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Abstract

The design, simulations, and optimized results for a novel low specific absorption rate (SAR)
monopole antenna on a single artificial magnetic conductor (AMC) cell are described in this
paper. Simulated results show a reduction close to 70% in the 1 g ps SAR for the developed
monopole antenna with the AMC in comparison to the monopole antenna without AMC.
This allows higher radiation efficiency, battery drain reduction as well as mobile terminal
user health risks reduction.

Introduction

Conventional antennas now used in wireless devices such as mobile phones, smartphones,
tablets, and laptops are monopole, helix, or planar antennas without back plane. These anten-
nas show a far-field radiation pattern close to isotropic or omnidirectional. In these antennas,
the energy radiated against the mobile device users can be elevated and the specific absorption
rate (SAR, which is defined as the power absorbed by a unit mass of body tissue) in their head
or body tissues is therefore expected to be high. Computer simulations (e.g. based on the
finite-difference time-domain method) confirm electromagnetic (EM) field penetration and
high SAR in shallow and deeper structures in the brain [1–3].

Tests carried out by the French National Frequencies Agency (ANFR) between 2012 and
2016 on several hundred mobile phones show that the SARs are well above European regula-
tory limits (ICNIRP = 2W/kg, on 10 g of tissue) [4], some of which may exceed the authorized
thresholds by nearly four times, and even more if we refer to the American standards (IEEE/
FCC = 1.6W/kg, on 1 g of tissue) [5, 6], some smartphones exceeding 25W/kg. They mea-
sured SARs with separation distances recommended by individual manufacturers as well as
placements that were closer at 5 and 0m to mimic actual use conditions by consumers holding
the wireless device against the body and head [7].

Since mobile phones are usually operated in close proximity to the human head and many
users stay long periods of time in their calls, the short- and long-term biological effects of the
EM energy radiated from the cell phone antennas have attracted significant interest to the
research community. Epidemiologic studies from some nations where mobile phone use has
been extensive for a decade or longer indicate significantly increased risk of a variety of
brain tumors, such as glioma and parotid gland tumors [8–11].

In 2011, the International Agency for Cancer Research (IARC; which is part of the World
Health Organization (WHO)) classified these radiations as “possible carcinogenic for humans”
(Group 2B). In addition, the WHO recommended the adoption of the “ALARA Principle” –
As Low As Reasonably Achievable [12, 13].

Therefore, SAR reduction is a goal of growing interest. Various techniques have been dis-
cussed in the last decades to reduce the mobile terminal’s SAR, especially developing techni-
ques for the reduction of the interaction between the mobile device antenna and the user’s
head and body aiming to reduce the SAR while reducing degradations of the relevant antenna
characteristics (such as input impedance, bandwidth, efficiency, as well as the moderate
increase of the antenna’s front-to-back ratio) were investigated by some authors [14–25].

This could be reached by interposing electric conducting strips [15] or surfaces [16]
between the antenna and the user. This also could be attained using magnetic conducting sur-
faces [17, 18] and other planar or mushroom-like metamaterials [19]. Additionally, this should
result in more stable antenna characteristics decreasing dependence on the presence and prox-
imity of the user [20]. SAR reductions in the range of 25–75% were achieved while improving
or preserving good performance by several authors [21–25].

A novel low SAR monopole antenna design using a single artificial magnetic conductor
(AMC) cell is described in this paper. The aim of this antenna is to reduce the energy absorbed
in the mobile device user’s head including a single AMC cell and a conductive back plane
between the monopole and the user’s head, with the aim to concentrate the EM field to the
semi-space opposite to the user and hence reduce the energy radiated against the user, thanks
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to the screening effect of the AMC and the backplane. Hence, a
moderate front-to-back ratio on their far-field radiation pattern
can be achieved and therefore the SAR in the mobile device
user’s head and body is expected to be reduced. One antenna
on AMC cell is designed to resonate at 900 MHz and other at
1900MHz.

AMC design and simulation

For a mushroom-type AMC structure, shown in Fig. 1, the surface
sheet impedance is usually assigned equal to the impedance of a
parallel LC resonant circuit [26]

Zs = jvL
1− v2LC

. (1)

The resonance frequency is given by

f0 = 1

2p
����
LC

√ . (2)

The impedance is inductive at low frequencies and capacitive
at higher frequencies. At the resonance frequency, the impedance
is theoretically infinite.

The high impedance ensures that a plane wave will be reflected
without phase reversal.

For this type of structure, the capacitance is given by

C = W10(1+ 1r)
p

cosh−1 W + g
g

( )
(3)

and the inductance

L = mh. (4)

The AMC cell used in this work includes two patches on the
top side, a full back plane and two side shorting planes, as
shown in Fig. 2. Three layers of Rogers RT/Duroid 5880 are

used to design the AMC. The dimensions are parametrically ana-
lyzed to have 0° phase reflection at 900 or 1900MHz. The CST
Studio® software was employed to determine the reflection
phase for a normally incident plane wave on the AMC structure.

The simulated reflection phase is shown in Fig. 3 for the follow-
ing set of parameters: h1 = h3 = 0.8 mm, h2 = 3.175mm, S = 2mm,
Sx = 1mm, Sy = 0mm, L = 100mm, W = 50mm for the AMC
with 0° phase reflection at 900MHz, and h1 = h3 = 0.8 mm,
h2 = 3.175mm, S = 2mm, Sx = 1mm, Sy = 0mm, L = 40mm,
W = 20mm for the AMC with 0° phase reflection at 1900MHz.

Design of a monopole on AMC for low SAR

Two quarter wavelength bent printed monopoles are designed,
one to resonate at 900MHz and other to resonate at 1900MHz.
The monopole antennas layout in exploded view is shown in

Fig. 1. Mushroom-like AMC structure.

Fig. 2. The AMC cell layout.

Fig. 3. Simulated reflection phase for a normally incident plane wave on the AMC
structure.

Fig. 4. Exploded view of the quarter wavelength monopole.
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Fig. 4. According to [27], calculation of the effective permittivity
for a quarter wavelength monopole is approximated by:

1eff = 1r + 1
2

+ 1r − 1
2

× 1�������������������
1+ (12× h/Wa)

√ + 0.04× 1−Wa

2

( )[ ]
, (5)

where h is the thickness of the substrate; Wa is the trace width.
The initial design parameters are set as L1 + L2 = λeff/4, where

λeff is the effective wavelength at 900 or 1900MHz, given by
leff = l0/

����
1eff

√ , with λ0 being the free space wavelength. After
parametric analysis, the parameters were set to L1 = 25 mm,
L2 = 46.8 mm, Wa = 4 mm for the monopole resonating at 900
MHz and L1 = 18 mm, L2 = 15 mm, Wa = 3.35 mm for the mono-
pole resonating at 1900MHz.

The next step in the design process is to include a full ground
plane and a single AMC cell in the quarter wavelength monopole.
The final design parameters were found after the optimization
process. The resulting antenna layout is shown in an exploded
view in Fig. 5. The final set of parameters are L1 = 26 mm,
L2 = 49 mm, S = 4mm for the monopole at 900 Mhz and
L1 = 24 mm, L2 = 23 mm, S = 12 mm for the monopole at 1900
MHZ.

Results

The quarter wavelength bent monopoles, with and without AMC,
were simulated using the CST Studio® software. The simulated S11
parameter magnitude (in dB) for the monopoles without AMC is
shown in Fig. 6. The S11 result shows a resonance around 850
MHz and a −6 dB bandwidth of 335 MHz for the 900 MHz
monopole and a resonance around 1950MHz and a −6 dB band-
width of 490MHz for the 1900MHz monopole. When including
a full ground plane, this monopole is mismatched for all simu-
lated frequencies.

The quarter wavelength monopoles on the AMC cell were pro-
totyped and the S11 parameter was measured using Agilent Field
Fox N9912a vector network analyzer. Figure 7 shows the 900

Fig. 5. Exploded view of the monopole on the AMC cell.

Fig. 6. Simulated S11 parameter magnitude for the quarter wavelength monopole
antenna.

Fig. 7. A 900 MHZ monopole on the AMC cell prototype picture.

Fig. 8. Simulated and measured S11 parameter magnitude for the 900 MHz monopole
antenna on the AMC cell.

Fig. 9. Simulated and measured S11 parameter magnitude for the 1900 MHz mono-
pole antenna on the AMC cell.
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MHz monopole on AMC. The simulated and measured S11 par-
ameter magnitudes (in dB) are shown in Fig. 8. Good agreement
between simulation and measurement is obtained. The S11 results
show a resonance close to 900MHz and a −6 dB bandwidth of 37
MHz. Figure 9 shows the simulated and measured S11 parameter
magnitude (in dB) for the 1900MHz monopole on AMC. Some
discrepancy between simulation and measurement was observed

despite repeated prototyping. This may be due to inaccuracies
in the prototyping process and the high sensitivity of the S11 to
the alignment between the AMC and the monopole. The S11
results show a resonance close to 1950MHz and a −6 dB band-
width of 250 MHz.

Simulated gain radiation pattern in elevation planes is shown
in Figs 10 and 11, for the antennas. These results show a nearly

Fig. 10. Simulated elevation patterns for the 900 MHz
quarter wavelength monopole without AMC and on
AMC cell. (a) Gain on the xz plane. (b) Gain on the yz
plane.

Fig. 11. Simulated elevation patterns for the 1900 MHz
quarter wavelength monopole without AMC and on
AMC cell. (a) Gain on the xz plane. (b) Gain on the yz
plane.

Fig. 12. Simulated SAR results of the 900 MHz quarter
wavelength monopole (a) without AMC and (b) on AMC
cell.
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omnidirectional radiation pattern for the quarter wavelength
monopoles without AMC cell. The maximum simulated gain
and radiation efficiency for the 900MHz monopole antenna with-
out AMC are, respectively, 2.42 dB and 95%. For the 1900MHz
monopole without AMC, these are, respectively, 2.16 dB and
98%. The simulated gain radiation pattern results for the antennas
on the AMC cell show a slightly more directive antenna in com-
parison to the quarter wavelength monopole antenna without
AMC. The 900MHz monopole antenna on AMC shows a 4.4
dB front-to-back ratio, 3.9 dB maximum gain, and 95% radiation
efficiency. The 1900MHz monopole antenna on AMC shows a
5.4 dB front-to-back ratio, 4.69 dB maximum gain, and 98% radi-
ation efficiency.

The SAR was simulated for the four antennas at a distance of
6 mm from the phantom. In order to save computer time, a four-
slab flat phantom [28] instead of anthropomorphic models was
used to evaluate the SAR. This phantom is composed of four
cylinder layers (3, 6, 6, and 100 mm thick) with the mean dielec-
tric parameters of the skin, fat, skull, and brain tissues. Each
antenna was fed with 250 mW accepted power.

The simulated SAR results for the 900MHz antenna are
shown in Fig. 12. The simulated 1 g ps SAR (peak spatial SAR
over 1 g of tissue) for the 900 MHz antennas without and with
AMC were 1.63W/kg (slightly above the FCC [6] limit) and
0.466W/kg, respectively. Then a reduction of around 70% was
obtained when including the AMC. The simulated SAR results
for the 1900MHz antenna are shown in Fig. 13. The simulated
1 g ps SAR (peak spatial SAR over 1 g of tissue) for the 1900
MHz antennas without and with AMC were 6.6 and 1.61W/kg,
respectively. Then a reduction of around 75% was obtained
when including the AMC.

Simulated results show a reduction of around 70% in the 1 g
psSAR for the monopole antennas with the AMC in comparison
to the monopole antenna without AMC. However, the −6 dB
bandwidth when including the AMC is significantly reduced.

Since current mobile handset designs radiate nearly one-half of
the emitted power into the user’s head and while the short- and
long-term biological implications of this are yet to be fully deter-
mined, the absorption by the user’s head is expected to decrease
the radiation efficiency by more than 3 dB [1–3]. When the
antenna is shielded from the user, this radiation efficiency can
then be greatly increased.

Therefore, not only this reduces any possible health hazards
but it is advantageous from the technical point of view too,
since more energy is employed for communication, improving
its quality (due to the improvement of the radio link budget)
and reducing the battery drain (due to the automatic level control

for the necessary emitted power), which in turn affects the weight
of the phone too. This AMC layer also provides high EM surface
impedance, then allowing the antenna to lie directly adjacent to
the backplane without being shorted out. This allows compact
antenna designs where the radiating elements are confined to lim-
ited spaces.

These antennas can also be adequate for applications in
MIMO (Multiple Input Multiple Output) systems, such as in
LTE, WLAN, and WiMax.

Discussion and conclusions

The design, simulations, and optimized results for a novel low
SAR monopole antenna on a single AMC cell were described in
this paper.

Simulated results show 1 g ps SAR reduction around 70 and
75%, respectively, at 900 and 1900MHz for the monopole with
the AMC in comparison to the monopole without AMC. Then,
these antennas may be adequate to reduce the EMF absorbed
in the user’s head and body, improving therefore the quality of
communication, reducing the battery drain, and reducing the
user’s health risks.
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