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a b s t r a c t
A wireless deep-subwavelength metamaterial architecture is proposed, modeled and demonstrated for a
high-resolution magnetic resonance imaging (HR-MRI) application that is miniaturized to be resonant at
approximately 0 /1500 dimensions. The proposed structure has the adjustable resonance frequency from
65 MHz to 5.5 GHz for the sub-cm footprint area (8 mm × 8 mm for this study) and provides a quality factor
(Q-factor) of approximately 80 in free space for 123 MHz of operation. This structure consists of a cross-via
metallized partial-double-layer metamaterial, sandwiching a dielectric thin ﬁlm; this structure strongly
localizes the electric ﬁeld in this ﬁlm and has a highly capacitive metal overlay that allows for a wide range
of frequency adjustment. Although the achieved resonance frequencies enable a large number of applications, as a proof-of-concept demonstration, we experimentally showed the operation of this wireless
metastructure in HR-MRI to highlight its precise frequency adjustment and signal-to-noise-ratio (SNR)
improvement capabilities. The proposed metamaterial was found to maintains high Q-factors despite
loading with a body-mimicking lossy phantom. The experimental results indicated that the proposed
metastructure can be used as an SNR-enhancing device offering 15-fold SNR enhancements that allows
for imaging of objects as small as 200 m in diameter in its vicinity, at an unprecedented level of resolution at the given DC ﬁeld using standard head coils. As a result of its deep-subwavelength miniaturization
accompanied by reasonable Q-factor with outstanding resonance frequency adjustment capability, this
class of metastructure is proved to be an excellent candidate for in vivo medical applications.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Following the seminal work of Veselago [1], metamaterials have
been introduced in different applications including material characterization [2], sensing [3–8], compacting devices [9] and imaging
of subwavelength features [10], spanning from optical frequencies
[11] to the radiofrequency (RF) region [12]. The operating bandwidth of those metamaterial devices has been typically narrow
because of the high quality factor (Q-factor) elements used in the
unit cell of their structures. Because magnetic resonance imaging
(MRI) is basically a narrow bandwidth imaging technique, metamaterials could be quite attractive for use in MRI applications. It
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was previously shown that metamaterial structures can be used for
RF ﬂux guiding [13] and signal-to-noise-ratio (SNR) improvement
purposes [14]. These metamaterials, in addition to conventional
imaging hardware of the scanner, properly manipulates the EM
ﬁelds in their vicinity to increase imaging signal emitted from the
imaged objects (e.g., tissues). However, these wireless designs are
larger in size to be used for medical applications; hence, the design
of wireless sub-cm metamaterials to address in vivo MRI of sub-mm
features has not been demonstrated to date.
High-resolution MRI (HR-MRI) suffers the fundamental problem of reduced SNR because of the decreased volume of the imaged
voxels. To increase the SNR of an MR image, several methods can
be applied. These include using a higher DC magnetic ﬁeld [15],
using high density coil arrays with parallel imaging techniques
[16,17], increasing the number of image acquisition and using highsensitivity wired coils [18–27]. Practically, the DC ﬁeld strength is
predetermined and assumed to be constant after the installment of
the main magnet. However, using high density coil arrays with par-
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allel imaging techniques is one of the major breakthroughs; their
performances can be increased by using wireless coils for in vivo
applications. Increasing the number of acquired images increases
the imaging duration and total RF power exposure of patients,
which is not suitable for clinical imaging practices. Hence, for a
predetermined DC ﬁeld and a receiver coil conﬁguration, increasing
SNR without increasing the total RF power exposure and imaging
duration becomes possible with localized coil solutions. Unfortunately, these coils [18–28] require complicated electronics (e.g.,
matching capacitors, solder, diodes and/or cryo-cooling etc.) and
they are connected to the body of the scanner via RF cables. Hence,
their application to in vivo operations is inherently challenging
because of RF heating risks [29]. Using wireless resonators for
in vivo MRI applications would increase the detection performance
of an MRI system [13, 14, 30–32]. There has been signiﬁcant effort in
the literature to decrease the resonance frequency (f0 ) of metamaterials [33] such as, increasing the size of the elements given in the
slab [34] and/or using lumped capacitors [12] to capacitively load
the unit cells. Although most of these methods are acceptable for
certain applications, such as strain sensing [35], they are not suitable for in vivo applications because of their size [34] and lumped
capacitors used to tune their resonance frequencies [12]. However,
none of the previous wireless designs, or metamaterials, achieved
the electrical size of smaller than /300 and a Q-factor of more than
50 simultaneously without using cryo-cooling or a lumped element
thus far.
In this work, to address the aforementioned problems of
HR-MRI, we demonstrate a wireless deep-subwavelength metastructure enabling a Q-factor of approximately 80 in free space, in
a highly compact footprint area. Here the proposed wireless metamaterial structure, while being electrically very small, is also shown
to be an excellent candidate for in vivo MRI applications including
HR-MRI at sub-mm resolution.
2. Methods
The proposed structure is a cross-via metallized double-layer
metamaterial, in which the consecutive metal layers are strongly
coupled (i.e. both inductively and capacitively) to each other
through an overlay region to decrease the resonance frequency to a
pre-deﬁned frequency. Fig. 1.a shows a schematic of the proposed
structure. Conductive cross-via metallization results in a thinﬁlm loaded semi-turn over-laid double-layer resonator. Unlike
the classical split ring resonators (SRR) and multi-layer SRRs, this
metamaterial structure exhibits higher inductive coupling via this
cross-via metallization between consecutive layers.
2.1. Equivalent circuit modeling and full-wave numerical analysis
Equivalent circuit models of SRRs [36] and spirals [37] have been
previously reported in the literature, where the single layer resonators are modeled as a series RLC circuit with proper mutual
coupling terms. Resonance frequency of a resonator is given by Eq.
(1)
f0 =

1

2



(1)

Leff Ceff

where Leff is the effective inductance and Ceff is the effective capacitance of the overall structure. Q-factor of a series resonator is given
by Eq. (2)
Q =
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Fig. 1. Schematic representation of the proposed wireless metamaterial structure
(not drawn to scale). (a) A metal-insulator-metal (MIM) device with cross-via metallization to increaseLeff in a given footprint area (with semi-turn overlay). (b) The
operation of the structure can be modeled by using a cascaded equivalent circuit
approach. Each unit cell is composed of differential inductance (dL), capacitance
(dC) and resistance (dR) with a mutual coupling of dM for partial overlay regions.

studied structures, this metamaterial architecture is composed
of two inductive layers connected in series (via cross-via metallization) with strong capacitive coupling, resulting in distributed
thin-ﬁlm capacitance behavior that cannot be analyzed using conventional methods [40,41].
Before we model the proposed architecture, we calculated the
inductance of a single turn rectangular resonator, L0 , by using Eq.
(3)

  2.07 

L0 = 0.635 0 r n2 Dav ln

where Reff is the effective resistance and f3dB is the full-width-halfmaximum (FWHM) bandwidth of the resonator. Unlike previously



(3)

and the parallel plate capacitance, C0 , by using Eq. (4)
C0 = ε0 εr

A
d

(4)

where 0 is the permeability of the free space, r is the relative
permeability of the material used for resonator fabrication (which
has to be unity for MRI operation), n is the number of turn (unity for
D +D
a single layer structure), Dav is the average diameter (Dav = o 2 i ),
 is the ﬁll ratio ( =

Do −Di
),
Do +Di

Do is the outer diameter (side length

for rectangular resonators), Di is the inner diameter (side length2×w) for the rectangular resonators), w is the metallization width,
0 is the permittivity of the free space, r is the relative permittivity
of the dielectric used for electric ﬁeld localization, A is the parallel
plate surface area and d is the distance between the consecutive
layers (e.g., dielectric thickness for the proposed structure).
Finally, the AC resistance of the single turn structure is calculated by using Eq. (5)
R0 =

(2)



+ 0.18  + 0.13 2

l
wı(1 − e−tmetal /ı )

(5)

where l is the meant path length of the metal trace (proportional to
the number of turns, n), tmetal is the thickness of the metallization,
 is the conductivity of the metal used for fabrication and ␦ is the
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skin-depth of the metal for the given frequency that is formulated
as given in Eq. (6).


ı=

2
2f

(6)

Stacking additional turns does not change the ﬁll ratio, . Thus,
When we substitute Eqs. (3) and (5) into Eq. (2), we observe that
the Q-factor is linearly proportional to the number of turns, n, for a
pre-determined resonance frequency, f0 . This is not the case for
spiral resonators because of decreasing mutual coupling among
consecutive turns [33].
To model its behavior, we discretized the proposed structure to n0 unit cells, as depicted in Fig. 1b; these unit cells are
cascaded to construct the overall structure. Each unit cell is composed of differential inductance (dL=L0 /2n0 ), differential resistance
(dR=R0 /2n0 ), differential thin-ﬁlm capacitance (dC=C0 /n0 ) and differential mutual coupling (dM, dM = k dL), where k is the coupling
coefﬁcient and has a value of approximately 1 for strong positive
coupling via cross-via connection [38]. For electrically small structures (e.g., electrical size < 0 /300 for this case), the corners of the
proposed structure can also be modeled by using the above unit cell
conﬁguration. Similarly, the via metallization is also modeled as a
series RL circuit (without dC element) between consecutive layers.
By using Kirchhoff’s current law, we constructed the admittance
matrix as V[Y]=I, where V and I are the voltage and current vectors of
the nodes respectively and Y is the admittance matrix of the overall
structure (details are reported in the supplementary ﬁle, section S1).
®
The resulting impedance graphs are calculated by using a MATLAB
(The MathWorks, Inc. 01760 USA) to determine the resonance frequency (i.e., calculated from the peaks of the impedance graphs)
and the Q-factor (calculated using the, full-width-half-maximum,
FWHM, of the graphs) of the metamaterial for various n0 .
The effects of various geometric parameters, including tdiel and
overlay area, were analyzed by using a full-wave numerical solver,
CST-Microwave StudioTM (CST, 64289 Darmstadt, Germany). The
simulation domain was composed of a cubic vacuum environment
with a side length of 16 mm and the boundary conditions are set
as perfectly matched layers (PMLs) in all directions. A square coil
having a side length of 8 mm, a trace width of 1 mm, and a metallization thickness of 35 m is positioned 0.2 mm away from the
proposed structure to be used as the pick-up coil to measure its
input impedance. The metallization material used was gold for both
the antenna and the resonator. The dielectric material of the proposed structure was chosen as lossy polyimide from the library
of CST Microwave Studio, for full-wave solutions. The frequency
domain solver was used to acquire the scattering parameters of
the wireless structure. This simulation environment is depicted in
Fig. 2. Here, we followed the methods described by Ginefri et al.
[39] and measured the input impedance using a network analyzer
(Agilent E5061B) and a pick-up coil antenna (details are reported in
the supplementary ﬁle, section S2).

Fig. 2. Schematic representation of the measurement setup (not drawn to scale).
The resonator is strongly coupled to the pick-up coil antenna to measure its characteristic properties.

Fig. 3. Optical photographs of the microfabricated devices. (a) Rigid samples have
the footprint of 6 mm × 6 mm (for each feature). These samples are manufactured
in array form onto a silicon wafer with a 1-m thick silicon nitride dielectric
sandwiched between two 10-m thick gold layers. (b) The ﬂexible structure is
microfabricated onto a polyimide thin ﬁlm with sub-cm dimensions (8 mm × 8 mm).

1 m thick plasma-enhanced-chemical-vapor-deposited (PECVD)
silicon nitride (Si3 N4 ) sandwiched between each of the gold layers.
The second sample, presented in Fig. 3(b), is microfabricated
onto an 8 mm × 8 mm footprint area by using a ﬂexible polyimide
®
ﬁlm (Kapton ) with an initial thickness of 7.5 m. The proposed
thin ﬁlm is thinned to 2.7 m by using reactive ion etching (RIE),
with the following recipe: SF6 :O2 of 45:15 sccm at 150 W RF
power, with 25 mTorr pressure to increase the effective capacitance
between consecutive layers. By using a hard-mask with complementary SRR patterns, we thermally evaporated two 10-m thick
Au SRR layers with asymmetric comb sizes, with one layer on each
side of the polyimide ﬁlm, and introduced via metallization through
the substrate cross-connecting a pair of the opposite edges of each
SRR on the other side. Subsequently, the samples were annealed
at 250 ◦ C for 5 min for increased electrical conductivity. Unlike
conventional optical lithography techniques used in rigid sample
fabrication [40], this method prevents potential chemical hazards
for biocompatibility and draws the simplest methodology for high
yield fabrications.

2.2. Microfabrication of metastructures

2.3. MRI setup

We fabricated two different devices (rigid and ﬂexible ones)
with different microfabrication methods. The rigid devices aim to
achieve the smallest electrical footprint area (without targeting
a predeﬁned operational frequency) for a wireless metamaterial
structure, where and the ﬂexible device is microfabricated onto
a polyimide substrate and tuned to a predeﬁned MRI frequency.
The rigid samples, presented in Fig. 3(a), are microfabricated onto
a < 111 > silicon substrate. By using a hard-mask with complementary SRR patterns, we thermally evaporated two 10 m thick Au
SRR layers (here gold is chosen because it is biocompatible) with a

To demonstrate the MRI operation of the proposed ﬂexible
metamaterial structure, we prepared a gel-phantom with dimensions 80 × 80 × 40 mm3 by using 1 g/L NaCl, 2.5 g/L CuSO4 and 14 g/L
agarose-gel to mimic the tissue properties [41] with a corresponding relative permittivity of approximately 60 and a conductivity of
0.5 S/m. Two sets of evenly distributed 13 ﬁber pillars, each pillar
with a diameter of 200 m, were immersed into the pre-mentioned
gel phantom and positioned along ẑ -direction with depths of 0.1
and 5.0 mm from the phantom surface (Fig. 4). Here we acquired
the 2-D MR images perpendicular to the orientation of the pillar
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Fig. 4. Schematic representation of the MRI imaging setup (not drawn to scale). A
phantom with two sets of pillars, where each set has 13 evenly distributed pillars
with 200-m diameter and sets are separated by 5 mm apart from each other, is
located inside a 12-channel head coil. The proposed metamaterial is positioned on
top of the phantom to image the pillars in its vicinity.

array (i.e., transverse plane is the XY plane for ẑ -directed pillars) by
using spoiled gradient echo (GRE) imaging sequence with an Echo
Time (TE)/ Repetition Time (TR) of 9.25 ms/100 ms, a ﬁeld of view
(FOV) of 34 × 34 mm, an imaging matrix of 512 × 512, an imaging
duration of 4 min 19 s, a pixel bandwidth of 180 Hz, a ﬂip angle of
3◦ and a slice thickness of 2 mm. This imaging conﬁguration corresponds to about 66 m spatial resolution at the imaging plane.
All of the experiments were conducted by using standard twelve
channel head coils of a 3 T Siemens Magnetom Tim-Trio scanner.
The working principle of the proposed metamaterial structure
can be explained in two parts: 1) the inductive coupling of the
transmit-ﬁeld (body coils for this imaging conﬁguration) and 2)
the receive-ﬁeld inductive coupling. This structure concentrates
the ﬂux in its vicinity that is transmitted during the excitation stage,
which is called transmit-ﬁeld coupling. In response to this over
excitation, excited spins induces surface currents on this metamaterial and the metamaterial inductively transmits these signals to
the receiver coils (head coils for this imaging conﬁguration), which
is called the receive-ﬁeld coupling.
3. Results and discussions
3.1. Resonance frequency and Q-factor calculations
The Effective capacitance of the structure is strongly dependent on the dielectric thickness, tdiel , and the surface area of the
thin-ﬁlm loaded helical traces. This surface area, also called the
overlay region, also affects the effective inductance, Leff , because
of increased or decreased the number of turns. Partial removal
of one of the layers (e.g., the top layer is partially removed in
Fig. 1) results in decreased Leff and Ceff , thereby increasing the
increased resonance frequency. The effect of partial thin-ﬁlm loading is numerically analyzed for different dielectric thicknesses by
using CST Microwave Studio. These results are depicted in Fig. 5.
The resonance frequency range of 65 MHz to 5.5 GHz is found to
be achievable for the same footprint area with the given dielectric
thicknesses (i.e., 8 mm × 8 mm with 2.5-m thick polyimide).
Resonance frequency adjustment of self-resonant designs (i.e,
designs that do not include lumped elements) to a predeﬁned MRI
frequency is not practical for most of the cases. Unlike the previously studied chiral metamaterial structures [42] or stacked-SRR
type designs [43], here the proposed geometry allows us to eas-

Fig. 5. Resonance frequency adjustment capability of the ﬂexible design for
8 mm × 8 mm footprint area (not drawn to scale). For fully loaded (double turn)
helical ring geometry, it is possible to reach lower resonance frequencies. Partial
removal of the metallization layer (upper layer for this conﬁguration) results in
increased resonance frequency via decreased effective inductance and capacitance.
100% percent etched area corresponds to a single layer SRR, where the resonance
frequency increased to 5.5 GHz.

Fig. 6. Input impedance of the proposed metamaterial, with a footprint area of
8 mm × 8 mm and dielectric thickness of 2.7 m, for the given equivalent circuit
model for various discretization numbern0 . The results are convergent, and even
using n0 = 10 provides signiﬁcantly accurate results.

ily increase the resonance frequency after its manufacturing, by
using the metallization removal method for parallel plate coils [18].
As depicted in Fig. 5, removal of the metal overlay results in both
decreased thin-ﬁlm capacitance between consecutive metal layers and decreased effective-inductance due to lowered the number
of turns. Hence, the resonance frequency of the proposed metamaterial structure can be conveniently increased to a predeﬁned
resonance frequency.
As proposed in Section 2.1, the equivalent circuit model for the
given ﬂexible metastructure with a footprint area of 8 mm × 8 mm
is analyzed to determine the resonance frequency and the Q-factor
for various number of discretization. Fig. 6 depicts the impedance
graphs for various discretization numbers, n0 . The acquired resonance frequencies and Q-factors calculated by using the FWHM of
these graphs are also reported on Table 1.
Here, we observed that the increasing the discretization number of the proposed architecture converges to the f0 of 64 MHz and
Q-factor of approximately 46, in reasonable agreement with the
experimental results found as 65 MHz and 42 for the resonance
frequency and the Q-factor
 respectively. By using conventional formulae (i.e. f 0 = 1/(2 Lef f C ef f , with L0 = 15.1 nH, C0 = 303 pF,
and R0 = 0.16 ), we calculated the f0 of 74.4 MHz and a Q-factor
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Table 1
Performance metrics of the proposed metastructure, with a footprint area of
8 mm × 8 mm and dielectric thickness of 2.7-m, due to different discretization
number (n0 ).
n0

f0 (MHz)

Q-factor

Time (s)

1
2
10
100

45
60
64
64

36
44
46
46

0,1
0,1
0,1
3,1

Fig. 8. Impedance graphs for the 6 mm × 6 mm sample. Real (top) and imaginary
(bottom) parts of the complex impedances show that the proposed equivalent circuit
model estimates the resonance frequency and the Q-factor of the proposed structure
better than conventional lumped RLC model and has a performance similar to that
of the numerical full-wave solver.

Fig. 7. Impedance graphs for the 8 mm × 8 mm sample. Real (top) and imaginary
(bottom) parts of the complex impedances show that the proposed equivalent circuit
model estimates the resonance frequency and the Q-factor of the given structure
better than the conventional lumped RLC model and has a performance similar to
that of the full-wave numerical solutions.

of 36 for the proposed metastructure. Finally, f0 of 71 MHz and Qfactor of 44 is obtained by using a numerical full wave solver. The
impedance graphs of these results are shown in Fig. 7.
Similarly, for the structure with a footprint area of 6 mm × 6 mm,
an inductance of 9.5 nH and a capacitance of 1.6 nF (for the given
silicon-nitride dielectric of relative permittivity of 8.9 and loss tangent of 0.0006), and a resistance of 0.08  is used to calculate its
operating frequency. The lumped RLC formulation resulted in f0
of 41.2 MHz and Q-factor of 20, where proposed equivalent circuit
model resulted in f0 of 35.4 MHz and Q-factor of 26, which are in
reasonable agreement with the experimental results of 33.4 MHz
and 13 for the resonance frequency and the Q-factor, respectively.
Finally, f0 of 35.6 MHz and Q-factor of 11 is obtained by using a
numerical full wave solver. The impedance graphs of these results
are visualized in Fig. 8.
We observed that the proposed equivalent circuit model estimates the resonance frequency of the metastructure, better than
conventional calculation methods. Additionally, we see that the
proposed thin-ﬁlm loaded geometry neither behaves as a simple series resonator, nor like a parallel resonator: rather, it is
a cascaded RLC circuit with proper feedback (i.e., feedback in
electrical model corresponds to a physical connection called crossvia-metallization) to provide better resonance behavior. Hence,
the proposed cascaded equivalent circuit model characterizes the

behavior of the structure more accurately compared to conventional lumped-element based methods. Because the proposed
circuit model cannot include the effect of surrounding medium,
which requires full-wave simulations, it cannot estimate the Qfactor correctly. Hence, calculation of Q-factor under lossy medium,
such as loading, might not be reliable for the given circuit model,
as is also the case for the conventional lumped RLC models.
In the impedance graphs presented in Fig. 8, we found the
resonance frequency of the rigid metamaterial (6 mm × 6 mm resonator sandwiching a 1-m thick silicon-nitride) to be 33.4 MHz
with a corresponding free-space wavelength (0 ) of 8.98 m. We
calculated that the side length of the rigid resonator (6 mm) is
shorter than 0 /1500, which is one of the smallest single-chip deepsubwavelength resonators reported thus far in the literature [44].
Although a theoretical work with a side length of 0 /1733 [45] and
an experimental work with lumped capacitors having a side length
of 0 /2000 [46]were reported, there is no experimental demonstration for a wireless self-resonant structure (i.e., without lumped
element) electrically smaller than the structure presented here.
3.2. Resonance frequency adjustment of the ﬂexible sample to a
pre-deﬁned mri frequency
To achieve the resonance frequency near a predeﬁned MRI
frequency (123 MHz for our 3 T MRI scanner) we used optical lithography to precisely etch the necessary amount of metal on the
overlay. We observed that etching 17.5 mm2 on the overlay (corresponds to approximately 63% etched area of consecutive layers)
resulted in a resonance frequency of 126 MHz, which was in agreement with the numerical results provided in Fig. 5. The measured
Q-factor of the ﬂexible metamaterial was also increased from 42
to approximately 82, which was in agreement with Q = 2f0 Leff /R
via the increased resonance frequency. It was previously reported
that the Q-factor of conventional structures, (e.g., spirals, solenoids
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Table 2
Experimental characterization results for different samples.
Type

Dielectric (thickness)

Etch Ratio (%)

f0 (MHz)

Q-factor

Rigid (6 × 6 mm2 )
Flexible (8 × 8 mm2 )
Flexible (8 × 8 mm2 )
Flexible-Loaded (8 × 8 mm2 )

Si3 N4 (1 m)
Polyimide (2.7 m)
Polyimide (2.7 m)
Polyimide (2.7 m)

0
0
60 (tuned)
60 (tuned)

33.4
65.0
126.0
123.5

13
42
82
64

Fig. 9. Numerical results show the electric ﬁeld conﬁnement property of the proposed metamaterial structure with a footprint area of 8 mm × 8 mm. The electric ﬁeld
distribution clearly indicates that the E-ﬁeld is strongly conﬁned between the top and bottom layers, leading to higher Q-factor even when loaded in a lossy medium. (a)
Amplitude of the electric ﬁeld normalized to the incident ﬁeld along with the dashed line marked in (b) showing that the electric ﬁeld is 6 orders of magnitude higher in the
localized region on resonance with respect to the incident ﬁeld.

and SRRs) do not increase linearly because of reduced inductance
(and the reduced mutual inductance) for the consecutive turns [33].
However, the proposed geometry provides almost a linear Q-factor
improvement, via the strong mutual coupling among consecutive
layers. Thus, this structure is very special in terms of higher Q-factor
and lowered resonance frequency for a smaller footprint area.
The tuned resonator was immersed into the abovementioned
phantom, as described in Section 2.3, and its wireless impedance
was measured by using the same pick-up coil and method [30].
The loaded Q-factor for this conﬁguration was measured as 64
according to the FWHM of the complex impedance. The results are
summarized in Table 2 for comparison.

Living tissues exhibit higher conductive losses, e.g., conductivity
of 1 S/m, whereas the dielectrics have radically lower conductivi®
ties, e.g., conductivity of 10−16 S/m for a Kapton . The proposed
metamaterial device conﬁnes the electric ﬁeld inside the dielectric
material, instead of living tissues, thereby drastically decreasing the
dissipated resistive power at the given frequency when the metastructure is placed in a lossy media. This property helps to maintain
the Q-factor of the metamaterial device, even when the metastructure is loaded in vivo. Hence, the proposed deep-subwavelength
metamaterial exhibits these properties for wireless operation that
are critical to in vivo studies.

3.4. MRI characterization
3.3. Electric ﬁeld conﬁnement for improved loading performance
To permit use at extremely subwavelength frequencies, conventional resonators (such as SRRs, spirals etc.) require lumped
capacitors to tune their resonance frequencies. The electric ﬁeld
distribution of these structure spills over from their plane because
of these lumped capacitors, resulting in vulnerability to external
effects such as loading with a lossy tissue (see details are reported in
the supplementary ﬁle, Section S3). The use of the double-layer helical geometry provides an advantage of electric ﬁeld localization in
the lower-loss dielectric region (compared to living tissues) that
 -ﬁeld proﬁle
allows for higher Q-factor. Fig. 9(a) presents the |E|
of the map normalized to incident ﬁeld (Eİ ) along with the dashed
line marked in Fig. 9(b), where incident ﬁeld is the electric ﬁeld
intensity recorded at the excitation port of the simulation domain.
We observed that the electric ﬁeld is 6 orders of magnitude higher
in the localized region under resonance condition matched to the
MRI frequency compared to the incident ﬁeld and almost 3 orders
of magnitude higher compared to the off-resonance case. Fig. 9(b)

indicates the absolute value of the electric ﬁeld distribution (|E|
map) localized in the dielectric region between the top and bottom metallic layers. Clearly the electric ﬁeld is strongly conﬁned
between the metallization lines; this strong conﬁnement is essential to achieving high Q-factor even when loaded in a lossy medium
including biological tissues.

The proposed structure was located on a coronal plane (XZ
plane), where immersed pillars were aligned in the ẑ -direction,
and the sample was located inside a standard head coil of the scanner, as shown in Fig. 10(a). Transverse images, with the imaging
parameters given in Section 2.3, were acquired to count each and
every pillar as shown in Fig. 10(b). Here, we observed that the pillar
array can be visible only in the vicinity of the resonator, in agreement with the B1 + map of the wireless metastructure as shown
in Fig. 10(c). The B1 + results showed that the amplitude of the RF
magnetic ﬁeld can be ampliﬁed signiﬁcantly in the vicinity of the
resonator. From the MR image given in Fig. 10(b), we obtained
the intensity plots along blue and red lines marked on it. From
Fig. 10(b), we selected a region with a size of 100 × 100 pixels that
does not contain any MRI source (i.e. noise region), and calculated
the average noise level to be approximately 50 arbitrary units (a.u.),
where the signal intensity in the neighboring region of the resonator appears to be approximately 1000 a.u. The intensity curve
in blue, drops to approximately noise level for the corresponding
pillars in the vicinity of the metamaterial resonator. We can clearly
count the number of dips as 13, which is the number of pillars in
the array. The red curve (at 5 mm away) shows the intensity proﬁle
far away from the resonator (Fig. 10-d). Clearly, the pillars 5 mm
away from the metamaterial are not visually separable from each
other.
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Fig. 10. MRI characterization of the tuned metamaterial, with the footprint area of 8 mm × 8 mm used to resolve the evenly distributed pillars with a diameter of 200 m. (a)
3 T Siemens Magnetom Trio imaging system is used with a head coil; the system is loaded with a body mimicking phantom to image ﬁbers immersed in the phantom. (b) MRI
image showing that pillars are clearly visible and can be counted in the vicinity of the resonator along the blue line (at 0.1 mm away from the metastructure), whereas they
are not fully resolvable along the red line (5 mm away from the metastructure). (c) B1 + map of the wireless metamaterial structure showing signiﬁcant B1 + ampliﬁcation in
its vicinity. (d) The red (dashed) curve indicates the image intensity pattern at 5 mm away from the device and the blue (solid) curve indicates the image intensity at 0.1 mm
away from the device. The blue (solid) proﬁle clearly resolves 13 of the pillars (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article).

Here we also see that the signal intensity is ampliﬁed approximately one order of magnitude (1000/100) in the vicinity of the
metastructure. For the pillars close to the resonator metallization,
the contrast-to-noise-ratio (CNR) reaches to approximately 15.4
(e.g., CNR = 920−150
), where CNR drops to approximately 6.9 for
50
the 6th and 7th pillars because of the increased SNR in the proximity of the meta-device, veriﬁed by its B1 + map. For the pillars away
from the resonator, the CNR drops to approximately unity, which
is meaningless. To image small objects, e.g., pillars with 200 m
diameter, the SNR should be kept high enough to eliminate noise
effects. The proposed metamaterial structure manipulates the EM
ﬁeld strongly in its vicinity to increase the SNR, allowing for MRI of
sub-mm pillars with an unprecedented resolution for 3 T head coils
that is otherwise not possible using these imaging parameters.

4. Conclusion
In conclusion, we proposed, modeled and demonstrated a wireless compact metamaterial architecture with a side length of
approximately 0 /1500 and frequency adjustment range of 65 MHz
to 5.5 GHz. This proposed metastructure possess a Q-factor of
approximately 80 for 123 MHz. We demonstrated that this deepsubwavelength metamaterial can be used as an SNR-enhancing
device for MRI. Because of its strong electric ﬁeld conﬁnement property in its dielectric region, the proposed structure exhibits higher
Q-factors even in a lossy medium (i.e., living tissues). Therefore,
this wireless metastructure is an excellent candidate for use in var-

ious applications including in vivo MR imaging platforms and smart
implants.
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