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using standard FET structures. The new diode has been characterized

and a fit to a standard equivalent circuit has been made. The diode

has then been used to realize a very simple loaded line phase shifter

with analogue voltage control. The phase shifter has shown excellent

characteristics, with very good phase linearity with bias voltage, low

insertion loss and low reflection coefficient.
I

These results have been obtained using a standard foundry process

in which the diode active layer has not been optimized for varactor

operation. If this was available, lower series resistance and greater

capacitance variation could be obtained, leading to even better results

with minimal circuit area.

The device could form the basis of other applications, for example

in reflection-type phase shifters, where its smaller size and simpler

construction could be used to good advantage.
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Permeability Measurement on Composites Made of

Oriented Metallic Wires from 0.1 to 18 GHz

Pierre-Marie Jacqttart and Olivier Acher

Abstract-In this paper, we study the microwave properties of strongly

anisotropic materials made of orientated conducting wires. We have de-
veloped a broad band method to determine their permeability #// parallel

to the direction of the wires. We investigate the magnetic properties of

strongly anisotropic composites made of dMerent types of paramagnetic
and ferromagnetic wires. A simple model is proposed to account for the-,
skh effect, and agrees with our observations. This leads to a unique broad
band method for measuring the permeability of thin conducting wires.

I. INTRODUCTION

Numerous studies have been dedicated to the optical and mi-

crowave properties of composites materials [1] and [2]. In this paper,

we will focus on composites made of parallel conducting wires

inserted in an insulating matrix. When the wires are thin enough, the

material can be described by an effective medium, and its permittivity

and permeability are tensors. The permittivity component for an

electric field parallel to the wires is very large, since the wires are

conducting, and the permittivity components perpendicular to the

direction of orientation of the wires are small, corresponding to an

insulating behavior [3]. For that reason, we crdl these composites

strongly anisotropic composites, conducting along one-dimension

CID. Another type of strongly anisotropic composites consists of

laminations of alternated insulating and conducting sheets, conducting

along two dimensions (C2D) [4]. The experimental determination of

the microwave properties of an anisotropic material may be a difficult

problem [5] and [6]. In this paper, we present an original method

to determine two components of the permeability and permittivity

tensors on C 1D strongly anisotropic composites. We focus on their

magnetic properties and we show that the measurements can be fur-

ther exploited into determining the intrinsic permeability of the wires

in a frequency range where no other measurement procedure exists.

II. EXPERIMENTAL METHOD

Coaxial line measurements are widely used to determine the

microwave properties of isotropic materials [7] and [8]. This broad-

band method requires standard apparatus and small samples. Since the

fundamental mode in the coaxial line—a transverse electromagnetic

mode (TEM)—has radial electric field and concentric magnetic field,

it is intuitive that a sample consisting of concentric isolated metallic

rings behaves as an insulator in the direction of the electric field

and allows the penetration of the wave in the composite [Fig. l(a)].

In fact, we slightly depart from the ring geometry. We wind our

thin conducting wires into torus that appear as insulating for the

fundamental mode propagating in the coaxiaJ line, and therefore

with relatively smaJl permittivity. The reflection and transmission

coefficients of the transverse electromagnetic mode on such a sample

yield the permittivity EL of the composite in the dhection of the

radial electric field, i.e., in the direction perpendicular to the wires,

Manuscript received September 14, 1995; revised July 22, 1996.
P.-M. Jacquart was with the CEA Centre d’Etudes de Brny?xes-le-Chiitel,

Service MA, F-9 1680 Brny&es-le-Chiitel, France. He is now with Dassault

Aviation, DGTiDTA/MT, Cedex 300 F-92552 St. Cloud Cedex.
O. Acher is with the CEA Centre d’Etudes de Brnyeres-le-Ch~tel, Service

MA, F-9 1680 Brny&es-le-Chiltel, France.
Publisher Item Identifier S 0018-9480(96)07905-7.

001 8–9480/96$05.00 01996 IEEE



IEEE TRANSACTtONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 11, NOVEMBER 1996 2117

and its complex permeability pl/ parallel to the wires. In this

paper, we particularly focus on the experimental measurement of

u//. Details on the permittivity measurements are reported elsewhere

[3]. The wires, supplied by Isabellenhittte [9], are recovered by a

thin layer of insulating varnish. The conducting wires are essentially

NisOCrzO, copper, nickel, and NiTOFesO ones. The NiaOCrzO alloy is

not ferromagnetic, and NiTOFezo is ferromagnetic. The radius of the

wires is noted a and ranges from 20–100 pm. The electrical resistivity

p given by the manufacturer is between 2–110 @cm. The composite

samples are made by winding and gluing the isolated wires into torus,

and then are machined to the precise dimensions of an APC-7 coaxial

line (7 mm outer diameter, 3 mm inner diameter) [Fig. l(b)]. Torus

thickness ranges from 0.7–3 mm. The volume fraction g of conductor

in the torus is deduced from density measurements with an uncertainty

lower than 7%. The microwave properties of the torus are measured

using a conventional Hewlett-Packard APC-7 system developed for

isotropic materials. It yields values of ~11 with a precision better

than 8% for frequencies higher than 500 MHz. For frequencies in

the 100–500 MHz range, the precision is not better than 20% due to

the very small thickness of the sample compared to the wavelength.

The upper measurement frequency is fixed by the capabilities of the

network analyzer used, and also by the propagation of higher order

modes in the coaxial line. It would be possible to extend the upper

frequency bound by using a proper network analyzer and a coaxial

line with smaller diameter.

III. EXPERtMENTAL RESULTS

A first concern was to validate our measurement method. We com-

pared experimental results obtained with our method to rectangular

waveguide measurements, as reported elsewhere [3] and [10]. The

agreement between the two methods is satisfactory, especially for

the permeability. However, waveguide measurements on strongly

anisotropic C 1D materials suffer limitations due to the propagation of

parasitic modes [10]. Besides, these comparisons could be performed

on a limited frequency range, due to the limited band of the

waveguides.

Fig. 2 shows the variation of the complex permeability Pll =

P}f – ~. tL~/) of toms samples made of conducting wires wound in a
dielectric matrix, with frequency. The composites were manufactured

with copper wires with 50 ~m diameter, resistivity p = 1.72 pfl.cm

(curve a), with NiSOCrZO wires, with 20 ~m (curve b) and 50pm

(curve c) diameter and p = 108 ~fl.cm, and with Ni wires (curve

d) with 50pm diameter and p = 9 pfl.cm. Their volume fraction q

of conductor ranged from 37-42’%0. Fig. 2 indicates the existence of

magnetic losses (p~, # O) even in samples compo~d of nonmagnetic

inclusions embedded in a dielectric matrix. The apparition of such

magnetic losses can be related to eddy currents in the inclusions

[11].

1)

2)

3)

On this figure, three trends of p//(f) are clearly displayed.

fi~i (f) and P~/ (f) me affected by the magnetic propefiies of
the wires. The modulus of pll is significantly higher than unity

at low frequency for the ferromagnetic-based sample (curve d),

and the magnetic losses are higher than on the samples made

of nonmagnetic wires, in the O.1–2 GHz range.

For torus obtained by winding highly resistive and nonmagnetic

wires (p z 100@ cm), the permeability P~/ presents a
muximum at a frequency which increases as the radius of the

wires decreases (curves b and c). On the other hand, for low

resistivity wires (a few @cm) like copper ones, this frequency

seems to be less than 0.1 GHz (curve a) and P~/ tends to zero

in the 0.1–18 GHz range.

For frequencies higher than the frequency corresponding to the
maximum of ~~,, and for a given wire size, the real part Of

Orthoradial magnetic

A Coaxial outer
&conductor

~<

axial inner
conductor

Radial electric
field field
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Fig. 1. (a) Sketch of a strongly anisotropic composite made of oriented
conducting wires adapted to coaxial line geometry. The propagation vector
k, and E and H fields corresponding to the fundamental mode in the coaxial
line are also sketched.(b) Micrograph of the surface of a strongly anisotropic

composite adapted to APC-7 coaxial measurement.

permeability w~l tends to an asymptotic value depending on

the wire volume fraction g that is close to (1 – q) (cmrves b

and c) whereas p~l tends to zero.

Note that Pjl (f) and k~/ (f) exhibit some perturbations for fre-
quencies lower than 0.5 GHz due to inaccuracies on the measure-

ments, as we dkcussed above.

So, Fig. 2 indicates that the magnetic properties of sbrongly

anisotropic composites made of orientated conducting wirts are

related to the characteristics a, p, and Ki of the particles.

IV. THEORETICAL PWDICTIONS

One of the most successful methods of treating the properties

of inhomogeneous materials has been an effective-medium or self-

consistent approach. In the static limit, the mean field solution was
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Fig. 2. Microwave permeability p// of strongly anisotropic CID composites
made of oriented paramagnetic wires (a, b, c) or ferromagnetic wires (d).

given by Maxwell–Garnett and Brnggeman [12] and [13]. Nowadays,

these effective medium theories (EMT) are widely used to treat the

magnetic or electric properties of randomly inhomogeneous materials

[1] and [14]. They give expressions for the permeability of the

composite that are independent of the particle size and conductivity.

These theories require that the inclusions are small compared to the

wavelength in the inclusions.

The dynamic permeability p(/ of such strongly anisotropic ma-

terials measured in the O.1–18 GHz frequency range exhibits a

strong dependence upon the wire radius and electrical resistivity. This

indicates that EMT’s can not describe the microwave properties of

these materials. This dependence is due to the additional magnetic

moment induced by eddy currents in the conducting wires and it

is therefore necessa~ to include these effects in an extension of

the aforementioned theories. In our composites, the diameter of the

inclusions is small compared to the free space wavelength, but it may

be large compared to the wavelength in the inclusions.

A. The Quasi-Static Case

To extend an EMT to the quasi-stationary case, i.e., when eddy

currents in the metallic inclusions are important, we need to be a

little more specific. We consider a composite made of conducting

cylinders (electrical resistivity p, radius a, and concentration q) which

are embedded in an insulating and nonmagnetic matrix (permeability

~ v, = 1 – j. O). The inclusions are orientated in the same direction

(directional ordering), and they are electrically isolated, but with

random position in the matrix. They are supposed to have an infinite

length in comparison with their radius a. Their microwave magnetic

behavior is described by a scalar permeability u,. The inclusions are

parallel to the external harmonic magnetic field ~0 with pulsation w,

as it is the case for a wound torus in a coaxial line with TEM mode

propagating. I?o is approximately uniform around the wire, since the

diameter of the wire is very small compared to the wavelength in the

composite. As the tangential components of the electric and r+agnetic

fields are continuous across metal/host interface, the field H, inside

a cylinder at a distance r of its axis, is related to the external one

by [11]

JO(kz. T)~o
l?,(r) . —

JO(,k,. a)
(1)

where k, corresponds to the wavevector in the conducting material

k,=k~–j.k~

(2)

with exp (+jd ) time convention. JO (.z ) is the Bessel function of

order zero.

The magnetic field inside the wire is parallel to the cylinder axis,

so the electrical field and the eddy currents are azimutal. If we define

the artificial, or apparent, permeability pa of a conducting cylinder,

submitted to an external field, as the spatial average of the magnetic

induction divided by the applied field fio, we obtain [31 and [151

pa =.4. p,

(3)

with JI ( x ) the Bessel function of order one. We call A the function of

attenuation of the conducting inclusion subject to an applied magnetic

field. In fact, the expression of A depends on the geometry of the

inclusion and on the direction of orientation of the external field in

comparison with the inclusion axis [11 ] and [16]. It is of interest to

note that if LL{ = O then U: = O; this indicates that the frequency for

which ~{ changes sign should not be affected by skin effect.

As proposed for spherical inclusions [2] and [17] one extends

EMT’s by replacing the static pohu-izability of a cylinder, with

permeability p,, by its quasi-static polarizability, with permeability

pa, subject to a Qme varying magnetic field. For wires parallel to

the applied field HO, their demagnetizing coefficient is equal to zero;

Maxwell–Gamett and Bruggeman EMT’s now yield

Therefore, the effective permeability p// of anisotropic materials

made of oriented conducting cylinders embedded in a dielectric

matrix depends on their size and electrical resistivity.

B. Modeling of Data

The permeability ~, of conducting inclusions is well known for

pararnagnetic ones and is equal to 1 – j. O. In contrast, p, is

not well defined for ferromagnetic inclusions. In this case, K, is

essentially governed by the domain wall motion and the gyromagnetic

response of the ferromagnetic wires [15]. These contributions can

be drastically affected by the internal stress via magnetostrictive

effects, or by the dimensions of the wires by demagnetizing effects.

As a consequence, CID composites manufactured from nonmagnetic

wires (p, = 1 – j. O) are more suitable to compare our permeability

measurements to theoretical predictions.

We present in Fig. 3 the evolution of the effective permeability

LL/I U) = Ujf (f ) – j. /$ (f ) computed from (4)> for two materials
presented on Fig. 2, in the O.1–18 GHz range. This corresponds to

materials made with wires of copper (p = 1.72 @2.cm, a = 25 ~m,

and q = 42%) (curve c) and NisOCrzO (p = 108 @cm, a = 10 #m,

and q = 3770) (curve d). Fig. 3 shows a very good agreement

between theoretical predictions and experimental results. This is a

strong argument in support of our measurement procedure and of our

finite frequency extension of the EMT. It addresses the objection that

our coaxial measurements are performed on spiral-wound samples,

and not on strictly coaxial geometry. However, one should keep in

mind that the equivalence of properties between wound and perfectly

concentric torus has a limited range of validity. It is expected no

longer to be valid at low frequency, where the wound torus will act

as a short if the conducting wire is continuous between the inner and

outer conductors of the coaxial line.

V. PERMEABILITY OF P, FERROMAGNETIC WIRES

We can use the theoretical approach presented before to determine

the permeability p,(f) of ferromagnetic wires from experimental de-

terminations of the permeability p// on a wound torus. Ferromagnetic
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Fig. 3. Effective permeability LL// of strongly anisotropic CID composites

made of Cu and NiCr wires. (a) and (b) Measured on torodal samples with

a coaxial line technique (same as Fig. 2). (c) and (d) Calculated using au

extension of au effective medium theory.
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Fig. 4. Complex permeability pt of ferromagnetic Ni70Fe30 wires

(p = 33@.cm) with (a) 50pm diameter and (b) 80pm diameter, determined
from microwave measurements performed on C lD wound torus.

NiTOFe.~0 wires of different diameters were wound into CID toms

suitable for coaxial line measurements. The permeability K, of the

NiTOFe30 wires was computed from the experimental measurements

of p// using (4). Fig. 4 shows that the permeabilities K, of the

50 and 80 jsm inclusions are nearly the same. The gyromagnetic

resonance frequency [defined by U’(f) = 1] is about 4.5 GHz.

The ability of our technique to study gyromagnetic resonance of

thin ferromagnetic wires, in the absence of an external DC field, is

particularly valuable in comparison with conventional ferromagnetic

resonance experiments. In particular, it is possible to study the

influence of the magnetic domain structure on the gyromagnetic

response of wires, and it offers unique high frequency and broad

band ability. The samples are relatively small compared to samples

required for rectangular waveguide measurements.

It is clear that this method can be applied to other types of

anisotropic materials [4], provided they can be bent and manufactured

into a composite with nearly cylindrical symmetry. When homoge-

nization laws offer a good description of the permeability of’ the

composite, this method allows the determination of the permeability

of the inclusion along one direction, as it has been shown already

for thin films [18].

VI. CONCLUSION

We investigated the microwave properties of strongly anisotropic

composites conducting along CID, made of orientated metallic wires

embedded in an insulating matrix. We presented a new experimental

method to investigate their microwave properties, based on standard

coaxial-line measurement apparatus. The permeability p// of CID

composites has been investigated in further details. A model without

any adjustable parameter has been proposed to account for the

dependence of ~/1 with theresistivity, the radius, the permeability,

and the volume fraction of the wires. We report experimental results

that show a very good agreement with this model. This leads to a

new broad-band method to measure the permeability of wires with

a good precision at frequencies farhighertban those accessible with

already existing techniques.
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Dispersion Characteristics of

Cylindrical Coplanar Waveguides

Hsin-Cheng Su and Kin-Lu Wong

Abstract— A full-wave aualysis of the coplauar waveguide (CPW)
printed on a cylindrical substrate is preseuted, and the dispersion char-

acteristics of the cylindrical CPW are studied. Numerical results of the
effective relative permittivity are calculated using a Galerkin’s moment-

method calculation. Experiment is also conducted, and the measured data
are in good agreement with the theory.

I. INTRODUCTION

Although coplanar wavegui~es (CPW’s) provide some advantages

over microstrip lines [1], such as easier connection with integrated

active devices and no via holes for grounding, etc., it is noted that

the studies of conformal CPW’s receive much less attention than

conformal microstrip lines. The microstrip lines mounted on curved

surfaces, such as cylindrical [2], [3], or elliptical [4] bodies, have

been extensively studied. However, to the best of our knowledge, the

studies of conforrnal CPW’s have not yet been reported in the open

literature. To increase the application of CPW’s on curved surfaces

and analyze the dispersion characteristics of conforrnal CPW’s, we

present in this paper a full-wave analysis of the CPW printed on a

cylindrical substrate. Numerical results of the frequency-dependent

effective relative permittivity are calculated and analyzed. Measured

data are also presented for comparison with the calculated results,

and the curvature effect on the effective relative permittivity of the

CPW is discussed.

II. THEORETICAL FORMULATION

Fig. 1 shows the geometry of a cylindrical coplanar waveguide.

The CPW is assumed to be infinitely long, and the radius of the cylin-

drical ground plane is b. The thickness and relative permittivity of the

substrate is IL(= b – a) and m, respectively. The width of the signal

strip is S, and the ground-to-ground spacing is d. The region p < a is

assumed to have a relative permittivity c1. Outside the ground plane

is air with free-space permittivity co and permeability pO.

To begin with, the spectral-domain Hehnholtz’s equations in each

region of the structure are solved, which gives the expressions of

the spectral amplitudes of the electric and magnetic fields in inner

region (p < a), substrate layer (a ~ p ~ b), and outer region
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(p > b). Then, by applying the equivalence principle [5], the slot

region between the signal strip and the ground can be closed off

a~d replace-d by an equivalent magnetic surface current density

M.(= M@@ + .M,2) at (b-, ~, z) and –l@. at (b+, rj, z). When

imposing the boundary conditions of the structure and manipulating

the derived field components, we can relate the difference of the

tangential magnetic fields at p = b– and p = b+ to the magnetic

sufface current density as

[1AH,$
AH. [1=[H(4_5(4],g-d,

-Ho
—

o
(1)

~Gff,~(s>a) .
z M dyadic Green’s functions showing the Hd or Hz

fiel; on the substrate (s) or air (a) sides of the slot region due to

a unit ikf+ or M. at the slot region. The expressions of the Green’s

functions are derived in the Appendix, and the tilde denotes a Fourier

transform. AH shows the difference of the tangential magnetic fields

at p = b– and at p = b+, which must be zero to satisfy the boundaty

condition that the continuity of the tangential magnetic fields at the

slot region must hold.

And, due to the assumption that the cylindrical CPW is infinitely

long, the magnetic surface current at the slot region can be assumed

to have a traveling-wave form of e~pZ, where /3 is the effective

propagation constant to be determined. In this case we have

i?. = e’8z[2Mz(~) + JAI+(O)]. (2)

To apply the moment method, we choose N rooftop basis functions

of the form

with

@4n=:+y,

Dt =
d–S

b(h’ + 1)
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