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Superdirective end-fire radiation in the low-GHz frequency range is demonstrated using magnetically
coupled structures of subwavelength metallic helices. Numerical, experimental, and analytical results are
presented on superdirective dimers that are almost 3 times smaller than those of previously demonstrated
dimers of split-ring resonators (0.091 compared with 0.251) and provide close to theoretical maximum val-
ues of directivity without using complex feeding networks. The size, directivity, efficiency, and operational

passband width of such structures is optimized.
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I. INTRODUCTION

The concept of superdirectivity was first proposed by
Oseen almost a century ago [1]. He theoretically showed
that a finite-size system could produce an arbitrarily nar-
row (i.e., directive) beam of radiation over a relatively
small frequency band. Unlike conventional phased arrays
that provide high directivity by means of constructive
interference, the superdirective antennas are based on
destructive interference. They suppress radiation in all
directions, apart from the direction of the main lobe, where
the destructive interference is a minimum, and hence, the
radiation there is a relative maximum. This, in theory,
makes it possible to obtain an arbitrarily narrow beam
[2]. Further developments were undertaken by Uzkov [3],
who demonstrated that an end-fire array, consisting of N
isotropic elements, provided directivity tending to N2 as
the distance between the elements tended to zero. Direc-
tivity (D) here is defined as the power density radiated
by the antenna in the direction of its strongest emission
divided by the average power density radiated in all direc-
tions. Limitations on superdirectivity were demonstrated
by Uzsoky and Solymar [4], who presented a mathematical
procedure for finding the maximum directivity for a given
array of radiating dipoles and calculated how the geomet-
rical parameters of the structure could be optimized for the
best directivity and gain.

As theoretically shown by Solymar [5], to attain the
highest values of directivity, the fields in the system should
exhibit strong spatial variations at distances shorter than
the free-space wavelength. To achieve this, the amplitude
and phase of the currents in each element of the array must
be controlled precisely. However, this may be difficult to
realize experimentally. An approach is suggested in Ref.
[6] where the maximum possible directivity for two helices
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is achieved using a feeding network with a complex match-
ing circuit to control the phase difference. Some other
practical solutions have been suggested [7,8], but no gen-
eral approach has been proposed to produce the required
phase difference without feeding individual elements. For
instance, the structure presented in Ref. [8] consists of
four helical elements. Two geometries are presented with
sizes of 0.65A and 0.17X, which produce directivity gains
of 7.5 and 4.8 dBi, respectively. The performance of both
structures appears to be far from the theoretical maximum
suggested in Ref. [4] for the four-element superdirective
array.

A fresh way to realize superdirectivity appeared with the
emergence of metamaterials with studies on magnetoin-
ductive (MI) waves [9,10], showing that coupling between
the elements in an array can provide strong spatial vari-
ations of fields at distances shorter than the free-space
wavelength. The first attempts to utilize arrays of reso-
nant elements for superdirective antennas appear to be
those of Buell ez al. [11], who implemented metamaterial-
based insulators to suppress parasitic coupling. Interele-
ment coupling was first used to achieve optimal current
distributions in the works of O’Donnell et al. [12,13]. They
demonstrated a metamaterial-inspired parasitically cou-
pled superdirective array antenna with just a single directly
fed element, with all other elements shorted to a conduc-
tive ground plane. This research was continued by Lim and
Ling [14], who proposed a two-element structure, with one
of them fed and a second (one) passive with an overall size
of 0.13 that provided the realized gain of 6.19 dBi, with
the gain dropping by 1 dB over a bandwidth of 2.82%.
The presented structure consists of five specially designed
helical-like wires (two acting as the driver and three as the
reflector) that is a complex and hard to manufacture device.

In 2013, researchers proposed superdirective arrays
with one element fed and the others left open [15,16].
It was predicted theoretically [4,17,18] that a far-field
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superdirectivity with a maximum value D =5.25=7.2 dBi
was possible in simple structures composed of two coupled
split-ring resonators (SRRs), when the size and distance
between them both tended to zero. The dipolelike radiation
of neighboring elements can produce the destructive inter-
ference that is necessary for superdirectivity. The required
phase difference between the currents in the resonators and
their magnitudes provide strong negative magnetic cou-
pling between them [19]. High values of D were shown for
both MHz [19,20] and GHz [21] frequency ranges using
dimers formed of two coplanar SRRs, with the first being
driven and the second passively excited. It was theoreti-
cally demonstrated [15,21] that the directivity of such a
structure depended on several parameters: the coupling
coefficient, «; the center-to-center distance, a; the operat-
ing wave number, k; and the quality factor, Q. To achieve
the theoretical maximum value of directivity, the following
relationship between them needs be satisfied:

Okl _ 5 )
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where « is a dimensionless parameter that depends on the
geometry of the elements.

Other ways to use metamaterial-inspired structures for
superdirective antennas can be found in Ref. [22], where
low-profile monopoles are implemented, and in Ref. [23],
where a superdirective horn antenna is designed.

Here, we propose an alternative element geometry: a
metal helix in the normal mode of radiation. It demon-
strates benefits in terms of both size reduction and
improved directivity of the superdirective dimer structure,
when compared with previous work using SRRs. This
allows us to show that, when taking into account strong
magnetic coupling between elements, a close to theoretical
maximum value of directivity can be achieved using a sim-
ple two-element structure. The radiation properties of the
helical dimer structures are analyzed for different frequen-
cies and element configurations using numerical modeling,
analytical calculations, and experimental measurements. In
addition, we discuss ways for superdirective dimer opti-
mization in terms of different antenna parameters, explor-
ing the size of the structure, directivity, efficiency, and
operational passband width.

II. DIMER GEOMETRIES

In previous studies, SRRs have been used to construct
structures that exhibit superdirective radiation [20,24]. At
high frequencies, the dimensions of these dimers, both the
SRR’s diameters and the spacing between them, may be
comparable to the wavelength of the radiation. In those
geometries, the required phase difference between res-
onators is achieved mainly through retardation. Thus, a
smaller coupling strength is needed [20] to satisfy the

condition for superdirectivity (Eq. 1). Hence, this allows
the use of geometries such as those proposed in Ref.
[24,25] using a planar configuration of SRRs in the same
orientation (“CC”). This allows one to obtain the superdi-
rective behavior with directivity D =4.6. However, this
value is still significantly smaller than the theoretically
predicted one, as the size of the structure in the radiation
direction is 0.25A or larger. This provides noticeable retar-
dation between the edges of the structure that, according
to Ref. [4], must be neglectable to obtain the maximum
possible directivity.

Nevertheless, the size of such elements inhibits the
potential for further miniaturization, and, as the size of
the structure becomes closer to the wavelength, the max-
imum theoretical possible directivity also drops. One way
to overcome this limit is to reduce the resonance frequency
of a split ring by soldering a capacitor into the gap [20,21].
Despite a close to theoretical maximum value of directiv-
ity, this approach has certain limitations because, to scale
this up to 1 GHz, the diameter of the SRRs should be about
2 mm with capacitors soldered into a 0.02 mm gap; this
presents a challenge in terms of sample manufacture.

Here, we propose improving the size-to-wavelength
ratio at GHz frequencies with the use of helices instead
of SRRs, as helices can act as a massively subwavelength
resonator, while keeping the same high value of directivity.
Furthermore, they can be easily scaled to operate at differ-
ent frequencies and their quality factor can be controlled
by changing the axial pitch, which provides further tuning
opportunities.

III. METHODS

A. Experimental setup

The experimental setup of the superdirective dimer of
helices is presented in Fig. 1. The helices are supported
on a three-dimensionally printed platform of Ultimaker

FIG. 1. Experimental setup of the superdirective dimer. Cop-
per helices are wrapped around a polylactide (PLA) base
(¢ =2.6 4 0.04i). Schematic of this structure is shown on the
inset: 1, helices; 2, inductive loop; 3, dielectric base; 4, dielectric
cover of the first element. Resonant frequency f o= 1.534 GHz;
geometric parameters are as stated in Table 1.
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TABLE I. Parameters of helices.

First element Second element

n 7 7.6
H (mm) 8.75 9.5
R (mm) 2 2

black polylactide (PLA) (¢ =2.6 + 0.04i). The base is con-
structed so that the distance between the element centers
can be freely changed from a =3 to 35 mm, allowing one
to readily satisfy the superdirective condition (Eq. 1). This
base is fixed underneath the first helix to ensure precise
rotation of the dimer in the experimental directivity mea-
surements. We fabricate helices using copper wire with a
wire radius of »=0.1 mm. The parameters of the helices
are listed in Table 1.

Here, H is the height of elements, R is the major radius,
and 7 is the number of turns. A schematic representation of
the helices is presented in Fig. 2. The proximity of the feed-
ing loop perturbs the resonant frequency of the first helix,
and so we adjust the number of turns and height of the sec-
ond helix (shown in Table I), so that their frequencies are
matched (f o = 1.54 GHz).

The first helix is fed inductively via a concentrically
placed single copper loop soldered to a semirigid coax
cable. As the loop itself has a much higher resonant fre-
quency than that of the helix, it does not radiate much
power at the operational frequency, and thus, does not
interfere with the far-field pattern of the dimer. However,
the helical resonator geometry makes it possible to achieve
high power transfer from the loop to the first helix. If only
one helix is being fed, 98% of power is transferred at the
resonance frequency (Fig. 3). However, when the second
helix is introduced, the splitting of the resonant curve that

FIG. 2. Schematic representation of the helices. H, height; R,
radius; a, distance between helix centers.

511 (dBi)

=20° .
1.5 1.52 1.54 1.56 1.58

FIG. 3. Frequency dependence of the S, parameter for the
single helix (blue) and superdirective dimer (red).

is shown on Fig. 3 can be observed. The maximum direc-
tivity is obtained just below the lowest resonance of the
structure, where 78% of power transfer can be obtained.

This value is determined experimentally from the Sy,
parameter, which suggests almost complete overlap of
magnetic flux between the loop and the helix. The fre-
quency dependence of the power transfer is presented on
Fig. 4. The maximum power transfer is obtained at the low-
est resonance of the structure (1.534 GHz), and the opera-
tional band of the dimer (marked with dashed lines) is just
below that frequency. In addition, COMSOL modeling with
assumed 100% coupling in efficiency gives a radiation effi-
ciency of 82% for copper helices and a 45% efficiency for
the steel helices discussed in Sec. V. (This difference in
efficiency is due to greater Joule heating in steel, com-
pared with that in copper.) Hence, the resulting radiation
efficiency of the presented copper structure is estimated
to be 64%. Radiation efficiency of 62% at the frequency
of maximum directivity is obtained experimentally using
a dipole antenna with a MACOM TP-101 balun providing
0.5 dB gain at its resonant frequency (1.534 GHz). Numer-
ical and experimental results for efficiency are in a good
agreement.

The experimental setup for far-field measurements is
presented on Fig. 5. It is undertaken at 1 m distance
from the dimer using a half-wavelength dipole antenna
with 1.5 GHz resonant frequency. Data for the electric
fields are obtained using a 40 GHz vector network ana-
lyzer (Anritsu MS4644A) and unwanted reflections and
noise are suppressed by using a microwave foam absorber
(ECCOSORB AN-77). Measurements are undertaken in
the azimuth plane and then extrapolated to the whole 47
space by using analytical calculations from Ref. [17].
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FIG. 4. Frequency dependence of the relative power transfer, ¢,
from the inductive loop to the first helix. Dashed lines mark the
operational band of the dimer.

B. Numeric modeling

Numerical modeling of this work is undertaken using
the finite element method (FEM) software COMSOL Mul-
tiphysics frequency domain solver. The geometry of the
elements and permittivity of the dielectric base are chosen
to match the experimental ones, so that the resonant fre-
quency of each element is 1.54 GHz. The first element is
fed using a single copper loop driven by a lumped port.
The materials used are copper and stainless steel.

C. Analytical model

The analytical calculation of the directivity patterns of
the superdirective dimers is based on two major parts.
First, is the calculation of the dipole array directivity, as
developed over the last century; a recent version of this cal-
culation was reported by Shamonina and Solymar [16]. It
uses the assumption that each element of the array is much
smaller than the free-space wavelength and its radiation
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FIG. 5. Schematic representation of the far-field measurement
experimental setup.

is dipolelike. By taking into account the current distribu-
tion across the array, the mutual arrangement of the dipoles
and retardation of the electromagnetic waves, it allows one
to obtain the far-field directivity patterns for the examined
structure. The current (/) condition for superdirectivity in
this case is

L_ ‘2k+2(k)2+ )
11_ 15a %3 a e,

where the subscript on the current terms label the helix
elements. Equation (2) effectively states that the currents
in both the driven (1) and the magnetically coupled (2)
elements should be equal in amplitude, but should almost
be in antiphase for ka < 1. This situation pertains at the
lowest resonance of the two negatively coupled resonators
structure.

Second, to obtain useful analytical results, we calculate
the current distributions in the array of two magnetically
coupled elements, when one of them is driven and the other
is passive. In this case, the LCR circuit model introduced
in research on interelement coupling [18] may be used.
The frequency dependence of currents /; and 7, in the
first and second elements of the dimer, respectively, may
be expressed as

iVoZo
I =

(Z: - 72)

iVoZn

L=

2o = Z) , (3)

w, lwo
Zo=ioL[1 - =2+ —
0 = iw ( po + Qa))

Ly = ioM

where V) is the excitation of the first element; wy is the res-
onant frequency of the elements; L is their self-inductance;
0 is the quality factor; and M is the mutual inductance,
which is negative in the present cases. Values of Vj, O, and
fo can be obtained experimentally. M and the value of the
coupling (k =2M/L) can be obtained using the coupling
retrieval method described in Ref. [26], and L can be cal-
culated from geometric parameters. At these frequencies,
the common assumption of a purely real value of the cou-
pling coefficient cannot be used, as retardation effects have
a significant influence on the frequency dependence of cur-
rents in each of the elements. As a result, the coupling
coefficient becomes complex and should be presented in
the form k = |« |e™.

Currents obtained using Eq. (3) can then be used as
input values for the dipole radiators in the model discussed
above to obtain the frequency dependencies of directivity
for any given set of parameters.
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IV. DIMER OF HELICES

Experimental, analytical, and numerical data are
obtained for the described configuration of helices. In
Fig. 6, the experimental results are presented to illus-
trate the frequency dependence of directivity for differ-
ent distances between helices. A maximum directivity of
5.05=7.03 dBi, which is close to the theoretical maxi-
mum, is measured at 1.521 GHz.

The operational bandwidth (calculated at the level of
—3 dB) is 14 MHz, which is 1% of the resonant frequency.
Figure 7 illustrates a comparison between the analytical,
numerical, and experimental directivity data close to the
frequency of directivity maximum. High uncertainties at
low and high frequencies are associated with the very small
magnitude of signals away from resonance. Although the
analytical model agrees with experiment within uncer-
tainty, the small systematic difference between experiment
and the FEM numerical model is likely to be because it
is based on the LCR circuit model and does not take into
account the frequency response associated with the dielec-
tric base. The frequency dependence of the gain in this
case is demonstrated in Fig. 8 for both experimental and
numerical results. The maximum gain for this structure is
G =3.13=4.95 dB, which is close to the value predicted
by coMsoL (3.23 =5.09 dBi).

By increasing the distance between the elements, we
also decrease the coupling between them, which results
in a narrowing of the operational band. In contrast, for
smaller distances and stronger coupling, the operational
band widens and reaches 20 MHz for 12 mm separation.
However, the maximum of the directivity for this case,
Dnax =4.32=16.35 dBi at 5.1 GHz, is significantly smaller
than that for the optimal configuration. The dependence
of the maximum directivity on the distance between the

1.5 1.51 1.52 1.53 1.54 1.55
f(GHz)

FIG. 6. Experimental results for the frequency dependence of
the directivity for a =12, 16, and 22 mm between helices.
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FIG. 7. Analytical, numerical, and experimental frequency
dependencies of directivity for the superdirective dimer with
a =16 mm. Uncertainties for the experimental value are marked
in light gray.

elements for both numerical and experimental results is
shown in Fig. 9. This also agrees with a similar depen-
dence presented in Ref. [16] for elements with resonant
frequency in the MHz range.

The frequency corresponding to the maximum directiv-
ity is also affected by the coupling coefficient. As shown in
Ref. [9], the coupling between resonators leads to two reso-
nant frequencies, corresponding to in-phase and antiphase
modes. In our case, the phase conditions for superdirectiv-
ity are met near the lower-frequency antiphase resonance

3.5

Experiment
== = === Numerical data

1.525 1.53

1.51 1515 152
f(GHz)

FIG. 8. Frequency dependence of the effective gain of the
superdirective dimer in optimal configuration near the frequency
of maximum directivity.
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FIG. 9. Analytical and numerical results for maximum direc-
tivity dependence on the size of the superdirective dimer.

of the system. As the coupling becomes stronger and
the antiphase resonance reduces in frequency, the maxi-
mum directivity is also achieved at corresponding lower
frequencies. On the other hand, for weak coupling, the
maximum directivity is achieved close to the resonant fre-
quency of the single helix. This also agrees with numerical
calculations, as shown in Fig. 10.

The directivity patterns for the optimum configuration
at £ =1.515, 1.521, and 1.527 GHz are presented in
Fig. 11. At low frequencies, power is radiated equally
in both forward and backward directions. At the maxi-
mum directivity frequency, as predicted analytically, most
power is radiated in the backward direction, while, for all
other directions, radiation is suppressed through destruc-
tive interference. For higher frequencies, the angular width
of the backward lobe grows, leading to a decrease in direc-
tivity. Good agreement between analytical, numerical, and
experimental data is also observed here for all frequencies.

—— Numerical
data
+ Experiment

48 ¢

44 +

10 15 20 25
a (mm)

FIG. 10. Analytical and numerical results for the frequency of
maximum directivity dependence on the size of the superdirec-
tive dimer.

The size of the optimized structure is 0.09A in the
radiation direction, 0.02A wide, and 0.05A high. These
dimensions are smaller than the size of previously
the proposed SRR dimer on the printed circuit board
(0.25 x 0.122 x 0.007A%) and even the diameter of one
SRR (0.121) [26]. Although the height of the SRR is min-
imized, we still achieve more than 2 times reduction in the
resulting volume.

With this optimized structure close to the theoreti-
cal maximum, values of directivity are experimentally
achieved for the simple structure of two coupled res-
onators, each of which provides dipolelike radiation.

V. FURTHER OPTIMIZATION PROSPECTS

Our geometry is demonstrated to provide the high-
est experimentally realized value of superdirective dimer
directivity, via an antenna system that is compact, efficient,
and easy to make. However, there are further potential ben-
efits of using helical elements, since they provide some
new degrees of freedom that offer increased functionality.

There are several parameters that can be varied in
helices: height, number of turns, axial pitch, radius, wire
thickness, and helical handedness. However, in terms of
directivity of the dimer, it is important to control the
resonant frequency, quality factor, and coupling between
helices. All spatial parameters affect all three of these
parameters, to some extent, and can be tuned to satisfy the
superdirective condition, as long as the structure stays sub-
wavelength in all directions. As for handedness, this does
not affect the quality factor or the resonant frequency of
the helices, and, as we work at the main (dipolelike) mode
of helical radiation, there is no chirality in the behavior of
our structure. Thus, different handedness affects only the
coupling coefficient by increasing its electric component,
which leads to a greater distance being required to satisfy
the superdirective condition: 19 mm for different-handed
helices, compared with 16 mm for the same-handed ones.

The structure described above already provides close
to maximum value of directivity, but further optimization
may be done to reduce the size of the structure. According
to Eq. (1), we may reduce the quality factor or coupling
between elements without affecting the resonant frequen-
cies. However, x grows rapidly for decreasing distances,
and thus, the only option is to vary the quality factor of
the resonant elements themselves. Conventionally, O can
be controlled by using lower conductivity metals; how-
ever, as stated before, helices also provide an opportunity
to tune their Q factor by varying the geometric parameters
of helices that change both their self-inductance and self-
capacitance. The parameter that is the most suitable in this
case is the height of the helices, as it provides significant
control over the Q factor, while having just a minor influ-
ence on resonant frequency or coupling. For instance, the
helices presented above with H =10 mm have O = 98. For
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FIG. 11.
(a)f =1.515 GHz, (b) f =1.521 GHz, (c) f = 1.527 GHz.

helices with the same wire length and H =5 mm, Q = 157,
while, for H =20 mm, Q = 62. By combining these two
approaches, it is possible to significantly improve the
antenna performance.

For instance, steel helices, with substantially reduced
conductivity, with H =20 mm, Q=21 arranged at
a=10 mm distance, are shown to provide a directivity
of D=15.15=7.12 dBi, which is closer to the theoretical
maximum due to the smaller size of the structure in the
azimuth plane. Analytical and numerical results for the fre-
quency dependence of directivity in this case are presented
in Fig. 12. The resonance frequency is shifted to 1.71 GHz
because of the decrease in self-inductance and capacitance
of the helices. Moreover, as coupling for such a structure
is stronger than that in the one presented above, the oper-
ational bandwidth of the dimer reaches 81 MHz; this is a

5.5

Analytical
5t — — Numerical
data

45¢

D35+
3.
25t S

2} =
L,

— — -

1.5
1.55

165 117
f(GHz)

1.6 1.75

FIG. 12. Analytical dependencies of superdirectivity for the
steel dimer with ¢ =10 mm, fy=1.71 GHz.
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Analytical, numerical, and experimental directivity patterns for the superdirective dimer with a=16 mm.

factor of four increase compared with that of the copper
ones.

The dependence of the optimal dimer size on the Q fac-
tor of individual helices for H =10 mm is demonstrated
in Fig. 13. The size could be greatly reduced using less-
conductive materials. (The main limitation here is that the
superdirective condition becomes disturbed when the dis-
tance between elements is comparable with that of their
diameter.)

However, there is a significant drawback associated with
these benefits due to the increasing losses arising from
Joule heating. In the example above, a 3 times reduction in
the QO factor lowers the radiation efficiency to about 35%
and the dependence of the resulting gain on the Q factor
is presented in Fig. 14. It can be seen that the gain drops
significantly below two for the least conductive elements,
while, for the structures with conductivity beyond that of
copper, the gain saturates at a level of about 3.7.

18

14

a (mm)

10 r

60 100

Q

140 180

FIG. 13. Numerical results for the dependence of the optimal
dimer size on the Q factor of individual helices for H = 10 mm.
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20 60 100 140 180
Q

FIG. 14. Numerical results for the dependence of the superdi-
rective dimer gain on the Q factor of individual helices for
H =10 mm.

VI. CONCLUSIONS

Superdirective dimers of dipolelike resonators with
directivity values of D>5=7 dBi are experimentally
demonstrated in the low-GHz frequency range. The helical
geometry, while being simple to make, provides more than
a 3 times reduction in size and permits the use of strong
power transfer from an inductive loop of 78%. Numerical
and analytical results are in good agreement with experi-
mental data. The radiation properties of this structure are
studied as a function of the distance between the ele-
ments. Ways of optimizing the directivity, efficiency, size,
and operational passband are demonstrated. The presented
results prove the possibility of reaching close to the the-
oretical maximum directivity values and provide a basis
to construct superdirective arrays with larger numbers of
elements.

Although the structure described here is made manu-
ally, helical dipoles such as this can be manufactured using
double-sided printed circuit boards. Such a method has
already been used to create helical structures [27].

Such antennas can be applied for interference-limited
systems, such as WLAN access points or other small-
cell applications, where high directivity and small size are
required.

All data created during this research are openly avail-
able from the University of Exeter’s institutional reposi-

tory [28].
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