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Abstract—The amplitude and phase of the reflection coefficient of periodic arrays of electrically conducting
elements in the form of double and single split rings are determined for two orientations of these rings, cor-
responding to magnetic (H) and magnetoelectric (HE) excitation. It is shown that, in the case of the HE-exci-
tation of the rings, the arrays possess the properties of an artificial magnetic conductor or a high-impedance
surface. The electric and magnetic fields near the arrays are calculated, and the dependence of the impedance
on the distance between the array and the plane in which the impedance is determined is obtained. It is shown
that the maximum of the impedance is in close vicinity of the array and can amount to tens of thousands of
ohms. The feasibility of implementing a modified Salisbury radio absorber of small thickness by means of
such arrays is shown theoretically and experimentally. It is also shown that, under illumination of an array
of limited dimensions by a closely placed dipole, the screening effect reaches –30 dB with good matching of
the dipole to the feed line (the reflection coefficient in the line is less than –20 dB).
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INTRODUCTION
During the past decade, the interest of the scien-

tific community to the so-called metamaterials and
metastructures, which possess specific electromag-
netic properties not inherent in natural materials, has
not diminished. Metamaterials, among others,
include a large group of volume or surface structures
that have frequency intervals in which the propagation
of electromagnetic waves is impossible. Structures of
this group are usually referred to as PBG (photonic
band gap) or EBG (electromagnetic band gap) struc-
tures. Among the problems solved with the help of
EBG structures, a special place belongs to the problem
of suppressing parasitic surface waves in antenna
devices and complex microwave circuits. To suppress
surface waves, a number of authors proposed struc-
tures with a high surface impedance [1–14]. In partic-
ular, in article [1], which was published in 1999 and
now became classical, a high-surface-impedance
structure consisting of a periodic array of electrically
conducting mushroom-shaped elements on an electri-
cally conducting screen was described. This structure
is also an artificial magnetic conductor, because,
under the incidence of a plane electromagnetic wave,
an electric antinode and a magnetic node on its sur-
face form. These properties in the operating frequency
band are due to the parallel resonance in elementary
LC-resonators, each of which is formed by two neigh-
boring mushroom elements and the corresponding

part of the surface of the electrically conducting
screen. The “mushroom caps” in specific examples
had a square and hexagonal shape. In [1], the advan-
tages of using such a structure as a “ground plane” of
antenna systems was noted.

Almost simultaneously with [1] and in subsequent
years, a number of works appeared in which new
structures and applications of high-impedance sur-
faces were described. These structures usually
included a capacitive array made of electrically con-
ducting elements of various shapes, an electrically
conducting screen, and short conductors connecting
each element of the array to the screen [1–7]. The
search for optimal shapes of arrays elements was
aimed, in particular, at reducing the frequency,
expanding the working range, and increasing the
angular stability of the devices proposed. In some
cases, the developers abandoned the use of conductors
connecting the array elements to the screen [8–13].

A special place among the works published to date
belongs to [14], where the structure of an artificial
magnetic conductor (high-impedance surface) with-
out an electrically conducting screen was proposed.
This design comprises a three-dimensional block of
metamaterial based on C-shaped metal elements the
planes of which are oriented perpendicularly to the
magnetic field of the incident wave. The working fre-
quencies of such an artificial magnetic conductor are
rather high and amount to 10 ± 0.5 GHz. One of the
841
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Fig. 1. Elements of periodic arrays and arrays of these elements: (a) a double split-ring resonator, (b) a single square split-ring
resonator with a capacitive shunt, (c) an array for one polarization, and (d) an array for two polarizations.
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ways to increase the working wavelength of this device
would be a proportional change in the dimensions of
the C-element. Another way is to change the shape of
the element in order to increase its capacitance or
inductance. An example of such an element can be a
double split-ring resonator, used in metamaterials
with negative permittivity and permeability [15, 16].

In this paper, we consider an artificial magnetic
conductor (high-impedance surface), which com-
prises an array of double split-ring resonators, or an
array of single split-ring resonators with capacitive
shunts across the gaps. Such a single-layer structure of
an artificial magnetic conductor also does not require
the presence of an electrically conducting screen.

1. REFLECTION COEFFICIENTS 
OF PERIODIC ARRAYS OF DOUBLE 

AND SINGLE SPLIT-RING RESONATORS

Figure 1 shows the elements of periodic arrays: a
double split-ring resonator (Fig. 1a) and a single split-
ring resonator with a capacitive shunt across the gap in
JOURNAL OF COMMUNICATIONS TECHN
the conductor (Fig. 1b), and also an array of such ele-
ments (Figs. 1c and 1d). The capacitive shunt is made
in the form of a metal strip of length l and a gap of
width h between the strip and the ring, as shown in
Fig. 1b. The planes of the rings in the arrays are paral-
lel to the direction of the wave propagation.

Figure 2 shows the calculated frequency depen-
dences of the amplitude and phase of the reflection
coefficients of the incident electromagnetic wave for
arrays of double-split ring resonators (Fig. 2a) and
single split-ring resonators with a capacitive shunt
(Fig. 2b) in the region of the low-frequency reso-
nance of the circular current. The dimensions of the
rings are  mm,  mm,  mm,

 mm,  mm,  mm,  mm,
 mm,  mm,  mm,  mm,

 mm, and  mm; the periods of the
arrays are  mm; and the relative permittiv-
ities of the substrates of metal elements are set in the
calculations to unity. Hereinafter, the calculations
were carried out using the FEKO program.

1 3.0D = 2 4.6D = 3 5.0D =
4 6.6D = 1 0.3t = 2 0.2t = 5a =

4.3b = 0.5c = 0.2d = 1.08l =
0.05h = 3 0.3t =

1 2 10P P= =
OLOGY AND ELECTRONICS  Vol. 63  No. 8  2018



PERIODIC ARRAYS 843

Fig. 2. Frequency dependences of the reflection coeffi-
cients for the cases of (solid curves) H-excitation and
(dashed curves): HE-excitations: (1, 1') absolute values
and (2, 2 ') phase of the reflection coefficients of arrays of
(a) double split-ring resonators and (b) single split-ring
resonators with a capacitive shunt.
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The frequency dependences in Figs. 2a and 2b were
calculated for two orientations of the rings with respect
to the electromagnetic field of the incident wave, cor-
responding to the magnetic (H) and magnetoelectric
(HE) excitation of the circular currents in the array of
rings (see Figs. 1a and 1b) (hereinafter, we use the terms
H- and HE-excitation, as well as H- and HE-orienta-
tion of the rings). It follows from Figs. 2a and 2b that the
resonance frequencies of the arrays with the HE-orien-
tation of the rings are slightly smaller than those for
the H-orientation. At these frequencies, the phases of
the reflection coefficients for the H-orientation are
close to zero and, for the HE-orientation, are 60° and
90° for arrays of double and single split-ring resona-
tors, respectively. The phase of the reflection coeffi-
cient is measured from the plane passing through the
geometric centers of the array elements. In this case,
the phase of the reflection coefficient for transverse
planes in front of the array will be smaller by

 where z is the distance from the center of

the ring to the plane from which the phase is measured
and λ is the wavelength at which the phase is deter-
mined. We see that, for the H-orientation of the rings,
the phase of the reflection coefficient at the resonance
in front of the array is negative and, for the HE-orien-
tation, there can be planes in front of the array on
which these phases are zero, i.e., the arrays have the
properties of an artificial magnetic conductor or a
high-impedance surface. At the resonance frequency,

the coordinate  corresponding to the zero phase of

the reflection coefficient, can be determined from the
following equations: for a double split-ring resonator,

(1)

and, for a single split-ring resonator,

(2)

where  cm and  cm are the reso-
nance wavelengths of the arrays of double and single
split-ring resonators, respectively. It follows from

Eqs. (1) and (2) that  mm and  mm.

It should be noted that the zero phase of the reflec-
tion coefficient is not a sufficient condition for the
implementation of an artificial magnetic conductor or
a high-impedance surface, since the reflection coeffi-
cient is determined in a plane remote from the surface
of the array, where local non-propagating waves are
already absent. Near the array, the electromagnetic
field is very nonuniform and the impedance in this
region must be determined using the averaged values
of the electric and magnetic fields.

2. THE ELECTRIC AND MAGNETIC FIELDS 
NEAR THE ARRAY

Figures 3a and 3b show the calculated distribution

of the transverse field components  (solid lines) and

(720 ) ,z λ °

01,2,z

01 0160 (720 ) 0,z− λ =

01 0290 (720 ) 0,z− λ =

01 4.66λ = 02 4.96λ =

01 3.9z = 02 6.2z =

xE
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
 (dashed lines) along the z-coordinate, perpendic-

ular to the plane of the array at a resonance frequency

for several values of x and y for the H- and HE-orien-

tations of a double split-ring, respectively. The vertical

lines in these figures at  mm indicate the

boundaries of the arrays. The cross section 

passes through the geometric centers of the array ele-

ments. A comparative analysis of the data presented in

Figs. 3a (H-excitation) and 3b (HE-excitation) allows

us to make some remarks about the structure of the

electromagnetic field near and inside the array. In par-

ticular, in the case of the H-excitation of array ele-

ments, the maxima of  lie in the interval

 mm and the minima of  lie in the

interval  mm; for  mm, this

minimum is large, i.e., differs little from the neighbor-

ing maximum. Under the HE-excitation, the maxima

of  lie in the interval  mm and the minima

yH

3.3z =
0z =

xE
1.5...3.5z = yH

2.2...5z = = =0 and 5y x

xE 4...6z =
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Fig. 3. Electromagnetic field distribution the near the arrays. Dependences (solid curves)  and (dashed curves)  for

the case of (a) H-excitation and (b) HE-excitation of an array of double split-ring resonators for (1, 1')  mm,

(2, 2 ')  mm, ; and (3, 3')  mm.
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of Hy are relatively deep and lie in a narrow interval

 mm.

As expected, the electromagnetic field near the

array is nonuniform and, therefore, the impedance 

in the plane  should be defined as the ratio of the
-averaged electric and magnetic fields.

Figure 4a shows the impedances  as a function of

the z-coordinate for the H- (curve 1) and HE-exci-
tation (curves 2 and 3). As expected, the impedances
of the arrays of double split-ring resonators under the
H-excitation proved to be many times smaller than the

= 4.5–5.5z

Z
xy

,x y

Z
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impedances under the HE-excitation. The maxima of

the impedance under the HE-excitation are located at

a distance of about 1.5 mm from the boundary of the

array and amount to several thousand ohms. Figure 4b

shows similar calculated dependences for arrays of sin-

gle split-ring resonators with a capacitive shunt under

the H- (curve 1) and HE-excitation (curves 2–5).

In the calculations, two types of shunts were used:

a short shunt (curves 1–4) with the same dimensions

as in calculating the reflection coefficient in Fig. 2b

(  mm,  mm) and a long shunt with the1.08l = 0.05h =
OLOGY AND ELECTRONICS  Vol. 63  No. 8  2018
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Fig. 4. Impedance distribution near the arrays: (a) depen-

dence  for an array of double split-ring resonators in

the case of (1) H-excitation and  mm; (2) HE-

excitation,  mm, and (3) mm;

(b) dependence  for an array of single split-ring reso-
nators with a capacitive shunt (1) under the H-excitation

and  mm,  mm, and  mm and

(2) under the HE-excitation and  mm,

 mm, and  mm; (3)  mm,

 mm, and  mm; (4)  mm,

mm,  mm, and  mm, and

(5)  mm,  mm,  mm,  mm.
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dimensions  mm and  mm (curve 5). In

this case, the resonance frequencies  of the arrays,
represented by curves 4 and 5, were the same and
equal to 5.55 GHz.

As in the case of an array of double split-ring reso-
nators, the impedances under the H-excitation of sin-
gle split-ring resonators turned out to be small in com-
parison with the impedances under the HE-excitation.
In this case, the maxima of the impedances under the
HE-excitation amount to 20000 Ω but are located
slightly further from the boundary of the array than in
the case of double split-ring resonators. The maxi-
mum of the impedance in the case of rings with a short
capacitive shunt is substantially farther from the plane
of the array than in the case of a long shunt.

The high-impedance effect can be demonstrated
on a Salisbury radio-absorbing structure.

3. MODIFIED SALISBURY 
RADIO-ABSORBER

As is known, a Salisbury radio-absorber is a quar-
ter-wave dielectric layer one side of which is metal-
lized and the other side is covered by a resistive film
with a specific impedance of 120π Ω per square. The
total energy absorption in such a film is due to the fact
that it is located at the maximum of the electric field
and the minimum of the magnetic field, i.e., in the
plane of a high-impedance. It is natural to expect a
similar absorption effect from placing such a resistive
film near an array of double or single split-ring reso-
nators under the HE-excitation of the array elements.

Figure 5a shows the calculated dependences of the
reflection and transmission coefficients for an array of
double split-ring resonators with a resistive film

placed in the plane  mm; i.e., at a distance of
1.3 mm from the boundary of the array. For compari-
son, in the same graph, the frequency dependences of
the reflection and transmission coefficients for the
same array in the absence of a resistive film are given.

The absorption effect was confirmed experimen-
tally by a waveguide method on an array of 24 double
split-ring resonators and a resistive film with a specific
impedance of 500 Ω per square. The array elements
were placed into a matrix of foamed polystyrene

enclosed in a waveguide with a 48 × 24 mm2 cross sec-
tion (see the inset on the right in Fig. 5b). The same
figure shows the measured frequency dependences of
the reflection and transmission coefficients for an
array with a resistive film placed at a distance of 1 mm
from the array and in the absence of a resistive film.

Thus, the calculations have shown and the mea-
surements have confirmed the presence of a high
impedance near the surface of an array of HE-excited
split-ring elements. This fact makes it possible to use
such arrays as ref lective screens for low-profile
antennas.

5l = 0.25h =
0f

4.6z =
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
4. A FINITE ARRAY 
OF IDENTICAL SINGLE SPLIT-RING 

RESONATORS AS A SCREEN 
FOR A DIPOLE ANTENNA

Consider a dipole with a diameter of 1 mm and

length L, located at a distance of  mm from an
array of open single-split ring resonators with capaci-

2δ =
 ELECTRONICS  Vol. 63  No. 8  2018
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Fig. 5. (a) Calculated and (b) measured frequency dependences of (1, 1') the reflection coefficients and (2, 2') propagation con-

stants in the presence or in the absence of a resistive film near the surface of the array: (a) calculation for arrays of double split-

ring resonators with a period of  mm under the HE-excitation (solid curves) with a resistive film having a specific
impedance of 120 Ω per square and (dashed curves) without a resistive film; (b) experiment for an array of 24 double split-ring
resonators (solid curves) with a resistive film having a specific impedance of 500 Ω per square and (dashed curves) without a resis-

tive film.
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tive shunts with the sizes  mm and  mm

(Fig. 6a). The periods of the array are  mm and

 mm, and the number of elements is 48 (6 × 8).

The calculated resonance frequency of an infinite

array was  GHz, and the wavelength was

 mm. The radiation patterns  in the sector

of angles from –180° to 180° (the angles  in the E-
and H-planes are measured from the normal to the

array on the side of the incidence), and the reflection

coefficient  of the line feeding the dipole in the fre-

quency range of 4–6 GHz for several lengths of the
dipole were calculated. The wave impedance of the

5l = 0.25h =
1 2.5P =

2 5.5P =

0 5.55f =
0 54λ = ( )F ϑ

ϑ

11S
JOURNAL OF COMMUNICATIONS TECHN
feed line is 50 Ω. The calculation results are given in
Table 1.

The resonance frequency of a structure of limited

size  which was determined from the minimum

 and the maximum  proved to be slightly
lower then f0 and depended on the length of the dipole

weakly. The values of  and  are given

at the resonance frequencies. Table 1 also presents the

matching frequencies , at which the dipole is
matched best to the feed line. As follows from the data
of Table 1, as the dipole is made shorter, the frequen-

cies  being initially lower than the resonance fre-

res,f
(180 )F ° (0 ),F °

(0 ) (180 )F F° ° 11S

matchf

match,f
OLOGY AND ELECTRONICS  Vol. 63  No. 8  2018
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Fig. 6. Matching and radiation characteristics of a capacitive dipole near an array of identical single split-ring resonators with a

capacitive dipole: (a) an array with a dipole, (b) frequency dependences of the reflection coefficient  in a line feeding the dipole
for nine values of the dipole length: (1) 30, (2) 27.5, (3) 25, (4) 22.5, (5) 22, (6) 20, (7) 19, (8) 18, and (9) 16 mm; (c) frequency

dependences of the amplitude radiation pattern at a resonant frequency for the angles (1)  and (2) 180° for a dipole of length

 mm; (d) angular dependences of the amplitude radiation pattern  at a resonance frequency  GHz for a

dipole of length  mm in the (1) E- and (2) H-planes.
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quencies, approach these frequencies, reach them,

and then exceed them. At , the reflection

coefficient  is minimal; i.e., the conditions for
matching the dipole to the feed line are optimal.

It should be noted that, at the aforementioned peri-

ods  and  of the array and parameters l and h of the
capacitive shunt, the emitting dipole is located near
the maximum of the impedance Z, i.e., as if on the
surface of an artificial magnetic conductor (see
Fig. 4b, curve 5). As noted in [4], this arrangement of
the dipole is not optimal in terms of the matching to
the feed line. Therefore, it is necessary to shift the
maximum of Z with respect to the location of the

=res matchf f
11S

1P 2P
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND
dipole, which can be implemented by using a capaci-

tive shunt of small length l (see Fig. 4b, curve 4). The

radiation pattern  and the reflection coefficient

 of a radiating dipole over an array of single split-

ring resonators with short capacitive shunts

( mm,  mm) were calculated. With

these parameters of the shunt, the resonance values of

 and  for an infinite array remain approximately

the same as in the previously considered case. The cal-

culation results are given in Table 2.

Figure 6b shows the frequency dependences of the

reflection coefficient  for several dipole lengths in

( )F ϑ
11S

1.08l = 0.05h =

0f 0λ

11S
 ELECTRONICS  Vol. 63  No. 8  2018
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Table 1. Characteristics of radiation and matching of a dipole near an array of single split-ring resonators with long capac-

itive shunts for  mm,  mm,  mm,  mm, and  mm

L, mm L/λ fres, GHz F(0°)/F(180°), dB S11, dB fmatch, GHz

30 0.55 5.25 35 –2 4.27

27.5 0.51 5.2 33 –3 4.52

25 0.46 5.2 35 –4 4.72

22.5 0.42 5.18 27 –6 4.93

20 0.37 5.15 28 –11 5.08

19 0.35 5.15 28 –10 5.17

18 0.33 5.15 28 –7 5.23

1 2.5P = 2 5.5P = 2δ = 5l = 0.25h =

Table 2. Characteristics of radiation and matching of a dipole near an array of single split-ring resonators with short capac-

itive shunts for  mm,  mm,  mm,  mm, and  mm

L, mm L/λ fres, GHz F(0°)/F(180°), dB S11, dB fmatch, GHz

30 0.55 5.32 24 –2 4.28

27.5 0.51 5.31 27 –3 4.53

25 0.46 5.28 27 –4 4.77

22.5 0.42 5.25 32 –8 5.03

22 0.41 5.25 33 –10 5.06

20 0.37 5.25 33 –16 5.23

19 0.35 5.25 32 –12 5.33

18 0.33 5.25 31 –7 5.40

16 0.30 5.24 29 –2.5 5.49

1 2.5P = 2 5.5P = 2δ = 1.08l = 0.05h =
the interval 16–30 mm. For example, Fig. 6c shows

the frequency dependences of  and  for a

dipole of length  mm, and Fig. 6d shows the
angular dependences of the amplitude of the radia-

tion pattern  at the resonance frequency

 GHz.

As follows from the comparison of the data given in
Tables 1 and 2, the arrays of split-ring resonators with
short capacitive shunts provide better matching of the
dipole to the feed line at the resonant frequencies of

the array,  In particular, the reflection coefficient

 in the feed line at the frequency  does not
exceed –10 dB for dipoles of lengths 19–22 mm, and

the frequency  changes little as the dipole length
varies in the interval 16–30 mm.

(0 )F ° °(180 )F
20L =

( )F ϑ
=res 5.25f

res.f
11S resf

resf
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Table 3. Characteristics of radiation and matching of a dipol

nators with short capacitive shunts for different δ

δ, mm fres, GHz fmatch,

2.0 5.25 5.

1.5 5.23 5.

1.0 5.20 5.

0.5 5.20 5.
Table 3 given the values of 

, and  for a dipole of length

mm and four distances  between the dipole
and the array. It can be seen that, with decreasing dis-

tance δ, the frequency  is almost invariable, and the

frequency  slightly decreases. The reflection
coefficient in the line noticeably increases. It is easy to
see that, by adjusting within a small range the dipole

length for different δ so that  it is possible
to ensure the best matching of the dipole to the feed

line. Table 4 presents the corresponding values of 

 , and 

Thus, the data presented in Fig. 6 and Tables 1–4
allow us to conclude that, for any radiation frequency, it

res match, ,f f
(0 ) (180 )F F° ° 11S

20l = δ

resf
matchf

=res matchf f

, ,Lδ
=res match,f f (0 ) (180 )F F° ° 11.S
OLOGY AND ELECTRONICS  Vol. 63  No. 8  2018

e of length  mm near an array of single split-ring reso-

 GHz F(0°)/F(180°), dB S11, dB

24 33 –16

17 29 –15

10 31 –12

03 30 –7

20L =
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Table 4. Characteristics of radiation and matching of an optimal-length dipole for different δ

δ, mm l, mm fres = fmatch, GHz F(0°)/F(180°), dB S11, dB

2.0 20 5.25 33 –16

1.5 19.3 5.23 29 –20

1.0 18.8 5.20 31 –25

0.5 18 5.20 26 –15
is possible to determine the period and dimensions of
the array elements, as well as the length of the dipole
and its distance to the array, that afford the best match-

ing of the dipole with the supply line (  dB)
and sufficiently large (more than 30 dB) ratio between
the amplitudes of the reflected and transmitted fields,

CONCLUSIONS

It has been shown that, for the HE-orientation of
elements of an array of double split-ring resonators or
single split-ring resonators with a capacitive shunt, in
close vicinity of the array, there are planes in which the
phase of the reflection coefficient is zero; i.e., the
array possesses the properties of an artificial magnetic
conductor or a high-impedance surface.

At the resonance frequencies, in the planes parallel
to the array, the impedances determined by the ratio of
the electric and magnetic fields averaged over the
plane near the arrays have been calculated. In this
case, the maximum impedance under the HE-exci-
tation of the array elements were 4700 Ω for arrays of
double split-ring resonators and 21000 Ω for arrays of
single split-ring resonators with a capacitive shunt.
The presence of a high impedance in the planes close
to the array has been confirmed theoretically and
experimentally by the strong absorption of the energy
of an incident wave when a resistive film with a spe-
cific impedance close to the wave impedance of free
space was placed near the array.

The calculation of the radiation pattern of a dipole
near a finite array of single split-ring resonators with
capacitive shunts have shown the possibility of using
such an array as a reflecting screen for low-profile
antennas. In this case, the screening effect (the ratio of
the amplitudes of the reflected and transmitted fields)
can exceed 30 dB with a good matching of the dipole
to the feed line (the reflection coefficient in the line is
less than –20 dB).
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