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Planar magnetoinductive lens for three-dimensional
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M. J. Freire? and R. Marqués
Departamento de Electronica y Electromagnetismo, Facultad de Fisica, Universidad de Sevilla,
Avenida Reina Mercedes s/n, E 41012 Seville, Spain

(Received 5 January 2005; accepted 15 March 2005; published online 28 Aprjl 2005

A planar near-field magnetoinductive lens operating in the microwave range is presented. The
proposed device consists of two parallel planar arrays of metallic broadside cdBflesplit-ring
resonator§SRRS, or BC-SRRs. The power coming from a point-like source located in front of the
lens is focused into a receiver located in free space beyond the lens. This focus is clearly separated
from the back side of the lens, and has a size that is an order of magnitude smaller than the free
space wavelength of the incoming field. The imaging properties of the device relies mainly on the
excitation of magnetoinductive surface waves on the BC-SRR arrays. By simply scaling the
BC-SRRs’ size, as well as the arrays periodicity, the operation frequency of the device can be tuned
in a wide frequency range. Thus, the proposed design is potentially useful for many applications
ranging from megahertz to terahertz.2005 American Institute of Physics
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After the seminal papers of Veseldgand Pendr§ on In this letter we present a planar magnetoinductive lens
the imaging properties of left-handed slabs, there has beenfar near-field imaging in the microwave range. As in previ-
great deal of interest on this subject, including the design obus work?®~8the key concept of the proposed imaging pro-
subdiffraction imaging devicesin fact, lenses overcoming cess is the amplification, inside the lens, of the evanescent
diffraction limits could find application not only in imaging Fourier harmonicgFHs) coming from the source. This am-
devices, but also in the recording of information, microwaveplification restores the amplitude of each FH at the image
heating, and many other technological areas. However, {lane so that the source field is reproduced at this plane. In
soon became apparent that losses and dispersion—both utegativee imaging deviceSand in magnetized ferrite slaBs,
avoidable in any practical left-handed material—would this amplification is due to the excitation of surface waves
strongly limit the performance of these devidesin particu-  (Surface plasmons in metals and magnetostatic surface waves
lar, losses will prevent subwavelength imaging at distancel! ferrites at the shadowed interface of the slab. These sur-
higher than a small number of wavelengths in any practicaf@ce waves, which decay from this interface towards both the
lens*® Therefore, attention will soon focus in the near-field SOurce and the image, are coupled to the decaying evanescent
imaging of electromagnetic signals. In this way, a quasiperEHS coming from the source in such a way that the ampli-
fect imaging in the quasielectrostatic limit by using a slab oftude of these FHs s restored at the image plehahis
negative dielectric permitivittye) was proposed in Ref2]. ~ Mechanism is sketched in Fig(al, where the decaying-
Since many metals show this property at optical frequenciesqrow'ng'de.caymg Process 1s |IIustrat§q for. a single kRe-
thin metallic slabs could be good candidates for obtaining€"t: @ similar mechanism of amplification of evanescent
near-field subwavelength imaging at these frequencies. Qu _odeslo)has been repofteo‘ In a par of_coupled rgsonator
siperfect near-field imaging can be also obtained by usin@rrays. In order to achieve ideal perfect imaging, this pro-

magnetized ferrite slabs operating in the microwave rénge. €ss Shogld take place for all the FHS coming from_the
) o X o . .2 “"source. Since the lens operates at a single frequency, it im-
Practical realizations of subdiffraction imaging devices

. : plies that the dispersion relation for the surface waves at the
are currently restricted to the microwave raﬁée'l.’ hese re- had d interf f the | | P
alizations make use of planar circuit analogous of left->| 2UOWE interface of the lefite planez=0 in Fig. ](a)]_
handed mediaas well as of very thin(single-cell depth should be very flat, so that surface waves corresponding to
. . . . i ! whatever val f the wave v k n imulta-
highly anisotropic left-handed slabs in free sp%d'(he first atever value of the wave vectafi, k,) can be simuita

realizatiorl does not seem to open the way to any possibl neously excited at the frequency of operation of the fehs.

neralization leading to three-dimensional practical len SThis condition is actually fullfilled by the ideal surface plas-
generalization leading lo three-dimensional practical 1ensesy, , o supported by a negatigeslab interfacé, and by the

The second one, apart from being highly anisotropic, doe§n : f . for-
not enable the reproduction of images “of finite degth,” rit:gsrll:tboisrzglr(f:ai%r ace waves supported by a magnetized fer

since the imaging is restricted to planes parallel to the lens. In the proposed devicésee Fig. 2, magnetoinductive

Microwave three-dimensional imaging was already rE3p0rte(§urface waves are excited at the shadowed lens interface.

in Ref. 9, although the size of the focus was not of subwavey,,qnetoinductive waves were first reported by Shamonina
length dimensions. Thus, it can be concluded that dewceét al’lin both one-. two-. and three-dimensional arrays of

producing three-dimensional isotropic subwavelength imag'split-ring resonatoréSRRS. These waves are produced by

ing have not been previously reported. the inductive coupling between SRRs, due to the strong mag-
netic dipoles induced at each resonator near its resonance.
¥Electronic mail: freire@us.es Magnetoinductive waves behave as quasimagnetostatic sur-
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4 , FIG. 2. Experimental setup for the measurement of the reported magneto-
MI Lens: inductive microwave lens. The lens consists of two parallel square planar
: dielectric substrates with an area ok7 cn?, separated by a foam slab of
ev! e thicknessd=4 mm. A periodic two-dimensional array of BC-SRRs is pho-
: : toetched on the two interfaces of each substrate. The square inset in the
>Z figure shows in detail the geometry of the BC-SRR, which has an outer
radiusr=2 mm and a ring widtlw=0.5 mm. The periodicity of the array is
5 mm. The dielectric substrate is alumina, which is commonly used in mi-

: v crowave circuits, with thicknese=0.254 mm and dielectric permittivity
z=-3d/2 z=-d z=0 z=d2 &,=10. Input antenna and receiving antenna are placed at the opposite sides
of the lens. Both antennas are squared loops with an arexdf dn? and
are fabricated by photoetching a metallic pattern on an low permittivity

(b) substrate. The input antenna is fixed at a certain distance from the left
interface of the lens, and the receiving antenna can be scanned alongthe
FIG. 1. (a) Decaying-growing-decaying behavior of the electrostatic poten-directions shown in the figure.
tial ¥ in the negative-permittivitye) lens.(b) Decaying-growing-decaying
behavior of the magnetostatic potentili},, in the magnetoinductivéMI)
lens.

presence of the source at—-3d/2, as well as that of the
companion SRR array &=0, allows for the excitation of

. . . this field configuration around the SRR arrayzat-d. Re-
face waves in many aspects, as it was noted in Ref. 12. T% 9 y

di ) lation f | f SRR th arding the behavior ofb,,, near the SRR array, it differs
ISpersion refation for a planar squéslre array o SastNOFom that of surface plasmons and ferrite magnetostatic
shown in Fig. 2 can be written Hst

potentials® On the one hand, the magnetostatic potential
w2 M ®,, should experience a discontinuity at each lens interface
—(2) =1+ 2—[cogka) + cogka)], (1 equal to the mean magnetic dipole moment per unit area:
w L Ad, =N(m,) ((m, is the average magnetic dipole of the
where only the coupling between the nearest neighbors hasRRs and\ is the number of SRRs per unit aje®n the
been taken into accouu‘%t.ln Eqg. (1), L and M denote the other hand, the normal component of the magnetic fielg
SRRs’ self-inductance and mutual inductance, respectivelyshould be continuous across the lens interfaces. The behavior
and a is the array periodicity. The fractional bandwidth of ®, for the considered magnetoinductive surface waves is

Aw/ wy, predicted by Eq(1) is given by shown in Fig. 1b). Although this behavior differs from that
reported in Refs. 2 and 6 for surface plasmons and magne-
Aw - 4M ) tostatic surface waves, it can still produce FH amplification,
wg L’ as sketched in Fig.(b) [It is worth noting that if the mag-

. . ) , nitude of the magnetostatic potential were plotted, this
whereAw is the bandwidth of the magnetoinductive S“rfacegraphic would be identical to Fig.(d).] In Figs. 1a) and

wave excitation. This bandwidth is very small, of the orderl(b) it can be seen how a single FH coming from the source
of a 10% in the configuration shown in Fig. 2. Thus, the 4 z=-3d/2) is coupled to a surface wave excited at the

dispersion curve of the magnetoinductive waves is almosty,qowed lens interfad@t z=0), and how its amplitude is
flat, which is required for subwavelength imaging. Sincefinally restored at the focus plarie=d/2).
magnetoinductive waves are quasimagnetostatic waves, the
magnetic fieldH can be obtained from the quasistatic mag-,or

netic p_otentigkl_)m asH=-grad®y, Sinqe the magnetostatic gppg separated a distarttéa layer of Rohacell™ foam was
potential satisfies Laplace’s equation in free spacezttie- aced between the layers containing the arrays to achieve

pendence for the magnetoinductive waves that can be excit echanical stability Broadside coupled SRRBC-SRR$

at the SRR square arrays is given by are used instead of conventional SRRs in order to avoid cros-
- _ spolarization effects, and to reduce the electrical size of the
Prr(kicky2) = D exelkiz =], ® resonators® The BC-SRRs are photoetched on a dielectric
where @y, is a constantk=(k;+k)¥/2 andz, denotes the substrate of thicknesss, as is shown in the inset of Fig. 2.
position of each lens interface. According to Fig. 1, the plusTwo square loop antennas are used as source and receiver,
sign in Eq. (3) corresponds t@,=-d and the minus sign respectively. These square loops are also fabricated by pho-
corresponds ta,=0. It should be noted that the behavior of toetching a metallic pattern on a dielectric substrate. The size
d,, at both sides oz=-d would benonphysicalfor an iso-  of these loops is taken as four times the unit cell area of the
lated SRR array, since the magnetostatic potential woul@C-SRRs array in order to average the detailed contribution
grow to infinity at both sides of the array. However, theto the total field coming from each individual resonator. The

Figure 2 shows the practical device employed in this
k. The lens consists of two parallel square arrays of
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maximum is not located at the lens shadowed interface but

: “.V“'j Liens clearly removed to the neighborhood afd/2. Thus, a
. three-dimensional subwavelength image of the source is ob-
£ : tained. The slight asymmetries of the field patterns shown in
] ; Fig. 3 can be attributed to tolerances in the lens fabrication
) . process, or to the positioning device used for scanning the
. === output antenna.
0 8 6 4 2 0 2 4 6 8 10 In summary, subwavelength microwave three-
Y (mm) dimensional imaging by a flat magnetoinductive microwave
(a) lens has been shown. The reported image has a subwave-
length size, which is in agreement with the “perfect lens”
N theory? and is clearly removed from the edge of the lens. An
8 Withomt advantage of the reported device over previous near-field
z ; - lens designs is the simplicity of its manufacturing process,
E s ot o which consists mainly of etching two planar metallic patterns
N ; il 00210003 on a conventional circuit board by means of standard micro-
2 wave circuit manufacturing techniques. For these reasons,
& ey s s s p s T TR we feel that the reported concepts can substantially improve
0 8 6 4 2 0 2 4 6 8 10 present approaches to electromagnetic imaging devices.
Y (mm) Since BC-SRRs are metallic resonators with a linear re-
(b) sponse, whose frequency of resonance can be tuned by sim-

ply scaling their size, the operation frequency of the pro-
FIG. 3. (Color onling Experimental results obtained with the setup shown posed device can be also tuned in a broad frequency range.
in Fig. 2. The data are referred to the magnitude of the transmission coeﬁ‘i—l—hiS frequency range will be limited mainly by the useful-

cient between the input antenna and the receiving antenna with théa)ens f the SRR | ical .
and without it(b). The measurements were carried out by using a Vector1€SS 0O the topology as a practical magnetic resonator

Network Analyzer HP 8510 B. The input antenna is fixed at a distance ofdesign. Since this usefulness seems to have been actually
2 mm from the left interface of the lerfghe location of the left interface  demonstrated up to the terahertz raﬁ‘bme limits of appli-
corresponds toz=-3d/2 in Fig. 1b) and its operating frequency is  cation of the proposed design would also extend at least to
3.23 GHz. The receiving antenna is scanned alongtedirections shown . L . . .

at the right side of the lens in Fig. 2. Note that(@ the image is formed at these frequencies. In addition to its theore.tlcal 'nte_reSt’ def
the pointy=0 mm,z=2.25 mm[z=d/2 in Fig. 1(b)]; that is at a distance of ~ ViCe€S based on the reported concepts can find practical appli-
2.25 mm from the right interface of the lens. This distance agrees vencations in many technological areas, such as microwave im-

approximately with the half-width of the lens; i.e., with the sum of the foam aging or heating for industrial and health applications.
half-width (2 mm) and the microwave board thickne€s254 mm. There-

fore, the image formation obeys the proposed theory. Note thét)ithe This work has been supported by DGI, Ministerio de
magnitude of the transmission coefficient in the poiyt0 mm, z ducacién Ciencia SPAIN), under ro'ect' contract no
=2.25 mm in the absence of the lens is one order of magnitude lower than i’1:' y ! proj :

the same point when the lens is present. TEC2004-04249-C02-02.
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