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1 |  INTRODUCTION

Prior to being released in the market, mobile phones must 
be tested against electromagnetic field exposure limits. 
The International Commission on Non‐Ionizing Radiation 
Protection (ICNIRP) Guidelines and IEEE standards define 
exposure limits in terms of a specific absorption rate (SAR) 
[1‒3], and measurement techniques and procedures for deter-
mining the peak spatial‐average SAR (psSAR) in the human 
head from radiation emitted from mobile phones used within 
close proximity to the ear are recommended in the International 
Electrotechnical Commission and IEEE standards [4,5]. The 
specific anthropomorphic mannequin (SAM) was designed and 
proposed as a standard head phantom.

One of the basic requirements for the standard phantom used in 
SAR compliance tests involves providing a conservative estimate 

of the SAR value. This means that the results assessed from the 
phantom should be higher than the expected exposure in the human 
head expected to occur under normal operational conditions. The 
SAM phantom (SAM for short, hereafter) has been implemented 
based on several studies on the dependence of the absorption by 
considering the anatomical structure, head size and shape, tissue 
parameters, and various types of phones [6‒10]. Consequently, the 
shape and size of the SAM have been derived from a selected sub-
set of the 90th percentile of US Army males [11].

Since then, many articles have reported that the SAM gener-
ally provides a conservative estimate of the peak spatial SAR av-
eraged over a 1 or 10 g mass compared to human heads [12‒17]. 
Most of these studies used phone models with an antenna source 
on top of the phone body in the form of a dipole, an external 
whip, an external helix, or an internal planar‐inverted F antenna 
(PIFA), a generic phone with a monopole antenna on the metallic 
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the electromagnetic field radiated from mobile phones. However, most researches on 
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a conservative estimation of the SAR for only mobile phones with an antenna on top 
of the phone body and does not ensure such estimation for other types of phones, 
including those equipped with integrated antennas in the microphone position, which 
currently occupy the largest market share.
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plane [12,13], a half‐wavelength dipole antenna, a quarter‐wave-
length monopole antenna mounted over a metallic box, a PIFA 
built on the top part of a phone body [14], a generic phone and 
a PIFA built on the top part of a phone body [15,16], and three 
phone models equipped with an antenna on the top and two mod-
els equipped with an antenna at the bottom [17]. The latter two 
models of [17] are bar types, one of which has a flipped upside‐
down orientation of the top antenna model. For the flipped phone 
model with an antenna near the microphone, the SAM showed an 
underestimation of the 1 and 10 g psSARs at the cheek position.

Another study was recently conducted by researchers in-
volved with the present paper [18]. Two bar phone models 
that operate in a dual band (835 and 1,850 MHz) were em-
ployed; one has the antenna at the bottom, and the other has 
it at the top. It was observed that the SAM clearly underes-
timates the 1 and 10 g psSARs when the phone operates at 
a higher frequency and the antenna is located at the bottom.

Based on extensive information regarding the commercial 
phone models available to the Korean market, a total of 11 typ-
ical phone models not including bar phone models with an an-
tenna at the top have been numerically implemented [19]. These 
phone models are different in terms of their operating frequen-
cies, outer shapes, and forms and locations of the antennae, 
and the number of commercial phone models corresponding to 
these types account for more than 86% of the total mobile phone 
models released in the market since 2002 (see Table 1).

The objective of this study was to generalize the results ob-
served in [18] by expanding the types of numerical phone mod-
els. The phone models considered in this paper include bar, 
slider, and flip types operating at 835 MHz and 1,850 MHz 

(1,765 MHz for some flip‐type models), which accurately 
reflect the characteristics of the physical sizes and the SAR 
distributions in the flat phantom of commercial phones [19]. 
The 1 and 10 g psSARs in four head models and the SAM are 
calculated and compared.

2 |  PHONE MODELS AND 
METHOD

The 11 aforementioned mobile phone models were numerically 
implemented based on the SAR test reports and the phone man-
uals of commercial phone models released in the Korean mar-
ket since 2002. The internal structures of each numerical phone 
model were designed such that the SAR values are similar to 
those of commercial phones in the corresponding category at 
the four standard positions i.e., left cheek, left tilt, right cheek, 
and right tilt against the SAM phantom. Therefore, the phone 
models described in this paper represent a significant number 
of commercial phones released over the past 15 years or so. 
Details of the numerical phone models are provided in [19].

For consistency in SAR comparison, the same anatomical 
head models with a 1 × 1 × 1 mm3 voxel size were used as 
those in [18]. The head models are from IT'IS, namely, Eartha 
(an 8‐year‐old female) and Louis (a 14‐year‐old male) of 
Virtual Classroom v. 1.0, and Billie (an 11‐year‐old female) 
and Duke (a 34‐year‐old male) of Virtual Family v. 1.0 [15].

A commercial electromagnetic simulation tool, SEMCAD 
X (2009) [20], with an FDTD solver was used for SAR cal-
culation. After a three‐dimensional SAR distribution of each 

T A B L E  1  Phone models

Numerical model Market share (%) Antenna type Shape Antenna location Frequency (MHz)

M1 22.6 Internal (dual band) Bar Bottom 835 and 1,850

M1rev 2.8 Bar Top

M2 8.8 Slider Closed Bottom

M4 Open

M3 15.0 Closed Topa 

M5 Open

M6 10.3 Flip Bottom

M7 4.9 Topa 835 and 1,765

M8w 10.7 External Whip Flip Top (right) 835

M8h  Helix 835

M9w 14.1  Whip 1,765

M9h  Helix 1,765

120 mm
100 mm

100 mm

135 mm

93 mm

93 mm 

93
 m

m 

93 mm

M1 M1reverse M2 M3 M4 M5 M6 M7 M8w M8h M9w M9h

aThe antenna is located at the top of the phone body in a closed state, and at the middle in an open state. 



   | 339LEE Et aL.

head model was exported from the solver with the same voxel 
size as the original head model, the SAR distribution was ro-
tated backward toward the original upright head position to 
identify the head tissues. Then, the 1 and 10 g psSARs were 
determined using our own code according to IEEE C95.3 [21].

For code validation of the psSAR calculation, Figure 1 com-
pares the psSARs calculated using our own code with those 
obtained by a commercial tool (SEMCAD X) for M1. The dif-
ferences in their percentages are within approximately ± 10%. 
Both are based on the procedure of IEEE C95.3, and these dif-
ferences can be caused by a few different aspects; for example, 
the exported SAR distribution has a different voxel size from 
the grid sizes, reconstructed for the SAR calculation in the 
commercial tool, and its direction in the rectangular coordinate 
system is different owing to the backward rotation from that of 
the commercial tool. However, these levels are under ± 30%, 
which indicates the uncertainty of the SAR measurement 
methodologies of international standards [4,5].

More than 1,400 test reports from 2002 to June 2013 were 
collected; 3% of the reports are about 40 phone models, and 
phone types accounting for less than 3% of the market share 

are likely to be unpopular. Therefore, the shape and dimen-
sions of the phone body, as well as the antenna location and 
type for the numerical phone models, originated from phone 
types that account for over 3% of all SAR test reports of com-
mercial phone models.

Table 1 presents 12 numerical phone types, which are the 
same as those in [22] with the exception of M1rev. A bar‐type 
phone model with an internal antenna on top of the phone is quite 
rare (2.8% market share, as shown in Table 1) in the Korean mar-
ket, although such phones are common in European countries. 
This type of phone model, written as M1rev herein, was consid-
ered in [18] by simply rotating the original bar phone model po-
sitioned against a head phantom by 180° while maintaining its 
center, the results of which were integrated into this paper.

3 |  SAR COMPARISON AND 
DISCUSSION
3.1 | Criteria on SAR conservativeness of 
SAM phantom
The psSAR of anatomical head models is compared with 
that of the SAM. The SAR ratio between the anatomical 
head models and the SAM is expressed by (1), which is the 
psSAR (1 or 10 g) expressed in decibels for the anatomical 
head models normalized to the SAM; a positive value indi-
cates that the psSAR evaluated in an anatomical head model 
is larger than that in the SAM.

An SAR calculation was basically conducted for the 
phone position on the right side of the head. However, for 
external antenna phone models, both the left and right sides 
were considered for a possible deviation in the psSAR when 
changing the test position from the right to the left side of the 
head, owing to their obvious one‐sided feed point close to the 
right corner of the phone body.

At each frequency, the SAR was calculated for 120 con-
figurations of the SAM or four anatomical head models, two 
positions, and right and left sides of the head. At 835 MHz, 
M1, M1rev, M2, M3, M4, M5, M6, M7, M8w, and M8h from 
Table 1 were considered; 80 configurations (8 phone mod-
els × 2 positions × 5 head models × right side) for eight 
phone models with an internal antenna, and 40 configura-
tions (2 phone models × 2 positions × 5 head models × 2 
sides) for M8w and M8h with an external antenna, were used. 
At 1,765 MHz or 1,850 MHz, M1, M1rev, M2, M3, M4, M5, 
M6, M7, M9w, and M9h were used for the SAR calculations.

This section presents the SAR ratio results for 1 and 10 g 
psSARs at 835 MHz and 1,765/1,850 MHz. The red and green 
bars in the graphs of Figures 2 and 5 indicate positive and 

(1)
SAR Ratio (dB)=10×Log10

(
psSAR

Anatomical_head

psSAR
SAM_phantom

)
.

F I G U R E  1  Comparison between psSAR values obtained using a 
developed code and commercial software, SEMCAD X (output power 
of 1.0 W): (A) 1 g psSAR at 1,850 MHz of M1 (cheek position) and 
(B) 10 g psSAR at 835 MHz of M1 (tilt position)
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negative ratio values, respectively, namely,  psSARAnatomi-

cal_head > psSARSAM and  psSARAnatomical_head < psSARSAM. 
On the horizontal axis of the graphs, E, B, L, and D indicate 
Eartha, Billie, Louis, and Duke, respectively. For instance, the 
value of the bar for “E” represents the ratio (dB) of psSAR in 
the head model, Eartha, to that in the SAM. The graph of each 
phone model consists of 16 bars; the first eight bars are for the 
cheek position, and the remaining eight bars are for the tilt po-
sition. The corresponding numerical phone model is illustrated 
in each graph.

Commercial mobile phones should not exceed the 1 or 10 g 
SAR limits at both the cheek and tilt positions. According to 
international standards for measuring the psSAR of a mobile 
phone, a “conservative” estimate means that the measured 
value will not be less than the expected value during normal 
use by “a majority of users,” including children using wireless 
communications devices [4,5]. However, the percentage of 
users that make up “a majority of users” is unclear.

Therefore, this paper proposes and applies the criteria of 
SAR conservativeness of the SAM; the SAM is considered 

F I G U R E  3  M6 and 1 g psSAR at 835 
MHz (phone output power of 1.0 W)

Eartha (8y) Billie (11y) Louis (14y)

1.6 W kg-1

1-g psSAR
Receiver

Source

Phone
2.1 W kg-1

2.5 W kg-1

Contact
Contact

Contact

3.1 W kg-1

Contact

3.6 W kg-1
Contact

4.0 (W kg-1)

3.2

2.4

1.6

0.8

0

Duke (34y) SAM

F I G U R E  4  M7 and 1 g psSAR at 835 
MHz (phone output power of 1.0 W)

Eartha (8y) Billie (11y) Louis (14y)

Duke (34y) SAM

6.48 W kg-1

1-g psSAR

Receiver

Source 7.38 W kg-1
8.98 W kg-1

10.8 W kg-1 6.44 W kg-1

10 (W kg-1) 

8 
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2 

0
X

Z
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conservative when one or both of the following conditions 
are satisfied.

(i)  A negative SAR ratio is observed for more than two mod-
els of the four anatomical head models in both the cheek 
and tilt positions, and for the averaging masses of both 1 
and 10 g. This implies that the SAM provides a higher 
psSAR than a majority of phone users.

(ii)  For all configurations of a given phone model, any SAR 
ratio is lower than +1.1 dB, which means that the psSAR 

in an anatomical head is higher by about 30%. The 30% 
value is the same as the expanded measurement uncer-
tainty of the SAR measurement methodologies devel-
oped in the international standards.

3.2 | 835 MHz
The 1 and 10 g psSARs of M1 are higher (negative values of 
SAR ratio) in the SAM than in the anatomical head models under 
the cheek position. However, under the tilt position, those in the 

F I G U R E  6  M6 and 1 g psSAR at 
1,850 MHz (phone output power of 1.0 W)
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7.76 W kg-1
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Duke (34y) SAM

F I G U R E  7  M7 and 1 g psSAR at 
1765 MHz (phone output power of 1.0 W)
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anatomical head models except Duke are higher, as shown in 
Figure 2. It was observed that the phone models with an internal 
antenna at the bottom such as M1, M2, and M4, demonstrate a 

similar trend in SAR ratios at 835 MHz; although the SAM pro-
vides a higher SAR at the cheek position, the SAM mostly exhib-
its a less SAR at the tilt position than the anatomical head heads.

F I G U R E  8  SAR pattern in the flat 
phantom (M1, 1,850 MHz).

Shell 

Phantom liquid 

Front side 

Area evaluating SAR pattern 

Receiver 
Mobile phone (M1 type) 

Flat phantom 

D1 

Feed point  

1st peak SAR 

D2 

2nd peak SAR 

F I G U R E  9  Antenna location of a mobile phone, psSAR location in the flat phantom, and conservativeness of SAM phantom
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For M3, a closed slider phone with an integrated antenna 
on the top, the psSAR values of Eartha, Billie, and Duke are 
higher than that of the SAM at the cheek position; however, 
their SAR ratios are less than +1.1 dB. Therefore, the SAM 
is considered conservative only for M1rev, M3, and M6 at 
835 MHz. Both M1rev and M3 commonly have an antenna at 
the top of the phone body.

The SAM is larger and has a thinner ear compared to the 
anatomical head models [4,5]. The contact point between a 
human head and a phone is dependent on the ear thickness 
and head shape. Figure 3 illustrates the contact point and 
the 1 g psSAR when M6 is held against the head models at 
the cheek position. The psSAR generally occurs around the 
contact point in many cases but can be changed based on 
the location of the source and the dielectric properties of 
the surrounding tissues. For M6 at 835 MHz, the “hotspot” 
(radiation‐concentrated area) on the surface of an opened 
flip part will enlarge from the antenna to near the hinge of 
the flip, where most of the cheek of the head is very closely 
located. The flat cheek and the thin ear of the SAM make 
contact with the upper part of the flip phone and generate a 
higher psSAR than the anatomical heads.

Because all flip phone models have identical body 
dimensions, which are the average body dimensions of 
commercial flip phones, the contact points of the heads 
with M7 shown in Figure 4 are the same as those in 
Figure 3. The SAM is slightly farther from the phone 
source on the x‐axis compared to Billie, Louis, and 
Duke, and thus the psSAR is lower than that in the ana-
tomical head models.

Based on the above criteria (i) and (ii) for SAR conserva-
tiveness of the SAM, for a psSAR evaluation of M1, M2, and 
M4 at 835 MHz, the SAM is not considered conservative; 
three of the four anatomical head models demonstrate higher 
psSAR values at the tilt position, and the highest SAR ratio 
is greater than +1.1 dB for each phone model. Consequently, 
for all phone models, with the exception of M1rev, M3, and 
M6, the SAM does not provide a conservative estimate of the 
psSAR at 835 MHz.

3.3 | 1,765 MHz and 1,850 MHz
In general, at this frequency, two hotspots of a smaller area 
than that at 835 MHz appear on the phone body because 
the wavelength is relatively short [19]. The stronger of the 
two hotspots occurs near the phone antenna. The 1 and 10 g 
psSAR ratios at 1,765 MHz and 1,850 MHz are shown in 
Figure 5. It was observed that the SAM provides a conserva-
tive estimate of the psSAR for M1rev and M3 at 1,850 MHz.

For M6, the SAM provided a higher psSAR than the anatom-
ical head models at 835 MHz, but it produced a lower psSAR 
at 1,850 MHz, as shown in Figure 6. This can be attributed to 
different hotspot patterns and the SAR is weaker near the upper 

part of the flip part at 1,850 MHz [19]. For all head models, the 
psSAR of M7 occurred near the source and is lower in the SAM 
because the upper part of the flip phone touches the cheek of the 
SAM, and the lower part is farther from the SAM than from the 
anatomical head models, as shown in Figure 7.

The SAR level in a head model against a phone may be 
determined from a combination of the source location of the 
phone, the separation distance between the head and device, 
the operating frequency, and the tissue structure and proper-
ties near the hotspot. In conclusion, the SAM at 1,765 MHz 
and 1,850 MHz underestimates the psSAR of all phone mod-
els considered with the exception of M1rev and M3, which 
have the antenna at the top of the phone body, where the 
speaker is usually located.

4 |  DISCUSSION
As shown in the previous section, the SAR ratio varies sig-
nificantly between different phone designs and different head 
models because current flowing on a phone body is deter-
mined based on the design, operating frequency, and separa-
tion between the head and device.

SAR patterns were calculated in the flat phantom during 
the design process of numerical phone models [18]. Figure 8 
presents an example of an SAR pattern at the flat phantom and 
at distances D1 and D2, which indicate the distance from the 
speaker to the antenna feed point and to the first peak SAR lo-
cation of the SAR pattern, respectively, along the z‐axis, parallel 
to the length of the phone body. The first and second columns 
of Figure 9 indicate D1 and D2 of the phone models considered. 
The first peak SAR indicates the maximum SAR calculated in 
the flat phantom.

The third column of the Figure 9 indicates whether the 
SAM underestimates the psSAR in the human head mod-
els according to criteria (i) and (ii) given in Section 3, 
namely, “○” when the criterion is satisfied, and “×” 
when not satisfied, which can be determined in Figures 2 
and 5.

From the Figure 9, it can be observed that the SAM pro-
vides a conservative estimate of the psSAR (1 and 10 g) only 
when the feed point of a phone antenna is located close to 
the speaker, such as M3 and M1rev, with the exception of M6 
operating at 835 MHz. As stated earlier, it appears that M6 at 
835 MHz created a larger hotspot because of a longer wave-
length, and the flat contact area of the SAM around the upper 
part of the flip and the dielectric properties of the phantom 
liquid generated a higher psSAR than in anatomical heads. 
M3 and M1rev have an antenna at the top, and the psSAR 
occurred within about 40 mm from the speaker.

Phone designs, including the antenna, have evolved 
considerably since the standards for SAR compliance 
testing of mobile phones were first published during the 
early 2000s. For instance, mobile phones with an external 
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antenna, usually on the top of the phone body, have com-
pletely disappeared. As mentioned in [19], many modern 
commercial mobile phones are of a bar type, where the 
main antenna for WCDMA, GSM, and LTE services is 
mostly located at the bottom of the phone body, although 
a few additional antennas supporting wireless local 
area networks, Bluetooth, and diversity reception are 
equipped at alternative locations inside the phone. The 
reason for such locations of the main antenna of commer-
cial phones is because a phone with an antenna at the bot-
tom generates a lower psSAR in the SAM than a phone 
with an antenna at the top. A longer bar phone with a 
bottom antenna, in this sense, would be more beneficial. 
The numerical phone model, M1, described in this paper 
represents the types of phones that currently occupy the 
largest market share.

5 |  CONCLUSION

The SAM has been regarded to provide a conservative 
estimation of the actual psSAR of the electromagnetic 
field exposure radiating from a mobile phone. However, 
most related research results supporting the SAM have 
been based on early phone models, which have an an-
tenna at the top of the phone body, as mentioned in 
Section 1.

Therefore, whether the SAM is sufficiently conservative 
has been numerically analyzed for various types of mobile 
phone models in this paper. The 1 and 10 g psSAR values in 
the SAM were compared with those in the four anatomical 
head models at different ages. The numerical phone models 
were selected and implemented based on an investigation of 
the SAR compliance test reports of commercial phone mod-
els that were released in Korea from 2002 to mid‐2013. Each 
phone model was placed at the cheek and tilt positions on the 
right side of the head. The left‐side exposure of the head was 
also considered for the phone models with an external antenna.

The results show that the SAM provides a conser-
vative estimation of the SAR for mobile phones with 
an antenna at the top of the body but does not ensure 
such estimation for other types of phones, including 
those equipped with integrated antennas at the bottom 
of the phone body, that currently occupy the largest 
market share. As mentioned in our previous work [18], 
the underestimation of the SAR may be attributed to the 
geometrical relationship between the mobile phone and 
the SAM phantom and not the dielectric properties of 
the phantom liquid. Two important keys that the inter-
national standards have underlined in the design of the 
SAM phantom are the thin pinnae and large sized head. 
These must be modified to mitigate the shortcomings 

of the SAM phantom for the types of phones other than 
those with an antenna at the top.
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