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A tunable metamaterial based on conducting coils loaded by an electronic circuit containing a
varicap diode has been demonstrated. The agility exceeds one octave inside the 100-500 MHz
range. Permeability levels are significantly increased when the loop is loaded by a proper magnetic
material. A model gives a good desription of the observed permeability spect200®American

Institute of Physics. [DOI: 10.1063/1.1646731

The possibility to design structured composites with w=—jCozec[2mef, )

: fractive | h
negative refractive index has been demonstratdthese ve/hereco is the speed of light in vacuunt, the frequency,

metamaterials offer electromagnetic properties which are noande the thickness of the sample corresponding to the diam
present in naturé® It is attracting to design tunable metama- ! P ponding !

terials. In a prior papetwe demonstrated the possibility to eter of the coil. This approximation holds provided the thick-

tune the permittivity of a lattice of magnetic wires. Active nesse of the device is much smaller than the wavelength

negative permeability inclusions have been considereH]SIde the device.

: . . . The complex permeability of the sample with the two
theoretically’ but to our knowledge, experimental investiga- . R . :
. X . "~ turns loop is represented in Fig. 2, for a bias voltage ranging
tions on such active or tunable elements are still lacking

S 't f i bility inclusi h b from 0.5 to 20 V. A resonant permeability is observed, with a
everal types ot hegative permeabliity INCIUSIons Nave beeR,q,,ance frequency ranging from 200 up to 490 MHz de-
considered up to now, such as coupled-ring resoniiesy-

. L2 ; ending on the capacity of the load. The agility of the system
nant coils! and lumped-element electronic circuitsn this P d pacty gty y

| ) | | bl exceeds one octave. The loss peak bandwikith where
etter, we report experimental results on tunable metamateri f=f,—f, and f, and f, are the frequencies for which

als built from conducting c0|_Is and electr_onlc cwcmts_. Dif- W'(f1)=pu"(f2)=1u" . ranges from 5 to 10 MHz. Using
ferent type of loops, some with a magnetic core, are investig,q e tms loop, a similar resonant behavior is observed

gated. The observations are compared to a model detaile@ee Fig. 3 The resonance frequency can be tuned from 130

elsewhere. o _ _ to 385 MHz, still achieving more than one octave agility. The
We build resonant permeability inclusions by connectingjqss phandwidthA f is about 8 MHz. Permeability levels as-

two types of coils to a capacitive tunable electronic load. Theyggiated with this larger loop are higher, and negative per-
coils were made of a 20@m-diam Cu wire wound into & —eapility levels are observed. When a piece of magnetic
4-mm-diam helix. A two tumns coil with an inductance of 39 yaterial is inserted in the coikee Fig. 4, still higher per-
nH and a five turns coil with an inductance of 107 nH wereyeapijity levels are observed. The agility range is hardly
used. A core of magnetic material with a permeabilityuof  5fected. The permeability loss peakd broadens signifi-

=2-]0.1 up to 500 MHz could be inserted in the two WS cantly to 15 MHz when the resonance is tuned at 140 MHz,
coil, which changed its inductance value to 78 nH and added,q to 30 MHz when it is tuned at 360 MHz.

small losses. The tunable capacitive load consists in a var-
actor diode in series with a 150 pF capacitor. The bias volt-
age is applied to the diode through proper choke inductors to
protect the voltage suppl§see Fig. 1 The varactor has an
hyperabrupt behavior, and can be tuned from 15 to 2 pF
when biased in the 1-20 V range. The permeability of a
device made of one tunable element is measured using a
shorted APL40 coaxial line connected to a network analyzer.
The coil is located inside the coaxial line, in front of the
short circuit, with its axis parallel to the microwave magnetic +V supply™  GND supply

field. The tunable capacitive load is placed outside the line, Fom-oo- b----- -~ APL 40 Short—circuit
behind the short circuit, and is connected to the coil by two : : v
small via through the short circuisee Fig. 1. The normal-
ized impedance of the devi,=2/Z,, whereZ, is char-
acteristic impedance of the line, is measured using the net-
work analyzer and the shorted line. Its effective permeability

APL 40 short-circuit

To network analyzer

APL 40 line

.. Sample

is deduced from the first-order relation. ~ TTTTTTC Ay
Printed circuit i
dElectronic mail: olivier.reynet@wanadoo.fr FIG. 1. APL 40 characterization device description and focus on the load
YElectronic mail: acher@ripault.cea.fr electronic circuit of the loop.
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T T R Y R Y R T Y FIG. 4. Artificial permeability of the sample with a two turns coil, varicap
Frequency (GHz) diode, and magnetic composite in the loop. Bias voltage is indicated above
each curve.

FIG. 2. Artificial permeability of the sample with a two turns coil and
varicap diode. Bias voltage is indicated above each curve. . o
experimental values af,, and Z is in excellent agreement

. with our observations, as evidenced in one example repre-
The results reported here can be accounted for using thg P P

. T - . sented in Fig. 5. Besides, it is straightforward to see that for
appropriate definition of the permeability for a composite

il S loogsin thi h a coil with Z,=jLw, a capacitive load witZ .= 1/jCw, the
me'1t'er|a contammg gurrgnt oopsln this case, the perme- resonance frequendy, is given by
ability of the device is given by

Morer=(B)v/H (2 Fr:l/(ZW\/E)' @)

. . ) Figure 6 shows that this relation accounts for the observed
where uq is the permeability of the vacuun{B)y is the

I in th ; dhe field ide th tunability. The control of the permeability of a metamaterial
volume average in the composite, aidhe field outside the 0,413 bias voltage is an attractive feature, compared to

conducting loops. In the samples under consideration, Iarg{sl\,]e usual way to tune the permeability of a magnetic mate-
currents flow through the coils at the resonance frequencier?,alS through an external magnetic fiéldBias magnetic

of the circuit. These currents result in a larBeinside the fields may be power consuming and buiky to implement
coil, which accounts for the permeability levels significantly Besides, the model reported here allows the engineering of

dl_fferent from unity clos_e 0 the resonance. Since the ung,q permeability response through a proper conception of the
winded length of the coils is much smaller than the Waveq -4 circuit

length, the current is nearly constant along the coil. The ex- One may object that the permeability levels reported

pression of the current as a function of the impedance of thgo e are moderate, and that negative permeability is achieved
load and of the loop is rather straightforward. Using th|sOnly over a very limited bandwidth. It is clear that the de-
approach, we have been able to show that vices investigated here are very diluted. The coils have a foot
Ze print of 10 and 15 mrh, which corresponds, respectively, to
Mer=1—a+ Aoz T (3 1.1% and 1.6% of the 907 nfhoverall cross section of the
¢ coaxial line. Increasing the volume fractianof the coils by

whereZ,, stands for the impedance of the call, the imped-  having more elements per area is a straightforward way to
ance of the load, ang. the permeability of the core in the

loop. « corresponds to the volume fraction of inclusions 4— . . . . . . .
within the composite. The permeability computed from the
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FIG. 5. Measurement and modelization of artificial permeability of the
FIG. 3. Artificial permeability of the sample with a five turns coil and sample with a two turns coil, varicap diode, and magnetic composite in the
varicap diode. Bias voltage is indicated above each curve. loop.
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' ' ' lixes with opposite rotations has been shown to prevent the
occurrence of unwanted chiral effe¢tds a summary, it is
shown that metamaterials with tunable permeability can
made from simple capacitive circuits. This offers significant
possibilities for engineering the response of metamaterials,
and more generally magnetic microwave materials.
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