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We report in this paper the design and the realization of a compact wearable monopole
antenna directly placed over an Artificial Magnetic Conductor (AMC), which is located
directly on the body. The major contribution is that there is no space between the
monopole and the AMC, or between the AMC and the body. Simulation results and
measurements are in good agreement and show that the antenna’s performances are as
good as the best ones reported so far in the literature, while having a smaller volume.
The antenna operates at 1.92 GHz with a bandwidth of 8%. The reflection coefficient of the
antenna is —35 dB. The measurement of the antenna gain provides a value of 4.3 dBi with a
half-power beamwidth of 70° and a front-to-back radiation ratio of 15.8 dB. Measurement
and simulation results also show that the AMC isolates well the monopole from the body:
the localized Specific Absorption Rate (SAR) value calculated with 1 g of tissue is 0.34 W/kg
with an injected power of 1 W. The antenna with the AMC is well adapted for wearable
applications.

© 2015 Published by Elsevier Masson SAS on behalf of Académie des sciences.

RESUME

Nous rapportons dans cet article I'étude et la réalisation d’'une antenne de type monopole
placée directement au-dessus d’'un conducteur magnétique artificiel (AMC) sans introduire
une couche supplémentaire entre les deux. Les résultats des simulations, qui ont été validés
par des mesures, montrent que les performances de I'antenne étudiée sont aussi bonnes
que celles rapportées jusqu'a présent. L’antenne fonctionne a 1,92 GHz, avec une bande
passante de 8%. Elle a une adaptation de —35 dB a sa fréquence de résonance. Le gain
mesuré de I'antenne est de 4,3 dBi, avec une ouverture a —3 dB de 70° et un rapport
entre le rayonnement face avant et le rayonnement face arriére de I'antenne de 15,8 dB.
Les résultats des mesures et des simulations montrent que '’AMC permet de bien isoler le
monopole du corps. La valeur localisée du débit d’absorption spécifique (DAS) calculée avec
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1 g de tissu est 0.34 W/Kg pour une puissance injectée de 1 W. Le dispositif avec 'AMC est
trés bien adapté a des applications ol I'antenne doit étre portée directement sur le corps
humain.

© 2015 Published by Elsevier Masson SAS on behalf of Académie des sciences.

1. Introduction

Nowadays, wireless and wearable systems are more and more considered and expected in almost everyone’s life. A lot
of people are dreaming to reduce the impact of wearable systems on their mobility by integrating these systems in clothes,
including the antenna. But antenna integration close to a body raises the question of body protection against electromagnetic
radiations as well as that of the efficiency of the wearable antenna.

Textile patch antenna is one of the solutions proposed in the literature [1-3]. A large ground plane is required to reduce
the influence of the human body on the radiation characteristics of the antenna. However, this can enhance surface waves
propagating on the ground plane and, thus, modify the radiation pattern and decrease the radiation efficiency. Another solu-
tion proposed in the literature to reduce the surface waves, and consequently, to increase the radiation efficiency is a textile
cavity-backed slot antenna in a substrate-integrated waveguide (SIW) [4-7]. One very interesting advantage of this antenna
is the possibility to integrate directly, into a single substrate, passive and active components. Also, with such technology,
dual band antennas [6] or wide band antennas [7] can be achieved. This last point makes the antenna robust towards
bending and it also makes its radiation characteristics stable in proximity to the human body [7]. However, a textile cavity-
backed slot antenna in SIW requires vias that were put manually up to now. These vias could make the industrialization
of such antennas more complicated, and consequently, could raise the manufacturing cost. In addition, textile cavity-backed
slot antennas in SIW cannot be placed directly on the body without putting a spacer between the skin and the antenna to
isolate the coplanar feed line from the body.

Another solution that attracted a lot of attention in recent years is the use of High-Impedance Surfaces (HIS) [8-12].
Indeed, a HIS placed behind the antenna increases the front-to-back radiation ratio, thus reducing the Specific Absorption
Rate (SAR) in the presence of a human body. Besides, such an option was also studied for applications where antennas
are placed close to printed circuit boards. In that situation, the HIS reduces the Electromagnetic interference impact on the
electronics located on the latter. Moreover, the use of HIS positively contributes to the reduction of the size of the antenna
[13].

One of the difficulties when using an antenna close to a HIS is the coupling between the antenna and the HIS structure
that results in large modifications of the antenna impedance. This phenomena has been clearly demonstrated in the liter-
ature [14,15]. More specifically, the study in [14] showed that a dipole placed at a distance of 0.01A above a HIS, where
A is the wavelength, has a reflection coefficient less than —9.54 dB for phase values of the reflected wave (¢) comprised
between [—110°, —155°] and [40°, 115°]. These results were confirmed by the second study [15] for a dipole-HIS distance
of 0.02)1. The main conclusion of those studies is that a dipole close to a HIS has a low reflection coefficient when the
impedance of the HIS is finite and purely imaginary (this impedance is defined as the ratio between the tangential electric
and the magnetic fields on the surface of the structure). In this specific case, the HIS is a called Reactive Impedance Surface
(RIS). This was theoretically shown in [16] thanks to the image theory: the minimal coupling between a dipole and its
image is obtained when the HIS becomes a RIS.

The previous results were obtained for dipole antennas. However, in practice, the realization of dipole antennas close to
a RIS on fabrics is difficult because of the presence of vias and baluns. Monopole antennas seem to be simpler to realize on
fabrics. They were recently used close to HIS without any via [8-10]. However, in all studies reported so far, an additional
spacer made out of foam (1 to 2 mm thick) was required to obtain a good antenna adaptation. In this paper, we will show
that it is possible to obtain very good radiation performances with a monopole antenna placed over a HIS without the
need of an additional spacer, i.e. the antenna substrate is directly placed over the patch structure of the HIS. In the present
study, the antenna is designed for wearable military applications working at 2.06 GHz. The HIS operates at its resonance
frequency and, for that reason, it is called an Artificial Magnetic Conductor (AMC) [17]. The volume of the antenna and the
AMC structure presented here is one of the smallest (relative to the wavelength) reported so far.

The paper is organized as follows. The principle of HIS is developed in Section 2. Then, the design of a HIS based on
a mushroom structure without via is presented in Section 3. After that, results of a planar monopole placed directly over
an AMC are compared with numerical simulations in Section 4. In Section 5, we present the results of a planar monopole
antenna over an AMC placed directly on arm. Finally, concluding remarks are reported in the last section.

2. Principle of a HIS
2.1. Performances of a dipole antenna placed close to a human body

In order to understand the behavior of an antenna in the presence of the human body, the radiation emitted by a
dipole antenna placed close to a human body was simulated thanks to a commercial full-wave electromagnetic simulator
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Fig. 1. (Color online.) Variation of the antenna efficiency and of the SAR with respect to the distance between the antenna and the body. SAR is computed
with a power of 1 W for 10 g of tissue.

(CST Microwave Studio). The dipole is fed symmetrically at the center by a discrete port with an operating frequency
of 2 GHz and a characteristic impedance of 50 €. The human model “Voxel Family (Gustav)” of CST Microwave Stu-
dio is used in this study. The separation distance between the body and the dipole, d, is the parametric variable of the
study.

The results show that the radiation characteristics of the dipole are modified when it is placed very close to the
body, see Fig. 1. Indeed, for d =1 cm, the resonant frequency is shifted by 1.6% toward the higher frequencies. The ra-
diation pattern is also modified: the main advantage of using an omnidirectional antenna to cover all the space is no
more possible. Moreover, the radiation efficiency, 7;, decreases drastically (less than 17%) and the localized SAR values
calculated for 1 g and 10 g of tissue are greatly increased, up to 17 W/kg and 8 W/kg, respectively, for an injected
power of 1 W. It is worth noting that these values are much greater than the accepted limit values: 1.6 W/kg for 1
g of tissue [18] and 2 W/kg for 10 g of tissue [19,20]. In the opposite, when d increases, the efficiency of the an-
tenna increases and the SAR values decrease. For example, the radiation efficiency becomes 86% and the SAR values
are lower than the accepted limit values for d =5 cm. Therefore, for that separation distance of 5 cm, the antenna
operates correctly and body exposition to the electromagnetic wave is acceptable, but antenna integration into cloth-
ing is not possible anymore. It is obvious that a separation device is needed behind the dipole to isolate it from the
body.

2.2. HIS ground plane

A simple ground plane cannot be used to protect a human body from the radiation of an antenna for two reasons. First,
the phase shift of an electromagnetic wave reflecting on it is 7r. Thus, the ground plane must be placed at a distance A/4
from the antenna to create a constructive interference. If the antenna is located too close to the ground plane, the antenna’s
impedance becomes very low, and impedance matching becomes very difficult to achieve; all the electromagnetic energy is
stored in the near field and the quality factor of the antenna increases [16]. The second reason is the presence of surface
waves on the ground plane. These waves will propagate until they meet a discontinuity where they will radiate. Thus,
side-lobes appear in the radiation pattern.

Another type of ground plane must then be used, like a HIS. A HIS is a structure with a surface impedance that
has a complex value (purely reactive in the ideal case) and that varies with frequency [16]. The first characteristic of
a HIS is to have a reflection phase which varies from 180° to —180° depending on the frequency. At the resonant
frequency of the HIS, the phase reflection is equal to 0°. In this case, the HIS acts as a Perfect Magnetic Conductor
(PMC), also called Artificial Magnetic Conductor (AMC). Therefore, the antenna can be placed close to the AMC because
the current of the antenna and its image current are both in phase. The image current enhances the radiation in front
of the antenna. This makes the antenna quite easy to be integrated into clothing and to be placed close to a human
body.

The second characteristic of a HIS is to have, in some cases, a frequency band where no surface waves can propagate.
In this case, the HIS has an Electromagnetic Band Gap (EBG) behavior [21]. This characteristic blocks surface waves on the
antenna substrate, thus resulting in a good directivity of the antenna.

The third desired characteristic of the HIS is angular stability [22]. Indeed, the characterization of the reflection coef-
ficient of the HIS is obtained with a normal incidence wave. However, when the antenna is placed close to the HIS, the
incidence angle of the wave is not necessarily normal to the surface of the HIS. Ideally, characteristics of the HIS should be
independent of the incidence angle and also of the polarization of the incident wave.
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Fig. 2. (Color online.) Structure of the mushroom without via composed by 5 x 5 cells. The overall dimensions of the structure are: 86.5 mm x 86.5 mm.
(a) Top view of the HIS. (b) Side view of one cell of the HIS with the antenna substrate. Also illustrated: boundary conditions used for the simulations.

3. Design of a HIS based on a mushroom structure without via

The HIS based on the “mushroom” topology proposed in [23] is one of the most used structures in the literature.
But, unfortunately, the realization of this structure into clothing would be quite complex because of the presence of vias.
However, results reported in [17] showed that a mushroom-HIS without via has a wider bandwidth (19.35%) than other
types of HIS topologies, like cross, meandered cell, or interdigited patch. Moreover, the AMC and EBG behaviors of this
structure can overlap in the same frequency band [21] by increasing the period of the structure. Furthermore, the angular
stability of this structure was studied in [22]. The results showed that the angular stability can be optimized by reducing
the ratio between the width of the patch and the periodicity of the structure. The mushroom without via topology was thus
chosen for the present study.

Fig. 2a shows the structure of the mushroom without via. Essentially, it is a network of square metallic patches periodi-
cally placed on a 3.2-mm-thick RO4350 substrate (¢; = 3.66 and tan § = 0.004). The conductor used is 16-pm-thick copper.
The width of the patch is a and the gap between two patches is gi. The periodicity of the structure is p. A ground plane is
located under the substrate. No via between the patches and the ground plane is used. Therefore, the structure is cheap to
realize and well adapted to integration on fabrics.

We used the simple model proposed in [23] to design the mushroom structure: the equivalent circuit is composed of a
capacitor, C, in parallel with an inductor, L. The expression of the surface impedance is given by the following formula:

VAWA iLw
7= _ ) ()
ZL+ Zc 1—LCw?
where Z; is the impedance of the inductor and Zc is the impedance of the capacitor, given by:

1
co ago(er + )cosh_1<p +a> @)
T p—a

and:

L= /J,()h1 (3)

where hq is the thickness of the substrate; €9 and o are the permittivity and the permeability of the free space. Thus, the
resonance frequency is:

1 1

fo= =
2w +/LC 27T\//Loh1 ago(f[r"v‘]) Cosh—l(Za;gl)

(4)

More accurate models are proposed in [16,24], but the simple LC model is sufficient as a first step of the design. Indeed, an
optimization step using a full-wave simulator is always needed whatever the model used.

In the first step of the design, a value of g; is chosen, taking into account the physical limit imposed by the fabrication
process. In the present case, g1 is fixed to 0.3 mm. Then, from (4), the value of a is computed for the desired frequency. After
that, the HIS structure is simulated with the substrate that will be used for the antenna. The latter is placed immediately
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Table 1

Dimensions of the HIS and of the monopole alone.
Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
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Fig. 3. (Color online.) Simulated reflection coefficient of the mushroom without via obtained with a normal incidence wave. (a) Substrate RO4350. (b)
Substrate FR4.

above the HIS, like it is shown in Fig. 2b [11]. This is done because the influence of this substrate has a great impact on the
resonant frequency of the HIS. Thus, taking into account its impact on the HIS design at the beginning of the design process
will greatly facilitate the integration of the antenna over the HIS in the next design step.

The optimal value of a is found thanks to the full-wave simulations. The dimensions of the HIS after optimization are
given in Table 1.

The reflection coefficient of the HIS obtained by simulation is shown in Fig. 3a. Like mentioned previously, we observe
that the presence of the antenna substrate has a significant effect on the reflection coefficient: amplitude and phase curves
are both shifted to lower frequencies. The phase of the reflection coefficient, ¢, varies from —180° to 180°. When ¢ is equal
to 180° or —180°, the mushroom acts as a perfect-electric-conductor (PEC) ground plane. Its surface impedance is equal to
0 © and the amplitude of the reflection coefficient is equal to 1 (0 dB). At 2.06 GHz, ¢ is equal to 0°, the mushroom acts as
an AMC ground plane, and its surface impedance is infinite. However, the amplitude of the reflection coefficient is —0.5 dB.
For other values of ¢, the surface impedance of the mushroom is a purely imaginary value: the mushroom acts as a RIS. In
this case, the losses are low but the interference is not totally constructive. Therefore, the gain of the antenna will decrease.
The performances of the AMC and RIS will be discussed in Section 4.

The angular stability of the HIS was also studied by illuminating the structure with an oblique incidence illumination.
The incidence angle, 6, is varied from 0° to 50° for both TE and TM polarizations. The reflection coefficient of the HIS
obtained thanks to the simulations is shown in Fig. 4. The results show that the HIS is not sensitive for TE polarization. For
TM polarization, the shift of the resonance frequency toward the higher frequencies is lower than 6% when 6 is equal to
40° and reaches 9% at 50°.

4. Planar monopole antenna over the HIS
4.1. Design of the planar monopole antenna

The antenna used is a monopole fed by a coplanar transmission line, like it is shown in Fig. 5a. The substrate and the
metal are the same as the ones used for the HIS realization, the thickness of the substrate is h;. First, the monopole alone is
designed to operate correctly at 2.06 GHz. The dimensions of the monopole antenna thus obtained are given in Table 1. The
reflection coefficient of the monopole alone (with length Lg) is shown in Fig. 6. The monopole has an acceptable matching:
—20 dB. The calculated value of the radiation efficiency is 98%.
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50°. (a) TE polarization. (b) TM polarization.

T
. |
= 1|
Transmission I |
. X | Antenna
line section — |
1
N | Y [ [ o
Ground Ground L 1] |
S || plane 92 plane _i_
- + v ! v
A = A B 4 B
I
I
|
I
AA: BB: Monopole
< I 10.c 1 = |—4>‘—|
I Substrate: RO4350 : Substrate: RO4330)  patch
E/I [ Substrate: RO4350 l«—  Ground Plane
(@) (b)

Fig. 5. (Color online.) (a) Monopole antenna alone, L = Lg. (b) Monopole over HIS, L = L,.
4.2. Design of the planar monopole antenna over the HIS

Then, the monopole is placed directly over a HIS made of 5x 5 cells. Fig. 5b shows the structure of the antenna placed
over the HIS. The beginning of the monopole is centered with respect to the HIS. It is worth noting that no additional spacer
is inserted between the patch of the mushroom and the monopole substrate, contrarily to several published works [8-10],
thanks to the procedure described in the previous section.

The technique explained in [15] for a dipole is used here to design the monopole antenna over the HIS. Only the length
L of the monopole is varied. A good matching of —53 dB is obtained at 2.06 GHz for a monopole length L, as shown in
Fig. 6 after optimization.

Fig. 7 shows the evolution of the reflection coefficient of the monopole placed over the HSI for several values of
L. It can be seen that there are three frequency bands for which the monopole has a good impedance matching:
[1.75-1.87] GHz, [2-2.18] GHz and [2.22-2.31] GHz. These frequency bands correspond to phase values of the reflected wave:
@1 =[104°,131°], ¢ =[—76°,42°] and @3 = [—115°, —92°]. The best reflection coefficient is obtained for the monopole
length: L =Ly =26.25 mm (f = 2.06 GHz, the desired frequency), like it is shown in Fig. 8. This frequency corresponds
exactly to the resonance frequency of the AMC. It is interesting to note that another value of phase shift, corresponding
to different values of the frequency, would also give good results. For example, the L; curve in Fig. 8 represents the best
reflection coefficient of the monopole in Band 1. Its resonance frequency is fi = 1.82 GHz. At this frequency, the HIS has a
RIS behavior. In Bands 1 and 2, it was checked from simulations that the HIS always had an EBG behavior. Finally, in Band 3,
the monopole having a length L3 = 23.25 mm has the best reflection coefficient. This occurs at 2.25 GHz. At this frequency,
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Table 2
Performances of the three best monopole placed directly over the HIS in the three bands shown in Fig. 7.
L (mm) |S11] (dB) f (GHz) Bandwidth (%) Gain (dBi) nr (%) Behavior
L1 =16.25 —49 1.82 5.5 6.7 93 RIS/EBG
L, =26.25 —53 2.06 53 7 92 AMC/EBG
L3 =23.25 —40 225 2.2 3.2 83 RIS
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Fig. 9. (Color online.) Simulated and measured reflection coefficients in free space.

the HIS has a RIS behavior, but it was observed that the radiation pattern presents side lobes due to the presence of surface
waves. The EBG behavior is not present anymore. The performances of the three monopoles corresponding to lengths L1, L;
and L3 are given in Table 2.

The AMC plane is the best candidate for the monopole in terms of impedance matching and realized gain. In terms of
bandwidth and radiation efficiency, the best candidate is in Band 1. However, the performances of both monopoles (1 and 2)
are very close. The radiation efficiency of monopole 2 is decreased by the losses in the AMC. Indeed, there is a 1% difference
between the radiation efficiency of monopole 1 compared to the one of monopole 2.

4.3. Simulation and measurement results in free space

For cost reasons, a first prototype was realized on the FR4 (¢; = 4.3 and tan § = 0.01) substrate instead of the RO4350.
Thickness is unchanged. The thickness, the size and the dimensions of the HIS have not been modified. Therefore, the
resonance frequency of the AMC is shifted towards lower frequencies: 1.94 GHz instead of 2.06 GHz, see Fig. 3b. Also, the
thickness and the dimensions of the monopole have not been modified, except for the length L. With the same technique
used to optimize the monopole-HIS with the RO4350 substrate, a good impedance matching with a 6.6% bandwidth was
achieved at the resonance frequency of the AMC (1.94 GHz). The new length L, of the monopole is 22.25 mm.

Fig. 9 shows the measured reflection coefficient. Good agreement is obtained between simulation and measurement.
The measured resonance frequency value is 1.92 GHz compared to 1.94 GHz predicted by simulation (a 1% difference). The
antenna has a very good impedance matching. The measured reflection coefficient is —35 dB. This is better than the one
obtained in [8-10]. The measured bandwidth is 8%. This is two times wider than the one obtained in [10].

The radiation pattern of the antenna was also measured (at 1.92 GHz). Fig. 10 shows the comparison between measure-
ment and simulation results. Good agreement is obtained between both. The measured gain value is 4.3 dBi. This is similar
to the one (4.8 dBi) obtained in [9]. The measured front to back ratio of the antenna is 15.8 dB. This value is the twice
of the one obtained in [9] while the size (relative to the wavelength) of the HIS of the antenna is equivalent to the one
proposed in [9], see Table 3.

5. Planar monopole antenna over an AMC placed directly on the arm

The antenna was finally characterized when it is placed directly over an arm; see Fig. 11a. There is no space between
the antenna and the arm. Fig. 11b shows the comparison between the measured reflection coefficient and the one obtained
in free space. The two results are very close. The resonance frequency and the bandwidth of the antenna are not sensitive
to the presence of the body. This demonstrates that the AMC isolates well the antenna from the body. The latter is thus
well protected.

The radiation pattern was also measured. They results are compared to the simulation. Fig. 12a shows that a good
agreement is obtained between the two results. Fig. 12b shows the comparison between the measured radiation pattern
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Fig. 10. (Color online.) Simulated and measured radiation pattern in free space at 1.92 GHz. (a) H-Plane. (b) E-Plane.

Table 3
Dimensions and volume of antennas placed over a HIS.
References Antenna cross section f Dimensions Volume
Length Width Thickness
[8] el fre—. e 2.45 GHz 85.5 mm 85.5 mm 5.7 mm 41668.425 mm>
0.6981 0.698x 0.0461 0.02313
‘ Substrate: Netlec
L 1
[9] 2.45 GHz 65.7 mm 65.7 mm 3.3 mm 14244.417mm’>
Spacer: Foam 0.536A 0.536A 0.027x 0.008)3
[10] ——a—1 2.45 GHz 120 mm 120 mm 4.3 mm 61920 mm>
0.98% 0.985 0.0351 0.03423
‘ Felt ‘
! 1
Proposed antenna [ L — wbs.me'.m ] 1.92 GHz 86.5 mm 86.5 mm 4.8 mm 35171.328 mm>
: 0.554A 0.554A 0.0311 0.009).3
Substrate: FR4
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Fig. 11. (Color online.) (a) Monopole over the AMC placed directly on the arm. (b) Measured reflection coefficient.
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Fig. 12. (Color online.) Radiation pattern in the E-Plane. (a) Comparison between simulated and measured radiation patterns. (b) Comparison between
results obtained in free space and the ones obtained when the antenna is placed directly on the arm. (c) Calculated SAR.

in free space and the one obtained in the presence of the body. There is no change for the zone in front of the antenna.
However, the front to back ratio value is increased to 25 dB. This indicates that the body absorbs the radiated energy
behind the antenna. However, this energy is very low. Indeed, simulations presented in Fig. 12(c) show the localization of
the power absorbed. Calculated localized SAR values with 1 g and 10 g of tissue are 0.34 W/kg and 0.18 W/kg respectively
for an injected power of 1 W. Those values are below European standards (1.6 W/kg and 2 W/kg). The value obtained with
1 g of tissue is a half of the one obtained in [9] while the injected power is 0.125 W. This demonstrates that the AMC used
in this study protects well the body from the radiation of the monopole.

6. Conclusion

A monopole antenna directly placed over a HIS was presented. The design procedure is explained. It was found that
simulating the HIS with the substrate of the antenna but without the latter at the very beginning of the conception makes
it easy and eliminates the need for an extra spacer between the HIS and the antenna. It was also found that a phase shift
of zero corresponding to the AMC behavior of the HIS gives the best results, but that another phase shift could also give
good results. The AMC conditions are thus not the only possible solution for such application. Finally, the volume obtained
with the proposed antenna prototype is one of the smallest reported so far, and the performances obtained are as good as,
or even better than, the results reported up to now.

The antenna and the HIS were designed for wearable wireless applications, but were tested with FR4 substrate. Never-
theless, dimensions obtained are compatible with inkjet printing or screen printing technologies for future realization with
conductive ink on fabrics.
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