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Abstract— In this paper, we propose a compact, lightweight,
and easy-to-fabricate Hilbert curve-based metasurface resonator
that can effectively increase the sensitivity (radio frequency (RF)
field intensity) and penetration depth of an RF coil for 7-T mag-
netic resonance imaging scanner. A circuit model is proposed
to accurately calculate the resonance frequency of Hilbert curve
resonators of different orders. A single element of a transverse
electromagnetic (EM) coil was used for this paper. The increase in
the field sensitivity introduced by the proposed metasurface to
an RF coil was successfully demonstrated through simulations
and experiments. The EM field produced by the RF coil is
redistributed due to the presence of the proposed metasurface.
The key feature of the proposed structure is its significant
increase in the penetration depth of magnetic fields into the
imaging volume. An enhancement of the magnetic field by more
than four times was observed at 13.5 cm away from the coil
experimentally. Flexibility for matching the coil integrated with
the proposed surface is shown.

Index Terms— Hilbert curve, magnetic resonance imaging
(MRI), metasurface, radio frequency (RF) coil.

AGNETIC resonance imaging (MRI) is a technique

widely used for noninvasive diagnostic medicine, neu-
roscience, and biology [1]. In an MRI system, receive coils
with high sensitivity (high By field) guarantee strong signals
for a quality image reconstruction [2]. The two commonly used
types of receive coils are surface and volume coils. The first
one can be placed close to the region of interest and strong
signal can be obtained with low noise. However, the sensitivity
of the coil degrades fast with the penetration depth and the
signal from deeper tissue regions is hard to detect. The second
type is used when a larger area/volume needs to be scanned.
The signal from deeper regions of interest can be detected,;
however, as the dimensions of the coil increase, the signal-
to-noise ratio (SNR) decreases due to the increased noise
level. If the B field of an RF coil could be manipulated and
enhanced, it will increase the sensitivity and propagation depth
of the coil, which would benefit the image quality of both
surface and volume coils.
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Metamaterials and their 2-D counterparts, metasurfaces, are
composite structures that can exhibit extraordinary properties
not observed in natural materials. The elements of the meta-
materials and metasurfaces are typically arranged in a periodic
structure with the size of the resonant element smaller than the
wavelength of the working frequency. Effective permittivity
and permeability of metamaterials that are “seen” by the
electromagnetic (EM) waves arise from their structure rather
than just from the material properties. The engineering and
applications of metamaterials and metasurfaces in microwave
and RF frequency bands have been progressed rapidly in the
past two decades [3]-[6]. These artificial composite materials
show the unprecedented capability of manipulating EM waves
when their design is strategically optimized for a particular
application [7]-[9].

The ability of metamaterials to manipulate EM fields can
especially be beneficial for MRI if the manipulation of the
spatial distribution of RF field can be applied to increase the
sensitivity of receive coils and to lower specific absorption
rate (SAR) levels for MRI safety.

One of the first works to show the compatibility and
potential usefulness of metamaterials for MRI was done by
Wiltshire et al. [10]. In this paper, an array of swiss rolls
was used as a magnetic flux guide to translate the signal from
a sample to a distant receive coil which allowed imaging of
a thumb with a distant surface coil [10]. In this approach,
the SNR strongly depends on the geometry of the array and the
coupling between the array and the receive coil. Moreover,
the length of the array is 20 cm, which is bulky for the
limited space in the bore of an MRI scanner. Later, a lens
made of split rings was proposed in [11] to improve the coil
sensitivity and its effectiveness. An enhancement of four times
was reported in the region of 1-6 cm away from a loop coil.
The key advantage of the split-ring lens [11] over the swiss roll
array [10] is the 3-D isotropy and sensitivity to axial magnetic
fields that allows manipulating the RF field in three directions.

In [12] and [13], a Fabry—Pérot resonator made of an
array of parallel wires was proposed. The wire medium
can transport evanescent waves, which carry subwavelength
information, via their transformation into propagating waves
inside the medium. This wire medium resonator can transport a
transverse magnetic component of the RF field with practically
no loss. Moreover, since the length of the structure should
be a multiple of half a wavelength, collimation at very large
distances can be obtained [13]. For the Fabry—Pérot resonator,
the downside is that the total length of the wire medium
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is 122 cm, which makes the structure impractical for the use
in an MRI environment.

The physical size of metamaterials is the major limitation
when they are applied to an RF system in an MRI scanner.
The operating frequency of an intermediate (1-3 T) to
ultrahigh-field (UHF >7 T) MRI scanner is in the range of
approximately 40-400 MHz. Therefore, the size of a unit cell
for metamaterials is in the centimeter to tens of centimeters
range, which can often be impractical for the limited space
available inside a scanner. To shorten the effective wavelength,
and thus the unit cell size, high-permittivity materials, such as
distilled water [14], [15] and CaTiOg3 [16], were used together
with wire medium resonator demonstrating the improvement
in the SNR and in the resolution of the MRI images. In [16],
a field enhancement of two times was reported near the
coil (<1 cm inside a load). Although high-permittivity
materials lead to miniaturization of the metasurface,
it requires special material preparation. Moreover, due to
their physical properties, objects made of high-permittivity
materials are usually heavy and bulky. It is challenging to
design a compact and practical metamaterial/metasurface for
MRI application.

In this paper, we propose a thin subwavelength (< 4/10)
metasurface based on the Hilbert curve geometry for field
enhancement of RF coils at 7 T. The proposed metasurface is
planar so that it can be fabricated using the standard printed
circuit board (PCB) technology.

In the literature, the Hilbert curve has already been proved to
be helpful in the device miniaturization in the RF range, e.g.,
for antenna miniaturization at very high frequency (VHF) and
ultrahigh frequency [17], for high impedance surface at giga-
hertz range [18], defected ground plane for filter designs [19],
and RFID tags [20].

Due to the physical size limitations of the RF coils and
the MRI bore, only one unit cell of Hilbert curve resonator
is considered. Thus, more precisely, the proposed structure
is a metasurfacelike resonator. To facilitate the design and
future application of the proposed approach, an accurate circuit
model is proposed for a fast calculation of the resonance of a
given Hilbert curve resonator.

The performance of the proposed structure in terms of
the enhancement of coil sensitivity as a function of the
order of the Hilbert curve and frequency is analyzed and
compared based on realistic simulations. A single element
of a transverse EM (TEM) coil and a fourth-order Hilbert
curve unit cell were fabricated to operate at 297.2 MHz for
7-T MRI. A field enhancement of the RF coil is experimentally
demonstrated.

The rest of this paper is organized in the following way.
The Hilbert curve-based metasurface is introduced in terms
of its circuit model and the resonance behavior in Section II.
In Section Il1, the full-wave simulations of an RF coil with
a Hilbert curve-based metasurface unit cell are presented and
the field enhancement of the RF coil is shown. The experiment
in terms of the setup and the results is detailed in Section IV.
Discussion and conclusion are included in Sections V and VI,
respectively.
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Fig. 1. Geometries of Hilbert curves of the first to the four orders, Hy—Hg.

Il1. HILBERT CURVE-BASED METASURFACE

Hilbert curve is one of the space-filling curves which is
a mathematical concept used to describe a continuous planar
curve constructed in such a way that it fills up a certain area,
typically a square [21]. Fig. 1 shows the first four orders of
a Hilbert curve, named Hp, where n is the order number
(n = 1,2,3,...). It can be seen that as the order number
increases, the structure becomes more complex and closely
packed but remains nonself-intersecting. Applying Hilbert
curve concept to RF designs, it means that a longer wavelength
can be “folded” into the same area when the order number
increases. Thus, higher order Hilbert curve structures can be
applied for lower frequencies while maintaining a relatively
small physical size. It is an important characteristic when it is
applied as a resonator to enhance the field of an RF coil for
MRI because the space inside an MRI bore is always limited
and the compactness of the resonant structures is especially
important.

A calculation of the resonant frequency is needed to design
a Hilbert surface for an MRI RF coil. However, due to the
growing complexity of its geometry with an increasing n,
this becomes a challenging task. The resonant frequency
of the Hilbert curve structure can be calculated using CST
Microwave Studio Eigenmode solver (CST Studio Suit 2018),
however, the 3-D numerical modeling and simulation can
be time-consuming. In order to accelerate the calculation,
we propose a circuit model that helps to quickly and accurately
predict the resonance behavior of Hilbert curves of different
orders.

A. Circuit Model

In the literature, a circuit model based on half-wavelength
dipole was used to calculate the resonance frequency of a
Hilbert curve resonator [17], [22]. Fig. 2 shows an illustration
of the dipole model where all the U-turns are treated as
short-circuited parallel wires (red dashed lines). The wires
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Fig. 2. Dipole-based circuit model for H, Hilbert curve unit cell using
approach by Vinoy et al. [22].

connecting two successive U-turns are named the connecting
wires (blue solid lines). In the dipole model, it is assumed
that at the resonance, the input reactance of the given Hilbert
curve equals that of a wire of length A/2 [22]. In this model,
it is also assumed that the input capacitance of the dipole
antenna remains the same with the introduction of turns of
the Hilbert curve resonator. This particular assumption will be
further discussed in the next paragraph. Thus, the resonance
condition for a dipole is expressed as follows [22]:

n 2a 0 8b
k—Iog — tan(ﬁ’a)+'u—b log — -1
Tw d T d
oA 22
=—"—""log — -1
— 109 5 1)

where the left-hand side is the input inductance of the Hilbert
curve resonator which is a sum of the inductance due to the
U-turns and the self-inductance of the connecting wires. The
right-hand side of (1) is the inductance of a half-wavelength
wire. In (1), k = 4"~1 is the number of short-circuited parallel
wire sections, n is the order number of a Hilbert curve, 7 is
the intrinsic impedance of free space, w is the frequency of
interest, B is the phase constant, a is the length of the wire
sections as shown in Fig. 2, d is the diameter of wires, and
b = a(22"~1-1) is the total length of all the connecting wires.

Fig. 3 shows the resonance frequencies of the Hilbert curve
of different orders versus the length of a wire section, a.
We have only considered the values of the parameter a up
to 50 mm, as for larger values of a, the metasurface size
becomes impractical for MRI application. The calculation
was done using both CST Eigenmode solver (solid lines)
and (1) [22]. The wire diameter is fixed to be d = 2 mm
throughout all the calculations and simulations. In Fig. 3,
it can be seen that the trends of the curves calculated using
CST and that calculated using (1) agree with each other.
However, a considerable discrepancy in the resonant frequency
at each a is noted. Moreover, the difference becomes larger
when a decreases which corresponds to a Hilbert curve of
a greater compactness. Table | summarizes the relative error
between the CST simulations and the calculations using (1).
It is noted that using (1) fails to find the resonance frequency
for the values of a below 7 mm.

This discrepancy could be caused by the unaccounted capac-
itive and inductive interactions between the neighboring wire
segments. When the order goes higher and the geometry of
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Fig. 3. Comparing CST eigenmode simulations and the circuit model
calculations using [22] and the proposed optimized circuit model.

a Hilbert curve becomes more compact, as shown in Fig. 1,
both the capacitive and inductive coupling of the neighboring
wire segments increase considerably. The increase in mutual
capacitance and mutual inductance needs to be taken into
account in the calculation to increase the accuracy of the
circuit model. Therefore, a better circuit model that takes care
of the mutual interactions is needed, especially when the order
of the Hilbert curve is high, and the wires segments are closely
packed.

A new circuit model is proposed with improved accuracy.
It is based on an equivalent dipole with both the input
capacitance (Cy) and inductance (L) taken into consideration.
At the resonance, the total reactance equals zero as follows:

X=ja)Lt+_1

= 2
e )

Therefore, the resonant frequency can be obtained as
ores = 1/ LCy. (3)

The total inductance includes self-inductance of all the wires
and mutual inductance of parallel wires. There are two types
of parallel wires. Using a third-order Hilbert curve as shown
in Fig. 4 for an illustration, type 1 is the short-circuited parallel
wires (shown in the inset on the left in Fig. 4) and type 2 is
the parallel wires without a shorting wire (shown in the inset
on the right in Fig. 4). They are both separated by a distance
of a; however, in [22], only type 1 was considered. Thus, for
the proposed circuit model, the total inductance of the Hilbert
curve resonator can be written as follows:

Lt = SnLS —Zanm

*)

where L g is the self-inductance of a wire of length a and sp
is the number of all the wire segments of the curve (each of
length a), L, is the mutual inductance of two wires with a
distance of a, and mp is the number of all the parallel wires
(both types 1 and 2). Both s, and mp are determined by the
order number n.

The total number of straight wire segments s, can be found
using the following progression for n = 2:

Sn =81+ 4sh-1

Q)
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TABLE |
RELATIVE ERROR (%)

] ] 3 | 5 ] 7 ‘ 15 ] 30 ] 40 ‘ 50
Vinoy H2 458 355 26 224 198
etal. H3 37 283 222 21 195
221 4 373 294 249 248 252
This H2 188 123 86 14 47 13 94
work H3 332 224 166 59 22 54 8
(D g4 405 266 193 63 32 69 98

where s; = 3. The total number of parallel wire segments mp
is a sum of the number of the type 1 parallel wiresm , = gn—1
and that of type 2 wires, m , mp = m, + m_ . Number m
does not have an analytic expression linking to n and has to
be counted separately for each order number. Table I1 lists the
numbers of different wire segments of a Hilbert curve for the
first four orders.

The self-inductance of a round wire of length a and diam-
eter d is given as [23]

a+ a?+d?/4

Ls =2 alog /2

- #+dN4+%+dﬂ

(6)

where a and d are in centimeters (cm) and the inductance is
in nanohenries (nH).

The mutual inductance of two parallel wires of length and
separation p is given as [23]

+ 24 p?

2 2

Lm=2

which in our case,
follows:

log +p +p (7)

p
= p = a, and (7) can be simplified as

Voo Ao
Lm =2[alog(l+ 2)—a 2+a]. (8)

The mutual capacitance of two parallel wires is given as [24]

T a
™ ™ arcosh(a/d) ©
where the length is expressed in meters (m) and the capaci-
tance in farads (F). The total capacitance can then be calculated
as C; = mpChy.
The resulting equation for the resonance frequency of the
Hilbert curve of order n is the following:

Wyres = 1/ mnCm(Sn Ls - Zmn Lm) (10)

Equation (10) was used to calculate the resonant frequency
of Hy, Hs, and Hy curves with the same parameters as those
in the previous calculations. It is noticed that the proposed
formulation can better approximate the resonance behavior
of Hy curve. However, there is a significant discrepancy for
higher orders. This can be caused by the increased compact-
ness of the structure when the order number is increasing.
In (10), only the parallel wires that are immediate neighbors
are accounted for. However, when the order number increases
while the area the curve covers stays the same, the geometry of
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Fig. 4. Hj Hilbert curve unit cell.

TABLE Il
NUMBERS OF WIRE SEGMENTS IN A HILBERT CURVE

01 5 m m m
1 3 0
2 15 4 2 6
3 63 16 14 30
4 255 64 69 133

the curve becomes more compact and the interaction between
the nonimmediate neighbors starts to play a role.

The effect of the increasing compactness and interac-
tion between the segments can be accounted for with a
modification on the parameter m, in the following way,
my, = m, + log(n - m,). The resulting resonance formula now
becomes

Wres = 1/ m; ‘Cm Sn LS - m?] . Lm . (11)
The resonant frequency versus the segment length a for Ho,
Hs, and H4 Hilbert curve resonators using the modified

proposed circuit model, expressed as (11), is compared to
the simulated results in Fig. 3 and Table I. As can be seen
in Fig. 3 and Table I, the calculation using the modified
proposed method agrees well with the eigenmode results for
Hilbert curves of different orders. Moreover, unlike the model
in (1), which fails to find the resonance frequency of a
Hilbert curve when a < 7 mm, the proposed method (11)
provides calculation accuracy for all values of parameter a.
When a is very small, it is observed that the discrepancies
between the proposed method and that obtained from the
CST simulation increase considerably (up to 40.5% in the
H,4 case). More complex weighting functions are needed when
a goes below 5 mm. The average relative error between the
eigenmode simulated results and results calculated using (11)
is 7.6%, 11.5% and 14.2%, compared to the error of 31.7%,
26.1%, and 28.7% when using (1) for the Hy, Hs, and Hy
curves, respectively. The specific relative error for a given a
is summarized in Table I.

The calculation speed of the proposed model (11) is evalu-
ated using MATLAB R2018a on a standard desktop computer
(Intel Core i7 processor with 32-GB RAM). It should be noted
that the time required to calculate one resonance mode in
CST depends greatly on the order number n and the dimen-
sions of the curve. For example, to calculate the resonance
of a Hilbert curve of area 50 mm x 50 mm, CST needs
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Fig. 5. Resonance frequency versus the total size D of Hilbert curve unit

cell of different orders.

54, 147, and 359 s for the Hy, H3, and Hy curves, respectively.
For the same structures of a larger area of 100 mm < 100 mm,
CST needs 85, 243, and 807 s for the Hp, Hgz, and Hy curves,
respectively. On the other hand, the proposed method (11)
allows to calculate the whole resonance curve for a given wire
diameter within several milliseconds. The calculation speed is
much higher by using the proposed model compared to that
using CST.

B. Resonance Behavior

Using the proposed circuit model, the resonance behavior
of the Hilbert curve resonator can be studied within a practical
time. The resonance frequencies versus the total length of a
unit cell, D (as shown in Fig. 2), of Hilbert curves of different
orders were calculated and plotted in Fig. 5. The diameter
of the wire was kept the same throughout the calculations
(d = 0.1 mm). In Fig. 5, it can be seen that with an increase
in the order n, the curves move closer to the two axes. This
indicates that it is possible to make a more compact resonator
at lower frequencies by using a Hilbert curve of higher order.
It is also observed that the movement of the curve decreases
rapidly when the order increases, so does the size reduction at
a fixed frequency. Taking 300 MHz as an example, the total
size of a unit cell decreases from 160 mm (0.16/9) to 59
(0.05940), 37 (0.03749), and 26 mm (0.02649) from H to Hg,
Hg4, and Hs, respectively. When the order increases, the elec-
trical length of a Hilbert curve cell reduces from more than
1/104 to about 1/404. On the one hand, the electrical length
decreases dramatically when the order goes higher. On the
other hand, it implies that the size reduction is saturating at
higher orders. Thus, further increasing the order after Hs may
not provide a significant reduction of the cell size. Instead,
it will increase the complexity of the curve. Moreover, with
high compactness, the width of the wire needs to be reduced to
mitigate the cancellation of fields of the wire sections at close
proximity to maintain the resonance of the structure. This will
be further discussed in Section V.

C. Hilbert Curve as a Metamaterial

A metamaterial with a negative refraction index discov-
ered by Pendry [8] is able to focus EM field and provide
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Fig. 6. (a) Two-port model of Hs curve. (b) ComéEg( effective permeability
of Hz curve with a = 11 mm.

subwavelength resolution. To observe this effect in a near-
field application, such as MRI, only one of the material
properties ( or z) needs to be negative [25]. To demonstrate
the negative permeability of a Hilbert curve, a two-port system
with Hs curve as an example was modeled in CST Microwave
Studio as shown in Fig. 6(a). The Hs curve is modeled
as perfect electric conductor (PEC) on an FR4 substrate
(r = 4.3,tand = 0.025) located between two waveguide
ports. Orthogonal electric and magnetic boundary conditions
are applied. Based on Fig. 3, the parameter a was chosen to be
11 mm such that the H3 curve resonates at 300 MH. Fig. 6(b)
shows the extracted real and imaginary parts of the effec-
tive permeability based on the calculated S-parameters [26].
In Fig. 6(b), negative permeability is observed at the resonance
at 300 MHz. It demonstrates the metamaterial behavior of a
Hilbert curve resonator.

I11. FULL-WAVE SIMULATIONS

The proposed Hilbert curve-based unit cell metasurface
resonator is applied to an MRI RF coil to enhance its field
strength. 7-T scanner with operating frequency of 297.2 MHz
was chosen to demonstrate the effectiveness of the proposed
metasurface. Application of the Hilbert curve resonator can
be considered for other lower field scanners as well, such
as 1.5 and 3 T. In order to study the effectiveness of field
enhancement due to the proposed metasurface to an RF coil,
full-wave simulations using CST Microwave Studio were
performed. The metasurface is placed between the target under
a scan and the coil. The dimension of the metasurface is
approximated based on the proposed circuit model and later
fine-tuned to account for the coupling from the coil that is in
proximity to the unit cell metasurface.

A. 3-D Model

A 3-D model shown in Fig. 7 is constructed for the study.
Fig. 7(a) and (b) shows the 3-D view and the side view of the
model. It consists of a microstrip line (MTL) that is one of the
independent elements constituting a TEM coil [27] (it is named
MTL coil in this content), a metasurface, and a load. The MTL
coil was chosen for this investigation because the TEM coil is
a widely used and studied volume coil for the UHF MRI [2].
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Fig. 7. MTL coil with the proposed metasurface. (a) 3-D view. (b) Side view.

However, other single-channel coils could be considered as
well, such as loop or dipole coils. The dimensions of the
MTL coil are chosen for the application for human head
imaging. PEC is used for the ground plane (7.5 cm x 15 cm)
and the signal line (0.3 cm < 15 cm), and a standard FR4
(r = 4.3,tand = 0.025) substrate (7.5 cmx=15 cm < 0.16 cm)
is chosen for the model. The MTL coil is loaded with a
capacitor C ;1 and tuned and matched using a shunt C; and
series Cy, variable capacitors. The coil is tuned and matched
to resonate at 297.2 MHz for a 7-T scanner.

The specific values of capacitance vary in the range from
1 to 35 pF depending on the geometry of the metasurface
under consideration. The metasurface is comprised of one unit
cell of the Hilbert curve, and different orders are considered
for simulations. The Hilbert curve was set to be PEC on an
FR4 substrate and placed above the MTL coil. The distance
between the metasurface and the signal line of the MTL
coil is denoted as s. The load is a homogeneous cuboid
(40 cm < 40 cm < 20 cm) with electrical propertiesof = 34
and ¢ = 0.4 S/m that represent the average tissue properties
of human body [28]. As safety regulations for the MRI RF
coils require an isolation between a coil and a subject under
a scan, an air gap between the metasurface and the bottom
of the load Sy, is introduced and is kept equal to 15 mm
throughout all the simulations. The penetration depth from the
bottom of the cuboid into the load is denoted as P . In the case
of the MTL coil without a metasurface, the coil is shifted
closer to the load and replacing the metasurface as shown
with a transparent drawing in Fig. 7(b). This is done to fairly
compare the performance of the system with and without the
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proposed metasurface. This model is used for all full-wave
EM simulations unless otherwise specified.

After obtaining the resonant frequency of the Hilbert curve-
based unit cell resonator of different orders from the circuit
model, as shown in Fig. 5, the dimension of a unit cell
is chosen to be smaller or equal to an RF coil working at
297.2 MHz for field enhancement. Due to the coupling from
the coil, the resonant frequency of the unit cell metasurface
and the coil is shifted when they are placed close to each other.
With a fixed relative location with the coil, the unit cell meta-
surface is fine-tuned to resonate at the targeted frequency. The
sizes of the resonating unit cells of H,—H4 Hilbert curves are
12.24%12.24 cm?, 11.40 x 11.40 cm?, and 10.92 < 10.92 cm?.
They all have a comparable physical size with the MTL coil.
After a comparative analysis, the Hj curve resonator was
chosen for further investigations as it can provide the most
compact solution.

B. Simulation Results

The scattering parameter Si; of the MTL coil and the
3-D EM field distributions in the modeling domain were
calculated when an Hg4 Hilbert curve unit cell was introduced
in close proximity to the coil. An optimization of the Hilbert
curve dimensions (a and W) was performed in order to find
the best compromise between maximizing the average B,"-
field over the load volume and minimizing the maximum SAR
(1 g averaged). The optimal dimensions were found to be
D=1092cm,a=7 mm,and w =5 mm.

The simulated 2-D B;" -field distributions for the MTL coil
with and without the Hj; metasurface are shown in Fig. 8,
where the first, second, and third rows show the field
distributions on the xy plane (z = 0 mm), the yz plane
(x = 0 mm), and the xz plane (P = 100 mm inside the
load), respectively. Note that the first colorbar is valid for
the xy and yz planes, while the second colorbar applies only
to the xz plane. Comparing the field distributions of the first
two rows, it can be seen that with the Hs metasurface added,
the field penetrates deeper into the load. This can easier be
seen from the field distributions of a plane deep into the
load, as those shown in the third row in Fig. 8. As can be
seen in Fig. 8(e) and (f), on a plane 100 mm into the load,
the B, -field is redistributed and becomes stronger with the
introduction of the Hs metasurface resonator.

Fig. 9 shows the simulated SAR distributions. The first row
shows the SAR distributions on the xy plane whenz = 0 mm.
It can be seen that with the introduction of H4 metasurface
resonator, the SAR is redistributed such that the peak value
significantly decreases and the peak SAR region is split from
one peak at the center to two symmetrical peaks. The locations
of the peak values were found to be at x = 0 mm for the MTL
coil without metasurface and x = 40 mm for the MTL coil
with a metasurface both of which are indicated by a white
dashed line. Fig. 9(c) and (d) shows the SAR distributions on
the yz plane that goes through the corresponding peak SAR
lines in Fig. 9(a) and (b), respectively. The total maximum
SAR (1 g averaged) was found to be 1.39 W/kg for the MTL
coil alone and it is reduced to 0.48 W/kg for the MTL coil
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Fig. 8. Simulated B -field distribution on the xy, yz, and xz planes, in T,
normalized to 1 W of delivered power. (a), (c), and () MTL coil without
metasurface. (b), (d), and (f). MTL coil with H4 metasurface.
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Fig. 9. Simulated SAR distribution on the xy and yz planes. (a) and (c) MTL
coil without metasurface. (b) and (d) MTL coil with Hy metasurface.

with Hs metasurface resonator, which means a 66% decrease
in the maximum SAR level with the introduction of the Hilbert
curve resonator.
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10
Penetration depth P (cm)

Fig. 10. Left-hand side axis (blue lines): B1 avg Tield versus penetration

depth P with and without H ? metasurface at 7 T. Right-hand side axis
(red lines): By aVg/(SARmaX)l 2 field versus penetration depth P with and
without Hyq metasurface at 7 T.

Next, the average B," -fields at four xz planes inside the
load: P = 0cm, P = 5cm, P = 10cm,and P = 15cm, are
examined. All the field values were further normalized to the
corresponding maximum SAR levels (1 g averaged).

Fig. 10 shows the average B1 avg -field versus P on the left
and B1 g/ (SARmax)™/? [the same B1,avg-field normalized to
the square root of the corresponding maximum SAR levels (1 ¢
averaged)] on the right, with and without Hs metasurface.

For Bi,, it can be seen that even though the field
intensity decreases for both cases when the wave propagates
into the load, the decay rate is slower for the MTL with
the Hs metasurface and the wave penetrates deeper into the
phantom. For Bl"’avg/(SARmax)l/z, when SAR is taken into
consideration, it can be seen that with the introduction of
the Hy unit cell metasurface, the MTL coil shows significant
increase in the maximum SAR-normalized B7 ,,, compared
to the MTL coil without a metasurface. In partlcufar the field
strength is improved by 15%, 66%, 118%, and 184% at the
distance of 0, 5, 10, and 15 cm into the phantom, respectively.

To further illustrate the improvement in RF field sensitivity,
the distribution of B} /(SARmax)™? on an xz plane at the
penetration depth P 10 cm inside the load is plotted
and shown in Fig. 11. As can be observed, due to a lower
maximum SAR level, the MTL coil with Hs metasurface
produces a stronger and more spread-out B distribution.

The separation between the metasurface and the coil affects
the reflection at the input of an RF coil. This provides a degree
of flexibility to tune the MTL coil. Fig. 12 shows the shift in
the resonance frequency with respect to the separation between
the MTL coil and the Hs metasurface resonator. The black
dashed line shows the S;i1-parameters when the MTL coil is
tuned and matched to 297.2 MHz without any metasurface.
When the Hs metasurface resonator is placed directly on the
MTL coil (s = 0, the curve with round markers), the resonance
is shifted approximately 24 MHz toward the lower frequencies.
This is due to the mutual inductance introduced between
the metasurface and the coil when the latter is placed on the
top of the coil. This can bg explained by considering the
resonance formula @ = 1/ LC. When the metasurface is
placed close to the coil (dark blue circle line), the introduced
mutual inductance between the two elements is the largest,
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Fig. 11.  Simulated BI"avg/(SARmax)1/2 at penetration depth P = 10 cm

inside the load for MTL coil (a) without metasurface and (b) with
metasurface Hg.
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Fig. 12. S11 parameter drift with respect to the separation distance s.

thus it shifts the resonance to the lowest frequency. When
the separation between the two elements is increased (lighter
blue color lines), the mutual inductance decreases, and the
resonance frequency increases. By changing s, the RF coil
can be tuned to match at the desired working frequency.

IV. NEAR-FIELD MEASUREMENTS

In order to validate the simulation results, H - and E -field
distributions were measured in free space with and without
the metasurface. The corresponding model was created in CST
without a load to compare with the measurements (same as
in Fig. 7 but without the load).

A. Near-Field Measurement Platform

Fig. 13 illustrates the experimental setup, where the mag-
netic field distribution is measured indirectly by measuring Sp1
parameter of the structure under test (SUT), which consists of
the MTL coil and the metasurface placed directly above it. The
SUT is driven through Port 1 of the vector network analyzer
(VNA, Rhode & Schwarz ZVVH8). The field probe is connected
to Port 2 of the VNA. For the magnetic field measurements,
two loop probes from Langer EMV-Technik RF 2 set were
used. The smallest probe RF-B 3-2 of the aperture approxi-
mately 4 mm was used to capture the normal component of
the magnetic field Hy. The other probe RF-R 50-1 of aperture
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controller

Fig. 13. Measurement setup.

10 mm was used to capture the perpendicular component of
the magnetic field Hy. Even though other field components
can be measured as well by rotating the loop probe to be
normal to the corresponding field orientation, the mentioned
field component’s distributions can substantially provide a
validation.

The electric field can be measured in a similar manner with
an open coaxial probe. The coaxial probe is, in principle,
a capacitive probe. The electric current induced in the probe
is mainly due to the normal component of the E -field [29].
Thus, only Ey-field component can be measured.

When choosing the aperture of the probe, a tradeoff
between the resolution and the noise has to be considered.
When the size of the probe is relatively small, such as the
RF-B 3-2 probe, the resolution can be comparable to an ideal
simulated case; however, the effects of the background noise
can be significant. On the other hand, the larger probe gives
better contrast, however, the resolution suffers [30].

An in-house built measurement platform with three-axis
movements (X -, y-, and z-axes) was used. It allows the probe
to move in a maximum region of 50 cm < 50 cm =< 50 cm. The
Sy1 -parameters were measured at the xz plane that is 15 mm
above the metasurface with the step size fixed at 2 mm. The
cables connected to the VNA are 1 m long to ensure a smooth,
unconstrained movement of the probe. Cylindrical ferrite cores
were attached to the cables in order to avoid any parasitic
signals and unwanted noise.

The free-space measurements were compared with the simu-
lations of the coil with and without metasurface in the absence
of the load (in air). It should be noted that even though the
free-space measurements do not represent the real operating
environment of MRI, these measurements are still useful as
they validate the accuracy of the modeling and validate the
enhancement of the RF fields introduced by the proposed
metasurface to an MRI RF coil.

B. Prototype Fabrication

For the experiment, the proposed Hilbert curve-
based metasurfaces and an MTL coil were fabricated.
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(b)

Fig. 14. Fabricated prototype of H; metasurface on MTL coil with
(a) H-field probe and (b) E-field probe.

FR4 PCB ( = 43,tan0 = 0.025, substrate height
h = 1.554 mm, and copper thickness th = 0.035 mm) was
used. Fig. 14 shows a photograph of the fabricated MTL
coil and an Hs; metasurface resonator. The metasurface is
positioned directly on the top of the MTL coil. The MTL coil
was connected to Port 1 of the VNA through a tuning and
matching network and loaded with a fixed value capacitor of
5 pF (Dalicap). Two 5.5-20-pF trimmers (Sprague-Goodman)
were used to fine tune the coil to 50 . The H -field probe
was connected to Port 2 of the VNA. As the measurements
were done outside the actual scanner environment, a ferrite
instead of a balun was used to prevent the common mode
currents on the cable shield.

C. Measurement Results

Fig. 15 shows a comparison of the measured and simulated
distributions of E and Hy. All of the fields are normalized
to display the maximum value of 1 on a linear scale. The
measurement plane is 15 mm away from the metasurface.
The step size was set to be 2 mm for the E -field and the
Hy -field. The simulated Ey and Hy were exported from CST
with the same resolution of 2 mm for a fair comparison.
Comparing the left column to the right column in Fig. 15,
the simulated electric/magnetic field patterns agree well with
the measured ones. The bright spot in the bottom of the
measured Hy -field is due to the presence of the capacitors
which cannot be accounted for in the simulations.

Fig. 16(a) and (b) shows the measured Hy-field distribution
on the yz plane without and with the proposed metasurface,
respectively. The resolution of the measurement was set to
be 5 mm and the field values are displayed in arbitrary
units (a.u.). Shading interpolation was used when plotting the
field distribution. The vertical axis is the distance away from
the coil. Comparing Fig. 16(a) to (b), it can be seen that the
Hy -field is redistributed with the presence of the metasurface
resonator. The field intensity close to the coil is weaker in

z (mm)
z (mm)

-50 0 50

X (@)

z (mm)

-50 0 50 -50 0 50
x (mm) X (mm)
(c) @

Fig. 15.  Comparison of measured and simulated normal field components
Ey and Hy on the xz plane. All the plots are normalized to display the
maximum value of 1 on a linear scale. (a) Ey simulated. (b) Ey measured.
(c) Hy simulated. (d) Hy measured.

the case of the coil coupled with the metasurface. However,
the field propagates further away from the coil with the
metasurface in place and its intensity decays at a slower rate.
For example, at the penetration depth of 65 mm, the average
Hy-field is 1.2 and 1.6 a.u. in the case of the MTL alone and
the MTL with metasurface, respectively, which means a 33%
improvement in intensity. At the further depth of 135 mm,
the average Hy -field is 0.13 and 0.57 a.u. in the case with
and without a metasurface, respectively. This corresponds to
an improvement of more than four times. The penetration of
waves is significantly enhanced by the proposed structure. In a
in vivo setup, when the same amount of loss is added to the
penetration path, it may outperform the reported structures in
the literature where an enhancement of four times was reported
at a distance of 6 cm from the coil in [11] and in the distance
of less than 1 cm in [16]. The SNR of the Hy-field on the xz
plane was calculated using the following formula:
SNR = 10 - logg[mean(signal)/STD(noise)]. (12)
Based on (12), SNRyt. = 15.75 and SNRppeta = 17.24
in the case of MTL coil alone and MTL coil with the
proposed metasurface, respectively. Fig. 16(c) compares the
field propagation away from the coil at several locations of z.
It can be observed that at the distances above 5 cm away from
the coil, the MTL coil pared with the proposed metasurface
outperforms the single MTL coil in all the cases. The average
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Fig. 16.  Comparison of measured Hy-field distributions in air (a) without
and (b) with the Hy metasurface resonator. (c) Measured Hy -field along the
y-direction at several z positions.

improvement is 20%, 32%, and 42% at z =
z =0 mm, and z = 35 mm, respectively.

-35 mm,

V. DISCUSSION

The proposed metasurface has the advantages of providing
a long penetration into the imaging volume, being planar and
compact, easy to fabricate using the standard PCB technology.
Strictly speaking, the metasurface presented in this paper is not
a true metasurface as it consists of only one unit cell. However,
it has been shown that it resonates and effectively enhances
the RF field of an RF coil (the coil sensitivity). It is a first
step in the discovering of the properties of such a system: a
standard coil coupled with a resonator based on the Hilbert
curve that together can beneficially alter the RF field for an
enhancement. As the wavelength of the corresponding working
frequency is comparable to the dimensions of an RF coil in an
MRI system, a larger number of unit cells may be impractical.
However, it is still important to investigate the behavior of such
a system when the resonator has one or more than one unit
cell and it (they) resonates and enhances the field strength of
an RF coil.
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A potential improvement could be the use of a double-
sided configuration, where the Hilbert curve is printed on both
sides of the substrate. The relative orientation of the Hilbert
curves on different sides can be changed to manipulate the
field distributions [31].

Introduction of a via could lead to a longer effective
electrical length and thus can help with the miniaturization
of a unit cell.

The variation of distance changes the reflection coefficient at
the input of the coil (as shown in Fig. 12). This offers a degree
of freedom for coil tuning and matching when a metasurface
is introduced to an existing MRI coil.

It should be noted that even though Fig. 5 shows the
potential to reduce the size of a Hilbert curve-based resonator
by increasing the order, the effectiveness of this configuration
for the field enhancement drops if the width of the wire stays
the same. The reason being that for higher order numbers,
the straight wire sections become very closely spaced. This
leads to the fact that the opposing currents at the close
neighboring wire segments cancel each other out [32] and thus
decrease the effective length of the wire. These factor starts
to play a bigger role at higher Hilbert curve orders n and thus
prevent the structure from resonating effectively. A remedy to
this is to reduce the width of the wire.

In this paper, we only considered the application of the
Hilbert curve-based metasurface resonator to a single MTL
coil element, aiming to show the effectiveness of the field
enhancement by introducing the proposed metasurface to the
coil. This idea can be extended to other MRI coils such as
loops [31], dipoles, and coil arrays. The effectiveness of the
proposed metasurface to different coils and coil arrays needs to
be further tested. The compatibility of the proposed structure
to an MRI system needs to be addressed in detail in the near
future. Phantom and in vivo studies are needed to validate the
usefulness and effectiveness of the proposed metasurface.

For this paper, the proposed metasurface unit cell was
designed at 297.2 MHz for 7-T MRI. Indeed, field enhance-
ment is more needed in a low-field MRI system since the SNR
in such a system is low. However, a decrease in By leads to an
increase in the wavelength, and thus an increase in the physical
size of a unit cell of metasurface. It imposes challenges
on reducing the cell size. With the intrinsic compactness,
a space-filling curve like the Hilbert curve with further design,
optimization, and modifications can be a promising solution.

V1. CONCLUSION

A subwavelength metasurface resonator based on a Hilbert
curve is presented for field enhancement deep into the imaging
volume for an RF coil for 7-T MRI. A unit cell of a TEM
coil was used in the study. The coil and a fourth-order
Hilbert curve-based unit cell were fabricated for experiments.
The effectiveness of RF field enhancement was successfully
demonstrated using both simulation and experimental data.

A magnetic field enhancement of more than four times at
the depth of 13.5 cm into the imaging volume is observed
experimentally. A circuit model is proposed for a fast esti-
mation of the resonance of Hilbert curve of a given order
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with significantly improved accuracy. Due to the nature of the
Hilbert curve geometry, the proposed metasurface resonator
is compact at a working frequency of 297.2 MHz. It is
lightweight and can be manufactured using a standard PCB
technology on rigid or flexible substrates. The possibility
of being integrated to an existing MRI coil is shown and
discussed.

It is an initial demonstration of a proof of concept for the
application of a metasurface of this kind for field enhancement.
The proposed design provides a solution that can be used to
improve the performance of a receive RF coil. Issues such as
the compatibility of the proposed metasurface to different MRI
coils and to an MRI system need to be addressed in detail in
the near future. The design can potentially be extended to an
MRI system of other field strengths (1.5 and 3 T).
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