Progress In Electromagnetics Research C, Vol. 112, 165-177, 2021

A Dual-Band, Miniaturized, AMC-Based Wearable Antenna
for Health Monitoring Applications

Bo Yin, Ming Ye*, Youhai Yu, and Jing Gu

Abstract—A dual-band wearable antenna operating at 2.45 GHz and 5.80 GHz with compact Artificial
Magnetic Conductor (AMC) plane is proposed in this paper. The design is based on a U-shaped
printed monopole antenna operating in the Industrial, Science, Medical (ISM) bands, and it is integrated
with a square looped AMC plane which can reduce the overall size of the antenna system and realize
miniaturization. The U-shaped monopole antenna is miniaturized by folding its arms, and its resonant
frequency can be tuned easily by adjusting the length of two branches. The AMC unit, which is
composed of concentric square double rings, realizes dual-band resonance. Meanwhile, a crossed patch
is loaded into the inner ring to increase the electromagnetic coupling and reduce the resonance frequency
of the two rings, thus miniaturizing the AMC unit. Therefore, the total size of the AMC plane which
contains 3 x 3 elements is only 59.1 mm x 59.1 mm. Specific Absorption Rate (SAR) is examined by
loading a three-layer human body tissue under the AMC antenna, and the simulation results show that
SAR value is only 0.018 W/kg, which is far below the Institute of Electrical and Electronics Engineer
(IEEE) standard. Finally, a prototype of the proposed antenna was fabricated and tested, and the
experimental results agree well with the simulation responses.

1. INTRODUCTION

Nowadays, with the rapid development of 5G communication technology, Internet of Things is gradually
becoming reality. A new type of network named wireless body area network (WBAN), which takes
human body as a communication center, is developing and popularizing rapidly. Due to the small
size and portability, wearable devices are widely used in WBAN to collect, process, and feed back
information. According to the survey, the shipments of smart wearable devices will reach 282 million by
2021, with a total growth rate of 21% in the next four years. Among them, healthy monitoring devices
are most expected with which people can manage and improve health more efficiently. Therefore, as
a key component of health monitoring device, wearable antenna has a great impact on the overall
performance of health testing equipment, which attracts the attention of many researchers.

Wearable antenna was first proposed in a conference paper published by Salonen and Rantanen.
In 2001, the authors put forward a dual-band planar inverted-F antenna operating at 900 MHz and
2.4 GHz, but they just advised to reduce the thickness of antenna and initially explored the radiation
for human body [1]. In order to integrate the antennas with devices easily, miniaturized antennas were
urgently needed. A variety of antenna types, including microstrip patch antenna, inverted-F antenna,
monopole antenna, planar and vertical monopole antennas have been widely investigated [2-5]. A 23%
miniaturized UWB log-periodic square fractal antenna was achieved by Amini et al., and the fractal
geometries of the antenna were designed to add the current length in a limited volume [6]. The increase
of path lengths leads to the decrease of resonant frequency and consequently the miniaturization of
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electrical length of antenna. In the paper, a wideband miniaturized microstrip antenna was documented;
a rectangular slot and a cross tuning side were designed in the radiation patch, and the central frequency
of UWB antenna can be easily changed by adjusting the length of cross tuning side and rectangular
slot [7]. A miniaturized circularly polarized (CP) microstrip antenna was surveyed by Hong et al., in
which a spiral structure is applied to miniaturize the CP microstrip antenna. The spiral slot can be
equivalent to an inductor, and the resonant frequency can be tuned by adjusting it [8].

Coplanar waveguide (CPW) feeding structure is widely used as the port feeding form of a microstrip
antenna due to its advantages such as low radiation loss, small parasitic parameters, and easy connection.
A flexible, wide-band antenna was proposed by Hamouda et al. [9]. Li et al. developed a miniaturized,
broadband antenna in which symmetrical annular gaps were designed on the radiating surface, and
CPW is used for feeding [10].

Different reflection structures such as High Impedance Surfaces (HIS), Electromagnetic Band Gap
(EBG), and AMC are designed to isolate the back radiation from the antenna to human body and
reduce the SAR value [11-13]. In the study by Ahmad et al., a dual-band EBG was obtained through
slotting gaps on a mushroom-liked EBG structure [14]. The backward radiation was suppressed when
the EBG structure was loaded. A simple monopole antenna was loaded with an I-shaped AMC at the
bottom, and the test results showed that the front to back ratio of the antenna was greatly improved;
the backward radiation was effectively suppressed; and it could be bent to a certain extent [15]. Ashyap
et al. took textile fabric material as the substrate and loaded an EBG reflector plate at the bottom of the
antenna [16]. The overall size of the system was 46 mm x 46 mm x 2.4 mm, and it had the characteristics
of miniaturization and high gain.

Dual-band antenna is desirable to improve the communication capacity and efficiency. In addition,
in the context of wearable applications, miniaturization design can reduce the space occupied by an
antenna while intergrating with other devices efficiently. AMC structure is widely used in the design of
low-profile antennas because of its in-phase reflection. In this work, a dual-band AMC wearable antenna
is proposed. By folding the monopole arms and coupling between the two arms, the miniaturization and
dual bands of the U-shaped monopole antenna are realized. Two U-shaped slots on the metal ground
are conducive to the impedance matching of the antenna. The AMC structure adopts an open-ring
resonant structure, and the +90 phase interval of AMC is matched with the two resonant points of the
antenna. When the U-shaped monopole antenna is loaded with an AMC structure, its SAR value and
radiation performance are observed by the simulation of the antenna system, and the actual performance
of the antenna system is measured. It is shown that there is a good agreement between the simulated
and measured results. Indicators comparison between this work and reference structures is depicted in
Table 4.

2. DESIGN OF ANTENNA AND AMC

2.1. Antenna Design

Due to the special working environment of the wearable antenna, a monopole antenna with a simple
radiating structure is proposed in this paper, and coplanar waveguide is used to feed the antenna which
can be fabricated on a single-layer substrate. The top view of the proposed antenna structure is shown
in Fig. 1. A U-shaped structure is designed to make the antenna work at 2.45 GHz and 5.80 GHz,
and the resonance frequency can be tuned by adjusting the length of the branch. The overall size of
antenna is 25 mm x 35mm x 0.15mm. The proposed antenna is printed on a flexible polyimide film
with a dielectric constant of 3.5, a loss tangent of 0.002, and a thickness of 0.15 mm. Table 1 shows the
geometrical parameters of the proposed antenna.

By simulating the designed dual-band antenna structure, the reflection coefficient and radiation
patterns at different resonant frequencies are obtained, as shown in Fig. 2 and Fig. 3, respectively.

Figure 2 shows that the first band of the proposed antenna is from 2.31 to 2.65 GHz, and the second
band covers from 5.67 to 5.97 GHz within which Si; is lower than —10dB. At the point of resonant
frequency, the reflection coefficient is lower than —25dB. Fig. 3 illustrates the simulated radiation
patterns of the antenna in free space on the E-plane and H-plane. The shape of the radiation patterns
indicates that the antenna has omnidirectional radiation characteristics, and the gain is 2.41dBi at
2.45 GHz and 3.58 dBi at 5.80 GHz.
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Figure 3. Radiation patterns of the U shaped monopole antenna without AMC at (a) 2.45 GHz and
(b) 5.80 GHz.

2.2. AMC Design

According to the electromagnetic (EM) image theory, when the plane EM wave incident to the surface
of a Perfect Electric Conductor (PEC), the reflected wave and incident wave will produce a phase shift
of 180°, and the EM energy will be cancelled out, which will reduce the radiation efficiency; however,
when the plane EM wave incident to the surface of an Perfect Magnetic Conductor (PMC), the phase
shift is 0°. In addition, the phase and band gap characteristics of AMC structure will change with the
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Table 1. Parameters of the proposed antenna.

Parameter | Value/mm | Parameter | Value/mm | Parameter | Value/mm

w 25 Wy 2.35 S 2

L 35 W 2 Si 1
Wo 1 Ly 8 Ty 4
Wy 10.35 Lo 13.7 T 4
W1 4 L3 2 g 0.15
Wy 13.7 Ly 1.5 Dy 0.15
W3 1.5 Ls 13

frequency of incident wave. Therefore, when the frequency of incident wave and the resonant frequency
of AMC structure are the same, the AMC surface can be regarded as a PMC.

In this paper, a square dual-frequency AMC unit cell structure is proposed. Fig. 4(a) shows that
the inner ring of the AMC resonates at higher frequency, and the outer ring is responsible for the
lower frequency. By changing the size of outer and inner rectangular rings, the resonant frequency
can be adjusted. In the center of the inner ring, the cross patch is loaded, which increases the
electromagnetic coupling and reduces the resonance frequencies of the inner and outer rings; therefore,
the miniaturization of AMC unit is realized. The equivalent circuit model of cell structure, using the
transmission line theory, is shown in Fig. 4(b).

< Le1 o L1
4 Lez L2 2 G
- > Gel ’_i }_0
o | e Ls C3 |
- > . a—=
4] | = AT
= é Wsi1 a i
v ] t
D2 Ci C:
, R —
! l 1} —
2 > v + Ln
(a) (b)

Figure 4. Geometry and equivalent circuit diagram of the AMC unit cell structure. (a) Front view of
the AMC unit cell structure. (b) Equivalent circuit diagram of the AMC unit cell structure.

The outer metal ring has small inductance L1, which can be ignored compared to the serial surface
capacitance C1, caused by the gap between the unit cells. Also, the inner metallic patch has small series
inductance Lo, which can be ignored compared to the series capacitance C, caused by the gap between
the inner and outer rings. Moreover, the central patch has a series inductance L3, which can be ignored,
compared to the series capacitance C'3, caused by gap between the inner ring and central patch. The
layers between the AMC patch and ground plane form a capacitance C}, and the ground plane at the
bottom of the AMC cells can be modelled as inductance Ly,.

The inductances Lo and Lg produced by slotting the AMC surface are negligible, but the values
of slotting capacitances Cy and C3 would affect the cell’s operating performance. The capacitance
C5 caused between inner and outer rings can affect high-frequency characteristics, and capacitance C
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produced between AMC cells could affect the performance at lower frequency.

The equivalent circuit model can be more simplified by ignoring the small capacitance C} and
inductances L1, Lo, and Ls. As the structure has dual-band properties, the lower and higher bands can
be achieved by analyzing the simplified circuit model [17].

For the lower and higher frequency bands, the impedances Z;, and Zg are expressed as follows:

1 Jwly Jwly
jwC + - N
Jwly wr,

1 ijh ijh

1 — 2 2
JwCi + —— =W LnCh 1- (X
JwlLp WH
where C = C] 4 Cs + Cs, the resonant frequency can be obtained by
1 1
fo=rF7—, fu= (3)

210\/LyC’ 2m\/LyCh

Following the equations above, the electric parameters can be roughly estimated, and the

capacitance produced by gaps between cells or slots of AMC plane has a significant influence on resonant

frequencies. When an EM wave is incident on the surface of AMC, it will be reflected in a certain degree,
as shown in Fig. 5.

Incident wave Reflected wave

Figure 5. Schematic diagram of incident and reflected waves.

According to the equivalent circuit and classical EM theory, a reflected wave will be generated
when an incident wave hits the AMC surface, and the reflection coefficient I can be expressed as
po=m _JXe =m0 _ o @)
n+mn  JXLc +m
We define wy and wy as the higher and lower frequencies of EM band gap of AMC. As shown in
Eq. (4), when n > np and w = wg, the AMC surface can be equivalent to a perfect magnetic conductor
(PMC), and reflected phase ¢ = 0°. When wy > w > w9 and X < 0, the AMC can be regarded as an
inductive surface, and reflected phase ¢ < 0°. When ws < w < wg and Xy > 0, the AMC is equivalent
to a capacitive surface, and reflected phase ¢ > 0°. Here, we use the Floquet method to simulate the
reflect phase characteristic of AMC, and the simulated band gap response is shown in Fig. 6.
The length of AMC unit cell is 19.7mm. The frequency point of zero reflection phase is 5.80 GHz
for the former and 2.45 GHz for the latter. The band gaps of two points are 2.40-2.50 GHz and 5.60—
5.95 GHz. It is obvious that the former band gap is wider than the latter, and they both cover the ISM
band. Table 2 lists the geometrical parameters of AMC. In order to study the effects of different sizes of
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Table 2. AMC parameters and dimension.

Yin et al.

Parameter | Value/mm | Parameter | Value/mm | Parameter | Value/mm

Le 19.7 Le3 6.0 Ws3 2.7

Lel 18.7 Wsl 2.1 Gel 0.5

Le2 12.0 Ws2 1.5 d3 1.5

D1 3.75 D2 1.5
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Figure 6. Simulation of reflection phase of AMC
unit cell.
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Figure 9. Reflection phases of AMC with

different Gel.

cell structure on the reflected phase, we sweep two parameters, Lel and Le2, to analyze their influence.
Fig. 7 and Fig. 8 depict the comparative results of the different values.

As shown in Fig. 7, with the increase of Lel size, the reflection phase of 0° shifts to low frequency,
and the bandgap of £90° reflection phase becomes narrower. This phenomenon can be explained by the
fact that the decrease of Lel leads to larger C', and the zero-phase frequency of low band decreases with
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the increase of C; which is consistent with the characteristics described in Equation (3). The change
of Lel mainly affects the reflection phase at low frequency, but has little effect on the phase at high
frequency. When Lel = 18.7 mm, the AMC cell structure obtains 0° reflection phase point at 2.45 GHz.

The change of Le2 has an effect on the reflection phase at low and high frequencies, but the effect
is more obvious at high frequencies as shown in Fig. 8. When Le2 is increased, which can be equivalent
to the increase of Cy, the zero-phase frequency in high band decreases. The larger the Le2 is, the more
the reflection phase points at high frequencies shift to low frequencies, which is consistent with the law
described in Equation (3). When Le2 = 12.1 mm, the reflection phase points at 5.80 GHz are obtained
for AMC cell structure.

The gap between two adjacent AMC units mainly affects the reflection phase at low frequency, as
shown in Fig. 9. With the increase of Gel, the reflection phase point at 0° shifts to high frequency,
which can completely cover 2.4-2.5 GHz of ISM low frequency band. The effect of Gel on the reflection
phase at high frequencies is relatively small. Considering that the £90° reflection phase band gap of
the designed AMC cell structure should cover low and high frequencies at the same time, Gel = 0.5 mm
is chosen, that is, the gap width between two adjacent AMC cells is 1 mm.

3. WEARABLE ANTENNA SYSTEM BASED ON AMC

3.1. Antenna with AMC Structure

The AMC units are arranged into a 3 x 3 array to form a plane, which is used as the reflector of the
antenna. Then the antenna is placed 2.5 mm above the AMC reflector, as shown in Fig. 10. The overall
size of the dual-band structure is 59.1 x 59.1 mm? with a height of 4.1 mm. The reflective coefficients
and radiation patterns of the system are given in Fig. 11 and Fig. 12, respectively.
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Figure 10. Dual-band antenna with AMC. Figure 11. |Si;| of antenna with and without
AMC.

The simulation results show that the monopole antenna still has dual-band resonant frequencies
when loading the miniaturized AMC structure. The antenna system works at 2.45 GHz and 5.80 GHz
of the ISM band, and the value of S1; at low resonant point reaches —16.46 dB and —17.43 dB at high
one. Limited by +90° reflection phase band gap of the designed AMC, the operation bandwidth of
the antenna system loaded with AMC is narrower than before, and the —10dB bandwidth covers 2.41—
2.51 GHz and 5.72-5.85 GHz, respectively, which satisfies the requirement of a wearable antenna in ISM
band.
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Figure 12. Simulated radiation patterns with AMC at (a) 2.45 GHz, (b) 5.80 GHz.

It is evident from Fig. 12 that a considerable improvement in terms of gain is achieved (4 dBi)
by including the AMC structure. The simulated gain for the proposed antenna system is 6.43 dBi at
2.45 GHz and 7.75dBi at 5.80 GHz. An increase in the simulated front to back ratio around 20dB is
achieved. The front to back ratio can be further improved if we use a wider AMC unit cell. However,
this solution would enlarge the system.

3.2. SAR Evaluation

In addition, part of the electromagnetic waves radiated by the antenna will be absorbed by human
tissues, and the electromagnetic waves absorbed can resonate with human molecules and generate
thermal effects. In 1990, IEEE set standards for electromagnetic radiation. Specific Absorption Rate
(SAR) was used to evaluate the electromagnetic power deposition in human tissues. SAR value must
not exceed the limit of 1.67 W /kg averaged over 1g and 2 W /kg averaged over 10g of human tissues.
The following equation relates SAR with the applied input power:
2
sar = 2271 (5)
P

where o represents the conductivity of the tissue in S/m, E the electric field intensity in V/m, and p
the mass density of the tissue in kg/m3. The signal power is often set as 1 W in HFSS when simulations
are conducted, and the relationship between the signal power density and electric field intensity is:

Power (W/m?) = (E (V/m))?/377 (6)

In order to simulate the SAR value of the designed antenna system working on the surface of human
body, a three-layer tissue model that is close to the actual electrical parameters of the human body
consisting of skin, fat, and muscle is constructed in Fig. 13. The antenna is placed on the tissue model
surface for simulation. The electrical parameters of the constructed human body model are listed in
Table 3, and the result is shown in Fig. 14.

Figure 14 shows that the SAR value of antenna with AMC is close to 0.018 W/kg at 2.45 GHz
and 0.015 W/kg at 5.8 GHz when the measuring distance is longer than 3 mm, which is far below the
standard defined by IEEE. In order to observe the electric field inside the human tissue, a Y Z plane
vertical to the antenna plane is established, and the distribution of electric field across the tissue on Y Z
plane is shown in Fig. 15. We can observe from Fig. 15 that the main radiating EM wave absorbed by
tissue is from the edge of the AMC structure. The reference line, which is used to simulate the SAR, is
set in the central below the AMC plane so that the SAR value will be nearly a constant as a function
of tissue depth.
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Table 3. The electric parameters of the human tissues.

Skin Fat Muscle

Frequency
Ep tan Ep tan Ep tan
2.45GHz | 38.007 | 0.295 | 5.280 | 0.145 | 52.729 | 0.245
5.8 GHz 35.114 | 0.334 | 4.955 | 0.126 | 48.485 | 0.323

Antenna
Foam
A/' ¥ AMC

Skin: 1 mm
Fat: 3 mm

Figure 13. Model of AMC antenna system with human tissues.
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Figure 16. Simulated radiation patterns with human tissues at (a) 2.45 GHz and (b) 5.8 GHz.

It can be conducted from Fig. 16 that the backward radiation EM wave is more concentrated when
the human tissue is loaded under AMC antenna, and the axial gains at two resonant frequencies have
slight decrease with 0.51 dBi and 0.96 dBi at 2.45 GHz and 5.80 GHz, respectively, compared to Fig. 12
which indicates the radiation patterns of AMC antenna without human tissues, and the gain’s reduction
may be due to the absorption of the EM wave by human tissues.

4. FABRICATION AND TEST

The proposed antenna system is manufactured as shown in Fig. 17. The antenna is placed 1.5 mm above
the AMC reflector, and foam is used to fill the gap. A 15cm radio frequency cable is used to extend
the current path and feed the antenna. A piece of transparent tape is fixed on the back of the AMC
reflector, and the antenna system is suspended on the chest of a male human body with a height of
176 cm and weight of 65 kg in Fig. 18. The AMC antenna system is measured by the Keysight PNA37
Network analyzer. Fig. 19 shows the simulated and measured reflection coefficients.

Figure 19 shows that there is a relatively good agreement between the simulated and measured
results when the antenna system is operated on human body. Both resonant frequencies of the AMC
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Figure 17. The top view of the fabricated Figure 18. Measured photograph of the
antenna with AMC. fabricated antenna placed on the human body.
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antenna have slight shift, but the —10dB bandwidth still basically covers the required band. A subtle
deterioration in the non-resonant frequency band can be observed, and it may be caused by fabrication
and finite number of AMC cells. At 5.8 GHz, S11 has a difference of about —5 dB, which may be caused
by the antenna fabrication and the SMA joint welding during the test.

In order to observe the far-field radiation patterns, the proposed antenna was put inside an anechoic
chamber in Chong Qing University of Post and Telecommunications, the measuring setup is shown in
Fig. 20. Fig. 21 depicts the simulated and measured radiation patterns of AMC antenna operating at
2.45 GHz and 5.80 GHz.

The measured results show that the gain of AMC antenna was enhanced from 2.41 dBi to 6.43 dBi
at 2.45 GHz and 3.58 dBi to 6.85 dBi at 5.80 GHz, and the radiation gain is about 4 dBi higher than that
of a single monopole antenna. However, there is still a little discrepancy between the simulated and
measured results, which is probably contributed by the fabrication tolerance and measuring environment.

Moreover, comparisons among the proposed antenna and reported antennas operating at lower
frequency (2.45 GHz) are listed in Table 4, which indicates that the proposed AMC antenna has a
smaller size than those in references, and the SAR value is far below the IEEE standard.
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Figure 19. Simulated and measured S1; of AMC  Figure 20. Photograph of far-field radiation
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Figure 21. Measured radiation patterns of the fabricated antenna on body at (a) 2.45 GHz and (b)
5.80 GHz.
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Table 4. Comparison of the proposed antenna and references.

Ref Freq/GHz | Gain/dBi IE?I;]T;T Dimension /mm? (W /ig)}} 10g Riﬁz;zed
[18] 1.80/2.45 | 2.2/25 | 3x3 | 150 x 150 x 3.5 | 0.024/0.016 EBG
[19] 2.45/58 | N/A 3x3 | 120x120x4.3 | 0.043/0.090 EBG
[20] 2.45 0.95 4x3 150 x 120 x 3.1 N/A EBG
[21] 2.45/5.8 | 25/30 | 4x4 | 100x 100 x 1.5 | 0.046/0.030 AMC
[22] 1.8/5.5 | 3.49/7.66 3x3 70 x 70 x 3.5 0.841/0.647 EBG
This paper | 2.45/5.8 | 6.43/6.85 3 x3 59.1 x 59.1 x 4.15 | 0.018/0.016 AMC

5. CONCLUSION

A miniaturized dual-band wearable antenna with an AMC structure for WBAN is proposed in this paper.
Table 4 provides comparisons among the proposed antenna and structures published in reference papers.
The proposed antenna covers the ISM band at 2.45 GHz and 5.80 GHz, and it has an overall size of
59.1 mm x 59.1 mm which is smaller than antenna sizes in the references. A U-shaped monopole antenna
is selected as the primary radiator, and the resonant frequency can be adjusted through changing the
length of branch. A 3 x 3 array of rectangular and circular AMC reflectors was applied to enhance the
gain and reduce the backward radiation of the antenna; the dimension of the unit cell is just 0.16A (at
2.45 GHz). The measured results are basically consistent with the simulation ones, and a significant
increase in gain is noted for the proposed antenna compared with the reference structures for 6.43 dBi
at 2.45 GHz and 6.85dBi at 5.80 GHz. A three-layer human tissue model is established to evaluate the
SAR, and the simulated results show that the AMC plane can isolate much of the back radiation from
the antenna to human body with a SAR value of 0.018 W /kg, far below the IEEE standard. All above
make the antenna suitable for health medical applications.
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