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In this paper we present an overview of the microwave properties of a surface electromagnetic wave resona-
tor (SEWR) made on the basis of a superconducting film, and also consider possible applications of such resona-
tors to create various microwave devices. Features of such a SEWR are the simplicity of its design (such a reso-
nator, in fact, can be just the superconducting film itself on a dielectric substrate); a large amplitude of mic-
rowave electromagnetic field on the surface of the resonator’s superconducting film, which allows one 
to organize intense interaction of this field with the superconductor; the possibility of synchronous operation 
of integrated superconducting elements, embedded in the resonator, under the action of its microwave field. 
The review is based on our works published since 2000 and discusses the possible applications of superconduct-
ing SEWRs to create a new class of microwave filters, microwave signal generators and detectors, and other de-
vices based on Josephson junctions. 
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This review paper describes microwave devices based 
on a novel type of microwave resonator, the surface elec-
tromagnetic wave resonator, that is suitable for the creation 
of high-efficiency devices that utilize arrays of Josephson 
junctions and relevant for the emerging field of applied 
superconductivity. It was purposely written for the special 
issue of the “Low Temperature Physics” devoted to the 
80th anniversary of Professor Valerij A. Shklvoskij, who 
made a series of seminal theoretical contribution to the de-
velopment of physics of normal and superconducting metals. 
The authors would like to use this opportunity to express 
their deep respect and gratitude to Professor Shklvoskij, 
and to wish him continued success in his fruitful research 
activity. 

Introduction 

Modern superconducting microwave devices (high-qua-
lity superconducting resonators, microwave receivers based 
on superconductor–insulator–superconductor detectors, fre-
quency mixers, dc voltage standards, etc.) have several or-
ders of magnitude better parameters than similar microwave 
devices operating at room temperatures [1–7]. Although the 
cooling of conventional (non-superconducting) devices to 
cryogenic temperatures usually improves their performance, 
this performance still remains worse than the performance 
of superconducting devices under the same conditions (at 
least for relatively low signal frequencies approximately 
less than 100 GHz) [1–7]. This advantage of superconduct-
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ing devices (i.e., its high performance at microwaves) be-
comes most clearly seen for devices made of low-tempera-
ture superconductors that typically work at temperatures 
close to the liquid helium temperature (4.2 K) [2–4]. In con-
trast to this, devices based on high-temperature supercon-
ductors (HTSs) have a little bit worse microwave perfor-
mance, but typically require only temperatures about the 
liquid nitrogen temperature (77 K) and rather simple and 
cheap cryogenic equipment for their proper operation (at 
least simpler and cheaper than the equipment for low-tem-
perature devices) [1–5]. Thus, HTS devices have rather well 
(average) microwave performance (substantially better than 
for non-superconducting devices, but worse than the per-
formance of devices based on low-temperature supercon-
ductors), but the requirements for their use are reasonable. 
Due to this, HTS devices usually have the best “perfor-
mance/cost” value and, therefore, they are more suitable 
for a large number of practical applications [1–5]. 

To date, in fact, HTS devices can successfully compete 
with devices based on low-temperature superconductors 
mainly in the field of application of “low”- (device’s quali-
ty factor, Q-factor, Q is less than 104) and “medium”-per-
formance (Q ~ 104–106) microwave resonators and/or mi-
crowave filters [1–5,8–15]. At the same time HTS Josephson 
electronics is now only in the initial/middle stage of its de-
velopment, while the low-temperature superconducting sys-
tems with thousands of Josephson junctions (JJs) have al-
ready been created and widely used (for example, the na-
tional voltage standard of the USA provides output dc volt-
age of 10 V and consists of 20260 JJs) [1–7,15–17]. The de-
velopment of similar devices with hundreds and thousands 
of HTS JJs causes considerable complications and is only 
just beginning [1–5,15–19]. 

One should also note that recently a lot of original studies 
involving the novel applications of superconductors and 
superconductor-based resonator and circuits in the area of 
quantum physics research [13,14,20–22], microwave re-
search of spin dynamics [23–25], and microwave-stimulat-
ed vortex-state response [26,27] have been reported. In ad-
dition to that promising microwave probing techniques 
have been developed and used for the observation and 
study of several physical phenomena [28–31] and then 
utilized for novel and relevant applications of supercon-
ductors (e.g., microwave fluxonic devices, superconduct-
ing spintronic/magnonic devices, and novel microwave 
metamaterials) [20,22,23,25,32–37]. We would like to es-
pecially underline here that many paper referred above are 
published by Prof. Valerij A. Shklovskij and his fellows, 
who made a crucial contribution to the development of 
novel vortex-based physics and applications of supercon-
ductors. 

Let us consider the features of creating superconducting 
microwave devices with HTS JJs from the point of view 
of microwave technology [37]. To excite microwave signal 
in JJs, the junctions are usually connected to microwave 

transmission lines (microstrip or coplanar lines, waveguides, 
quasi-optical lines, etc.) or some microwave antenna (for 
instance, microstrip, patch or horn antennas), or they are 
embedded in a microwave resonator [1–5,11,15–19,37]. 
The last method has the following advantage — it makes 
possible to significantly improve the interaction of JJs with 
the microwave electromagnetic field. As such resonators in 
modern applied physics are usually used microstrip, copla-
nar or parallel-plate resonators consisting of two supercon-
ducting plates [1–7,11,15–22,37,38]. In either considered 
case, at least two superconducting films are required simul-
taneously, that has inevitably complicated both the resona-
tor’s fabrication and measurement processes, especially 
in the Ka-band (26.5–40 GHz) and at higher frequencies. 
Although such limitations are not very significant for mi-
crowave devices based on superconducting films [2–5,8–11, 
13,14,20–25] (see also [28–37] for perspective applications 
of such devices), these limitations must be taken into ac-
count for devices with JJs [1–7,12–19,37,38]. Especially it 
is necessary to take into account the fact that the typical 
“volume” of the JJ is substantially smaller than the volume 
in which the electromagnetic field of the resonator exists. 
Therefore, unless special measures are taken, the interac-
tion of the JJ with the microwave resonator field is rather 
weak [1–7,11,15–22,18,19,37,38]. 

To overcome all the mentioned limitations a new type 
of microwave resonator, the so-called surface electromag-
netic wave resonator (SEWR), that utilizes only a single 
HTS film was proposed and studied in [38–48]. This reso-
nator operates on the surface electromagnetic wave propa-
gating along the HTS film deposited on a dielectric sub-
strate. First investigated by A. Zommerfeld [49], nowadays, 
surface electromagnetic waves are widely used in integral 
optics and plasmonics [50–53]. Their key feature is the 
high electromagnetic field intensity and, as a consequence, 
the high electric current density near the conducting sur-
face that, for instance, can be used for a more efficient ex-
citation of current-driven nano-scale devices embedded in 
the surface and an implementation of nonlinear operation 
regimes of such devices [1–4,15,18,19,37–43,45–47,51–54]. 
Due to this feature and the simplicity of SEWR design, it 
can be a promising resonator to develop a variety of high-
efficiency microwave HTS devices including microwave 
filters, signal sources and signal detectors that utilize 
a single JJ and arrays of JJs, signal processing devices and 
other devices with many JJs [37–48]. Below we analyze 
the performance of a SEWR and consider its typical appli-
cations in the fields of applied superconductivity and mi-
crowave technology. 

1. Microwave properties of a SEWR 

The simplest SEWR can be a metallic rod or plate in a 
free space or in a hollow rectangular waveguide [37–39]. 
Here we consider a more complicated and general case of 
SEWR, where it consists of an HTS film situated between 
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two different dielectric substrates [38]. One of the sub-
strates may just be used for HTS film deposition. The whole 
structure is placed in a rectangular waveguide as shown 
schematically in Fig. 1 (note that at frequencies exceeding 
50 GHz an alternative quasi-optical method of the SEWR 
excitation, identical to the excitation technique based on 
the use of dielectric prisms in plasmonics [51–53], can be 
utilized) [37,39]. 

In Fig. 1, the length (along y axis) and the width (along 
z axis) of the resonator are l and w, respectively. The thick-
nesses of the dielectric substrates are 1d  and 2d  with per-
mittivities of ε1 and ε2, respectively. The HTS film thick-
ness h is assumed to be rather small, h << 1d , 2d , l, and w. 
The dimension of the rectangular waveguide cross-sec-
tional area is a×b, and δ1, δ2 are the distances between the 
resonator and lower or upper broad waveguide walls, re-
spectively. In general, the angle ϕ between the film plate 
and the broad waveguide walls is not equal to 90°, as it is 
depicted in Fig. 1. 

For 1d  = 2d  = 0, we have the known case of the metallic 
plate in a waveguide or in a free space (a b= →∞) [55]. 
The fundamental resonance wavelength rλ  in the last case 
is approximately twice of the plate length l: λr ≈ 2l (half-
wave resonator). In the other case, 1 2 1 0d d= = δ = , one 
can obtain the quarter-wave resonator having the resonance 
wavelength 4r lλ ≈  [38]. 

The fundamental oscillation mode of the resonance struc-
ture shown in Fig. 1 has the following properties [37–48]. 
Its microwave currents excited by the TE10 wave of a rec-
tangular waveguide flow primarily in the HTS film along 
the y direction. The resonance frequency is mainly deter-
mined by dimension l (along y), and the influence of di-
mension w (along z) on the resonance frequency is signifi-
cant only when w << l. It was found in [38,39] that the 
fundamental resonance mode is formed by propagating of 
the quasi-uniform surface wave along y direction. Because 

of close similarities in the field distributions between TE10 
wave of a rectangular waveguide and the considered reso-
nance mode, this last mode is easily excited by the fun-
damental wave TE10 of rectangular waveguide [37–47]. 
The characteristics of high microwave current density and 
homogeneity also make this excited mode to be very per-
spective for the applications in devices with JJ arrays (e.g., 
Josephson generator etc.) [37–47]. In addition, the funda-
mental mode can also be used for measuring of the comp-
lex conductivity, surface impedance, pinning and viscosity 
of the vortices in HTS films [37–39,41,45,46]. The ease of 
resonance excitation of the SEWR combines with the rela-
tively ease of its fabrication (in fact, conventional SEWR 
is just an HTS film on a substrate in an empty waveguide) 
[37–41]. All this makes such SEWRs to be very attractive 
alternative for microwave devices operated in a frequency 
range of about 10–100 GHz. 

1.1. Theory 

To calculate the electromagnetic field, current distribu-
tion, frequency and quality factor Q of the resonance modes 
of the structure shown in Fig. 1, we used the partial region 
method [55]. First, the eigenwaves of the loaded infinite 
(w →∞) waveguide were determined. For this purpose the 
waveguide has been divided into four partial regions [38]: 
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The expansion of the eigenwave electromagnetic fields 
in terms of the LM and LE waves (for details see [55] and 
references herein) of an empty waveguide was used [38]. 
The 20–100 lowest wave modes were considered in every 
region. The tangential components of electrical E and mag-
netic H  fields were equaled on the region borders to obtain 
the fields and wavenumbers of the eigenwaves of the load-
ed infinite waveguide. 

With the presence of an HTS films, it was assumed that 
the ratio between the tangential components of the electric Eτ  
and magnetic Hτ  fields on each film surface / 2x D h= ±  
is defined by the HTS film thickness and its surface impe-
dance SZ  [2,20,21] and can be expressed as [2–4,38,56,57] 

 cthS
E hZ
H
τ

τ

 =  λ 
. (1) 

Here the surface impedance of the bulk HTS SZ  is defined 
as [2–4,56,57] 
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and ( )L L tλ = λ  and / ct T T=  are the London penetration 
depth and reduced temperature, respectively. Empirically, 

Fig. 1. Schematics of a surface electromagnetic wave resonator 
(SEWR) situated in a hollow rectangular waveguide with ϕ = 90° 
(i.e., HTS film plane is perpendicular to the broad walls of the wave-
guide). When HTS film of the SEWR touches waveguide walls 
the case of quarter-wave resonator is realized, otherwise, when 

1 2, 0δ δ ≠ , the resonator works as a half-wave resonator. Adopted 
from [38]. 
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the temperature dependence of Lλ  can be approximately 
described by [2–4,7,56,57] 

 
2

(0)
1

( )
L

L
t

t
γ λ

= − λ 
, (3) 

where γ is the exponential temperature parameter of super-
conductor [7,56,57]. For typical HTS films, YBa2Cu3O7–δ 
(YBCO) films, the normal state conductivity σn appeared 
in (2) can be approximated as [57] 

 1( ) (1) (1 )n nt t tγ− γ σ = σ +α − . (4) 

Where σn(1) is the conductivity at cT T=  and α is an em-
pirical parameter to be determined. Thus, there are five 
HTS film parameters ( cT , (0)Lλ , (1)nσ , γ  and α), depend-
ing on the film quality that must be determined experimen-
tally. We also note here that the used impedance model 
described by Eqs. (1)–(4) is rather simple and may not ac-
count physical effects recently discovered for the vortex-
state of superconductors [25–27]. 

Next, we analyzed the resonator characteristics by di-
viding the infinite loaded waveguide into three partial re-
gions along z [38], namely, 

I. z > 0, 
II. –w < z < 0, 
III. z < –w. 

The tangential components of electrical and magnetic 
fields were equaled on the regions borders [38]. The fields 
in the first and the third regions were expanded by the empty 
waveguide wave fields. The fields in the second region 
were expanded by the eigenwave fields of loaded wave-
guide (considered above). So, the system of equations ob-
tained from the boundary conditions for the tangential com-
ponents of electrical and magnetic fields allows one to cal-
culate the resonant frequencies of SEWR and its field dis-
tribution for different resonance modes [37,38,41,44,45]. 
As an example, in Fig. 2 it is shown the calculated depend-
ence of resonant frequencies rf  of the copper plate situated 
in the center of a rectangular (23 10 mm× ) waveguide on 
the resonator width w. For comparison, the experimental 
data from [38] are also plotted in the same figure. 

It can be seen that there are two groups of SEWR reso-
nant modes: in the one group mode frequency rf  weakly 
depends on the resonator width w , but strongly (resonantly) 
depends on its length l  (e.g., mode I, which is the funda-
mental mode of the SEWR, shown by black line and points 
in Fig. 2). The other group, presented by high-order modes 
II–IV, is characterized by a resonant dependence of rf  
on SEWR width w  (dashed lines and points in Fig. 2) and 
a weaker dependence for ( )rf l . The presented results de-
monstrate good agreement between measured and calculat-
ed data. It should be also noted that the dependence of res-
onance frequencies of SEWR based on a high-quality YBCO 
film deposited on a thin dielectric substrate with low mi-

crowave losses (too thin to have dielectric resonances) on 
the resonator width w  is very similar to the one presented 
in Fig. 2 (at least for rather low temperatures cT T< ). 

The resonant wavelength of the fundamental mode I in 
Fig. 2, /r rc fλ =  (c is the speed of light), can be approxi-
mately represented, in the case of copper SEWR with no 
dielectrics, as 2( )r lλ = + ∆  [38,39]. Here ∆ is determined 
by the field distribution outside the resonator. In the ab-
sence of dielectrics, there are two possible cases: 0w → , 

0∆ →  and w →∞, 5.5 mm∆ ≈  [38]. Whereas in the case 
of resonator with dielectric plates, the resonant wavelength 
becomes 2( )r lε ελ = + ∆  with normalized length of 

effl lε = ε , where eff 1 2 1 2( , , , )d dε = ε ε ε  is the effective di-
electric permittivity, eff 1 21 max{ , }< ε < ε ε ; and ( , )l wε ε∆ = ∆ , 
ε∆ < ∆  [38,39]. 

The unloaded Q-factor of the SEWR 0Q  used in (5) 
was calculated by the following expression [38]: 

 
0

1 1 1

S dQ Q Q
= + . (5) 

Here QS is the Q-factor owing to the losses in 6 metallic 

surfaces 
6

1
i

i
S S

=
=∑  (i.e., in the two narrow and two broad 

waveguide walls and in the both HTS film surfaces), and 
Qd is the Q-factor due to the losses in dielectrics. The fol-
lowing expressions were used for calculation of the respec-
tive Q-factors [38]: 
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Fig. 2. Resonant frequencies of copper SEWR without dielectrics 
situated at the center of the standard X-band rectangular wave-
guide: points show the experimental data, solid lines depict 
the results of theoretical calculations. SEWR has the length 

8.8l =  mm, and rotated by angle 5ϕ ≈ ° to the waveguide broad 
wall. Resonant mode I is the fundamental mode of the SEWR 
(black line), which strongly depends on l  and weakly depends on w, 
while modes II–IV are the high-order modes that strongly depend 
on the resonator width w (dashed lines). Adopted from [38]. 
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The quantities appearing in the above expressions are 
the stored energy W , the power losses in the ith metallic 
surface 

iSP , the total power losses in the metallic/HTS sur-

faces 
6

1
iS S

i
P P

=
=∑ , the power losses in dielectric substrates ,dP  

and the total absorbed power in the resonator S dP P P= + , 
respectively. They are further calculated as [38] 

 2 20 0

0 0
4 4
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where dV  is the volume occupied by the dielectrics and 
tan δ  is the loss tangent of the dielectrics. 

The simulated distribution of the linear microwave cur-
rent density I, i.e., the microwave surface current (given in 
A/mm units) in the HTS film under the action of the ab-
sorbed power of P = 1 mW, is shown in Fig. 3. The current 
density values are determined by the tangential component 
of magnetic field Hτ  on the HTS film surfaces, H Iτ = . It is 
immediately apparent that the current distribution is far 
more homogeneous in the case of SEWR than in the case 
of a microstrip resonator [2,4,10,55]. Also as one can see 
from Fig. 3 the surface current distribution is symmetrical 
along the HTS film width w , i.e., about the center of the 
resonator at / 2z w= . One further peculiarity of the mi-
crowave SEWR to be noted is the high current densities in 

the HTS films resulted from the electromagnetic field con-
centrating nearby conducting surfaces. Both of these unique 
characteristics suggest the use of HTS SEWR in the devices 
with JJ array [36–46]. The larger the resonator width w, 
the smaller the current density inhomogeneity, and hence 
the larger total current can flow in the structure. For in-
stance, with 9w =  mm and 8.8l =  mm, one can obtain 

( / 2) / ( 0) ( / 2) / ( ) 0.993I z w I z I z w I z w= = = = = =  and 
the total current magnitude is 0.34 A per 1 W of the ab-
sorbed power (see Fig. 3). Thus, the fundamental mode of 
a SEWR (mode I in Fig. 2) having very homogeneous cur-
rent distribution along the resonator size w  (achieved for 
the resonator of sufficiently large width w) is quite con-
venient for the creation of HTS devices with many JJs, 
because in such a system all JJs can be biased by almost 
the same ac currents. Moreover, due to the specific features 
of surface electromagnetic waves [37,38,50–53] and inter-
action between HTS film and JJs with the resonator field, 
all junctions could operate in the same excitation condi-
tions despite the fact that they could have substantially 
different electrical and/or microwave characteristics. Con-
sequently, the SEWR plays a role of natural microwave 
system able to provide an efficient synchronization of JJs 
with substantially different electrical and/or microwave 
parameters dependent on the quality level of used junction 
fabrication technology [37–47]. 

1.2. Experimental results 

We have experimentally investigated SEWRs made 
from YBCO films grown on single crystalline LaAlO3 
substrates [37–41,45]. The dimensions of the substrates are 
l = 10 mm, w = 5 mm or w = 10 mm, and its thickness is 
d1 = 0.5 mm (see Fig. 1). The YBCO films were about 
0.4 µm in thickness. The LaAlO3 substrate, having the per-
meability of ε1 = 25, was serving as one of the dielectrics 
in the SEWR. The temperature dependence coefficient of ε1 
was less than 1.6·10–3 over the temperature range from 
50 to 100 K, as it was confirmed by measurements for the 
SEWR copper film / LaAlO3 substrate. The second dielec-
tric was sapphire with permittivity ε2 = 9.8 and thickness 
d2 = 0.5 mm or d2 = 1.0 mm. Measurements were also per-
formed without the second dielectric (i.e., d2 = 0 and 
ε2 = 1) [37–41,45]. 

Below we report the temperature dependences of the 
fundamental mode frequency rf  and the unloaded quality 
factor 0Q  of the HTS SEWR. Both rf  and 0Q  were meas-
ured at a fixed temperature by the standing wave coeffi-
cient technique [58]. To increase the measurement preci-
sion, rf  was measured using match-terminated waveguide. 
To obtain such purpose, the matching load was located 
beyond the resonator (at z w< − , see Fig. 1). Furthermore, 
in order to optimize the coupling between the resonator 
and the waveguide, the angle ϕ between film plane and 
broad walls of waveguide (see Fig. 1) has to be small, 
practically ϕ ≤ 10° [38]. Indeed, it was evident that when 

Fig. 3. The distribution of the microwave current density flow 
along HTS film in z direction /I l  under the action of absorbed 
microwave power 1P =  mW. The curves are calculated for 
SEWR and waveguide parameters: 8.8l =  mm, 1 25ε = , 2 9.8ε = , 

1 2 0.5 mmd d= = , 0.5 mSR = Ω, 23a =  mm, 10b =  mm, 90ϕ = ° , 
11.5D =  mm. Adopted from [38]. 
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the above conditions were fulfilled, the resonance curve 
was extremely narrow and sufficiently high. To measure 0Q  
the critical coupling was fixed with a short-circuit plunger 
beyond the resonator in place of matched load [58]. This 
method is unsuitable for frequency measurements owing to 
frequency pulling. The measurement precision of 0Q  and 

rf  was better than 10% and 20 MHz, respectively [37–48]. 
The typical temperature dependences ( )rf T  and ( )0Q T  

measured for the HTS SEWR with chosen parameters situ-
ated in a standard X-band rectangular waveguide are shown 
by points in Figs. 4 and 5, respectively [38]. For compari-
son, the theoretical curves of ( )rf T  and ( )0Q T  calculated 
by using the above described model (see Sec. 1.1) and ap-
propriate parameters are displayed by lines in the same fi-
gures. The theoretical curves in Figs. 4, 5 were calculated 
with an account of the following chosen system parameters: 
the HTS film critical temperature cT , London penetration 
depth ( )0Lλ  at 0 K, normal conductivity ( )1nσ  at cT T= , 
exponent γ and residual resistance rate α. The values of cT  
of the YBCO films were determined by the standard four-
probe transport measurements performed on control sam-
ples made at the same deposition run [38]. The ( )0Lλ  value 
was inferred from previous stripline resonator measure-
ment [59]. The remaining parameters were determined by 
measuring the surface resistance SR . These measurements 
were made at a frequency of 67 GHz by replacing the cop-
per end face of a cylindrical cavity resonator with 011H  
mode oscillation by an HTS film [60]. By adjusting ( )1nσ , 
γ, and α for each film, we obtained the best fit between the 
theoretical expressions (1)–(4) and the experimental data. 

Figure 6 shows the results of fitting the simulated curve 
( )SR T  to the experimental data shown in Figs. 4, 5 with 

91cT =  K, ( )0 0.2 mLλ = µ , ( ) 6 1 11 1.5 10 mn
− −σ = ⋅ Ω , γ = 4, 

and α = 15, respectively [38]. The general agreement be-
tween theory and experiment is indicative of the viability 
of the used technique. 

It should be noted that the shift of the resonant frequen-
cy rf , caused by the changes of surface reactance SX , can 
reach several hundreds of MHz over a temperature span 
of 40 K (Fig. 4). The presented technique, thus, provides 
a useful and convenient alternative for studying the mi-
crowave properties of HTS films [38]. Also later, up to 
~ 600 MHz frequency shift has been obtained on films 
having better SR : ( )70K 21 mSR = Ω  as compared to 

( )70K 29 mSR = Ω  for films shown in Figs. 4–6. 
The quality factor ( )0Q T  of the HTS SEWR (Fig. 5) at 

T < 70 K is determined predominantly by losses in the copper 
walls of the waveguide (because the electromagnetic field 

Fig. 4. Measured (points) and simulated (line) dependences of re-
sonant frequency rf  of the HTS surface wave resonator fundamen-
tal mode on temperature T  for the case: 10l =  mm, 5w =  mm, 

1 2 0.5 mmd d= = , 0.4 mh = µ , 1 25ε = , 2 9.8ε = , 11ϕ = °, 91 KcT = , 
(0) 0.2 mLλ = µ , 6 1 1(1) 1.5 10 mn

− −σ = ⋅ Ω ⋅ , 4γ = , 15α = . The 
observed temperature dependence of the resonance frequency of 
HTS SEWR is caused by the temperature dependence of HTS 
film impedance (see Eq. (1)), which, in turn, does influence on 
the fundamental mode’s electromagnetic energy distribution near 
the surface of HTS film. Adopted from [38]. 

Fig. 5. Measured (points) and simulated (line) temperature de-
pendences of Q-factor of the HTS SEWR. The fitting parameters 
are the same as those used for Fig. 4. Adopted from [38]. 

Fig. 6. Measured (points) and simulated (line) temperature de-
pendences of the surface resistance of the SEWR based on YBCO 
film. The fitting parameters are the same as those used in Figs. 4 
and 5. Adopted from [38]. 



V. Malyshev, G. Melkov, and O. Prokopenko 

428 Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 4 

of surface microwave oscillations exist rather far beyond 
geometrical borders of the resonator). Higher Q-factors are 
expected by using thicker dielectric plates with higher die-
lectric permittivity and by placing resonator into an over-
sized waveguide [38]. The maximum theoretical Q-factor 
value for an HTS SEWR with 0.5 mSR = Ω placed in stan-
dard rectangular waveguide is equal to 4

0 ~ 8 10Q ⋅  [38]. 
An alternative promising technique for the increase of 
the resonator’s Q-factor, which implies SEWR situation in 
a center of a below-cutoff waveguide, was proposed, tested 
and verified in [44–47]. 

2. Microwave devices based on HTS SEWR 
with JJ array 

2.1. Performance of HTS JJs embedded in a SEWR 

It is well known that the embedding of nonlinear ele-
ments like JJs in a resonator may cause the distortion of the 
resonance mode field distribution and decrease of the reso-
nator’s Q-factor [1–7,11–15,19,37–47]. At the same time 
these changes also affect the performance of nonlinear 
elements embedded in a resonator. Because of that the 
problem of choosing the optimal embedding topology for 
JJs is important. The main aim of such an optimal topology 
is to ensure the high coupling of the SEWR with nonlinear 
elements (Josephson junctions) and minimize the losses of 
SEWR performance (reduction of its Q-factor and frequen-
cy stability, worsening the ability to synchronize JJs under 
the action of a field of the surface electromagnetic wave, 
discussed in Sec. 2, etc.). 

In our studies we used bicrystal HTS JJs as nonlinear 
elements integrated in the SEWR and considered the cases, 
when the number of junctions varied from 1 to 450 [37, 
40–47]. We analyzed the efficiency of several possible 
topologies for embedding HTS JJs in a SEWR and chose 
the topology that can be referred as the series-shifted paral-
lel [1–7,15–18,40–43,45–47]; it is schematically shown in 
Fig. 7 (all sizes in the figure are in µm). In this case HTS 
YBCO film is grown on the top of a dielectric substrate 
with the bicrystal grain boundary at which JJs can form. In ty-
pical experimental situation the length of bicrystal bounda-

ry is equal or comparable to the resonator width w , which 
is equal to the width of the substrate, therefore, in the case 
of continuous HTS film a very wide (with width ~ w) sin-
gle JJ or several wide JJs can form at the boundary. To 
substantially reduce the width of JJs (that, usually, due to 
the reduction of junction capacitance leads to the improve-
ment of their characteristics [1–7,16–19]), we made slits in 
the continuous HTS film by mechanically removing some 
parts of the film or by using the lithographic patterning 
technique (see Fig. 7, where black areas correspond to the 
remaining parts of the YBCO film) [40–43,45–47]. Due to 
these modifications of HTS film, a set of rather narrow JJs 
of ~ 4 mµ  width were formed in the film at the region 
close to the bicrystal boundary (see Fig. 7) [40–43,45–47]. 
In such a device topology, JJs are series dc connected 
(dc current flows in the parts of HTS film shown by black 
areas in Fig. 7 from the left-top corner of the sample to its 
right-bottom corner crossing each JJ only once) and paral-
lel connected at a microwave current (this current flows 
in the direction perpendicular to the bicrystal boundary) 
[40–43,45–47]. Note that the structures like one shown in 
Fig. 7 (or even smaller, if needed) can now be fabricated 
by focused ion beam induced deposition, without litho-
graphic patterning, and even extended into the third dimen-
sion (e.g., see [1,2,15,18,61]). 

We have shown theoretically and experimentally 
[41–43,45–47] that the Q-factor of the SEWR with topo-
logy is decreased, when the number of JJs (or slits in HTS 
film) is increased. The lower limit of Q-factor decreasing 
is near 50% of initial Q-factor of the SEWR without topo-
logy when the number of JJs is below 103. Therefore, for-
mally one can use SEWR-based systems with an array of 
about several hundreds of junctions or less, that is the nec-
essary condition for the creation of voltage standards and 
Josephson generators [41–43,45–47]. 

It was also carried out the measurement of current-volt-
age curve (CVC) of a single junction and an array of JJs. 
In Fig. 8 it is shown CVC for the array with 6 HTS JJs 
embedded in the SEWR [41,45]. It can be clearly seen that 
all junctions work synchronously, so the summary current 
steps nI  appear on the CVC (n is the step number). 
In Fig. 9 it is also shown the dependence of the normalized 
current steps /n cI I  for the first four steps (n = 0, 1, 2, 3, cI  
is the JJ critical current) on the external microwave power P 
for the array with 6 junctions proving the previous thesis 
[41,45]. It is necessary to pay attention to the fact that both 
dependences are smooth and their behavior is very similar 
to the behavior of an ideal JJ, when current step amplitude 
is determined by Bessel’s functions [1–7,15,18,19]. 

Note that such experiments were performed for arrays 
with different number of junctions: 4 [40], 6 [41,45], 
180 [46,47], 207 [43], and up to 450 [45] junctions. For all 
used samples it was observed the junction synchronization 
effect, and in the case of 450 junctions the current steps 
were obtained at ~10, 20, and ~30 mV [45]. 

Fig. 7. Topology of HTS film in the SEWR (black areas corre-
spond to the HTS). All sizes are in micrometers. bb shows the bi-
crystal grain boundary. 



Microwave devices based on superconducting surface electromagnetic wave resonator 

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 4 429 

2.2. Signal generator and detector based on SEWR 
with embedded JJ array 

We also investigated the microwave detectors based on 
HTS JJ arrays. For the detector based on arrays consist of 
180 JJs [46,47] and 450 JJs [45], the measured ampere-
watt sensitivity was about 0.1 A/W and dynamics range 
~ 102 dB at 77 K.

The observed synchronization effect for JJs under the 
action of an external microwave irradiation (i.e., JJs dc res-
ponse to a microwave signal) [45] (see also Fig. 9) allows 
one to suggest that the Josephson generation (junctions’ 
microwave response to a dc signal) of an array of HTS JJs 
in the SEWR will be also coherent. It permits to create 
microwave tunable generators in a wide frequency range 
including sub-millimeter band, where the electromagnetic 
generation problem has a high priority nowadays. 

We investigated the generation in an array of JJs em-
bedded in the SEWR to prove the possibility of creation of 
Josephson generator [41–43]. The quarter-wave resonator 

was fabricated on yttrium-stabilized zirconium substrate with 
a single bicrystal grain boundary, and epitaxial YВСО HTS 
film was deposited over it. Bicrystal grain boundary with 
misorientation angle of 19° was located in the center of 
the SEWR. There were 450 shunted JJs in the HTS film. 
Some part of them took part in the Josephson genera-
tion [41–43]. The topology of JJ array was similar to those, 
shown in Fig. 7. 

In Fig. 10 there are shown the dependences of Joseph-
son radiation power and their frequency on the total dc 
voltage applied to the JJ array. One can see that the intrinsic 
electromagnetic radiation of several hundreds of nW exists. 
As it is expected, the Josephson radiation frequency f de-
pends on the total voltage V, but the frequency/voltage 
ratio was approximately one-half of the theoretical value 
[1–7,41–43,45]. We think this was happen due to the effect 
of frequency pulling by the resonator and due to the varia-
tion of number of synchronously working junctions (not all 
junction in the array may work synchronously), when the 
voltage is changing (this quantity is mainly increased with 
the voltage). Spectrum of Josephson generation at the gen-
eration zones is determined mainly by the voltage bias for 
summary current steps and was changed from some tens of 
MHz to hundreds of kHz [41–43,45]. There was observed 
a small increase in power generation (up to the factor of 1.5 

Fig. 8. (Color online) Current-voltage curves for JJ array with 
6 junctions embedded in the SEWR measured for different inci-
dent microwave power P. Adopted from [41,45–47]. 

Fig. 9. Normalized dependences of summary current steps /n cI I  
on external microwave power P for an array with 6 JJs embedded 
in the SEWR ( cI  is the junction critical current, n  is the step 
number). Adopted from [41,45–47]. 

Fig. 10. Dependences of an output power (a) and generation fre-
quency (b) on applied dc voltage at various temperatures T for 
a JJ array with 450 junctions embedded in the SEWR. Adopted 
from [42,43,45]. 
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at Т = 30 K) and decrease of the generation zone (along volt-
age axis) when the temperature is falling down [41–43,45]. 
The change of SEWR Q-factor with temperature (see Fig. 5) 
can explain this effect. 

The obtained results evidently show that the SEWR can 
be successfully used to create practical microwave devices 
with JJ arrays (e.g., voltage standards, signal sources and de-
tectors, etc.) consisting up to 450 junctions. However, for 
such devices based on YBCO films with JJ arrays, the de-
gradation of the SEWR performance, and hence the per-
formance of the entire device, becomes observable for the 
number of junctions 200N ≥ . This limitation is crucial 
enough, because in modern superconducting devices thou-
sands and tens of thousands of JJs are frequently used [1–7, 
15–19,62]. Another principal limitation of the considered 
system is the placement of SEWR inside a rectangular wave-
guide for proper resonator excitation. Obviously, this makes 
impossible the full use of such systems in modern super-
conducting micro- and nanoelectronics, while the known sys-
tems based on planar (usually, microstrip or coplanar) reso-
nators even with smaller number of embedded JJs have clear 
advantages for micro- and nano-scale applications [63–66]. 
Nevertheless, the discussed SEWRs based on HTS films 
with JJ arrays can be used for the creation and development 
of “average-quality” superconducting devices with ~ 500 JJs 
or less providing an output microwave power of ~ 100 nW 
(regime of the Josephson generation), output dc voltage of 
~ 30 mV (dc votage standard regime) and a rather efficient 
signal detection (detector ampere-watt sensitivity is about 
0.1 A/W and its dynamic range of powers ~ 100 dB) in X- 
and Ka-bands. Also such SEWRs can be used for the study 
of microwave properties of novel types of JJs, like Mo–Re 
junctions with very high values of characteristic voltage 
[67,68], as well as the study of synchronization phenomena 
in strongly nonlinear nanoscale systems (like JJs) [37,69] 
embedded in a surface of HTS film. 

Conclusions 

We have shown that a surface electromagnetic wave 
resonator (SEWR) based on high-temperature supercon-
ductor (HTS) films have a number of advantages compared 
to planar and cavity resonators: the simplicity of SEWR de-
sign (it can be an HTS film itself on a dielectric substrate), 
and a strong interaction between the resonator electromag-
netic field and an HTS film providing the forced synchro-
nization of Josephson junctions (JJs) created in the HTS 
film by a microwave field of the resonator. Such a super-
conducting SEWR with 1–450 embedded JJs can be used 
for the creation of “average performance” microwave sig-
nal generators (output power ~ 100 nW), detectors (sensi-
tivity ~ 0.1 A/W, dynamical range of powers ~ 100 dB), 
and voltage standards with output dc voltage of ~ 30 mV 
operating in the X- and Ka-bands. Although SEWR is not 
very suitable for micro- and nano-scale applications, ne-
vertheless it can be successfully used for the study of novel 

types of JJs and their synchronization phenomena under 
the action of microwave electromagnetic field. 
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 ___________________________  

НВЧ пристрої на основі надпровідного резонатора 
поверхневої електромагнітної хвилі  

(Огляд) 

В. Малишев, Г. Мелков, О. Прокопенко 

Представлено огляд мікрохвильових властивостей резо-
натора поверхневої електромагнітної хвилі (РПЕХ), виготов-
леного на базі плівки надпровідника, а також розглянуто 
можливі застосування таких резонаторів для створення різ-
них мікрохвильових пристроїв. Особливостями такого РПЕХ 
є простота конструкції (таким резонатором фактично є сама 
надпровідна плівка на діелектричній підкладці); велика ам-
плітуда електромагнітного мікрохвильового поля на поверхні 
надпровідника, що дозволяє організувати інтенсивну взаємо-
дію поля з надпровідником; можливість синхронної роботи 
інтегральних надпровідних елементів, інтегрованих в резона-

тор, під дією його мікрохвильового поля. В даному огляді, 
грунтуючись на наших роботах, опублікованих починаючи з 
2000 року, розглядаються можливі застосування надпровідних 
РПЕХ для створення нового класу мікрохвильових фільтрів, 
генераторів та детекторів мікрохвильових сигналів, а також 
інших пристроїв на основі джозефсонівських контактів. 

Ключові слова: високотемпературна надпровідність, поверх-
нева електромагнітна хвиля, мікрохвильовий резонатор, джо-
зефсонівський контакт. 

СВЧ приборы на основе сверхпроводящего 
резонатора поверхностной электромагнитной 

волны 
(Обзор) 

В. Малышев, Г. Мелков, А. Прокопенко 

Представлен обзор микроволновых свойств резонатора по-
верхностной электромагнитной волны (РПЭВ), изготовленного 
на базе пленки сверхпроводника, а также рассмотрены воз-
можные применения таких резонаторов для создания различ-
ных микроволновых устройств. Особенностями такого РПЭВ 
являются простота конструкции (таким резонатором факти-
чески является сама сверхпроводящая пленка на диэлектри-
ческой подложке); большая амплитуда электромагнитного 
микроволнового поля на поверхности сверхпроводника, что 
позволяет организовать интенсивное взаимодействие поля со 
сверхпроводником; возможность синхронной работы инте-
гральных сверхпроводящих элементов, интегрированных в 
резонатор, под действием его микроволнового поля. В дан-
ном обзоре, основываясь на наших работах, опубликованных 
начиная с 2000 года, рассматриваются возможные примене-
ния сверхпроводящих РПЭВ для создания нового класса мик-
роволновых фильтров, генераторов и детекторов микровол-
новых сигналов, а также других устройств на основе джо-
зефсоновских контактов. 

Ключевые слова: высокотемпературная сверхпроводимость, 
поверхностная электромагнитная волна, микроволновый ре-
зонатор, джозефсоновский контакт.
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