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Quasi-Optical Ferrite Reflection Circulator
Benjamin Lax, Jerald A. Weiss, Fellow, IEEE, Neville W. Harris, and Gerald F. Dionne, Senior Member, IEEE

Abstract—A auasi-o~tical Faradav rotation circulator utiliz-
ing a ferrite fo; micro-wave or mini-meter-wave radiation is in-

vestigated experimentally and analyzed theoretically by a ma-

trix formalism. Both reflection and transmission configurations

at oblique incidence are examined. Numerical results in the

band centered at 35 GHz are evaluated. Theory and experiment

are compared over a 10–20% band. Notwithstanding the com-
plexities resulting from oblique incidence, we find bandwidth,

low loss, and isolation comparable to those of the transmission-
type version now in system deployment. The principal advan-
tage of the reflection configuration lies in the greater heat dis-
sipation capability.

I. INTRODUCTION

A T higher microwave and millimeter-wave frequen-

cies, the smaller dimensions of waveguide ferrite de-

vices severely restrict their power handling capability. To

overcome this limitation, Dionne et al. [1] developed a

quasi-optical Faraday rotator for use as either an isolator

or circulator. Low-loss quasi-optical beam waveguide

concepts have been implemented in a millimeter-wave

system [2], and the transmission-type circulator is an in-

tegral component. Although greatly improved, the power

handling capability is still limited, due to unfavorable ge-

ometry and the low thermal conductivity of the ferrite

structure. The reflection version to be discussed here

promises to be substantially superior in this respect, be-

cause the ferrite disc is mounted on a metal plate, which

acts as a reflector and also provides an effective means of

cooling, as shown in Fig. 1; in addition, only half the

thickness of the ferrite is required. Whereas the transmis-

sion device normally operates with waves in normal in-

cidence, the reflection version requires oblique incidence

in order to separate the input and output beams, which

introduces complexities into the analysis.

The principle of the quasi-optical circulator is illus-

trated in Fig. 2. The device consists of a ferrite nonrecip-

rocal polarization rotator that furnishes Faraday rotation

of 450, with a polarizer mounted on each side-. A wave

entering at port 1 is rotated in a sense governed by the

direction of magnetization and encounters the second po-
larizer, which is oriented to pass the rotated wave to port
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Fig. 1. Section through a reflection-type quasi-optical microwave rotator,
His the magnetic field applied to the ferrite.
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Fig. 2. A quasi-optical four-port circulator, showing a transmission-type
Faraday rotator and two properly oriented polarization filters.

2. The polarization of a backward-propagating wave en-

tering port 2 is rotated 450 in the same sense, emerges

cross-polarized with respect to the first polarizer, and is

therefore deflected to port 3. Finally, a wave entering port

3 is deflected by the first polarizer into the rotator, emerges

cross-polarized with respect to the second polarizer, and

is deflected to port 4. Thus, the quasi-optical circulator is

the exact analog of waveguide and other embodiments of

the four-port circulator, represented schematically by the
symbol in the upper left of Fig. 2. The diagram shows the

transmission version of the circulator; but if it were folded

at the center plane of the rotator, it would represent the

reflection circulator with ports, polarizers, and rotator

functioning in a similar manner.

II. BASIC THEORY

The propagation constant for microwaves propagating

in a ferrite in an oblique direction with respect to the di-

rection of magnetization is given in standard texts. For a
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plane wave propagating at angle /3 relative to the gyro-

tropic axis, the propagation constants 6. of the normal

modes are given-by ‘[3; eq. 7-7, p. 299] ‘

*= 1

ti2e#o 2(v sin2 0 + COS26)

[
“2/.L+(/J2– K2– p) sin2 8

* J(P2– K2
1

– ~)z sin4 6 + 4K2 COS2 @ (1)

where u is the radian frequency, ~ the permittivity of the

ferrite, p. the permeability of empty space,. and p, K are

the diagonal, off-diagonal components, respectively, of

the Polder permeability tensor of the magnetized ferrite

[3, eq. 4-16, p. 151]. The + modes are elliptically po-

larized according to

where E,, EP are the component electric field amplitudes

in thes (perpendicular) and p (parallel) polarizations with

respect to the plane of incidence. Equation (1) can be sim-

plified in the present case, since the direction of the waves

in the ferrite makes a relatively small angle even for large

angles of incidence, due mainly to the large dielectric

constant of the ferrite (e, = 15). Thus, for ,00 = 450 in

air, @fin the ferrite is only about 10°. Then the Faraday

rotation angle 61F is approximately

(3F = ; u nKl Cos $f (3)

where the thickness of the ferrite T = 1 cos Of, 1 is the

slant length of the beam, n is the index of refraction, c

the velocity of light in empty space. The susceptibility

K = @J.f/ w and @M = y 4TA4, the angular frequency cor-

responding to the magnetization 4TM, -y is the gyro-

magnetic ratio. The above approximation includes the as-

sumption that K << 1. Equation (3) then simplifies to

(4)

Equation (4) still holds when we take into account the

influence of the birefringence of the medium, resulting

from its tensor nature, which gives rise in general to two

counter-rotating elliptically polarized normal modes (1),

(2) propagating in slightly different directions. Consider

the ferrite slab in Fig. 3, assumed for the moment to be
iderdly matGhed at both interfaces. Conddering the opti-

cal path difference of the two waves, we have

– (1+ sin 0+ – 1.- sin L) sin O.]. (5)
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Fig. 3. Illustrating transmission through a gyrotropic ferrite slab with

birefringence,

Now, 1* = T/cos 6i, and with Snell’s law sin 80 =

n+ sin 0+. Thus, (5) becomes

e~ = &T(n+cos 0+ – n- cos O_). (6)

This can be reduced to (4) by inserting the relation ni =

n [1 + (K/2) cos Of], where n is a mean of nf, and of is

the mean angle of refraction in the ferrite (and some small

terms of higher order are neglected). Equation (4) shows

that, if the ferrite layer is ideally matched, then to first

order the Faraday rotation is independent of frequency and

of the angle of incidence, and only depends on the magn-

etization and thickness of the ferrite. For proper opera-

tion of the circulator, EIF = 450 in the transmission-type

rotator and 22.50 per traversal in the reflection type. We

see that the rotator is inherently broadband, and that the

ultimate limitation on bandwidth is determined by the re-

quirement of anti-reflection plates to match the device to

free space.

111, MATRIX TREATMENT

There are two considerations which complicate that

analysis of the layered structure shown in Fig. 1: oblique

incidence and the nonreciprocal tensor properties of the

ferrite. The oblique direction of propagation requires that

we distinguish between thes and p polarizations. The the-

ory of this is well known; a 2 X 2 matrix formulation for

the reflection and transmission coefficients for multila;yer

dielectrics is given explicitly by Yeh [4]. From that anal-

ysis, it is evident that we cannot simultaneously match

waves of both s and p polarizations. But if a match is

established for normal incidence at the center frequency,

the small mismatches of the oblique waves will be of sim-
ilar magnitudes for both polarization at that frequenwy,

In the magnetized ferrite, the Faraday rotation in effect

couples the s and p polarizations. The polarization of the

emergent wave is rotated 450 and is also slightly ellipti-

cal. In the circulator, the unwanted quadrature polariza-

tion represents a small insertion loss, In order to analyze
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propagation and scattering in the structure composed of

dielectric quarter-wave plates, ferrite, and conductor un-

der these conditions, it is necessary to formulate a 4 X 4

matrix representation. We have adopted the formulation

of Zak et al. [5] with some modifications. Their system

was developed for a magneto-optical investigation of thin

films. Following their prescription, a product of 4 X 4

matrices for each layer and boundaty is generated to form

a single grand scattering matrix. From this result, a set of

reflection, transmission, Faraday, and Kerr coefficients,

as well as the ellipticity, can be evaluated for incident

waves of .s,p or any polarization. The final grand matrices

can be written as

$ = ‘4;1 “ AdDdA; l “ AjD~Aj_l “ AdDdA; * “ A.

(7)

S~ = A;l “ AdDdA ; 1 “ A~D~A~l “ Am (8)

where ST is for the transmission-type rotator, a product of

eleven 4 X 4 matrix factors, and SR is for the reflection-

type, a product of eight such factors. A. and its inverse

are the “boundary” matrices in air, relating the incident

and reflected electric field amplitudes E, and EP to the tan-

gential electric and magnetic fields Ex, Ey, Etx, Hy at the

interfaces. Similarly, Ad, A; 1 are the boundary matrices

for the surfaces of the dielectric, and Dd is the ‘ ‘propa-

gation, ” or transfer, matrix which transforms the s- and

p-polarized waves from one boundary to the other. The

matrices A ~, A; 1 relate in the same manner to the ferrite,

and D~ is the transfer matrix which, in the product

-’ = luffA~D~Af (9)

incorporates the birefringence and Faraday rotation to take

into account the consequences of the nonreciprocal tensor

medium. Analytical expressions for these matrices were

explicitly derived in [5], and are given here in Appendix

I, with symbols consistent with our notation. The product

SRcontains the matrix An for the conducting mirror shown

in Fig. 1 (which also serves as a heat sink). Since the

effective refractive index of the metal is very large, it can

be eliminated, reducing the number of factors to seven—

except when required for evaluation of the slight loss due

to finite metallic conductivity.

IV. NUMERICAL RESULTS

Calculations have been carried out for the design and

performance of optimized transmission and reflection ro-

tators, as well as for the parameters of the actual struc-

tures employed in the experimental work. Parameters

chosen for the band centered at 35 GHz are: for the quartz

quarter-wave plates nd = 1.96, and for the ferrite nf =

3.83; the magnetization 47ri14 = 1000 Oe, which gives the

ferrite thickness for the transmission device T~ = 6,98

mm (3.49 mm for the reflection case). The dielectric

quarter-wave plate thickness Td = 1.17 mm. Using these

parameters in (7), we calculated the components of the

scattering matrix.

In Fig. 4, the Faraday rotation angle for the transmis-
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Fig. 4. Calculated frequency dependence of the Faraday rotation angle of

a transmission-type rotator at angle of incidence 00 = 450, for s and p
polarizations of the incident wave.

sion device is plotted from 30 to 40 GHz, for s- and

p-polarized incident waves. The nominal value of the ro-

tation parameter (a of [5]) was 450 at center frequency.

However, due to the unavoidable mismatch required to

accommodate both s and p polarizations equally, there is

a small Fabry-Perot-type interference effect which alters

this condition. Therefore, we have adjusted the thickness

of the ferrite so that the mean value over the band is ap-

proximately 450. Depending on the band selected, the

mean rotation and deviation can be optimized; Fig. 4

shows that in the worse case (p-polarized input), the

deviation is only +0.80 over the entire +14% band from

30 to 40 GHz (+10 deviation corresponds to a transmis-

sion loss of 0.0013 dB and a cross-polarized component

35.2 dB below that of the principal component).

Fig. 5 shows the squared magnitudes of the transmis-

sion coefficients t$$and $, for s-polarized incident wave,

as a function of frequency. As expected, the power is split

nearly equally between thes and p components at 35 GHz.

At the edges of the ~ 14 % band, the combined power is

reduced by -0.5 dB, which is the contribution to the in-

sertion loss due to the mismatch of the quarter-wave
plates. This can undoubtedly be improved by application

of more sophisticated antireflection techniques, such as

use of multiple layers, The ellipticity was also calculated

for the transmission circulator and found to be very small

(below –30 db) across the band,

Calculations were also made for the reflection circu-

lator. The Faraday rotation shown in Fig. 6 exhibits a

Fabry-Perot effect which causes a variation in (3F of +30

between 32 and 38 GHz. This is larger than the corre-

sponding values for the transmission device, However, it

is still small and represents a negligible contribution to

the insertion loss, greatest at the band edges.
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Fig. 5. Calculated frequency dependence of thetransmitted power lt,~l2
and ltP~120f atransmission-type rotator atangle ofincidence6o = 45°.
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Fig. 6. Calculated frequency -dependence of Faraday rotation ofareflec-

tion-type rotator atangles ofincidence@O = 35” and45°, for s-polarized

incident wave.

The reflection coefficient is another quantity of interest.

Fig. 7 illustrates the squared magnitudes of the coeffi-

cients r~~and rP,, showing the characteristic Fabry-Perot-

type effect. Although the power is not equally split be-

tween thes and p components, the total adds to unity (ex-

cept for minor losses in the ferrite and mirror). Perfor-

mance limits on the reflection circulator are determined

by the rotation and also by the ellipticity, illustrated in

Fig. 8. This quantity has been calculated for several val-

ues of incidence angle and the plot shows examples at450
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Fig. 7. Calculated frequency dependence of the reflected power Ir-,. \ 2 and
lrP, 12 of a reflection-type rotator at angle of incidence 00 = 45°.
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Fig. 8. Calculated frequency dependence of the ellipticity of a reflecl..ion-

type rotator at angles of incidence 0. = 350 and 45°.

and 350 incidence. It shows, as expected, that as the angle

of incidence is reduced, the ellipticity decreases. The cor-

responding figures are 16 and 22 dB, respectively, which

at worst has a slight effect on insertion loss. Due to the

four-port nature of the circulator, ellipticity of the etnm-

gent wave has a negligible effect on isolation, If the con-

templated application were to dictate some advantage in

reducing the angle of incidence, this would have to be

traded against resulting disadvantages in the system con-

figuration.
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Fig. 9. Measured frequency dependence of the Faraday rotation angle of
a transmissiorr~type _rota~or at angle of incidence 00 = 450. -
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Fig. 10. Measured frequency dependence of the ellipticity of a transmis-

sion-type rotator at angle of incidence .90 = 45”.

V. EXPERIMENTAL RESULTS

Experiments have been performed on a transmission

device at oblique incidence to compare with theory. There

are internal reflections within the multilayer structure

which exaggerate the Fabry-Perot effect. The Faraday ro-

tation over a broad frequency range centered at -35 GHz

is shown in Fig. 9. The parameters for this device are as

follows: the magnetization of the ferrite 47rI14 = 680 Oe,

the dielectric constant of the quartz is Ed = 3.77, that of

the ferrite Ef = 14.7, the thickness of the ferrite is Tf =

10 mm, and that of the quartz Td = 1.2 mm. The Faraday

rotation deviates from the mean value by +20 over a

1O-GHZ bandwidth, slightly greater than that expected if

the optimum parameters were chosen. Fig. 10 shows a

plot of the ellipticity, again exhibiting higher values at the

band edges, but still negligibly small. Although the pa-

1
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Fig. 11. Measured frequency dependence of the reflected power of a trans-

mission-type rotator at angle of incidence 90 = 450.

rameters are not ideal, these results are in good agreement

with theory, when the above parameters are used to eval-

uate the components of the scattering matrix. Fig. 11

shows the measured reflection loss of this experimental

rotator,

VI. CONCLUSIONS

This paper has outlined the procedure for treating plane-

wave propagation with oblique incidence through a com-

plex multilayer structure consisting of scalar dielectric and

tensor magnetic media using a matrix formalism adapted

from that developed by Zak et al. [5]. The process per-

mits the evaluation of such pertinent quantities as the

transmission, reflection, Faraday and Kerr coefficients,

and the ellipticity. We have applied this technique to ana-

lyze both a transmission and a reflection circulator to de-

duce the insertion losses and the isolation. The reflection

circulator, which permits surface cooling and is therefore

capable of handling substantially higher average power,

is nearly comparable in microwave performance to that of

the transmission device at normal incidence. We have

shown that the ferrite layer is inherently broadband and

that the limitations on bandwidth are imposed by the

quarter-wave plates required for matching. The analysis

treated a single antireflection layer at oblique incidence.

However, it is known from the optical analog that a two-

Iayer structure would improve the performance further.

We are considering this possibility for our millimeter-

wave device.

For the present, we have also neglected the dissipative

losses in the dielectric and ferrite media (conduction loss

is incorporated in the case of the reflecting surface), but

they can be included by using appropriate complex values

for the dielectric constants and the magnetic susceptibil-

ities in the components of the scattering matrix. From pre-

vious laboratory experience with the transmission version

of the circulator, we are confident that, although these
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may add slightly to the insertion loss, they will not affect

the isolation or the Faraday rotation significantly. The lat-

ter were the main objectives for design considerations of

this paper. The final conclusion is that the reflection cir-

culator will satisfy the requirements for a broadband de-

vice, but at significantly higher power than its transmis-

sion counterpart.

APPENDIX I

The matrices in (5), which we shall designate as Zak

matrices, have been defined as follows. First, the tangen-

tial components of the electric and magnetic fields EX, Ey,

HX, Hy at the interface are related to the amplitudes E$3,

E$), E:), E$) of the components, polarized s (perpendic-

ular) and p (parallel) to the plane of incidence, of the in-

(D,4)]

(A (POL))-1

1=.
2

—

1

1

0

1—

~z

o

cident (i) and reflected (r) waves. These sets of field com-

ponents can be represented by single-column matrices F

and P, respectively [5, eq. (l)]

A matrix connecting F and P, called the medium bound-

ary matrix xl, is defined by the relation F = AP. This

boundary matrix has been derived in [5] for the general

case of the nonreciprocal birefringent magneto-optical

medium, taking the following form in their notation [5,

eq. (30)]:

A (POL) =

1 0 1 0-

‘CK2Q CYz
2Y

‘CY2Q —CYZ
2Y

; CYzQiV –N +YZQZV –N

1
L L

ctzN ; QN –CYZN ; QN

iQ——
2 aZN

1——
N

iQ
‘i CIZN

The transfer matrix D for the ferrite medium is [5, eq.

(41)]

/
Ucoso Usino

(–Usinv Ucoso
D=

o 0

0 0

The superscript (POL) signifies a Faraday-type configu-

ration in which the direction of magnetization is perpen-

dicular to the plane of the ferrite sla~. CXZ= cos e~ana ~ y
= sin @~, where of is the oblique angle of propagation in

the ferrite, N is the index of refraction, and Q is equiva-

lent to our ~, the off-diagonal component of the tensor

susceptibility. For a dielectric medium: in A ‘pOL) above,

set Q equal to zero. The inverse (A ‘pOL)) -1 is [5, eq.

—
1

CYZN

iQ.—
2N

1.
CXZN

where U = exp [ – i (2T /h ) NCYZd] represents translation

across the ferrite layer at wavelength A, and the angle u

accounts for Faraday rotation of the polarization: u =

(T/h )NQd. For the dielectric medium: in D above, a is

set equal to zero.

APPENDIX II

A. Extraction of the Scattering Coe@cients ji-om the

Resultant Matrix S

As discussed in Section III, the matrix S, the equivalent

to that designated M in [5], is the ordered product of the

4 x 4 boundary matrices Am (and their inverses) with med-

ium propagation matrices D~ for the succession of re-

fracting layers m = 1, 2, “ “ “ , mO:

The matrix Am embodies the relations connecting the

amplitudes of the plane waves propagating within the mth

layer, toward and away from its interface with the (m –

l)th layer, in the s and p polarizations, and the compo-

nents of the fields E and ‘H tangential to the interface,

which are subject to Maxwell bounda~ conditions. The

matrix D~ embodies the propagation vector characterizing

the dielectric /magnetic properties of the mth medium as

well as the direction of propagation (in accordance with

Snell’s law), In the case of a medium with gyrotrc)pic

properties, D~ manifests the coupling of the s and p ]po-
larizations due to the Faraday effect. The initial and final

boundary matrices -40 and Aj. relate to the media :sur-

rounding the mO-layer structure.

As shown in [5], the resultant reflection and transmis-

sion coefficients for the multilayer structure are contained

in the matrix S as follows: partition S into 2 x 2 subrna-
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trices according to

[1GH
s=

IJ”

Then

Mt t$p Hr
G-l = ‘S rsP

and IG–l = ‘s
t tppps rps rPP

where tti,rti are the resultant transmission and reflection

coefficients (ratios of complex amplitudes of the emerging

waves to that of the incident signal, referred to the polar-

ization basis s, p); ij take the identities s or p.

For computational modeling of the reflection rotator,

we identify m = O, 1, 2, 3 with (0) empty space, (1)

quartz quarter-wave plate, (2) axially magnetized ferrite,

and (3) high-conductivity reflecting /cooling plate (see

Fig. 1). A representative list of ten independent parame-

ters required to characterize the structure is presented in

Table I. With this or an equivalent set of parameters, all

the elements of the matrices required for a complete model

of the reflection-type rotator (eight matrix factors) or the

transmission-type surrogate (with oblique incidence—

eleven matrix factors) are determined. See Appendix 1.

B. Interpretation of the Scattering Coejicients in Terms

of the Experimental Quantities Faraday Rotation Angle

Op and Ellipticity 8

Consider, for example, a signal selected for incidence

on the front of the transmission rotator with amplitude A

(and reference phase value of zero), oblique angle of in-

cidence O., and polarization s. The wave emerging from

the rear surface is represented relative to A by (complex)

transmission coefficients t,,and tp,which by their ampli-

tudes and phases characterize in general elliptical polar-

ization with major principal axis oriented at the Faraday-

rotation angle e~ relative to the axes ofs and p, and with

(complex) amplitudes E~.X and E~i~ at the orientations of

the principal axes. We adopt the following definition of

ellipticity:

To predict OF and 8 from computed t,.and tp.,let

where t~~= [t..Iexp [i arg (t..)],etc. Then the angle OF
is given by

tan 29F = tan 2R cos 26

and the ellipticity 8 by

1 – ~1 – sin2 2R sin2 26
z=

1 + J1 – sin2 2R sin2 26 “

To apply the above analysis in the case in which the

TABLE I

1
2

3
4

5
6
7

8
9

10

Frequency o

Gyromagnetic ratio -y/27r

Ferrite 47r M.

Angle of incidence 00
Thickness d (k/4 plate) m = 1

(ferrite) m = 2
Dielectric constant c,, m = O
m=l
m=’2

Resistivity p (mirror) m = 3

30.0 . . . 40.0 GHz

2.7992 x 106 Hz Oe-l

1000 Oe
45.0 deg
0.117 cm
0.349 cm
1.00
3.83
14.68
1.72 x 10-6 Q cm

incident signal is polarized p rather than s, replace the

transmission coefficients t,,and tp.by tppand t,p,respec-

tively. Polarization states intermediate between p and s

may of course be analyzed similarly, by application of the

superposition principle.

In the case of the reflection rotator, the interpretation is

similar, except that the transmission coefficients are re-

placed in the above analysis by the reflection coefficients

r$$and rp~ for s-polarized incident signal, or rpp and r~p for

p-polarized.

C. Determination of the Scattering Coe@cients from

Experimental Data, when Faraday-Rotation Angle e~

and Ellipticity 8 are Measured

Reversing the above reasoning, if 9F and 8 are known,

the amplitude ratio tan R and phase difference 26 of thes-

and p-polarization scattering coefficients may be deter-

mined as follows. Let

8–1

‘0=8+1”

Then

tan2 R = 1 + PO cos 2eF

1 – PO cos 2eF

and

tan 2e~
Cos 26 = —

tan 2R “
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