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Abstract 

Due to the great demand for high-speed wireless communication, Multi Input Multi 

Output (MIMO) antenna systems have been attracted rapidly increased attention. 

Therefore, the interaction between human body and MIMO antenna becomes an 

important issue, which will be studied in the present thesis. This thesis mainly focuses 

on the specific absorption rate (SAR) of the LTE MIMO antenna in mobile phone. It 

is different from the SISO antenna, and as the MIMO antenna has more operation 

modes and functions (MIMO, SISO, beam forming, etc.), more parameters need to be 

investigated for the SAR of the antenna. In this thesis, four designs of dual elements 

MIMO antenna (dual semi ground free PIFA, co-located antenna, dual OG PIFA in 

parallel position and dual OG PIFA in orthogonal position) are studied under four 

typical LTE frequency points (0.75GHz, 0.85GHz 1.9Ghz and 2.1/2.6GHz), with the 

effects of different chassis lengths (90mm, 110mm, 130mm and 150mm), the port’s 

states (terminated with 50ohm, open or short) and phase difference (0 degree to 360 

degree). The SAR, when dual elements operate simultaneously, is also studied, which 

is evaluated by the SAR to PEAK Location Spacing Ratio (SPLSR). The simulations 

are run on both a SAM head phantom and a flat phantom by CST 2011, and 

measurements on flat phantom are carried out with iSAR and Dasy to verify the 

accuracy of our simulations.  

 

Besides SAR, the body loss of MIMO and SISO LTE antennas (MIMO: dual semi 

ground free PIFA and co-located Antenna; SISO: OG PIFA on top and OG PIFA at the 

bottom) in mobile phones are also studied in this thesis. The body loss and multiplex 

efficiency (MUX) with head and hand (H+H) in an increased cell phone case length 

(110mm, 130mm and 150mm) are investigated and discussed. Furthermore, some 

prominent problems in body loss study (body loss reduction, right and left hand 

problem, etc.) are also discussed in this thesis.   
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List of Symbols 

Symbol Description 

C specific heat capacity (J/K) 

 

T Temperature (°) 

 

d./dt The rate (time derivative) of certain physical quantity  

 

σ  conductivity of the human tissue (S/m) 

 

ρ  density of the human tissue (kg/m3) 

 

E the inner electric field strength (V/m) 

 

SAR specific absorption rate (W/kg) 

 

D distance between two hot spots (cm) 

 

Rt  the envelope correlation between transmitting antennas 

 

Rr the envelope correlation between receiving antennas 

 

H  the MIMO channel matrix, 

 

ρ   the average signal to noise ratio 

 

N the number of transmitting antenna. 

 

α  The envelope correlation between transmitting antennas 

 

β  The envelope correlation between receiving antennas 

 

μ  total efficiency of the antenna 

 

ρ e the envelope correlation for the MIMO antenna 
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1 Introduction 

1.1. Background 
Due to the great demand for high-speed wireless communication, the Multi Input Multi 

Output (MIMO) antenna systems have rapidly been given increased attention, as it can 

enhance the channel capacity effectively without consuming more power or bandwidth 

[1]-[3]. So far, the MIMO antenna system has been implemented inside laptops and 

routers, but not yet in the area of mobile handsets. However, MIMO antennas in a 

mobile handset will be realized in the next few years, in order to satisfy the 

requirement of the LTE communications, and many studies on MIMO antennas have 

been done [4]-[7]. LTE communications require that the MIMO antennas can operate 

in both uplink and downlink; this raises a new  challenge for antenna design: how to 

mount multiple antennas in a limited space, and how to evaluate and optimize the 

interaction between the handset and the user’s body. 

As we know,a small volume radiator like  a cell phone antenna is fairly sensitive to 

its nearby environment such as the user’s hand and head. The antenna’s current density 

distribution, efficiency and other parameters can change a lot when the user holds the 

handset in different ways. At the same time, regulations exist in many countries for the 

radiation of a handset.  

Similar to a single antenna, a MIMO antenna system also emits electromagnetic 

energy, and the allowed level of this emission is limited in many countries. However, 

compared with a Single Input Single Output (SISO) antenna system, a MIMO antenna 

system is more complicated as it has to work under more operation modes. For 

example, the multiple antennas would operate simultaneously in a MIMO mode, but in 

some cases the antennas also need to be capable for operating as a SISO antenna 

system; Sometimes, these antennas even need to form an antenna array for beam 

forming. Furthermore, the interaction between multiple elements has to be considered, 

as it can change the radiation performance \as well. So far, only a few studies have 

been done on the SAR of MIMO antennas [8]-[9].  

1.2. Thesis Outline  
The present thesis mainly includes two parts: SAR study and body loss study.  

Chapters 2 - 6 we discuss the SAR study, which includes the introduction of the SAR, 

simulation results, analysis and also measurements 

Chapter 7 - 9 gives the body loss study, which is composed by introduction, 

simulation and result analysis.  

Chapter 10 gives a conclusion for the thesis and future work.  

1.3. Aim 
The aim of the thesis is to provide a guideline for antenna engineers for the SAR and 

body loss of LTE MIMO antennas in a mobile handset, their variation with different 

sets of parameters (chassis length, initial phase, etc.). With this thesis, antenna 

engineers can find out which antenna type that they need, based on their design goals 

in terms of SAR and body loss.  
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1.4. Method 
The parameters studied in this thesis are based on the demand of LTE communication 

and smart mobile handsets i the market today. CST Microwave Studio 2011 realizes 

all the simulations, and the SAR measurements are carried out by the iSAR system and 

Dasy 4 system. The measurement for the antenna’s efficiency is done in a Satimo 

chamber. The simulation and measurement results are compared to verify the accuracy 

of the simulations.  
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Part I. SAR 

2 Introduction of SAR  

The emitted radiation within the nearby biologic tissue can be evaluated by the specific 

absorption rate (SAR), which is related to the increase in temperature (dT/dt) in the 

tissue and is defined as: 

                               
  

  
 

 

  
   ,                       

     
  

  
 

 

  
   (1)                       

where E is internal electric field,   is density of tissue, and   is conductivity of tissue. 

The unit of SAR is W/kg. From Eq. (1), we can see that the internal E field decides the 

level of human absorption. As we know, the time-varying H-field can induce the 

E-field. Thus the H-field distribution of the antenna is one of the most important 

factors of the SAR value [10]. Based on practical experience, the hot spot in the 

H-field is mainly concentrated at the port and at the radiation part of the antenna, 

which can be the antenna itself or the antenna chassis when the chassis mode is strong 

[11].  

So far, two SAR limitations/regulations have been adopted in the world. Europe adopts 

2W/kg averaged over 10g tissue (over 10g tissue means to average the SAR values in a 

volume with an average mass of 10g [12]). The American Federal Communication 

Commission (FCC) requires that the SAR should be smaller than 1.6W/kg averaged 

over 1g tissue. In the FCC standard, the average mass is smaller, and thus the peak 

SAR value is always higher than that in the European standard, and is also harder to 

satisfy. In the present thesis, only the FCC (1.6W/g average 1g) standard is used.   

As our previous discussion, the MIMO antenna has more operation mode, which also bring 

new problem for evaluating the antenna’s SAR. The mutual coupling between the multi 

elements will change the distribution of current density, and influence the SAR value. When 

the dual antenna operate simultaneously, it’s hard to measure the total SAR based on the 

existing equipment: especially when the dual elements operate in different frequency, as the 

simulated human tissue need to be changed with different frequency, it is impossible to 

measure the dual elements at the same time. In order to solve this problem, another method 

is proposed by FCC Based on the FCC standard [13]; 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, which is defined as: 

                                                                      (2) 

where the SAR1 and SAR2 are the SAR values for elements 1 and 2, respectively, D is 

the separation distance of the two SAR peaks, as illustrated in Fig.1. The unit of 

measurement is cm. The SPLSR is required to be less than 0.3 when D is less than 5cm 

from the FCC standard. The FCC standard only requires to measure all SAR values 

when D is less than 5cm. However, in order to show the variation trend of the SPLSR, 
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all values of D are studied in this thesis. With this method, the difficulty in measuring 

all SAR values is reduced dramatically.   

 

   (a) 

 

 

   (b) 

Fig.1 (a) The definition of SPLSR (b) the flow chart [13] for SAR measurement in FCC 

standard) 

The radiation absorption can happen not only in the user’s head, but also in other parts 

of the user’s body. To provide a more comprehensive study of SAR, in this thesis two 

 
 

 

 

Figure 1: Licensed Transmitter SAR Requirements for a Cell Phone 

(Flow Chart is for Illustration Only) 

Routine SAR 

Evaluation Required 

Licensed 

IEEE 1528 

Supplement C 

3G FCC SAR Procedures  
(for stand-alone) 

No 

Simultaneous 

Transmission 

SAR

yes Simultaneous 

Transmission 

Simultaneous 

Transmission 

Procedures 

no 

 7 648474 D01 SAR Handsets Multi Xmiter and Ant, v01r05 

D 
SAR1 

SAR2 



 5 

kinds of phantoms are utilized to evaluate the antenna’s SAR: the first is a specific 

anthropomorphic mannequin (SAM) head phantom, which mainly shows the radiation 

into the tissue of the human head. Another is the flat phantom, also called “body worn” 

case. It is more useful to simulate the absorption near the human body. In some parts 

(like the chin) of the head phantom, where it is hard to measure (the probe cannot go 

deep enough), the flat phantom can also be used to replace head phantom. To mimic a 

real human body with these phantoms, the phantoms should have similar electrical 

properties as a real human body. 

According to the FCC standard, in a multi-antenna system the SAR measurement is 

divided into two parts: stand alone SAR and simultaneous SAR. Simultaneous SAR is 

evaluated by SPLSR, and the measurement flow chart is shown in Fig. 1(b). 

2.1. Aim and Method 
Based on the demand of smart phone and LTE communication, we study the effects of 

four parameters (chassis length with head phantom, height above flat phantom, phase 

difference and port states): The stand alone SAR performances with increased chassis 

length (90mm, 110mm, 130mm and 150mm) are studied first, as the smart phone is 

always larger than the traditional feature phone; the influence of chassis size to SAR 

must be investigated. The simultaneous SAR is also presented with chassis lengths; as 

the SAR distribution also changes with different chassis lengths, this parameter 

becomes more important for MIMO antennas. In LTE communication, the 

beam-forming is also a compulsory function, which can be realized by different phase 

shifts among multiple input signals. To simulate the beam-forming function, here we 

study the phase difference (from 0 to 360 degree) between two ports. The variation of 

SAR distribution and value are shown and their relations are analyzed. The last 

parameter is the port states (50ohm, short or open) when the antenna operates as SISO 

antenna. In the remaining part of the SAR study, some measurements on a flat 

phantom are carried out to verify our simulation results. All the simulations are 

realized by CST 2011 and measurements are done by our iSAR system and Dasy 4 

system.  

CST is EDA tools software, which is designed for fast and accurate simulation of 

electromagnetic and based on Finite-difference time-domain (FDTD) method. FDTD is 

one of the general classes of grid-based differential time-domain numerical modeling 

methods. By using the central-difference approximations to the space and time partial 

derivatives to discretize the Maxwell's equations, the solution is calculated in a leapfrog 

manner, which means that the process will be repeated over and over again until the 

desired transient or steady-state electromagnetic field behavior is fully evolved. FDTD 

solutions can cover a wide frequency band with just a single simulation, and treat 

nonlinear material properties in a natural way [14].  

 

CST is mainly used in complex designs and higher harmonic structure. CST combines the 

electromagnetic field components together by their scattering parameters. Complex 

system is separated into smaller sub-units, by the description of the S-parameters 

behavior of each unit, the analysis can be conducted quickly and reduce the required 
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memory for system. CST takes into account the higher order coupling between the 

subunits; the structures are divided into small sections but do not affect the accuracy of 

the simulation. CST can solve the Maxwell equations established under the arbitrary 

geometry, including complex material models and so, CST is widely used in antenna 

simulation in industry 6 now. So far, the latest version is CST 2011 sp5. The simulation 

algorithm is IEEE C95.3 in our work. As it is difficult to measure the SAR with a real 

human body, the phantoms with tissues similar to the human body are adopted in 

measurement. The iSAR system is such an phantom, which is fast and easy to use. 

The antenna needs to be placed at least 10mm above the iSAR equipment in order to 

eliminate the mutual coupling between the antenna and iSAR. The Dasy 4 system is 

another SAR measurement tool: although the measurement speed is much slower, its 

advantage is that the accuracy of the measurements is higher. 

 

2.2. Antenna Configuration and Simulation Setup 
Based on the LTE standard, dual-element  MIMO antenna in a mobile terminal is 

required. In this thesis, four designs of MIMO antenna with dual elements are 

presented and their SAR performances are studied separately: dual semi ground free 

PIFAs, ground free co-located antenna, dual on ground (OG) PIFAs in parallel position 

and dual on ground (OG) PIFAs in orthogonal position. Their schematic diagrams are 

shown in Fig. 2. In order to simulate the real mobile phone, a plastic box is utilized to 

cover each MIMO antenna.  

  

          (a)                 (b)                 (c)                 (d) 

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. 

For -6dB specification, the semi ground free PIFA and co-located antenna can cover 

750MHz to 960MHz in low band, and 1700MHz to 2700MHz in high band. The 

bandwidth of the two designs of dual OG PIFAs is between 750MHz and 850MHz in 

low band, and 1700MHz to 2200MHz in high band. Considering their S parameter and 

the required band for LTE, we study four frequency points for each MIMO antenna: 

750MHz, 850MHz, 1900Mhz and 2600MHz for semi ground free PIFA and 

130mm 130mm 110mm 90mm 
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co-located antenna; 750MHz, 850MHz, 1900Mhz and 2100MHz 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 [15]. The acoustic part of the cell phone needs to be placed at the middle of 

the pinna (in our study, the speaker of the cell phone is set to be 10.5mm lower than 

the top of the cell phone case), the body of the cell phone has to touch the cheek, and 

the perpendicular line of the mobile handset is lined up with the “ mouth back to pinna 

line” on the head phantom. The antenna chassis is 4.5mm away from the pinna. For 

co-located antennas, dual elements are placed at the bottom of the chassis in order to 

optimize the SAR performance. For the vertical OG PIFA, the vertical antenna is 

placed at the top of the chassis. For the flat phantom, the antenna is placed 10mm 

above the phantom [16] and radiates downward to it. Based on the LTE standard, the 

input powers for the antenna are set at 24dBm and 21dBm for low band (750 MHz, 

850MHz) and high band (1900 MHz, 2100MHz, 2600MHz), respectively.  

         

     (a)                                (b) 

Fig. 3. The CST simulation model. (a) side view; (b) top view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bottom Antenna 

Top Antenna 

Top Antenna (co-located) 

Bottom Antenna (co-located) 

(sadsaaa()(co-located) 



 8 

 

 

3 Simulation and Analysis on SAM Head Phantom 

3.1. Stand Alone SAR  
The case where two MIMO antenna elements operate separately is studied first; one 

element is transmitting and the other one is receiving (terminated with a 50 ohm load). 

The SARs with different chassis lengths (from 90mm to 150mm, which are the 

mainstream lengths for cell phones on the market) are plotted in Figs. 4 –7 (the 

specific value can be find in Appendix A: Table.1 - 4) 

 

  (a)                        (b) 

Fig. 4. The variation of SAR with increased chassis length for bottom antenna at (a) 0.75GHz; 

(b) 0.85GHz  

The bottom antenna in low band is shown in Fig. 4; the general behavior of SAR is 

that it keeps decreasing when the chassis length increases. Especially for  semi 

ground free PIFA and co-located antennas the decrease is more rapid. As previously 

mentioned, the reason for this trend is that the bottom port is further away from the 

cheek touch point when the chassis is longer, which results in the attenuation of the 

SAR. For OG PIFAs (both designs), due to the chassis shield effects, the SAR 

maintains a low value and the variation is fairly small when the chassis is longer than 

110mm.  

 
    (a)                             (b) 
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    (c) 

Fig. 5. The variation of SAR with increased chassis length for bottom antenna at (a) 1.9 GHz 

(b) 2.1GHz (c) 2.6GHz 

In Fig. 5, the SAR of the bottom antenna in high band is shown (the specific value can 

be find in Appendix A: Table.1 - 4). Generally, due to that the input power for high 

band is always lower than for low band, the antenna’s SARs are smaller than their 

peers in low band but have the similar trend with increased chassis length.  

However, an interesting phenomenon for co-located antennas can be observed here: 

the SAR for co-located antennas is extremely high in our simulation, which cannot be 

explained by the previously theory. After carefully checking our simulation, we found 

that the problem for this high SAR is caused by the mechanical structure of this 

antenna. This is illustrated in Fig.6 

 

Fig.6 The difference of radiation between co-located antennas and other MIMO antennas 

(the red part represents radiation); left: other design MIMO antennas; right: co-located 

antenna. 

The high band radiator always concentrates on the antenna itself. However, 

coincidentally, the radiation part for the co-located antenna is on the same layer of the 

ground plane, as seen from the sketch in Fig. 6. It is much closer to the head phantom 

(and the low band radiator) compared with the other three designs. Therefore, the SAR 

of the co-located antenna in high band is quite large. In order to demonstrate this, its 

H-field is also shown in Fig.7.  
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Fig. 7. The H-field of co-located antenna at 1900MHz 

This phenomena must be noticed when we design the antenna, especially for the 

ground free antenna. The SAR in high band is more sensitive to the antenna’s position 

than in low band. The radiator of high band should be lifted higher than the ground 

plane in order to reduce the SAR. 

 

        (a)                         (b) 

Fig.8 The variation of SAR with increased chassis length for top antenna at (a) 

0.75GHz (b) 0.85GHz  

In Fig. 8, the SARs of the top antenna in low band are presented (the specific value of 

SAR can be find in Appendix A table.5-8). The SAR value of the top antenna is more 

stable than the bottom antenna, as the relative position of the antenna’s port and the 

pinna doesn’t change with increased chassis length (the co-located “top” antenna is 

still at the bottom of the chassis, and thus it is an exception here). The reduction of 

SAR is mainly caused by that the chassis mode becomes stronger when the chassis 

length increases, which makes the H-field distribution more uniform and the hot spot 

weaker. 

The semi PIFA has the largest SAR in this condition, especially compared with OG 

PIFAs; this can illustrate the importance of chassis shield effect in SAR value 

optimization.  

The orthogonal OG PIGA has larger SAR, which can be explained as follows: The 

chassis effective length for orthogonal OG PIFA is in “vertical direction” which is 
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shorter than the parallel direction, thus the H-field is more concentrated, and the hot 

spot becomes stronger in this case. The H-field patterns are shown in Fig. 9 

     

(a)                                      (b) 

Fig. 9. The H-field distribution for (a) parallel OG PIFA; and (b) orthogonal OG PIFA. 

 

    (a)                              (b) 

 

     (c) 

Fig.10 The variation of SAR with increased chassis length for bottom antenna at (a) 1.9 GHz; 

(b) 2.1GHz; (c) 2.6GHz. 

In high band, as can be seen in Fig.10 (the specific value of SAR can be find in 

Appendix A table.5-8), the SAR value is almost invariable. This is because that the 

radiator is mainly locate on the antenna, which is kept in the same position when the 

chassis length increases. Only the co-located antenna keeps going down as it is still in 

the bottom of the chassis. 
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3.2. Simultaneous SAR  
Dual elements operating simultaneously are studied next, and two cases are considered 

in our research: first, when the dual elements operate at different frequencies (one is at 

0.75GHz, and the other one at 1.9GHz), which represents dual elements transmitting 

different kinds of data, the input power is set to the same as the case when one element 

is transmitting and the other receiving. The second one is when dual elements work in 

the same frequency (both in 0.75GHz and in 1.9GHz), which is the real MIMO mode. 

In this case, based on the LTE standard and the definition of MIMO communication, 

we average the input power to two ports. All cases are evaluated by Eq. (2). The 

variations of SPLSR with increased chassis length are in Fig.11. 

For dual elements operate simultaneously, from Eq. (2), it is not hard to see that not 

only the peak value of SAR, but also the peak position play an important role for the 

SAR performance.  

     

            (a)                                    (b) 

 

      (c)                                    (d) 

Fig.11 The variations of SPLRS with increased chassis length in (a) bottom antenna at 0.75 

GHz + top antenna at 1.9 GHz (b) bottom antenna at 1.9 GHz + top antenna at 0.75 GHz (c) 

both at 0.75GHz and (d) both at 1.9GHz 

For dual semi PIFA, the hot spot position is relatively stable, but shifts a little to the 

middle of the chassis as the chassis length increases, which is shown in Fig. 12 (a), and 

the distance variation is shown in Fig.12 (b) 
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              (a)                                          (b) 

Fig.12 (a) The SAR distribution for (from left to right): top antenna at 0.75GHz, top antenna 

at 1.9GHz, bottom antenna at 0.75GHz and bottom antenna at 1.9GHz (b) the distance 

variation with increased chassis length 

From Fig. 12(b), we can see that the distance is almost unchanged until the chassis 

increases to 150mm, which is due the attenuation of the chassis mode in this case, and 

the hot spot for the top antenna is closer to the port of the antenna.  

However, when the chassis is extremely short (~90mm), the SAR hot spot for the 

bottom antenna at 1.9GHz would shift significantly to a lower position, which is 

plotted in Fig.13 (a) 

   

 

              (a)                               (b) 

Fig. 13 (a) The SAR distribution for bottom antenna in 1.9GHz with 90mm chassis (b) the 

H-field distribution. 

By observing the H-field of the antenna in Fig. 13(b), we can find that the hot spot for 

the H-field on the back of the antenna would be the major source of SAR in the short 

chassis length (90mm). However, when the chassis becomes longer, the bottom 

antenna moves further away from the cheek, and the 2nd order chassis mode (for high 

band) is excited, and consequently the H-field on the chassis would induce more SAR.  

For co-located antennas, as the dual elements are quite close to each other, its SPLSR 

is worse than in the three other designs, the distance variation between two hot spots is 

shown in Fig.14 (a). We can see that the variation is not monotonous, and with a 
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longer chassis the distance even becomes smaller in most cases, which is caused by the 

stronger chassis mode. 

Two cases are quite interesting for the co-located antenna. The first one is “bottom 

antenna 0.75GHz + Top antenna 1.9GHz” with 90mm chassis in Fig.14 (b). Although 

the chassis is quite small, the distance between the two hot spots can be more than 4cm, 

which is much larger than the mechanical distance between the two elements.  

   

    

             (a)                                        (b) 

 
(c) 

Fig.14 (a) The distance variation (b) left: bottom antenna at 0.75GHz; right: top antenna at 

1.9GHz (c) the H-field of bottom antenna at 0.75GHz 

From Fig. 14 (c), the H-field hot spot of the bottom antenna is quite close to the 

shorting pin, which pulls down the hot spot. However, with increased chassis length, 

the hot spot would move from the shorting pin to the center of the chassis, which, due 

to the chassis mode, becomes increasingly strong. From this case, we can see that with 

longer chassis, the distance between two SAR hot spots is not necessarily larger, but 

can be smaller as well.  

The other case is when both elements work at 0.75GHz when the chassis is fairly large 

(more than 110mm). Due to the existence of chassis mode, the two hot spots are quite 

close and the distance between them can be as small as 6mm. The co-located antenna 

has the advantage of being able to significantly save space, and has the potential to be 

developed for four elements MIMO antenna [16]. As the elements are quite close to 

each other the SPLSR needs to be significantly optimized.  

For OG PIFAs, the SAR peak’s position is relatively stable; the distribution and 

distance variation are shown in Fig.15 



 15 

 

 (a)                           (b) 

 

(c) 

 

 

(d) 

Fig.15 (a) The distance variation between SAR hot spots for parallel OG PIFA (b) The 

distance variation between SAR hot spots for parallel OG PIFA (c) The SAR distribution of 

parallel OG PIFA for (from left to right): top antenna at 0.75GHz, top antenna in 1.9GHz, 

bottom antenna at 0.75GHz and bottom antenna at 1.9GHz. (d) The SAR distribution of 

vertical OG PIFA for (from left to right): top antenna at 0.75GHz, top antenna at 1.9GHz, 

bottom antenna at 0.75GHz and bottom antenna at 1.9GHz. 

3.3. Beam Forming  
As we mentioned in the instruction, the multi antenna system may operate as an antenna 

array for beam forming application, which is realized by two sources with different phase, 

it may cause beam forming and near field change, and both mechanism can change the 

SAR performance. Therefore, the SAR values change dramatically with variety initial 

phase difference. The SAR for two frequency points are studied here (0.75GHz and 

1.9GHz), the values are plotted in Fig.16.  
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      (a)                                     (b) 

Fig.16 The SAR variation with different initial phase shift (a) at 0.75GHz and (b) at 1.9GHz 

 
(a) 

 

(b) 

Fig. 17. The SAR distribution variation with phase shift from 0 to 300 degree (every 60 

degree) (a) at 0.75GHz (b) at 1.9GHz 

The variation of SAR is mainly caused by the change of the superimposed H-field, 

which leads to a change in the SAR peak value and the corresponded positions. Here, 

we use the dual semi ground free PIFA as an example to illustrate this phenomenon.  

From Fig.17, the movement of the hot spot is apparent. Combined with the results in 

Fig.16, we can find that the larger SAR always appears when the hot spot is close to 

the pinna. When the hot spot moves to the bottom, the value of SAR will drop.  

The variation trend of SAR with phase shift is difficult to conclude, as it depends on 

the distance between the two elements and the antenna design. In practice, in order to 

satisfy the demand of wireless communication, different directions of beam and 

different types of modulation are utilized. Based on the study above, they might have 

quite different performance of SAR, and all of them have to be measured in order to 

check whether they could satisfy the standard or not. 

3.4. SISO Mode 
The multi antenna also can work as an SISO antenna in order to be compatible with the 

standard of wireless communications like GSM or WCDM, etc. However, as one more 

element exists, we can terminate with different components for the port of off antenna, 
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in order to optimize the operating antenna’s performance in terms of SAR, efficiency, 

etc. Here, we make a simple test for the three different states, namely, open, short and 

50ohm, to see how they change the operating antenna’s SAR (in order to optimize the 

SAR, only the bottom antenna operates). 

 

(a)                                     (b) 

                                  

 (c)                                    (d) 

Fig.18 The SAR variation with different port statues for (a) semi ground free PIFA (b) 

co-located antenna (c) parallel OG PIFA (d) vertical OG PIFA 

With different port states, we can see that the SAR in low band can vary a lot, but 

almost no change for the SAR in high band. For the semi ground free PIFA and the 

two kinds of OG PIFA, the port statues can change the chassis mode and the coupling 

between dual elements. Especially in some cases, the SAR value can be extremely 

small, and consequently the SAR distribute much more uniformly. An example is 

shown in Fig.19: 

In this case, as the chassis mode is strong, the high radiation efficiency and low SAR 

can be achieved at the same time. Furthermore, the frequency point of low SAR can be 

adjusted by loading different value of impedance, which is quite practical for the multi 

antenna system in a mobile handsets today.  
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Fig.19 The distribution of SAR and the corresponding SAR value for parallel OG PIFA 

However, for some antennas like co-located antenna, where the chassis does not play 

an important role in radiation with a short chassis length, the SAR variation is mainly 

due to the change of free space radiation efficiency, like in Fig. 20. 

  

Fig.20 The SAR and free space radiation efficiency for co-located antenna 

From Fig. 20, we can see that the co-located SAR has a similar trend as its radiation 

efficiency. We can see that this is also an important factor for antenna SAR 

performance, especially for small ground plane and closed placed multi antennas. This 

is not the ideal method for the SAR reduction in a mobile handset. 
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4 Simulation and Analysis on Flat Phantom 

4.1. Stand Alone SAR  
The MIMO antenna SAR is also studied on a flat phantom. In industry, the flat 

phantom is more useful when we simulate the antenna on human body (thus also 

called “body worn” case). The case box of the antenna must be placed 10mm above 

the phantom in order to eliminate the mutual coupling between the phantom and 

antenna. Furthermore, the antennas face towards the flat phantom in this case. On the 

flat phantom, we can observe the antenna SAR distribution more clearly than on the 

head phantom, which is helpful for our understanding of the SAR performance of each 

design. Because semi ground free PIFA, co-located antenna and parallel OG PIFA all 

have a symmetric structure, only one port result is shown in this section.   

Just as with the head phantom, the case when one element transmits and the other one 

receives is studied first. Here we consider the distance between antennas to the flat 

phantom, which is useful for industry design of mobile handsets. The results are shown 

in Fig.21(the specific value of SAR can be find in Appendix B table.1-4). 

  

      (a)                               (b) 

Fig. 21 The SAR variation with increased height of antenna above the flat phantom at (a) 0.75 

GHz (b) 0.85 GHz 

In Fig.21, the OG PIFAs show interesting phenomena; during the orthogonal OG PIFA, 

the vertical OG PIFA has the same design as the horizontal OG PIFA, but their SAR 

performance can be quite different. As mentioned before (see Fig. 9), the vertical OG 

PIFA has a fairly small ground plane, which is not large enough to excite a strong 

chassis mode. Thus, when the antenna works, the H-field is concentrated on the 

antenna. Furthermore, with the reflection of the chassis, the energy will beam to the 

flat phantom, which increases the SAR. However, for the horizontal placed OG PIFA, 

as seen in Fig. 22, the distribution of the chassis current corresponds to the first 

resonate of the chassis mode, which makes the H-field distribute more uniformly, and 

consequently the SAR is reduced. 
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Fig. 22 The current distribution of the horizontal placed OG PIFA  

 

(a) (b)     

 

  (c) 

Fig. 23 The SAR variation with increased height of antenna above the flat phantom at (a) 1.9 

GHz (b) 2.1 GHz (c) 2.6GHz 

The SAR variation for the high band are shown in Fig. 23 (the specific value of SAR 

can be find in Appendix B table.5-8). For high band, as the chassis doesn’t play an 

import role for radiation and the chassis shield affection becomes a negative factor for 

the SAR performance, we can see that all the OG PIFA’s SAR is larger than the SAR 

for the ground free antenna. Especially at 2.1GHz, the OG PIFA SAR is more than 

2W/kg in 10mm, which is due to a very concentrated H-field, as seen in Fig. 24. 
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Fig. 24 The H-field distribution of the OG PIFA  

 

4.2. Simultaneous SAR  
Dual elements operating simultaneously are analyzed next; as previously discussed, 

the distance between the two hot spots is one of the deciding factors for the SPLSR. 

Therefore, in this part, we consider the variation of the hot spot distance under 

different operation frequencies.  

 

Fig. 25 The variation of distance between two hot spots at different operational modes 

From Fig. 25 we can see that besides semi ground free PIFA, the rest three MIMO 

antennas have a quite stable value of the hot spot distance. Their SAR distribution is 

plotted in Fig. 26. 
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                 (a)                         (b) 

         

                   (c)                                   (d) 

Fig. 26 The SAR distribution (left: 0.75GHz, right: 1.9GHz) for (a) co-located antenna (b) 

parallel dual-element OG PIFA (c) orthogonal dual-element OG PIFA (vertical one) (d) 

orthogonal OG PIFA (horizontal one) 

However, here one more problem appears: when observing the left picture of Fig. 

26(c), we can see that two hot spots exist for the vertical OG PIFA in the low band. 

Only the strongest spot (top one) is considered when we utilized the SPLSR, but the 

second strongest will also have a strong influence to the antenna SAR value. This 

phenomenon needs to be evaluated separately and be investigated further.   

The SAR distribution for semi ground PIFA is presented in Fig.27. The SAR for semi 

ground PIFA in low band can be found distributing over the whole chassis. Although 

the peak SAR value is reduced in this case, in multi-antenna systems it will still 

increase the value of SPLSR. 

        
   

Fig. 27 The SAR distribution for semi ground PIFA (left: 0.75GHz, right: 1.9GHz). 

4.3. Beam Forming  
The phase shift part is shown as follows; the variation for the value and distribution of 

SAR is shown in Figs. 28 and 29. 
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 (a)                                     (b) 

Fig. 28 The SAR variation with different initial phase shift on flat phantom (a) at 0.75GHz 

and (b) at 1.9GHz 

  
(a) 

  

(b) 

Fig. 29 The SAR distribution for semi ground free PIFA with phase difference from 0 to 300 

degree at (a) 0.75 GHz, and (b) 1.9 GHz 

As with the head phantom, the semi ground free PIFA is taken as an example to 

analysis this problem. Combining the results of Fig. 28 and Fig. 29, it is not hard to see 

that when the hot spot is moving on the chassis, the SAR strength is on a relative stable 

level, but when the hot spot arrives at the antenna area, the it will increase suddenly, 

especially in low band. This is caused by that the more concentrated H-field generates 

a stronger induced internal E-field inside the flat phantom.   

The co-located antenna also shows interesting phenomenon with phase shift. The 

co-located antenna’s SAR distribution is shown in Fig. 30. 

  

(a) 
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(b) 

Fig. 30 The SAR distribution for co-located antenna with phase difference from 0 to 300 

degree at 1.9 GHz 

The co-located antenna SAR is quite high around 180 degrees. In Fig.30 (a), we can 

see that when the phase difference equals 180 degrees, the SAR is extremely 

concentrated around the antenna, and the two hot spots are superpositioned at the same 

place. 

From Fig. 30(b), we can see that when the phase difference is 0 and 240 degrees, two 

hot spots exist, and one of them is close the bottom of the chassis, which might be 

because the second order chassis mode is excited. From this case, we can know that 

the SAR hot spot is not only decided by the physical position of the antenna, but the 

chassis mode also plays a key role in this issue. (For more SAR distributions of other 

antennas, please see Appendix C) 

4.4. SISO Mode  
The last part is concerns port statues. Here, we still use semi ground PIFA as an 

example to illustrate this mechanism. The SAR distribution of semi ground PIFA with 

different port statues are plotted in Fig.31; their SAR is: 1.25025W/kg (for the case of 

50ohm), 2.36333W/kg (for the short case), and 1.4989W/kg (for the open case). 

  

               (a)                     (b)                  (c) 

Fig.31 The SAR distribution for semi ground PIFA with different port states: (a) 50 ohm; (b) 

short; (c) open. 

It is apparent that the port statues change the SAR distribution and influence the SAR 

value. Furthermore, besides these three statues, the port can be terminated with 

arbitrary value of impedance. The final goal is to excite the chassis mode and make the 

distribution of SAR more uniform, which can reduce the antenna’s SAR and increase 

the efficiency effectively.  

One more interesting thing here is that the top antenna is operating in our study, but 

the energy is coupled to the bottom antenna, and the hot spot of SAR also moves to the 

bottom of the ground plane. This phenomena is needed to be careful when changing 
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the port state of the MIMO antenna. One potential risk is that the hot spot of SAR can 

jump from the bottom of the mobile handset to the top when the handset is on the 

talking position, which can increase the SAR dramatically.  
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5 Measurement 

In order to verify our simulation results, the SAR for semi ground PIFA and co-located 

antenna are measured on a flat phantom. The measurement is conducted by iSAR 

system. The antenna is placed in 10mm, 15mm, 20mm and 25mm above the iSAR, 

respectively. The Balun is connected to the antenna in order to eliminate the current on 

the cable. Due to the limitation of the equipment, only SAR at 0.85GHz and 1.9GHz 

are measured. The measurement setup and mockup photos are shown in Fig.32. 

  

(a) 

  

(b) 

Fig. 32 (a) The mockup of dual semi PIFA (left) and co-located antenna (right) (b) 

measurement setup of iSAR system 
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                      (a)                           (b) 

 

(c) 

 

 (d)                           (e) 

Fig.33 the measurement results of SAR value for semi ground free PIFA with (a) iSAR at  

0.85GHz (b) iSAR at 1.9GHz (c) Daisy at 1.9GHz and co-located antenna in (d) iSAR at 

0.85GHz (e) iSAR at 1.9GHz 
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(a) 

  

(b) 

Fig.34 The compare between simulation and measurement SAR distribution for semi ground 

free PIFA at 10mm above the flat phantom at (a) 0.85GHz, and (b) 1.9GHz 

  

(a) 
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(b) 

Fig.35 The comparison between simulation and measurement of the SAR distribution for the 

co-located antenna 10 mm above the flat phantom, at (a) 0.85 GHz, and (b) 1.9 GHz 

From Fig.33 to Fig.35, we can see that both the measured value and distribution of 

SAR agrees well with the simulations. Due to the imperfect fabrication, the SAR 

values for the two ports in mockup are not exactly the same. The deviation between 

simulation and measurement is mainly caused by that the height of the antenna above 

the iSAR is not accurate enough, especially at 1.9GHz; the SAR measurement is more 

sensitive to the distance in high frequencies. 

To demonstrate that the deviation in high band is due to some error in measurement 

and not in the simulation, we measured the semi ground free PIFA with Daisy 4 

systems again. From Fig. 33(c), we can see that with Dasy system the measurement 

and simulation results agrees almost perfectly, which further demonstrates the 

accuracy of our simulation. 

In order to measure the results more accurately, the following remarks are noteworthy: 

first, the output power from the signal generator should be set as large as possible, in 

order to reduce the noise signal from the measurement equipment and enhance the 

signal to noise ratio; second, the cable of the mockup needs to be soldered perfectly on 

the chassis, in order to eliminate the current on it; last, if possible, a power meter could 

be connected in front of the antenna port, to check the real input power. 
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6 SAR Reduction 

Based on the study above, we can present two examples of SAR reduction for mobile 

phone antennas. For stand alone SAR, as mentioned, the distribution of the current is a 

deciding factor. Here, we use the slot in the middle of the ground plane to change the 

current distribution, and reduce the SAR. The example is shown in Fig.36. 

 

    

  SAR: 1.58W/kg                   SAR: 1.45W/kg 

     (a)         (b) 

Fig. 36 Stand alone SAR in 0.75GHz for (a) original structure, and (b) improved 

structure 

In Fig. 36, we use a monopole antenna as an example. In order to reduce the SAR, we 

cut a slot in the middle of the chassis, and we can see that the distribution of the SAR 

become more uniform and the value is reduced from 1.58 W/kg to 1.45 W/kg. 

 

The second case is for simultaneous SAR. As mentioned, the distance between hot 

spots is quite important; therefore, the antenna and its ports’ positions must be 

optimized. Here, in order to study these phenomena, we take a monopole with OG 

PIFA MIMO antenna that operates in 1.9GHz. 
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 SAR: 3.6W/kg                      SAR 1.3W/kg 

Fig.37 Simultaneous SAR in 1.9GHz for (a) original structure (b) improved structure 

In this case, for the original structure, the two hot spots are overlapping, and the 

simultaneous SAR can reach 3.6W/kg. In the improved structure, the OG PIFA is 

turned 180 degrees, and the port of the OG PIFA is moved further to the monopole. 

We can clearly see that the two hot spots are separated, and the simultaneous SAR is 

reduced to 1.3W/kg.  

From the example above, we can see that the current distribution and physical distance 

between antenna ports are two important factors for the SAR value. For the antenna 

engineer, these factors must be considered before they propose a new structure. 
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Part II. Body Loss 

7 Introduction of Body Loss 

As we mentioned, interaction between the radiation of antenna and user’s body will affect 

the antenna’s performance as well, such as efficiency, radiation pattern, etc., especially 

for the small radiator. For the tradition single antenna, the efficiency of the antenna is 

often compromised with user case. And the signal to noise ratio (SNR) in the channel can 

be reduced dramatically, which would increase the error probability of the decision in the 

receiving end. For instance, in the talking mode, the low efficiency performance of the 

mobile phone antenna will cause the user of the subscriber unit to hear a low quality 

voice signal. This can also because the subscriber unit to lose the base station signals 

resulting in abrupt termination of the call as well [15].  

 

For MIMO antenna systems, in order to mount more elements on a limited space, the 

antenna size has to be minimized further, and its radiation property will be more distorted 

by the human body than traditional SISO antennas. From the information theory, we 

know that the MIMO channel capacity is: 

                 C = log
2
[det(I

M
+

r

N
R
r

1/2HR
t
H *R

r

1/2)]                   (3) 

Where the Rt and Rr represent the correlation matrix in transmitting and receiving, H 

is the channel matrix,ρ is the average signal to noise ratio (SNR), and N is the 

number of transmitting antennas. The channel capacity for the MIMO channel is 

plotted in Fig.38, where k andβ are the envelope correlation coefficient on the 

transmitting and receiving ends. 

 

Fig.38 The channel capacity with different correlation and SNR 
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From Fig.38, we can see that both correlation coefficient and SNR have enormous 

effect on the channel capacity, but when the correlation is smaller than 0.3 there is 

almost no influence on the MIMO performance. From antenna’s aspect, we can 

increase the antenna efficiency and make the envelope correlation coefficient smaller 

than 0.5 to ensure the channel capacity keeps in an acceptable level. In [17], a new 

parameter: multiplex efficiency (MUX) is derived from the formula of MIMO 

channel capacity, and it directly connects the channel capacity with the antenna’s 

efficiency and envelope correlation coefficient: 

                                                              (4) 

where the           are  the total efficiency of the dual elements, respectively, and    

is the envelope correlation between the dual elements. The envelope correlation 

coefficient   is calculated through the measured 3D E-field radiation pattern and the 

formula (definition) in [18]: 
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Where
  ),(),(),( ,,   PEEXPRA mmmn

),(),(),( ,,   PEE mm



, in which E  

denotes the electric far field of the antenna and XPR  is the ratio of the average 

vertical power to the time-averaged horizontal power in the fading environment in a 

linear form. 

Generally, when the user’s hold the cell phone, the antenna’s total efficiency will be 

reduced dramatically, and this total efficiency is decided by the S parameters and 

radiation efficiency. Based on our vast number of simulations, we find that the S 

parameters mismatch has tiny variations when the antenna is used with user’s hand or 

head in most cases, The S-parameters of semi ground free PIFA is plotted in Fig. 39, 

where we can see that the matching performance is still kept at an acceptable level, 

and in some bands the S parameter is even better than in the free space case. 



 34 

 

Fig.39 The S-parameters for semi ground free PIFA in head and hand position 

However, the radiation efficiency can be reduced dramatically, and this reduction of 

radiation efficiency is defined as body loss in our study: 

                                                                            (6) 

In some operator companies like Vodafone, they require that the body loss is smaller 

than 7dB, which raises a challenge for antenna design.  

However, at the same time, the correlation between the dual elements decreases as 

well, which will compensate the MUX performances to some extent. In our study, we 

will consider the efficiency and the correlation’s influence on the value of MUX. 
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8 Simulation and Analysis for Body Loss 

8.1 Simulation Setup for Body Loss 
In this part, we use the dual semi ground free PIFA and co-located antenna (the same 

antenna as in Part I on SAR) for the MIMO case study. For the SISO antenna, we use 

the same design as dual OG PIFA in the SAR part, but with only one elements left 

here; its bandwidth can cover 750MHz to 950MHz in low band, and 1700MHz to 

2200MHz in high band. 

For the study case of user’s effects, there exists a strict standard for the relative 

positions of the head, hand and handset. In accordance with the CTIA standard [14], 

the phone must be placed on the perpendicular bisector of the handset and should be 

lined up with the “ear back-to-mouth line” of the phantom head.  The acoustic part of 

the cell phone should be placed in ear-reference point. Once the cell phone is placed in 

the required position, it needs to be tilted 6 degree from the cheek. The Hand we use 

here is a PDA hand, as the cell phone’s width is larger than 56mm. The simulation 

setup is plotted in Fig.40. 

        

Fig. 40 The position of user case with head and hand 

With different lengths of handsets, the relative position of the cell phone in the hand 

changes as well, according to the CTIA standard. When the length of the handset is 

smaller than 135mm, the cell phone should be aligned at the top and side of the spacer; 

when it is larger than 135mm, the cell phone should be aligned at the bottom and side 

of the spacer, as shown in Fig.41.  

       

Fig.41 The relative position of the cell phone in the hand 
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However, the position of user’s head and hand here is just a special case from CTIA 

standard. In practice, the position of user’s head and hand can be much more complicated 

and varied; the users can adopt different gesture to hold the cell phone: when the cell 

phone operates in different modes (talking mode, data mode, etc.), the users’ gestures can 

be totally changed (head & hand, single hand, dual hand, etc.). These cases need to be 

studied in our future work. 

We start from SISO antenna. The OG PIFA is taken as an example here to show the 

SISO antenna performance. It is placed in two positions: at the bottom and on top, as is 

shown in Fig.42. 

   

Fig.42 the OG PIFA on bottom (left) and OG PIFA on top (right) 

 

8.2 Simulation for SISO Antenna  
Unlike the previous SAR study, here the length of the handset, instead of the chassis, 

varies from 110mm to 150mm. The corresponding body loss performance is shown in 

Fig. 43. 

 

       (a)                                   (b) 

Fig.43 The absorption for OG PIFA in (a) low band, and (b) high band 

From Fig.43, we can see that the bottom antenna has better performance than the top 

antenna in low band, but worse in high band.  
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8.3 Simulation for MIMO Antenna  
Two types of MIMO antennas are studied in this part: semi ground free PIFA and 

co-located antenna. Here the length of the handset, but not the chassis, varies from 

110mm to 150mm. Their body loss performance are shown in Fig.44 and Fig.45. 

 

    (a)                            (b) 

Fig.44 The absorption for semi ground free PIFA in (a) low band, and (b) high band 

 

    (a)                            (b) 

Fig.45 The absorption for co-located antenna in (a) low band (b) high band 

From Fig.44 and Fig.45, we can see that the trend for body loss is not monotonous, as 

the shape of the palm is anomalistic. However, the high band body loss is generally 

smaller than the low band. For semi ground free PIFA, similar with OG PIFA, the 

bottom antenna has better performance than the top antenna in low band, but in the 

high band the performance becomes similar for both antennas. The body loss for the 

dual elements of the co-located antenna is similar in low band, but quite different in 

high band, especially for longer handsets. This is due to that the bottom part of the 

palm is asymmetric, and the part under the thumb is thicker. When the cell phone 

length is larger than 135mm, the performance of the bottom antenna tends to be stable, 

which is due to that their positions are invariable.  

The envelope correlation for the MIMO antenna is plotted in Fig. 46, we can see that 

the correlation for the MIMO antenna with head and hand has been attenuated to a 

quite low level in the high-frequency band, especially for the co-located antenna and 
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the semi ground free antenna. The semi ground free antenna in low band still achieves 

a relatively high correlation, due to the chassis mode.  

 

                (a)           (b) 

Fig 46. The Envelope Correlation for (a) semi ground free PIFA, and (b) co-located antenna 

 

 

     (a)                (b) 

Fig 47. The MUX for (a) semi ground free PIFA, and (b) co-located antenna 

The MUX for the two MIMO antennas are shown in Fig.47. We can see that even 

though the human body can reduce the correlation of the dual elements, the MUX still 

drops seriously due to the reduction of the antenna’s efficiency. By now, we have 

concluded that reducing the body loss is a very important issue to be solved for the 

construction of MIMO antennas. 

 

 

 

 

9 Discussion on Body Loss Issues  

9.1. Body Loss Reduction 
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The loss distribution for the human hand is shown in Fig.48. 

 

Fig.48 The energy loss distribution of the human hand for ground free PIFA in 0.75 GHz 

There are two parts of the human hand that will absorb more energy than others: one is 

the index finger and the other one is the root part of the thumb, which is the thickest 

part of the palm. Combined with the results from Fig. 42 and Fig. 43, we can find that 

the bottom antenna always has better performance in low band, but  similar (or even 

smaller)  body loss in high band as compared to  the top antenna. From this 

phenomenon, we can conclude that the index finger influences the top antenna and 

causes more loss in the low band. And vice versa, the root part of the thumb affects the 

high band of the bottom antenna. Our hypothesis is that the strong coupling between 

the human hand and the antenna causes this absorption, and the different coupling 

frequency is relative to the shape and size of the hand. However, more cases need to be 

investigated in order to demonstrate our hypothesis.  

Now, we can try to reduce the body loss corresponding to Fig. 48. The radiator of  

antennas should be kept far away from the two parts (the palm under the thumb and the 

top of the index finger) of user’s hand when we design them. For the top antenna, we 

can try to compress their dimension to move them further away from the index finger. 

We compressed the clearance of OG PIFA from 15mm to 10mm (Fig.49 (a)), the 

radiation efficiencies with head and hand are shown in Fig.49 (b) (as their radiation 

efficiency in free space is quite similar, we compare the radiation efficiency in head 

and hand positions directly). 

 

                   (a)                                    (b) 
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Fig.49 (a) the diagram of the normal and compressed OG PIFA on top (b) the radiation 

efficiencies of the normal and compressed OG PIFA on top 

We can see that clearly that the radiation efficiency can be enhanced around 0.5 dB to 

1 dB in whole bandwidth, which means that the body loss is reduced and our method is 

effective. 

For the bottom antenna, it is a bit tricky to avoid the handset touching the root part of 

the thumb, as it has a quite large area. Unsymmetrical structures can be utilized, but 

new problems would occur in that case; For example, the body loss difference between 

left and right hands would be quite large, which is an issue we will discuss later.  

In Multi antenna systems operating in SISO mode, we can use antenna switching in 

certain circumstances to reduce the body loss. We always select the antenna that has 

better efficiency performance and can reduce the body loss. The other way is to change 

the off antenna port states, like the method we mentioned in our previous SAR study; 

in some cases the antenna radiation efficiency can be increased. However, this method 

does not really reduce the “body loss”, but increase the antenna radiation efficiency.  

9.2. Unbalanced Loss on Left and Right Hand 
Some designs with an asymmetric structure can avoid having the handset touch the 

index finger and root part of the palm; for example, placing the antenna on one side of 

the chassis, like the vertical OG PIFA we mentioned in the previous SAR study. 

However, in reality, a user may use another hand to hold the handset, and the designed 

structures for the left and right hands would have to be opposite. In this case, with 

different hand holding, the body loss will be quite different. Left and right hand 

holding is another issue for our body loss study; here, we are trying to balance the right 

hand and left hand loss. OG PIFA with different handhold performances is shown 

below:  

 

     (a)                                (b) 

Fig. 50 The radiation efficiency for OG PIFA on (a) top of the chassis, and (b) bottom of the 

chassis with left or right hand holding  

From Fig.50, we can see that the left and right hand problem is more prominent in high 

band, and the difference of the absorption can be as high as 2 to 3 dB at worst. 

Furthermore, we can see that the absorption of the antenna at the bottom is better than 
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the antenna on top, which is due to that when the antenna is on top, the influence of the 

index finger is severe.  

In order to reduce the body loss and the left and right hand difference, more structures 

for the shape of the ground plane and case box are tested, which is shown below in 

Fig.51. 

 

Fig.51 the structures of the ground plane and case box are tested for reducing the body loss 

and the right and left hand difference. 

The first two structures are original designs for antennas on top and at the bottom. In 

the third structure, the antenna’s case box are expanded 5mm on the side of the 

antenna port; In the fourth one, both ground plane and case box are expanded 5mm. 

We modify the shape of the ground plane in the last design, which is as same as the 

shape in Fig. 51.  

The last three designs’ radiation efficiencies are shown in Fig.52  

 

       (a)                                 (b) 
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    (c) 

Fig.52 The radiation efficiency for modified antenna structure. (a) The third one, (b) the 

fourth one, and (c) the last one 

We can see that the third design has the closest radiation efficiency between left and 

right hand holding. However, to simply increase the volume of the case box is not 

practical enough for industry designs; the ground plane is expended as well in design 

four. In this case, we can see that the difference in low band is larger, which is caused 

by that one side loss is reduced more in this case. In order to balance it, we cut off part 

of the ground plane and the efficiencies for the cases of right and left hands become 

closer successively.  

Based on our large number of simulations, we find that in order to reduce the influence 

from left and right hand, the antenna needs to be placed as close to the middle of the 

ground as possible. We must try to place the main radiation part of the antenna away 

from the edge. It should be noted that the index finger and palm under thumb would 

cause the most influence.  

 

 

 

 

10 Conclusion and Future Work 

In this report, the interaction between the user’s body and LTE MIMO antennas 

in a mobile handset has been studied, which shows a lot of interesting 

phenomena. To meet the requirements from the governments and mobile 

network operators (MNO), the SAR and body loss of the antenna have to be 

optimized to an acceptable level. In this thesis, we have provided a guideline to 

antenna engineers and have clarified the general behavior in the variation of SAR 

and body loss with different sets of parameters., The theoretical analysis have 

been explained as well. 

 

10.1. SAR Study 
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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 MIMO antennas’ SAR properties. As MIMO systems can realize more 

applications than SISO antenna (MIMO mode, SISO mode, beam forming, etc.), more 

parameters and more cases need to be investigated. In our study, four parameters, 

namely chassis length with head phantom, height above flat phantom, phase difference 

and port states have been tested, and their influences on SAR have been discussed.  

From the analysis, we can see that the chassis mode has a big influence on the MIMO 

antenna’s SAR, which can change the SAR value and distribution. With stronger 

chassis mode, the SAR peak value will be lower and the distribution will be more 

uniform; meanwhile, due to the property of the chassis mode, the efficiency of the 

antenna can be guaranteed. However, in the mean time, 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. The SAR and SPLSR 

can be optimized by changing the current distribution and antenna position on the 

ground plane.  

For MIMO antennas that have dual elements on the two ends of the ground plane, the 

bottom antenna’s SAR would be reduced with increased chassis length, but the top 

antenna is quite stable. Strong chassis mode can reduce the SAR value effectively but 

might increase the SPLSR. The antenna’s position also needs to be optimized. In beam 

forming, the variation of SAR is dramatic. For SISO applications, the port status is 

important, different value of impedance can be used to tune the frequency point of low 

SARs. 

The shield effect can reduce the SAR dramatically, therefore, an antenna on shield can 

be a good choice for SAR optimization, but the bandwidth can be a challenge when the 

dimension of the antenna is limited. 

For the co-located antenna, the top antenna has smaller SAR than the one at the bottom 

on SAM head phantom, which is due to the shape of the phantom. The SAR for 

co-located antennas may not be able to pass the government’s regulation when the 

high band radiator is close to the face surface. One possible solution is that reverse the 

two faces of antennas, and make the high band radiator be further to the head phantom. 

In SISO mode, the SAR can be optimized by loading different values of impedance, 

and the frequency for the low SAR point can be adjusted with this method. However, 

the distribution of the SAR hot spot might move, which is important to notice.  

10.2. Body Loss Study 
For the body loss part, both MIMO antennas and SISO antennas have been studied. 

For MIMO antennas, both efficiency loss and MUX loss have been presented. The 

MUX can reflect the MIMO channel performance of the proposed antenna, two 

parameters are deciding factors for MUX, namely, the correlation and efficiency. From 

our study, we can see that the correlation between the antennas always decreases, and 

thus it will not degrade the performance of MUX. However, the efficiency loss is 

serious for hand and head holding positions, which can cause a loss of -9 to -10 dB in 



 44 

some cases. Because of this, the MUX is also reduced dramatically. From this aspect, 

the importance of body loss reduction can be embodied.  

We have introduced some methods to reduce the body loss as well, such as reducing 

the clearance of the antenna and utilizing the “switching” method to optimize the 

operating antenna’s efficiency. The key idea is to try to avoid touch with the index 

finger and the root part of the thumb. Another issue here is the unequal loss for the 

cases of left and right hand holding. In this case, an asymmetrical antenna design 

might cause some more serious problems. Here, the solution we have proposed is to 

“prune” the shape of the ground plane, for lightening the body loss difference between 

two hands. 

The conclusion we have reached from the body loss study is that the port and the 

radiator of the antenna, which has intense current distribution, should be placed further 

from the palm and the finger.  

10.3. Future Work 
The interaction between the user’s body and LTE MIMO antennas in a mobile handset 

is a complex mechanism, and it depends on the design of each antenna. In order to 

understand the rules better, more  antennas of different types need to be considered in 

the future. Especially for the human hand, the absorption at different frequencies 

should be investigated more.  

Different modulations might also influence the interaction, which means that they also 

need to be studied. In our study, only continuous waves (CW) are presented. However, 

as with different modulations, the radiation pattern of the antenna and the radiated 

energy can vary, and deep study is needed to understand them. 

Last, the relation between the MIMO antennas’ properties in free space and SAR (or 

body loss) should be further investigated. In our thesis, we have established some 

connection between the current density of the antenna and the SAR, but more 

properties can be studied as well, such as the radiation pattern of the antenna, the 

efficiency, etc. This way engineers can have a clearer idea about the SAR or the body 

loss when they design the antenna.  
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Appendices 

In the appendices, some compensate results are presented. In appendix A and B, 

the stand alone SAR values for each antenna with different chassis length are 

shown, which is convenient for antenna engineer to check the SAR value. In  

appendix C, the SAR distribution with phase shifter are shown, the movement of 

SAR hot spot is meaningful for the future studies to find the relation between 

SAR value and antenna’s properties. 

 

Appendix A—the stand alone SAR value on the head phantom 
Bottom Antenna 



 46 

Table.1 Semi Ground Free PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

90mm 1.33384 1.78145 0.86472 0.74377 

110mm 1.0785 1.30427 0.46911 0.36761 

130mm 0.93685 1.12057 0.2559 0.25039 

150mm 0.8526 1.02264 0.17349 0.20623 

 

Table.2 Co-located Antenna  

1g Stand 

Alone 

SAR(W/kg)   

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

90mm 1.92534 1.97044 3.15626 2.78513 

110mm 1.31341 1.3041 1.94737 1.72134 

130mm 1.07179 1.12226 1.17071 1.19759 

150mm 0.91444 1.00973 0.77813 0.88689 

 

Table.3 Parallel OG PIFA 

1g Stand 

Alone 

SAR(W/kg)   

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

90mm 0.85408 0.99778 0.77302 0.64285 

110mm 0.77987 0.87767 0.68456 0.47676 

130mm 0.83278 0.90889 0.46799 0.28161 

150mm 0.77437 0.88083 0.30101 0.15652 

 

 

 

 

 

 

Table.4 Orthogonal OG PIFA 

1g Stand 

Alone 

SAR(W/kg)   

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

90mm 0.97951 1.24489 1.22359 1.09971 

110mm 0.80458 0.96097 0.7764 0.92238 

130mm 0.83711 0.95787 0.43567 0.61912 

150mm 0.76048 0.92015 0.2715 0.4176 

 
Top Antenna 
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Table.5 Semi Ground Free PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

90mm 2.36167 2.64811 1.81621 2.20815 

110mm 1.9964 2.44643 1.74333 2.08339 

130mm 1.68979 2.33453 1.74435 2.10347 

150mm 1.60025 2.37391 1.7462 2.10381 

 

Table.6 Co-located Antenna 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

90mm 1.39247 1.14739 2.17075 1.52746 

110mm 1.00031 0.89162 1.20203 1.06015 

130mm 0.88417 0.85274 0.71634 0.74312 

150mm 0.77887 0.81196 0.47294 0.5414 

 

Table.7 Parallel OG PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

90mm 1.03993 1.19821 0.65398 0.69921 

110mm 1.03395 1.14423 0.93775 0.80013 

130mm 0.99149 1.0733 0.89507 0.75333 

150mm 0.75474 0.85065 0.86749 0.75718 

 

Table.8 Orthogonal OG PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

90mm 1.23002 1.44688 1.10517 0.96575 

110mm 1.14792 1.27879 0.97073 0.90266 

130mm 1.055 1.16589 0.87761 0.86698 

150mm 0.8968 0.97193 0.92184 0.95464 

 

Appendix B—the stand along SAR on Flat Phantom 
Table.9 Semi Ground Free PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

10mm 1.19075 1.18754 1.07709 1.22318 
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15mm 0.93776 0.91392 0.65036 0.68005 

20mm 0.78261 0.71981 0.426 0.42553 

25mm 0.63228 0.559 0.2864 0.29014 

 

Table.10 Co-located Antenna 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.6GHz 

10mm 1.13105 1.26468 0.80363 0.60417 

15mm 0.85158 0.83673 0.50362 0.33928 

20mm 0.69833 0.55803 0.33654 0.21133 

25mm 0.56489 0.4206 0.23384 0.14937 

 

Table.11 Parallel OG PIFA 

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

10mm 0.8892 0.99794 1.14995 2.53651 

15mm 0.61868 0.64585 0.62569 0.84481 

20mm 0.54113 0.50097 0.37367 0.45835 

25mm 0.45593 0.41056 0.24429 0.25074 

 

Table.12 Orthogonal OG PIFA—Horizontal Element  

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

10mm 0.92197 0.80824 1.34578 1.98778 

15mm 0.60816 0.65441 0.72948 0.97697 

20mm 0.50324 0.54664 0.44006 0.54285 

25mm 0.40765 0.44338 0.28877 0.32934 

 

 

Table.13 Orthogonal OG PIFA—Vertical Element  

1g Stand 

Alone 

SAR(W/kg) 

0.75GHz 0.85GHz 1.9GHz 2.1GHz 

10mm 1.47342 1.62151 1.04249 2.5574 

15mm 0.95551 1.05619 0.56341 1.30633 

20mm 0.66407 0.73507 0.3486 0.71996 

25mm 0.47471 0.51994 0.23854 0.43321 
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Appendix C—the SAR distribution with phase shifter 
Head Phantom 

Semi ground free PIFA in 0.75GHz 

 

 

Semi ground free PIFA in 1.9GHz 

 

 

Co-located Antenna in 0.75GHz 

 

 

Co-located Antenna in 1.9GHz 

 

 

Parallel OG PIFA in 0.75GHz 

 

Parallel OG PIFA in 1.9GHz 

 

 

Orthogonal OG PIFA in 0.75GHz 



 50 

 

 

Orthogonal OG PIFA in 1.9GHz 

 

 

Flat Phantom 

Semi ground free PIFA in 0.75GHz 

 

 

Semi ground free PIFA in 1.9GH 

 

 

Co-located Antenna in 0.75GHz 

 

 

 

 

 

Co-located Antenna in 1.9GHz 
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Parallel OG PIFA in 0.75GHz 

 

 

Parallel OG PIFA in 1.9GHz 

 

 

Orthogonal OG PIFA in 0.75GHz 

 

 

Orthogonal OG PIFA in 1.9GHz 

 


