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1 Introduction

Metamaterial transmission lines can be implemented by
loading a host line with electrically small resonant elements,
such as split ring resonators (SRRs) [1], or complementary
split ring resonators (CSRRs) [2], among others. Many micro-
wave devices based on these artificial lines have been designed
on the basis of the further controllability, as compared to ordi-
nary lines, of line impedance and dispersion [3], achieved by
virtue of the loading elements (which provide more degrees
of freedom for device design). The key aspect in these designs
is thus impedance and dispersion engineering. However, in
other applications, the resonance phenomenon is the key
aspect. In this case, where the functionality is based on particle
resonance (rather than on impedance and dispersion engineer-
ing), the lines are usually referred to as transmission lines with
metamaterial loading [3]. These structures have been applied
to the design of planar bandstop and notch filters [4, 5], multi-
band printed dipole and monopole antennas [6—8], common-
mode suppressed differential lines and filters [9, 10], micro-
wave sensors [11-18], and radiofrequency barcodes [19-21],
among others.

In this work, radiofrequency barcodes implemented by
means of S-shaped SRRs (S-SRRs), previously used for the
implementation of metamaterials [22-24], are presented in a
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Abstract — In this paper, it is shown that S-shaped split ring resonators (S-SRRs) are useful particles for the imple-
mentation of spectral signature (i.e., a class of radiofrequency) barcodes based on coplanar waveguide (CPW) trans-
mission lines loaded with such resonant elements. By virtue of its S shape, these resonators are electrically small.
Hence S-SRRs are of interest for the miniaturization of the barcodes, since multiple resonators, each tuned at a dif-
ferent frequency, are used for encoding purposes. In particular, a 10-bit barcode occupying 1 GHz spectral bandwidth
centered at 2.5 GHz, with dimensions of 9 cm?, is presented in this paper.
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journal paper for the first time. S-SRRs are electrically smaller
than electric-LC resonators (ELC) and even smaller than split
ring resonators (SRRs) [15]. Thus, high miniaturization levels
can be obtained by using S-SRRs, with direct impact on the
achievable number of bits per cm?, superior in S-SRR-based
barcodes.

S-SRRs have been successfully applied to the design of
microwave filters [25] and sensors [26] as well. Coupled to
CPW transmission lines, S-SRRs generate notches (transmis-
sion zeros) in the transmission coefficient at their resonance
frequency. However, through a proper orientation, line to res-
onator coupling can be prevented, and hence the presence or
absence of the transmission zero can be controlled, and this
is used for encoding, as will be later shown.

2 Topology and working principle

The typical topology of this particle is depicted in Figure 1.
This particle cannot be excited by means of an uniform time-
varying magnetic field applied in the direction orthogonal to
the plane of the particle, contrary to SRRs [1, 27], but it can
be driven by means of counter magnetic fields, as depicted
in the figure, and similar to the excitation of electric LC
(ELC) resonant particles [28]. According to this, it follows that
by etching these S-SRRs on the back substrate side of a copla-
nar waveguide (CPW), the fundamental resonance can be
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Figure 1. Typical topology of an S-SRR and indication of the
driving mechanism by means of counter-magnetic fields.
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Figure 2. Response of the CPW loaded with a single S-SRR for the
two considered states: “1” (90°) and “0” (0°).

excited as long as each loop of the particle lies on bottom of
one of the slots of the CPW, as indicated in Figure 2. However,
by rotating the particle 90° (0° orientation in Figure 2), no
significant excitation is expected since there is not a net

(@)

magnetic field in each loop, able to induce a current. Accord-
ing to this, S-SRRs are useful for the implementation of multi-
resonator [19, 20] spectral signature barcodes for chipless
RFID, where each resonator corresponds to a bit and the “0”
or “1” logic states are simply set by the orientation of the
S-SRRs.

3 Circuit model and design

The typical topology (including relevant dimensions) and
circuit model of a CPW loaded with a square S-SRR, etched
on the back substrate side, are depicted in Figure 3 [26]. The
line is modeled by the inductance L and the capacitance C,
the S-SRR is described by the capacitance C, and by the induc-
tance of each loop, L;. Finally, the coupling between the line
and the resonator is accounted for by the mutual inductance
2M. Note that this model is formally identical to the one
describing a SRR-loaded CPW transmission line [1, 3]. As dis-
cussed in [26], the mutual coupling depends on the relative ori-
entation between the line and the resonator, it being maximum
for the 90° orientation, i.e., the one indicated in Figure 3a. In
the circuit of Figure 3b, losses have been excluded. This circuit
can be transformed to the one indicated in Figure 3¢, where the
reactive elements of both models are related by [3]:

! M2
L = 1
s 2LS ( )
. 4LIC,
C==p7 (2)
L'=L-L, (3)
and the notch (angular) frequency is given by
1 1
(4)

a)() = =
V 2Ls‘ Cs / L; C;

This model has been validated by parameter extraction,
following the procedure reported in [29]. Figure 4 shows
the frequency response of a particular S-SRR-loaded CPW,
where both the lossless electromagnetic (inferred from
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Figure 3. Topology of a S-SRR-loaded CPW (a), lumped element equivalent circuit model (b), and transformed model (c).
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Figure 4. Frequency response of a CPW loaded with a square S-SRR. (a) Magnitude response; (b) phase response. Dimensions are:
L =w,=56mm, w,=s=02mm, w, = 2.87 mm, and /. = 0.47 mm. Line dimensions are: W = 2.1 mm, g = 0.2 mm corresponding to a
50 Q transmission line. The extracted element values are: C = 0.92 pF, L' = 1.69 nH, C{ = 58.6 pF, and L, = 69.8 pH.
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Figure 5. Lossy equivalent circuit model of an S-SRR-loaded CPW. (a) Simplified model and (b) equivalent transformed model.

Keysight Momentum) and circuit simulations are compared.
The considered substrate is Rogers RO4003C with dielectric
constant &, = 3.55 and thickness 4 = 0.81 mm (dimensions
as well as circuit element values are indicated in the caption).
As can be appreciated, there is very good agreement between
the circuit and electromagnetic simulations in the frequency
range of interest, pointing out the validity of the lumped ele-
ment equivalent circuit model.

For design purposes, there are two important parameters:
the notch depth, and the —3 dB notch bandwidth. In order to
accommodate the largest number of bits in a given spectral
bandwidth, it is convenient to reduce the notch bandwidth of
each individual resonator as much as possible, but, due to
losses, this affects the notch depth, reducing its magnitude
and consequently jeopardizing the correct reading of the
written code. Therefore, a tradeoff results. To gain insight into
this important aspect, let us now consider the presence of
losses in the circuit models (Figure 5). The notch magnitude
in the circuit of Figure 5b can be expressed as [26]:

1
k) Y2+ Z0) + 1
(5)

where Z; is the impedance of the series branch, Y, is the
admittance of the shunt branch, and Z; is the port impedance.

|S21 | (dB) =20 10g10
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The previous expression, evaluated at resonance, can be writ-
ten as:

S21|(dB)
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(6)
where Z;: is the impedance of the line inductance. To the
light of equation (6), M tends to increase the notch depth,
whereas an increase in R, reduces the magnitude of the
notch, as expected. Nevertheless, R, is not a design parame-
ter, contrary to M, which depends on S-SRR orientation and
also on substrate thickness. Note that, according to expres-
sions (1) and (2), if M increases, L, also increases, whereas
C, decreases, thereby enhancing the bandwidth (related to
the ratio L,/Cy).

By considering the substrate permittivity and thickness
indicated before (g, = 3.55, and # = 0.81 mm) and a loss tan-
gent of tan ¢ = 0.0021, we have obtained the frequency
response of the S-SRR-loaded CPW of Figure 2, inferred from
electromagnetic simulation with losses (the conductivity of
copper for the metallic layers has been assumed). Then we
have repeated these electromagnetic simulations by consider-
ing different substrate thicknesses, in order to infer the effect
of M on bandwidth and notch depth. The results are depicted
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Figure 6. Dependence of the notch bandwidth (a), L//C, (b), and notch depth (c) with substrate thickness.
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Figure 7. Simulated and measured transmission coefficient of the corresponding indicated codes.
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in Figure 6, where we have also included the dependence of
L//C/ on substrate thickness. In order to accommodate 10 bits
(and hence 10 resonators) in a 1 GHz spectral bandwidth
between 2 GHz and 3 GHz, it is necessary to limit the res-
onator bandwidths to less than 100 MHz. In view of Figure 6,
for the thickness of # = 0.81 mm, the notch depth is found to
be larger than 10 dB, which is a reasonable value to adequately
read the “1” logic states, whereas this thickness clearly gives a
bandwidth much smaller than 100 MHz. Therefore, this has
been the considered thickness value, which corresponds to a
commercially available microwave substrate. From the consid-
ered resonator (with a frequency of 2.5 GHz), the other reso-
nant elements have been obtained by merely scaling the
length of the loops.

4 Results

The topology of the S-SRR with reference frequency has
been determined with a relatively small value of L, and large
value of Cy (significant L /'/Cy ratio) in order to achieve a notch
depth of at least 10 dB. The dimensions are /. = w,. = 6.4 mm,
w;=05mm, s =02mm, w, =29 mm, and /. = 0.5 mm.
After scaling, in order to generate notch frequencies equally
distributed within the bandwidth 2-3 GHz, we have imple-
mented several codes by loading the CPW with such resonant
elements, where the “1” and “0’ logic states have been simply
achieved by properly orienting the S-SRRs. The four
considered codes and the corresponding frequency responses
(inferred from lossy electromagnetic simulations and measure-
ments) are depicted in Figure 7. Note that the ground plane
regions of the CPW are connected by means of backside strips
and vias in order to avoid the generation of the parasitic slot
mode. The measured responses have been achieved by means
of the Agilent N5221A vector network analyzer. According to
Figure 7, there is good agreement between the electromagnetic
simulation and measurement, and the different code responses
reveal that a threshold of 5 dB suffices to distinguish between
the “0” and “1” logic states. The area of the codes is as small
as 9 cm®. Moreover, the fact that by rotating the S-SRR the
coupling can be controlled opens the possibility of increasing
the number of states per resonator, and thus increase the infor-
mation density per GHz (work is in progress).

5 Conclusions

In summary, novel spectral signature barcodes imple-
mented by loading a CPW with S-SRRs have been proposed.
On the basis of the lumped element equivalent circuit model,
which has been validated through parameter extraction, we
have analyzed the effects of line to resonator coupling and
losses on the response of the S-SRR loaded CPW. Particularly,
it has been found that by increasing the mutual coupling, the
notch magnitude of the structure is enhanced but at the expense
of a broader bandwidth. Hence, it has been concluded that a
tradeoff for design purposes is necessary, and with this in mind
we have designed the S-SRRs in order to accommodate 10
notches (corresponding to 10 bits) in a 1 GHz spectral

bandwidth between 2 GHz and 3 GHz. The resulting codes,
smaller than 9 cm?, exhibit responses that can be easily read,
with equidistant notches for the extreme case where all the bits
are set to the “1” state.
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