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Abstract. This paper presents a design, analysis and opti-
mization of birdcage resonators employed in a novel radio-
frequency plasma source. Three resonators were simulated 
and fabricated. The resonators differ in their design and in 
the different materials of used dielectric – polyimide and 
polytetrafluorethylene (PTFE). The resonance frequency of 
fabricated samples possesses a maximal error of 2.2% com-
pared to the simulated values. The performance in plasma 
excitation is related to the electrical parameters, while the 
best performing resonator (PTFE-based) exhibits the maxi-
mum real impedance of 644.3 Ω at the resonance frequency 
and the 799.5 V/m electric field strength. This resonator 
shows the best power efficiency in a plasma ignition experi-
ment. The resonator ignited the discharge at ca. 1 Pa of am-
bient air atmosphere with only 0.34 W of input radiofre-
quency power. 
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Birdcage resonator, resonance network, plasma source, 
impedance matching, distributed capacity 

1. Introduction 
For the very first time, the birdcage resonator was in-

troduced in 1985 by Cecil E. Hayes [1]. The resonators con-
sist of an even number of legs, and capacitors, which may be 
placed in the middle of the legs (so-called low-pass type, as 
shown in Fig. 1), between the legs in the endrings (high-
pass) and their combination – band-pass type [2].  

However, some of the important details of these reso-
nators were not mentioned that time. For instance, the capac-
itors are mentioned schematically in the original article, 
where a capacitor in the middle of the legs is shown (see 
Fig. 1). Later, in an overview article, more details were re-
lieved by the author [3]. The low-pass birdcage was fabri-
cated on a Teflon substrate, with many capacitors in series, 
which creates the resulting capacitance (Fig. 2).  

 
Fig. 1. Low-pass version of a birdcage resonator. Adapted 

from [1]. 

 
Fig. 2. Design of the birdcage resonator shown in [3]. 

Originally, the resonators were designed as volume 
coils for magnetic resonance imaging (MRI) [1]. Since that 
time, the resonators for MRI were prepared in many varia-
tions, using lumped capacitors [4], relying on distributed ca-
pacity [5] or by a combination of flexible and rigid sub-
strates with lumped elements [6]. Also, special approaches, 
e.g., with two overlapping copper/FR-4 structures, to create 
variable capacity, were published [7].  

Although there is plenty of work dealing with birdcage 
resonators for MRI [8], their application in plasma process-  
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ing is not examined profoundly yet. There is the work of 
Ph. Guittienne [9–12] and his colleagues, who employ the 
birdcage resonators in a plasma source. The presented 
source utilizes helicon waves excitation, is operating at rel-
atively low frequencies (13.56 MHz) and requires high rf 
power for its operation (300 W to 10 kW). The birdcage res-
onator in that source has a diameter of 13 cm and a length of 
the legs of 15 cm [12].  

Plasma ignition in a plasma source with the birdcage 
resonator at a frequency relevant to today’s state-of-the-art 
MRI devices [13], [14] was not studied up to this moment. 
Our team have already brought preliminary work on this 
topic [15], [16]; however, only the electrical properties of 
the resonators have been studied yet. All types of birdcage 
resonators possess so-called “fundamental resonance 
mode”, which creates a homogeneous distribution of mag-
netic field inside their volume. However, the total number of 
resonance modes, their relative position and the electric field 
distribution differ for different types.  

While all types of resonators are suitable for MRI, 
where the crucial factor is the distribution and homogeneity 
of the magnetic field, for plasma processing only the high-
pass configuration possesses the correct electric field distri-
bution at the fundamental resonance mode. In plasma pro-
cessing, the strength and distribution of the electric field are 
more important. The electrons are accelerated by the electric 
field, leading to collisions with the gas particles and their 
ionization. The low-pass resonators create a gap with zero 
electric field along their axis. The electric fields are shown 
in Fig. 3 for comparison.  

In 2005, Ph. Guittienne employ the birdcage resonator 
for volume plasma processing. Advantages of specific ge-
ometry (called “twisted antenna”) were discussed [9]. Later, 
a possibility to employ a planar resonator, instead of a tubu-
lar birdcage design, for plasma excitation was presented. In 
this work, also the influence of different positions of feeding 
points is discussed [10].  

The phenomenon was recently further studied [17]. If 
the planar resonator is wrapped in the shape of the birdcage 
resonator, it possesses the same field distribution at selected 
resonance modes, which are further dependent on a feeding 
point position.  

The experimental work is discussed in sections below. 
Section 2 describes the design of the resonators and details 
of their fabrication. Section 3 describes the characterization 
of electrical parameters of the resonators (such as their im-
pedance) and its results. Section 4 subsequently describes 
other components of the final apparatus and the conditions 
of the experiments. In the same part of the article, the reso-
nators are compared with regard to their performance in 
plasma excitation. In Sec. 5, aspects of different impedance 
matching are described and compared. 

2. Resonator’s Design and Fabrication 
Firstly, two resonators were designed employing 

a flexible two-sided substrate with polytetrafluorethylene 
(PTFE) dielectric with 127 µm thickness and 18 µm of cop-
per on both sides. The copper-PTFE-copper structure pro-
vides the distributed capacity of the resonator. After a pre-
liminary numerical analysis of these two resonators, also 
a third resonator was created, similar in its design to the bet-
ter-performing resonator (see results in Sec. 3), however, the 
resonator was based on a substrate with 35 µm thick polyi-
mide (PI) dielectric with 35 µm both-sided copper. All these 
resonators were of the design “C(90°)” (a variation of high-
pass type), discussed in [17]. The two PTFE-based resona-
tors differ in the width of the legs, which should bring dif-
ferent impedance of the resonator (at the resonance fre-
quency), and, subsequently the different electric field 
strength (as described in [15] for resonators with lumped 
SMD capacitors).  

Prior to fabrication, the resonators’ designs were ana-
lyzed in Ansys HFSS software. The diameter and height of 
the resonators were fixed to 60 and 56 mm respectively. The 
width of the endrings (ER) was chosen as 6 mm for PI sub- 

 

 
Fig. 3. E field distribution in a) low-pass and b) high-pass 

birdcage resonator. Adapted from [15] and modified.  
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Fig. 4. Resonator PT-5. 

strate and 12 mm for PTFE substrate (to partially compen-
sate the different thickness and permittivity of the sub-
strates). The leg width was chosen as 5 and 12 mm for both 
PTFE resonators. Finally, the length of the inner segment (as 
shown in Fig. 4) of the resonators was calculated in Ansys 
HFSS software. The fields’ distributions were calculated for 
all resonance modes (see the modes in e.g., Fig. 5), and the 
fundamental resonance mode (the mode of our interest, 
which provides the homogeneous magnetic field and par-
tially homogeneous electric field inside the resonator) was 
determined. Then, the length was swept, and its value was 
chosen, when the maximum of the impedance at the funda-
mental resonance mode was at the frequency close to 
433 MHz.  

For the purposes of this article, the resonators are 
named PI-5 (for Polyimide substrate) and PT-5 and PT-12 
(for PTFE). The fourth resonator (named L) was only simu-
lated to relate the capacity of the PT-12 resonator to the 
lumped-element equivalent. It shares the same geometry (di-
ameter, height, and leg width), but the capacity is realized 
using lumped capacitors (Lumped RLC boundary in Ansys 
HFSS). The required capacity to keep the resonance fre-
quency of the fundamental resonance mode at 433 MHz was 
5.6 pF. The parameters of the resonators are listed in Tab. 1. 
Resonator PT-5 is also shown in Fig. 4.  

Resonators were realized on the flexible substrate with 
copper foil on both sides. The substrate was chemically 
cleaned and preheated for good adhesion. The negative dry 
film photoresist was laminated on both sides. The negative 
resonator patterns were exposed to UV light (400 nanome-
ters wavelength) on both sides. Exposed and unexposed 
areas have different solubility in the water-based solvent 
with sodium carbonate (1 % by wt). This developing process 
created a relief image of the master pattern. The ecological 
etchant of the solution of hydrochloric acid and hydrogen 
peroxide removed exposed (the nonsolid photoresist pro-
tected) copper foil. The polymerized photoresist was 
stripped in water solvent with sodium hydroxide and after 
final rinsing and drying the resonator master pattern was pre-
pared.  
 

 PI-5 PT-5 PT-12 L 

Leg width (mm) 5.0 5.0 12.0 12.0 

ER width (mm) 6.0 12.0 12.0 12.0 

Length of outer ER 
seg. (mm) 20.1 20.5 20.5 N/A 

Length of inner ER 
seg. (mm) 7.4 15.0 12.0 N/A 

Tab. 1.  Geometrical parameters of the resonators. 

Finally, an RG-316 coaxial cable was soldered be-
tween two of the adjacent endrings segments and the cable 
was terminated with an SMA connector (therefore, the con-
nection corresponds to the lumped port position highlighted 
by red color in Fig. 4).  

3. Characterization of the Resonators 
The resonators were analyzed in Ansys HFSS. From 

the analysis, the maximal value of the real part of the imped-
ance at the resonance frequency at the fundamental reso-
nance mode (around 433 MHz) was extracted. Also, the 
electric and magnetic field strength along the resonator’s 
axis was obtained. The parameters of the fabricated resona-
tors were measured using a vector network analyzer (VNA) 
Rohde & Schwarz ZVL 9 kHz–6 GHz and their impedance 
was calculated from the reflection coefficient (S11). From the 
simulated and measured curves of impedance, the Q factor 
was extracted. The Q factor was calculated as a ratio of the 
resonance frequency and the frequency bandwidth, where 
the impedance is higher than the peak impedance divided by 
square root of two.  

Both simulated and measured impedance curves show, 
that the highest peak impedance is obtained with resonator 
PT-5 (Fig. 5), followed by PT-12 (Fig. 6) and the peak im-
pedance is lowest with resonator PI-5 (Fig. 7). The maximal 
(peak) values are shown in  Tab. 1. Although the figures cre-
ate a clear overview of the impedance of the resonators, the 
maximal values were extracted from the more detailed 
sweep and measurement with higher frequency resolution.  
 

 PT-5 PT-12 PI-5 

f sim. (MHz) 434.3 433.2 434.7 

f ms. (MHz) 425.7 425.1 425.3 

Re sim. imp. (Ω) 644.3 537.6 487.3 

Re ms. imp. (Ω) 697.0 599.9 545.7 

Q sim. 102.0 106.2 58.4 

Q ms. 145.7 141.7 94.5 

Emax sim. (V/m) 799.5 715.3 599.8 

Hmax sim. (V/m) 10.46 12.48 8.97 

Tab. 1. Simulated (sim.) and measured (ms.) electrical 
parameters of the fabricated resonators. 
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The electric and magnetic fields inside the resonators 
are shown in Fig. 8 and Fig. 9, respectively. The electric 
field is displayed at initial phase 0°, while the magnetic field 
at phase 90° (with the power of excitation 1 W). The maxi-
mal values are also written in Tab. 1. The electric field is 
highest for resonator PT-5 and lowest for PI-5. On the other 
hand, the magnetic field inside the resonator is highest for 
the resonator PT-12 and lowest for PI-5. Q factors calculated 

 
Fig. 5. Results of simulation (sim) and measurement (ms) of 

real and imaginary part of impedance of the resonator 
PT-5. 

 
Fig. 6. Results of simulation (sim) and measurement (ms) of 

real and imaginary part of impedance of the resonator 
PT-12. 

 
Fig. 7. Results of simulation (sim) and measurement (ms) of 

real and imaginary part of impedance of the resonator 
PI-5. 

 
Fig. 8. Electric field strength along the resonators’ axis 

(simulated using Ansys HFSS). 

 
Fig. 9. Magnetic field strength along the resonators’ axis at 90° 

phase (simulated using Ansys HFSS). 

from both the simulated and measured curves are also listed 
in Tab. 1. 

The higher the impedance of the resonators at the res-
onance frequency, the higher the electric field, which the 
resonators create. This is in accordance with our previous 
findings [15] with lumped-element equivalents. A more 
complicated situation occurs with the magnetic field 
strength. The resonator PT-12 creates the magnetic field of 
higher strength than the resonator PT-5. However, resonator 
PI-5 creates the lowest strength of the magnetic field of all 
three. This may imply, that there are higher losses in polyi-
mide material, compared to the PTFE. This is also supported 
by both measured and simulated Q factors. While both PT 
resonators’ behavior is almost the same, the Q factor of the 
PI resonator is significantly lower. The measured values 
(peak impedance and Q factor) are higher than the simulated 
ones. This might be explained by the high uncertainty of 
measurement of high impedance by a VNA, or by the non-
ideal material database in Ansys HFSS. However, besides 
this error, the ratios of these values are similar for both sim-
ulation and measurement.  

4. Plasma Excitation 
For tests in a real environment of the plasma excitation, 

the resonators were connected to our plasma apparatus. The 
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apparatus consists of a discharge channel (where the resona-
tors were placed on) created from Pyrex glass, vacuum sys-
tem (the pressure was kept in the range from 0.984 to 
0.986 Pa, with a 1% error of the pressure gauge) and a pair 
of coils for static magnetic field excitation. The direct cur-
rent in the coils was set to create the static magnetic field in 
the range of tens of militesla, to magnetically confine the 
plasma inside the discharge channel (the current was kept 
constant during the whole experimental procedure, however, 
the specific value is not crucial, since we want only to com-
pare the prepared resonators, and the static magnetic field 
optimization will be done further in the future).  

Then, the resonators were matched to 50 Ω by placing 
a microwave air variable capacitor in series. Matching was 
proceeded with respect to minimal power reflection, which 
was monitored as S11 signal using VNA R&S ZVL (9 kHz 
to 6 GHz). Then, the resonators were connected to an RF 
power source (consisting of a signal generator Rohde & 
Schwarz SMC100A, an amplifier and a circulator for pro-
tection in case of high power reflection). Fine-tuning of the 
matching was done when the resonators were connected to 
the power source, to decrease the reflected power (which 
was monitored at the third port of the circulator using spec-
trum analyzer Agilent N9320A) to a minimal value. The fi-
nal frequency of operation was found to be 416.65 MHz for 
PT-5, 418.00 MHz for PT-12 and 417.52 MHz for PI-5.  

When the pressure in the apparatus stabilized, the input 
power was raised until a discharge occurred. Followingly, 
the input power was decreased until the discharge was extin-
guished. The whole process was repeated several (fifteen to 
twenty) times and the lowest power when the discharge ig-
nites or sustains was recorded and is shown in Tab. 2. The 
exact level of incident power was measured with spectrum 
analyzer Agilent N9320A. At the incident power level of ig-
nition, also the reflected power was monitored (to ensure the 
sufficient power absorption), however, without the static 
magnetic field, therefore without the discharge inside the 
resonator. The reflected power was lower than 10 mW at the 
power level used for PT-5 excitation and lower than 30 mW 
at the power levels used for PT-12 and PI-5. Conclusively, 
the best results were achieved with resonator PT-5, which 
was able to form a discharge with the lowest incident power. 

The performance in plasma excitation follows the trend 
of measured impedances and electric fields inside the reso-
nator. A resonator, which is able to excite a higher electric 
field with constant input power, will be able to ignite the dis-
charge at lower power levels. 
 

 PT-5 PT-12 PI-5 

Power level of plasma ignition (W) 0.34 1.03 1.49 

Power level of plasma sustainment 
(W) 0.16 0.43 0.57 

Tab. 2. The lowest excitation power (forward power), at which 
the plasma was ignited and sustained. 

5. Impedance Matching 
The resonators were matched by a capacitor in series, 

during the experiments. Although this way of matching is 
the most straightforward, the more advanced means of 
matching are often used. For example, in [9], there is stated: 
“The dominantly real input impedance near to antenna reso-
nance avoids the problem of strong reactive currents and 
voltages in the matching box and RF power connections.” 
Such a statement suggests that the matching with a capacitor 
in series probably was not used.  

To examine, if the capacitive matching in series could 
have any significant impact on the performance of the reso-
nators (or on the final plasma source respectively), the nu-
merical model of the best-performing resonator (PT-5) was 
adjusted. The impedance of the lumped port was set to 50 Ω, 
and at one side of the lumped port, between the port and the 
body of the resonator, the Lumped RLC boundary condition 
was added. An ideal capacitor was considered, therefore 
only the capacity was set to a certain value. The value was 
chosen to achieve the minimal power reflection (–34 dBm) 
when the real part of the impedance of the resonator equals 
50 Ω. The comparison of the electric field (the field was ex-
tracted at the point at the axis of the resonator, 3 mm from 
its edge) of such a matched resonator with the resonator with 
theoretical ideal matching (the impedance of the lumped port 
was set the same as the impedance of the resonator at the 
resonance frequency) is shown in Fig. 10. For clarity, also 
the S11 curves are depicted.  

Figure 10 shows that the ideal peak matching can bring 
much better results, than matching the resonator in series 
with an ideal capacitor. The maximum electric field is sig-
nificantly higher, moreover, the maximum electric field 
strength lies at the exact same frequency as the minimum of 
S11 curve. The highest portion of the incident power can, 
therefore, be exploited. However, these results are valid only 
for a case of an ideal matching network and do not consider 
the practical aspect of the real samples.  

 
Fig. 10. Comparison of electric field strength for ideal peak 

matching and series capacitive matching (simulated in 
Ansys HFSS). 
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To compare the real matching in the real application 
case, the resonator PT-5 was further tested with an inductive 
matching. A coupling loop, with the inner dimensions the 
same, as the inner dimensions of a loop created by two adja-
cent resonator legs was created of 12 mm wide copper tape. 
The loop was soldered together from the individual pieces 
of the tape, and an SMA connector, in series with the varia-
ble capacitor, was added. Then, the optimal distance was set, 
between the resonator placed on the apparatus and the cou-
pling loop, to keep the real part at the top of the resonance 
peak at 50 Ω and the variable capacitor was adjusted to set 
the imaginary part of the impedance to 0 Ω. Then, the same 
experiment as described in Sec. 4 was repeated.  

With the inductive coupling loop, the resonator’s per-
formance was poorer than with the capacitive series match-
ing. The resonance frequency, in this case, was 421.06 MHz 
(the static magnetic field was adjusted to the frequency 
change). The lowest power required for a discharge ignition 
was 0.49 W, while it was possible to sustain the discharge at 
the power of 0.26 W (compare with 0.34 W and 0.16 W re-
spectively for series capacitive matching). 

To test the performance that will be available in a real 
application, a simple apparatus for ion extraction was cre-
ated. An extraction grid was placed 10 mm apart from one 
of the endrings. The discharge channel was terminated by 
a stainless-steel cone, which was located 150 mm away in 
the same direction as the extraction grid. Schematic drawing 
of the apparatus is shown in Fig. 11. Between the extraction 
grid and the collector, a voltage of 120 V was imposed (with 
negative voltage at the collector). The current between these 
two electrodes was measured using a digital multimeter 
Agilent 34410A. The measured current was 22.05 µA for ca-
pacitive serial matching and 11.18 µA for inductive match-
ing (with an error of the multimeter lower than 0.01 µA). 
The measurement of the extracted current was done at the 
same input power level for both channels (12.9 W).  

The impact of different power coupling is probably 
much lower than the added power losses for the inductive 
power transfer from a coupling loop to the resonator. Part of 
the RF power probably dissipated in the surrounding seg-
ments of the apparatus as well. Although it might be inter- 

 
Fig. 11. Schematic drawing of the apparatus. 

esting to study the impact of other means of impedance 
matching with regards to theoretically achievable electric 
field strength and homogeneity, for practical application in 
plasma source engineering, even the simplest matching with 
a capacitor connected in series is sufficient.   

6. Conclusion 
The deviation of the resonance frequency of the fabri-

cated sample compared to the simulations is only 2.2% for 
the worst resonator. Therefore, the described approach is re-
liable to use for different resonators’ design as well as for 
the different materials of the substrate. The plasma excita-
tion performance as well as the electrical parameters are sta-
bly changed across the resonators, which can help to predict 
the performance of other resonators in the future. The best-
performing resonator is also working well within the plasma 
source, where only 0.34 W of input power is needed to ignite 
the discharge.  

There is a space for optimization of the described 
plasma source, such as the optimization of position, shape 
and strength of static magnetic field or the geometry of cur-
rent-extraction probe. However, the scope of this paper was 
only to describe and present the fabrication of the resonators 
and compare the influence of the individual parameters on 
the resulting performance. The optimization of the other 
parts of the plasma source will be done in future, which will 
bring even better results, especially with respect to the pres-
sure level in the apparatus and the extracted ion current.  
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