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Abstract ─ A comprehensive SAR study of low and 
high directivity antennas operated at distances greater 
than 25 mm but less than 200 mm from a large 
homogeneous elliptical phantom is presented. The 
study considers antennas, such as dipoles, monopoles, 
planar inverted-F antennas (PIFAs), IFAs, patches, 
patch arrays, and dipole arrays. SAR estimation 
methods for low directivity antennas for both near and 
far field conditions are proposed and elucidated. For 
directive antennas and arrays radiating directly towards 
the phantom interesting phenomena are observed that 
require more detailed investigation. 
 
Index Terms ─ Antennas, arrays, directive, RF 
exposure, small antennas, specific absorption rate 
(SAR). 
 

I. INTRODUCTION 
Electromagnetic exposures from wireless 

transmitters are regulated by respective regulatory 
bodies that restrict such exposure both for the general 
public and occupational professionals. The respective 
exposure limits (specific absorption rate – SAR) for the 
general public are identified as 1.6 W/Kg averaged over 
1-g of tissue as established by the Federal 
Communications Commission (FCC) [1], and 2.0 W/Kg 
averaged over 10-g of tissue as established by the 
European Committee for Electrotechnical Standardization 
(CENELEC), which refers to exposure limits 
recommended in [2]. SAR induced in homogeneous and 
heterogeneous head and body phantoms has been 
studied for decades leading to new knowledge and 
standards set forth by respective standards bodies, such 
as the IEEE [3-4] and ICNIRP [5]. SAR studies have 
been conducted considering different types and sizes of 
antennas, various wireless device models, head models, 
head shapes, and sizes [6-18]. Traditionally from a 
compliance point of view, wireless device manufacturers 

have to measure SAR except for devices that are 
inherently compliant because of their very low transmit 
power; for example 1 mW for the FCC and 20 mW for 
CENELEC. 

Given the presence of myriad wireless devices with 
variety of output power specifications, device geometry 
and size variations, and antenna geometry and size 
variations, it is quite overwhelming to fully grasp and 
quantify SAR as function of simple metrics, such as 
operating frequency, power, distance from device, and 
some simple easy to measure antenna characteristics. A 
simple method of estimation has two benefits, one, it 
leads to clear understanding by the antenna designer 
whether the device is in the ballpark to meet the 
requirements and whether for low power transmitters 
the device may be automatically exempt from SAR 
testing given such tests are costly, man-power 
intensive, and time consuming. With these outcomes in 
mind our research groups undertook SAR studies of a 
variety of antenna sizes and geometries when they were 
operated next to a flat phantom at distances less than  
25 mm. The results of the first phase of our research 
were published in [19-21]. Subsequently, a more 
extensive study was undertaken to explore any 
empirical relationships between antenna performance 
metrics and SAR [22-25]. Based on that comprehensive 
study SAR estimation formulas were developed for 
devices that operate at distances 25 mm or less from the 
body within the frequency range of 300 MHz to 6 GHz 
[25]. These formulas can be used to estimate the 
threshold power levels that satisfy both the 1.6 W/Kg 
and the 2.0 W/Kg SAR limits. These formulas were 
developed as function of frequency, antenna to body 
separation, and antenna free-space bandwidth (BW). 
Later on the results of this study were adopted into an 
IEC Standard [26]. 

The reason for choosing the antenna free-space 
BW for the rationale lies in the fact that BW is the 
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reciprocal of antenna quality factor (Q), and Q is 
expressed as the ratio of the stored and radiated 
energies of the antenna. Since SAR is strongly 
dependent on the stored near-fields of wireless device 
antennas (within 5-25 mm from the user’s body), an 
empirical relationship between SAR or threshold power 
and BW was possible. As mentioned, the empirical 
formulas were developed considering SAR data of 
dipole antennas against a flat phantom. 

Although that study covered the frequency range of 
300-6000 MHz, the antenna to body distances over 
which the study focused on was less than 25 mm. 
Furthermore, the study also did not consider the SAR 
induced by directive antennas radiating directly towards 
the body. This led us to carry on a follow on further 
investigation that addresses these particular issues. 
Some preliminary results and conclusions of this work 
were presented earlier [27-28]. 

In this work we report the simulation and 
experimental results of SAR induced by a variety of 
electrically small non-resonant dipoles, resonant 
dipoles, resonant monopoles, planar inverted-F 
antennas, inverted-F antennas, microstrip patches, patch 
arrays and dipole arrays. The goal of this paper is to 
understand the SAR implications due to small low 
directivity antennas as well as highly directive antennas 
radiating directly towards the phantom when the 
antenna to phantom separation distance is within 40-
200 mm. Since the distances are large, we considered to 
use a large elliptical flat phantom as defined in [29]. 

The details of the simulation and measurement 
methods are available in our earlier work [25]. Briefly, 
all simulations were performed using the Remcom Inc. 
commercial FDTD code called XFDTD. The XFDTD 
models containing dipole antennas were earlier 
validated [21] against the half-wave dipole data 
presented in IEEE Std. 1528-2003. The Liao absorbing 
boundary condition (ABC) was used to save simulation 
time. Before doing so, the Liao ABC usage was verified 
by comparing with PML (perfectly matched layers) 
ABC data. For impedance simulations, Gaussian pulses 
were used with automatic convergence at a threshold of 
-40 dB, while for SAR simulations, a sinusoidal 
waveform was used. The mesh size was generally 
uniform (1 mm), except for planar antennas we used 
graded mesh having a minimum mesh size of 0.25 mm 
and a maximum mesh size of 1 mm. All SAR 
measurements were carried out with the antennas 
placed next to the elliptical flat phantom ELI4 (Schmid 
& Partner Engineering AG, Zurich, Switzerland) 
containing tissue equivalent liquids for the respective 
frequencies. The dielectric properties of the liquids 
were measured prior to SAR measurements using a 
dielectric probe kit in combination with a vector 
network analyzer. All SAR measurements were 
conducted using the DASY3 system (Schmid & Partner 

Engineering AG, Zurich, Switzerland). 
As it will transpire from the results and 

discussions, the issue of SAR at larger distances are 
governed by many factors including the location of the 
body (near-field, far field, aperture size to phantom size 
comparison, aperture directivity etc.). 

The paper is organized as follows. First, the 
simulation and experimental landscape is defined that 
includes the frequencies, the distances, and the antennas 
considered in the study. Second, SAR results of low 
directivity antennas such as dipoles, monopoles, and 
PIFAs are described. Third, SAR results of directional 
patch antennas, patch arrays, and dipole arrays are 
elucidated. Fourth, a detailed comparison of the SAR 
data among different antenna classes is provided. And 
finally, an attempt is taken to suggest SAR estimation 
algorithms for these large distances followed by 
suggestion for future research works. 
 

II. ANTENNA AND PHANTOM MODELS 
The antenna types studied and their associated 

operating frequencies are listed in Table 1. Antenna 
simulation models as well as experimental prototypes 
were designed and developed for operation at 900, 
1900, 2450, 3700, and 6000 MHz to reflect many 
commercial wireless applications in those frequency 
bands. Antennas were oriented and placed next to a 
large elliptical phantom at distances of 40, 100, and  
200 mm for SAR calculation and measurements. Here 
distance, d, is defined as the distance from the antenna 
feed point to the phantom. Although data at other 
intermediate distances could have added more insight 
for the sake of saving simulation and measurement 
time, the above distances were considered. 
 
Table 1: Antenna types studied and their associated 
frequencies. Distances from phantom were 40, 100, and 
200 mm for all antennas 
Antenna Type Frequency (MHz) 
 900 1900 2450 3700 6000 
Dipole X X X X X 
Monopole X X X   
PIFA air X X    
PIFA surface   X X  
IFA   X X  
DB-PIFA X X    
DB-IFA   X  X 
Patch  X X X X 
Patch array  X X X X 
Dipole array   X   

 
All low directivity apertures are identified in Table 

2, while the directive apertures are defined in Table 3. 
Among directive antennas, microstrip patch antennas 
printed on FR substrates and then placed on the edge of 
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a metal box (10 mm thick) were considered. Patches 
were designed and built for operation at 1900, 2450, 
3700, and 6000 MHz. Similarly, corporate-fed four 
element microstrip patch array apertures were also 
designed and built for operation at 1900, 2450, 3700, 
and 6000 MHz. Collinear arrays of 3, 5, and 7 element 
dipoles were simulated with and without the presence 
of reflectors for SAR at 2450 MHz only. 
 
Table 2: Low directivity antenna specifics; e.g., sizes 
and geometrical properties 

Photographs Description 
�/2

Dipoles 

�/15 (simulation only) and �/2 wire 
dipoles, center fed; �/4 balun used; 

wire radius=1.8 mm for frequencies up 
to 2450 MHz and wire radius=0.5 mm 

at 3700 and 6000 MHz 

Metal Box

�
/4

B
al

un

Monopoles 

�/4 long, wire radius=1.8 mm; wire on 
top of a metal box (box dimensions 

100 mm by 40 mm by 19 mm) 

100

40
10

Metal Box

Balun

W
L

d Feed
Via

PIFA air 

L=40 mm, W=31 mm by 6 mm at 
900 MHz and L=20 mm, W=13.5 mm 
by 6 mm at 1900 MHz; feed/shorting 
pin using 1 mm wide strips; spacings 

of 2.5 and 2 mm at 900 and 1900 MHz 

W

L Feed
Via

40

10  
PIFA surface 

L=16 mm, W=1 mm at 2450 MHz 
on 100 mm by 40 mm by 10 mm 

metal box 

20
17

1 5

Feed1.25 FR4

IFA 

2450 MHz IFA shown 

20 88

814.5
FeedVia

DB-PIFA 

2450/6000 MHz DB-PIFA 

DB-IFA 

2450/6000 MHz DB-IFA 

Table 3: High directivity antenna/array specifics; e.g., 
sizes and geometrical properties 

Photographs/
Diagrams 

Description; 
Dimensions in mm 

1010

40 y
L

W

 
Patch 

Freq. 
(GHz) 

L W Feed 
Offset 

1.9 35.5 36.5 9.25 
2.45 27.5 36.5 6.25 
3.7 17.5 24 4.00 
6.0 11 15 1.00 

 

270

282

4141

36
40

 
Patch array 

Directivities of 10.9, 13.2, 11.6, and 
11.4 dBi at 1900, 2450, 3700, and 

6000 MHz respectively. Array 
approximately 1.5 wavelength. 

1.9 GHz array photo shown. 

51

10

20

�/2

�/2

�/2

 
2.45 GHz linear dipole array 

 
Dipoles were studied at all frequencies while 

monopoles were studied at 900, 1900, and 2450 MHz. 
PIFAs on air or foam were studied at 900 and  
1900 MHz to reflect mobile phone frequency bands. 
Surface mount PIFAs and IFAs were studied at higher 
frequencies to reflect their operation to support 
Bluetooth and WLAN type operations. Directional 
microstrip patches and patch arrays were investigated at 
1900, 2450, 3700, and 6000 MHz. All planar antennas 
were studied both in the conventional (antenna element 
or array faces away from the body) and flipped 
orientations (antenna element or array faces the body) 
with respect to the phantom. 

The geometry of the elliptical phantom used is 
shown in Fig. 1. The phantom consisted of a 2 mm 
thick shell with dielectric constant �r=3.7 and �=0. The 
antenna to phantom distance is d. The tissue dielectric 
constant and conductivity values are given in Table 4. 
These values were obtained from [29]. 
 

 
 
Fig. 1. Geometry of the phantom. 
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Table 4: Phantom tissue relative permittivity and 
conductivity. Tissue mass density, �=1000 Kg/m3 

Frequency 
(MHz) 900 1900 2450 3700 6000 

Relative 
Permittivity, �r 

41.5 40 39.2 37.7 35.1 

Conductivity, 
� (S/m) 0.97 1.4 1.8 3.12 5.48 

 
III. RESULTS 

A. SAR results of dipole antennas 
Computed peak 1-g and 10-g averaged SAR for 

���� and ��	 dipoles placed at d=40 mm, 100 mm and 
200 mm from the phantom are shown in Figs. 2 (a)-(c). 
All data are normalized to 1W of power. Measured 1-g 
and 10-g averaged SAR data for ��	 dipoles are also 
shown. For all cases, the simulated and measured 
results are in good agreement. From Fig. 2 (a) for the 
case when d=40 mm, it is clear that the largest 
difference in SAR between the �/15 and �/2 dipoles 
occurs at the lowest frequency (900 MHz). At this 
frequency the phantom is still in the near field of the 
antenna. Therefore, the shorter antenna induces almost 
twice as much SAR than that induced by the longer 
antenna. As explained in [21], when the phantom is in 
the near field of the antenna, the shorter antenna acts 
almost as a point source resulting in a more localized 
SAR distribution. Also for d=40 mm, as the frequency 
increases (e.g., at 2450 MHz and higher) the SAR 
induced by the �/15 and �/2 dipoles are nearly identical 
to each other as because the aforementioned near field 
effect disappears. 

From Figs. 2 (b) and 2 (c) (d=100 mm and 200 mm), 
it is clear that if the phantom is in the far field of the 
antennas, the antenna with the slightly higher directivity 
induces slightly higher SAR. The SAR behavior 
observed at around 2450 MHz can be explained from 
the tissue conductivity versus frequency characteristics. 
The non-linear conductivity increase from 900 MHz to 
2450 MHz is responsible for the non-linear SAR 
profiles shown in Figs. 2 (a) and 2 (c). 
 

SAR vs Frequency - Dipole, d=40 mm
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 (a) 

SAR vs Frequency - Dipole, d=100 mm

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

500 1500 2500 3500 4500 5500 6500
Frequency (MHz)

S
A

R
 (

W
/K

g
) 

 λ/15 (1g, sim)

λ/2 (1g, sim)

λ/2 (1g, meas)

λ/15 (10g, sim)

λ/2 (10g, sim)

λ/2 (10g, meas)

 
 (b) 

SAR vs Frequency - Dipole, d=200 mm
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 (c) 
 
Fig. 2. SAR versus frequency of dipole antennas for 
d=40 mm, 100 and 200 mm. 
 
B. SAR results of monopole antennas 

Computed and measured peak 1-g and 10-g 
averaged SAR induced by quarter-wavelength long 
monopole antennas are compared with those induced by 
half-wave dipoles in Figs. 3 (a)-(c) for d=40, 100, and 
200 mm. Note that, since the monopole box measures 
19 mm in thickness for d=40 mm, the box is at a 
distance of 21 mm from the phantom. 

For all three distances, the SAR due to monopole 
antennas are always smaller than the SAR due to dipole 
antennas. For d=40 mm, the SAR variation due to 
monopole antennas with frequency is monotonous 
(decreases almost linearly with frequency). For  
d=100 mm, the SAR versus frequency characteristics 
for the monopoles is similar to that of the dipoles 
except for the inflection point at 1900 MHz. The 
situation is nearly similar at d=200 mm. At 100 and  
200 mm distances, monopole 1-g and 10-g SAR 
decrease till 1900 MHz and then increase with 
frequency. This does not occur for the dipoles because 
the SAR distributions for monopoles are different than 
dipoles. There are multiple SAR hot spots for the 
monopoles (caused by the current distribution along the 
metallic box) while there is a distinct one hot spot for 
the dipoles. 
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SAR vs Frequency - Monopole, d=40 mm
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 (a) 

SAR vs Frequency - Monopole, d=100 mm
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 (b) 

SAR vs Frequency - Monopole, d=200 mm
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 (c) 
 
Fig. 3. SAR versus frequency of monopole antennas for 
d=40 mm and d=100 mm. 
 
C. SAR results of planar inverted-F antennas 
(PIFAs) 

SAR induced by planar inverted-F antennas 
(PIFAs) in the conventional orientation with respect to 
the phantom (here the antenna faces away from the 
phantom) for d=40, 100, and 200 mm are shown in 
Figs. 4 (a)-(c). At d=40 mm, the SAR due to PIFAs 
decrease with frequency monotonously like that for the 
monopole antennas on boxes. In almost all cases the 
SAR due to PIFAs is smaller than the SAR due to �/2 
dipoles except for the PIFA operating at 900 MHz and 
d=40 mm. 
 

SAR vs Frequency - PIFA, d=40 mm
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 (a) 

SAR vs Frequency - PIFA, d=100 mm

0

0.1

0.2

0.3

0.4

0.5

0.6

850 1050 1250 1450 1650 1850 2050 2250 2450

Frequency (MHz)

S
A

R
 (W

/K
g

)  
 

PIFA 1g, sim PIFA 1g, meas
λ/2 dipole 1g, sim λ/2 dipole 1g, meas
PIFA 10g, sim PIFA 10g, meas
λ/2 dipole 10g, sim λ/2 dipole 10g, meas

 
 (b) 

SAR vs Frequency - PIFA, d=200 mm
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 (c) 
 
Fig. 4. SAR versus frequency of PIFAS in conventional 
orientation for d=40 mm, 100 mm and d=200 mm. 
 

Nevertheless, even in this case the SAR due to a 
�/15 dipole is considerably higher (4 W/kg – Fig. 2 (a)) 
than that due to the PIFA in question here (3 W/kg). For 
larger distances (e.g., d=100 and 200 mm), the rate of 
decrease in SAR from 1900 MHz to 2450 MHz is rapid. 
This occurs because the 2450 MHz PIFAs being printed 
on FR4 substrates are lossy (tan
=0.02) as opposed to 
the 900 and 1900 MHz PIFAs which are fabricated in 
air. This results in decreased SAR which did not occur 
for the dipoles or the quarter-wave monopoles on 
boxes. For example, at d=200 mm and at 2450 MHz the 
power dissipated for a �/2 dipole in the tissue was  
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0.112W out of 1W of input power. By contrast, for the 
same distance and at the same frequency the power lost 
in the FR4 substrate was 0.504W and the power 
dissipated in the tissue was 0.0283W. 
 
D. Comparison 

SAR induced by other antenna types, sizes were 
also simulated and measured. All simulation and 
measurement data are available in [30] and [31]. 
However, for the sake of clarity and brevity instead of 
showing SAR results for each individual antenna class 
separately, a comparison of the simulated peak 1-g 
averaged SAR induced by all low directivity antennas 
studied are plotted as scatter plots in Fig. 5 (i). The 
same for peak 10-g averaged SAR induced by all low 
directivity antennas studied are plotted as scatter plots 
in Fig. 5 (ii). 

For comparison, the SAR induced by single 
microstrip patch antennas radiating directly towards the 
phantom are also shown in these figures. Microstrip 
patch results are available at 1900, 2450, 3700, and 
6000 MHz. It is evident from Figs. 5 (i) and 5 (ii) that, 
patches radiating away from the phantom (ground plane 
facing the phantom) induce very low SAR. 

Comparing the peak 1-g SAR data at all three 
distances it is clear that: 
� Except for the microstrip patch antennas that are 

radiating directly towards the phantom, the SAR 
induced by dipole antennas are the highest 
compared to all antennas in this study. This 
observation is consistent with our earlier work 
[25]. 
When comparing the SAR due to dipoles and 

patches flipped, it is clear that: 
� At 1900 MHz, the SAR due to patches at all three 

distances are smaller than the SAR due to dipoles 
or about the same. 

� At 2450 MHz, the SAR due to patches is only 
slightly higher than the SAR due to dipoles. 

� At 3700 MHz and higher, the SAR due to patches 
are consistently higher than the SAR due to dipoles. 
Specifically at 6000 MHz and at d=200 mm, the SAR 
due to a flipped patch is about 3 times the SAR due 
to a dipole. 
To put these results in perspective, the near-field 

and radiating near-field boundaries of different antenna 
apertures are plotted in Fig. 6. For antennas smaller than 
0.5�� this boundary was evaluated as ��	��At 900 MHz, 
this boundary starts at a radius of 50 mm from the 
antenna. As the frequency increases the radius of  

this boundary decreases and vice versa. This is exactly 
what we see from the 1-g SAR data of the flipped 
patches. When the frequency is sufficiently high, e.g.,  
6 GHz the phantom is indeed in the far field of the 
antenna and thus the 1-g SAR induced is the SAR due 
to a small dipole (at that frequency and distance) times 
the linear gain of the patch antenna over the dipole. 

However, if the phantom is not sufficiently in the 
far field, then estimating SAR by multiplying dipole 
SAR with the linear gain of the directive antenna will 
result in an over estimation of the SAR. Now for low 
directivity antennas that are strictly in the near field, we 
examine in the following if our earlier developed 
formulas that were reported in [25] can still be used at 
other distances than they were originally developed for 
(antenna to phantom separation, s<25 mm). 
 

 
 
Fig. 5 (i). Peak 1-g averaged SAR comparison of all 
antennas at 40, 100, and 200 mm distances. 
 

(a) 

(b) 

(c) 
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Fig. 5 (ii). Peak 10-g averaged SAR comparison of all 
antennas at 40, 100, and 200 mm distances. 
 

 
 
Fig. 6. Near-field boundary distances of different 
apertures. 
 

In contrast, peak 10-g averaged SAR data plotted 
in Fig. 5 (ii) clearly shows that the only frequency at 

which the SAR due to the flipped patch is higher than 
the dipoles is only 6 GHz. This can be explained by the 
fact that, under far field conditions, the patch in flipped 
orientation causes a more focused SAR hot spot on the 
phantom when compared to the dipoles. This is not the 
case when the phantom is in the near field of the 
antennas. The general trend of lower average SAR 
values for larger averaging volumes is therefore 
increasingly more enhanced for the patch antenna when 
the distance between patch antenna and phantom 
approaches or exceeds the near-field/far field boundary 
distance. In [25], we developed a rationale to estimate 
the threshold power that corresponded to the 1-g and 
10-g averaged SAR based on the operating frequency, f, 
antenna to phantom separation, s, and the antenna half 
power free-space bandwidth, BW. This equation is 
given below: 
 � �2

max, exp ln( ) .mP As Bs C BW D� � � �  (1) 
Both 1-g and 10-g averaged SAR can be calculated 

from (2) if Pmax,m is known from (1) and considered as a 
best fit underestimate for Pth,m: 

 limit,

,

.m
m t

Pth m

SAR
SAR P�  (2) 

This led to the following solution for SAR1g=1.6 W/kg: 
 3 2( 0.4922 4.831 6.620 8.312) /100,A f f f� � � � �  (3a) 
 3 2(0.1191 1.470 3.656 1.697) /1000,B f f f� � � �  (3b) 
 3 2( 0.4228 13.24 108.1 339.4) /1000,C f f f� � � � �  (3c) 
 3 20.02440 0.4075 2.330 4.730.D f f f� � � � �  (3d) 

For SAR10g=2 W/kg, the following solution was 
obtained: 
 3 2( 0.4588 4.407 6.112 2.497) /100,A f f f� � � � �  (4a) 
 3 2(0.1160 1.402 3.504 0.4367) /1000,B f f f� � � �  (4b) 
 3 2( 0.1333 11.89 110.8 301.4) /1000,C f f f� � � � �  (4c) 
 3 20.03540 0.5023 2.297 6.104.D f f f� � � � �  (4d) 

In (3) and (4), f is expressed in GHz. The free-
space BW (assuming antennas are perfectly matched at 
their operating frequencies using lossless components) 
of dipole antennas are listed in Table 5. 
 
Table 5: Dipole antenna half power free-space 
bandwidth. Wire radius 1.8 mm for f<3.7 GHz and wire 
radius=0.5 mm for f>=3.7 GHz 
f (GHz) 0.9 1.9 2.45 3.7 6 
����� 0.22 0.32 0.41 0.50 0.96 
��	� 22.2 28.2 29.6 45.5 60.2 

 
The objective of equations (1)-(4) is to provide a 

conservative estimate of Pmax,m or SARm for s<25 mm 
for small low directivity apertures, such as dipoles, 
monopoles, PIFAs IFAs etc. However, applying s=38 mm 
(which is d=40 mm in Fig. 1) in equations (1)-(4) and 

(a) 

(b) 

(c) 
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using the BW data for the ��15 dipole in Table 5, 
results in 1-g SAR values of 6.44, 3.17, 2.38, 2.12, and 
33.8 W/kg at 0.9, 1.9, 2.45, 3.7, and 6 GHz. Comparing 
these data with the actual simulated data shown in  
Fig. 2 (a), it is clear that the data agrees well for 
frequencies of up to 2.45 GHz. The corresponding 
estimated 10-g SAR values of 2.74, 1.26, 0.90, 0.69, 
and 8.8 W/kg at 0.9, 1.9, 2.45, 3.7, and 6 GHz agree 
reasonably well for frequencies of up to 1.9 GHz when 
compared with the actual simulated data shown in  
Fig. 2 (a). 

To be conservative, if we observe the near-field 
boundary defined by Fig. 6 at 40 mm distance, only the 
SAR for f<1.9 GHz could be estimated with reasonable 
accuracy. Thus, the data at higher frequencies cannot be 
estimated using equations (1)-(4). Therefore, to apply 
equations (1)-(4) for s>25 mm, the frequency that 
corresponds to s���	 should be first determined and 
then Pmax,m or SARm should be estimated at frequencies 
below that. 

Note that, for frequencies of 300, 400, and 500 MHz 
the cutoff distances are 159, 119, and 95 mm 
respectively. Therefore, it is plausible that at 
frequencies such as 300, and 400 MHz the range over 
which equations (1)-(4) can be used may be extended 
pending further numerical and experimental validation. 
 
E. SAR results of antenna arrays 

Computed and measured peak 1-g and 10-g SAR 
results for the patch arrays in the flipped orientation are 
plotted in Figs. 7 (a)-(c). For comparison, the simulated 
SAR of ��15 dipoles are also shown. It is clear that for 
d=40 mm the patch flipped arrays only induce higher 
SAR compared to a ��15 dipole at frequencies above 
3700 MHz. For d=100 MHz, this occurs at 2450 MHz, 
and for d=200 mm at 1900 MHz. 

Thus, at higher frequencies and larger distances the 
SAR induced by antenna arrays are substantially higher. 
The phenomena of lower SAR at shorter distances and 
lower frequencies and higher SAR at longer distances 
and higher frequencies will be explained in details in 
section V. Simulated peak 1-g and 10-g averaged SAR 
data of linear 3, 5, and 7 element dipole arrays at  
2450 MHz and 200 mm from the phantom are shown in 
Table 6. For comparison, the SAR data of a single �/2 
dipole, a single flipped patch and a 4 element patch 
array are also shown. Interestingly, the N=3 element 
array with reflector induces roughly the same SAR as 
the 4-element patch array. Note that, the directivities of 
these two arrays are very close. 

Increasing the number of elements for the dipole 
array does not increase the SAR linearly as expected, 
because with increasing array size two things occur: (1) 
a larger array for the fixed distance means that the 
phantom moves more and more to the near/radiating 
near field, and (2) the array size becomes an  

appreciable fraction of the phantom size. 
 

 
 (a) 

 
 (b) 

 
 (c) 
 
Fig. 7. SAR vs. frequency of patch antenna arrays at 40, 
100, and 200 mm distance (flipped orientation). 
 
Table 6: Comparison of SAR induced by linear dipole 
arrays with other antennas. Linear dipole arrays with 3, 
5, 7 elements with and without reflector at 2450 MHz 
and 200 mm from the phantom 

Antenna 
Type 

D0 
(linear) 

SAR 1g 
(W/Kg) 

SAR 10g 
(W/Kg) 

Dim. 
(mm) 

��	 dipole 1.75 0.0949 0.0633 51 
3 dipole array 4.24 0.1779 0.1087 196 
3 dipole array 

& reflector 18.3 0.4816 0.2943 352 

5 dipole array 6.77 0.108 0.0573 335 
5 dipole array 

& reflector 28.18 0.2529 0.1554 488 

7 dipole array 
& reflector 38.85 0.1699 0.1045 627 

4 patch array 20.89 0.45 0.28  
1 patch 2.28 0.1088 0.0677  
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IV. ANALYSES 
From [8], the SAR induced in an infinite lossy 

plane considering plane wave analysis is given by: 

 � � 22
222

1 tincpwcorr HcSAR �
����

��
�
�

�
�

�  (5) 

where � is the tissue permittivity, 7
0 104 ���� �� H/m 

is the tissue permeability, �  is the tissue conductivity, 
�  is the tissue mass density, tincH  is the rms value of 
the incident magnetic field intensity, and pw�  is the 
plane wave reflection coefficient for the tincH  field. 
Also note that, 
 ���� j/���  (6) 
and 

 1
2

0
�

��

�
�

��

�
� pw  (7) 

where 12
0 10854.8 ���� F/m is the free-space 

permittivity. 
Considering 1 W transmit power, the power 

density caused by an isotropic antenna at a distance of r 

from the antenna is ).4/(1 2rPD �  Considering a �/2 
dipole antenna with directivity of 1.64 the 

)4/(64.1 2rPD � , which results in .377/Dtinc PH �  
Considering the permittivity, conductivity, and 

mass density values of the homogeneous phantom 
given in Table 4, the above equations were used to 
calculate SAR as function of frequency on the surface 
of an infinite lossy media. After that, SAR was 
calculated at depths of up to 23 mm of the lossy surface 
at 1 mm intervals using the skin depth formula below. 
From these table of SAR values the 1-g and 10-g 
averaged SAR data were calculated: 
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  (8) 

Calculated SAR data using this method are 
compared with direct simulation and measurement data 
for dipoles and monopoles at 40, 100, and 200 mm 
distance in Fig. 8. 

For antennas smaller than half-wavelength, the 
near field boundary is 50 mm at 900 MHz. This agrees 
with the results shown in Fig. 8. As seen at 40 mm 
distance, the only frequency at which the plane wave 
approximation for both 1-g and 10-g SAR deviates is 
900 MHz. Thus, SAR caused by dipoles and monopoles 
for frequencies below 900 MHz should be estimated 
using our earlier proposed free-space bandwidth based 
approximation method. For distances greater than  
50 mm, the phantom is in the far field of the small low 

directivity antennas. Thus, SAR can be estimated using 
the plane wave approximation. 
 

 

 
 
Fig. 8. Comparison of plane wave calculated SAR 
(dipole fed with 1 W) and SAR results obtained from 
direct simulations. 
 

For large aperture directive antennas that radiate 
directly towards the phantom SAR estimation is not so 
simple. One may consider the EIRP (effective 
isotropically radiated power) instead of the power to 
estimate the SAR. Thus, if the transmit power is Pt and 
the antenna gain is Gt, then the EIRP should be PtGt. 
Thus, if the antenna gain is 10 times the gain of a small 
dipole antenna, the SAR should be multiplied by 10. 
However, this will only satisfy if the aperture is 
sufficiently far from the phantom or body such that the 
aperture far field radiation beam has formed. It is 
difficult to pin-point the exact far field distance because 
it will depend on the aperture electrical size and the 
frequency of operation. From Table 7, it is clear that for 
a fixed antenna to phantom separation the smaller the 
aperture the lower is the frequency where the near-field 
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boundary transition takes place. Conversely for a fixed 
aperture, say 1.5�, if the antenna to phantom distance 
increases, the reactive near-field to radiating near-field 
boundary occurs at a lower frequency. Thus, it is clear 
that for a fixed aperture size and fixed antenna to 
phantom separation the higher the frequency the more 
the likelihood that the aperture far-field beam will have 
formed. Thus, for similar directivity apertures (meaning 
apertures with similar dimensions) the SAR is likely to 
be much higher at higher frequencies simply because 
the directive beam has formed. 
 
Table 7: Aperture size and near-field boundary for 
directive apertures 
 Aperture Size�

Aperture to 
phantom distance ��� ����� 	��

100 mm 1900 
MHz 

3500 
MHz 

5200 
MHz 

200 mm 900 
MHz 

1800 
MHz 

2800 
MHz 

 
V. DISCUSSIONS 

Figures 9 (a) and 9 (b) illustrate the SAR factors 
(SF) of patch arrays over ���� dipole antennas for 
various frequencies at various distances from the 
phantom. Peak 1-g average SAR factors of planar patch 
arrays over a �/15 dipole antenna show that at 40 mm 
distance only the 6000 MHz array has an SAR factor 
larger than 1. At 100 mm most patch arrays have an 
SAR factor >1 but <2 except the 6 GHz patch array 
which has an SAR factor >10. At 200 mm all patch 
arrays have an SAR factor >1 and the 6 GHz patch 
array has an SAR factor >10. Two factors in play are 
array size with respect to phantom and array electrical 
distance from phantom. It must be noted that all results 
presented here are based on SAR analysis in 
homogeneous phantoms as used for compliance testing 
according to IEC 62209-2 [29]. As reported in [32] and 
[33], 1-g and 10-g averaged SAR results obtained in 
homogeneous phantoms according to [29] can 
underestimate the corresponding SAR in anatomical 
body models when the body or phantom is no longer in 
the reactive near field of the antenna. The reasons for 
this phenomenon are standing wave effects in low 
conductivity tissue layers which may appear in worst 
case tissue layer compositions. According to [32] and 
[33], the extent of the possible underestimation depends 
on frequency and distance to the antenna and lies in the 
range of 2.2 to 4.7 dB. In order to stay conservative, all 
estimated SAR values based on the results presented in 
the present paper should be correspondingly scaled 
taking into account the results reported in [32] and [33]. 
 

 
 (a) 1-g average SF 

 
 (b) 10-g average SF 
 
Fig. 9. SAR factors (SF) of patch arrays over ���� 
dipole antennas. 
 

VI. CONCLUSIONS 
The SAR induced in a large 600 mm by 400 mm 

by 150 mm elliptical flat phantom by a large class of 
small low directivity antennas and directive patch 
antennas and arrays at distances of 40, 100, and 200 
mm are studied and analyzed. The frequency range 
within which the study is conducted is from 900-6000 
MHz. Both simulation and measurement results are 
presented which illustrate a number of significant 
findings. It is observed that for small low directivity 
antennas, the SAR may be estimated using our earlier 
reported antenna free-space bandwidth based formulas 
when the phantom is still within the near field boundary 
of the antenna. Conversely, if the phantom is clearly in 
the far field, SAR can be estimated using plane wave 
approximation methods by multiplying with the proper 
linear antenna gain. For directive antennas and arrays 
radiating directly towards the phantom, the plane wave 
approximation for SAR and multiplying by the linear 
gain allows a good estimate as long as the phantom is 
clearly in the far field of the aperture. For phantoms in 
the near field or radiating near field, estimating the 
SAR using this method will result in an overestimation  
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due to the fact that the radiation beam has not formed 
yet and that the aperture could be physically larger than 
the phantom resulting in multiple diffused distributions. 
The presented results do not consider the standing wave 
effects in a layered tissue structure. 
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