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SAR Study of Different MIMO Antenna Designs for
LTE Application in Smart Mobile Handsets

Kun Zhao, Shuai Zhang, Zhinong Ying, Senior Member, IEEE, Thomas Bolin, and Sailing He, Fellow, IEEE

Abstract—This paper mainly focuses on the specific absorption
rate (SAR) of the dual-element LTE MIMO antenna in mobile
phones. Four designs of dual-element MIMO antenna (namely,
dual semi-ground-free planar inverted-F antenna (PIFA), co-lo-
cated antenna, dual OG PIFA in parallel position, and dual OG
PIFA in orthogonal position) are studied under four typical LTE
frequency points (0.75, 0.85, 1.9, and 2.1/2.6 GHz) when the
ground plane length varies from 90 to 150 mm. The SAR, when
dual elements operate simultaneously, is also studied through the
SAR to PEAK location spacing ratio (SPLSR) according to the
FCC standard. The simulations are carried out on both an SAM
head phantom and a flat phantom by CST 2011, and measure-
ments on the flat phantom are made with iSAR and DASY4 to
verify the accuracy of our simulations.

Index Terms—LTE, MIMO, mobile handset, specific absorption
rate.

I. INTRODUCTION

T HE electromagnetic absorption of a human body has be-
come an important issue, as the governments strictly limit

it. Due to the extensive spread of mobile handsets, the radi-
ation of mobile phones has rapidly been given increased at-
tention. The radiation can be evaluated by specific absorption
rate (SAR), which represents the time rate of microwave energy
absorption inside the tissue, as follows:

SAR (1)

where and are the density (S/m) and electrical conductivity
(kg/m ) of the tissue, respectively, is the internal induce
electrical field (V/m). The SAR value is calculated as max-
imum of mass-averaged SAR and is strictly limited by the
governments. Nowadays, two standards of SAR are adopted:
Europe uses 2 W/kg averaged over 10 g tissue (over 10 g tissue
means to average the SAR values in a volume with an average
mass of 10 g [1]). Meanwhile, the U.S. Federal Communication
Commission (FCC) requires that the SAR should be lower than
1.6 W/kg averaged over 1 g tissues in the U.S. Due to the lower
limited value and smaller averaged mass, the standard from
FCC (1.6 W/kg) is more difficult to satisfy than the one from
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EU (2 W/kg). In this paper, all the SAR values and distribu-
tions are calculated and measured based on the FCC (1.6 W/g
average 1 g) standard.
As all the mobile handsets on the market must satisfy the

SAR regulations from the local government, it also becomes
a challenge for the engineers to design a mobile handset an-
tenna. So far, some studies on the traditional single antenna
have been done [2]–[4]. However, due to the deployment of
long-term evolution (LTE), the LTE multiple-input and mul-
tiple-output (MIMO) antenna systemwill bemounted in themo-
bile phone soon (in the first step, only a dual-elements MIMO
system will be used), which will bring the new problem for eval-
uating and optimizing the antenna’s SAR reduction. Unlike a
single-antenna system, the antennas will interact with other el-
ements in an MIMO system, and this interaction will change
the SAR performance of each antenna. Furthermore, in order to
satisfy the application of LTE communication, the LTE MIMO
antenna system in a mobile handset has more operation modes
than a traditional single antenna system. Their influence on the
SAR of the antennas has to be investigated as well. So far, only
a few studies on the SAR of multiantenna systems have been
made [5], [6]. In the present paper, the SAR performance of the
MIMO antenna in single-input single-output (SISO) mode, di-
versity mode, and MIMO mode are investigated.
However, with the existing equipment, it’s hard to measure

the total SAR when the dual elements operate simultaneously,
especially when the dual elements operate at different frequen-
cies. The value of SAR to PEAK location spacing ratio (SPLSR)
is utilized to evaluate the SAR performance when dual elements
work at the same time [7], which is defined as

SPLSR SAR SAR (2)

where SAR1 and SAR2 are the SAR values (W/kg) for elements
1 and 2, respectively, based on the FCC standard, and is the
separation distance (cm) of the two SAR peaks, as illustrated
in Fig. 1. The SPLSR is required to be less than 0.3 when the
separation between the dual elements is less than 5 cm from the
FCC standard. However, in our study, the SPLSR values for all
the distances are presented in order to show the variation.
Based on the FCC standard, the SAR value of the mobile

handset needs to be measured on two kinds of phantom: the first
is a specific anthropomorphic mannequin (SAM) head phantom,
which mainly shows the radiation into the tissue of the human
head. The other one is the flat phantom, which is for measuring
the SAR when the mobile handset is close to the user’s body
(therefore, this case is also called “body worn”).
The aim of this paper is to provide a guideline to antenna de-

sign by showing the SAR value variations of four mainstream
designs of MIMO antenna with dual elements, and also present
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Fig. 1. The illustration of SPLSR.

the influence from different operation modes of MIMO system
on the antenna’s SAR. Here, we consider four types of MIMO
antennas with dual elements at four typical LTE frequencies
for each design: 0.75, 0.85, 1.9, and 2.1 GHz/2.6 GHz. The re-
sults are presented by both stand-alone SAR (the SAR value
when only one element is transmitting) and simultaneous SAR
(the SAR value when multi antennas are transmitting simulta-
neously), as defined in [7]. The simulation is carried out with
CST 2012, and the measurement is made with an iSAR [8] and
DASY4 [9].

II. ANTENNA CONFIGURATION AND SIMULATION SETUP

According to 3GPP LTE Rel. 11, a dual-element MIMO an-
tenna with dual transmitters is required in LTE mobile handset.
In this paper, four designs of MIMO antenna with dual elements
are presented, and their SAR performances are studied sepa-
rately: dual semi-ground-free PIFAs, ground-free co-located
antenna, dual on-ground (OG) PIFAs in parallel positions, and
dual on-ground (OG) PIFAs in orthogonal positions. Their
schematic diagrams are shown in Fig. 2. The feed positions are
shown in red color: The semi-ground-free PIFA means that part
of the ground plane under the PIFA antenna is removed in order
to achieve a better bandwidth (“the semi-ground free” is be-
tween “ground free” and “on ground”). The size of the ground
plane clearance is 13 mm on each end for semi-ground-free
PIFA and is 11 mm for ground-free co-located antenna (the
ground plane clearance size is 0 for OG PIFAs). The antenna
heights are 5.5, 7.1, 8, and 8 mm for semi-ground-free PIFA,
co-located antenna, parallel OG PIFA, and orthogonal OG
PIFA, respectively. In order to simulate a real mobile handset, a
plastic box is utilized to cover each MIMO antenna. These four
designs can represent the three most popular types of antennas
in the industry: ground-free antenna, semi-ground-free antenna,
and on-ground antenna. Meanwhile, both co-located MIMO
antenna and separately located (dual elements located on the
two ends of the ground plane) MIMO antennas are included in
our proposed designs of MIMO antennas. The original ground
plane lengths for semi-ground-free PIFA, co-located antenna,
parallel OG PIFA, and orthogonal OG PIFA are 90, 120, 130,
and 130, respectively. (However, in order to study how different
ground plane length influences the SAR value for each MIMO
antenna design, we scan the ground plane length from 90 to
150 mm for each MIMO antenna design in the Section III.)

Fig. 2. The diagrams of the proposed antennas: (a) dual semi-ground-free
PIFA, (b) ground-free co-located antenna, (c) dual on-ground PIFA in parallel
position, and (d) dual on-ground PIFA in vertical position.

Fig. 3. The CST simulation model of (a) SAM head phantom and (b) flat
phantom.

For 6 dB specification with the original ground plane
length, the semi-ground-free PIFA and co-located antenna can
cover 0.75 to 0.96 GHz in lower band and 1.7 to 2.7 GHz in
higher band. The bandwidth of the two designs of dual OG
PIFAs is between 0.75 and 0.85 GHz in lower band and 1.7
to 2.2 GHz in higher band. Considering the required band
for LTE and the bandwidth of each MIMO antenna, we study
four frequency points for each design: 0.75, 0.85, 1.9, and 2.6
GHz for semi-ground-free PIFA and co-located antenna; 0.75,
0.85, 1.9, and 2.1 GHz for parallel OG PIFA and orthogonal
OG PIFA. The simulation setup for the SAM head phantom is
shown in Fig. 3; the antenna is placed in cheek touch position
in accordance with the CTIA standards [10]. The acoustic com-
ponent of the cell phone is set to be 10.5 mm lower than the top
of the cell phone case and the antenna ground plane is 4.5 mm
away from the pinna. For co-located antennas, dual elements
are both placed at the bottom of the ground plane in order to
lower the SAR value. For the vertical OG PIFA, the vertical
antenna is placed at the top of the ground plane. We refer to
the antenna close to the ear as top antenna and the one close to
the mouth as bottom antenna; for the co-located antenna, the
upper element (the element upper on the back to month line) is
called top antenna and lower element is bottom antenna, as also
shown in Fig. 3. For the flat phantom, the antennas are placed
10 mm above the phantom [11] and face to the flat phantom.
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As the antennas will be detuned when they are close to the
phantoms, we set the accepted powers by the ports (the accepted
power is equal to the radiated power of an antenna without
ohmic losses [12], which is defined in (3)) of the MIMO an-
tenna to constant values:

(3)

where is the total power feeds to the antenna. The ac-
cepted powers for all the study cases are set at 23 dBm, which
is the maximum output power for LTE mobile handset based on
the latest 3GPP standard [13]. In practice, the 23 dBm is peak
value for free-space radiation power, and the corresponding
SAR values in our study represent the worst-case SAR for each
antenna design.
For the MIMO antenna, due to the mutual scattering effect

between themultiple elements, the level of S-parameter will still
influence the H-field distribution to a different extend, and this
extend is mainly determined by each individual design. In our
study, the S11 parameter for all our study cases (in FS, on head
phantom, and on flat phantom) is smaller than 5 dB in order
to keep the relative position of the main radiator the same and
minimize the effect of S-parameter.

III. SIMULATION RESULTS AND ANALYSIS

A. Stand-Alone SAR on SAM Head Phantom

The case when two MIMO antenna elements operate sepa-
rately is studied first; one element is transmitting and the other
one is receiving (terminated with a 50 ohm load). The stand-
alone SAR is used to evaluate the SAR performance as the
ground plane length increases from 90 to 150 mm in this case,
and all the antennas are placed on the left or right cheek.
As the influence of S-parameters has been eliminated by the

constant value of the accepted power, the radiation efficiency
becomes an important factor determining the radiation power.
The radiation efficiencies for our four proposed antennas with
different ground plane lengths at 0.75 and 1.9 GHz are presented
in Fig. 4 (the co-located antenna has the same efficiency on both
cheeks due to its symmetric structure).
The performance at 0.85 and 2.1/2.6 GHz are similar with

0.75 and 1.9 GHz, respectively. Therefore, all the results (ra-
diation efficiency, SAR, etc.) are only presented at 0.75 and
1.9 GHz in this section.
Bottom Antenna at 0.75 and 1.9 GHz: The SAR values of the

bottom antenna with different ground plane lengths on the right
or left cheek of SAM head phantom are plotted in Fig. 5 at 0.75
and 1.9 GHz.
By observing the results of radiation efficiency and SAR, we

can see that they have opposite trends: the higher SAR, the
larger reduction of radiation efficiency in head position, and vice
versa. This can be explained by the fact that more power is ab-
sorbed by the head phantom when SAR is higher and less power
is radiated out.
Generally, the values of SAR keeps decreasing when the

ground plane length increases. By (1) and the previous study
[14]–[17], we can know that as the ports of bottom elements
are further away from the cheek of the head phantom when the

Fig. 4. The radiation efficiencies of our proposed antennas in free space at
(a) 0.75 GHz and (b) 1.9 GHz, bottom antenna in head position at (c) 0.75 GHz
and (d) 1.9 GHz and top antenna in head position at (e) 0.75 GHz, and
(f) 1.9 GHz.

ground plane is longer, it can reduce the strength of the internal
induced E-field, and the SAR value is smaller as well.
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Fig. 5. The variations of stand-alone SAR value with increased ground plane
length for bottom antenna at (a) 0.75 GHz and (b) 1.9 GHz.

We can also see that the SAR value of separately located an-
tenna is different on the left and right cheeks for the bottom an-
tenna. (The co-located antenna is symmetric on both sides, and
thus the SAR value is the same on both sides.) This is mainly
caused by the fact that the ports of our proposed antenna are bi-
ased to one corner of the ground plane in order to gain enough
bandwidth. However, this difference is fairly small, especially
when the ground plane is longer than 110 mm because the an-
tenna and its port are quite further from the cheek on both sides.
Therefore, our analysis is mainly based on the performance on
the right cheek in the remaining part of the paper due to the page
limit. The properties on the left cheek can be studied similarly.
The SAR on both cheeks at 1.9 GHz is shown in Fig. 5(b). We

can see that it has larger SAR value than 0.75 GHz in general.
The interesting phenomenon for the bottom antenna is that the
co-located antenna has a much higher SAR than other designs
in high band (1.9 and 2.6 GHz). The reason of this phenom-
enon is that the radiator of the co-located antenna in the higher
band is located on the same layer as the ground plane, as seen
in Fig. 6. It is much closer to the head phantom compared with
other designs. Therefore, the level of SAR of the co-located an-
tenna in higher band is quite high. If we inverted the direction
of the co-located antenna, which is like in Fig. 6(c), the distance
between the cheek and the radiator at 1.9 GHz of the inverted
co-located antenna will be similar with the other three designs:
in this case, the SAR value is reduced from 3.1W/kg (co-located

Fig. 6. The difference of radiator and H-field distribution at 1.9 GHz between
(a) the co-located antennas, (b) the semi-ground-free PIFA, and (c) the inverted
co-located antenna on right cheek (the radiators are shown in red).

antenna in original position) to 1.7 W/kg (co-located antenna in
inverted position).
Top Antenna at 0.75 GHz and 1.9 GHz: The stand-alone

SARs of top antenna on head phantom are plotted in Fig. 7; the
SAR value variation with increased ground plane length at 0.75
and 1.9 GHz are presented. The relation of radiation efficiency
and SAR is similar with bottom antenna. The SAR difference
between the left and right cheeks is even smaller for the top an-
tenna as the pinna surface is parallel to the PCB.
For the co-located antenna, both elements are located on the

bottom of the ground plane and close to the month. As the “top
antenna (upper element in Fig. 3)” of co-located antenna is still
on the bottom of the ground plane, it has the similar trend as the
bottom one (lower element). However, we still can see that the
top antenna’s (upper element’s) SAR of the co-located antenna
is smaller than the bottom antenna (lower element), which is
due to the shape of the SAM head phantom [the top antenna
(upper element) is further from the surface of the head phantom
than the bottom antenna]. This can be observed from Fig. 8,
when the port is under the back to mouth line (position 1, i.e.,
bottom antenna of the co-located antenna); it is still blocked by
the cheek on the side of the head phantom. However, when the
port moves to the upper position (position 2, i.e., top antenna
of the co-located antenna), it can be exposed to free space more
due to the hollow around the eyes.
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Fig. 7. The variations of stand-alone SAR value with increased ground plane
length for top antenna at (a) 0.75 GHz and (b) 1.9 GHz.

Fig. 8. The port positions for the co-located antenna.

For the other three designs of separately located MIMO an-
tennas, we can see that the top elements have higher SAR than
the bottom antenna, which agrees with our expectations, as the
top elements are nearer to the head phantom than the bottom el-
ements. Unlike the bottom elements, the variation of SAR value
with the increased ground plane length of the top elements are
much smaller than that of the bottom elements, which is due to
the relative position of the antenna’s port, and the pinna does
not change with increased ground plane length. However, we
can see that the SAR values at 0.75 GHz still drop as the chassis
mode becomes stronger with increased ground plane length,
which make the H-field distribution more uniform [2]. Further-
more, we can also see that the SAR of the semi-ground-free
PIFA is larger than the two designs of OG PIFA, which illus-

Fig. 9. The variations of SPLRS on right and left side of head phantom with
increased ground plane length in (a) bottom antenna at 1.9 GHz top antenna
at 0.75 GHz, (b) bottom antenna at 0.75 GHz top antenna at 1.9 GHz, (c) both
at 0.75 GHz, and (d) both at 1.9 GHz.

trates the importance of the ground plane shield effect in SAR
value optimization.
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Fig. 10. The variation of the distance between two SAR hot spots on right
cheek for (a) dual semi-ground-free PIFA, (b) co-located antenna, (c) parallel
OG PIFA, and (d) orthogonal OG PIFA (B: bottom antenna; T: top antenna).

B. Simultaneous SAR on SAM Head Phantom

Different from SISO antenna, the MIMO system can have
multi-elements operate simultaneously, which brings a new
issue for us to study. The SAR performances when dual ele-
ments operate simultaneously are investigated next. Two cases
are considered in our research. The first one is that the dual
elements operate at different frequencies (one is at 0.75 GHz,
and the other one at 1.9 GHz), the accepted power is set to be
23 dBm for each port. The second one is when dual elements
work in the same frequency (both in 0.75 GHz and in 1.9 GHz),
which can be seen as the real MIMO mode. In this case, based
on the LTE standard and the definition of MIMO communica-
tion [18], we average the input power (23 dBm) to two ports.
All cases are evaluated by SPLSR in (2). The variations of
SPLSR on both sides of head phantom as the ground plane
length increases are shown in Fig. 9.
The trend of SPLSR is more complex. Compared with the

mode that dual elements operate at different frequency, the
SPLSR of the MIMO mode is smaller as the input power of
each port is lower and the H-field distribution is more uniformly
on the whole antenna. From (2), we can see that not only the
peak value of SAR but also the distance between the two hot
spots of SAR plays an important role. As the value of the
stand-alone SAR has been discussed in the last section, we will
focus on the position variation of SAR hot spots in this part,
and the analysis is mainly on the right cheek.
The variations of the distance between two SAR hot spots of

the MIMO antennas on the right side of the head phantom are
shown in Fig. 10.
In general, the MIMOmode at 0.75 GHz has the smallest dis-

tance, and the MIMO mode at 1.9 GHz has the largest distance.
For the separately located antenna (dual semi-ground-free PIFA,
parallel OG PIFA, and orthogonal OG PIFA), as the chassis
mode is strong in the lower band here (0.75 GHz), the hot spots
of SAR will be closer to the middle of the ground plane, which

Fig. 11. The normalized SAR distribution of dual semi-ground-free PIFA on
the right cheek in 110 mm ground plane length on right cheek: (a) top antenna
at 0.75 GHz, (b) top antenna at 1.9 GHz, (c) bottom antenna at 0.75 GHz, and
(d) bottom antenna at 1.9 GHz.

Fig. 12. The normalized SAR distribution of co-located antenna on the right
cheek in 90 mm ground plane length on right cheek: (a) bottom antenna at
0.75 GHz and (b) top antenna at 1.9 GHz.

will reduce the hot-spots distance. The hot spot for the top an-
tenna always concentrates around the pinna of the head phantom
and the hot spot for the bottom element SAR is around the cheek
touch point, as shown in Fig. 11 (in order to the show the posi-
tions of strongest point more clearly, all the SAR distribution in
this paper is normalized by their maximum SAR).
However, when the ground plane length is extremely long

or short, the chassis mode might vary dramatically, and the hot
spots would move to the port or the antenna; this can change
the distance between the hot spots dramatically, as one can see
for the case of the 150 mm ground plane length for dual semi-
ground-free PIFA or 90 mm for orthogonal OG PIFA.
For the co-located antenna, we can see that the value of

SPLSR is a quite high in most cases: the closely located scheme
reduces the distance between the hot spots, which makes the
SPLSR become quite a challenge value for this kind of design.
The distance between the hot spots is smaller when the ground
plane length is larger. Two cases are quite interesting for the
co-located antenna. The first one is “bottom antenna 0.75 GHz
Top antenna 1.9 GHz” with 90 mm ground plane length, as

shown in Fig. 12. Although the ground plane is quite small, the
distance between the two hot spots can be over 4 cm, which is
much larger than the distance between the two elements.
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Fig. 13. The H-field of bottom antenna on the ground plane (of 90 mm length)
of co-located antenna at 0.75 GHz.

Fig. 13 shows the H-field distribution of the bottom antenna
(lower element) on the 90 mm ground plane at 0.75 GHz. From
Fig. 13, one sees that the H-field hot spot of the bottom an-
tenna is concentrated around the feeding and the shorting pin,
which is the main source of SAR when the ground plane length
is 90 mm. However, the distance between the antenna element
and the user’s cheek will increase as the ground plane length
increases. Consequently, the H-field on the ground plane will
become the main source of inducing the SAR rather than the
H-field of the antenna element. From Fig. 13, we can see that the
H-field distribution on the ground plane is closer to the middle
line of the chassis; therefore, the corresponding SAR hot spots
become closer to each other. Furthermore, the SAR hot spot of
the bottom element also moves faster as it works at lower band
and has a stronger chassis mode. From this case, we can see that
with a longer ground plane, the distance between two SAR hot
spots is not necessarily larger but can be smaller as well.
The other interesting case of co-located antenna is when both

elements work at 0.75 GHzwhen the ground plane is fairly large
(more than 110 mm). Due to the similar reason with previous
case, the two hot spots are quite close, and the distance between
them can be as small as 6 mm.
Based on the results from the two previous sections, we can

see that the difference of the SAR on the right and left side of
the head phantom is not large, especially when the ground plane
length is fairly long. The chassis mode can reduce the value of
stand-alone SAR effectively, but for the simultaneous SAR, a
strong chassis mode will reduce the distance between the hot
spots of the MIMO antenna SAR. This is an important point and
needs to be traded off when designing the antenna. Furthermore,
the SAR and SPLSR of the co-located antenna are quite high due
to its ground-free structure and closely located scheme.

C. Study on Flat Phantom

In the industry, the flat phantom is more useful whenwe simu-
late the antenna’s effect on the human body (thus, also called the
“body worn” case). The case box of the antenna is placed above
the flat phantom by a distance of 10 mm, which is the standard
space for body SARmeasurement. The same cases (stand-alone
SAR and simultaneous SAR) are studied on the flat phantom as
well. Basically, we can observe that the property of the SAR
variation on the flat phantom is similar to that on the SAM head
phantom. However, due to the simple shape of the phantom, we
can still find some more interesting phenomena.

Fig. 14. The SAR value variation with increased height of antenna above the
flat phantom at (a) 0.85 GHz and (b) 1.9 GHz.

Fig. 15. The SAR distribution when only the horizontal placed OG PIFA is
exciting on 10 mm above the flat phantom at 0.75 GHz.

First, the value of stand-alone SAR shows a different perfor-
mance for each design. Here, instead of changing the length of
the ground plane, we increase the separation gap between the
antenna and the phantom from 10 to 15 mm, and then to 20 mm
and finally to 25 mm (the antenna faces the flat phantom) in
order to compare the SAR value more clearly.
The simulation results for the value of stand-alone SAR on

the flat phantom are plotted in Fig. 14. As the flat phantom has
a symmetric structure, only one element’s result is presented
for each MIMO antenna (the orthogonal OG PIFA has two ele-
ments’ result, as it has an asymmetric structure). One interesting
thing here is that the vertical element in orthogonal OG PIFA
has the largest SAR; this is due to the shield effect of the ground
plane, which reflects most energy to the phantom and enlarges
the SAR value.
However, the level of parallel OG PIFA and the horizontal

element in the orthogonal OG PIFA’s SAR are quite low in
the lower band, although the shield effect also exists on these
two designs. The SAR and H-field distribution are shown in
Fig. 15: The interesting point here is that two hot spots can be
found in Fig. 15(b): one is induced by the antenna itself (hot
spot 1), and the other one is induced by the coupled power
on the vertical element (hot spot 2) and the chassis mode. Hot
spot 1 on the top is stronger, and thus we calculate the SPLSR
only for the top one. Here, due to the limitation of CST, we
cannot get the exact SAR value and position of the hot spot
at the middle of the ground plane, but we may get a higher
SPLSR if we use this hot spot because the hot-spot distance is
much smaller, and the existing algorithm may not be able to
give an accurate result.
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Fig. 16. The normalized (a) stand-alone SAR distribution and (b) combined
SAR distribution for co-located antenna in 1.9 GHz on 10 mm above the flat
phantom.

Fig. 17. (a) The normalized SAR distribution of dual semi-ground-free PIFA
on 10mm above theflat phantom at 0.75GHz; (b) the distance variation between
different operating cases.

The first-order chassis mode can always influence the lower
band SAR; in the meantime, the higher order chassis mode will
influence the SAR in the high band. The H-field can achieve a
strong density close to both ends of the ground plane [19]. For
the co-located antenna, although both elements are placed on
one side of the ground plane, we can still observe a small hot
spot of SAR in the higher band on the other side of the ground
plane [1.9 GHz; see Fig. 16(a)].
We can see the hot spot close to the bottom of the ground

plane from Fig. 16(a). When the dual elements transmit simul-
taneously, the two hot spots become more apparent from the
combined SAR distribution in Fig. 16(b).
Based on the previous studies, the strong chassis mode is

helpful for reducing the level of stand-alone SAR. However,
the distance between the SAR hot spots might be reduced by
this strong chassis mode as well and will damage the perfor-
mance of simultaneous SAR. For example, in Fig. 17, the dual
semi-ground-free PIFA can achieve a quite uniform SAR dis-
tribution in 0.75 GHz, and thus, the hot-spot distance of dual
elements operating at 0.75 GHz is extremely small, especially
compared with the MIMO at 1.9 GHz.

IV. MEASUREMENT

In order to verify our simulation results, the stand-alone SAR
for the dual semi-ground PIFA is measured on a flat phantom.
The measurement is conducted on a flat phantom by iSAR and
DASY4. The antenna is placed at 10, 15, 20, and 25 mm above
the phantom, respectively. The Balun is connected to the an-
tenna in order to eliminate the current on the cable, and the 50
load is connected to the off element. Due to the limitations of

the equipment, only the SAR at 0.85 and 1.9 GHz are measured.
The photos of measurement setup of iSAR are shown in Fig. 18.

Fig. 18. The measurement setup of iSAR system.

Fig. 19. The measurement results on iSAR system for dual semi-ground-free
PIFA at (a) 0.85 GHz and (b) 1.9 GHz.

Fig. 20. The comparison between simulated and measured SAR (dB) distri-
bution (dB) for semi-ground-free PIFA at 10 mm above the flat phantom at
(a) 0.85 GHz, and (b) 1.9 GHz.

The measurement results of SAR value from iSAR are pre-
sented in Fig. 19(a) and (b). The iSAR system is a fast and easy
tool to measure the SAR. We can see that simulation results
agree well with the measurement results. However, due to the
limited accuracy of our measurement setup, there is still a little
deviation at 1.9 GHz.
The comparison between simulated and measured patterns of

SAR are shown in Fig. 20; the black box on themeasured picture
represents the antenna’s position. We can see that the results
agree well with each other.
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Fig. 21. The measurement results on Dasy 4 system for dual semi-ground-free
PIFA at 1.9 GHz.

Fig. 22. Simultaneous SAR at 1.9 GHz for (a) original structure and (b) im-
proved structure.

In order to further test the accuracy of our simulation results,
we use the Dasy 4 system to measure the SAR of the mock-up.
However, since the DASY 4 system we used is only calibrated
above 1 GHz, only the SAR at 1.9 GHz is measured.
We can see that the simulation results almost coincide with

the measured results this time, which demonstrates the high ac-
curacy of our simulation.

V. SIMULTANEOUS SAR REDUCTION

The value of the stand-alone SAR can be reduced by con-
trolling the current distribution with parasitic element, slot,
etc., which has been well known. For the simultaneous SAR
or SPLSR, however, not only the SAR value, but also the
position of the SAR hot spot is important. Therefore, we try
to optimize the location of the antenna and its port to reduce
the simultaneous SAR. The simulation is carried out on a flat
phantom, and the proposed MIMO antenna consists of one
monopole and one OG PIFA with a 104 mm ground plane, and
both elements work at 1.9 GHz in MIMO mode.
The SAR distribution of the original antenna structure can

be found in Fig. 22(a). It can be found that the two hot spots
are quite close in this case: the distance is around 5 cm, the
SPLSR is 0.3, and the simultaneous SAR can reach 1.3 W/kg,
which is a dangerous value. However, in the improved structure
[Fig. 22(b)], the OG PIFA is turned 180 , and the port of the
OG PIFA is moved further to the monopole. We can observe
that the two hot spots are separated, the distance between two
hot spots are enlarged to 8.5 cm, and the value of SPLSR and
the simultaneous SAR are reduced to 0.14 and 0.95 W/kg.

VI. CONCLUSION

The SAR performance of dual-element MIMO antennas in
smart phones has been thoroughly investigated. SAM head

phantoms and flat phantoms have been utilized to study these
MIMOantennas’ SARproperties.AsMIMOsystems can realize
more applications than SISO antennas (MIMO mode, SISO
mode, etc.), more parameters and more cases need to be investi-
gated. In our study, we mainly focus on the influence of ground
plane length on the value of stand-alone SAR and simultaneous
SAR (SPLSR) on head phantom;moreover, the SAR property of
differentMIMO antenna designs has also been discussed.
From the results, we can see the chassis mode has a big influ-

ence on the MIMO antenna’s SAR, which can change the SAR
value and distribution. With a stronger chassis mode, the SAR
peak value will be lower and the distribution will be more uni-
form; meanwhile, due to the property of the chassis mode, the
efficiency of the antenna can be guaranteed. However, the hot
spot of the SAR will move to the center of the ground plane,
and the distance between two antenna SAR hot spots will be
reduced, and the value of SPLSR will be higher. Changing the
antenna position on the ground plane can optimize the SAR and
SPLSR, which has been demonstrated in our paper.
From the aspect of antenna bandwidth, the semi-ground-free

and ground-free structure are popularly used in order to achieve
a better bandwidth. However, this kind of design will enhance
the risk of SAR as the antenna can radiate directly to the head
(might be also closer to the head phantom like the co-located
design). The shield effect of the ground plane can reduce the
value of SAR dramatically on the head phantom, as the ground
plane is in the middle of the antenna and phantom. However, on
the flat phantom, this effect might enlarge the SARwhen the an-
tenna faces the phantom, and the bandwidth is also a challenge
for the MIMO on-ground antenna when the dimension of the
antenna is limited.
Compared with the separately located antenna, the co-located

antenna takes smaller volume but can keep the same bandwidth.
However, the SAR is a challenge issue for it: the ground-free
structure would increase the stand-alone SAR and closely lo-
cated design can reduce the distance between hot spots, and
deteriorating the SPLSR. The top antenna (upper element) of
co-located antenna has a lower SAR level than the one at the
bottom on the SAM head phantom, which is caused by uneven
surface of the cheek. However, for the separately located an-
tenna (semi-ground-free PIFA, parallel OG PIFA, and orthog-
onal OG PIFA), the SAR value of the top antenna is larger due
to that the distance between the head phantom and the antenna is
closer for the top antenna (compared with the bottom antenna).
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