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Abstract—In this short paper, we present a theoretical study of a 
new probe for Nuclear Magnetic Resonance (NMR) microscopy, 
based on high-permittivity and low-loss ceramic resonators. The 
probe design consists of two coupled annular resonators, with a 
maximum of axial magnetic field within them. An analytical study 
of the first transverse electric (TE) eigenmode of a single resonator 
was undertaken to assess the reliability of the magnetic field 
distribution for NMR imaging purposes. The developed analytical 
model also enabled to study coupling between resonators as a tool 
for tuning the probe at the Larmor frequency. 

I. INTRODUCTION 

Nuclear Magnetic Resonance (NMR) imaging requires the 
excitation of a sample with a radiofrequency magnetic field 
fulfilling two conditions: 1) orthogonal to the static magnetic 
field 𝐵  preconditioning the sample; 2) narrow-banded around 
the Larmor frequency imposed by 𝐵 . Additionally, it should be 
as uniform as possible throughout the sample. The reference 
probe for NMR microscopy (i.e. imaging of tiny samples with 
sub-millimeter or micron resolution) is the solenoid: a constant 
current flowing along a metal wire generates a magnetic field 
mainly parallel to the solenoid axis, at least close to the axis [1]. 
It is tuned and matched at the Larmor frequency with capacitors 
while the sample is placed within the solenoid. The NMR 
solenoid probe has limited leeway in terms of design due to the 
trade-off between the homogeneity of the field and the Signal-
to-Noise Ratio (SNR) of the NMR response, that is mainly 
driven by intrinsic losses within the conductive wire [2], [3]. In 
response, the work [3] proposes a numerical study of a new 
probe for NMR microscopy at 17,2 𝑇, based on two coupled 
annular-shaped, high permittivity dielectric resonators (DRs). 
Both the low-loss ceramics and the tuning to the Larmor 
frequency 𝑓  performed by adjusting the coupling between the 
two DRs ensure lower losses than in the case of the solenoid. In 
this paper, we investigate the theoretical background of such a 
resonant system and demonstrate the reliability of tuning the 
probe by electromagnetic coupling variation. 

II. SINGLE DIELECTRIC RESONATOR 

This section focuses on one element of the two coupled DRs 
probe described in [3]. 
A. Model 

As a first approach, the annular-shaped dielectric resonator 
presented in [3], depicted in Fig. 1(a), is approximated as a plain 

cylinder as in Fig. 1(b). Its properties are resumed in Table I. 
Reference [4] suggests indeed that the hole shifts slightly the 
resonant frequency but doesn’t modify significantly the field 
distribution of the lowest-order eigenmode as far as the hole 
diameter (5 𝑚𝑚 ) is small enough compared to the external 
diameter of the cylinder (18 𝑚𝑚). 

(a) 
 

(c) 

        (b) 
  

Fig. 1.  Dielectric resonator: (a) Real resonator shape (annular); 
(b) Model shape (plain cylinder); (c) Notations for the DR 

model dimensions. 

TABLE I.  DR PROPERTIES 

Dimensions Electromagnetic properties 

𝐿 2𝑎 𝝐𝒓 𝒕𝒂𝒏 𝜹 

10 𝑚𝑚 18 𝑚𝑚 520 10  
 

B. 𝑇𝐸  mode 

Due to the high value of the relative permittivity 𝜖 , the 
electromagnetic field is mainly confined within the dielectric 
material [4], [5]. The resonant modes are then described while 
neglecting the field leakages at the lateral boundaries of the 
resonator (second order Cohn’s model in [4]). The 𝑇𝐸  mode 
is the lowest order eigenmode of a cylindrical resonator. As 
illustrated in Fig. 2, it is described by non-zero field components 
𝐻 , 𝐻  and 𝐸 , and a cylindrical symmetry. The magnetic field 
generated in the center of the resonator is mainly axial, which is 
of interest for NMR probes. 

1) Resonant frequency estimation 
The resonant frequency 𝑓  is estimated as the average of an 

underestimate 𝑓  of 𝑓  deduced from the second order Cohn’s 
model [4] and an upper bound 𝑓  provided by an empirical 
expression derived in [6]. The computed value is 𝑓 =
753 𝑀𝐻𝑧. An experimental measurement is performed on the 
annular resonator with a near-field probe (Langer EMV-
Technik) and a vector network analyzer (Anritsu MS2027C). 
The result is 𝑓 = 750 ± 5 𝑀𝐻𝑧, while the targeted value at 
17,2 𝑇 is 732,7 𝑀𝐻𝑧. The estimated value is consistent with the 



actual resonant frequency of the resonator. However, fine 
tunability to the Larmor frequency is necessary for NMR 
imaging. 

 
Fig. 2.  𝑇𝐸  mode: electric and magnetic field lines [5]. 

2) Field distribution 
The field distribution is estimated by applying the approach 

developed by J. Sheen in [7]: the DR is shielded by two 
conducting plates placed far enough so that they do not influence 
the mode [4]. The computed magnetic and electromagnetic 
fields are displayed in Fig. 3. The electric field low value region 
in the center of the resonator confirms the secondary impact of 
the hole on the resonant mode properties. 

 

(a) 

 

(b) 

 
Fig. 3.  (a) Magnetic and (b) Electric field distribution in the 

sagittal (𝑋𝑍) and transverse (XY) plane respectively.  

III. COUPLING OF 𝑇𝐸  MODES OF TWO DIELECTRIC 

RESONATORS 

Coupling enables to tune the probe at the Larmor frequency 
by adjusting the axial shift 𝑑 between the two DRs (Fig. 4(a)), 
while the magnetic field distribution within the resonators 
(location of the sample) does not change significantly. 

 

 
(a) (b) 

Fig. 4.  Coupled modes frequencies versus distance between 
axially shifted DRs. 

A. Coupling theory 

Reference [8] resumes the coupling theory based on the 
spatial overlap of the initial modes field distribution. According 
to this work, in the case of two identical DRs shifted in a 
symmetric configuration, the coupling coefficient between two 
identical DRs is expressed as in (1) and the coupled modes, 
called symmetric or (+ +)  and antisymmetric or (+ −) , are 
given in (2). 

 𝜅 =
∫ ( ) ⃗∗. ⃗

∫ ⃗
 


𝐻( ) =

√
𝐻 + 𝐻 ,   𝑓( ) = 𝑓 1 − |𝜅|

𝐻( ) =
√

𝐻 − 𝐻 ,   𝑓(  ) = 𝑓 1 + |𝜅|
 

 

B. Tunability of the two DRs probe: proof of feasibility 

The coupled modes frequencies are represented in Fig. 4(b). 
The Larmor frequency is accessible with the (++) mode 𝐻( ), 
described in Fig. 5, and 𝑑 ≈ 4 𝑚𝑚. 

(a) 

 

(b) 

 
Fig. 5.  (++) coupled mode (computed from method in [7]): 
(a) Magnetic field distribution (sagittal plane); (b) schematic 

representation of the associated magnetic field. 

CONCLUSION 

This theoretical study proves that coupled high permittivity 
DRs fulfill the requirements on the magnetic field distribution 
and resonant frequency. Influence of laterally shifting the DRs 
has been currently investigated. Next step will be to consider the 
performances in terms of SNR and transmit power efficiency 
and compare it to the solenoid probe. 
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