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Abstract—A singleferrite/dielectricimagelineisanalyzed using
the effective per mittivity method adapted for ferrites. E* modes
are used in association with a transverse bias direction to obtain
nonreciprocal behavior. It is shown that the required conditions
can be obtained that enable the composite image line to guide in
onedirection and leak in theother. Thus, thestructurebehavesasa
“leaky-wave isolator.” Dispersion diagrams showing this behavior
in thefrequency range of 14-30 GHz areobtained for a2 x 2mm?
ferrite (type TT1-390) rod with adjacent dielectric loading with
er = 10. Thestructureisbuilt and thebiasisapplied externally in
adirection transverseto and in the plane of the direction of prop-
agation. Therequired modes are excited and probed by semirigid
coaxial cablesmounted on vernier mechanisms. The S-parameters
indicating the nonreciprocal behavior in the frequency range ex-
pected are shown.

Index Terms—Ferrite, image guide, isolator, leaky wave,
nonreciprocity, transver se magnetization.

|. INTRODUCTION

HE increased interest in millimeter-wave systems presents

challengesin the design of ferrite components. Assuming
that al other ferrite-related parameters remain constant, an in-
herent problem is the reduction in gyrotropy as the signal fre-
guency isincreased, i.e., the off-diagonal component of the fer-
rite permesbility approaches zero as the frequency is increased
well above ferrimagnetic resonance. A second problem is the
increase in conductor loss as the frequency isincreased. There-
fore, it ishelpful if acomponent can be devised that minimizes
the use of the conductor and requires only weak gyrotropy. This
paper describes a new type of isolator that combines these fea-
tures, i.e., a nonreciprocal ferrite image guide. It is the ferrite
equivalent of a dielectric image guide, but it guides in one di-
rection and leaks in the other direction. An approximate anal-
ysis of this structure has been presented previously [1] and a
similar concept for lightwave components has also been pro-
posed [2]. A dielectric image guide can be visualized as half
the cross section of an optical fiber, on a conducting ground
plane, scaled up to millimetric wavelengths. Dielectric waveg-
uides have been described by a number of authors [3]-{6], and
McLevige et al. [6] also considered the insulated image line,
aswell asthe grounded image line. The “ effective permittivity”
method isused in [ 7] and also used in this paper, but is modified
to analyze this paper’s structure that includes ferrites.
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Fig. 1. Ferriteimage guide structure (wave propagation in z-direction).
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Fig. 2. Infinite ferrite slab on a ground plane (wave propagation in the
z-direction).

Ferrite image guides have been investigated by several au-
thors [8]10], principaly in the context of ferrite-controlled
coupling between dielectric image guides. In [7], based on ear-
lier analysisin [11], an isolator was described based on non-
reciprocal coupling between two dielectric image guides. The
coupling was through a transversely magnetized ferrite layer
placed over theimage guides. In[9], the use of aferrite with the
biasfield applied in the -, -, or z-direction wasinvestigated to
control the coupling between two dielectric image guides. Non-
reciprocal behavior was found with al three orientations, but
large bias fields were found to be necessary. The analytical ap-
proach in our paper and in those cited above is similar, but this
study investigates the properties of a single guiding structure,
does not involve coupling between two structures, and selects
the modes and bias direction required to enhance the nonrecip-
rocal behavior.

Il. FERRITE STRUCTURE

The ferrite image guide is shown in Fig. 1. It consists of a
rectangular ferrite rod (relative permittivity ¢, width 2, and
height d) on a metallic ground plane with identical dielectric
dlabs on both sides extending to infinity. The rod and slabs have
the same height, and the region above them has a low permit-
tivity, typically air. The dielectric slabs have a relative permit-
tivity e.1, wheree,; < €. Propagationisin the z-direction and
the ferrite is biased in the plane of the structure and transverse
to the direction of propagation. In the first stage of the “effec-
tive permittivity” method, each of the regions |11 (= I) shown
in Fig. 1isconsidered separately as a horizontal slab (thickness
d) of infinite extent on a ground plane, as shown in Fig. 2 and
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Fig. 3. Infinite dielectric slab on a ground-plane plane (wave propagation in
the z-direction).

Fig. 4. Hypothetica model to approximate the propagation constants of the
original structure (wave propagation in the z-direction).

Fig. 3. These slabs will support TE or TM modes that are de-
pendent on the dimensions, material parameters, and frequency.
The propagation constants of infinite slabs in these new models
can befound by matching tangential electric and magneticfields
at the boundaries. The TE and TM solutions have E-field orien-
tations that are related to the £, and £, modes of the initial
image guide. However, the TE modes are required for this ap-
plication to ensure that the principal RF magnetic-field compo-
nentsareintheyz-plane, i.e., perpendicular to the bias direction
(8/8x = 0). Each region can then be replaced by a homoge-
neous region, this time infinite in the y-direction (9/9y = 0),
and having effective dielectric constants that are defined ana-
lytically by using propagation constants of structures of Figs. 2
and 3. Thefinal structureto analyzeisthat showninFig. 4. The
propagation constants of the original structure can be approxi-
mated using this new hypothetical model. With this orientation
of the layers, the TM modes are required for this application so
that, again, the RF magnetic-field component isin the 2-plane
and the overall solutions correspond to £ modes of the orig-
inal structure.

If ecme > eomr1, the centra rib will guide a wave, and if
€tz < o1, It Will Not. The novel feature of this structure is
that this inequality can be controlled because, due to the trans-
verse bias field, the TE modes of the conductor-backed infinite
ferrite slab, shown in Fig. 2, exhibits nonreciprocal field dis-
placement. [12]. This meansthat 31 # 3~ and, consequently,
the effective permittivity ef, # £-;,. Thus, it becomes pos-
sible to create the required conditions to guide waves one way,
but not the other. Such adeviceisa“radiative or leaky-waveiso-
lator” and it has not been observed previously in the microwave
literature.

1477

IIl. DERIVATION OF PROPAGATION CONSTANTS

MATLAB m fileswerewritten for al three structures and the
transcendental equations related to each case were solved nu-
merically. The ferrite istype TT1-390 with saturation magneti-
zation of 47 M, = 2150 Gand ey = 12.7. It is biased in the
4z direction with H, = 500 Oe. All losses are ignored. The
thickness d = 2 mm and the half-width ¢ = 4 mm. The dielec-
tric constant of the dielectric layersise,; = 10. We will first
begin with Fig. 2, considering solutions where fields are guided
by the ferrite region and field components can be derived from
amagnetic potential ¢;, asfollows:

Apeu=d -y >d
Pn =cx = { . } 1)
Asin kay, d>y>0
k2 =K% — kZ
k3 =& seh? — K2 2
hoe, 00
p 9y
hy = —HK %
W e ff
de,
Bi _n k.ey
I ©)
JWHell

where pieg = (112 — %) /1 isthe effective permeability, k. isthe
propagation constant, and k, = w?p,¢&,. The definitions of all
the parametersappearing in thefield expressionsarewell known
and can befound in[13]. The effective dielectric constant of the
overal structure is given by

cefiz = € fpter — (K2/ko)>. 4

Similarly, for the structure of Fig. 3, (1)—(3) can be modified
for the dielectric slab and effective dielectric constants can be
obtained from propagation constants by applying the boundary
conditions to the following field expressions:;

AQG—k‘;(y—d% Y Z d
=L b
Aj sinkby, d>y>0
kY = ekl — K
K2 = K ©
Cx :U—’Nok;(z)h (7)
h, =—jkLO¢y /Oy (8)
Eelll =¢&r1 — (kIQ/kO)Q (9)

It iswell known that TE modes in grounded ferrite slabs bi-
ased as shown in Fig. 2 exhibit nonreciprocal behavior [12].
Nonreciprocity isobserved as having different propagation con-
stants and different field distributions for positive and negative
going waves. Asthe propagation constants differ with respect to
the direction of propagation (this is same as changing the bias
direction), it is possible to obtain two different effective dielec-
tric constants for the two different directions. Table | showsthe
propagati on constants with respect to frequency obtained for the
structures of Fig. 2 and Fig. 3, in which d = 2 mm. There are
two different propagation constants for two bias directions for
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TABLE |
PROPAGATION (BETA RADIANS PER METER) AND EFFECTIVE DIELECTRIC
CONSTANTS OF STRUCTURES IN FIGS. 2 AND 3

freq beta

e beta (+)  beta (-) (diel) Eeffl  Eeff2(h  Eeff2(-)
14 2932 4199 3268 124 0.99 2.05
15 3550 5213 3933 1.56 1.27 2.75
16 4456 618 4679 1.94 1.76 3.4
17 5435 7112 5462 235 2.32 3.98
18 6434 8621 6263 275 291 4.52
20 8477 9795 7815 353 4.04 5.46
21 9408 10667 8679 3.89 4.57 5.88
23 11331 12392 10273 454 5.53 6.61
25 13204 14098 11846 5.18 6.35 7.24
30 17703 18296 15689 623 7.93 847
1800 T
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Fig. 5. Approximate propagation constants of the original structure showing
isolation over a frequency range of 14-18 GHz. (¢ = 4 mm, d = 2 mm,
H, = 500 Oe, £, = 10) (from Table I1).

the infinite ferrite slab [denoted beta (4) and beta (—)]. The
fourth column, beta (diel), on the other hand, shows the propa-
gation constants of the dielectric slab. It can be seen that even
though g2 (—) isalways greater than e g1, o (4) isSsSmaller
at lower frequencies and greater at higher frequencies due to
the difference in the propagation constants of the ferrite slab
with different bias directions. Thus, for the structure shown in
Fig. 4, in which the effective constants will be used, it becomes
possible to create the required conditions to guide the wavesin
one direction (where e g2 > £oq1) and not in the other (where
eer2 < €er1). If regionll inFig. 2 were asimpledielectric with
the same dielectric constant of the ferrite used, there would al-
ways bereciprocal propagation in both directions. However, due
to the nonreciprocal behavior, the ferrite dab acts asif it hasa
smaller dielectric constant in one direction and a higher valuein
the other. Thisisthe key ideabehind the proposal for anew type
of isolator. Having determined the effective diel ectric constants,
thefield solutionsfor Fig. 4 can bewritten assuming asinusoidal
variation in Region B and exponential decaysin Regions A and
C. Analysisisnot given here dueto lack of space. Fig. 5 shows
aplot of propagation constants of the structure of Fig. 4, which
approximatesthe propagation constantsof theoriginal structure.
It can be seen that the dispersion curves for two different prop-
agation directions do not start from the same frequency. The
propagation constants are also tabulated in Table l1.

Fig. 5 showsthat it is possible to have propagation in one di-
rection and not in the other for approximately 4 GHz (from 14
to 18 GHz). Thisnumerical exampleisonly apreliminary study
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and it is possible to improve the bandwidth of the isolation by
changing either the bias strength or the e ;/¢,.1 ratio [1]. It is
also possible to eliminate the higher order modes by changing
the width of the center rib. Fig. 6 shows a plot of the propaga-
tion constants of the same structure where the half-width of the
central rib is decreased to 1 mm. The propagation constants are
tabulated in Table I11.

IV. EXPERIMENTAL STRUCTURE

The dc magnetic field required to bias the ferrite was ob-
tained using an electromagnet with circular pole pieces and a
current-reversal switch (Fig. 7). In order to hold the isolator
structure between the poles of the magnet, an aluminum case
was designed as a support unit. The inner bottom surface of the
case was used as the ground plane of the image guide struc-
ture (see Fig. 8). The dielectric waveguides and ferrite rod were
located on this surface. The dielectrics were fitted on the sup-
porting unit by nylon screws and, in order to fit the ferrite rod
in the middle, the dielectric portions were made movable. This
was done by drilling slots across the dielectric with the same
size of the diameter of the screws. The sidewalls of the support
unit were designed to providearigid body to hold the device be-
tween the movabl e poles. Theinner width of the supporting case
was chosen large enough (32 mm) to accommodate reasonably
wide portions of dielectric slabs. Some additional gap was left
between the dielectric and the wallsto allow absorbing material
to beinserted. The model used in the isolator structure assumes
infinite dielectric slabs on both sides of the ferrite.

The dielectric slabs were obtained from a microwave lami-
nate. The dielectric material is a PTFE ceramic with a relative
permittivity of £, = 10.24+0.250. Thethicknessof thedielectric
is0.075in (1.905 mm). Two pieces of 10 x 100 mm (width x
length) laminates were cut by mechanical techniques and then
the slots were opened for the screws. The cutting and drilling
was done while the copper cladding was on because the copper
layers increased the rigidity of the whole material. The copper
foil on both sides was then removed by photolithographic tech-
nigques. The copper on one side could have been left on to serve
as a more uniform ground layer, however, it was easier to re-
move both sides by immersing thewhol e piece. According tothe
model, the required thickness of the dielectric was 2 mm, how-
ever, the thickness of the dielectric without the metal cladding
was 1.905 mm. The central rod was a TT1-390 magnesium fer-
rite, with saturation magnetization of 47 M, = 2150 4+ 5% G,
alinewidth of AH = 540 4+ 20% Oe, and a relative permit-
tivity of e = 12.7 + 5%. Therod was 2 x 2 mm (height x
width) with a length of 100 mm. The ferrite parts were sup-
plied with ground surfaces and discontinuities due to air gaps
were minimized by pushing the dielectrics toward the center
rod. To excite and probe the required mode £¥;, the RF mag-
netic field of coaxia-cable probes were used with the outer
conductor stripped off and the inner conductor bent to form a
quarter of acircle. To permit adjustment, the probes were po-
sitioned using two three-dimensional vernier mechanisms. The
designed mechanisms were fitted on top of the aluminum sup-
port unit sidewalls. Using the mechanism, aprobe can be pushed
forward or pulled backward or moved up or down to obtain
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TABLE 11
APPROXIMATE PROPAGATION CONSTANTS OF THE ORIGINAL STRUCTURE FOUND USING THE HYPOTHETICAL MODEL SHOWN IN FIG. 4 (a = 4
mm, Ho = 500 Oe, erl = 10)

T(GHz) Bradfm (+) bias  Brad/m () bias Brad/m (+) Bradin () Bradfm () Bradim ()
1t mode 2" mode bias 34 mode bias 1t mode bias 2@ mode  bias 39 mode
14 X X X 360.49 X X
15 X X X 455.78 X X
16 X X X 554.83 X X
17 X X X 652.36 549.88 X
18 630.2 X X 747.63 637.23 X
20 815.43 X X 932.37 819.21 X
21 910.8 X X 1022.55 911.21 X
23 1101.31 1033.47 X 1199.85 1094.23 X
25 1289 121091 X 1374.07 1274.83 X
30 174225 1662.98 1570.95 1800.25 1715.2 1597.23
1800 network analyzer
. 0
1500 RG 405 coaxial | D g »
-~ / cable | S =]
~%1200 o =
% 000 ) biay < magnet pole pieces s
x \ / (+) bias
Q
600 % | / |
R —— 2 b@h@ﬂb\y Y | ;
14 16 18 20 22 28 30 !
1 (6Fe) ~ Z - )
isolator structure on its support
A &

Fig. 6. Elimination of higher order modes up to 30 GHz by reducing ferrite
width(@ = 1 mm,d = 2 mm, H, = 500 Oe, ¢,., = 10).

TABLE Il
APPROXIMATE PROPAGATION CONSTANTS OF THE ORIGINAL STRUCTURE
FOUND USING THE HYPOTHETICAL MODEL SHOWN IN FIG. 4 (¢ = 1 mm,
Ho = 500 Og, erl = 10)

freq (GHz) beta (+) bias beta (-) bias
14 3295
15 3989
16 477.1
17 559.6
18 626.6 644.2
20 7911 8154
21 8744 901.1
23 1042 1071.9
25 1215.6 1246.5
30 1630.9 1660.8

a best match for both launching the waves from the first port
and probing them from the second. It also provided a very easy
method to access theisolator, which was positioned between the
pole pieces of the electromagnet where access was obstructed
by the large electromagnet pieces. The open ends of the iso-
lator behind the coaxial probe positions were terminated by mi-
crowave absorbers to reduce reflections from the end disconti-
nuities. Fig. 8 shows the ferrite image guide fitted on a metal
ground plane. The S-parameters of the structure were measured
using an HP 8720 vector network analyzer and the input and
output portswere extended by extralengths of RG405 semirigid
coaxia cable. These extensions were connected to the probes
that were used to launch the waves into the isolator and sample
the field from the isolator via male and female subminiature A
(SMA) connectors and adapters. A full two-port calibration was
done at point X and Y (see Fig. 7). Therefore, the results in-
clude the losses in the excitation and sampling probes, and the

connectors and adapters

Fig. 7. Schematic diagram of the experimental setup to measure the
S-parameters.

Fig. 8. Ferrite image guide isolator with its support unit.

coupling between the probes and the guiding structure was not
calculated. The fundamental aim of this experiment was to de-
termine whether the nonreciprocal behavior occurred within the
calculated leaky-wave frequency range.

V. RESULTS AND DISCUSSION

Fig. 9 showsthe S-parameters from 14 to 16 GHz, measured
between points X and Y of Fig. 7, when the structure is posi-
tioned between the magnet poles, but not biased. Thetips of the
coaxial cablesare 25 mm apart. S11 and S22 are approximately
—7to —10dB within the frequency range, and theinsertion loss
isaround —28 dB. These S-parameters will be taken asarefer-
ence for the other measurements so that the insertion loss of the
isolator can be estimated. Note that 521 is aimost the same as
512 when thereisno external bias. i.e., the deviceisreciprocal.



1480

14 145 15 15,5 16
0 1
—

10 1> S
@20 811 s22 /\ /
g (O e
=30 W >
E s12
S-40
o
jol
R-s0

60

-70 freq (GF)

Fig. 9. S-parameters of the isolator without external bias.
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Fig. 10. S-parameters when the isolator structure is biased in the positive
direction.
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Fig. 11. S-parameters when the isolator structure is biased in the negative
direction.

Fig. 10 shows the S-parameters when the isolator is biased
in the positive direction. It can be seen that S12 # S21 and
the differential isolation is approximately —20 dB for approxi-
mately 1 GHz. The graph showsthat there is propagationin one
direction and comparatively no guidance in the other. Fig. 11
shows the S-parameters when the direction of biasis reversed.
Changing the direction of bias is equivalent to changing the di-
rection of propagation. In this case, thereisa —30-dB drop in
S12, Whereas S>; staysthesame. Fig. 12 showsthedifferencein
S12 and S2; between the positive bias and no bias cases. Fig. 13
shows the difference in S12 and S»; between negative-bias and
no-bias cases.

The following observations regarding these first results can
be made. The coaxia probe structure was chosen for conve-
nience of fabrication and ease of movement with respect to the
ferriterod and el ectromagnet. However, the poor launching effi-
ciency degraded the true performance of theisolator and, there-
fore, alternative techniques for coupling to the ferrite image
guide need to be explored, e.g., the use of apertures or direct
waveguide feeds. Also, the required level of dc bias needs to
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Fig. 13. Difference of Si» and S2; between the (—) bias case and (no) bias
case.

be explored further with more compact measurement jig. It was
found that the applied static field, measured at a point corre-
sponding to the center of the ferrite rod (in the absence of the
rod), H, = 3000—4000 Oe. With aferrite saturation magnetiza-
tion 47 M, = 2150 G and a transverse demagnetization factor
N, = 0.5, it was estimated that, at the center point, the internal
field H; = 2000-3000 Oe. Thisis less than would be required
for resonance, but is higher than that used in the approximate
design model. (A uniform value of H; = 500 Oe was used in
the “adapted effective dielectric constant method.”) The trans-
verse field applied across the rod was unavoidably nonuniform
alongitslength, but the shape and frequency rangeand thelevels
of insertion and isolation losses shown in Figs. 9-13 were rel-
atively insensitive to variations in the applied field within the
range of H, given above. The performance wasfound to be sen-
sitive to the positioning of the absorbing materials at the sides
and the ends of the ferrite/diel ectric image guide. This was ex-
pected sinceit isaradiative isolator, and further analysis of the
field distribution and experimental work is required to optimize
the positioning and shaping of the lossy regionsto minimize the
insertion loss of the forward wave and provide sufficient isola-
tion of the reverse wave.

V1. CONCLUSIONS

It has been shown that, by selecting the correct modes and
bias direction, a method exists to obtain a leaky-wave ferrite
image guide isolator. With an appropriate choice of constitu-
tive parameters, dimensions and bias strength nonreciprocal
leaky-wave behavior was predicted over a frequency range of
14-18 GHz with higher order modes suppressed up to 30 GHz.
It is predicted that such structures need a low bias field and,
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therefore, they would overcome one of the difficulties of
building conventional transverse-field isolators at millimetric
wavelengths, i.e., the need for large applied fields to over-
come the weak gyrotropy. It also minimizes the use of metal
conductors and thereby reduces conductor loss. A numerical
technique, used to obtain the propagation constants of dielec-
tric image guides, known as the effective dielectric-constant
method, has been adapted to obtain the propagation constants
of the ferrite/dielectric structure. An analysis of ferrite slabs
and metal-backed ferrite slabs was used to find the required
frequency range for possible nonreciprocal behavior. The
measured S-parameters indicated a differential isolation of ap-
proximately 20 dB and an insertion loss of approximately 5 dB
at 15-15.5 GHz and, thus, the proof-of-principle experiment
was successful in demonstrating nonreciprocal behavior within
the frequency range expected.
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