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Planar Meanderline Ferrite-Dielectric
Phase Shifter

E. R. BERTIL HANSSON, SHEEL ADITYA,VMEMBER, IEEE, AND MATS A. LARSSON

Abstract— This paper presents the design of meanderline circuits with
multilayer ferrite-dielectric embedding. New expressions are developed for
the even- and the odd-mode admittances for an infinite meanderline in such
a structure. It is shown that the effective dielectric constants and the
effective relative permeabilities for some of the multilayer structures are
simply related. An efficient synthesis routine for the design of meanderline
circuits is described. Effect of different parameters on the phase shift has
been studied experimentally. It is indicated that the present structure can
result in a compact phase shifter with an improved figure of ‘merit, peak
power-handling capability, and temperature stability.

I. INTRODUCTION

ERRITE phase shifters based on meander-folded lines

have been known for several years. In 1966, Jones
described the design of a stripline phase shifter [1] by using
the theories of Bolljahn and Matthaei [2]. A couple of years
later, Roome and Hair [3] gave a first-order theory for the
functioning of reciprocal as well as nonreciprocal phase
shifters using microstrip techniques. In separating the
meanderline from the ferrite by a thin dielectric sheet, the
peak power capability was shown to increase [4]; also the
total losses and the differential phase shift were found to
decrease. However, by choosing a proper combination of
materials and geometry, a net improvement of the figure of
merit was achieved [5]. Thus experimental results indicate

* that optimal performance of the meanderline phase shifter -

demands a multilayer structure. Accordingly, the multi-
layer ferrite-dielectric structure shown in Fig. 1(a) has been
investigated for its application in meanderline phase
shifters.

II. DESIGN OF AN INFINITE MEANDERLINE
EMBEDDED IN A MULTILAYER FERRITE-DIELECTRIC
STRUCTURE

For a meanderline surrounded by layers of different
media, Weiss [6] showed, under the quasi-TEM approxima-
tion, that the dispersion law and the image admittance for
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Fig. 1. (a) Meanderline embedded in a ferrite-dielectric composite. (b)
Meanderline pattern showing the unit cell and other dimensions of the
meanderline.

the forward-wave propagation are given by

tan & = ig; tan {k(©)4 /2} tan {k ()42} (1)
_ tan {k,(®)4/2)
Yiml @)= Ye(q))yo(q))tan{ko((b)A/z} (2)
where
(0= L e D ®). i=e0. ()

In these equations, @ is the phase increment per unit cell
of the periodic meanderline structure and Y, and Y, are the
even- and the odd-mode admittances corresponding to the
two normal modes assumed to propagate on an array of
infinitely long strips. The dimensional parameter A is the
length of the meanderlines which are obtained by connect-
ing alternate strips (Fig. 1(b)). For an even mode, the phase
difference between adjacent strips is @ /2, and for an odd
mode, it is ® /24, or (& +2#) /2 [6]. For the special case
of ®=0, the phase difference per unit cell for the even and
the odd mode is 0 and 27, respectively.

Appearance of @ following a parameter is meant to
emphasize the fact that the parameter changes with ®. For
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Fig. 2. Basic four-layer structures involving two dielectrics. (a) Single
line. (b) Double line with even excitation. (¢) Double line with odd

excitation.

meanderline phase shifter structures reported previously
[7], maximum differential phase shift was obtained for
®=180°. In the present case of an inhomogeneous con-
struction where the dielectric layers are placed between the
ferrite and the meanderline, it is found that a higher value
of ® needs to be used to achieve the same result.

To obtain the characteristics of an infinite meanderline
embedded in a multilayer ferrite-dielectric structure, an
approach different from that of Weiss [6] is adopted here.
The present approach involves the following steps.

A. Characteristics of a Single Line and Two Coupled Lines

The characteristics of the single line and the double line
in the four-layer dielectric—dielectric structure, shown in
Fig. 2, are worked out by the method of Lennartsson [8]. In
this method, the lines are described in terms of filling
factors ay, @,,, and «,, and characteristic admittances Y,,,,
Y,... and Y, . the latter for the lines in vacuum. The
indices s, de, and do indicate, respectively, the parameters
corresponding to the single line and the even- and the odd-
mode excitation of the double line.

B. Algorithm for Efficient Analysis

By considering the linewidth W as a variable and the
other parameters of the structure as constants we can
expand each one of the six characterizing parameters in a
power series in W, thereby approximating the actual be-
havior over a limited linewidth interval. If the structure is
analyzed for N different values of W, W,---W,, one can
fit polynomial approximations of the order N—1 to the
obtained parameter values resulting in the following equa-
tion system:

[wlc]=[s] (4)
where
W]O Wll W]N*l
VV20 VVzl WZN*]
[w,1=
wy Wy wy !

[Clis a coefficient matrix and [S] is the matrix formed by

the N analysis result vectors.
By solving (4) for the coefficient matrix [C] one gets

[c]=[w,]"'[s]. (5)

Using [C], the structure can be analyzed for an arbitrary
linewidth W in the interval according to
(6)

[RI=[w,][c]

where
wl=[wow!...wh-1]
and
[Rl=[a (W) o(W) a(W) ¥, (W)
Yo W) Y, (W)].

Based on the coefficient matrix [C] and (6), the analysis
can be performed several orders of magnitude faster than
by direct use of, for instance, a finite difference method [8].

C. Characteristics of an Infinite Meanderline

Leblond et al. [9] derived, for the admittance of an
infinite coupled line, an expression which, under the pre-
sent definition of @, is written as

o0
Y(®)=2y,,+4 X y,,sin*(n®/4)

n=1

(7)

in which y = are the mututal admittances to the ground
(¥,,) and to the neighboring conductors (y,,, n70), re-
spectively. For ®=0 and ®=2, (7) simplifies consider-
ably. Since these values of ® correspond to the even- and
the odd-mode excitation, respectively, for the special case
of zero phase increment per unit cell, one can write

Y0 =7,
YQ27)=Y,.

(¥
9
Thus from (7)

Y,=2y,, (10)

where » takes on odd values.

(11)

o0
Yo :2yoo +4 2 Yons

n=1
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Schematic representation of single- and double-line configura-

tions, with associated capacitances and effective dielectric constants. (a)
Single line. (b) Double line with even excitation. (c) Double line with

odd excitation.
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Fig. 4. Schematic representation of infinite coupled line configuration,
with associated capacitances and effective dielectric constants. (a) Even

excitation. (b) Odd excitation.

Next, retaining only the first two terms in (7), i.e., neglect-
ing the coupling between nonadjacent strips, one obtains

V(@) =Y, +(Y,~Y,) si*(®/4). (12)

Consider the single- and the double-line configurations
represented by Fig. 3(a), (b), and (c), with the associated
capacitances C,, C,,, and C,,, and the effective dielectric
CONSEANLS €44, €ep 4> AN €54, The corresponding infinite
coupled line case is represented by Fig. 4(a) and (b), with
C, and C, as the associated capacitances and e, and €,
as the associated effective dielectric constants. In Figs. 3
and 4, electric and magnetic walls are centered between the
lines. Also, magnetic walls are assumed to pass through the
middle of the lines. These assumptions involve a first-order
approximation for the cases of Fig. 3(b) and (c). From
Figs. 3 and 4

C,=2C,=2C,;,—C, (13)
C,=2C,=2C,,—C,. (14)

In the following, subscript i is used in place of both e and
0. For the vacuum case
(15)

Cw :zcdw —C

S0

i=e,o.

Recognizing that
(16)
(17)

Ydiu :cocdw
C.

YS‘U :CO SO
where ¢, is the speed of light in vacuum, from (15)
Y;v :2Ya'iu - Ys (18)

Defining
€t — G/ Coo
€etrar = Car/ Caio
€eirs = G/ Coo

(19)
(20)
(21)

one gets
€etti = 2€ett ai¥aio —€etts Yoo) /(2¥aio = Yi0)-
Also, using

(22)
Y;/Y:u '—_(Eefft)l/2 (23)
one obtains ,
1/2
Yx = {(2€effthdw *eefstsv )(2de - st)} . (24)

Substitution of (18) and (24) in (12) yields Y, (®) and
Y (®), respectively. Thus for instance

Y(®) =¥(@) =7, +(¥,— ) sin®(2/4) (29)
Y(®)=Y(®+27) =Y, +(Y,—Y,) cos>(®/4). (26)
Then, from (23)

[ v+, -v)sin (a9 |
care )= Y,,+(Y,,—Y.,) sin2(<1>/4)] @)
vy, -1) cosr (24 |
RN AT e ey R

For the special case of ==
Y(7)=Y,(7) (29)
Eeffe(w-):Eeffo(‘”)' (30)
The above simplification is not possible in the case of
DFq.
D. Effective Permeability

Based on the duality of € and p in the Maxwell’s equa-
tions, Pucel and Massé [10] derived a relationship between
the effective dielectric constant €., and the effective rela-
tive permeability p.; of a microstrip on a dielectric/mag-
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Fig. 5. Variation of the width and the length of the strips of a meander-
line for different values of ®. Impedance level 1/Y; =50 €, spacing
s=0.4 mm, dielectric constant of the dielectric=2.22.

netic substrate. Under similar restrictions, an extension of
that relation for the case when two media, dielectric or
magnetic, are present, has been derived [15]

- (31)

For gyromagnetic media, expressions given by Massé
and Pucel [11] for p4e, and p,,,,, corresponding to the
demagnetized and “latched” states, are used. Thus the
effective relative permeability can also be computed using
the filling factors described in the previous subsection.

In summary, for the structure of Fig. 1, the effective
dielectric constants are calculated using (27) and (28). The
corresponding effective relative permeabilities are given by
(31). These results are substituted in (3) to obtain k(@)
and k,(®). Then, using Y,(®) and Y (®) calculated from
(25) and (26), the length of the meander strips 4 is com-
puted from (1). Finally, (2) yields Y, the image admit-
tance of the infinite meanderline structure. To arrive at a
particular admittance level one may vary the strip width w
while holding the spacing s constant. For an infinite
meanderline centered in the four-layer ferrite-dielectric
structure of Fig. 1, the widths and the lengths of the strips,
obtained for different values of ®, are shown in Fig. 5.
These results are obtained for an impedance level of 50 £,
a spacing of 0.4 mm between the strips and for a dielectric
constant of the dielectric to be 2.22. Beyond ®=270°, the
width and the length of the strips increase rapidly. This is a
consequence of the fact that the argument of tangent
function on the left-hand side in (1) approaches 90°.

)U‘eff(lu'la Hz) - [éeff(lu'l_l’ .“2_1)]

III. DEsIGN OF EDGE LINES

If the coupling between nonadjacent lines is neglected,
the edge meander sections can be treated as C-sections. It
is known that in microstrip, i.e., in an inhomogeneous
environment, a C-section is not well matched [12]. Also,
as shown in the case of ferrite microstrip, a C-section
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Fig. 6. Stepped admittance design of the meanderline edge sections.

designed for a nominal phase difference of = /2 between
the strip centers, is cut off in the vicinity of design frequency
[13]. These problems are overcome by adopting the stepped
impedance design suggested in [12]. The edge strips are
divided into two sections (Fig. 6), with their characteristic
admittances given by

Yea’ Yoa :(ﬂea/ooa) Yim g
}/Yeb' Yob = (0eb tan2 Bob /aob tan2 Heb) Yvim 2

(32)
(33)

where

(34)

In the above equations, Y;,, is the matching admittance and
the subscripts a and b refer to the corresponding strip
sections. In principle, widths of sections 2a and 2b can be
different, but, in practice, the difference is negligibly small.

,,+0,=0,+6,==/2.

IV. SyNTHESIS ROUTINE

The synthesis of the phase shifter structure shown in Fig.
1 starts by the calculation of the coefficient matrix [C]
given by (5). The concept of filling factors implies that [C]
is independent of the material properties. Thus the same
coefficient matrix can be used for the optimization of
phase shifter structures with different ferrite/dielectric
combinations if the geometry is maintained. The effective
dielectric constants and the corresponding relative permea-
bilities are obtained from (27), (28), and (31). The widths
of. the strips in the meander are then varied until the
matching conditions are satisfied. This gives the width and
the length of the internal strips. These correspond to a
particular spacing between the strips which, for an opti-
mum phase shift, is determined experimentally. Finally, the
edge strips are designed according to the method outlined
in the previous section.

V. EXPERIMENTAL RESULTS

For the experiments, 0.125-mm-thick RT-Duroid is used
as the dielectric. In each case, a 50-Q meanderline pattern,
printed on one of the two dielectric pieces, is sandwiched
in a structure similar to the one shown in Fig. 1(a). The
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Fig. 7. Phase shifter prototype.
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Fig. 8. Maximum differential phase shift, insertion loss; and reflections
for different magnetizations, as a function of frequency. Design
frequency for the meanderline circuit: 9.0 GHz.

magnetic circuit consists of 1.6-mm-thick ferrite pieces and
thin rectangular iron pieces, accurately machined to the
required thickness, the latter sitting in slots made in the
dielectric pieces. The four-piece toroid so formed is latched
to various magnetizations with the help of a magnetizing
coil printed on the dielectric piece itself. Trans-Tech fer-
rites and garnets are used in the experiments. A photo-
graph of the phase shifter is shown m Fig. 7.

Figs. 8 and 9 show the maximum differential phase shift
(AD_,,) along with insertion loss and reflections in the
case of circuits designed for operation at 9.0 and 5.2 GHZ
respectively. In the vicinity of the design frequency the
matching is good. While at higher frequencies, the reflec-
tions increase sharply due to the approaching stopband of
the meander circuit [7]; a at lower frequencies, the same
occurs due to the rapid change in the impedance of the
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Fig. 9. Same as Fig. 8. Deéign frequericy for the meanderline circuit:
5.2 GHz.

lines, arising from the frequency dependence of the per-
meability as w approaches w,, [11]. As regards the phase
shifts, one can achieve a mean figure of merit of 310° /dB,
as seen in the X-band case, from 9.4 to 10.0 GHz. On the
other hand, there is a considerable variation in phase shift
with frequency.

Meanderline circuits represented by Figs. 8 and 9 are
designed for ®=180°. In these casés, the maximum dif-
ferential phase shift occurs at a frequency higher than the
design frequency. Thus it can be expected that using a
somewhat higher value of ® will bring down the frequency
of maximum differential phase shift. Results presented in
Fig. 10 verify this. Here, the differential phase shift for a
single meander section for three successively higher values
of ® is plotted. For the ®=260° case, allowing for a
5-percent variation in the phase shift, a 16-percent band-
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Fig. 10. Maximum differential phase shift versus frequency per single
meander section for ®—180°, 220°, and 260°.

width is indicated. Therefore, this appears to be an effec-
tive way of broad-banding the phase shift. At the same
time, however, the available phase shift is lowered. A
possible reason for this can be that the ratio s /w is lowered
below a certain optimum value. Ongoing experiments indi-
cate that it is possible to improve upon this phase shift
value by using a higher impedance level for the meander-
line.

Fig. 11 presents the variation in phase shift for different
gaps between the adjacent meander strips. Out of the two
gap values for which the results are presented, the smaller
gap, s=0.3 mm, results in a higher maximum differential
phase shift. This trend is similar to that for other ferrite
phase shifters based on the meanderline circuit, for in-
stance [7]. For the present structure, it is also observed that
reflections from the device are higher for s=0.3 than for
§=0.5. This is attributed to the presence of air gaps
between the adjacent meander strips, since for a smaller
gap these are more difficult to fill in. Also presented in Fig.
10 are the results for s=0.5 mm and ®=260° for X- and
C-band. For these two cases, mean figures of merit of
280° /dB and 250° /dB, respectively, have been achieved.
The corresponding bandwidths are approximately 10 and
14 percent.

The peak power threshold, for the parameters given in
Fig. 8 (w,, /©=0.82 at 9 GHz), has been measured to be
40 W at 9 GHz and 60 W at 9.3 GHz. It is felt that this
threshold could be significantly raised by choosing a lower
w,, /w [14] or by using a material with a larger spin wave
linewidth. The measured values are, however, significantly
higher than those expected for a similar structure without
the dielectric inserts. Temperature dependence of the phase
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Fig. 11. Maximum differential phase shift per meander section versus

frequency, for ®=180°, for different spacings between the meander
strips: s=0.3 and s=0.5 mm. Also shown are the results for the latter
spacing and ®=260°. For the X-band case, w/w,, values are lower.

TABLEI

Temperatuge depengence in deg /°c
(from -10°C to 60°C)

Device Device parameters

1.

Matertal: TT1-2650

Design frequency* 9 GHz 0.5
2, Material G-1002
Design frequency. 4.5 GHz 0.24

shift has also been measured in two cases. The results are
given in Table 1.

Before concluding this section, it may be mentioned that
optimization with respect to the thickness and the dielectric
constant of the dielectric, as well as the impedance level of
the meanderline, remains to be done.

VI. CONCLUSIONS

A method has been given for designing well-matched
meanderline circuits for use in planar multilayer ferrite-
dielectric phase shifters. Experimental results at C- and
X-band have been presented to illustrate the effects of
varying different circuit parameters. The results indicate a
good figure of merit, which may exceed 300° /dB. For a
somewhat lower figure of merit, an operating bandwidth of
10 percent of the design frequency can be easily achieved.
This configuration is attractive also for improving peak
power threshold and temperature stability.
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Printed Circuit Coupled-Line Filters for
Bandwidths Up to and Greater than an Octave

BRIAN J. MINNIS

Abstract— The realization of edge-coupled-line filters as printed circuits
has generally been assumed to be confined to filters with fractional
bandwidths of 30 percent or less. However, the design technique described
herein has eliminated the 30-percent restriction and such filters may now
be constructed for fractional bandwidths up to approximately 100 percent.
Instead of constraining the physical realization to be a cascade of coupled

Manuscript received August 6, 1980; revised October 21, 1980.
The author is with Philips Research Laboratories, Redhill, Surrey RH1
SHA, England.

lines, the technique allows the realization to consist of coupled lines and
simple lengths of line cascaded in such a way that resultant circuit
dimensions are practicable for the bandwidth specified. Practical examples
are described.

I. INTRODUCTION

HE PRINTED CIRCUIT coupled-line filter consists,
in its most familiar form, of a cascade of coupled-line
sections all one quarter of a wavelength long at a common
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