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Metasurface Approach to Generate Homogeneous
B1

+ Field for High-Field and Ultra-High-Field MRI
Chen Xue , Guanglei Zhou , and Alex M. H. Wong , Senior Member, IEEE

Abstract—A novel electromagnetic excitation method – the Huy-
gens’ cylinder – is proposed to improve the B1

+ field homogeneity
of the high-field (HF) and ultra-high field (UHF) magnetic res-
onance imaging (MRI). Based on the concept of the Huygens’
box, we calculate the currents on a cylindrical boundary that can
synthesize an arbitrary electromagnetic wave inside the enclosed
region. Specifically, we excite a right-handed circularly polarized
(B1

+) travelling wave with high mode purity inside the Huygens’
cylinder coil. The simulated B1

+ field obtained from several 3T
and 7T MR scenarios are reported and compared with birdcage
coils. In the unloaded scenarios, the Huygens’ cylinder achieves
superior B1

+-field homogeneity over both the sagittal and axial
plane compared to the birdcage coil for both 3T and 7T MRI.
In the loaded scenarios, the Huygens’ cylinder achieves superior
B1

+-field homogeneity over the sagittal plane and comparable
B1

+-field homogeneity over the axial plane for both 3T and 7T MRI
compared to the birdcage coil. Moreover, the 7T Huygens’ cylinder
can generate a uniform field over a much larger region, enabling the
imaging of a large part of the human body. The Huygens’ cylinder
greatly improves the homogeneity of B1

+ field and is free from the
dielectric resonance limitation suffered by conventional RF coils. It
has strong potential as future RF coils in HF and UHF MR systems.

Index Terms—Electromagnetic field homogeneity, metama-
terial, metasurface, ultra-high field MRI.

I. INTRODUCTION

H F AND UHF MRI has gained immense recent interest
because the resolution of the MR image improves vastly

with an increased static magnetic field. However, in these high-
field systems, the problem of B1

+ field inhomogeneity becomes
a major hurdle. An inhomogeneous RF field illuminates the
patient unevenly and creates unilluminated areas, “bright spots”
and “dark spots” which degrade the resultant MR image [1].

At low-field MRI (1.5T), conventional designs like the bird-
cage coil have been demonstrated to produce a highly homoge-
neous field for clinical use [2]. However, this method is based
upon an electrostatic approximation [2], [3], which fails to apply
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as the Larmor frequency increases with the static field strength.
When the working frequency increases, the wavelength cor-
respondingly decreases to render inapplicable the electrostatic
approximation. The effective wavelength further decreases when
the patient (human or animal) is inside the cavity because their
body tissues often have high dielectric constants. This worsens
the RF field inhomogeneity in 3T and 7T systems.

The shortening of the effective wavelength makes it diffi-
cult to design wide-bore large-sized RF coils. The RF field
homogeneity worsens with increasing MRI field strength and
frequency due to the dielectric resonance effect [4]. To combat
problems related to field-homogeneity at high field strengths,
researchers have developed the multiple-resonance birdcage
coil [5]. However, this method has an obvious drawback of
having significant RF losses, which limits its usage for UHF
MRI (>7T). Moreover, the multiple-resonance birdcage can
only be applied on small-sized coils, because the homogeneity
will decay quickly when its size increases. As a result, it is
mainly applied in imaging small test subjects such as the head
of mice [6]. Besides multiple-resonance birdcage coils, various
structure-modified birdcage coils, like spiral birdcage coils [7],
high-pass birdcage coils with endcaps [8] and birdcage coil
arrays [9] are developed. Although they improve the field uni-
formity slightly, they cannot solve the problem fundamentally.
In addition to the modified birdcage coils, dipole antenna arrays
[10] are also used to improve the uniformity, while it is limited
by the electrical length. Microstrip coils [11] can reduce the
dependence on electrical length, but the performance is highly
dependent on the width and length of the microstrip, and it
doesn’t work well at low frequency.

Beyond the conventional RF coils, other electromagnetic
structures with homogeneous magnetic fields have also been
investigated with interest. The travelling-wave (TW) MRI [12]
has been proposed, where the MRI bore is used as a circular
waveguide. Using two circularly polarized patch antennas at
two ends of the MRI bore, a circularly polarized travelling wave,
which has reasonable field homogeneity, can be launched inside
the bore. However, as the frequency increases, more modes
will appear inside the cavity, which will again lead to B1

+

field inhomogeneity [13]. By designing a metamaterial liner
inside the MRI bore, a complex and dispersive permittivity
profile can be achieved, which makes it possible to propagate a
wave inside the MRI bore at a frequency below the traditional
cutoff [14], [15], [16]. This kind of propagation will achieve
high field homogeneity for low-field MRI but will not apply at
high-field (i.e., high RF frequency) MRI, at which frequency

2469-7249 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on May 24,2024 at 03:13:51 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-4041-3251
https://orcid.org/0000-0002-6840-7160
https://orcid.org/0000-0002-8105-5964
mailto:chenxue7-c@my.cityu.edu.hk
mailto:guangzhou4-c@my.cityu.edu.hk
mailto:alex.mh.wong@cityu.edu.hk


156 IEEE JOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BIOLOGY, VOL. 8, NO. 2, JUNE 2024

Fig. 1. (a) Diagram of the electromagnetic equivalence principle.
(b) Huygens’ source metasurface elements, where Ia and Ib are the currents run
through the strips, h is parallel-plate separation, w is the distance between the
currents, Ia and Ib are orthogonal to the parallel plates. (c) Simplified Huygens’
source.

the MRI bore is above cut-off and may even feature multiple
propagation modes (which in general have inhomogeneous field
distribution).

In this paper, we propose a new method – the Huygens’ cylin-
der – to generate a homogeneous RF B1

+ field inside an MRI
bore. This method operates regardless of the electrical size of the
bore and can hence be applied to HF as well as UHF MRI. The
Huygens’ cylinder generates a circularly polarized travelling
plane wave with very high purity for both 3T and 7T MRI,
which has better field homogeneity than even the fundamental
mode of the TW-MRI method. By invoking the electromagnetic
equivalence principle [17], [18], we gain large freedom on wave
manipulation inside the MRI bore, which we utilize to generate
a homogeneous B1

+ field therein. The proposed method can be
used to generate very uniform RF illumination in whole body
imaging and body part imaging. In our previous work [19], we
show the concept and the unloaded 3T Huygens’ simulation
results briefly, however the realistic size of the Huygens’ cylinder
for fitting the clinical MRI bore is not considered and thorough
analysis results are not reported. In this manuscript, we analyze
the field in much more details. In the following sections, we
introduce the simulation setup, compare the conventional bird-
cage coils and the proposed Huygens’ cylinders. The simulation
results show that it can generate homogeneous magnetic field in
both sagittal and axial cross section regardless of the size of the
bore, so that there is great potential of Huygens’ cylinder in HF
or UHF MRI.

II. METHOD

A. Concept

We first overview the Huygens’ cylinder. Fig. 1 illustrates the
active Huygens’ box, which is a physical implementation of the
electromagnetic equivalence principle. We define the electro-
magnetic field inside and outside the enclosed region in Fig. 1(a)
as {Ea, Ha} and {Eb, Hb}, respectively. The electromagnetic
equivalence principle states that, by exciting a set of tangential
surface electric and magnetic currents {Js, Ms} on the boundary,
one can generate a desired field {Ea, Ha} interior to the region
independent from the exterior fields {Eb, Hb} [17], [18], [19],
[20]. The required current can be calculated using:

Js = n̂× (Hb −Ha)

Fig. 2. Diagrams of the 7T Huygens’ cylinder. (a) The perspective view;
(b) The side and (c) top/bottom view. A similar setup with different source
positions can be used for 3T MRI, where D is the diameter of the cylinder.
Current on the straight and crossed strips corresponds to Ia in (c). Cylindrical
bore corresponds to the perfect conductor in (b) and (c).

Ms = − n̂× (Eb −Ea) (1)

where n̂ represents the outward surface normal and × indicates
the cross product.

In our previous works [19], [20], [21], we have demonstrated
the active Huygens’ box concept, whereby one can freely syn-
thesize electromagnetic waves inside an enclosed region by dis-
cretizing, then exciting, the electric and magnetic currents using
the Huygens’ source metasurface element shown in Fig. 1(b)
and (c). In the simplified case of Fig. 1(c) the excitation current
is [21]:

I = j
sMs

ωμ0w
(2)

where s is the separation between adjacent metasurface ele-
ments, w/2 is the distance between metasurface element and
the ground plane, Ms = ||Ms|| is the complex magnitude of the
magnetic surface current, ω = 2πf is the angular frequency and
μ0 is the free space permeability. Using the active Huygens’ box
concept, we propose to line the cylindrical MRI bore with active
metasurfaces which synthesize a right-hand circularly polarized
(RHCP) plane wave (the B1

+ field) at the desired frequency. We
call this setup the Huygens’ cylinder. We achieve this by placing
current strips, backed by a ground plane, along the interior of the
MRI bore boundary as shown in Fig. 2. These current strips will
implement the simplified Huygens’ source shown in Fig. 1(c),
with slight adjustments accounting for the slight curvature of the
ground plane along the cylindrical MRI bore.
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To calculate the required current excitations, we first express
the desired RHCP wave as:

E = E0e
j(kz+ϕ0)x̂+ E0e

j(kz+ϕ0−π/2)ŷ

H =
1

η0
ẑ×E (3)

where E0 is amplitude of the E field, k is the wave number, ϕ0

is the initial phase and η0 =
√

μ0

ε0
is the intrinsic impedance of

free space. Substituting these interior region fields (3) as {Ea,
Ha} in (1), and requiring that no exterior fields be generated
(i.e., {Eb, Hb} = 0), we use (1) to find the required magnetic
current Ms at the locations of the current strips, then use (2) to
find the required current I at each location (taken at the center
of each current strip):

�I =
sE0

ωμ0w
· ej(kz+ϕ0+

π
2 −θ) · (−sinθ · x̂+ cosθ · ŷ) (4)

where θ is the azimuthal location of the current strip in the
loop. Exciting the current strips with the correct RF currents
will synthesize the desired homogeneous B1

+ field inside the
MRI bore.

Fig. 2 shows the placement of sources (i.e., the current strips),
which form rings along the MRI bore. Each ring is made of
eight current strips along the circumference of the bore. For 7T
Huygens’ cylinder, the rings are repeated every λ/8 (125.8 mm)
along the longitudinal direction. For 3T Huygens’ cylinder, the
rings are repeated every λ/16 (146.8 mm) along the longitu-
dinal direction. The current strips are 50.0 mm in length and
10.0 mm in width. Adjacent strips in the ring are separated by
distance of 257.5 mm and 284.6 mm (center-to-center) for 7T
case and 3T case, respectively. The Huygens’ cylinder operates
properly if the element separations are less than half-wavelength,
as required by the Nyquist criterion. Nonetheless, a smaller
separation allows the near field to settle in the very close vicinity
of the boundary of the MRI bore, and hence achieve uniform field
generation across a larger area of the bore [21]. We have found
the above-mentioned separations to be sufficient for generating
a homogeneous B1

+ field inside the MRI bore. Fig. 2(c) shows
the inclusion of four cross-shaped current strips used to generate
the required circularly polarized traveling wave. The vertical
and horizontal components are excited in phase but are 90°
phase-shifted to generate the B1

+ field stipulated in (3). The
currents can be calculated using (1)–(3), but a multiplicative
calibration factor needs to be applied to these end-plane currents,
which accounts for (i) the difference in effective area as labelled
in Fig. 2(b) and (c), (ii) the difference cause by the ground plane
curvature along the MRI bore and (iii) the difference in coupling
from the currents on the strip to the waveguide’s propagation
mode. While it is possible to obtain the calibration factor [22],
[23] from analytical calculation, we have taken the accurate and
straightforward approach of extracting this calibration factor
from a full-wave simulation, in which we adjust this factor (in
a post-processing procedure) until a homogeneous plane wave
is achieved. Regarding the separation of sources at the ends
of the MRI bore, again a half-wavelength spacing would be
sufficient, and tighter/sparser spacing would improve/degrade

Fig. 3. (a) Diagram of the unloaded 3T Birdcage coil. (b) The complex
magnitude of B1

+ field on the axial plane and (c) sagittal plane.

Fig. 4. (a) Diagram of the unloaded 7T Birdcage coil. (b) The complex
magnitude of B1

+ field on the axial plane and (c) sagittal plane.

field uniformity close to the sources [21]. We have chosen
a practical balance between the two and make the distance
between crossed current strips D

2 , where D is the diameter of
the cylinder. In the 3T case, D = 0.33 λ. In the 7T case, D =
0.74 λ.

B. Electromagnetic Simulation

The full-wave simulations in this paper are performed using
the Ansys HFSS electromagnetic solver, which numerically
solves Maxwell’s equations using the finite element method
(FEM). Given a known set of sources, materials and boundary
information on the simulation domain, the FEM is invoked to
solve Maxwell’s equations to find the RF electric and magnetic
fields within the simulation domain, which in this case is the
MRI bore. Using this simulation tool, we compute the B1

+ field
distribution for the Huygens’ cylinder for both 3T and 7T MRI
(f = 127.7 MHz and f = 300.0 MHz).

For comparison, we calculate the B1
+ field distribution of

quadrature-driven high-pass birdcage coils for 3T and 7T MRI.
Figs. 3(a) and 4(a) show the designed birdcage coils. The 3T
coil features 16 rungs, a diameter of D = 600.0 mm, a height of
H = 710.0 mm, and gap capacitances of C = 9.6 pF. The coil is
enclosed by a metallic shield, of diameter Dshield = 710.0 mm.
The 7T coil features 16 rungs, a diameter of D = 308.6 mm, a
height of H = 252.9 mm, and gap capacitances of C = 5.4 pF.
The coil is enclosed by a metallic shield, of diameter Dshield =
341.6 mm. For port matching, a 5 pF capacitor and a 0.2 μH
inductor are connected to the 50 Ω lumped port in series for
3T and 7T birdcage, respectively. After matching, we achieve a
satisfactory S11 which is below−15 dB for both 3 T and 7 T case.
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Fig. 5. (a) Diagram of the unloaded 3T Huygens’ cylinder. The right-hand component of B field (B1
+) on the (b) sagittal plane and (c) axial plane. The left-hand

component of B field (B1
−) on the (d) sagittal plane and (e) axial plane. (f) Comparison of normalized B1

+ field distribution on axial plane from 3T Huygens’
cylinder and birdcage coil. (g) Comparison of normalized B1

+ field on sagittal plane from 3T Huygens’ cylinder and birdcage coil.

For simulating loaded situations, we use cylindrical phantoms
[24] with dielectric constant εr = 58.1 and conductivity σ =
0.54 S/m, which are the average properties for human body, for
both 3T and 7T Huygens’ cylinders and the birdcage coils.

III. RESULT

We report our simulation results for both the Huygens’ cylin-
der and the birdcage coils. Our attention is on verifying the
right-hand circularly polarized component BR and the left-hand
circularly polarized component BL of the generated RF field.
The generated field has high B1

+-field homogeneity if it features
uniform BR. Further, efficiency would be optimal if only a BR

field (i.e., almost no BL field) is generated. A highly homoge-
neous B1

+ field induces the same flip angle to all nuclei in the
imaging plane, which means the decay signal collected by the
receive coils will contain information on material properties,
without degradation due to bright spots and dark spots.

A. Unloaded Simulation

We first examine the simulated RF field uniformity of the
respective devices in an unloaded 3T MRI case. The coefficient
of variation (CoV) of B1

+ field strength, defined as:

CoV =
σB

μB
, (5)

where μB = (
∑i=N

i=1 |B+
1 i|)/N , is the average value of B1

+

field strength in the observation set, N is the number of data in

the observation set, σB =

√∑i=N
i=1 (|B+

1 i| − μB)
2
/N , is the

standard deviation of B1
+ field strength in the observation set

[25], [26]. We quantify the percentage-improvement of homo-
geneity as:

%Homogeneityimprovement = CoVBC − CoVHC . (6)

Figs. 3(a) and 5(a) gives the diagram of the 3T birdcage coil
and the 3T Huygens’ cylinder, respectively. The size of the Huy-
gens’ cylinder (1174.3 mm in length and 782.8 mm in diameter)
is slightly larger than birdcage coil (710.0 mm in length and
710.0 mm in diameter). Figs. 3(b), (c) and 5(b), (c) show the
B1

+ field strength of the two coils at the center axial plane and
sagittal plane. From these sub-figures, we see that both schemes
can generate a relatively uniform B1

+ field in the bore. Fig. 5(f)
and (g) further compare the distribution of the normalized B1

+

field of the birdcage coil and the Huygens’ cylinder over the

TABLE I
COEFFICIENT OF VARIATION OF B1

+ FIELD MAGNITUDE OVER THE CERTAIN

RANGES FOR 3T AND 7T MRI SYSTEM

two planes. We can see that over the same region of interest
500 mm in diameter and 600 mm in height, the variation of the
B1

+ field generated by Huygens’ cylinder is smaller than the
variation of the B1

+ field generated by birdcage coil. Both have
a region where the B1

+-field amplitude increases towards the
edge of the MRI bore, due to the presence of a strong EM-field
near the current. However, as this region should not contact the
human body, it will not lead to non-uniform illumination in MR.
Table I tabulates the coefficient of variation (CoV) of B1

+ field
strength. In Table I, HC represents “Huygens’ cylinder” while
BC represents “birdcage coil”. It shows that the 3T Huygens’
cylinder achieves much better B1

+-field uniformity on both axial
and sagittal planes, by 2.1% and 7.6%, respectively, thus there is
great advantage of field homogeneity from Huygens’ cylinder.

We then present unloaded simulation results for the 7T MRI in
Figs. 4, 6, and Table I. The length of the 7T Huygens’ cylinder is
set at one working wavelength, which is 1006.5 mm. Due to the
structure limitation of birdcage coil, it cannot generate uniform
B1

+ field over a large region of space. We therefore scale down
the size of the 7T birdcage coil to 341.6 mm in diameter and
252.9 mm in height. A larger sized birdcage coil will have
even worse B1

+ field homogeneity, because it will violate the
electrostatic approximation. Figs. 4(b), (c) and 6(b), (c) show
the B1

+ field strength of the birdcage coil and the Huygens’
cylinder at the center axial and sagittal plane. The birdcage coil
can generate a B1

+ field with homogeneity over 250 mm in
diameter and 250 mm in length. The Huygens’ cylinder can
generate a uniform field over a much larger region with 500 mm
in diameter and 700 mm in length. Fig. 6(f) and (g) compare
the distribution of the normalized B1

+ field of birdcage coil
and Huygens’ cylinder over the axial and the sagittal plane. We
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Fig. 6. (a) Diagram of the unloaded 7T Huygens’ cylinder. The right-hand component of B field (B1
+) on the (b) sagittal plane and (c) axial plane. The left-hand

component of B field (B1
−) on the (d) sagittal plane and (e) axial plane. (f) Comparison of normalized B1

+ field distribution on axial plane from 7T Huygens’
cylinder and birdcage coil. (g) Comparison of normalized B1

+ field on sagittal plane from 7T Huygens’ cylinder and birdcage coil.

TABLE II
COEFFICIENT OF VARIATION OF B1

+ MAGNITUDE VARIATION OVER AXIAL AND SAGITTAL LINES FOR 3T AND 7T MRI SYSTEMS LOADED WITH PHANTOMS

can see that over the same region of interest with 250 mm in
diameter and 250 mm in height, the variation of the B1

+ field
obtained from Huygens’ cylinder is smaller than the B1

+ field
generated by birdcage coil, by 2.8% in axial direction and 13.5%
in sagittal direction. Moreover, Table I shows that a reasonably
homogeneous B1

+ field can be achieved with the Huygens’
cylinder at 7T over a 500 mm distance at the center axial plane
and a 600 mm distance at the center sagittal plane. Such a large
region of B1

+ field homogeneity cannot be achieved by the
birdcage because of its limited size.

To investigate the homogeneity of the B1
+ field inside the

cylinders, we compare the right-hand and left-hand circularly
polarized components (B1

+ and B1
-) of the magnetic field within

the 3T and 7T MRI bore at axial and sagittal planes, as shown
in Figs. 5(b)–(e) and 6(b)–(e). It shows that for both the 3T and
7T Huygens’ cylinders, B1

- is very weak, while B1
+ is with a

constant magnitude, which means that the fields generated inside
the Huygens’ cylinder are right-hand circularly polarized with
very high mode purity.

B. Loaded Simulation

We proceed to provide simulation results for loaded situations.
For comparison, the source strengths are tuned such that the
|B1

+| at the center point is 1 μT. The specific absorption rate
(SAR), which is defined by:

SAR (r) =
σ (r) |E (r)|2

2ρ (r)
, (7)

is used to measure the amount of radiation absorbed by human
tissues. In (7), r represents a location within the subject with con-
ductivity σ(r), density ρ(r), and electric field amplitude |E(r)|.
In the following section, we compare SAR10g and SARaverage

in the phantoms obtained from the Huygens’ cylinders and
birdcage coils.

We first show the B1
+ distribution and SAR distribution for

the loaded 3T case. The cylindrical phantom which is 400 mm

Fig. 7. (a) Diagram of the loaded 3T birdcage coil. The B1
+ field distribution

obtained from 3T birdcage coil over the (b) axial and (c) sagittal plane. The SAR
distribution obtained from 3T birdcage coil over the (d) axial and (e) sagittal
plane.

in diameter and 500 mm in length is placed at the center of
3T birdcage coil and the 3T Huygens’ cylinder, as shown in
Figs. 7(a) and 8(a). Figs. 7(b), (c) and 8(b), (c) show the B1

+

distribution on the axial and sagittal plane from 3T birdcage
coil and Huygens’ cylinder. Reasonable B1

+ homogeneity is
obtained from both coils. Table II shows the B1

+ CoV along the
axial and sagittal planes for both coils. The CoV of B1

+ from
the loaded 3T Huygens’ cylinder is superior to the 3T birdcage
coil in sagittal direction by 1.8% and slightly inferior to the
3T birdcage coil in axial direction by 0.5%, which means after
the placement of the phantom, we still can expect slightly more
homogeneous B1

+ field inside the phantom from 3T Huygens’
cylinder. Figs. 7(d), (e) and 8(d), (e) show the local SAR10g on
the axial and sagittal planes from 3T birdcage coil and Huygens’
cylinder. The maximum local SAR10g and average SAR values
are tabulated in Table III. We see that the SAR performance
from 3T Huygens’ cylinder has slightly higher SAR values than
the 3T birdcage coil. Both coils satisfy the IEC SAR standard,
which is 3.2 W/kg for head SARaverage and 10 W/kg for head
SAR10g.
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TABLE III
SAR VALUE FOR LOADED 3T AND 7T MRI

Fig. 8. (a) Diagram of the loaded 3T Huygens’ cylinder. The B1
+ field

distribution obtained from 3T Huygens’ cylinder over the (b) axial and (c) sagittal
plane. The SAR distribution obtained from 3T Huygens’ cylinder over the
(d) axial and (e) sagittal plane.

Fig. 9. (a) Diagram of the loaded 7T birdcage coil. The B1
+ field distribution

obtained from 7T birdcage coil over the (b) axial and (c) sagittal plane. The SAR
distribution obtained from 7T birdcage coil over the (d) axial and (e) sagittal
plane.

Finally, we show the B1
+ distribution and SAR distribution

for the loaded 7T cases. A smaller cylindrical phantom, 200 mm
in diameter and 250 mm in length, is placed into the 7T birdcage
coil and the 7T Huygens’ cylinder, as shown in Fig. 9 and in
Case I of Fig. 10. Figs. 9(b), (c) and 10(b), (c) show the B1

+

distribution on the axial and sagittal plane from 3T birdcage coil
and Huygens’ cylinder. Table II reports the B1

+ field CoV for
both coils. From the table, we see that the B1

+ homogeneity
from 7T Huygens’ cylinder outperforms 7T birdcage coil by
11.5% on the sagittal plane, but the birdcage coil is more
homogeneous than the Huygens’ cylinder by 6.6% on the axial
plane. While the 7T birdcage coil has size limitations due to its
working mechanism, the Huygens’ cylinder is free from such
limitation. We place a larger phantom, which is 400 mm in
diameter and 500 mm in height, inside the 7T Huygens’ cylinder.

The simulation results are shown in Fig. 10(Case II). Case II of
Fig. 10(g) and (h) show the B1

+ field distribution on the axial
and sagittal plane respectively; the CoV values are tabulated in
Table II. While the field variation worsens a bit compared to the
small phantom case, we observe that a reasonable homogeneity
can be maintained over a very large region.

Figs. 9(d), (e) and 10(d), (e), (i), (j), and Table III show the
SAR distribution on the axial and sagittal planes for 7T birdcage
coil and Huygens’ cylinder. A slightly lower SAR is achieved
from 7T birdcage coil in general. Notwithstanding, we show that
the SAR produced by the Huygens’ cylinder is comparable to
that of the birdcage and satisfies the IEC safety requirement.

IV. DISCUSSION

In this paper, we apply the Huygens’ approach to launch
the sources for 3T and 7T MRI system. It is based on the
electromagnetic equivalence principle, which is fundamentally
different from previous RF excitation methodologies such as
the birdcage or travelling wave MRI. This difference leads to
unprecedented controllability on the fields within the MRI bore.

Our simulation results show that indeed the Huygens’ cylinder
superior B1

+ field uniformity and (in the 7T case) a similar
uniformity but over a much larger region than possible with
the birdcage coil. For unloaded 3T MRI, the Huygens’ cylinder
generates a more uniform field over 500 mm in the axial direction
and 600 mm in the sagittal direction. The B1

+ CoV improve-
ments over the two planes are 2.1% and 7.6% respectively, com-
pared to the birdcage coil. A similar analysis for 7T MRI system
shows that the Huygens’ cylinder generates a homogeneous field
over 500 mm in the axial direction and 600 mm in the sagittal
direction. The B1

+ CoV is improved by 2.8% and 13.5% respec-
tively in the axial and sagittal planes compared to a birdcage
coil which is 341.6 mm in diameter and 252.9 mm in height.
We note that in addition to achieving a large B1

+ homogeneity
improvement, the size of the Huygens’ cylinder is also much
expanded to allow high-quality HF MR imaging for the human
head and/or the torso. The loaded simulations results show that
the presence of the phantom inside the coil somewhat degrades
the B1

+ field homogeneity as would be expected. Nonetheless
the Huygens’ cylinder produces B1

+ field variations which are
in some case better and in some cases comparable to those
produced by birdcage coils. In the future, one can investigate
whether further improvements to homogeneity can be achieved
in loaded cases by including a generalized phantom in the initial
current weight calculation, as currently (3) and (4) assume an
unloaded region inside the coil.

Besides B1
+ field uniformity, SAR and SAR efficiency is also

important for RF coils. The B1
+ field strength at the center of

the coils is adjusted to 1μT for both loaded 3T and 7T MRI.
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Fig. 10. (a) Diagram of the loaded 7T Huygens’ cylinder. The B1
+ field distribution obtained from 7T Huygens’ cylinder over the (b) axial and (c) sagittal plane.

The SAR distribution obtained from 7T Huygens’ cylinder over the (d) axial and (e) sagittal plane. (f) The diagram of the loaded 7T Huygens’ cylinder. The B1
+

field distribution obtained from 7T Huygens’ cylinder over the (g) axial and (h) sagittal plane. The SAR distribution obtained from 7T Huygens’ cylinder over the
(i) axial and (j) sagittal plane. (Fig. 10(a)–(e) are simulation results for CASE I: 7T Huygens’ cylinder contained with cylindrical phantom which is 200 mm in
diameter and 250 mm in height; Fig. 10(f)–(j) are simulation results for CASE II: 7T Huygens’ cylinder contained with cylindrical phantom which is 400 mm in
diameter and 500 mm in height.)

Under this field strength standard, find the SAR efficiencies to
be 0.69 and 0.98 for 3T and 7T Huygens’ cylinder, respectively,
and 0.8 and 1.52 for 3T and 7T birdcage coil, respectively. In
general, the birdcage coil achieves lower SAR values, and in
turn, higher SAR efficiency because the electric field, which
leads to power absorption, vanishes along the longitudinal axis
(z-axis) of the coil while the magnetic field reaches a peak value.
This is a hallmark of a standing wave pattern not shared by the
Huygens’ cylinder, which synthesizes the travelling wave where
the electric field strength is, by and large, linearly proportional to
the magnetic (B1

+) field strength. Since the Huygens’ cylinder
provides tremendous flexibility in modifying the electromag-
netic waveform, it will be of interest to investigate whether it can
generate a highly homogeneous B1

+ field along with a relatively
low amplitude E field, which will increase the SAR efficiency. In
any case, in all cases shown in this paper the Huygens’ cylinder
achieves SAR values which are within the IEC safety standard.

In addition, we note that the above calculation for efficiency
for the Huygens cylinder represents a theoretical study only;
practical problems, such as impedance matching, properly cy-
cling and phasing the currents on the microstrip patches and
power tuning between the current strips on the side and the
two ends of the cylinder, need to be resolved. In a forthcoming
work, we will investigate the practical, power-efficient design
of the Huygens’ cylinder using the concept of active series-fed
metasurface [27].

V. CONCLUSION

The Huygens’ cylinder is proposed as a new methodology for
RF (B1

+) field generation in MRI. Using this method, we have
demonstrated the achievement of a highly homogeneous B1

+

field over an arbitrarily large region enclosed by the cylinder.
The uniformity level of B1

+ field for 3T MRI is clearly improved
by the Huygens’ cylinder. Both the level of homogeneity and the
region over which it is achieved much surpasses conventional
methods for the 7T MRI system. After the placement of testing
phantoms, for both 3T and 7T case, the Huygens’ cylinder

outperforms the birdcage in terms of B1
+ variation over the

sagittal plane, and their B1
+ variations over the axial plane

are comparable. The average SAR of Huygens’ cylinder and
birdcage coil is comparable from both 3T and 7T case. However,
the maximum SAR10g from birdcage coil is considerably lower
than Huygens’ cylinder.

Field homogeneity is crucial for the obtaining of high-quality
MR images. The proposed Huygens’ cylinder achieves superior
homogeneity over an unprecedented region. Importantly, the
reliance on electromagnetic equivalence allows the Huygens’
cylinder to operate for different bore sizes and RF frequencies,
making it applicable to 3T MRI, 7T MRI and beyond. These
traits make the Huygens’ cylinder very attractive candidate for
consideration in future UHF MRI systems.
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