped Element Y Circulator

YOSHIHIRO KONISHI, SEN1OR MEMBER, IEEE

Absfracf—A lumped element Y circulator using ferrite, having a

mesh mechanism in place of the center conductor of an ordinary Y

strip line circulator, is proposed. A theory is developed relating to

bandwidth, insertion loss, and temperature dependence of the reac-

tive energy and the tensor permeability of ferrite, and the bandwidth

enlargement is discussed on the basis of the equivalent network.

The size of the circulator is approximately 1W2 cm in diameter

for VHF and UHF bands and the characteristics are, for example,

about 50 percent bandwidth for 20-dB isolation, 2-dB insertion loss

at 600-Mc/s center frequency. It is also shown that the insertion loss

has its minimum value at a definite bandwidth and, as a practical

example, a circulator is described with 0.25 dB of insertion loss and

6.5 percent bandwidth at 700 Me/s.

1. INTRODUCTION

The ordinary Y strip-line circulator [1 ]– [3 ] requires

a ferrite with suitable diameter to keep its wide band-

~Tidth and lossless characteristics, and recently, a min-

iaturized circulator available to the receiver has been

required for the purpose of reducing the radiation of the

local oscillator.

This paper presents the theory to synthesize the

lumped element Y circulator having the proposed

mechanism [4] and also the experimental results to con-

firm the theory.

This circulator is approximately 2x3 cm in diameter

as shown on the photograph and the ferrite used is about

lN1.5 cm in diameter and 1=2 mm thick.

The center frequency of the circulator is adjustable

by changing only the values of capacitances added at

each terminal without changing the applied dc field and

also internal mechanism around the ferrite, The experi-

ment is made in the frequent y range from about 10

Mc/sxIOOO Mc/s.

The theories are given especially for the relationship

between a bandwidth, forward loss, and reactive energy

corresponding to the eigenvector excitations.

These quantities are also connected to the complex

tensor permeability of the ferrite to make it possible for

the characteristics of the circulator to be estimated by

the ‘material used in it. Furthermore, the equivalent

network of this circulator is obtained and the wide-

band circulator with Chebyshev and Wagner character-

istics is synthesized in the same way as the band-pass

filter design, together with its previously mentioned

equivalent network. As a practical example, the circu-

lator with about 50 percent in bandwidth for 20 d B

isolation at a center frequency 600 Me/s is designed,
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and a small insertion loss circulator, one with 0.25 dB

insertion loss at a center frequency 700 Me/s is also

shown.

The lumped element circulator has also been de-

veloped in the U.S.A. by V. Dunn and R. W. Robert.1

II. CONSTRUCTION AND ITS EIGENVALUES

Figure 1 shows the construction of the inside of the

circulator.

Three conductors connected to corresponding ter-

minal of the circulator are insulated from each other

and knitted together to form a mesh and are connected

to earth at the other end. The mesh mechanism con-

tributes to maintain circularly rotating rf field over the

entire disk for the rotating field excitation, and since

most of rf magnetic field passes through two ferrite disks

as shown in Fig. 2, the leakage inductance, which pre-

vents the circulator’s bandwidth from becoming broad,

can be avoided. The symmetrical structure about the

mesh plane can keep the radiation loss small.

This rotationally symmetrical circuit has the eigenvec-

tor of (1) [5], and its eigenvalues Z,’ of Z matrix can

be expressed in terms of the magnetic and electric

energy for the unit current excitation corresponding to

the ith eigenvector. (See Appendix 1.)

“=11 ‘2=[!1‘3=[:1‘1)
However, when equal current flows only in conductors

la and 1b in Fig. 2, the rf magnetic field surrounds la

and lb through the mesh between 2a, 2b, 3a, and 3b as

in Fig. 2(b), and is distributed almost uniformly on

the ferrite surface as shown in Fig. 2(a). Simplifying the

analysis, we take the simple assumption that the dis-

tribution of the field is completely parallel with the

direction perpendicular to la and 1b, although there

exist the other higher modes to satisfy the boundary

condition. We also assume the diameter is sufficiently

small to be able to neglect the variation of the field

intensity along la and 1b, so that we can neglect the

electric energy inside the ferrite compared with the mag-

netic energy. Under the assumption mentioned before,

Z,’ in the part of ferrite without C added at each ter-

minal can be expressed by (2) from the result in Ap-

pendix 1.

1 See their article, “Miniature VHF-UHF circulators use lumped-
element design, ” Microwaue J., pp. 46–47, December 1963.
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(2)

where

r: the integrated region of ferrite

[1
/.I –jk O

tensor permeability of ferrite with
p=jk~O:

the dc magnetic field in the Z direction

001

E~, Hi: high frequent y electric and magnetic fields in

the ferrite when it is excited by constant current of

zkh eigenvector

u: angular frequency.

The frequency variation of Z;, 8Z~ is (see Appendix

II)

In VHF and UHF circulators, the applied dc mag-

netic field should be much stronger than the resonance

field in order to make it of low forward loss. In this case,

we can apply the relation (dv/13w)u<<~} in (3). Taking

account of the assumption of the field uniformity, the

2nd and 3rd eigenvector currents give the complete

negative and positive rotating field in~side ferrite. So,

we get

Zi’ = juLi, Li = Pit,

from (2) and (3) where ~ is independent of frequency.

The 1st eigenvector currents give rise to no magnetic

field inside the ferrite. This results in Z,= 0, which has

been confirmed by experiments, as in Fig. 4, to be satis-

factory in the VHF-UHF region. To examine the value

of p;, the values of 22’ and Zs’ are measured for dc mag-

netic field of several strengths, and the measured values

Zt’/jw~ = p– and Z3’/jw~ = p+ are plotted with a sign of

x in Fig. 3, where jw~ are the values of Z;, Zs’ under the

dc magnetic field strong enough to saturate the I.L+

values to one. The measuring technique is shown in

Appendix III. The line in Fig. 3 shows the calculated

values of p+ and I.– by Polder’s equation (15), and it

shows good coincidence with measured values. This

makes it possible not only to substitute u by p+ and w–,

at least in the discussion of their relative values, but

also to use (15) for analysis in introducing the design

formula.

Therefore, considering the capacities at each terminal,

the eigenvalues are expressed in the equivalent admit-

tances in

(a)

(b)

Fig. 1. (a). Photograph of lumped element 1’ circulator (scale in-
dicates dimensions in cm). (b) Construction of proposed lumped
element l’circulator. Left side—construction insiale shielding box.
Right side—sectional view in the plane including terminal @
and center axis.

la _+_’? /earth//-:ZIz = :+ ferrite

$,+* (d?
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.—— ——— —

(a)

(b)

Fig. 2. Field distribution inside ferrite by currents on l(a) and (b).
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Fig. 3. Measured values of Zj’/jW$ and Z3’/j@ at 150 Me/s plotted
by X signs, and calculated values of positive and negative polar-
ized permeabilities y~ shown by lines.
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When

“= –j=’ ‘3‘j73’
a circulator is realized, where the terminal impedance

is normalized to one ohm as simplification, and the

normalization is also made throughout Section III.

The measured eigenvalues are shown on the Smith

chart with an arrowed line in Fig. 4.

@
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Fig. 4. Measured values of eigenvalues.
e- —— before connecting C.
+ after connecting C.

II 1. ELECTRICAL CHARACTERISTICS

A. Bandwidth and Insertion Loss

The variation of eigenvalues 6s, takes place by the

variation of frequency au from the center frequency,

and the signal is transmitted also backward in the

amount of 1.S” \ for the unit amplitude of the incident

signal. The relation between I S’ I and 18s, I can be ob-

tained as shown in

Nevertheless, there are relations of (6), between s,, yi

and their frequent y variations ~si, 8y,;

l–y, – r3y,
s%=— 8s% =

l+yi’ (1 + y,)’ “
(6)

It is easily understood in Fig. 4 that (7) must be

satisfied to realize a circulator.

11( 1 ) 1 1 2
~~=— —+— , —–—

2 oJ&– cl.1’gp_ = 7 “
(7)

@P+ @.-

Substituting (4) and (6) into (5), and applying the rela-

tion of (7) to it, I S“ I can be expressed in terms of C and

p+. It can be also connected to the time average total

reactive energy t~~ stored inside the circulator in the

case of constant voltage eigenvector UZ and U3 with unit

amplitude.

The previously mentioned results, are shown in (S).

(See Appendix IV.)

P+ — P–
~=

P+ + P–
(8)

In (8) w is the bandwidth normalized to the center fre-

quency, at which the backward transmission is kept in

the amount of desired values \ S“ 1. Equation (8) shows

that the bandwidth becomes narrower for the circulator

with large C, when the required dc magnetic field should

be stronger and ferrite operate at small q. In this opera-

tion, the corresponding reactive energy becomes larger.

Next, considering the quality factor of the permeabil-

ity of the ferrite and the permittivity of C, the added

capacitors at each terminal, we put

“=’+’(’-’+)’C=C’(l-R)‘9)
Substituting (9) into (4), we get the amount of forward

loss as in (10)

4.96 2.48 1
L(dB) = — + —

()
–1

v Q. Q+ ~

2.48 1

+—
()

—+1 .

Q- v

(lo)

However, we have the relation between P* and p~ff and

the loss term of p~ff is expressed by its quality factor

Qeff as in

Substituting (9) into (11) one gets

+=+[(:-’)++(++1):1’12)
From (10) and (12), the insertion loss L (dB) can be

expressed by the simpler form with Q.ff as in

L(dB) =
?(;’&)

(13)

In (13), when dc magnetic field becomes stronger, Q,f f

becomes larger and q smaller. So, L (dB) takes its mini-

mum value at the proper strength of dc magnetic field,

and this is determined by applying the measured values

of Q,ff and T into (13) together with the value of Q,,
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where T is obtainable

by the relation of

P
~=

a(P+a)—1’

from the measured values of p~ff

(U+ P)’–1
peff . — — (14)

fr(u +-P) — 1 “

The methods of the measurement of Qeff and p,ff, and

the determination techniques are described in Appendix

V. A practical example is shown in Section VII.

B. Adjustment of Cente~ Frequency by Changing C

~7hen the formula of (15) for p, is used,

P
/L, =l+ (/.42 = L, /J3 = P+)

U+(— l)’)

where -y is gyro magnetic ratio and 4Trkf, is saturation

magnetization. The difference between both admittances

of L+ and L– becomes independent 0[ a for 0-2>>1, or

P’>> 1,where the former is satisfied in the case of strong

dc field and the latter in the case of the low frequency

as VHF band (.Appendix VI).

Therefore, the circulator is always realized only by

adjusting C proportional to C02as in (16)

c=!X’(l+Z%+(16)

Substituting (16) into (10), the bandwidth w of this

circulator is obtained in (17). It is understood that w be-

comes wide proportional to the center frequency and

inversely proportional to a.

Substituting (15) into (9), the value of ~ is obtained in

l/311() d3 P
(&_—._ .

2 /.L_ p+ (cr+P)’ -l’

Therefore, the result of the measurement, in advance

of & for several sizes of the mesh part, is available to

decide the size of the mesh part and also ferrite disks

required from (18). The measured values of ~ are indi-

cated in Fig. .5, where t is the thickness of the ferrite disk.

While the previous description has been concerned

with constant applied dc magnetic field, the situation

with stronger dc magnetic field will be considered. In

this case the larger value of C and the smaller value of

~ are required even at the same frequency and the band-

width of w becomes smaller.

I
\

d[xlO-@n)
A

‘D-20mm

w- 4 mm

15 mm

5 mm

0 1 2 3 4

k“ig. .s. Measured ~alues of &of mesh part with seve~al sizes, where .$
is the value Z,/@ when ,the strong dc magnetic held is applie,:l to
saturate pt to one. t is width of the part for the insertion of ferrite
disks.

IV. THE S~NTH~SIS OF WIDE-BAND LCTNIPED

EL~M~NT Y CIRCULATOR

A. Equivalent Circuit Of Lumped Element Y Circulator

Taking the variation of Y, in (6) and appl:~ing (15) and

its variation 8M, we get the relation of

[

1
ay, =jtko c+—

C&l J

. J&_
(–1)’P

}1\ (r+(-1) ’)(a+P+ (-1)’ “

For P and a>>l, 13M and 6YS take the same value of (1 9).

( 1

/
UC + 1&lJ

6y2 = ay3 = j

I ( )J

p }–. . (:19)
@ 1—— cd

C7

However; yl takes always infinite value at any freq-

uency. Under these conditions, that is,

8y2 = 6y3, y~ = m, 8s1 = o, (20)

the equivalent network has the construction consisting

of one ideal circulator available to any frequency amd

three parallel tuned circuits connected at each terminal

of the ideal circulator which is illustrated in the part

surrounded by the dotted line in Fig. 6.

The frequency variation of the 2nd and the 3rd eigen-

values of Y matrix coincides with frequency variation

of the parallel tuned circuits connected at each terminal,

and 6YZ = 631S because they are reciprocal circuits. ~~n

the other hand, the 1st eigenvalues are not affected by

the tuned circuits because they are connected at the

zero impedance point of the Ist eigenvalue. So it satis-

fies the condition of Y1 = m, 6SI = O. From this reas(~)n,

this equivalent network satisfies all the ccmditions de-

scribed in (20).



856 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES NOVEMBER

1’

. .
‘l?quvalent clrcuxt of circulator,

Fig. 6. Equivalent network of circulator and added network for
wideband. N’ is the network for wideband operation where CP,
Lp are not necessary for N= 2,

B. Bandwidth Enlargement with Chebyshev Character-

istics

Let the terminals of the ideal circulator be 1’, 2’, and

3’ as shown in Fig. 6. We consider the purely reactive

four-terminal networks IV connected to each terminal

1, 2, 3 of the circulator and name the outside terminals

of N’, l“, 2“, 3“ respectively. Let the network, which

contains N’ and the parallel tuned circuits at terminals

1, 2, 3 be named N. When the terminals 2“ and 3“ are

terminated with matched loads and an incident signal

with unit amplitude is applied to terminal l“, it comes

out of terminal 3’. If there is a reflection in the amount

of 17 at terminal 3’,. the reflected wave caused by I’ is

transmitted again toward terminal 2 through the ideal

circulator. Hence I S’ I =17. Between I r I and power-loss

ratio of N, PO/PL, we have the relation of

Po 1 1
=1+

PL = l–[rl’

1:1’-1

Therefore, to keep [ S“ I below the value I S“~,~ I

throughout the frequency band between al’ and COZ’,the

network N should be designed with its power-loss ratio

satisfying the requirements of a band-pass network with

proper characteristics. In this section, the Chebyshev

characteristics of (21) are discussed.

Po
— = 1 + h’1’.’(ol)
PL 1

where h is a constant determining the maximum inser-

tion loss in a pass band, K is a constant relating the

bandwidth of aband-passfilter to that of a low-pass filter,

and T. is a first kind nth order Chebyshev polynomial.

In (21) h is related to minimum backward loss A dB by

1
h = .4 = 20 Iog,o

/10.4/10 – 1 ‘ I L“ I “ ’22)

These characteristics are synthesized from ordinary

low-pass filter theory [7] and realized by ladder net-

works in which the series and parallel elements are, re-

spectively, the series- and parallel-resonance circuits

tuned to center frequency COO,where W. is obtained from

uo~ = U1’U2’. When the total number n of all resonance

circuits is odd, the input and output impedances of N

take the same value, while they take different values

when n is even. The network must always be synthesized

in such a way that the 1st element is a parallel element,

because the parallel tuned circuit of the equivalent net-

work of a circulator is always put as the first element of

network N.

The bandwidth is increased more with the increasing

of n, and the results of the calculations are shown in

Table I for the cases of backward loss A equal to 20 dB

and 30 dB. It is seen that the improvement in band-

width is much less remarkable for n larger than 2 or 3.

Nloreover, they are the most useful numbers of elements

in practical components for VHF and UHF bands. So,

only the results of n = 2 and n = 3 are shown in this

paper. (For n> 3, refer to (8).)

TABLE I

RELATION B~TWEE~ n AND BANDWIDTH INCREASING RATIO wn/w,

n A=20dB A=30dB

:.55 :.7
4.25 8.42
4.47 9.63
4.633 10.6
6.16 14.3

A is the minimum backward loss in tbe specified bandwidth.

1) In the case of n=2

The network for the wide bandwidth consists of only

the series-resonance circuit connected in series at each

terminal, of which inductance L. and capacitance C,

take the values shown in (23).

L,=l+:R’C,
1

c6=—
WOZL$

‘ ‘(3’’4-(3”4,
1 h,

a=
2(1044/10 _ 1) = ;

(23)

where R is the terminal impedance of the wide-band

circulator.

In this circulator, the terminal impedance, before in-

creasing the bandwidth by L, and C,, must be R., which

takes a slightly different value from R as shown in

l+JZ
R, = — R.

1 – ~2a
(24)
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This has the physical meaning that the circulator does

not have infinite backward loss at a cen ter frequent y but

at frequencies deviating slightly from the center.

The bandwidth is increased in the amount of 3.55

times for A =20 dB and 5.7 times for A =30 dB as

shown in Table 1. This is in good agreement with the

experiment which will be described later.

2) In the case of n= 3

The network constitutes one series-resonance circuit

connected first in series, and one parallel-resonance cir-

cuit connected next in parallel as indicated in Fig. 6. The

values in (25) denote the inductance and capacitance

of series resonance, L, and C,, and those of parallel

resonance, LP and CD,

2{2 1
L.=— R2~7 c,=——

{’ + 3/4 U02L.

1
Lp= —--, Cp=c (25)

O.)OW

where ~ takes the same value as in (23). In this circu-

lator, the terminal impedance, before increasing the

bandwidth, is equal to that of the increased bandwidth.

This means that the backward loss must be adjusted to

infinite value at the center frequency. The bandwidth is

theoretically increased 4.25 times for A =20 dB and

8.42 times for A =30 dB as indicated in Table 1.

C. Bandwidth Enlargement with Wagner Characteristics

The power-loss ratio of network N takes the form of

P(J
—=1+0’”
PL

(26)

d is the same one used in (21) and shows the angular

freqeency corresponding to that translated into the lo\v-

pass filter. The network construction is similar to the

Chebyshev type with only the exception of their con-

stants, The terminal impedance before enlarging the

bandwidth is the same as that for the enlarged band-

width, The circuit constants and the bandwidth increas-

ing ratio for n =2, 3 are shown in (27).

1
1) n = 2, series elements L, = CR~, C“. = —

C002LS

the bandwidth increasing ratio = ~~

1
2) n = 3, series elements L, = 2CRZ, C, = ——

@ozLs

1
parallel elements L. = —, CP=C

L002CP

the bandwidth increasing ratio = 2.33. (27)

V. TEMPERATURE DEPENDENCE

The temperature dependence of a circulator is caused

mainly by the deviation of the external dc magnetic

field EI,z and the saturation magnetization ,lf~ of the

ferrite following the fll]rtluatinn of tmmperatl]re.

The dc magnetic field Ho inside the ferrite is also ,de-

creased from He, by the demagnetizing field in the

amount of (28) for the ellipsoidal ferrite.

Ho = Hex – N,. M,, (28)

N. is the demagnetizing factor in the Z direction. Equa-

tion (28) shows Ho is affected by the change of H,. and

also M,. Then p~ vary their values by the change of

M, and HO following (15). These variations of permeatjil-

ity result in the deviation of the 2nd and the 3rd eigen-

values. Therefore, the center frequency of the circulator

deviates, causing the backward loss at the operating

center frequency to be changed by a variation of tem-

perature. These temperature dependencies are quan~ti-

tatively described in the following section.

A. Deviation of Center Frequency

The variation of p, ~p, is obtained from (15) as

ap. =
‘p “Y+%(l+%)%: 1,,,,(a + 1)2 (lJ

~=4TM, ]’y
~ = I ~ I ~~,. - NM*) ‘“J 1

0.! @ J

6(47riMJ shows the deviation of 47n.3$, caused by lthe

change of temperature. As y~ and Y8 are functions of pi

and u, their variation becomes

(P’ = P-7 IJ3 = P+). (30)

However, as 6s1 = O as mentioned before, we have to

apply the conditions 6sZ = 8sS = f) and c?y:k= tiys = O for

satisfying the condition of the circulator. Substituting

this relation into (30) and (29), one can get the devia-

tion of the center frequency 80J. Taking the approxinla-

tions of Nz = 47r for thin ferrite disks, or>>l and UC

k l/w$~p, we get

a(+mi!!f,) – ;:> MIe.
6W

—— —

2H0
(31)

w

From (31), it is understandable that hiss ma[ler for the

circulator operating under the stronger H.,,. This means

the effect of the demagnetizing field is smalll in this CXR.

B. Change of Backward Loss at Cente~ Frequency De-

pending upon Temperature

As sl is independent of permeability, the variation for

temperature ~si is also zero. Substituting 5s1 = O into (5)

and considering the conditions yl = m, YZ = —j/-\/J,

Y8 =j/ v’3, and the relation of (6), one gets
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As we consider the state at the same frequency, 6y% in

(32) means the variation of y, for only the variation of

temperature and coincides with one substituted by

tiw = O into the 1st term of (30). Also 6pi is obtained by

putting &o= O into (29). That is,

(33)

Substituting (34) and the value of @ of (18) into (33),

and putting these results into (32), one gets the value of

I S“1 in

Is“ I = +(1 +;) ’(:MSJ ~ (35)
Tes

It shows the circulator for the smaller frequency is more

sensitive for the variation of temperature because ET,,,

is proportional to w in (35).

VI. DESIGN PROCEDURE AND ITS

PR~CTIC~L EXAMPLE

On the basis of the previous results, the design can

be approached in the several ways. As an example, one

can start with a specified bandwidth, or one can also

design with a minimum insertion loss by operating un-

der the optimum u as described in 3A. The process for

the former case is shown in Table II, where design

formulas available to terminal impedance of Re, are

shown, though it has been normalized to one ohm in

Section II and III.

As a practical problem, there exist some capacitances

between conductors in the mesh part, and they work as

a part of C at each terminal by 3 times its value. There-

fore, it must be subtracted from the value of C cal-

culated by Table I I in advance for practical design,

which takes different values depending mainly on the

gap between conductors, actually being about 3–6 pF

as determined by experiment.

Practical Example

We design a circulator which has a backward loss of

20 dB in the frequency range from 170 lblc/s to 230

lbIc/s. A YIG polycrystalline material is used which has

a 47riVs of 1,000 Gs. The bandwidth ratio w = 0.3 (30

percent). Following Table II,

1)

2)

3)

4)

5)

w1=0.3/3.55 =0.0845 for n=2,

q= O.25,

C=31.4pF

L~=O.113 pH, CS=5.6 PF, R.=600,

P =10 (measured value of I ~ I /27r = 2 l!tc/Oer is

used), so u=3.13

6) ~=3.9 mpH

7) D=l.5 mm t= 1.5 mm from Fig. 5, t is thickness

of ferrite disk.

Required capacitance at each terminal C is 25 pF, con-

sidering the floating capacitance mentioned before. The

results of experiment, shown in Fig. 7(a), show good

agreement with the specified characteristics.

VI 1. RESULT OF EXPERIMENT

A. Experimental Results of VHF and UHF Wide-Band

Circulator

Figure 7(a) is an example designed from results ob-

tained in Section VI. The same experimental result in

UHF band is illustrated in Fig. 7(b).

B. Vaviation of Cente~ Frequency by Changing the Value

of c

The experimental results of the adjustment of the

center frequency by changing only the value of C, are

shown in Fig. 8. It is understandable that the relation-

ship between the values of C and the frequency, and also

between w and the frequency are well satisfied by (16)

and (17). The experiment was also performed on the

circulator with the insertion loss of 2 dB and 1 per cent

bandwidth at a center frequency of 12 Me/s.

C. Determination of Inen?ion Loss and Bandwidth by

ikfeaswement of Q,~~ and p,~f of Ferrite

Qe~~ and p,~~ are measured at 700 Me/s under several

strengths of dc magnetic field, and the estimated values

of L(dB) and w are indicated in Fig. 9(a). This shows

that the minimum insertion loss is 0.15 dB and the

corresponding bandwidth is 6.5 percent. The experi-

mental result shows 0.25 dB of insertion loss and 6.5

percent bandwidth as shown in Fig. 8(b).

The same measurements were made at several fre-

quencies; the minimum insertion loss and corresponding

bandwidth w are indicated in Fig. 9(b). This figure shows

that the insertion loss becomes larger with the decreas-

ing of the frequency.

D. Experiment on Temperature Dependence

Experiments were made on the temperature depen-

dence of the circulator using MnllfgAl ferrite disks and

Ba-ferrite for He.. Its center frequency is 200 Me/s, and

the bandwidth is 17 Me/s. The 47r M of ferrite is 1200

Gs and its variation ii(47r31s) iz 81 Gs for the tempera-

ture variation from 20° C to 50° C. Following the design

formula of Table II for u=3.35, P= 16.7 and H,., =72.5

Oer, we get H,== IV.. M+Hr,. = 1435 Oer. Ba-ferrite

biasing magnet has a temperature coefficient such a

0.052 decrease in H,c from 20”C to 50°C. Putting these

values into (31), we get dw/u = —4. 1 percent. Theexperi-

mental results are shown in Fig. 10(a) and (b), making

good coincidence with theoretical values.
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TABLE II

DESIGNPROCEDUREANDFORMULAS

1)

2)

3)

4)

5)

6)

Evaluated Values and Formulas Used

wl=u,~/Bandwidth Increasing Ratio, theratioisshownin Table I.

Network Constants for Wide Band.

Cheb. Char.

c, = c, R,=R

~ = (;)”4 _ (?-”4

1
@,=

2(10.4/10 – 1)

Wag. Char.

1
~=z: L. = CR’, c.=—

u02La

1
fl =3: L. = 2CR2, c’8=—

q2L,

1
Ln=—~ C.=c

LJ02CP

Diameter D(mm) and Thickness t(i,zsn) of ferrite are determined by

the value of ~ and Fig. 5.

—

‘f” =fi U+iv,.hf,

Known Values

m(specifiedbandwidth

w, w,, \ s“ \

A (Backward Loss)

w: order of Cheb. or

Wag. char.

—

.—

Induced from (8)

8) is changed to that available to terminal im-

pedance R,.

.—

L., C,, LPI CP are the element constants in Fig. 7

Induced from (15) and the definition of ~.

(18) is changed to that available to terminal

impedance R,.
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Fig. 7.
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Measured values of characteristics of wideband circulator with 2nd Chebyshev characteristic.
(a) Experiment of VHF circulator. (b) Experiment of UHF circulator.
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Fig. 8. Experimental results of VHF, UHF lumped elem~nt Y circul~~tor: (a) Adjustment of center frequency
by only changing C. (b) Experiment of UHF circulator.
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Fig. 10. Measurement of temperature dependence of circulator.
(a) Deviation of backward and forward loss with temperature
variation. (b) Deviation of center frequency with temperature
variation.

VIII. CONCLUSION

The miniaturized circulator available to VHF and

UHF bands has been developed and we get good agree-

ment between the theories and the experimental results.

The relationships between the electrical character-

istics of the circulator and the characteristics of ferrite

have been clarified, thus, one is able to estimate the

characteristics or the device from the ferrite. The further

development of ferrite material to improve the low field

loss and also linewidth in the future, will contribute to

making a circulator with smaller insertion loss and more

wide-band performance.

APPENDIX 1

EIGENVALUES OF IMPEDANCE AND ADMITTANCE

MATRIX OF ROTATIONALLY

SYMMETRICAL CIRCUIT

Maxwell’s equations in source free, are

VXH=jcozE (36)

VXE=–jo@7 (37)

Scalarly multiplying (37) by H* ancl the conjugate of

(36) by E, we obtain for the difference of the two re-

sultant equations

V.H* x E = jw(H*~H – .EE*E*). (38)

Integrating (38) on the closed surface with n ports

S~(@=l,2,3, ..”, n)

n

x JJ H,,* x E,P. ndS
*=1 SP

= j% Sfs(H*uH .- Ee*E*)dr. (39)
,

EIP = vPet, HLP = iPhe (40)

JJS,I ed’ds=JJSIl,tl’dsP———Jsn-et X Jst*dS == 1 (41)

Sp

From 40 and 39,

~ i,%, u’ (et X h,*) ~(–$z) .dS
‘j=l Sn

= j-w ifs(H*~H – Ez*E*)dr. (42)
T

When the ports are excited by eigenvector, w-e have this

relation at each port,

?JP = 2’P. (43)

Since the eigenvector has the same amplitude at each

port for the rotationally symmetry, for I&I =1, from

(42) and (43), we get

jw
~=—

Sss
(H*pH – Ez*E)dr.

n r

(44)

When each port is excited by TEM mode, the ith

eigenvalue of impedance matrix Zi can be obtained from

(44) as in

In (45), H. and E; are the fields corresponding to the ith

eigenvector with unit current. Similarly we get the e’igen-

value of admittance matrix, as in

In (39) subscript p denotes pth port and tdenotes trans-

verse field at each port. The fields on surface SP are
Yi=~

~ Sss
(B%&Bi* _ H* .@~)dT (46)

‘n
expressed with mode voltages VP, mode currents iP and

T

normalized transverse mode vector et, ?z~. These rela.- where E~ and Hi are the field corresponding to the eigen-

tions are shown in the following. vector with unit voltage.
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APPENDIX II In the same procedure, the variation of

FREQUENCY VARIATION OF EIGENVALLTES OF impedance m;trix can be expressed by

PURE REACTANCE NETWORK

Taking the variation of (36) and (37), we get Jz=#Jfj{.(.*+~.)E*

V x 13H –jc(Q. c7E+ E.&J) –jw.8&. E = O (47)

V X 8E+j~(co.6H+ H.8w) +jw-8~H = O. (48)

Taking the difference between (47) and (48), and inte-

grating on the closed surface with SP, we get

‘H*(’++3H}’T

+ jti
Sss

(H*@H – 6H*~H)dr
,

+ ju Sss(EWHP – 6Ec”E*)d~. (49)
,

When the field is that of the eigenvector, VP and i, of

(40) have the relation

yvp = ip. (50)

Taking variation of (50), one gets

Substituting (40) and (51) into (49), one gets

‘j~@ss~{E(.*+~~)E*

‘(’+2 ”)H}’”

+ jkl us(H*@H – c$H* gH)dr
,

+ j. Sss(Ee”JE* – 6Ee*E*)dr. (52)
,

The 1st term of the left and right hand side of (52)

are both imaginary, and the 2nd and the 3rd term of the

left and right hand side are real values. Therefore,

when each port is excited by an eigenvector with unit

voltage, from (52) one gets

NOVEMBER

eigenvalues of

‘H*(’+2”)H}”“4)
In the case

8P de*
—LJ<<I.L,
h

~ cd << e*,

we get

tiy=je
Sss

(Ee*E* + H*~H)dr (55)
n 7

f3z=j&
Sss

(EE*E* + H*~H)dr. (56)
n ,

The E, H in (53) and (55) are the fields correspond-

ing to unit current excitation, while those in (54) and

(56) show the field for unit voltage excitation. The

approximation of (dv/6’u)~<<~ is assured in the case of

the operation under the strong dc magnetic field, and

the approximation is easily verified from (15) assuming

U2>>1. In the case of ferrite, cu(il s*/13u) can be also

neglected from s*.

APPENDIX III

MeaSurement OF p~

Three ports of the mesh part containing ferrite disks

are excited by the eigenvector of (1), where a port of

them is connected through a slotted line with standing-

wave detector by which the impedance Z~t =jwp,~ is

measured. The measured values pi are indicated with

X signs in Fig. 3. Since under a dc magnetic field suff-

iciently strong so that K,+ 1, the mesh part becomes re-

ciprocal, ~ can be also determined by the following tech-

nique. The variable reactance or adjustable line is con-

nected to port 2, and it is adjusted so that the signal

applied to port 1 does not appear to port 3. The ter-

minal impedance at port 1 in this state is the eigenvalue

jug. This is easily understood by the fact that the eigen-

values of UZ and us take the same value for a reciprocal

symmetry circuit and the linear combination of Uz and

us can satisfy the previously mentioned state.

APPENDIX IV

RELATION BETWEEN BANDWIDTH AND TOTAL REACTIVE

ENERGY IN LUMPED ELEMENT CIRCULATOR

From (46) eigenvalues y, and y3 are expressed by

2 1
y2 = :jco(JP@ – Win,) = – j ~,

43

‘H*(’+%)H}’T“3)
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where ~, is a time average of electric energy contained

in C and @~,, IVm, are magnetic energies in ferrite.

Taking the expression of

w.,+ w.,=mm,l’vt2 = 17e ‘+ 17m,,

2

the time average of total reactive energies are expressed

by

~, =2Fmi 43,
@t . zp~m – E

2W
3

2W
. (59)

From (6) and (55), we get

However, since we have the relation I fisl I = O as shown

in (20), substituting the relation and (60) and (59) into

(5), one gets

at shortened end. The measurement is made for dc

fields of several strengths.

The value of Q,ff is obtained by measuring the (j of

resonator in both cases with and without ferrite by the

following technique.

When signal is applied at .SS in Fig. 11(a), the

amount of the signal at LL’ talces the minimum value m

as shown in Fig. 11 (b) for the resonant state of the

branched line with short end. The unloaded Q of the

resonator with ferrite Q. is obtained by the relation of

Qo&’J Q.=;, using Fig. 11 (b).
‘in

SiTgnal detector

L/

-Gil ,,

b.L’ * ,y/

T

.hort _
~o

&-J

J

A’

s ferrite -,-— m< :—.

—8 reaonmt -
Bignal -

~,equencr frewmnq.

generator s,

(a) (b)

Fig. 11. lMeasurement of p’~ff and Q,n.

IS“[ =;.wt/l+(&J2,-
The unloaded Q of the resonator without ferrite, Q,,~,,

Jvtz + Ivt3

w, = = 2mm.
2

is also obtained by the same way. So, one can get the
(61) value of Q~ff by

From (57), we can also get the relation

l?., + mm, = T’7t= 2we =

Substituting (62) into (61), one gets

3C. (62) +=(:-~);

17f
k~ = ~ = filling factor,

I
(64)

where ~j is a magnetic energy in the part of ferrite I2&l 61S”1
~.—.

u .wt~l + (’y
and ~t is a total reactive energy inside the resclnator. ~

21s”1
However, kf is obtainable by

—

“cd’+(&) “

(63) -

k~=~=
Y

Coi; + ‘f
Zoy -

Since we can get the relation WC= l/v’~q from (7), ap-

plying it to (63), we get (8). Xf
O=n7r-tan-1~,

(65)

APPENDIX V

DETERMINATION OF CHARACTERISTICS OF CIRCULATOR
1

where — is a imaginary part of the admittance alt AA’

BY IMMUREMENT OF p,ff’ AND Qeff Xf

The means of measurement and the technique of the with ferrite, n is the number of standing waves I

determination are as follows. in resonator, and 20 is a surge impedance of the

1) Measurements of p~ff’ and Q~ff
coaxial line in the resonator. 1

As peff’ is an equivalent permeabilitywhen dc magnetic 2) u is obtained from
field is applied along the wave propagation of a coaxial

line filled with ferrite, peff’ is obtainable by measuring P

the admittances of coaxial line with and without ferrite
~= (66)

M’eff — 1
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3) Insertion loss

L(dB) (67)

L(dB) is obtained from y3 – yz = W.@7m’ – J7m’)

= 4.98
fJ(u + P) 1 = 2j!J

P “Gf “
+(;-:) =’%%O ’72)

Substituting (71) into (72),
4) Bandwidth ratio w is obtained from

o

w=2{3]s/ p ,
a(u + l’)

(68)
y3–y2=j

()

2
(73)

g4.M,171 1+-&-
.s

5) We get Fig. 10(a) from (61) and (68). The value of y~ – yz is independent of the frequent y.
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4TM8 ] ‘y I ~=l~l~o
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From (69)

11 47rM, I 7 ]
—.— . [1]

P– P+ co

2 [2]

Laboratory for taking the experimental data.

Under the condition of 47rilZs ] y ] 2/u>>l or U2>>1,

11 47rM.6J
— —— —

P– I-J+ I TI H,’” 47rM, 2 “

(1+2 )HO

However, we have the relation

[4]

[5]

[6]

(71) ~,1

[8]
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