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surface currents placed at the boundary, and {Ea, Ha} and {Eb,
Hb} are the EM field inside and outside the box respectively.
The boundary conditions are
𝐉𝐒 = 𝒏
̂ × (𝐇𝐛 − 𝐇𝐚 )
𝐌𝐒 = −𝒏
̂ × (𝐄𝐛 − 𝐄𝐚 )
(2)
where 𝒏
̂ is the normal unit vector labelled in Fig. 1 (a). In a
shape enclosed by a perfect conductor (PEC), electric surface
currents are shorted, and magnetic currents can be implemented
by running an electric current 𝐼𝑎 close to the conductor [4].
2𝐶𝐴𝑀𝑆
𝐼𝑎 = 𝑗
(3)

Abstract—RF magnetic (B1+) field homogeneity is essential to
obtain high-quality magnetic resonance (MR) images. Whereas
the recent advent of high field MRI makes it very difficult to
achieve B1+ field homogeneity with traditional RF coils, we hereby
propose an active metasurface-enabled scheme to achieve B1+ field
homogeneity for 3T MRI. After explaining our methodology, we
present simulation results which show superior B1+ field
uniformity in both longitudinal and transverse cross-sections,
compared to a traditional birdcage coil at the same frequency and
phantom sizes.
Keywords—Metamaterial; Huygens’ metasurface; MRI; ultra
high field MRI; RF field homogeneity

I.

𝑤𝜇0 𝜔

where 𝐴 is the equivalent area covered by a current strip, 𝐶 is a
constant with the unit m-1 and w is the distance between the
electric current 𝐼𝑎 and the perfect conductor. Fig. 1(b) shows a
model of the active Huygens’ metasurface element [4].
As shown in Fig. 2, the Huygens’ box we propose is the MRI
bore – a cylinder with 𝐷 = 1 m and 𝐻 = 2.3 m. The Huygens’
box features discrete current strips to synthesize the current
distribution 𝐼𝑎 (𝑥, 𝑦, 𝑧) at the boundary of the MRI bore. Current
strips with 𝑙 = 50 mm are placed in a ring formation, 45°(392
mm center-to-center) apart in the circular cross-section, with λ/8
(293.6 mm) separation between rings. Details on current strip
placement choices will be given in a forthcoming paper. The
current 𝐼𝑎 at each current strip location can be found through (2)
and (3), by setting {Eb, Hb} to zero and {Ea, Ha} as EM field
distribution of the desired circularly polarized plane wave.

INTRODUCTION

Magnetic resonance imaging (MRI) has been a common noninvasive imaging modality in the fields of anatomy, physiology,
medical science and healthcare. MRI involves an RF magnetic
field excitation at the Larmor frequency 𝜔𝐿 , which causes the
precession of neutrons within the imaged subject [1]:
𝜔𝐿 = 𝛾𝐵0 ,
(1)
where 𝛾 is the magnetic spin ratio and 𝐵0 is the static magnetic
flux density. Recent trends in MRI involve the usage of high or
ultra-high static magnetic fields (3T or 7T) to improve the SNR
and resolution of the MR image. The birdcage coil, which is
widely used as the RF coil in MRI systems, produces a highly
homogeneous B1+ field for low-field systems [2], but suffers
B1+ field inhomogeneity when the frequency rises from 64 MHz
(1.5T) to 127.7 MHz (3T) due to the increased electrical size of
the coil [3]. In this paper, we use the Huygens’ box to generate
a uniform B1+ field in HF and UHF MRI. Through the direct
application of EM equivalence, we use an active metasurface
surrounding the MRI bore to excite a circularly polarized plane
wave (which has perfect B-field uniformity) within the bore. A
comparison of simulation results shows that our proposed MRI
system achieves superior B1+ field uniformity at 3T compared
to the field generated by the conventional birdcage coil.
II.

(a)
(b)
Fig. 1. (a) A diagram illustrating the equivalence principle. (b) A simple active
Huygens’ metasurface element with a perfect conductor.

METHDOLODY

A. Concept and Theoretical Derivation of the Huygens’ box
Fig. 1 describes the concept of the Huygens’ box [4][5]. As
shown in Fig. 1(a), 𝐉𝐬 and 𝐌𝐬 are the electric and magnetic
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Fig. 2. The diagram of the Huygens’ box.
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B. Concept and Theoretical Derivation of the Birdcage coil

Fig. 3. The model of the high pass birdcage coil.

(a)
(b)
Fig. 6. (a) The x and (b) The y component of H field at 0°, 30°, 60°, 90°, 120°,
150°,180° at the longitudinal cross-section of the Huygens’ Box.

We compare our box to a birdcage coil shown in Fig. 3, which
is reproduced from [6]. This birdcage coil has 12 legs, two endrings and a metallic shield. Its salient parameters are given as
follows: the coil diameter is 60 cm, its legs are 30 cm long and
1 cm in diameter, the external shield is 50 cm tall and 80 cm in
diameter, and the tuning capacitances are 9.8 pF.

Fig. 6 gives the x and y component of H field at 7 different
phases at the axial cross-section of the Huygens’ box. The phase
difference between Hx and Hy inside the Huygens’ box is about
90° and Hx is phase-lead. This verifies that the EM field is right
circularly polarized. Remarkably, the EM field in the Huygens’
box travels along the axial direction and does not suffer
appreciable reflection at the top edge of the Huygens’ box. This
guarantees B1+ field uniformity in the axial direction. Whereas
the field within the birdcage coil changes drastically when the
electrical size of the cage increases, the generation of waveform
features within the Huygens’ box does not depend on a certain
box size, making the proposed method equally applicable to
UHF MRI at 7T or even higher B0 field strengths.

C. Simulation and Results
We show the magnetic field within cross-sections of the
birdcage coil in Fig. 4 (a) and (b). As shown, the birdcage coil
can generate a circularly polarized H field, but it has a varying
strength across the transverse cross-section. Particularly, the
field strength increases at the boundary of the coil. Additionally,
Fig. 4 (c), which plots the axial cross-section of the H field,
shows that the H field strength also decreases in the axial
direction, away from the center of the coil. Fig. 5 shows
corresponding plots of the magnetic field generated within the
3T Huygens’ box. When compared to the H field in the birdcage
coil, the one in the Huygens’ box is more homogeneous whether
it is in the transverse or the longitudinal cross-section. Both of
the diameter of the transverse cross-section are 60 cm.

III.

CONCLUSION

This paper gives a method based on the Huygens’ box to solve
the problem of the inhomogeneity of the B1+ generated by RF
coils in the MRI system. The proposed Huygens’s box can
generate the homogeneous B1+ field both in the transverse and
the longitudinal cross-section because the field inside the
Huygens’ box is the right circularly polarized travelling plane
wave. As the Huygens’ box is highly customizable, and
performs better with increasing frequency, the strong
applications in HF/UHF MR imaging can be expected.
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