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Lumped Element Y Circulator

YOSHIHIRO KONISHI, SENIOR MEMBER, IEEE

Abstract—A lumped element Y circulator using ferrite, having a
mesh mechanism in place of the center conductor of an ordinary ¥
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 1~2 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 Mc/s.

I. INTRODUCTION

The ordinary ¥ strip-line circulator [1]-[3] requires
a ferrite with suitable diameter to keep its wide band-
width 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 2~3 cm in diameter
as shown on the photograph and the ferrite used is about
1~1.5 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 frequency range from about 10
Mc/s~1000 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 dB
isolation at a center frequency 600 Mc/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 Mc/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.!

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 #f 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 ¢th eigenvector. (See Appendix I.)

1 1 1
{11 =] a=|al.

UIZI—J) u =qya*y,
1 a a?

However, when equal current flows only in conductors
la and 1% in Fig. 2, the 7f magnetic field surrounds la
and 15 through the mesh between 2a, 25, 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 le¢ and 15, 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 15, 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 I.

1 See their article, “Miniature VHF-UHTF circulators use lumped-
element design,” Microwave J., pp. 46—47, December 1963.
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7: the integrated region of ferrite

where

p —jk O
i o|. temsor permeability of ferrite with
L R the dc magnetic field in the Z direction
0 0 1

E.;, H;: high frequency electric and magnetic fields in
the ferrite when it is excited by constant current of
4th eigenvector

w: angular frequency.

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

ID)
L fw du
5Z1/=j‘“*‘fffH;* y—I—Hw>H¢dT.
3 - ow

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 (du/dw)w<y 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 inside ferrite. So,
we get

)

Zi, = iji,

AR

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 u;, the values of Zy’ and Z;' are measured for dc mag-
netic field of several strengths, and the measured values
Zy JiwE=p_ and Z5' /jwé=p, are plotted with a sign of
X in Fig. 3, where jwé are the values of Z,', Z;' under the
dc magnetic field strong enough to saturate the puy
values to one. The measuring technique is shown in
Appendix ITI. The line in Fig. 3 shows the calculated
values of . and u_ by Polder’s equation (15), and it
shows good coincidence with measured values. This
makes it possible not only to substituteu by uy and u_,
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

L; = i,

Wr, (w2 = by s = uy)

1 1

y1= o,y = joc + 1y3 = jwe +

(4)
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Fig. 1. (a). Photograph of lumped element ¥ circulator (scale in-

dicates dimensions in cm). (b) Construction of proposed lumped
element Ycirculator. Left side—constructioninside shielding box.
Right side—sectional view in the plane including terminal @
and center axis.
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Fig. 2. Field distribution inside ferrite by currents on 1(a) and (b).
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Fig. 3. Maeasured values of Zy'/jwf and Zy'/jwt at 150 Mc/s plotted

by X signs, and calculated values of positive and negative polar-
ized permeabilities x4+ shown by lines.
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When 2[5 23] 8" |9
w = — —
! ! wC4/1+ : 4/1+in2
Y2 = =] \/3’ Y8 =7 \/g’ <2wc)2 4
174
a circulator is realized, where the terminal impedance - 6| s"] _
is normalized to one ohm as simplification, and the N 3 \?
normalization is also made throughout Section III. “Weg/ 1+ 20W,
The measured eigenvalues are shown on the Smith
chart with an arrowed line in Fig. 4, 7= br T B (8)
Byt

L
JoL,

Fig. 4. Measured values of eigenvalues.
«— — before connecting C.
<« after connecting C.

II1. ELectricAL CHARACTERISTICS
A. Bandwidth and Insertion Loss

The variation of eigenvalues §s, takes place by the
variation of frequency 6w from the center frequency,
and the signal is transmitted also backward in the
amount of |S”| for the unit amplitude of the incident

signal. The relation between tS”| and |8s,| can be ob-
tained as shown in
1 3 3
|S"1=—4/Z |65, |7 2= |8si| - |osi|. (5)
3 =1 2,7=1

)
Nevertheless, there are relations of (6), between s,, v;
and their frequency variations 8s;, 6y,;

— 8y,
By = ———— .
(1 + y:)*

It is easily understood in Fig. 4 that (7) must be
satisfied to realize a circulator.

1 < 1 3+ 1 ) 1 1 2 ;
we = — - - .
PAVETRRTY A A
Substituting (4) and (6) into (5), and applying the rela-
tion of (7) to it, [ S”’ can be expressed in terms of C and
pr. It can be also connected to the time average total
reactive energy W, stored inside the circulator in the
case of constant voltage eigenvector u; and u; with unit
amplitude.
The previously mentioned results, are shown in (8).
(See Appendix IV.)

= ?
1T+

S

(6)

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”[ . 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 5. 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

= '<1—'i> c—c’(l '1> 9
By = Uz ]Qi ’ = ]Qc.

Substituting (9) into (4), we get the amount of forward
loss as in (10)

4.96 2.48/1
= (_ - 1>
70 O+ \17
2.48 7 1
+ (o 1).
0- \1n
However, we have the relation between us+ and uperr and

the loss term of ues is expressed by its quality factor
Qets as in

L({dB) =

(10)

Moit = Met’ (1 - —1—> = Ko = 11
Qe 7 E n 1
By M
Substituting (9) into (11) one gets
L 1[@ - 1>~1— + <i+ 1)-3—] (12)
Qett 2 L\ O+ n 0-

From (10) and (12), the insertion loss L (dB) can be
expressed by the simpler form with Qe as in

4.96/1 1
L<dB>=T<a+Q )
e eff

In (13), when dc magnetic field becomes stronger, Qett
becomes larger and 7 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 Qer and 7 into (13) together with the value of Q,,

(13)
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where 7 is obtainable from the measured values of pese
by the relation of
P (c + P —1
=—— Heff = —— .
o(P+o)—1 oo+ P)—1
The methods of the measurement of Qe and pesr, and

the determination techniques are described in Appendix
V. A practical example is shown in Section VII.

n

(14)

B. Adjustment of Center Frequency by Changing C
When the formula of (15) for u, is used,

=14+ = p_, puy =
M +o—|—(—1)’ (M2 My M3 M+)
H dar M
a=,|i£, P=_7_"__l_7_l_} (15)
w w

where v is gyro magnetic ratio and 4w}, is saturation
magnetization. The difference between both admittances
of L, and L_ becomes independent of « for ¢?>>1, or
P21, where the former is satisfied in the case of strong
de 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 w? as in (16)

H H
oo 1 (1 N f>
V'3 w? dr M,
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.

W3 |5 e
Hy

(eai)irtne (45)

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

(16)

_ 21/3 |S”[

(17)

E_\/3'<1_1>_ V3P
CTN ) Pt
__ A (18)

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 ¢ 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.
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D= 20mm
W= 4mm

D= 15 mm
W= 5mm

—=1t (mm]
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Fig. 5. Measured \.'alues of £ of mesh part with several sizes, where £
is the value Z, /jw when the strong dc magnetic field is applied to
saturate us to one. £ is width of the part for the insertion of ferrite
disks.

1V. THE SYNTHESIS OF WIDE-BAND LUMPED
ELEMENT V CIRCULATOR

A. Equivalent Circuit of Lumped Element ¥V Circulator

Taking the variation of y, in (6) and applying (15) and
its variation 8u, we get the relation of

8y, = jow l:C + —’1—
@
b
U et (=D)e+P+ (=) ]
For P and ¢>>1, 8y, and &y; take the same value of (19).

( 1 1
60:63}3:].le+ P }(Ei
r2 L w£<1—7>Ja>

However; y1 takes always infinite value at any fre-
quency. Under these conditions, that is,

(19)

5y2 = 53’3, Y1 = &0, 551 = O, (20)

the equivalent network has the construction consisting
of one ideal circulator available to any frequency and
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 ¥ matrix coincides with frequency variation
of the parallel tuned circuits connected at each terminal,
and 8y, =08v; because they are reciprocal circuits. On
the other hand, the Ist eigenvalues are not affected by
the tuned circuits because they are connected at the
zero impedance point of the 1st eigenvalue. So it satis-
fies the condition of y;= o, 851=0. From this reason,
this equivalent network satisfies all the conditions de-
scribed in (20).
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2 ‘ 1
Q_A_ET%-EI_ h = W—‘—‘——-—m—_—l) 4 =20 1Og10 l mﬁx”| . (22)
1deal oF &%
curoulater | ‘ 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-
1 IET-I%L spectively, the series- and parallel-resonance circuits
B Lj tuned to center {frequency wq, where w, is obtained from
o K wol=w'ws’. When the total number # of all resonance
Bquivalent oireuit of circulator, circuits is odd, the input and output impedances of N
Fig. 6. Equivalent network of circulator and added network for take the same value, while they take different values

wideband. N is the network for wideband operation where ¢p,
Lp are not necessary for N=2,

B. Bandwidih 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 N’ connected to each terminal
1, 2, 3 of the circulator and name the outside terminals
of N', 1", 2”7, 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 1", it comes
out of terminal 3’. If there is a reflection in the amount
of T' at terminal 3, the reflected wave caused by T' is
transmitted again toward terminal 2 through the ideal
circulator. Hence | S| =T. Between |I'| and power-loss
ratio of N, Py/P, we have the relation of

Po_ 1 _ 0t
P, 1—|rpr 1

E.

Therefore, to keep |S”| below the value |S"max]
throughout the frequency band between w,’ and w,’, 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.

Py
Py

’ e fj W wWo
W =—\———
K \wy w

=1+ BT,

r (2D

{ Kwe + v/(Kwo)? + dwo?}

where 7 is a constant determining the maximum inser-
tion loss in a pass band, K is a constant relating the
bandwidth of aband-passfilter tothatof a low-pass filter,
and T, is a first kind #th order Chebyshev polynomial.
In (21) % isrelated to minimum backward loss 4 dB by

when # 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 4 equal to 20 dB
and 30 dB. It is seen that the improvement in band-
width is much less remarkable for # larger than 2 or 3.
Moreover, they are the most useful numbers of elements
in practical components for VHF and UHF bands. So,
only the results of #=2 and #=3 are shown in this
paper. (For > 3, refer to (8).)

TABLE 1
RELATION BETWEEN # AND BANDWIDTH INCREASING RATIO w,/w,

- l A=20dB ‘ A4=30dB

2
3

8 Uik Lto
O s G
= ON R DD
Q=g Ut n
s OO o =
WOV =Y

1
1

A is the minimum backward loss in the 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).

1

w02Ls

I

4
Ls =1+ —R%C, C,
§-2

9\ 1/4 9N\ —1/4
NG
a a

1 h?

2(104/0 — 1) 2 (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

1+ +/2a
_itvE

= NG (24)

€
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This has the physical meaning that the circulator does
not have infinite backward loss at acenter frequency but
at frequencies deviating slightly from the center.

The bandwidth is increased in the amount of 3.55
times for 4 =20 dB and 5.7 times for 4 =30 dB as
shown in Table I. 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, L, and C,,

2¢ 1
, = RC, C,=
¢+ 3/4 woL,
1
L, = — C,=C (25)

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 4 =20 dB and
8.42 times for 4 =30 dB as indicated in Table I.

C. Bandwidth Enlargement with Wagner Characteristics

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

P
.—_(l.zl_'_w’?n

P 26)

«’ is the same one used in (21) and shows the angular
freqgeency corresponding to that translated into the low-
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) n = 2, series elements L, = CR? C, =

wOZLs

the bandwidth increasing ratio = V3
2) n =3, series elements L, = 2CR?* C, = ———
wOZLs

1
parallel elements L, = ; Cp=C
wosz

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 H,, and the saturation magnetization Ms of the
ferrite following the fluctuation of temperature.

KONISH!: Y CIRCULATOR
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The dc magnetic field H, inside the ferrite is also de-
creased from H., by the demagnetizing field in the
amount of (28) for the ellipsoidal ferrite.

Hy=He — N.-M,, (28)

N, is the demagnetizing factor in the Z direction. Equa-
tion (28) shows I, is affected by the change of H., and
also M,. Then uy vary their values by the change of
M, and Hy following (15). These variations of permeabil-
ity result in the deviation of the 2nd and the 3rd eigen-
values. Therefore, the center {requency 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 quanti-
tatively described in the following section.

A. Deviation of Center Frequency

The variation of u, 8y, is obtained from (15) as

s — +P bw P <1 PN, \6(47r‘Ms)
Mﬂ_(a‘?l)Q w o F1 a?l/ dr M, (29)
drM,| v | | v| (He — N.M.,) )
P=— o=
3] w J

8(4rM,) shows the deviation of 473, caused by the
change of temperature. As y, and vy; are functions of p.
and w, their variation becomes

1 [ S
et
whp o,

(we = p, ps = uy).

O
dy; =j~<wC +
w

(30)

However, as 851 =0 as mentioned before, we have to
apply the conditions &s;=28s;=0 and &y,=8y;=0 for
satisfying the condition of the circulator. Substituting
this relation into (30) and (29), one can get the devia-
tion of the center frequency dw. Taking the approxima-
tions of Nz=4r for thin ferrite disks, ¢>3>1 and wC
=1/wlp, we get

P
d(dr M) — ——— 0H,,
w o+ P ,
— = : (31)
w ZH()

From (31), it is understandable that 8w is smaller for the
circulator operating under the stronger H,,. This means
the effect of the demagnetizing field is small in this case.

B. Change of Backward Loss at Center Frequency De-
pending upon Temperature

As s; is independent of permeability, the variation for
temperature Js; is also zero. Substituting 651 =0 into (5)
and considering the conditions y;= w0, y,=—j/+/3,
ys=37/4/3, and the relation of (6), one gets

1 -
|57 = 5 VTave” = Toval? = Towel - yowl (32)
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As we consider the state at the same frequency, &y, in
(32) means the variation of y, for only the variation of
temperature and coincides with one substituted by
dw=0 into the 1st term of (30). Also du; is obtained by
putting dw =0 into (29). That is,

Oy
by = . (33)
wé:uz M
P(P d(dr M,
Pt o) o) s
o? An M,

Substituting (34) and the value of wf of (18) into (33),
and putting these results into (32), one gets the value of
| S| in

|57

i) 8(4nr M) . 35)

1
= (14
2\/3( P Hres

[t shows the circulator for the smaller frequency is more
sensitive for the variation of temperature because H,.,
is proportional to w in (35).

VI. DEsSIGN PROCEDURE AND ITS
PRACTICAL 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 ¢ as described in 3A. The process for
the former case is shown in Table II, where design
formulas available to terminal impedance of R, 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 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 Mc/s to 230
Mc/s. A YIG polycrystalline material is used which has
a 4w Ms of 1,000 Gs. The bandwidth ratio w=0.3 (30
percent). Following Table 11,

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

2) 9=0.25,

3) C=31.4pF

4) Lg=0.113 uH, C5=5.6 pF, R,=60Q,

§) P=10 (measured value of |y|/2r=2 Mc/Oer is
used), so 0 =3.13
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6) £=3.9muH
7) D=1.5 mm ¢{=1.5 mm from Fig. 5, ¢ is thickness
of ferrite disk.

Required capacitance at each terminal Cis 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.

VII. 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. Variation of Center 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 Mc/s.

C. Determination of Inertion Loss and Bandwidth by
Measurement of Qess and pes; of Ferrite

Qotr and uess are measured at 700 Mc/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 ware 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 MnMgAl ferrite disks and
Ba-ferrite for H.,. Its center frequency is 200 Mc /s, and
the bandwidth is 17 Mc/s. The 47 Ms of ferrite is 1200
Gs and its variation §(4w M) iz 81 Gs for the tempera-
ture variation from 20°C to 50°C. Following the design
formula of Table II for ¢ =3.35, P=16.7 and H,.,=72.5
Oer, we get H,=N, - M, +H,..=1435 Qer. Ba-ferrite
biasing magnet has a temperature coefficient such a
0.052 decrease in H,, from 20°C to 50°C. Putting these
valuesinto (31), we get 8w/w = —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
DEsIGN PROCEDURE AND FORMULAS

Evaluated Values and Formulas Used

Known Values

1) 01 =w,/Bandwidth Increasing Ratio, the ratio is shown in TableI. |wy(specified bandwidth)
w w
2) 7= ~1———1—ﬁ = 2\/3]15"] wy, | S| Induced from (8)
2 S /‘/1 - ( )
\/3| l 4| S,,I
3 _2{s”] 1/ ( )2:_ 2|87 wn, | 7] (8) is changed to that available to terminal im-
" Rww: 4157/ 7 wwiRe @ pedance R..
4) Network Constants for Wide Band.
Cheb. Char. A (Backward Loss) L,, C,, L,, C,, are the element constants in Fig. 7
4 142
=2 Ls=(1 —)RZC, Cy = > c=T—"7R
" T 2 wo?Ls 1 —/2a n: order of Cheb. or
3 [ e 202R2C C = 1 L= 1 Wag. char.
TR ey S—wost, " aCy
Co=C,
1/4 —1/4
o= (5 ) - ( 3
¢ 2(10A/10 -1
Wag. Char
1
n=2 L, =CR Co =
‘1’02Ls
1
n=23 Ls = 2CR? Cs =
onLg
= ! C,=0C
w*C, ’ e
_ 47rJ[s| v l
P 4(P
5) o= —(4/ | HEE 1) (4/ 1 + ) ¢ Tnduced from (15) and the definition of 7.
2 P 2 B T R
g pe
6 /3 PR, V3R, P (18) is changed to that available to terminal
b g .
wl {(o + P)2 — 1} ( ) impedance R..
1+2
7 Diameter D(mm) and Thickness £(mm) of ferrite are determined by ¢
the value of £ and Fig. 5.
@ w, 47rM3
8) Hex = 70 -+ Ny-Ms
l Y | Nz: | Y | , O




860

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

———Dbefore wide band

20 |-

Loss in dB

0 -

=2
i

L 1 L L 1

NOVEMBER

——= before wide band /"‘
i

]
!
{
i
!

\

\
A
\

160 180 200 220 241 M

(2)

(b)

Fig. 7. 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 element ¥ circulator. (a) Adjustment of center frequency
by only changing C. (b) Experiment of UHF circulator.

\ ~-—-- Insertion loss
mcluding capaclior
- \ loss of Lm3x1w? L) w
Qe
1o \ Insertion loss 100t

not including
\ capacitor loss

—~—-— Insertion loss
including capaciter
loss or g=sx10?

——— Insertion losa
not including
capacitor losa

e —
—
- 0
w
6.5+0.1
~—
~—
~
! | |
T T T } { ‘V P
0 2 4 6

[ 8

(a)

(b)

Fig. 9. Determination of characteristics of circulator by measurements of permeability and its quality factor of ferrite. (a) Determination
of insertion loss and'bandwu'ith of circulator at 700 Mc/s for several operations of dc magnetic field. (b) Determination of minimum inser-
tion loss and bandwidth of circulator for several frequencies. o
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i 1
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(a)

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

EI1GENVALUES OF IMPEDANCE AND ADMITTANCE
MATRIX OF ROTATIONALLY
SYMMETRICAL CIRCUIT

Maxwell’s equations in source free, are
V X H = joeE
VX E=—jwulH

(36)
(37)

Scalarly multiplying (37) by H* and the conjugate of
(36) by E, we obtain for the difference of the two re-
sultant equations

V-H* X E = jo(H*yH — Ee*E¥). (38)

Integrating (38) on the closed surface with »n ports
SP (P:1y2y 3’ T 'yn)

> f f H,* X Egp-ndS
p=1 8p

_y f f f (H*yH — Ee*E%dr. (39)

In (39) subscript p denotes pth port and ¢ denotes trans-
verse field at each port. The fields on surface S, are
expressed with mode voltages v,, mode currents 7, and
normalized transverse mode vector ¢;, ;. These rela-
tions are shown in the following.

861
/,/
/'
10 20 20 40 50 C Tempera ture
(b)
Etp = Vp€yy Htp = ipht (40)
ff | e, |%ds = ff | b |2ds

Sp 8,

= — ffn-e, X h*dS = (41)
SD

From 40 and 39,

> i, f f (ee X hi*)+ (—n)-dS
p=1 8y

y f f f (H*wH — Ee*EX)dr. (42)

When the ports are excited by eigenvector, we have this

relation at each port,
Up = 3fp. (43)

Since the eigenvector has the same amplitude at each
port for the rotationally symmetry, for [fppl =1, from
(42) and (43), we get

jw
5= f f f (H*yH — Ee*E)dr.
n .

When each port is excited by TEM mode, the sth
eigenvalue of impedance matrix Z; can be obtained from
(44) as in

jo
Z,; = —'fff(ﬂz*yﬂ, i E.LS*E,,*)dT
n r

In (45), H, and E; are the fields corresponding to the ith
eigenvector with unit current. Similarly we get the eigen-
value of admittance matrix, as in

Jow
V=" f f f (E&*E#* — H*uH)dr
n ’

where E; and H; are the field corresponding to the eigen-
vector with unit voltage.

(44)

(45)

(46)
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ArpeENDIX 11

FREQUENCY VARIATION OF EIGENVALUES OF
PURE REACTANCE NETWORK

Taking the variation of (36) and (37), we get
V X 6H — je(w3E + E-dw) — jw-de-E =0 (47)
V X SE + julw-0H + H-dw) + jw-dul = 0. (48)

Taking the difference between (47) and (48), and inte-
grating on the closed surface with S,, we get

Elffs (E X 8H* — 8E X H*)-(—n)dS
—]Bwfff{ (*—I———*w)E*
+H*<y+—5%w>H}dr
+ ju f f f (H*woH — sH*yH)dr

+ jw f f f (Ee*$E* — §Ee*E¥)dr. (49)

When the field is that of the eigenvector, v, and 7, of
(40) have the relation

Yp = ip. (50)
Taking variation of (50), one gets
8y-vp -+ y-0vp = 81y (51)

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

by Z EMLE Z (200, — v,*00,)
[ el )
+ <u + ~a—:i w) H} dr
vio | [ [ et = sy
+ jw f f f (Ee*3E™ — dEe*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

e ] (o)

—I—H*< +2 )H}d
u w . (53)
ow
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In the same procedure, the variation of eigenvalues of
impedance matrix can be expressed by

i [ [ Ap(e 4250

du
+ g* <y =+ a—w) H} dr. (54)

w

In the case

du de*
— << U, — <K ¥,
dw Jw
we get
bw
8y =]——fff (Ee*E* -+ H*uH)dr (55)
n T
ow
6z =]—fff (Ee*E* + H*uH)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 (Gu/dw)w<y is assured in the case of
the operation under the strong dc magnetic field, and
the approximation is easily verified from (15) assuming
o231, In the case of ferrite, w(de*/dw) can be also
neglected from ¢*.

AppENDIX III
MEASUREMENT OF p4

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)/=jwu.f is
measured. The measured values u; are indicated with
X signs in Fig. 3. Since under a dc magnetic field suffi-
ciently strong so that u,=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
jwé. This is easily understood by the fact that the eigen-
values of u, and u; take the same value for a reciprocal
symmetry circuit and the linear combination of u; and
u; can satisfy the previously mentioned state.

ArpreENDIX IV

RELATION BETWEEN BANDWIDTH AND TOTAL REACTIVE
ExerGY IN LuMPED ELEMENT CIRCULATOR

From (46) eigenvalues v, and y; are expressed by

2 1
y2=€]w(We—Wm2)= —]\/3:

: 57
\/3 (57)

2 -
Vs = ?jw(Wg — Wa,
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where W, is a time average of electric energy contained
in C and W, W,, are magnetic energies in ferrite.
Taking the expression of

Wy + Wy -

WZ_— = Wm) Wt2 = We + ng,

Wts = WE + Wm.w <58)

the time average of total reactive energies are expressed
by

- - 3 - N 3
Wi, = 2Wan + v ; Wi = 2Wn — V3 (59)
w 2w
From (6) and (55), we get
3 -
|582f= ?|6y2| =IVlglawl)
3 ~
[ass] = Tow| = Walsa]. (60)

However, since we have the relation |ds;| =0 as shown
in (20), substituting the relation and (60) and (59) into
(5), one gets

- + Wi .
W, = —2 ; 2=, (61)
From (57), we can also get the relation
Wy + Wiy = W, = 2W, = 3C. (62)
Substituting (62) into (61), one gets
260 6|5
w = — = ——————
w - 3 2
sz/‘/l + < = >
Zth
2 | S |
= —_— (63)

1 2
ca/ 1+ (—
w/‘/+<2wC>

Since we can get the relation wC=1/+/37 from (7), ap-
plying it to (63), we get (8).

AprPENDIX V

DETERMINATION OF CHARACTERISTICS OF CIRCULATOR
BY MEASUREMENT OF Meti’ AND Qett

The means of measurement and the technique of the
determination are as follows.

1) Measurements of pess’ and Qess

As uoss is an equivalent permeability when dc magnetic
field is applied along the wave propagation of a coaxial
line filled with ferrite, ue:i is obtainable by measuring
the admittances of coaxial line with and without ferrite

KONISHI: Y CIRCULATOR
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at shortened end. The measurement is made for dc
fields of several strengths.

The value of Qess is obtained by measuring the ¢ 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’ takes 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

QL / . .
Qo = , Qr=—> using Fig. 11(b).
m Af
§1gnal detector
L
gl
e —
short v
—f- 07
T//(Z:na%T
Mom
8 ferrite i l_.
resonant
Bignal froguency IT°Iuency

generator g
(a) (b)

Fig. 11. Measurement of gere and Qess.

The unloaded Q of the resonator without ferrite, Qoav,
is also obtained by the same way. So, one can get the
value of Qess by

1 _(i_ 1 )i
Qeff_ QO Qeav kf

W
k; = —2 = filling factot, (64)

t

where W is a magnetic energy in the part of ferrite,

and W, is a total reactive energy inside the resonator.

However, k; is obtainable by

X
kf= !

§1‘ \%z

Zy

+ X
cos? 8
X; r(65)

J

6 = nr — tan™!
)

1
where — is a imaginary part of the admittance at 4.4’

Xy
with ferrite, # is the number of standing waves
in resonator, and Z; is a surge impedance of the
coaxial line in the resonator. )

2) ¢ is obtained from

o= —""" (66)
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3) Insertion loss L(dB) is obtained from

L(dB) = 4.98

P 1

Qeff

4) Bandwidth ratio w is obtained from

w= 235"

olc + P) .

5) We get Fig. 10(a) from (61) and (68).

AprPENDIX VI

(67)

(68)

REDUCTION OF y;—¥. BY POLDER’S EQUATION

47rM3I7|

= 1
- wle F 1) ’

From (69)

ol

w

A M,

14 -

13 g2 —1

Under the condition of 47 Ms|v|?/w>>1 or 6231,

1 1

4o M w

20 ir M, 2 1
| +( !7\)'

o2 — 1

2

7 #+_ I‘YIHOZ‘ (1

However, we have the relation

4r M \?
v

Hy

(69)

- (70)

(71)

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Ys — Y2 = ij(szl — Wmsl)

2 1<1 1>_,1<1 1> a2
_]waQE b Mg ]wE he  ug/

Substituting (71) into (72),

2
Y8 — Yo =7 . (73)

4 M, | |<1+ H°>2
577' s Y Yy

The value of y;—y; is independent of the frequency.
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