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Abstract 

 
This paper describes the design and mode structure of resonators using Bragg confined modes. We 

investigate a range of low-loss dielectric materials with aim to maximize the Q-factor. The structure is composed 
of a hollow dielectric cylinder with the mode confined in the central low-loss region. We illustrate the 
importance of material permittivity and show it is possible to obtain a better Q-factor using higher permittivity 
materials with larger intrinsic dielectric losses than single crystal sapphire. Also we illustrate the discovery of a 
new type of Bragg confined mode in a dielectric loaded cavity. The dielectric is placed in a silver platted copper 
cavity. A resonance was observed at 13.4 GHz with an unloaded Q-factor of order 2×105, which is more than a 
factor of six above the dielectric loss limit. Usually a Bragg structure requires a pure Transverse Electric mode 
with no azimuthal variations and only an electric field component, Eθ, while this mode possesses a number of 
azimuthal variations greater than zero. 
 

1. Introduction 
 

Bragg reflector resonators obtain high Q-factors by confining most of the energy in a central low-loss 
region (usually vacuum) using outer-layered dielectric materials loaded in a metallic cavity. The dielectric and 
resistive losses are decreased due to the reduced electromagnetic energy in the dielectric layers and at the cavity 
edge. So far the highest Q-factors have been obtained using single crystal sapphire due to its extremely low loss 
at microwave frequencies [1 - 2]. We investigated Non-Maxwellian simple models to obtain dimensions of a 
Bragg structure by solving simultaneous equations which allow a more compact design. The results obtained 
with this type of resonator have exceeded the best performance of commonly used dielectric resonators at room 
temperature [3 - 4]. The Non-Maxwellian models give solutions of frequency typically within 1% of the actual 
solution. For better accuracy, numerical techniques are required. In our case we use the method of lines software 
[5].  

In this work we also investigated a range of alternative low-loss crystalline and non-crystalline 
dielectric materials [6] with the aim to obtain a high Q-factor like sapphire using cheaper materials with higher 
permittivity. Moreover we also discovered a new mode, which can be considered as a hybrid Bragg confined 
mode (all field components). However, the dominant fields for these modes are Er , Eφ and Hz and Bragg 
reflection occurs as the radial component of the Electric field exists near the central region of the resonator and 
supplies a tangential boundary condition to the axial Bragg reflectors. In contrast the azimuthal electric field 
exists mainly at all other boundaries and Bragg confinement of the mode is also achieved in the all directions. 

 
2. Bragg effect on material permittivity 

 
To compare the efficiency of various materials we investigated a single Bragg reflector in the radial and 

axial regions as shown in figure 1. It has been shown that such structures that use single crystal sapphire may 
obtain Q-factors of order 3.0x105 at room temperature [3-4]. It has also been shown that a close to optimum 
solution can be obtained when we use simple models to calculate the dimensions of the resonator [3-4]. Thus, the 
simple model technique was used to calculate the dimensions of a 10 GHz dielectric resonator loaded in a silver 
platted cavity for permittivities varying between 10 to 200, and for aspect ratios (AR) between 1.0 and 1.75 (ARs 
of these values were shown in [4] to be near optimum), where AR = L/2R (L is the height and R the radius of the 
cavity as shown in figure 1). The dimensions of the cavity were then entered in the Method of Lines [5] mesh 
and the Geometric-factor (G), electric energy filling factor (Pe) in the dielectric and frequency were calculated. 
The frequency calculated using the rigorous Method of Lines technique [5] gives the same frequency of 10 GHz 
to within 0.02 to 0.3 %. The Q-factor was assumed to be Q = 3.0x105 and the loss-tangent was calculated from 



(1) at each value of permittivity assuming the surface resistance (Rs) to be 26 mΩ (the value of good silver 
plated copper [7]). 

 

 
Figure 1: Right, illustration of the dielectric layers that form the cylindrical Bragg reflectors. Left, Electric field 
density plot (Eθ) of the fundamental TE mode as calculated using the Method of Lines, showing the internal 
resonant region (free space), and outer antiresonant layered region. For a 10 GHz resonator the size ranges 
between L= 60 – 100 mm, with R ~ 30 mm for AR ranging between 1.0 – 1.75. 
 

 
 

A range of materials at 10 GHz from the database given in [6] were compared with the calculated 
3.0x105 Q-factor locus shown in figure 2 and tabulated in table 1. Low-loss dielectric materials and crystals with 
permittivity 50 and above (labeled 1-3 and 9) lie above the 3.0x105 Q-factor locus, and have worse Q-factors. 
Also, the thickness of the dielectric Bragg reflectors need to be smaller than 1 mm, and thus will be mostly 
impractical to build. Crystalline sapphire (No. 14) and rutile doped alumina (No. 7) are the lowest loss tangent 
materials and lie close to the curve as expected, (Q-factors ~ 2.8x105). However, there is a range of crystalline 
and non-crystalline materials with higher loss and permittivity, which give higher Q-factors above 3.0x105, with 
only a small reduction in the thickness of the reflectors when compared to sapphire. This includes dielectric 
materials 4, 5 and 6 and the crystalline materials 10, 11 and 12 (see table 1). Thus, we have shown that an 
improved Q-factor may be obtained with a Bragg resonator by constructing the resonator from higher 
permittivity materials even if they have higher losses than sapphire. This occurs because of the smaller electric 
filling factor in the dielectric as the permittivity increases. For multi-layered Bragg reflector resonators, (not 
presented here), the results give the same trends, except Q-factors of one million may be obtained. 

 
TABLE I: Low-loss dielectric materials plotted in figure 2, with measured permittivities and loss-tangents 
referred to 10 GHz [6]. The Q-factor of the structure in figure 1 is calculated using Method of Lines [5]. For 
anisotropic materials we only give the perpendicular values, which is the only one relevant for the TE Bragg 
confined mode. No. Material Permittivity Tanδ �[10 GHz] Q-factor 

 

 

(1) 



 
Figure 2 : Loss tangent versus permittivity showing the locus of Q = 300,000 at 10 GHz for the resonator design 
in figure 1, for aspect ratios (AR) between 1.0 and 1.75. Fourteen low loss materials of varying permittivity are 
also plotted (see table I). The bold circles (1-8) represent non-crystalline material, while the white squares 
represent crystalline material. The materials below the locus have a Q-factor greater than 300,000, while the ones 
above have a lower Q-factor. 

 
3. New high confined mode in Alumina Bragg resonator 

 
Bragg confined modes in a hollow alumina was investigated, the dielectric was manufactured with the 

following dimensions, the height is 49.94mm, the diameter 65.6mm and the radial and axial dielectric 
thicknesses are respectively 3.47mm and 3.42mm and supported by Teflon spaces in a cylindrical metallic silver 
platted cavity of  74.7mm diameter and 66.2mm height.  

 
To characterize the dielectric properties of the alumina we use the whispering gallery mode method    

[8-9]. Modes are simulated using Method of Lines software [5] to predict the frequency, geometric factor (G) 
and electric filling factor (pe) of the fundamental WGH mode family. Simulations are compared with 
measurements in order to estimate the loss-tangent and the permittivity of the alumina sample. We calculated the 
parameters from equation (1), the loss-tangent as a function of frequency and the results are given in Table I. It’s 
important to notice that the filling factor in Teflon is too small to be considered. The permittivity is also 
estimated to be 9.73 according the agreement with our measurements and the simulations. While we were 
investigating the alumina properties, Bragg confined resonances were also observed.  

 
Table I. Measurements were done for a WGHm,0,0 mode family, where m is the azimuthal mode number 

and also computations were done with the method of lines. The frequencies f are in GHz, G geometric factor and 
Pe the electric filling factor. 

 
 

We measured the loss-tangent of the alumina to be tanδAlumina=2.4×10-6f [GHz]. 
 
Most of these modes possess a number of azimuthal variations greater than zero. In contrast, previously 

Bragg resonances were only observed as pure Transverse Electric modes with no azimuthal variations and only 
an electric field component, Eθ. The new modes are both Bragg-like, (Er is tangential to all dielectric boundaries) 
and also Hybrid-like, (possesses azimuthal variations), thus we call the modes Hybrid Bragg confined Modes 
(HBM). It possesses three main field components Er, Eθ, Hz (see figure 2). The confinement in the inner region is 
around 90% of the total energy, which has never been reached before in a single layer structure. 



 
Figure 2: Density plot (modulus squared) of the dominant electric and magnetic field components for the 13.4 
GHz mode of m = 1 as calculated using the Method of Lines [5]. 

 
 

4. High Order Bragg modes 
 
Several confined higher order Bragg modes were measured in an alumina structure with Q-factors of 

order 105 or larger. Modes were identified after the successful permittivity and loss-tangent characterization and 
results are shown in figure 3. In previous work only Bragg confined modes of m = 0 have been characterized, 
and here we unequivocally identify Bragg confined modes of azimuthal mode number m > 0. The highest Q-
factors are measured for the 11.34 (Q = 2.25×105) and 13.40 (Q = 1.91×105) GHz modes. Given that we 
measured the loss-tangent of the alumina to be tanδAlumina=2.4×10-6f [GHz] both modes are a factor of 6.1 above 
the dielectric loss limit. We may also compare the results to a sapphire whispering gallery WGH mode. Given 
that the loss-tangent parallel to the c-axis is tanδSapphire = 4.2×10-7 f 1.09 [GHz] the 11.34 and 13.4 GHz modes 
have Q-factors of 1.3 and 1.4 times greater than sapphire WGH modes respectively. 
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Figure 3: Left: Calculated and measured frequencies of some higher order confined Bragg modes.               
Right: Measured and calculated unloaded Q-factors of the Bragg modes. 
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