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Abstract—This letter describes the design, fabrication, and 
characterization of an air-mode 1D photonic crystal resonator 
(PCR) operating at 100 GHz. The PCR was fabricated from an 
inexpensive cyclic olefin copolymer (COC) using computer 
numerical control (CNC) milling. It is demonstrated that despite 
the lack of complete electromagnetic bandgap arising due to the 
low permittivity of the COC, it remains possible to realize a 
resonator with a high-quality factor (Q-factor) of 2800 through 
shaping of the resonant field to minimize radiative loss. 

Index Terms—CNC milling, cyclic olefin copolymer, photonic 
crystal resonator, Q-factor, resonator. 

I. INTRODUCTION 

HOTONIC crystal resonators (PCRs) have numerous 
advantages compared to other types of cavity resonators, 

most notably high Q-factors limited only by dielectric loss 
combined with small resonant mode volumes [1-4]. Widely 
used in the optical domain, they have more recently been 
developed for the millimeter-wave (mm-wave) and terahertz 
bands with 1D [5] and 2D [6], [7] realizations fabricated from 
high resistivity silicon. Their high Q-factor, planar geometry 
and ability to be integrated with dielectric slab waveguides 
(DSWs) makes them promising for use in future low loss filters, 
low phase noise oscillators and as sensing platforms (e.g. [8]) 
in the mm-wave and terahertz bands. 

This paper presents the design, fabrication and 
characterization of a 100 GHz 1D PCR fabricated from a cyclic 
olefin copolymer (COC) whose Q-factor exceeds a 
conventional metal cavity resonator. The particular COC 
employed is a thermoplastic called Topas [9], which is 
produced by the chain copolymerization of norbornene with 
ethylene. The motivation for using this dielectric material is the 
very low dielectric loss (i.e. loss tangent tan 𝛿 < 10 ) in the 
mm-wave and sub-terahertz frequency ranges [10], allowing 
high resonator Q-factors. Additionally, this material is 
inexpensive (particularly when compared to the alternative high 
resistivity silicon), has low water absorption (<0.01%) and high 
optical transmission. The material has a relatively low real 
permittivity (𝜖 = 2.34), which would commonly be viewed as 
a barrier for its use as an electromagnetic bandgap material [11]. 
However, in this letter we demonstrate how this may be 

 
Manuscript received March 14, 2022; revised May 26, 2022; accepted June 

14, 2022. Date of publication xxx, 2022; date of current version June 14, 2022. 
The work was supported by the U.K. Engineering and Physical Science 
Research Council (EPSRC) under Contract EP/V001655/1. For the purpose of 
open access, the author(s) has applied a Creative Commons Attribution (CC 
BY) license to any Accepted Manuscript version arising. Data supporting this 
publication is available at https://doi.org/10.25500/edata.bham.00000850.  

overcome in the case of a 1D PCR where an incomplete 
bandgap is present in the dispersion properties of its constituent 
unit cells. The remainder of the letter is organized as follows. 
Sections II and III describe the design process of the PCR and 
its fabrication using CNC milling, respectively. Section IV 
presents the characterization of the device, analysis and 
discussion. 

II. DEVICE DESIGN 

A. Resonator Design 

The PCR shown in Fig. 1 consists of a dielectric slab 
waveguide (DSW) containing a linear array of 2N = 72 
cylindrical air holes to support a TE Bloch mode. The holes with 
radius r = 0.3 mm and period a = 1.12 mm are distributed 
symmetrically about the 𝑥 = 0 plane. To confine a resonant 
mode to the center of the DSW, the width of the waveguide 
𝑏(𝑥) is quadratically tapered from the center to the ends 
according to 𝑏(𝑥) = −6.15 × 10 𝑥 + 3.2, where 𝑥 ∈
[−𝑁𝑎,𝑁𝑎] and the dimensions are in millimeters. The 
electromagnetic properties of the waveguide forming the 
resonator may be analyzed using the locally periodic 
approximation where each section of waveguide with an air 
hole is treated as a unit cell (shown in the inset of Fig. 2(a)) with 
infinite periodicity in the ±𝑥-directions [12]. Fig. 2(a) shows 
the calculated band diagram for the TE Bloch modes of a central 
unit cell (x ∈ [0, a/2]) calculated using ±𝑥 periodic boundary 
conditions with the MIT Photonic Bands (MPB) software 
package which utilizes conjugate-gradient minimization of the 
block Rayleigh quotient on a plane-wave basis to calculate the 
unit cell eigenmodes [13]. The Bloch mode used by the 
resonator is mode 2 (colored cyan in Fig. 2(a)), commonly 
referred to as the air mode since the electric field concentrates 
(but not exclusively) in the air regions rather than the dielectric 
regions, reducing dielectric loss [7], [11]. It can be observed 
from Fig. 2(a) that a complete TE bandgap, which is often 
viewed as a prerequisite for realizing a PCR, does not exist 
between modes 1 and 2. Here, we demonstrate that a resonator 
may still be realized despite the lack of a complete bandgap 
which can be difficult to engineer from materials with a low real 
permittivity [14].  
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The tapering of the waveguide width from the center towards 
the ends has the effect of progressively increasing the 
frequencies of the unit cell eigenmodes, confining a mode 2 
resonance to the center of the waveguide. The quadratic shape 
of the tapering profile is chosen to achieve a Gaussian envelope 
of the resonant mode’s field as discussed in [12], [15]. The 
tapering length is chosen as a tradeoff between the length of the 
device and minimizing the radiative loss of the resonator, 
characterized by the radiation Q-factor 𝑄 . Increasing the 
taper length reduces the wavevector components of the resonant 
mode field inside the light cone which contributes to radiative 
loss. Ideally, 𝑄  is chosen to be much greater than the Q-
factor associated with dielectric loss 𝑄  to achieve a material 
loss limited Q-factor. The tapering also ensures that the 
resonance field does not contain wavevector components 
corresponding to other eigenmodes at the resonant frequency to 
avoid mode coupling. Fig. 2(b) shows how the extended taper 
length causes the power spectral density of the wavevector 
component 𝑘  of the resonant mode field to be narrowly 
concentrated about the irreducible Brillouin zone edge 𝑘 =
π/𝑎, away from the light cone and other modes. Resonant mode 
2 has even symmetry about the x-axis for the dominant electric 
field component 𝐸 , whereas modes 3 and 4 have odd 
symmetry, making them unlikely to couple (in addition to not 
satisfying the phase match condition as previously described). 

Full-wave electromagnetic simulations of the device were 
performed using the finite-element method (FEM) solver in 
CST Microwave Studio [16]. For the simulations, the relative 
permittivity of the Topas was set to ϵ = ϵ (1 − 𝑗 tan 𝛿) where 
𝜖 = 2.34 ± 0.01 and tan 𝛿 = (2.62 ± 0.24) × 10  based on 
measurements of a COC wafer by the National Physical 
Laboratory (NPL) U.K. using a 72 GHz open cavity resonator 
and calculated using expanded uncertainties with coverage 
factor 𝑘 = 2. Note that these values are close to the permittivity 
reported in [17] at 300 GHz indicating negligible dispersion in 
the COC permittivity. Fig. 2(c) shows the electric field 
distribution of the PCR for the fundamental mode resonance. 

B. PCR Mounting and Enclosure 

The PCR is suspended using four supporting beams of width 
𝑤 = 5.6 mm and length 𝑙 = 5.6 mm, shown in Fig. 1(d), to 
electromagnetically isolate the resonant mode’s field from its 
surroundings, minimizing leakage and scattering losses. The 
supporting beams are perforated with a dense lattice of 
cylindrical air holes with sub-wavelength diameter ℎ =
0.35 mm (0.12𝜆 , where 𝜆  is the free-space wavelength) and 
period ℎ = 0.4 mm (0.14𝜆 ) to create an effective medium 
with a low permittivity as described in [18]. This approach leads 
to minimal scattering of the fundamental TE0 guided mode on 
the DSW by the support beams. The PCR and supports are 
fabricated as a single piece of COC with uniform thickness 
2.5 mm. 

Tapered sections at both ends of the DSW along with flaring 
metallic horn structures are used to form a low loss transition 
between the DSW and WR-10 metal rectangular waveguides as 
shown in Fig. 1(c). Here, the tapered ends of the DSW partially 
protrude into the aperture of the horn structure and transition  

(a) 

(b) 

     
   (c)                                                          (d) 

Fig. 1. (a) Structure of the 1D PCR consisting of the DSW central beam with 
support mounts and supporting beams. (b) Structure of the plastic housing 
showing how the PCR is mounted above the groove within the housing. Note 
that the top part of the plastic housing is not shown here. (c) Enlarged view of 
the tapered DSW section and bottom half of the metallic horn structure used as 
a transition between the DSW and WR-10 waveguide. The flange is a standard 
UG387/U flange. (d) Enlarged view of one of the supporting beams. 
  

linearly from the DSW end width of 𝑏 = 2.2 mm to a width of 
wt = 0.02 mm over a length of lt = 5 mm. A simulation of the 
back-to-back transition between the WR-10 waveguide and the 
DSW shows the total loss (S21) is 0.39 dB, excluding material 
losses. 

III. DEVICE FABRICATION 

The PCR shown in Fig. 3(a) was fabricated using CNC milling 
of a single injection molded Topas wafer [9] with diameter 
115 mm and thickness 2.5 mm. The PCR was enclosed in a 
housing constructed from CNC milled acrylic and split in the 
𝑧 = 0 plane to allow the PCR to be mounted as shown in 
Fig. 3(b) and 3(c). The PCR and two halves of the housing are 
then aligned using four alignment pins and fixed using four M3 
nuts and bolts. The WR-10 flange, and horn sections were CNC 
milled from brass in two halves and aligned using two vertical 
alignment pins and fixed using two M1.6 nuts and bolts. Each 
flange and horn section were fixed to the housing using two M3 
bolts and aligned using two horizontal alignment pins. 

IV. CHARACTERIZATION AND DISCUSSION 

The S-parameter measurements of the device were performed 
using a Keysight PNA-X N5247B vector network analyzer with 
Keysight N5295AX03 frequency extension modules and 
coaxial to waveguide adaptors. The system was calibrated at the 
waveguide flanges of the adaptors using a through-reflect-line 
calibration scheme. Fig. 4 shows the measured and simulated 
scattering parameters of the device across the frequency range  
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(a) 

 
(b) 

 
(c) 

Fig. 2. (a) Transverse-electric (TE) mode band diagram for one of the central 
unit cells of the PCR with the electric field shown for modes 1 (M1) and 2 (M2). 
(b) Power spectral density of the wavevector component 𝑘  of the resonant 
mode’s magnetic field component 𝐻 . (c) Simulated electric field distribution 
of the fundamental resonant mode in the 𝑧 = 0 plane. 
 
of 100 – 110 GHz. The visible peaks in S21 represent the first 
six resonant modes with the fundamental resonance at the 
lowest frequency 𝑓 = 103.48 GHz. There is good agreement 
between simulated and measured results with only a 32 MHz 
difference in the fundamental resonance frequency. The 
average thickness of the fabricated PCR was measured to be 
2.513 mm and based on a tolerance analysis in CST this 13 µm 
increase in PCR thickness explains the ~32 MHz frequency 
shift. 

The loaded Q-factor 𝑄  of the PCR was calculated from the 
full-width at half-maximum (FWHM) frequency bandwidth of 
the measured S21 to be 2800, which compares well with the 
simulated value of 3410, accounting for fabrication tolerances. 
The experimental unloaded Q-factor of the resonator may be 
estimated to be 𝑄 = 𝑄 /(1 − |𝑆 (𝑓 = 𝑓 )|) = 3700 
(assuming leakage through the resonator is negligible). In 
theory, a material loss limited design would have a loaded Q-
factor 𝑄 = 𝑄 = (𝜌 tan 𝛿) = 4710, where 𝜌 = 0.81 is 
the calculated dielectric filling factor of the resonant mode. 
These results indicate the potential for higher Q-factors through 
improved fabrication and the introduction of additional unit 
cells for increased waveguide decoupling at the expense of  

Fig. 3. (a) Photograph of the fabricated PCR. (b) Photograph of the PCR 
mounted in the bottom half of the housing with flange and horn sections 
attached. (c) Photograph of the fully assembled device. 
 

 
Fig. 4. Measured and simulated S-parameter of the device. The inset shows an 
enlarged view of S21 for the fundamental resonant mode. Unloaded Q-factors of 
the first three resonant modes are: 4620, 4420 and 3890.  
 

TABLE I 
MM-WAVE RESONATOR TECHNOLOGIES  

fc (GHz) R.T. Qu S.M.S.D. (%) M.T. Ref.  
87.86 MW 573 40  L.I.S.G. [19] 
183 MW 648 33 3D Printing [20] 

101.14 MW 741 56 3D Printing [21] 
117.1 MW 830 12 CNC Milling [22] 
106.8 

103.476 
PCR 
PCR 

11900 
3700 

2 
 1.2 

Si.Mic. 
CNC Milling 

[5] 
T.W. 

fc: operating frequency; R.T.: resonator type (MW: metallic waveguide; PCR: 
photonic crystal resonator); Qu: stated or estimated unloaded Q-factor; 
S.M.S.D.: spurious mode spectral distance; M.T.: manufacturing technique 
(L.I.S.G.: laser induced structured glass; Si.Mic.: silicon micromachining); 
T.W.: this work; Ref.: reference. 
 

reduced forward transmission S21 and increased device length. 
A disadvantage of the use of a lower permittivity material for 

a 1D PCR is the required increase in the length of the device, 
particularly when compared to silicon devices (see [5]), and the 
close spacing of the higher order modes. Table I describes the 
performance for representative resonators at similar mm-wave 
frequencies. The reported resonator has a favorable 
performance in terms of Q-factor with the advantage of being 
fabricated from an inexpensive material. 

V. CONCLUSION 

This letter demonstrated the design, fabrication, and 
characterization of an air-mode 1D PCR fabricated from a COC 
material using CNC milling. Despite the low relative 
permittivity of the material and resulting lack of a complete TE 
band gap, a high loaded Q-factor resonance of 2800 was 
realized. The results demonstrate the potential of the use of 
inexpensive COCs for realizing future low loss and high Q-
factor mm-wave and terahertz components such as filters, 
oscillators and sensors. 
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