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RRE MEMORANDUM NO 2966
THE DESIGN OF MICROSTRIP CIRCULATORS

by R Genner

e

‘

SUMMARY

This memorandum descibes a theoretical procedure for the design of microstrip
circulators on all ferrite substrates and substantiates its validity by using
it to fabricate and measure a circulator for 9.3GHz; agreemsnt between theory
and practice was good. New information included in the theory consists of an
extension of recent work by Wolff and EKnoppik on microstrip disc capacitors
to include the magnetic propertias of the ferrite, leading to a much more
accurate value for the disc radius of the circulator.

Use of the theory to calculate the resonant frequency of an alternative type
of microstrip circulator in which a cylinder of ferrite is inserted in a hole
in another dielectric also gives more accurate results than previously used

theory.
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INTRODUCTION

The theory currently used in the design of microstrip circulators is
that derived originally for stripline circulators in references (1),
(2) anid (3). In the last of these it is showmn that the relation
between the radius r, of the metallized disc of the circulator and the

wavelength ).m of the ™ o mode in the ferrite material is

11

2n Yo = 1.8
A

This can be re written in terms of frequency as

2nf .
comro | LB s @)

[

Where LW and €y Are permaability and dielectric constant of the ferrite
material.

The difficulty in using this formula to design a microstrip circulator
arises from the spillover of the electromagnetic field into space outside
the metallized disc and the additional complication that this fringing
field exists in an inhomogeneous medium. These two factors necessitate
the determination of effective values r .., u; and :; wvith which to

calculate the frequency f o from

t

21:!0

c
o

e r = 184 iiiiceecnnsnees (2)

Until the autumn of 1974 nothing had been published on circular as
opposed to rectangular microstrip resonators and the design of circulators
usually proceeded by scaling. In October 1974 however, Wolff and

Knoppik published a paper on microstrip disc capacitors (4) describing a
method of calculating the sffective dielectric constant and quoting an
effective radius due to Rirchoff. They showed that using these two
effective values to calculate the resonsnt frequencies of wmicrostrip
discs gave answers in good agreement with practical results.

The present paper uses the results in (4) to derive a filling factor q
from vhich the effective permeadbility ul'- can be found. This together

with the effective dielectric constant snd the effective radius in (4)
enable the resonant frequency f ° of a circulator to be calculsted with

much greater accuracy than heretofore. The results have been used to
design a thick film circuit on an all ferrite substrate for the specific
frequency of 9.3GHz. This has been fabricated in the microelectronics
engineering unit at RRE and measurements of reflection coefficient,
isolation and loss have been made using the HP sutomatic network

analyser. Good agreement between theory and practice has been demoustrated.

It should be emphasized that no sdjustment or scaling of the pattern on
the microstrip were required and the only practical adjustment was a
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slight movement of the magnet to adjust the external magnetic field to
its design value. As the object of the work was to determine the
resonant frequency of the circulator, no attempt was made at broadbanding
and the metallic disc is joined to the three 502 input lines by simple
quarter wave transformers.

Further confirmation of the proposed method of calculating the resonant
frequency of circulators was then obtained by using it to find the

resonant frequencies: of four other microstrip circulators for which

. information was available. Two of these were on an all ferrite substrate

i and agreement between theory and practice wes good. The other two were

B types in which the disc of ferrite was plugged into a hole in alumina.
Agreement for these was not so good but still better than with extant theory.

o 2 PRINCIPLES OF DESIGN

In the introduction, the condition for resonance in the circulator disc
is given by equation (2), viz;

2xnf -
) ,u'm e'm LY 1.84

c .
o For a given frequgncy !o' calculation of the radius of the disc of the

P circulator becomes the problem of calculating the three quantities v
E '

P € m o Togg

e Qualitatively the theoretical approach can be visualized as proceeding
: in two steps. In the first, the conductors of the circulator are
envisaged completely surrounded by a homogeneous ferrite material and
effective values u; and c'. are calculated for it to sccount for the

inhomogeneity of material in the real circulator; then an effective
radius Tors is calculated to correct for the bulging of the fislds out-

P

S

’

%‘ side the metallization of the disc.
%;
{ ? 2.1 Effective radius (r.ff)
i ; The effective radius Togs used in the design is quoted in reference (4)
and is

0
I

§
Tuge ° T, 1 + 3%_ in LS 1.7726 eveeses (3)
o ‘!F;

where T, is the radius of the disc and h is the substrate thickness.

In reference (4) Wolff and Kneppik have used the formula in conjunction
Z with an effective dielectric constant to predict successfully the
; resonant frequency of wmicrostrip disc capscitors.

et e e ¢

2.2 Effective dislectric constant. (c". )

Before the effective values of dielectric constamt ¢' can be calculated ' ’

a filling factor | must be found for the nicrostrip lonll.utntlan. The

relationship between these two valuss and the bulk dielectric comstant

€y is given by Wheeler (5) sad is
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Information on the effective dielectric constant of circular microstrip
discs was first published in October 1974 (4). In this paper the
effective dielectric constant is called edyn and a gr.fh showing its
variation with tolh for different modes and for €& " 0.4 is showm

Using it and equation (4) a graph of q versus r,/h has been produced and
this is shown in Fig 1. Since q is a function of €, o8 well as l’olh the
graph applies strictly to & " 10.4 but assuming the variation of q
with €y to be similar to that of u, a filling factor used in (4) and

based on an electrostatic approximation, the error in using q
corresponding to €& " 10.4 at Q™ 15.2 is less than 1 part in 70. It

should also be noted that although u is called a filling factor in (4)
it is not defined in the same way as q.

2.3 Effective permeability. (u'-)

The relation between the effective permeability u'- and the bulk value
o has been given by Pucel and Massd(6). It is

' = 1 ¢ q l - esesessnccsetcsosssnsnsss (5)
m

= -

Y

The suthors of this reference show that once a T.E.M mode of propagation
has been assumed, the electric field is the gradient of a scalar potential
function which is independent of permeability and that the magnetic
induction is the curl of a vector potential which is independent of
dielectric constant. It is then deduced that the magnetic field distrib-
ution can be obtained from the solution of an electrostatic problem and
that if

¢, =f(gc) then l' =f(s %) ceccecsnases (6)
vhere g is a geometrical factor. o "

Equations (4) and (5) are separate statements of the informatiom in (6).

2.4 Bulk values of L and ¥a

The bulk value of dielectric constant €q Presents no difficulty since

it is presented in the literaturse. To be exsct, the value should be the
dielectric constant at the microwave frequency amd that in the literature
is a lov frequency value, snd it has been assumed that these are equal.

The bulk value of permeability L is a function of the off diagonal elements

pu and K of the tensor permsability of the ferrite which in tura are
functions of the magmetic field (R,) inside the ferrite, the field B at
vhich magnetic resomsnce oceurs h‘:h ferrite and the valus of satefation
magnetization &M of the ferrite. The emact relatioms given fa (7) are;-

i
4
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wvhere p = 1 + aesessecssscsssssecassas (7)
&i";"

ll° hl‘l.

d K = P ¢ )
- '51-5’

-

In these equation Ho = fo/ (2.8 Mis pexr osrsted) and Hi = B spplied
-(N - N ) LU wvhere Il and ll are demagnetization factors and Z is the

duecuon in vhxch the exuml field is applied (7)

2.5 Choice of DC magnetic field

The choice of magnetic field is made to satisfy two conditions
2.5.1 1t must be large enough to saturate the ferrite.

2.5.2 It must not be so large that the internal field is greater than that
required to make vy 80 negative. If this occurs no transmission of RF

through the disc cn occur because of the imaginary intrinsic impedance.

These conditions are dealt with in réference (2) vhers it is shown that the
internal field Hi must exceed the smisotropy f£ield in the ferrite to

satisfy 2.5.1 but must be less than (Ho - 4¥Ms) to satisfy 2.5.2. Information
on anisotropy fields in particular ferrites is net very exsct but from Lax
and Button (9) they would appsar to be of the order of tens of ocsrsteds.

In the practical design discussed in uction 3 the internal field was chosen
arbitrarily to be 300 cersteds.

2.6 Design of transformers

No effort was made to broadband the circulator and the resonator was
treated as a parallel resonant circuit with a conductance and a
susceptance (Figure 2). Several equivalent forms for G, &re given in
the literature one of the most wsgful of which is

0000000088000 00 0 (9)

6, - %-"cff By fey
Vo (Kergee) [ug

This is a rearrsngement of the formwde givem im (12)
In itV is the width of the tramsformir snd (x, Yoeg) * 1.84

Everything but W is known in this equation which can be rewritten as
G . "'ii vhers N is & numsrical comstamt.

Since the trasformer is a uu’.bttm quarter wave device
condition for match at fo is 2 = 300 . Were 2, lcaméiuofll.
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It is now necessary to find a valus of W which results in values of GL

and z1 which satisfy the condition for match.
2.7 Bandwidth

To find the bandwidth of the circulator to a given VSIR the quality
factor Q,_ of the circulator must be known. This is in the literature (12)

L=/ |2 x
% eTerg’) ~ Y ¥

and all the information to calculate it has been found.

For a parallel resomant circuit

. A *

o

s,

W ",

and sssuming B, to vary linearly over small bandwidths about f ° leads

to 6B, =[2Q; G| Sw . This enables the susceptive part of the parsllel
R o :

resousnt circuwit to be csleuwlated at fractional intervals of f p

Assuming that G!. is constant, means that the admittance of the circulator

disc is knowm for frequences nesr to 'o'

To calculate the reflection coefficiemt p looking into the circulator it

is then unly necessary to transfora !!_ st esch frequency through the length

t (Fig 2) of sdmittance Y, by standard transmission line theory.
Application of design principles to a specific case.

Some representstive data to illustrats the spplication of the method
descridbed is;~

f° = 9.3 Cls

Yerrite material Trane Tok ¢ 1001 with
~n, = 1200 :_ L ]
e, °* 132:%

Choose Boe srbitrarily es 300 gesetads asd calculate j and k from
equation (7) end (8) to give a valie of Yy feom (6) vis

ll“c 300

¥ 0.96?

3 0.364

X 0.37¢

. £ ]
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Ya 0.830

Then using equation (2) figure 1 and then equations (4) and (5) the
value of ¥ = 0.237 cms will be found to satisfy the condition

> f T Tege * 1.84

o
ao L -I

This was the radius used to design the circulator.

Also, vhen &f W EL Teg * 1.84, &' = 11.41 ed u, = 0.869.
[-]

- 4
and Tots 0.300 cms and i 0.376

Substitution in equation (9) now gives = 0,00214 vhere W is in cms
6 = Q00214

This has to be solved .ﬂphic’ny to find the valus of W giving values

of G, end Z, which satisfy 2,6 =30

These cams out as

W = 0.0665 cas
giving 2, = 39,41 Q

1
and - 31.06 8
and Q- 1.83%

Bandwidth to VSR of 1.2 = 1,17 Glis
4 Practical Results

! To test the validity of the procedure outlined in sectiom 3, it was

3 used to design a circulator for 9.3 Gz on mn all ferrits substrste of
! dimensions 1" x 1" x 0.025". The material used was Trsms Teck G 1001
wvith € " 15.2 and &M = 1200 gauss. The information im sectiom 3

. refers to this design and the dimensions are showm in figure 3. In
i this report this circulator is called RRE 1.

The circulator was fabricated in the microslectromic engineering umit at
RRE using thick film techniquas and mounted om a brass block for ease in
attaching coax to microstrip transitions. The wmagnet weed wes s small
cylindrical one umder the ground plane and to maintainhomogeneity of the
DC magnetic field a small disc of low loss microwsve ferrite was placed
on top of the metsllic ¢isc of the circulator. A photograph of the
circulator (Fig 6) mownted on the brass block and of the assembly im a
jig for sccurats sdjusctmsnt of the magnet is included.

Measuremsnts of reflection cosfficient, isolstion and loss were made on ;
an HP sutomstic network mmelyser. 7The performmnce of the circulator I
was optimised by moving the magnet back from the grownd plame of the i
microstrip uatil the design valwe of magnetic field wes obtained. The ﬁ
micrometers on the jig enddbled the position of the megnet to b .
detornined sceurstely, and its pesition was 0.5 s awey frow the grewnd * . ’

; ‘J“i‘\
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plane,

g i With the magnet in the correct position, measuremsunts of raflsction
i coofficiut. isolstion and loss were made from 6 to 12GHs and these
are shown in figure 4.

| A check on the msgnetic field was also made using a Hall probe. This

) vas placed on top of the ferrite disc of the circulator and readings of | i
| . 1.3 Kilooersteds and 0.94 Kilooersteds were measured depending om which face !
f of the probe was adjacent to the disc. . The diffsyent readisgs ibdicated

that the sensor in the instrument was not centrally situated in the

encapsulation around it. The thickness of this encapsulation was 0.096 cms

and amean value of 1120 cerateds was assumed to be the field at a distance

! P of 0.048 cms above the circulator disc. Assuming a linear decrease in

i field with distence from the face of the magnet, a simple calculation

: shows that the field at the centre of the farrite would be 1200 oarsteds.

' This is also in good agreement with the theoreticsl value of 1260

: oersteds,

5 Comparison of ’l'hcoiy and ?rncticn.

The table below indicates good agreemsnt between thecry and practice.

‘, Theoretical Practical ‘
( Frequeacy of Min VSR 9.3 CBs 9.1 G ‘
; Frequency of Max Isolation 9.3 Gle. 9.4 Gia. »
‘ Bandvidth to VSR = 1.2 1.1768s 0.96 GHe o
Bandvidth to isolation of 20 dB 1.1768s - 1.28 GHs .
DC Magnetic Field 1260 cersteds 1200 oersteds '
! Loss in circulator + input lines = 0.63 dB 0.8 dB

+ transformers

. The slight discrepsncy between the frequancy of minimm VSR and the
: theoretical result probably means that the traneformex length is too
| long by 2 parts in 91. The difference betwesn the measured pesk of ‘ !
isolation and the thuorstical one mesns that the ctadius of the disc .
too small by 1 pert in %4, This sort of error would be within the

spread eipected because of the toleramces for dimsasives sals by thi
g film circuitry and on the accoticy pleced on-'ssteris] touststis Qike
Q Lﬂl and LA

e o o '
' The resomsnt !um is. cmvuymel"tuﬁr uﬁi thit Mcéhf : i
§ uh.mamumrmmmm« ﬁlt hi . .

rodiue of mmm 1:?

T IOt W S e i L bt VR P
ER A R o Lo




transformers between them and the circulator disc. Since they are on
ferrite, the input lines are much narrower than they would be on alumina
(0.039 cms c/f .064 cms). The only practical measurements of losses on
ferrite lines is published in (10). These were made using then film
technology and indicate a loss of 0.21 4B per cm at 9 GHz in lines of
0.039 cms width. Since the 500 input lines to the circulator were

1.425 cms long the loss in them would be at least 0.30 dB in then film
and 0,45 dB in thick film. The corresponding losses in the transformers
would be 0.12 dB giving a total loss in the circuitry outside the disc
of the circulator as 0.57 dB. This leaves 0.23 dB to be accounted for
in the disc. Magnetic and Dielectric losses account for 0.06 dB and the
remaining 0.17 4B must be conductor loss in the disc. The curve labelled
"Loss in circulator" in fig 4 represents the true loss in the disc of the
circulator,

: W - I e D it A A

6 Comparison of the modified theory with former theory in calculating the
resonant frequency of circulators. :

Microstrip circulators which are described in the literature (11) (12)
and (13) are of two kinds; plug in types in which the ferrite is a
cylindrical disc fitted into a hole in a ceramic substrate and a more
advanced type in which the metallization is deposited onto a ferrite
substrate. Only the latter type would be expected to conform accurately
i, to the modified theory but if there is merit in it one could reasonably
o8 expect it to give more accurate results than existing theory for the
iv plug in types. Since the ceramic in these has a lower dielectric constamt
than the ferrite puck one would expect thefringing fields to be more
widespread, leading to a larger value of radius and hence a lower resonant
frequency than that predicted by even the modified theory. The results
are showm below;-

Circulator Practical Result - Modified Theory Former Theory

i

1 RRE I 9.25 Gz 9.30 GRz 10.43 GHz

! RCA (12) 8.51 GHs 8.44 GHz 10.10 GHz
Plug in Types
RRE II . 7.48 CHs 7.75 GHs 8.45 GHz

‘ Raytheon (13) 2.75 GHz 2,96 GHx 3.25 GHz

; Raytheon (13) 10.75 GHz 11.17 GHz 12.09 GHe

Where the frequencies for maximum isolation and wminimum VSWR differ, a
mean value has been taken as the resonant frequency. In reference (12)
two different frequencies for maximum isolstion occur and a mean value has
been quoted.

The results on circulator RRE I1 are shown in Fig 5. The design of this
circulator prompted a clossr investigation of the theory of circulators ]
which has resulted in the modified theory described in this report. The I
object was to produce a circulator at 9.3 GHs; using the theory described
in (1) (2) snd (3) this was designed and the circulator fabricated in the
nicroelectronic enginesring wnit at RRE. It showed no sign of resonance
at 9.3 GHg in the magnetic field for which it had been designed but after
prolongsd experimental imvestigation in different magnetic fields it was
wade to give an excellent result st 7.48 GHz Fig 5. The magmetic field in
which this result was obteined was very much lower than that for which the
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circulator had originally been designed and in this lower field the theory
in (1) (2) and (3) indicated a resonant frequency of 8.45 GHz. Replacing
M e _ by effective values - €' made matters worse by indicating
amhfﬂ'germreaonant frequency and only when ne and €1, were used with an

effective radius Togf could reasonable agreement be reached between theory
and practice,

Conclusions

A method of designing microstrip circulators on ferrite substrates has
been described which in addition to effective values fo permeability and
dielectric constant includes an effective radius. A graph of filling
factor is included which can be used for values ofdielectric constant from
9 to 16 and for values of the ratio radius/height of substrate up to 8:1.

The method has been verified by using it to fabricate a circulator at

9.3 GHz, This required no trimming of the conductors on the substrate
and was the subject of a controlled experiment in which the magnetic field
at the centre of the ferrite was accurately measured. Agreement between
theory and practice was good.

The method has also been shown to give more accurate predictions of the
resonant frequencies for plug in type circulators but in this case
further work is required to take into account the change in dielectric
round the periphery of the circulator disc.
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