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Improved Analysis of Nonreciprocal Remanence
Ferrite Phase Shifter in Grooved Waveguide

Wenquan Che, Edward Kai-Ning Yun§enior Member, IEEESuibing Chen, and Junding Wen

Abstract—in this paper, the nodal finite-element method is used [8] on the nonreciprocal remanence ferrite phase shifter have
to analyze the differential phase shift of a nonreciprocal rema- peen proposed. Due to the complex boundary conditions, in the
nence ferrite phase shifter in a grooved waveguide. Instead of the 5,4e-mentioned literature, the toroidal phase shifters in a rect-
former twin-slab model, an improved analytical model is adopted, . .
where the effect of every part of a ferrite toroid on the differen- an_gular or grqoved _Wavegwde have begn approx!mated by the
tial phase shift has been considered. This analysis may replace thetwin-slab configuration, and analyzed with theoretical methods
correcting factor with good agreement with the experimental data. by Lax and Button [9] and by Schlomann [10], where the
Furthermore, this analysis is employed to investigate the effect of ferrite toroid has been replaced by two oppositely magnetized
corner chamfering on the figure-of-merit (differential phase shift - gjapg that extend over the complete height of the waveguide.
per decibel insertion loss) of a ferrite phase shifter. The numerical However, the analytical methods based on a twin-slab model
results are found to agree with the experiments in the literatures. . v Y ‘ )

_ i _ did not consider the magnetization at the ferrite corners, which

Index Terms—FEM, ferrite toroid corner chamfering, grooved . - -
waveguide, improved analysis, nonreciprocal remanence ferrite '€Sulted in the discrepancy between the experimental and
phase shifter. theoretical results. Although the correcting factor [2] could be
employed to modify the calculation results, the discrepancy
between theoretical results and measured data also cannot be
negligible. In addition, there has not been a helpful correcting

HE nonreciprocal remanence ferrite phase shifter, f&ctor used to modify the theoretical differential phase shift

a beam-steering element in phased array radars, frasgrooved waveguide. Therefore, an improved analysis of
found its applications extensively because of its remarkalifee differential phase shift in a grooved waveguide by the
performances [1]. Many techniques for improving the chafinite-element method (FEM) [11], [12] has been carried out in
acteristics have been developed. In order to optimize tHws paper. Firstly, we analyzed the effect of the magnetization
figure-of-merit, Ince and Stern [2] suggested a new idea of nonmagnetization of the center ferrite of the toroid on
dielectric rib insertion in the slot of a ferrite toroid, whichthe differential phase shift, and we found that they could be
has yielded improvement on the figure-of-merit markedly. Iregarded as dielectric. Secondly, we continued to analyze the
1968, Clark [3] proposed a new technique of toroid corn@ffect of magnetization or nonmagnetization of the four small
chamfering to increase the figure-of-merit by approximatelyiangular corner of the ferrite toroid, and we have obtained
20%. This improvement has been obtained with apparentije same conclusion. Finally, an improved analytical model
no degradation of other phase-shifter parameters, excBps been given and the numerical calculation of the differential
possibly in average power capability. In 1971, Ireteal. [4] phase shift has been carried out. Compared with theoretical
also investigated the effect of toroid corner chamfering desults obtained from the twin-slab model and then multiplied
the differential phase shift, and the experimental results wendth a correcting factor, the numerical results have been found
proven to improve the figure-of-merit of the phase shifter bip agree better with the measured data. Moreover, to the best
approximately 10%. Successively, Junding [5] and Mizobuchf our knowledge, there has been little literature published to
and Kurebayashi [6] presented a new configuration of ti@nalyze theoretically the effect of the toroid corner chamfering
nonreciprocal remanence ferrite phase shifter in a grooved the performance of the ferrite phase shifter. Hence, the
waveguide, which significantly improves the figure-of-meritimproved analysis based on the FEM has also been employed
average power-handling ability, peak power-handling capt® analyze this problem, and the numerical results have been
bility, etc. In the 1990s, different improvement techniques [7{pund to agree with the measured data in the literature.
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Metal bar z—y-plane, making an angkgwith the @y coordinate axis. In
- the z, y, andz systems, the relatively permeability tensor of
the ferrite is then given by
' b
b [1er]
cos —sinf O w0 —jk

> = | siné cosf O 0 puy O

0 0 1|58 0 g
cosf sinf O
Fig. 1. Model used to analyze the effect of the ferrite near the center of the *~ | — sin cosf 0O
waveguide. 0 0 1

peos® O+py sin? @ (u—py)cosfsing  —jkcosd
(n—piy)cos@sin® psin® 0+py cos? —jksiné
jkcos@ Jksiné n

having same dielectric constant as the ferrite, the maximum

phase shift remains the same. In other words, this suggests that
the magnetization of the ferrite near the center of the waveguide

contributes little to the differential phase shift. Of course, be- (8)
cause the transverse RF magnetic field vector in this region ifiere [13]

parallel to magnetization, the interaction of the ferrite with the
3/2

electromagnetic field is the same, as with the dielectric; there- M
fore, the field-displacement effect responsible for phase shift p=pa+ (1= pa) <MS
does not occur in this part of the ferrite toroid. The analysis 5/2
model is depicted in Fig. 1(a) with coordinate axes. Due to sym- Py = fhd (1 - (M/M)s)
metry, the plane: = a/2 is equivalent to a perfect magnetic Y
conductor for the dominant quasik; o mode, allowing to re- 2 ydn Ms 2 1
strict the calculations to one-half of the waveguide cross section. Ha =73 [1 - <T> T3

In this paper, the nodal element FEM has been employed. The

k=~v4nM/w. 9)

magnetic vector and electric scalar potentials have been intro-
duced in this method, which is proven to be very beneficial to Gyromagnetic ratioy = 2.8 x 106 Hz/Oe, remanence ratio

eliminating a large number of spurious modes [11], [12]. Thg — 477 /47 M, 47 Mg is the saturated magnetization of the
finite-element equation is expressed as ferrite, 47 M is the remanence magnetization of the ferrite, and
[Maa] [0] e [Naal[Nav] Al _— w is the operatlng frequency. At first, we consider the.magne'u—
B0 TN AN v~ zation of the ferrite located near the center of the ferrite toroid,
(0] [0] [Nval[Nvv] L B . .
which is denoted ad and B in Fig. 1. In this case, the relative
where[M] and[N] are symmetric and sparse matricdds the tensor permeability of the ferritesandB are given as (A1) and
vector magnetic potential aridis the scalar electric potential. (A2) in the Appendix. The parameters used in the calculation
The boundary conditions to be applied are listed as follows. are listed as followsdrMs = 2200 Gs R = 0.83, ¢y = 13.0,
1) On electric walls a = 0.4928\g, b = 0.2144 X0, ¥’ = 0.1568q, di = 0.1312),
da = 0.0192); the calculation results are shown as solid lines

Ax =0 (2) in Fig. 2. In addition, we replace the ferrites in regictisnd
V=0 (3) B withdielectrics, and the differential phase shift calculated by
v.A=0 (4) the FEM is also depicted as dotted lines in Fig. 2, which is ap-

proximately the same as that in the case of considering the mag-
2) On magnetic walls netization of ferrites in regiond and B. Therefore, in the fol-
lowing analysis, we will regard the ferrites in regioAsand B

VxAxi=0 (5) asdielectric, having the same dielectric constant with the ferrite
(A’Jr VV)-i=0 (6) material. It should be noted that the results were not multiplied
A.7-=0 @ with a correcting factor.

Of which, (4)(6) are the natural boundary conditions ar%j Cons_ideration of the Effect of Ferrite Toroid Corners on
(2), (3), and (7) are the Dirichlet boundary conditions. For tHgifferential Phase Shift
practical geometry illustrated in Fig. 1, the expressions of the The analytical model in Fig. 3(a) illustrates the slightly exact
matrices|M] and[N] in (1) are given in Appendix. magnetization of the ferrite toroid. In any case, the magnetiza-
It should be noted, as indicated by Green and Sandy [13] amzh in the corners of the toroid with areax w, denoted a¢’,
Schlomann [14], if one is concerned with ferrite phase shifterS,, Cs, andC,, does not lie normal to the direction of the mi-
then the microwave characterization of the ferrite materiatowave field and, hence, the ferrites in the corners contribute
should describe the partially magnetized state of the ferrifess to differential phase shift than other ferrites do. Therefore,
In this case, assuming that the magnetization is located in the twin-slab model used in the literature is not suitable for the
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Frequency £/f, Fig.4. Comparison of the numerical differential phase shifts (when|45°|
at the four square corners) with measured data of one practical prototype. Solid
Fig. 2. Effect of the ferrite near the center of the ferrite toroid in the grooveffi®: the angles between magnetization anditheaxisé equal to]45°| at the
waveguide on the differential phase shift (not multiplied with the Co,—recﬁn}?ur square corner. Line with circle: ferrites in four orthogonal triangular corners
factor). wy; = hy = (1/4)w) considered as dielectric.

far away from the center of the ferrite toroid, and the magnetiza-
tion does not lie normally to the direction of the microwave field,
which should have little contribution to the energy accumulation
in the ferrite toroid. Hence, whether magnetization or nonmag-
netization of the ferrite in this region should has little effect on
the differential phase shift. In order to verify our estimation, we
replaced the four small orthogonal triangular corners with di-
electric having same dielectric constant as ferrite material, and
(@) (b) differential dimension has been considered. The numerical re-
Fig. 3. (a) Practical magnetization in the ferrite toroid of the latching l‘erritgLIItS illustrated via the dOtt_Ed line in Flg. 4 indicate that, when
phase shifter in grooved waveguide. (b) The model employed to analyze e four small orthogonal triangular corners have been regarded
effect of the four small orthogonal triangles on the differential phase shift. as dielectric, and their areas equ¢2 X w/4 X w/4, the dif-
ferential phase shift remains approximately the same, and the
accurate analysis of the differential phase shift of ferrite phad@@Ximum discrepancy is only 0.72%. _
shifter. In the following section, instead of a twin-slab model, 'nerefore, in order to get more precise results, in the fol-
we first select the angle® between the magnetization in four/©ing section, we will present an improved analytical model,
corners of the ferrite toroid d¢5°| and then analyze the differ- Where the four square corners will be separated into several parts
ential phase-shift characteristic of the device. In succession, i) different magnetization angles. In addition, we will regard
effect of four triangular corners denoted &sn Fig. 3(b) has ferrltesA, B and.J as dielectrics, and will not consider their
also been considered, and we found that they could be regar@@fnetization.
as dielectric. . o ) .

1) Effect of the Four Square Corners of the Ferrite Toroi Improyed Analysis of the Characteristic of the Dlﬁerentlal
on the Differential Phase Shifé (= [45°|): Firstly, in the four Ph_ase Shift of the Nonreciprocal Remanence Ferrite Phase
square corners of the ferrite toroid , Cy, Cs, andCy, the an-  SHifter
glest between the magnetization afid axis are chosenas45  Based on above-mentioned analysis, the final analytical
—45°,45°, and—45°, respectively, and the calculated differenmodel is illustrated in Fig. 5; the ferrite toroid has been
tial phase shift has been shown as the solid line of Fig. 4, wiseparated inta”, M, N, O, P, and J, respectively. Note
the measured data of a practical prototype. It is not hard to sdegt the geometry is symmetrical, hence, only half of it has
after considering the practical magnetization of the four squdreen analyzed. The ferrites in paffsand J can be regarded
corners in the toroidd = [45°|), though the discrepancy be-as dielectric, having same dielectric constant with the ferrite
tween the calculated and measured differential phase shift imaaterial. We only need to consider the magnetization in parts
large as approximately 11%, the trend of frequency charactét; M, N, and 0. The angle between the magnetization path
istic is approaching the experimental results. Without any douit, them anday axis is @, 60°, 45°, and 30 respectively.
this is owing to the rough treatment on the magnetization in tidne corresponding permeability tensors are expressed as
four square corners of the ferrite toroid. (A3)—(A6) in the Appendix. The numerical results have been

2) Consideration of the Magnetization of the Four Orthogshown in Fig. 6, together with the experimental results of
onal Triangular Corners of the Ferrite Toroid on the Differentialour practical prototype. It is noticed that, compared with the
Phase Shift: Furthermore, the four small orthogonal triangulaanalytical results using a twin-slab model [5], [6], the numerical
corners in the ferrite toroid, denoted.aé Fig. 3(b), are alittle results obtained by the improved analysis agree better with
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ig. 7. (a) Cross section of latching ferrite phase shifter in the rectangular

. . . . . E
Fig. 5. Final analysis model employed to calculate the differential phase shj aveguide. (b) Details of ferrite toroid corner chamfer.

I1l. NUMERICAL ANALYSIS OF FERRITE TOROID
100 CORNER CHAMFERING

A. Theoretical Analysis

©
o]
T

‘ Correction analysis result ‘ Clark [3] has described the corner-chamfering technique
for improving the figure-of-merit of nonreciprocal latching
- j—% ferrite phase shifters. The configuration of interest illustrated
i in Fig. 7(a) is the cross section of the nonreciprocal remanence
/ ferrite phase shifter in the rectangular waveguide. It was
% discovered by Clark [3] that the differential phase shift per
— unit length might be increased by chamfering the corners
m of the toroid in the manner depicted in Fig. 7(b), and the
(Double-slab model) enhancement could reach its maximum value whén = 1.0,
i.e., the chamfer angle equals®4®&lark has also found that the
figure-of-merit could be increased by approximately 20%; Ince
et al. concluded in [4] that chamfering the phase-shifter toroid
could yield a maximum increase in differential phase shift of
Fig. 6. Comp_arison ofthe differentia_ll phase shift among the improved analya'ﬁjproximate|y 10% for the constant phase design. There seems
results, analytical results, and experimental data. . . .
to exist some argument between their conclusions. However, up
to now, no theoretical analysis has been found in the literatures
the measured data, the discrepancy is now only 3%; while tteeverify the validity of their proposals. Hence, the improved
analytical results do not agree with the measured results, mao@lysis based on the FEM previously discussed has also been
only in the values, but in the trend of frequency characteristiemployed to analyze this structure.
In addition, it must be mentioned that the analytical results The parameters are given as follovis:= 3.3 GHz, 4w Ms =
were multiplied with the correcting facter =1 — (dy — d»/b) 800 Gs, the dielectric constant of the ferrite materiakjs =
[2]. Owing to the independence on frequencies, the correctihg.8, « = 18.288 mm,b = 15.748 mm, d; = 8.89 mm, d, =
factor cannot reflect the change of the frequency characteri2i64 mm, and the length of the ferrite toroid= 152.4 mm.
of the differential phase shift; therefore, this kind of dispos&everal different types of dielectric core material have been
is not satisfactory. In any case, in our improved analysis, veglopted, having dielectric constants ranging from 16.0 to 100.
considered the magnetization in every part of the ferrite toroithe only consideration of choosing these dielectric constants is
in detail and, because the tensor permeability of the ferritetlsat we could compare our numerical results with the experi-
the function of frequencies, the numerical results can apprarental data presented by Ineeal. [4].
imately reflect the practical frequency characteristic of the For the purpose of simplicity, we first analyze the charac-
differential phase shift of the device. There, of course, existégtistic of differential phase shift of the ferrite phase shifter
some discrepancy between the measured data and improwét corner chamfering using the twin-slab model. Based on
analysis results, partially because of the rough segment of the previous analysis, we regarded the center ferrites as dielec-
ferrite corner, if we can separate them into more parts, whigfic, with a comparable dielectric constant as that of the ferrite.
can be a great help to obtain more accurate results agreeing Wl originally believed that the numerical results would indi-
with the experimental data. On the other hand, an importagdte an increase tendency of the differential phase shift. How-
possible source of discrepancy is the rather large spread of ¢ver, very surprisingly, the differential phase shift of the device
remanent magnetizatial?,., as this quantity appears to be veryith corner chamfering is actually smaller than the case without
sensitive to small changes in the manufacturing process; amainer chamfering. Actually, the results were reasonably accu-
the incorrect measurement of dielectric constantalso has rate. Since we did not consider the actual magnetization of the
some contribution to the discrepancy. ferrite corners when we adopted the twin-slab model to carry
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1300 3) Animportant possible source of discrepancy is the rather
1200 - large spread of the remanent magnetizatidp, as this
3 100+ quantity appears to be very sensitive to small changes in
éb 1000 L the manufacturing process. The incorrect measurement of
= ool dielectric constant,. also has some contribution to the
g 800 [ discrepancy.
£ 700f
g 600 - Undoubtedly, the performance of rectangular toroid phase
g - ~ , shifters can be somewhat improved by chamfering the corners;
£ S00¢ | Withoutcomer chamfering | ieincreases the differential phase shift, while |
= phase shift, while losses are
400 slightly reduced due to removal of ferrite corners, therefore,
W w0 s @ 100 the figure-of-merit could be improved significantly. However,

it should be noted that this technique has also resulted in the
degradation in average power capability of the nonreciprocal
Fig. 8. Differential phase shift versus dielectric constant of the dielectrréamajnenm_e ferrite ph.as'e shifter. From average pOV\_/er caqu|llty
core. Lines with a symbol: our results. Lines without a symbol: lecal’s consideration alone, it is not advisable to adopt this technique
experimental data. to improve the performances of the device. However, in the case
of low average power, ferrite corner chamfering is undoubtedly
Hagood choice to improve the performances of the device.

Dielectric constants of dielectric core

out our analysis, every part of the ferrite toroid (except for t
center ferrites) has been regarded as having the same contribu-
tion to the differential phase shift. Therefore, undoubtedly, the
removal of the four corners shown in Fig. 7 should result in the
decrease of ferrite volume having a contribution to the phase
shift; accordingly, the decrease of the difference phase shift wa
inevitable and logical.

IV. CONCLUSION

?n this paper, the ferrite toroid corner improved analysis using

a nodal FEM has been proposed to carry out the analysis of dif-

ferential phase shift of a nonreciprocal remanence ferrite phase

B. Comparison Between Numerical Results and Experimenl%l]I1Lter in-a grooved waveguide. During the analysis, an im-

Data proved analytical model has been presented, where the magne-
tization of every part of the ferrite toroid has been taken into

In order to analyze the practical effect of the toroid cornéccount in detail, and the different magnetization angles have
chamfering on the differential phase shift of the ferrite phad$€n introduced in every parts of the ferrite toroid. The numer-
shifter, the improved analysis discussed in the previous sectiGa! results agree well with the experimental data of our practical
will be employed to analyze this issue. The numerical resuR§0totyPe, which indicates that the improved analysis method

have been depicted in Fig. 8, together with the experimental d§2¢/1d replace the traditional correcting factor. Owing to the in-
dependence on frequency, the correcting factor cannot reflect

of Inceet al.[4]. The improvement of differential phase shift re- - . . .
sulting from the corner chamfering shows nearly the same trethi§ actual frequency characteristic of the differential phase shift,

with the experimental data proposed by Imtel, and the en- thus resulting in the large discrepancy between analytical results

hancement of the differential phase shift decrease along with {Hfl measured data. The theoretical analysis also indicated that
increase of the dielectric constants of the dielectric core. OB\€ férrite located near the center of the waveguide and the four
viously, when the dielectric constant goes beyond some of tﬁr@all orthogonal triangular corners of the ferrite toroid could be
values, the energy has been accumulated mainly in the centeff §pt€d as an dielectric, having a comparable dielectric constant
the ferrite toroid: the removal of the four corners of the ferritwith the ferrite material, i.e., it is not necessary to consider their

toroid should have less effect on the differential phase shift Bfgnetization when we analyze the differential phase shift of

the ferrite phase shifter: the small decrease of the ferrite coditf dévice. Inaddition, the effect of toroid corer chamfering on

not affect the differential phase shift markedly. thg figure—of-merit_ of thg nonreciprocal remanence ferrite phase
: . . sftnfter has been investigated, and the numerical results agree
From Fig. 8, we can see that, the maximum improvement 0 ) o .
nW|th the experiments in literature. This result supports that the
Gfrerential phase-shift enhancement is due to a shaping of the

: 0 i - e .

gt al. IS 12%, occurring whes, . 1.6'1' In addition, the min RF field distribution in the vicinity of the chamfer, and the ef-

imum improvement of calculation is 5%. The measured data,is . - .

. féct of the chamfer is to cause the electrical lines to bend in the

5.26%, occurring when,. = 100; therefore, there has beenan . . -

. : . vicinity of the chamfer and become more parallel to the rema-
obvious discrepancy between them. The following reasons have

been found to contribute to the observed difference. nent ﬂl.JX. lines. Frqm average power capap|l|ty con8|derat|ons
alone, it is not advisable to adopt this technique to improve the

1) The remanence rati has not been given in [4], thus, weperformances of the device owing to the degradation in average
can only select one by our experience. power capability of the nonreciprocal remanence ferrite phase

2) During our improved analysis, the precision of magnetshifter resulting from the reduction of the area of contact be-
zation simulation may not high enough. tween the toroid and the waveguide.
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APPENDIX

The present finite-element formulation uses triangular ele-
ments. The matrix elements p¥/] and[N] in (1) are given as

follows:
2 a(Ne) a(Ne')T
Mll]—//{ Pyy B2 (N)(Ne)T + P dy dy
% a%a a(gi)T i dy
[M{,] = [M3]
( ) a(Ne) a(Ne)T
- [ [yt 22
-dx dy
[Ml3] M3l]
) A(N.) O(N)T
//{ Pyy (N, “B oy ey }
-dx dy
M22]_//{ Poaff?(N)(Ne)™ + Pof(N)T a(ajze)
+ Pp.B(Ne) % +Pzza(ajze) %
1 9(N.) I(N.)*
= a_y 8—y dx dy
[M33] = [M3,]
) I(N.)T 9(N.)
// [ Pas AN ey o
-dx dy
e, N AN |, (N AN,
[M35] = //e {me dy oy o O O
5 PN | dody
[M1,] = [M3,]
= [M3,]
= [M]
= [Mi2]
= [Mg]
= [ML]
=0
[N{1] = [NV3,]
= [Nss]
// el T da dy,
(Vi = Vg ]"
// . dy
[N5y] = [Ng]"
// N dy,

[N5] = [N 43]
T dx dy

/ e (N
(N)T | O(N.) O(N.)T

[Naa] = / /e ET< 83: 83: + dy dy

N /32<Ne><Ne>T) de dy

1917

[P =[]
Pxx Pxy  jPxz
= | Pyx Pyy  jPyx
| —iPzx —jPzy Pzz
[ux 0 0]
[e]l=1| 0 n —jk| (RegionA) (A1)
L0k ]
[ux 0 0]
[w-]=| O wo gk (Region B and region C)
L 0 —Jk p ]
(A2)
[ 0 —jk
[wr]= |0 wy O (Region P) (A3)
ik 0]
13 V3 1.
gt gy T(N—MY) —5Jk
_ | V3 3 V3
(] = o =) et 4NV ——5 Ik
1. V3.
L 5 Ik Iz
(Region M) (A4)
[1 1 V2
Stny) S(p—py) ——-jk
2 2 2
_ |1 1 V2.
el =1 S =) Slutmy) =ik
V2 V2
Ak — Ik Iz
(Region N) (A5)
[ 3 1 3 3
T g T(N fy) —TJ/f
_ | V3 13 :
(] = ) gt —5ik
V3 .
A 5k I
(Region O) (A6)
M )32
o= pia + (1 — pa) <Ms}
HxX = Ky
= pa(1 = (M/M)s)
2 a2 1
_ 2| _ (yamMs : _
Nd_3[1 < " ) ] —1—3, k=~v4rM/w.

47 My is the saturated magnetization of the ferrite material and

47 M is the remanence magnetization of the ferrite= 2.8 x

10% Hz/Oe andv is the operating frequency (in hertz).
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