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Abstract
A fresh approach to the design of metamaterials formed from closely spaced helices is
developed based on the retrieved values of electric and magnetic coupling coefficients between
adjacent helices. A coupling retrieval method has been implemented to obtain numerical and
experimental values for both electric- and magnetic-coupling coefficients between helical
elements. Couplings between both right- and left-handed helices in side-by-side and axial
arrangements are evaluated providing both positive and negative electric-, as well as
magnetic-coupling components. The dependence of coupling strength on separation distance,
relative axial rotation, helical pitch and the geometrical arrangement of the helices has been
quantified both numerically and experimentally and a geometry giving zero net-coupling
between very close helices is illustrated.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Microwave electromagnetic metamaterials are artificially cre-
ated structures that often consist of an array of sub-wavelength
elements. Such structures can provide an electromagnetic
response, as represented by the permittivity and permeab-
ility, that is not found in nature and not observed in the
constituent materials. The initial upsurge of interest in such
metamaterials was triggered by verification of novel effects
that arise when negative permeability and negative permittiv-
ity are simultaneously realized [1]. In order to construct such
a metamaterial with predefined properties it is essential first
to know the response of individual elements, ‘meta-atoms’,
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and secondly how such meta-atoms couple to each other
when closely spaced. This knowledge then allows one to pre-
dict the macroscopic electromagnetic properties of the over-
all structure formed from many of these meta-atoms. Early
work considered that metamaterials formed of coupled mag-
netic dipoles are simply additive systems [1]. However, it was
soon realised that in a system of closely-packed electromag-
netic resonators in the vicinity of the resonant frequency of the
meta-atoms it is not just the individual properties of resonant
elements that define the metamaterial properties. The inter-
element interaction (or coupling) was shown to create slow
waves of excitation currents in the meta-atoms. In the case
of split ring resonators (SRRs) with soldered capacitors for
which the interaction between the elements is almost entirely
magnetic, these slow waves were labelled magnetoinductive
(MI) waves [2, 3]. The existence of MI waves has been shown
for different frequency ranges [4] and they are already used
in various metamaterial applications in the areas of magnetic
resonance imaging [5] and for wireless power transfer [6]. The
dispersion of the MI waves is strongly affected by the coup-
ling coefficient [7, 8], which crucially depends on the relative
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orientation of the elements. The case of SRR elements has
been fully studied in [9, 10] and the influence of the operat-
ing frequency explored in [11].

In the general case, the coupling coefficient between ele-
ments is comprised of both amagnetic and an electric part [11].
Magnetic coupling κH arises from the time-dependent cur-
rent flowing in an element producing a magnetic field, which
in turn excites a current in a neighboring element. Elec-
tric coupling κE is due to the time-dependent charge distri-
bution in the first element creating an electric field, which
causes a charge distribution in the second element. Both coup-
ling constants are strongly anisotropic [9] and, in general,
are complex quantities due to retardation effects [4]. Even
if retardation is negligible, the coupling anisotropy means
that both the relative position and the orientation of the ele-
ments as well as their shape strongly influence the value and
the sign of the coupling [9]. (Note that at higher frequen-
cies the magnetic coupling may also be strongly affected
by the kinetic inductance due to the conduction electron’s
inertia [9].)

Although coupling between SRRs has been studied extens-
ively, split rings are only one of many possible elements to use
as meta-atoms. Another very important meta-atom is a simple
helix. These have been widely used as microwave metamater-
ial elements since this topic emerged. Compared to the SRRs
they posses several useful properties; of particular note is that
they are significantly sub-wavelength in size relative to their
resonant wavelength and they have both electric and magnetic
dipole moments that can have different orientations depending
on the helical geometry. Furthermore they can also provide a
chiral response. Because of this, helices have been optimised
and used to control the effective properties of metamaterials
such as the dielectric, magnetic, and chiral susceptibilities [12,
13] the reflectivity, transmissivity, and absorption of metama-
terial layers [14–18], operational bandwidth [15] as well as
circular polarization conversion [19]. Moreover helical ele-
ments have been also used for superdirective antenna applic-
ations [20], to construct artificial magnetic conductors [21],
and to design metasurfaces with broadband negative mode
index [22].

Here we explore the near-field electromagnetic coup-
ling between helical resonators at low GHz frequencies.
In section 2 the theoretical background and the methods
used to retrieve both the magnetic and electric coupling
coefficients are presented. Numerical modelling is described
in section 3, and the experimental arrangement is presen-
ted in section 4. Section 5 considers closely arranged
helices with different orientations and we explore how
the magnetic and electric couplings depend on the angle
between their axes and the distance between them. In
section 6 we demonstrate how the helix handedness affects
the sign of couplings and in section 7 numerical results
for helices of different shape having different numbers of
turns are explored numerically. Finally conclusions and pos-
sible applications of the presented results are discussed in
section 8.

2. Analytical model

To study the near-field coupling between meta-atoms one
can choose one of two approaches, both of which are fully
described and applied in the case of SRRs in the work of
Tatarchuk [9]. The first one, labelled a circuit approach, is
based on an LCR circuit approximation. This is a reasonable
assumption in most cases as the meta-atoms are usually sig-
nificantly smaller than the wavelength of the operational fre-
quencies. Here a simple system comprised of two identical
interacting resonant elements is studied with the equivalent
circuit shown in figure 1.

Kirchhoff’s voltage equations for this case can be written
in the following form:

Z0I1 − iωMI2 −
1
iωK

I2 = V1, (1)

Z0I2 − iωMI1 −
1
iωK

I1 = V2, (2)

Z0 = R0 + iωL+
1
iωC

=−iωL
(
iω0

Qω
+ 1− ω2

0

ω2

)
, (3)

where L is the self inductance of the individual element, C
is the self capacitance, R0 is the electric resistance, V1 and
V2 are the driving voltage for each of the elements, I1 and
I2 are the currents, M and K are the mutual inductance and
capacitance respectively, Z0 is the impedance of the individual
element, Q its quality factor and ω0 = 1/

√
LC is the resonant

frequency.
Coupling coefficients represent the interaction terms

between elements and can be defined as:

κH =
2M
L

,κE =−2C
K

. (4)

The minus sign has been chosen for the electric coupling so
that the total coupling is κ= κH +κE. In the further discussion
we will refer to the absolute value of coupling components as
the corresponding coupling strength. Assuming that only the
first element is driven (V2 = 0) and using these definitions of
couplings we can transform (1)–(3) into the following form:

2
I2
I1

(
ω2
0

ω2
− iω0

Qω
− 1

)
= κH +κE

ω2
0

ω2
. (5)

This approach gives us a useful way to analyse the coupling
coefficients based on the ratio of currents in each of the inter-
acting elements. A coupling retrieval method based on this is
described in the next subsection. However it does not allow
us to analytically study the behaviour of electric and magnetic
coupling separately.

To address this, a second analytic approach is introduced.
The spatial current and charge distributions in each of two
identical interacting elements are used in order to calculate
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Figure 1. Equivalent circuit for two coupled rings. L is the self
inductance of the individual element, C is the self capacitance, R0 is
the electric resistance, V1 and V2 are the driving voltage for each of
the elements, and I1 and I2 are the currents M and K are the mutual
inductance and capacitance respectively.

their mutual energy that can be directly used to obtain M and
K in the following forms:

M=
µ0

4π

ˆ ˆ
J⃗n1(r⃗1)J⃗n2(r⃗2)eik|r⃗1−r⃗2|

|r⃗1 − r⃗2|
dτ1dτ2, (6)

1
K

=
1

4πϵ0

ˆ ˆ
ρn1(r⃗1)ρn2(r⃗2)eik|r⃗1−r⃗2|

|r⃗1 − r⃗2|
dτ1dτ2. (7)

Here J⃗n1 and J⃗n2 are dimensionless normalised volume current
densities in the first and second element respectively, ρn1 and
ρn2 are the dimensionless charge densities, µ0 is the free-space
permeability, ϵ0 is the free space permittivity, k is the free-
space wave number, dτi is the volume element of the meta-
atom i and ri is its position vector.

To obtain values for the coupling coefficients using
equations (6) and (7), one should not only know the values of
the inductance and capacitance of the elements used, but also
have a good analytic approximation for the charge and cur-
rent distributions in them. This makes this approach imprac-
tical if elements having complex shapes are used. However,
even without the specific details, these formulae provide use-
ful information. For instance, as the denominator in both for-
mulae is on average proportional to the distance between the
elements, one may conclude that the coupling dependence on
distance in the near-field should be close to 1/d where d is
the distance between the centres of the elements. Moreover
the currents allow one to illustrate how the sign of coupling
is defined for the simple case of similar elements: if the cur-
rent in one of the elements creates a magnetic field that sup-
ports the same direction of current in the second element, then
the magnetic coupling is positive, otherwise it is negative. A
similar pattern is also true for the electric dipole orientation
corresponding to the electric coupling: if electric charges in
one element induce the same orientation of charges in second
element, then the electric coupling is positive.

To illustrate the influence of the sign of the coupling coeffi-
cients, an example of analytically calculated currents is shown
on figure 2. Normalised frequency dependence of the current
amplitude for the case of one element is shown in figure 2(a).
In figures 2(b) and (c) there are normalised frequency depend-
encies of the current amplitudes and phase difference between

these currents for 2 interacting elements with a magnetic coup-
ling coefficient κH = 0.2 for b and κH =−0.2 for c. It can
be seen that although the splitting of the resonance curve is
the same for the same absolute values of coupling, the phase
difference between currents in the elements is different. For
the positive coupling case the elements are in phase at the
lower frequency resonance and in antiphase at the higher fre-
quency resonance. However for negative coupling the currents
for the lower frequency resonance are in antiphase, while for
the higher frequency one they are in phase.

To retrieve the values of both magnetic and electric coup-
ling coefficients separately from measurement or simulation
data, a coupling retrieval method has been proposed by one of
the current authors in a previous work [23] and then improved
upon for the densemetamaterial case in [24]. The retrieval pro-
cedure is based on the analysis of equation (5). The coupling
coefficient on the right-hand side of (5) can be seen to have
two contributions, a magnetic term which is independent of
frequency, and an electric term which will vary linearly with

the parameter ν2 =
ω2

0
ω2 . It is possible to evaluate both of these

components by taking a least squares linear fit (with κH and
κE used as the fit parameters) of the left hand side of equation
(5). This data is obtained using a frequency dependent ratio of
the currents in each element that can be acquired either experi-
mentally or numerically. This method is valid also when there
is retardation and the coupling constants are complex; analys-
ing separately the real and the imaginary parts of (5) yields
two curves, from which the complex values of couplings can
be retrieved. This method allows one to deduce the magnetic
and the electric coupling coefficients if the frequency depend-
ence of the currents in both elements are known and only one
of the two elements is fed. (Note that both of these require-
ments may not be true in a particular experimental setup.)

The technique usually employed to determine the currents
of two interacting elements 1 and 2, with element 1 being
excited, is to place a small exciting (transmitting) antenna
close to element 1, and a small receiving antenna next to
each of the elements 1 and 2. This can be implemented both
in experiment and in COMSOL modelling which will be
discussed in the following section. However for the closely
packed structure studied in [24], the voltage induced in the
receiver will capture the superposition of the fields produced
by the current of the primary element and, to a smaller
extent, by the neighbouring element as well, as illustrated in
figure 3(a). Moreover the influence of the second element may
be different for the data measured next to elements 1 and 2
due to the possible asymmetry of their geometry. In addition
there is a weak contribution arising directly from the transmit-
ter. However, as the receiver is commonly positioned on the
far side of the element away from the feeding probe, which
itself is very sub-wavelength, the signal from it at the point
of measurement is two orders of magnitude smaller than the
one from either of the elements at their resonance frequencies.
Further this weak direct signal from the exciting probe can be
estimated and easily subtracted from the measurements and all
further discussion will assume that subtraction of this direct
transmitted signal is already completed.
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Figure 2. (a) Analytic frequency dependence for current amplitude in a single resonating element. (b) Analytic frequency dependence for
current amplitudes and phase differences between them for two coupled element with a magnetic coupling coefficient κ= 0.2. (c) Analytic
frequency dependence for current amplitudes and phase differences between them for two coupled element with a magnetic coupling
coefficient κ=−0.2.

Figure 3. (a) Overlapping coefficient accounts for a stray field induced by the current in element 1 while measuring the field of the current
in element 2 and vice versa. (b) Parasitic excitation coefficient accounts for a weak direct excitation field from a small transmitter placed
next to element 1 affecting directly element 2.

To take the influence of the other element into account
it is necessary to introduce overlap coefficients α1 for the
second element contribution to the measurement recorded in
the receiver at element 1 and α2 for the first element con-
tribution to the measurement at element 2. The relationship
between measured voltages v1 and v2 and the currents I1 and
I2 may thus be written as,

v1 ∼ I1 +α1I2,v2 ∼ I2 +α2I1. (8)

The corresponding ratio of currents that are used in the
equation (5) may be written as,

I2
I1

=
(1−α2

1)(α2v1 − v2)

(1−α2
2)(α1v2 − v1)

. (9)

Also, in case of a densely packed structure, the transmit-
ter will excite not only element 1 but, to a smaller extent, also

element 2, as illustrated in figure 3(b). Introducing a correc-
tion factor to account for this parasitic excitation β = V2/V1,
results in equations (1) and (2) changing to

Z0I1 +ZmI2 = V1, (10)

Z0I2 +ZmI1 = βV1, (11)

Zm =−iωM− 1
iωK

. (12)

Zm is a mutual inductance between elements. Now, express-
ing I1 from equation (10), substituting it to equation (11) and
solving it for I2 we obtain:

I1 =
V1(Z2

0 −Z2
m −Zm(βZ0 −Zm)

Z0(Z2
0 −Z2

m)
, (13)

4



J. Phys. D: Appl. Phys. 54 (2021) 445108 P Petrov et al

I2 =
V1(βZ0 −Zm)

Z2
0 −Z2

m
. (14)

The ratio of currents in this case can be written as:

I2
I1

=
β(Z0/Zm)− 1
(Z0/Zm)−β

, (15)

that can be finally rearranged in the form of equation (5).

2
(I2/I1)−β

1−β(I2/I1)

(
ω2
0

ω2
− iω0

Qω
− 1

)
= κH+κE

ω2
0

ω2
. (16)

By taking into account both of these correction factors we
obtain a method for determining separately the magnetic and
the electric coupling coefficients in a densely packed metama-
terial. It is valid for metamaterial elements of different shapes
and resonant frequencies as the only crucial limitation is for
meta-atoms and their spacing to be much smaller than the
operating wavelength.

3. Numerical modelling method

In this section, an overview of the numerical method that
is used to complement the experimental work presented is
discussed. The finite element method (FEM) is implemen-
ted using the frequency domain solver of the commercially
available package COMSOL Multiphysics (Licence number
- 7075 265).

Maxwell’s equations are solved over the spherical volume
with ϵr and µr = 1 and with a radius that equates to λ/2 at
the resonant frequency of the helices. The examined struc-
ture consists of two identical copper helices and a small elec-
tric probe feeding the first one. The exciting probe is signific-
antly sub-wavelength and operates away from its resonance.
Thus it is very weakly coupled to the elements in order to
avoid it causing a significant shift in the resonant frequency
of the first helix. The probe is driven by a lumped port. It
defines the oscillating voltage in the probe with 1 V amplitude
over the set frequency range. The overall model volume is lim-
ited by a perfectly matched layer (PML) to absorb the excited
mode from the source port [25]. Impedance boundary condi-
tions are used for all conductive boundaries in the model.

An example of modelled helices geometry is demonstrated
on figure 4, where number of turns n = 4.5, length l = 3 mm,
outer radius R = 1 mm, and the wire width w = 0.2 mm. The
distance between helix centres is d= 2.4mm (0.4mmbetween
edges).

Due to the skin effect, the current at the studied frequen-
cies would propagate, in pure copper, within a skin layer
of around 1 micrometer thickness. However there is a sur-
face roughness of order 6 micrometers [26]. Thus the effect-
ive copper conductivity is much reduced. The value for this
effective conductivity was established by matching the qual-
ity factor of the single helix obtained from the experiment to
the numerical model. This resulted in an effective resistivity of
5.3× 10−5 Ωm.

Figure 4. Geometry of the COMSOL model for the two right
handed helix structures having the following parameters: number of
turns n = 4.5, length l = 3 mm, radius R = 1 mm, wire diameter w
= 0.2 mm. The distance between helix centres is d = 2.4 mm.

The frequency dependence of the electric current densities
I1 and I2 are obtained at the surface of the third turn of each
helix using the point evaluation tool in COMSOL. This allows
us to avoid the signal overlapping problem, however the para-
sitic excitation can not be found directly, as it is impossible
to prevent the field from the transmitter interacting directly
with the second element. However it is still possible to estim-
ate its value. As the frequency dependence of currents in the
resonant elements is not proportional to the frequency depend-
ence of the feeding voltage, and it is not possible to calculate
the feed of the second helix exactly, the calculation of β was
based on the value of currents away from resonance where the
currents can be assumed to behave proportionally to the feed-
ing voltage. Taking this into account, the overlapping coeffi-
cient can be found as a ratio of current density measured in
the second element in the absence of the first one to the cur-
rent density in the first element alone as in figures 5(b) and (a)
respectively. However, this estimate (βp) will be different to
the actual value of parasitic excitation.

In the case of two helices there are two sources of charges in
the first one. First, they are excited due to the induced feeding
voltage, resulting in a charge distribution associated with the
resonance of the helix and this governs the electric coupling.
However as the feeding in the studied case is not direct the
feeding probe creates an external field, which induces electro-
static charge on the subwavelength metallic helix. This elec-
trostatic charge also contributes to parasitic excitation and has
to be taken into account. Thus to find another estimate of β
we short the first helix using a conductive rod connecting all
turns of the helix (figure 5), and βs can be obtained by find-
ing the ratio of the current density in this case to the one from
figure 5(a). The electrostatic contribution in this case can is
expected to be stronger than for the initial case due to the larger
metallic surface of the shorted helix. As a result, as an estimate
for the coupling retrievalmethod one can use themean value of
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Figure 5. Geometry of the structures used to define the parasitic correction factor β: (a) second element is removed; (b) first element is
removed; (c) first element is shorted.

Figure 6. Geometry of the COMSOL model for the two right
handed helix structures with the schematic representation of electric
e1 and magnetic m1 dipole moments orientation at the lowest
resonance of the structure.

βp and βs. The systematic error associated with this value will
be the dominant source of uncertainty for the described model.
A way to estimate the resulting uncertainty in coupling values
will be discussed in the next subsection.

3.1. Coupling retrieval for numerical data

As an example of the application of the coupling retrieval
method to numerical data we shall analyse the simple structure
shown in figure 6. This structure consists of two right-handed
helices with the parameters given in the previous section. The
lowest resonant frequency of each helix is f 0 = 5.1 GHz and
the quality factor is Q = 58. In the following sections we
will label such structures ‘normal’ as the line connecting the
helices centres is orthogonal to the helices axes. Here the start
and the end point of the helices are oriented in such a way
that the electric dipole moments e1 and e2 are parallel to each
other and lie in the yz plane as demonstrated in figure 6. As
the electric dipoles here are not in line with the magnetic ones
(because of the non-integer number of turns), the axial orient-
ation of each of the helices will have a significant influence on
their coupling, which will be further described in the following
sections.

The frequency dependence of the relative current densit-
ies (I1 and I2) presented in figure 7 have been obtained as

Figure 7. Numerical (FEM) results for frequency dependence of the
current density amplitudes for two interacting helices. Distance
between the helices is d = 2.4 mm.

discussed in the previous section. The phase difference δϕ
between them is shown in figure 8.

Before applying the retrieval method to this data, the
parasitic excitation coefficient β= 0.17 has been obtained as
described above. Now by applying the formula (16) to these
data the following dependencies of κH +κEν

2 over ν2 can be
obtained for both real, figure 9 and imaginary, figure 10 parts
of the coupling coefficients. The red line shows a linear fit to
the model data. As is expected, the behaviour is primarily lin-
ear. The peaks near the resonant frequencies correspond to the
fact that the exciting probe couples to the first element and
shifts its resonant frequency slightly. Thus the near zero con-

dition of (I2/I1)−β
1−β(I2/I1)

shifts relative to the one of
(

ω2
0

ω2 − iω0
Qω − 1

)
resulting in the non linear behaviour of equation (16) near the
resonance. In cases where the feeding system affects the res-
onance significantly, an effective ω0 can be used as the fre-
quency where the zero condition of (I2/I1)−β

1−β(I2/I1)
is satisfied. The

weak curvature at higher frequencies is related to retardation
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Figure 8. Numerical results for the frequency dependence of the
phase difference between current densities in two interacting
helices. Distance between the helices is d = 2.4 mm.

Figure 9. Blue line corresponds to the real part of the numerically
obtained dependence of κH +κEν

2 against ν2 for the currents
shown in figures 7 and 8. Red line is a linear fit.

effects. Estimated random uncertainties are obtained using the
standard deviation method and are about 0.5%.

Now, using the linear fit across the whole frequency range
we obtain the coupling coefficients as κH =−0.28+ 0.015i
and κE =−0.06+ 0.006i. It can be seen that both magnetic
and electric coupling are negative, and retardation (imaginary
part) is negligible because of the small size of the structure
(d= 0.04λ).

In order to validate the method and to estimate the uncer-
tainty, the same approach has been applied to model data
obtained for the same pair of helices but fed with the probe
oriented along different directions. The results were obtained
for the probe lying along the x-axis and the z-axis as well

Figure 10. Blue line corresponds to the imaginary part of the
numerically obtained dependence of κH +κEν

2 against ν2 for the
currents shown in figures 7 and 8. Red line is a linear fit.

as ones at 45 degrees to each axis. In these geometries the
coupling between elements stays the same, while the para-
sitic excitation changes significantly. The mean values of the
coupling coefficients obtained for those geometries are κH =
−0.274+ 0.017i and κE =−0.067+ 0.006i with uncertain-
ties of δκH =±0.02± 0.0005i and δκE =±0.01± 0.0004i,
which are mainly connected to the systematic error in β
evaluation.

4. Experimental setup

In this section the experimental arrangement used to obtain
the coupling data from the helix structures discussed in the
previous sections is described. Copper helices with the same
parameters as used for modelling have been manufactured
by Huidong Linglong Spring Co. A photograph of two right
handed helices is shown in figure 11(a). The experimental
setup is schematically shown in figure 11(b). Two electric field
probes were used. For this purpose we have used a stripped
coaxial cable with outer radius of 1 mm, inner wire radius
0.1 mm with a stripped part length of 2 mm. The first probe is
used for excitation, while the second is a receiver to measure
values of v1 and v2, used in combination with a 40 GHz Vec-
tor Network Analyzer (Anritsu MS4644A). Positioning of the
probes was controlled to a precision of 0.1 mm using a com-
puter controlled XYZ-translation stage, and the helices were
arranged manually so that the end of each helix was positioned
close to the corresponding probe (figure 11(a)). The end and
start points of the helices are positioned the same way as in the
numerical model (figure 4).

To calculate the overlap coefficient a similar arrangement
was used, but with only the first element present. Two meas-
urements are taken, one v1α with the probe just next to the
first helix, and then v2α at the place where the second element
should be. The overlap coefficient can than be estimated as
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Figure 11. (a) Photograph of the experimental arrangement for the
two helix coupling retrieval measurement. (b) Schematic
representation of the general experimental arrangement for coupling
retrieval measurements.

α =< v2α/v1α >. The same measurement was done for α2,
but the fed element was now treated as the second one, and
v2α was measured at the place where the 1st element would
be. We are using the value of the overlap coefficient averaged
across the frequency range in order to avoid additional sources
of noise in the resulting current data. This noise can be taken
into account as the statistical error in the value of the overlap
coefficient.

The parasitic excitation has been estimated using the same
arrangement as used for the COMSOL data (figures 5(a) and
(b)) as the frequency averaged ratio of the signal measured
from the second element in the absence of the first one to v1α.
Here we not only take into account the statistical error but also
assume a level of systematic uncertainty at the same level as
obtained in the numerical modelling.

4.1. Coupling retrieval for the experimental data

Values for currents in each element were obtained as discussed
in previous sections and the frequency dependence for the
current amplitudes are shown in figure 12 and their phase
differences in figure 13. A series of five field measurements
described in section 4 have been done, and the averaged value
of phase difference between currents have been taken. Stat-
istical uncertainty is marked in grey. Overlapping coefficients
used areα1 =−0.15± 0.01 andα2 =−0.094± 0.007 and the
parasitic excitation is β = 0.43± 0.02. The resulting currents
and the phase difference between them are in a good agree-
ment with the COMSOL model results.

By using the same method as for the numerical data, the
experimental dependencies of κH +κEν

2 as a function of ν2

are obtained for both the real and imaginary parts of the coup-
ling: see figures 14 and 15 respectively. Again the averaged
values of coupling have been taken and statistical uncertainty
calculated. Grey shaded area corresponds to the statistical
error. It can be seen that the least uncertain values are observed
near the resonance of the structure, where the noise to signal
ratio is low. However themajority of the data is measured away
from the resonance where signal values are low and the noise
to signal ratio is high that is further accentuated due to dividing

Figure 12. Frequency dependence of the normalised current
amplitudes in two interacting helices obtained using corresponding
experimental signals. Distance between helix centres is d = 2.4 mm.

Figure 13. Frequency dependence of the phase difference between
currents in two interacting helices obtained from corresponding
experimental signals. Distance between helix centres is d = 2.4 mm.
Shaded area corresponds to the statistical error.

one of the weak signals by the other. Now, again taking a lin-
ear fit across the whole frequency range we obtain the follow-
ing values of coupling coefficients: κH =−0.26+ 0.013i and
κE =−0.05+ 0.004i with uncertainties of δκH =±0.025±
0.0005i and δκE =±0.018± 0.0004i. The uncertainties are
found based on the systematic and statistical uncertainties dis-
cussed above and the standard deviation. These results agree
to within the experimental uncertainty with the numerical
ones.
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Figure 14. Blue dots correspond to the real part of the experimental
dependence of κH +κEν

2 on ν2 for the currents shown in figures 12
and 13. Red line is the linear fit. Shaded area corresponds to the
statistical error. Black dashed lines indicate the resonance
frequencies of the pair.

Figure 15. Blue dots correspond to the imaginary part of the
experimental dependence of κH +κEν

2 on ν2 for the currents
shown in figures 12 and 13. Red line is the linear fit. Shaded area
corresponds to the statistical error. Black dashed lines indicate the
resonance frequencies of the pair.

5. Influence of the mutual arrangement of the
helices

5.1. Normal configuration

As stated in previous sections, coupling between helices is
strongly anisotropic. Thus, to be able to construct complex
metamaterial structures it is important to study different ori-
entations of the helical elements. To begin with we consider
the structure of closely arranged 4.5-turn copper helices that
were discussed in previous sections (l = 3 mm, R = 1 mm, f 0

= 5.1 GHz and Q = 58). As has been shown before, the elec-
tric and magnetic coupling coefficients for the normal config-
uration with 2.4 mm centre to centre distance are both negat-
ive and the magnetic one is dominant. First we consider rota-
tion of the second element around its own axis with the first
one being fixed. The angle dependencies for the real values of
both κH and κE are shown on figure 16(a), and an illustration
of the element’s arrangements are presented on figures 16(b)
and (c) respectively. As has been shown before, the imagin-
ary parts of coupling are small for such sub-wavelength struc-
tures andmay be neglected for such closely arranged elements.
Thus only the real parts of coupling will be examined in this
section. To show the effect of the systematic uncertainty dis-
cussed in the previous sections, coupling values correspond-
ing to both high and low estimates of parasitic excitations are
presented. As the value of β does not change with the rota-
tion of the second helix, the uncertainty limits are the same
for all the points on the graph. It can be seen that both coup-
lings are negative at all rotation angles. The relative change
of the strength of the magnetic coupling with rotation angle
is small compared to the change of the electric contribution.
This is because the charge density of the lowest order mode
of the helix is concentrated at the ends of the element, thus
the optimal way to induce charges in the second element is
to arrange one of its ends close to one of the ends of the first
element. This is a strong perturbation with rotation angle com-
pared to that associated with the inhomogeneous distribution
of currents giving a small variation for the magnetic coupling.
Experimental values of couplings obtained for this configur-
ation κH =−0.21 ± 0.023 and κE =−0.14 ± 0.018 are in
good agreement with numerical ones.

5.2. Axial configuration

Now we move to the ‘axial’ configuration when the axes of
the helices are arranged on the same line and explore the same
rotation of the second element as for the previous geometry.
We consider the same helices as before with a 0.4 mm gap
between ends (d = 3.4 mm). The angle dependencies for the
real values of both κH and κE are shown in figure 17(a), and
illustrations of the element’s arrangement are demonstrated
in figures 16(b) and (c) respectively. Again, the coupling val-
ues corresponding to both high and low estimates of parasitic
excitation are presented.

In this configuration couplings are now both positive as the
electric and magnetic dipoles of the first element support the
same orientation dipoles in the second one. The value ofκH has
again only minor dependence on the rotation angle, while the
electric one changes dramatically due to the same reasons as
for the normal arrangement. Experimental results for 0 degree
rotation are, κH = 0.29 ± 0.024 and κE = 0.023 ± 0.008, and
for the 180 one, κH = 0.24 ± 0.021 and κE = 0.07 ± 0.011.
The relatively weak κE compared to the normal arrangement
case corresponds to the fact that only one end of the first
element’s effective electric dipole is close to the second ele-
ment, while the other end of the dipole is shielded by both
helices.
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Figure 16. (a) Numerical results for the dependence of the electric and magnetic coupling coefficients on the axial rotation angle of the
second element in the normal configuration. (b) and (c) COMSOL models for 0 and 180 degrees rotation respectively.

Figure 17. (a) Numerical results for the dependence of the electric and magnetic coupling coefficients on the axial rotation angle of the
second element in axial configuration. (b) and (c) COMSOL models for 0 and 180 degrees rotation respectively.

5.3. Zero configuration

In the above sections we have found that couplings for the nor-
mal arrangement are both negative, and in the axial arrange-
ment, they are both positive, so it is interesting to consider
a possible geometry that provides zero value of total coup-
ling. Previous published work has shown that a zero coup-
ling condition can be obtained for split ring resonators [27].
For the helices zero coupling can be obtained in the follow-
ing way: we start with the normal structure and shift the
second helix vertically along its axis. At some point, that is
strongly dependent on the geometry of the helices, we will
find a position which gives no splitting of the resonance curve.
The FEM model of this point for our helices is shown in
figure 18 with a spacing along the x axis of 0.4 mm and a
Z axis shift of 2.1 mm that is 62% of the helix length. At
this position the coupling values for these helices are κH =
−0.031 ± 0.009 and κE = 0.028 ± 0.007. Total coupling in
this configuration is zero with equal magnitude positive mag-
netic and negative electric components. Relatively high uncer-
tainties arise from the estimation of the parasitic excitation,
which does not scale down since the value of β stays at the
level of 0.2.

Figure 18. Geometry of the two element structure with zero total
coupling.

Configuration of helices similar to the ones discussed in this
section have been already implemented in various metama-
terial arrays [14–16]. However, the knowledge of coup-
ling between nearest elements, obtained using the discussed
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Figure 19. Numerical and experimental results for the electric and
magnetic coupling dependence on the distance between helices in
the normal configuration.

retrieval method, allows one to further optimise the metama-
terial performance and even construct arrays with predefined
dispersion properties. For instance, the analytical approach
that connects the dispersion properties of metamaterial to the
magnetic coupling coefficients between individual elements
can be found in [3, 4, 7]. Based on this, the correct coup-
ling coefficients are chosen for the desired performance, and
then the presented coupling retrieval method is used to find
the element configuration with the particular coupling. In the
following sections we will discuss the behaviour of coupling
values in several particular situations and point out their pos-
sible practical applications. In the following sections we will
discuss the behaviour of coupling values in several particular
situations and point out their possible practical applications.

6. Magnetic and electric coupling dependence on
the distance between helices

This section is dedicated to experimental and numerical results
for the dependence on the distance between them of the coup-
ling coefficients of two helices for both normal and axial con-
figurations. We will consider structures formed from the two
helices discussed in the previous sections and vary their centre
to centre distance d. Numerical and experimental results of
|κH| and |κE| dependence on d are presented on figures 19 and
20 for normal and axial configurations respectively. Uncer-
tainties in the experimental results are marked with error bars
and the statistical error in the numerical ones is indicated by
the coupling values corresponding to both high and low estim-
ates of parasitic excitation. It is important to notice that as the
distance between elements grows, the feeding probe excites
the second element much less and the parasitic excitation coef-
ficient becomes smaller and the width between the two uncer-
tainty bounds diminishes accordingly.

Experimental results appear to be in good agreement with
numerical ones for all distances and both geometries. As may
be expected both electric and magnetic couplings weaken with

Figure 20. Numerical and experimental results for the electric and
magnetic coupling dependence on the distance between helices in
the axial configuration.

Figure 21. Numerical and experimental results for the absolute
values of electric and magnetic coupling dependence on the distance
between helices in normal (red) and axial (blue) configurations.

d. In order to compare this data with analytical equations (6)
and (7) it is useful to rearrange the data for the magnetic coup-
ling into a log-log plot as shown on figure 21. It can be seen
that the slopes for both normal and axial configurations are
of order−1.2 that corresponds to 1/|r⃗1 − r⃗2| dependence sug-
gested by the analytical calculations, which predicts a slope
of −1. The difference is readily explained by the fact that
helices are not point dipoles and 1/d ̸= 1/|r⃗1 − r⃗2| at small
distances.

The coupling dependence on the distance between ele-
ments, while being helpful in the design of metamaterial
arrays, may be particularly useful for themetamaterial inspired
applications such as miniature superdirective antennas, where
both the spacing and the coupling strength have to be tuned in
order to obtain close to theoretical maximum antenna perform-
ance. The general approach to the design and characterisation
of such structures is found in [20].
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Figure 22. Normal ((a) and (b)) and axial ((c) and (d)) geometries of pairs of right and left handed 4.5-turn helices with 0 and 180 degrees
rotation of the second element respectively, with the corresponding numerical (blue) and experimental (red) results for the electric and
magnetic coupling coefficients.

7. Different handed helices

In previous sections we have studied couplings between two
right handed helices. Identical results, except for the axial
rotation when equivalent angles are of opposite sign, can be
obtained for two left handed ones. However the combina-
tion of right and left handed helices provides a very differ-
ent response. In figure 22 one can see the geometries and cor-
responding coupling values for both a normal and axial pair
formed from one right handed and one left handed 4.5-turn
helix. It can be seen that magnetic couplings in this case have
the same sign and approximately the same amplitude as for the
same handed case. However the sign of the electric coupling
has changed. This happens because magnetic coupling is the
dominant contribution in this structure, so the current in the
second element flows in the opposite direction compared to
the first one. Thus, for the left handed helix, in normal config-
urations, the negativemagnetic coupling results in the opposite
direction of current flow which induces electric charges with
the same vertical distribution as in the first one. As a result the
charge distribution at the second element corresponds to pos-
itive electric coupling. Moreover as |κH| and |κE| counteract
each other the total coupling strength for the different handed
helices is much smaller then for the same handed ones. Dis-
tribution of charges and currents for this case is schematically
shown in figure 23.

The use of helices with different handedness provides
greater control over coupling values for a set distance between
elements that may be used in cases where an exact value
of coupling is required to obtain the theoretical maximum
performance, for instance, the design of artificial magnetic

Figure 23. Schematic representation of the charges and currents
distributions for the same (a) and the opposite (b) handed helices.

conductors [21]. The analytical approach that may be used to
find the coupling coefficients required for a particular AMC
response is found in [28]. In addition to this, knowledge of par-
ticular coupling values may be used to optimise the response
of structures where different handed helices are used to
provide metamaterial absorbers [15, 17, 18] or polarization
converters [19].

8. Geometric parameters influence on coupling

8.1. Number of turns

In previous sections we have considered only helices with
4.5 turns. To illustrate how electric coupling is affected by
the distribution of charge densities we will now examine the
case of 5-turn right handed helices with all other parameters
staying the same. The resonant frequency of such helices is
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Figure 24. Normal ((a) and (b)) and axial ((c) and (d)) geometries of pairs of 5-turn helices with 0 and 180 degrees rotation of the second
element respectively, with the corresponding numerical (blue) and experimental (red) results for the electric and magnetic coupling
coefficients.

f 0 = 5 GHz. Numerical results for normal and axial configur-
ations of such helices are shown on figure 24. It can be seen
that for the axial configuration the relative charge distributions
have stayed the same and thus the coupling values are at the
same level. However for the normal one, when charges are in
the closest arrangement figure 24(b), an electric coupling of
−0.16 is found, that is much stronger than the maximum value
for the 4.5-turn case (−0.11). On the other hand, when both
elements are 180 degrees rotated figure 24(a), and so quite far
apart, the electric coupling is decreased to κE =−0.02. The
magnitude of the magnetic coupling in these cases are similar
to that of the 4.5-turn case, as current distributions stay almost
the same.

8.2. Axial pitch

We now consider changing the axial pitch of the helices, by
stretching them in the axial direction. Both numerical and
experimental results for normal and axial configurations of 5-
turn helices with l = 11 mm are presented in figure 25. The
other parameters of the helices are still the same as before.
The electric coupling in this case has a similar magnitude
compared to previous cases and follows the same pattern: the
stronger electric coupling is observed when the electric charge
concentrations are closer to each other. However, as the mag-
netic flux produced by more sparsely arranged loops is no
longer so well confined within the helix an overlap of mag-
netic fields can be observed not only between helices as a
whole but also between the individual loops. This leads to
stronger magnetic coupling in the normal arrangement com-
pared to l = 3 mm case. On the other hand, the z component of

the magnetic flux at the top and bottom of the helices becomes
smaller and thus, weaker magnetic coupling is obtained in the
axial configuration.

If the axial pitch is smaller with the total height of the helix
being 1.2 mm, as shown in figure 26, the effect is of course the
opposite. The magnetic field here is more solenoid-like, thus
less magnetic flux overlaps with the neighboring helix in the
normal arrangement reducing the negative magnetic coupling
in case (a). On the other hand the positive coupling in the axial
configuration becomes even stronger.

8.3. Capped helices

In the previous sections magnetic coupling has been domin-
ant between helical elements. Here we will examine elements
that have a dominant electric coupling component. To design
such elements we add metallic caps (cap size A = 2.2 mm) to
the top and bottom of the 5-turn helices considered in the first
subsection of this section. Holes with radius Rh = 0.9 mm are
left in the center of the caps to reduce magnetic shielding by
the caps. The resonance frequency of this structure is reduced
to 3.9 GHz due to the higher self capacitance of the elements.
In figure 27 coupling coefficients are shown for capped helices
with the same (a) and different (b) handedness in the normal
configuration. Electric coupling here is dominant, at the level
of κE =−0.5, while the magnetic coupling is smaller than in
the previous cases due to the partial magnetic field shield-
ing by the metallic caps. Hence, the charge and current dis-
tributions are governed by electric coupling, so in the case
of different handed helices, the magnetic coupling changes
sign.
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Figure 25. Normal (a) and axial (b) geometries of pairs of 5-turn stretched helices, with the corresponding numerical (blue) and
experimental (red) results for the electric and magnetic coupling coefficients.

Figure 26. Normal (a) and axial (b) geometries of pairs of 5-turn shrunk helices, with the corresponding numerical (blue) and experimental
(red) results for the electric and magnetic coupling coefficients.

Figure 27. Geometries and corresponding numerical results for the electric and magnetic coupling coefficients for the normal arrangement
pairs of 5-turn capped helices: (a) same handed helices; (b) different handed helices; (c) different handed helices with total coupling tending
to 0.

This provides an alternate route to obtain a geometry with
zero total coupling. First, in order to reduce electric coupling,
one may replace the caps at the ends of the helices with flat
round discs. Secondly, to strengthen magnetic coupling, the
inner radius of the hole in the discs should be increased. Then
for a structure with helix radius R = 4 mm, hole radius Rh =
3.8 mm, and cap radius Rc = 4.2 mm it is possible to obtain
zero coupling with opposite handed helices, κH =−0.09+
0.02i and κE = 0.1− 0.025i when the distance between cen-
ters is a= 5 mm. The geometry is illustrated on figure 27.

Such structures may be implemented for elaborate metamater-
ial devices where careful control of collective effects between
meta-atoms is required. The coupling coefficients between
helices can be adjusted for the particular applications depend-
ing on the performance requirements. For instance superdir-
ective antennas can benefit from elements with low quality
factor [20]; a small number of turns is necessary for artifi-
cial magnetic conductor structures [21]; while large negative
values of coupling provided by capped helices allows one to
design broadband surfaces with negative mode index [22].
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Finally the mutual orientation of electric and magnetic dipoles
in helices is important for the polarisation control of radiated
signal in antenna applications as well as for the passive struc-
tures used for the polarisation conversion.

9. Conclusions

In this work the coupling retrieval method has been imple-
mented to obtain numerical and experimental values for both
electric and magnetic coupling coefficients between helical
elements. First we explored the interaction between pairs of
identical half-integer turn right (or left) handed copper helices
and then opposite handed helices in both normal and axial con-
figurations. It has been shown that for such elements magnetic
coupling is dominant and the sign of both electric and mag-
netic couplings depends on the mutual arrangement of ele-
ments. The use of the different handed helices gives an oppor-
tunity to explore structures in which electric and magnetic
couplings have different signs. The influence of axial rotation
of helices on κH and κE as well as the dependence of couplings
on the distance between element centres has been studied. The
effects of the number of turns and the axial pitch has been
explored and a way to produce a structure of capped helices
with dominant electric coupling has been modelled. Further-
more, the geometries with both negative and positive κH and
κE as well as all their possible combinations have been demon-
strated including the two geometries where the electric and
magnetic coupling have the same amplitude and opposite sign
so that the total coupling is zero so there is no splitting of the
resonance curve.

Results of this work can be used to construct metamater-
ials with predefined properties including broadband metas-
urfaces with negative mode index, sub-wavelength superdir-
ective antenna arrays and artificial magnetic conductors. For
these and other possible metamaterial structures the coupling
coefficients between helical elements will be used to meet the
analytical conditions and maximise the performance of the
structure.
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