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Abstract— This study analyzes the extrinsic chirality of meta-
materials based on printed circuit board (PCB). Inspired by
extrinsic planar metamaterials, two novel 3-D chiral metama-
terials (CMMs) have been proposed and analyzed. In these
structures, called sawtooth and zigzag arrangements, each unit
cell and not the entire metamaterial is tilted with respect to
the incident field. In both cases, the same single-layer metallic
pattern, that is, a split-ring resonator (SRR), was used. In com-
parison with the traditional planar extrinsic chiral structures,
it is shown, by numerical and experimental characterization,
that these new types of arrangements exhibit a larger circular
dichroism (CD), approximately 0.90, in the X-band, with a
significant wideband response. The analysis of the extrinsic
chirality shows that it is originated by the dipole moments
excited on the unit cells. With circular polarization, the con-
structive/destructive interference between these dipoles produces
CD. However, owing to the broadside coupling between adjacent
unit cells, the proposed nonplanar arrangements provide higher
CD values than the planar structure.

Index Terms— Chirality, circular dichroism (CD), extrinsic
chirality, metamaterials.

I. INTRODUCTION

HIRAL media have attracted the attention of scientists

since Arago noticed in 1811 that quartz could rotate
the plane of polarization of light [1], [2]. Chiral particles
are found in several disciplines including biology, chemistry,
and electromagnetics. From a geometrical point of view, they
present the particularity that cannot be superimposed with its
mirror image by means of rotation or translation in a plane.
From an electromagnetic point of view, this characteristic
provides different refractive indices for right- and left-handed
circularly polarized waves (RCP and LCP, respectively), result-
ing in interesting properties, such as circular birefringence
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and circular dichroism (CD). In natural chiral media, these
properties are very low in magnitude. However, this draw-
back can be overcome using chiral metamaterials (CMMs).
In general, metamaterials are artificial media that can provide
electromagnetic properties that are not usually found in natural
materials or, at least, not with a high magnitude [1]. The subset
of CMM can provide high optical activity or CD with a small
thickness [3]. In fact, CMM represent an alternative route for
obtaining negative refraction without simultaneous negative
permittivity and permeability [4]. Many works available in
the literature [5], [6], [7], [8], [9], [10], [11], [12], [13] have
proposed and studied microwave and optical CMM, from
bulk 3-D CMMs to planar chiral metasurfaces. CMM can be
applied, for example, to design antenna superstrates to modify
the antenna performance, its gain [14], [15], [16], or radiation
properties [10], [17].

Some authors, such as Plum et al. [18], [19], [20], refer
to this chirality due to the geometry of the CMM itself,
intrinsic chirality. This terminology is applied to differentiate
this type of chirality from that originated by the mutual
orientation between the wave propagation direction and the
planar metamaterial normal, called extrinsic chirality. The
first studies on extrinsic chirality in CMM were presented
in [18], [19], and [20]. They showed that a single-layer
planar meta-molecule (intrinsically achiral) may exhibit chiral
behavior if the incidence is not normal to the structure, even
in non-(intrinsically) chiral structures. With this condition, the
unit cell, observed from the incident plane wave, behaves as
a 3-D chiral structure. This chiral behavior strongly depends
on the angle of incidence, «. In [18], CD values of 0.3° and
21° of optical activity were reported with o = 30°. In [20]
polarization azimuth rotation values of 80° were presented for
o = 10°. The planar structure presented in [21] exhibited CD
values of 0.58 with o = 80°.

However, the extrinsic chirality depends not only on the
geometry of the chiral meta-molecule, but also on how it is
distributed along the metamaterial and oriented with regard to
the incident wave. In [22], it was analyzed the combination of
intrinsic and extrinsic chirality in dual layer rosette structures
in zigzag or sawtooth distributions, showing CD values of up
to 0.7. In [23], it was studied a zigzag reflective multifunc-
tional metamaterial created by folding a planar metamaterial
formed by horizontal metal strips. This work shows absorption
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Fig. 1.

and broadband cross-polarization conversion greater than 90%.
The folding strategy was also discussed in [24], wherein CD
up to 0.94 is measured with folding angles of 70°. In [25],
split-ring resonators (SRRs) were distributed in an origami-
based 3-D structure to provide, with a folding angle of 45°,
a CD of up to 0.6. Moreover, in [26] kirigami-based CMMs
were studied providing, for single-layer structures, CD values
up to 0.9.

In this article, we propose two novel metamaterial structures
with SRR-based unit cells distributed in sawtooth or zigzag
arrangements. In these designs, the unit cells are oriented
obliquely to the incident field wave vector, thus providing high
extrinsic chirality. In contrast to [22], the proposed unit cell
with a metal pattern on only one side of the printed circuit
board (PCB) is intrinsically achiral. Through numerical and
experimental characterization, we show that these nonplanar
structures can present large CD values, up to 0.9, which are
higher than those presented by conventional intrinsic CMMs,
around 0.6 [27], [28], [29], but also by the planar distribution
with oblique incidence. This improvement in the CD resides in
the interaction between the unit cells, that is, mutual coupling.

The proposed structures can be used at microwave fre-
quencies in applications involving polarization manipulation,
such as filters or absorbers. Moreover, they can also be
scaled to other frequency bands, for example, at Terahertz, for
applications such as detection, biosensing, imaging devices,
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(a) Schematic of the dual-gap SRR unit cell. SRR distributions: (b) planar profile, (c) Sawtooth profile, and (d) Zigzag profile.

and filters. However, at these frequencies, the manufacturing
of these structures can be a technological challenge.

The remainder of this article is organized as follows.
Section II presents the proposed SRR unit cell, the different
unit cell distributions, and the methodology for characterizing
them through simulations and measurements. The proposed
distributions are characterized in detail in the corresponding
subsections. Section III compares the obtained responses and
analyzes the origin of the chiral behavior of these structures.
Finally, Section IV presents the conclusions of this study.

II. NONPLANAR CMMS

In this section, we present nonplanar metamaterials with
extrinsic chirality and compare them with the planar structures
presented in previous publications [18], [19], [21]. All the
structures, based on PCB technology, present unit cells formed
by a square metallic ring etched on only one PCB side,
as shown in Fig. 1(a). Two gaps on opposite sides of the
square divide it into two square arcs, whose lengths depend
on the gap length and its position along the side of the square.
The geometrical parameters defining both arcs are shown in
Fig. 1(a). Based on these parameters, the lengths of the top and
bottom arcs are .y = (I +2w+2a) and lyer = ([ +2w+2b),
respectively. The chosen substrate was Rogers RO4003C, with
a relative permittivity of 3.55, g 6 = 0.0027, and thickness
0.81 mm. The initial numerical analysis is performed using the
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following geometrical parameters: [ = 7 mm, a = 1.2 mm,
b =3.36 mm, w = 1 mm, and a square cell size w, = w, =
9 mm.

In the planar distribution shown in Fig. 1(b), the unit cells
are uniformly distributed on a plane, with the wavevector
and the metasurface normal forming an angle «. Inspired by
this distribution, we explore different arrangements of unit
cells to enhance the extrinsic chirality. In the first proposed
structure, all the unit cells are parallel but aligned in a sawtooth
arrangement [Fig. 1(c)] to obtain nonnormal incidence over
the substrate. In the second distribution, the unit cells follow
two different orientations, as shown in Fig. 1(d), forming a
zigzag arrangement. To provide a chiral response, the SRR is
designed with asymmetric arcs, a # b, to lack an inversion
center and it is oriented such that the mirror sym_n)1etry plane
is not perpendicular to the propagation direction, k , and does
not contain it [19].

Sections II-B-II-D analyze the three distributions with a
more detailed analysis of the proposed arrangements.

A. Methodology

The proposed wunit cell arrangements, shown in
Fig. 1(c) and (d), were analyzed numerically and experi-
mentally. The numerical characterization was performed with
the aid of the full-wave 3-D commercial electromagnetic
simulator Dassault Systems CST Microwave Studio. For this
purpose, the frequency-domain solver (based on the finite
element method) was applied, with unit cell boundaries in the
x and y directions and open boundaries in the propagation
direction z. Subsequently, both the linear (t.x, .y, tyx, and
tyy) and circular transmission coefficients (z, 1, t._, 7_4, and
t__) were obtained. Here, f,, represents the transmission
coefficient of a wave with polarization type @ when impinging
a wave with polarization b, where a and b can be x or y
for linear polarization and + (RCP) or — (LCP) for circular
polarization.

For the experimental characterization, samples with 24 x
28 unit cells (sawtooth distribution) and 24 x 34 unit cells
(zigzag distribution) were manufactured by laser etching. The
measurements were performed using an Agilent E§362A PNA
series network analyzer (PNA) and two standard gain horn
antennas. The structure was placed between both antennas
in a sampler holder formed by a metal sheet covered by an
absorbent material. The metamaterial was placed in a small
window at the center of the sampler holder. Thus, only the
signal passing through the metamaterial reaches the receiving
antenna. With this experimental setup, the linear transmission
coefficients are obtained, and following (1) and (2), they can
be related to the circular coefficients (an exp(+jwt) time
harmonic convention is used).

With both types of analysis, the chiral behavior is studied
in terms of CD, which is obtained as the difference between
the transmittances of both eigenwaves (3)

ten = 0.5(tex + tyy F j(txy — 1)) M
t:l:q: = O.S(IXX - tyy + j(txy + tyx)) (2)
CD =ty | —[t_| ©)
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Fig. 2. SRR—Planar distribution: (a) circular transmission coefficients for

o = 30° and (b) CD for different incidence angles. Geometrical parameters
(inmm): / =7,a=12,b=2336,w =1, and wy = wy =9.

B. Planar Distribution

First, as a reference for comparison with the proposed
distributions, the planar arrangement shown in Fig. 2(b), with
an incidence angle o from 0 to 80°, was briefly analyzed.
The circular transmission coefficients for « = 30° [Fig. 2(a)]
show that, approximately at 10.2 GHz, both eigenwaves
are transmitted with very different amplitudes. As shown in
Fig. 2(b), the difference between the transmittances varies
with «. For @« = 0, the structure is not chiral and there is
no CD, as indicated in [18], [19], and [20]. As « increases,
the peak of CD is higher, reaching maximum CD values of
approximately —0.55, for incidence angles between 60° and
70°. These values are consistent with those presented in [21]
for a similar structure.

C. Sawtooth Distribution

The first proposed arrangement aligns the unit cells in rows
along the y-axis, as shown in Fig. 1(c). Each row is tilted at
a certain angle o with the rotation axis along the unit cell
row center (parallel to the SRR symmetry axis). Thus, seen
in the xz plane, the metamaterial exhibits a sawtooth profile.
With this structure, the incident field impinges on all the unit
cells obliquely at an angle «. From a geometrical point of
view, the structure is 3-D chiral for all the analyzed incidence
angles, from —80° to 80°, except for « = 0°, because it can be
superimposed with its mirror image. This tilt angle is a key
parameter on the chiral response of these extrinsically CMMs.
As shown in Fig. 3(a), the absolute value of CD depends on
||, but its sign depends on the orientation of the tilt, that is,
the sign of «. Moreover, the maximum CD value was obtained
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(b) circular transmission coefficients with « = 30°. Geometrical parameters
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Fig. 4. Maximum CD as a function of gap length, and arc length ratio, r.
Black areas represent not valid r—g combinations.

at o« = £30°. For ¢ = 30°, we verify in Fig. 3(b) that the
circular transmission coefficient (module) of the LCP wave
is very high, approximately 0.94, whereas the other co-polar
transmission coefficient is almost filtered (approximately 0.1).
It is important to highlight that a sawtooth structure with
a negative angle, —«, provides the enantiomeric form of
that sawtooth distribution, but with +«. These enantiomers
interchange their responses to CP waves, with t1% = t=%, and
therefore, change the sign of the CD.

After determining the tilt angle with the highest CD, we now
analyze how the geometrical parameters of the metallic pattern
impact on the CD. Two parameters were analyzed: the gap
length, g, and the ratio between the lengths of the arcs. The
first governs the distance between arcs, and, as shown in Fig. 1,
and is obtained as ¢ =/ — 2w — a — b. The second describe
the symmetry of both arcs, r = lyc1/lycr = (I + 2w + 2a) /(I +
2w + 2b). Fig. 4 presents a color map of the maximum values

—
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Fig. 5. (a) Photograph of the manufactured Sawtooth sample. (b) Circular

transmission coefficients simulations (solid line) and measurements (dashed
line) of the SRR sawtooth profile with « = 30°, r = 0.8, and g = 1 mm
(a = 1.28 mm, b = 2.72 mm). The other geometrical parameters are kept
constant: / = 7 mm, w = 1 mm, and wy = wy = 9 mm.

of the CD for different values of g and r. Different ratio values
are obtained changing the parameters a and b while keeping
[ fixed, that is, modifying only the “arms” of the arcs. Black
color indicates invalid gap-ratio combinations. With arc length
ratios below 0.7, where the lower arc is much longer than the
upper one, the structure exhibits CD values below 0.7. The
highest CD values (approximately 0.9) were obtained when
the arcs were similar in length, with r of approximately 0.8.
In general, as r increases to 1, the gap must be longer to
maintain the high CD values. Finally, for configurations with
very similar arcs, r near 1, the structure tends to be symmetric
(non-chiral), and the CD values fall below 0.6.

Fig. 4 presents the CD values obtained with ¢ = 30° for
configurations with lyc; < lyco, that is, ratios lower than 1, r =
ro < 1. In these cases, |[f__| > |t++], so following (3) CD <
0. However, with ratios larger than one it is fulfilled that |z__|
< |ty+|. Moreover, for r = 1/ry the transmission coefficients
ty; and 7__ are interchanged, that is, #}5° tjr;l/ &

Based on the previous analysis, we manufactured SRR
samples with a gap of 1| mm and an arc length ratio of
0.8, and assembled them in a sawtooth profile distribution,
as shown in Fig. 5(a). Fig. 5(b) presents a comparison between
the simulation and measurement results, showing a good
agreement.

In summary, these results show that the SRR structure, when
distributed in a sawtooth profile, exhibits chiral behavior with a
very high CD of up to 0.9. This extrinsic chirality is controlled
on the one hand by the tilt angle (¢« = &£ 30° provides the best
results) and on the other hand by the geometry itself, mainly
by the combination gap-arc length ratio.
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Fig. 6. Zigzag profile. (a) CD for several o values. (b) Photograph of the
manufactured sample. (c) Circular transmission coefficients, simulations (solid
line), and measurements (dashed line), for « = 50°.

D. Zigzag Distribution

The second proposed unit cell distribution is the zigzag
assembly, as shown in Fig. 1(d). Similar to the sawtooth
arrangement, this structure orders the SRRs in rows; however,
in this case, these rows are rotated at the same angle but
alternatively in opposite directions. The unit cell in this
structure is composed of two SRR, as shown in Fig. 1(d).
SRR; is tilted at a positive angle, @ =c«y, whereas SRR, is
tilted « = —oy. Thus, the incident field impinges on half of
the unit cell rows with o and on the other half with —a«y.
Moreover, the arcs in both SRR are designed such that r; =
1/ry, where r; and r, are the arc length ratios in SRR; and
SRR, respectively. Thus, using this configuration, both faces
provide the same response.

For a better comparison with the sawtooth profile, this
structure was analyzed using the same geometrical param-
eters as in Section II-C r; = 0.8 and g = 1| mm (a =
1.28 mm, » = 272 mm), / = 7 mm, w = 1 mm, and w, =
wy = 9 mm. Therefore, the analysis of the zigzag profile
focuses on the impact of the incidence angle on the chiral
response. Fig. 6(a) presents the CD for « angles from 10° to

Frequency (GHz)

Fig. 7. Comparison of the best CD results: planar distribution, sawtooth
profile, and zigzag profile. Dimensions of the SRR (in mm): [ =7, w =1,
wy =wy =9, a=30°r=08 and g = 1.

70°. The value @ = 0° is not presented because the structure is
achiral, and thus the CD is zero. As the angle increases, the CD
also increases. In the range of 0—40°, the CD response happens
around 8.8 GHz. However, with higher « values, the CD
response shifts to lower frequencies, reaching the maximum
CD, approximately —0.87, at @ = 50°. It is interesting to
highlight that as « increases, the bandwidth with high CD
also increases. For example, for « = 50°, the |[CD| > 0.8 in
a bandwidth larger than 0.35 GHz.

We assembled the SRR samples in a zigzag profile distri-
bution with a tilt angle of 50° [Fig. 6(b)]. The comparison
between the simulated and measured circular transmission
coefficients [Fig. 6(c)] shows good agreement.

III. DISCUSSION

Section II showed that the three aforementioned structures
present extrinsic chirality, filtering (totally or partially) one
of the eigenwaves, the RCP wave when o > 0 or the LCP
one when o < 0, and transmitting the other one. In this
section, we compare these responses by analyzing the different
CD provided by each unit cell arrangement. Fig. 7 shows
the best CD responses for the three unit cell distributions.
To facilitate the comparison, in all cases the same geometrical
parameters were used to model the SRR. Three observations
were extracted from this graphical comparison. First, the
responses were centered at different frequencies. Second,
the proposed nonplanar distributions, zigzag and sawtooth,
provided a maximum CD value of approximately 0.9, which
is much higher than that of the planar distribution. Third, the
zigzag profile not only provided a high CD, but also in a
wider bandwidth. At this point, two questions arise: Why is
the CD so high in the proposed structures and why are the
results so different, even with the same geometric pattern,
the SRR?

To understand the origin of this high CD, we began by
analyzing the surface currents induced on the SRR. In a first
analysis, we considered a large separation between SRRs to
minimize the intercell coupling and focus our attention on the
currents induced by the incident field. Later, the analysis will
be completed by considering the interaction between the SRRs.
Although this analysis was performed for the planar structure
with an incidence angle of 60°, the results are extensible for
the other arrangements and other angles. When impinging
with a linearly polarized electric field, E™ or Eiym, surface
currents are induced on both arcs of the SRR. According
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plane. y-Polarized incident field.

to [18], [19], and [20], these currents may be represented as a
combination of two sets of currents: 1) two symmetric currents
that produce an oscillating electric dipole p, in the same plane
of the unit cell and 2) two antisymmetric currents that induce
an oscillating magnetic dipole m perpendicular to the unit
cell. The electric and magnetic fields shown in Fig. 8 indicate
the presence of these dipoles. They appear for any «. When
a = 0, p and m are parallel and perpendicular, respectively,
to the incidence plane; therefore, no chiral response appears.
However, when o # 0, both dipoles present vector components
that are parallel to the incidence plane. These components
provide linear cross-polar transmission linked to the chiral (b)
behavior of the structure. We refer the interested reader to [18]
for a detailed analysis of the dipole moments.

It is mportantt to highlight that the induced dipole moments

generated by E;“c are similar to those generated by EiynC but :m\j_
—m/2 out-of-phase. Therefore, when impinging with a CP

wave, d_e)ﬁned as a combination of two linearly polarized | |
waves, E L = Ex? FjE y?, the dipoles generated with E;“c

combined with those generated by Fj E", are in-phase for a

LHCP wave, E)_, and 7 out-of-phase for a RHCP one, E+. :"ﬂ'o'\j_ A/—ij_
Therefore, the high CD is originated from this constructive Ly

or destructive interference between dipole moments, filtering | | ” | Ce L Ce | " | |
the RHCP wave and transmitting the orthogonal one [as C C

observed in Figs. 3(b), 5(b), and 6(c)]. For a negative «, the . . .
dipoles generated by E;“C and E;“C are now +1/2 out-of-phase;

—l

Fig. 9. (a) Electric (V/m) and (b) magnetic (A/m) fields on the xy plane
with oblique E incidence.

therefore, the interference between dipoles is the opposite of (@)

the previous case: the structure filters the LHCP wave and L

transmits the RHCP one, that is, the sign of the CD changes .

[as observed in Fig. 3(a)]. I I
Although in the three distributions the incident field induces Cg Cg--

similar surface currents on the SRRs, the different distri- ___l _I l___

bution of the cells provides a different interaction among

neighboring SRRs and thus a different chiral response. In the 2C, IR 2C

planar distribution, each unit cell is edge-coupled with its ?

adjacent SRR. Upon inspecting the electric and magnetic (®)

fields .(Flg' 9(a) ‘and (b, I:espemwdy)’ we obser‘ve that mutual Fig. 10. (a) Lumped-element equivalent circuit model with coupling between
capacitive coupling prevails between the SRR sides parallel to  dual split SRR. (b) Simplified circuit model of the SRR unit cell.

the y-axis because of the high charge concentration around the
gaps. Meanwhile, mutual inductive coupling exists between this study. The SRR with two splits can be modeled as two
the other SRR sides (perpendicular to the y-axis). inductors L; and L,, representing the metallic arcs, and two
To illustrate this coupling Fig. 10(a) shows the lumped- capacitors C,, representing the gaps. The capacitive coupling
element equivalent circuit model. This circuit is presented only indicated previously is modeled as capacitor C;, while the
for a better qualitative understanding of the frequency response magnetic coupling is modeled as mutual inductance —M;.
of the structures influenced by mutual coupling. A detailed This mutual inductance is negative, representing differential
analysis of the equivalent circuit model is out of the scope of magnetic coupling (the currents flow in opposite directions,
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so the magnetic flux is counter). For the planar arrangement,
the mutual inductance M, shown in Fig. 10(a) is zero. By mod-
ifying the circuit shown in Fig. 10(a), we obtain the equivalent
circuit model of a single cell, as shown in Fig. 10(b). The
inductances L} and L) represent the net inductances of each
arm. These values are lower than those in the independent unit
cell owing to the negative magnetic coupling. Without loss of
generality, if we neglect the impedance of C,, the resonance
frequency f, is defined by (4), showing a clear dependence of
the intercell coupling on the resonance frequency

! ith L LiLy (4)
— Wi =<
27/ L1Cy Tot

Ly + L,

The proposed non-planar arrangements present similar
edgewise coupling between the adjacent cells ubicated in the
same row (aligned along the y-axis). However, the interaction
with the SRRs of the adjacent row changes with «. In the
case of the sawtooth distribution, when the tilt angle is
small, the cells are coplanar and there is a mutual capaci-
tive edge-coupling similar to that of the planar distribution.
However, as the tilt angle is increased, the SRRs tend to
be broadside-coupled. In this situation, the sides of adjacent
SRR are farther, that is, the distance d in Fig. 11(a) is
larger. However, their mutual orientation changes from being
coplanar, with « = 0, to facing each other with o« = 30°.
In this orientation, there is a strong electric field between
adjacent cells, as shown in Fig. 11(a), which provides an
increase of the electric dipole p, and thus, an increase of
the CD. Observing the response at other frequencies, for
example at 8.5 GHz as shown in Fig. 11(b), the electric field
magnitude is significantly lower, reflecting a smaller capacitive
coupling. Moreover, this broadside coupling between SRRs
in the Sawtooth profile is also higher than the edge-coupling
in the planar configuration, providing the higher CD values
presented in Fig. 7. From the equivalent circuit perspective,
this capacitive coupling increases C;, and thus the frequency
response is downshifted.

In addition to the mutual capacitive coupling, this arrange-
ment also exhibits mutual magnetic coupling between the
SRRs. The dipole moment m creates a magnetic field B =
By[sin(a) - @, + cos(a) - a.]. Owing to the SRRs alignment,
the B, component of this field propagates through neighboring
unit cells. The corresponding magnetic flux ® varies depend-
ing on the tilt angle « and is obtained following:

ﬁ*:

® =By A-sina 5)
where A represents the area enclosed by the SRR. According
to Lenz’s law, a surface current is induced on the neighboring
SRR, whose flux opposes the variations in ®.In the equivalent
circuit model, Fig. 10(a), this coupling is modeled as a mutual
inductance —M,. As with —M |, mutual coupling — M, reduces
the net inductances L} and L), and, following (4), shifts the
resonance to higher frequencies. Moreover, it also diminishes
the net surface current and thus the dipole moments, resulting
in lower cross-polar transmission. Therefore, this inductive
coupling represents a negative effect on the CD, even more
as the tilt angle increases because & is higher (5).
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Fig. 11. Electric field distributions in xz plane for the sawtooth distribution
at (a) 9.1 and (b) 8.5 GHz, and (c) zigzag distribution.

In this sawtooth distribution, the combination of both cou-
plings provides the maximum CD values for « = 30°, due to
the high electric coupling. With higher o the CD is reduced
because the electric coupling is weaker (higher d and edgewise
mutual orientation of the sides) and the magnetic coupling
stronger.

In the case of the zigzag arrangement, it also presents
inductive and capacitive coupling among neighboring SRR that
can be modeled using the same equivalent circuit described
for the sawtooth distribution, Fig. 10. The magnetic coupling
between the cells is equal to that described for the sawtooth
profile and becomes stronger as the tilt angle increases. How-
ever, in contrast to the previous structure, capacitive coupling
exhibits a different behavior with respect to «. As the tilt
angle increases, the SRRs are closer, and thus, the capacitive
coupling becomes stronger, that is, a higher C;. As shown
in Fig. 6(a), for o < 45°, the resonance frequency is almost
constant, 8.85 GHz, because the combination of both couplings
is compensated, that is, the increase in C; is compensated by
the reduction in Lt,. However, for higher angles, although
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Fig. 12. Linear transmission coefficients (module and phase) for (a) planar,
(b) sawtooth, and (c) zigzag profiles.

both couplings increase, the impact of capacitive coupling is
stronger, resulting in a reduction in the resonance frequency
(4). The zigzag arrangement exhibits CD values higher than
0.8 for o between 40° and 70°, with the highest CD value
obtained for o« = 50°. Fig. 11(b) presents the electric field
distribution in the zigzag arrangement with that angle, showing
the strong capacitive coupling between neighboring cells.
This high CD behavior can also be quantitatively char-
acterized through the analysis of the circular transmission
coefficients by means of the linear coefficients, (1) and (2).
Owing to the absence of any symmetry in the structure, the
four linear transmission coefficients are mutually different.
However, in the three unit cell distributions, the linear trans-
mission coefficients, represented in Fig. 12, exhibit, at the
frequency of maximum CD, a similar behavior with t,, ~ —1,,
and (tyx + tyy)/2 & t,y - ¢/™/2. Owing to these properties,
the circular cross-polar transmission coefficients f,; are near
zero, whereas the co-polar ones are r__ ~ —2jt,, and t,, ~
0. Thus, the CD can be approximated as CD ~ —4|ty|*.
The maximum values of CD obtained by this approximation,
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—0.61 (planar), — 0.92 (sawtooth), and — 0.85 (zigzag), are in
good agreement with the maximum values shown in Fig. 7,
- 0.62, — 0.9, and — 0.88, respectively. Therefore, in these
structures, the maximum values of the CD are directly related
to the magnitude of the cross-polar transmission coefficient 7.
Moreover, the sign of the CD depends on that of the phase
shift between (¢, +1,,)/2 and t,,, which in turn, depends on
that of «. Therefore, a tilt angle o provides a phase shift
of /2 and thus a CD ~ F 4|1,,|*.

IV. CONCLUSION

In this study, we propose different alternatives for exploiting
the extrinsic chirality in single layer PCB-based structures.
The metallic pattern is designed to be intrinsically achiral to
evaluate only the extrinsic chirality. In a first approximation,
the planar distribution exhibited chiral behavior when the
incidence angle differed from zero. The highest CD values
(approximately 0.62) were obtained for the high incidence
angles, 60°-70°. To improve this chiral structure, we proposed
two different unit cell distributions, called sawtooth and zigzag
because of the form of their profile. These structures, analyzed
by simulations and measurements, provide improvements with
respect to the planar distribution, yielding much higher CD
values of approximately 0.9.

We have shown that in the three structures the origin of
the extrinsic chiral behavior is the same: the dipole moments
induced on the SRR and its constructive/destructive inter-
ference. Despite this common origin, the three structures
exhibit different CD (values and frequency response). This
difference in behavior is due to the geometry of the structures
that produce different electric and magnetic couplings among
the SRRs. The broadside capacitive coupling shown in the
sawtooth and zigzag arrangements provided not only a shift in
the frequency response (qualitatively reflected in the proposed
equivalent circuit model) but also an improvement in the CD.
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