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Abstract—An algorithm is presented that accurately and
quickly estimates the peak 1- or 10-g averaged specific absorption
rate (SAR) in a human phantom when exposed to a wireless
device. Instead of performing both an area scan and a zoom scan
(as per international standards), only the area scan and knowl-
edge of the transmit frequency are needed. The accuracy of the
algorithm has been demonstrated across a broad frequency range
(150–2450 MHz) and for both 1- and 10-g averaged SAR using
a sample of 264 SAR measurements from 55 wireless handsets.
For the sample size studied, the root-mean-squared errors of the
algorithm are 1.2% and 5.8% for 1- and 10-g averaged SAR,
respectively. It is shown that the algorithm works well in both
head and body phantoms.

Index Terms—Dosimetry, mobile phones, specific absorption
rate (SAR), wireless.

I. INTRODUCTION

SPECIFIC absorption rate (SAR) is a metric that quantifies
the exposure of a person to RF energy from wireless trans-

mitters [1], [2]. Some national regulatory agencies limit RF ex-
posure and require that the peak mass-averaged SAR (averaged
over a 1- or 10-g mass of tissue) due to a wireless transmitter
is evaluated in order to demonstrate compliance with their rules
prior to equipment authorization or use (e.g., [3]). To measure
SAR from a wireless handset, the handset is placed against a
human-shaped phantom and the electric field is scanned inside
the phantom [4], which is filled with a liquid whose dielectric
properties approximate those of living tissue (see Fig. 1).

The measurement of SAR from wireless handsets has
recently been standardized [5], [6]. An initial coarse two-di-
mensional (2-D) scan (area scan) is performed in the phantom
liquid on a surface at a fixed distance away from the phantom
surface. The area scan covers the projection of the handset (see
Fig. 2). From the area scan, the location of maximum SAR is
found. At this location, a higher resolution three-dimensional
(3-D) scan (zoom scan) is performed, and post-processing is
used to determine the peak mass-averaged SAR. Scanning
of the electric field is performed by moving an electric-field
probe throughout the liquid with the aid of a robot or similar
positioning equipment. This scanning is time consuming. The
time spent to perform one complete measurement (area and
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Fig. 1. Typical SAR measurement system. The wireless handset is held next
to the ear of the liquid-filled head phantom, which is laying on its side.

zoom scan) is typically on the order of half an hour,1 and over
100 measurements may be needed for full SAR compliance
evaluation, given the combinations of transmit frequency bands
and modes, device positions against the body and left- and
right-hand sides of head phantoms, handset configurations (e.g.,
extended and retracted antennas), accessories, etc. Therefore,
a faster means of estimating the peak mass-averaged SAR is
very desirable.

The use of 2-D area scans to estimate the peak mass-aver-
aged SAR was proposed by Manning and Massey [7]. They es-
tablished that a correlation exists between the highest measured
SAR in the area scan and the peak mass-averaged SAR. The cor-
relation was analyzed using cellular telephone handsets at two
frequencies (900 and 1800 MHz).2

In a similar proposal [8], the SAR distribution is recon-
structed from approximately 30 measurement points assuming
that the SAR has an ellipsoidal distribution. The measurement
grid consists of a 4 4 point area scan and additional points
in the -direction. SAR data are fitted to the ellipsoidal model
using an iterative procedure. The method was validated using
cellular telephone handsets at 900 and 1800 MHz.

This paper proposes a robust algorithm for estimating the
peak mass-averaged SAR from a 2-D area scan [9], [10]. The
algorithm requires only the measurement of the area scan and

1Actual measurement time depends on the number of measurement points in
the area and zoom scans, the measurement time at each point, and the time taken
to move between points. Measurement times on the order of half an hour are typ-
ical at Motorola using a DASY3 measurement system from Schmid & Partner
Engineering AG, Zürich, Switzerland, in a manner consistent with international
standards [5], [6].

2M. Manning, “Principles on which the 2D scanning system is based,”
IndexSAR website. [Online]. Available: http://www.indexsar.com/2dprinci-
ples.htm, 2003.
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Fig. 2. Examples of: (left) an area scan and (right) a zoom scan of a wireless handset in a human-shaped phantom. By convention, the surface of the area scan
conformal to the phantom boundary is called the x–y-plane, and the direction away from the phantom boundary and into the phantom is the z-direction. This
figure was generated using DASY4 software from Schmid & Partner Engineering AG. Color scales are relative, with white representing the highest SAR and black
representing the lowest SAR.

knowledge of the transmit frequency. The accuracy of the al-
gorithm has been demonstrated across a broad frequency range
(150–2450 MHz) and for both 1- and 10-g averaged SAR using
a sample of 264 SAR measurements of 55 wireless handsets.
The proposed algorithm will be shown to be more robust than
the method of [7], as it estimates the mass-averaged SAR from
an averaged value over a footprint of the area scan instead of
the peak value. Unlike the method of [8], the proposed algo-
rithm does not require measurements in the -direction, and
it does not rely on assumptions of the field distribution in the

– -plane. Therefore, it applies equally to SAR distributions
that are strongly asymmetric (e.g., distributions containing mul-
tiple peaks). The algorithm does not need to know the phantom
or tissue types (head or body, as defined in [5] and [6]).

II. METHODOLOGY

To find the peak mass-averaged SAR from the zoom scan,
the data are extrapolated and interpolated onto a fine grid (e.g.,
1-mm resolution) and averaged over all volumes containing
the 1- or 10-g mass in the shape of a cube (with tolerances as
specified in [5] and [6]). The peak mass-averaged SAR ( )
is then the highest of these averaged SAR values, defined over
the volume

(1)

To estimate using less data, assumptions must be made
about the field distributions. The distribution of SAR in the

– -plane is, in general, complex. In many cases, the contours
of the distribution have an ellipsoidal shape [8], but in some
cases, the distribution is strongly asymmetric and may contain
multiple peaks. On the other hand, it is well known that the SAR
distribution in the -direction has a simple exponential decay for
a variety of homogeneous phantoms [11], [12]

(2)

where is the penetration depth determined from the measured
data. If the SAR is only known at a distance from the
phantom surface, then (2) becomes

(3)

where is an estimate of the penetration depth (the true penetra-
tion depth is unknown) and is a unitless decay charac-
teristic. An assumption must also be made about the dependence
of the – distribution on the -distribution. For this model, it
is assumed that they are independent, i.e.,

(4)

where is the SAR in the – -plane measured at
a distance from the phantom surface. This assumption
is not strictly true. The direction of field propagation is nearly
(but not exactly) parallel to the -direction. Therefore, the local
peak SAR migrates in and as it propagates. Also, the field
spreads in the - and -directions as it propagates, given that the
wavefront is somewhat spherical. However, these effects are not
very pronounced and, as will be seen, the assumption is a good
one.

Substituting (3) and (4) into (1) gives , which is an es-
timate of

(5)

(6)

(7)

where is the side length of the 1- or 10-g cube (
mm or 21.5 mm, respectively, for a tissue density of 1 g/cm ).

The first integral of (6) is the highest footprint-averaged SAR.
This is determined by averaging the area scan over all square
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areas (the footprint of the 1- or 10-g cube) and finding
the highest of these, defined over the area .

The proposed algorithm is as follows:

• conduct an area scan with measurement resolution ,
;

• use cubic spline interpolation to determine
over a 1-mm resolution;

• search for the highest 1- or 10-g footprint of
;

• find from (7) using the trapezoidal rule for integra-
tion.

The only unknown in (7) is the estimate of the penetration
depth . This is a frequency-dependent variable that will be de-
termined in Section IV-A.

III. ANALYTICAL EVALUATION

The accuracy of the algorithm depends largely on the accu-
racy of the interpolation of the area scan, which, in turn, depends
on the area-scan resolution. The area scan uses a coarse mea-
surement resolution (typically mm or mm).
To quantify the interpolation errors, three analytical reference
functions were sampled at a 15-mm resolution and interpolated
onto a 1-mm resolution. These three functions are defined in in-
ternational SAR measurement standards (e.g., [5]) to represent
a range of SAR distributions in the 300–3000-MHz frequency
range

(8)

(9)

(10)

where , , and mm. Varying
over the range 0 to shifts the measurement grid so that it is
not aligned with the peak ( gives perfect alignment of the
grid with the peak, gives the worst case shift). These
functions were sampled at mm (a typical probe distance
for the area scan). The impact of alignment of the sampling grid
on interpolation is shown in Fig. 3 for function using a shift
of . Function has the steepest spatial variation and
was designed to give the worst case interpolation errors.

To determine the accuracy of interpolation, the percent error
of the peak sampled SAR, the peak interpolated SAR, and the
average over the highest 1- and 10-g SAR footprint were found.
These values are plotted in Fig. 4 as a function of for function

. The average errors are shown in Table I.
The errors for functions and are small, but for , the

errors are considerable. These errors can be significantly im-
proved by using a finer 10-mm area-scan resolution (bottom
line of Table I). The high field gradients characterized by
are typically considerably sharper than seen in the experimental
data. The averaging of the SAR over the mass footprint gives
the lowest errors, as expected, which justifies its use in the al-
gorithm.

Fig. 3. Peak profiles of function f are shown for perfect alignment (d = 0)
and worst case alignment (d = �x=2 for resolutions of �x = 15 mm and
10 mm). The results presented are interpolated to a 1-mm resolution.

Fig. 4. Percent errors in the peak value (sampled and interpolated peaks) and
average value (over the highest 1- and 10-g footprint) versus shift distance d for
function f with �x = �y = 15 mm.

TABLE I
AVERAGE OF THE PERCENT ERRORS IN THE PEAK AND AVERAGE SAR VALUES

IV. EXPERIMENTAL EVALUATION

To test the accuracy of the algorithm experimentally, SAR
measurement data were collected on a variety of wireless
handsets. A total of 264 data files from 55 different handsets
were collected, with transmit frequencies ranging from 150
to 2450 MHz (see Table II). The 55 handsets use a variety
of signaling schemes [e.g., analog, NADC, global system for
mobile communication (GSM), code division multiple access
(CDMA)]. There are a total of 146 measurements against the
head and 118 against the body. Efforts were made to select
measurement data in a wide variety of test configurations (e.g.,
cheek versus tilt position and left- versus right-hand side for
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TABLE II
NUMBER OF SAR DATA FILES AND PRODUCTS PER FREQUENCY INCLUDED

IN THE EXPERIMENTAL EVALUATION. SOME PRODUCTS OPERATE AT

MULTIPLE FREQUENCIES

head data, different carry accessories for body-worn data)
and a wide range of SAR values (from 0.4 to 8 W/kg for the
1-g averaged SAR). The SAR distributions in the – -plane
also vary widely from symmetric single-peak distributions to
asymmetric distributions with multiple peaks (Fig. 5).

Each data file includes both the area and zoom scans, mea-
sured using a DASY3 system from Schmid & Partner Engi-
neering AG [13]. The area-scan resolution is

mm for all data files. For the zoom scans, 80% of files (211)
have seven points in all directions with resolution of

mm. The remaining 53 files have five points
in and with a resolution of mm and seven
points in with a resolution of mm.

The accuracy of the estimate is determined by com-
paring it with from (1). is calculated from the
zoom scan data after fourth-order extrapolation and cubic spline
interpolation. Integration is performed using the trapezoidal
rule. Since is determined from the area scan and
is determined from the zoom scan, and because the output
power of a handset may drift during the measurement,
was corrected for this drift.

A. Penetration Depth

An estimate of the penetration depth, i.e., , must be deter-
mined in order to evaluate . For the 264 data files, the
penetration depth along the direction of the peak SAR was de-
termined. The penetration depth is dependent on frequency and
the dielectric parameters of the tissue-simulating liquid. For all
of the data files, the dielectric parameters were within 5%
of the target values in Table III. The target dielectric parame-
ters of head-simulating liquid above 300 MHz were determined
by Drossos et al. [14] for international standards (e.g., [5]).
All of the targets for body-simulating liquid and the targets
for head-simulating liquid below 300 MHz were determined by
the U.S. Federal Communications Commission (FCC), Wash-
ington, DC, for its guidelines [15].

On average, the permittivity and conductivity are approx-
imately 30% and 8% higher for body-simulating liquid than
for head-simulating liquid. However, the impact of these dif-
ferences partially cancel each other out, resulting in penetration
depths that are not strongly dependent on the tissue type. This
can be seen in Fig. 6 for the case of a plane wave at normal in-

cidence to a flat phantom, where the penetration depth is given
by

(11)

In Fig. 6, the difference in penetration depths between head
and body tissue is only approximately 6% at most frequencies.
For this reason, it makes sense to choose a penetration depth that
is independent of tissue type.

The penetration depth is also dependent on the current distri-
bution of the source [device-under-test (DUT)] and on the dis-
tance of the source to the phantom. The penetration depth in a
flat phantom due to dipole antenna sources is shown in Fig. 6
for measurements in head-tissue simulating liquids. The dis-
tance from the feed point of the dipole antennas to the tissue
simulating liquid was 15 mm for frequencies below 1 GHz and
10 mm otherwise (as specified in [5] and [6]). It can be seen
in Fig. 6 that the penetration depth is smaller for a dipole an-
tenna source than for a plane-wave source at the same frequency.
The close proximity of the dipole antenna feed point means that
the -field in the tissue simulating liquid has a wavefront that
is more spherical than planar, resulting in a faster decay of the
SAR. Larger distances between the RF source and the phantom
liquid result in larger penetration depths, as demonstrated in [11]
and [12].

The average penetration depths from the 264 scans are shown
in Fig. 6 as a function of frequency. As expected, the average
values for head and body tissue simulating liquids (red squares
and green diamonds, respectively) are very close to each other.
The error bars represent a range of , where (blue circles)
is the average of the head and body data and is the sample
standard deviation. It is noteworthy that the penetration depth
values of the measured data are for the most part between the
values for the plane wave and dipole antenna sources. This is
because the cross-sectional area of the DUT source is larger than
that of a dipole antenna (thus, the currents on the DUT will be
more spread out) and the distance from the antenna feed point
of the DUT to the phantom liquid is generally greater than that
for the dipole antenna (due to the thickness of the DUT).

It can be seen from Fig. 6 that the average penetration depth
is approximately linear with frequency. A least squares fit line
through the average penetration depth values gives the following
estimator of the penetration depth

mm GHz (12)

The estimator fits the average with a correlation coef-
ficient of 98.8%, and the deviation of from is between
0.4%–6.2% across the 150–2450-MHz frequency range. This
indicates that the least squares fit line is a good fit to the
average data. Given that a large amount of data was used to
derive this line, it is also expected to fit other data in an average
sense. However, as indicated by the error bars in Fig. 6, the
penetration depth can deviate significantly from one DUT to
another at the same frequency. It is, therefore, important to an-
alyze the sensitivity of to the variation in the penetration
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Fig. 5. SAR distributions in the x–y-plane for three of the 264 data files. Although two of these SAR distributions are strongly asymmetric [(b) and (c)], the
accuracy of SAR for each of the three examples is within 2% of the average errors overall (for both 1- and 10-g averaged SAR). Color scales are relative to each
figure, with dark red representing the highest SAR and dark blue representing the lowest SAR.

TABLE III
TARGET DIELECTRIC PARAMETERS OF THE PHANTOM LIQUID

Fig. 6. Average penetration depth of the 264 data files compared with the
penetration depths of the plane wave and dipole antenna sources.

depth. This was done by evaluating the second integral in (6)
over a range of penetration depths (i.e., by calculating
while keeping the – distribution constant). Fig. 7 shows the
results for the range of penetration depths observed at 900 and
1750 MHz (the results are similar at other frequencies). The
percent change in at each value of is shown relative to

at . Equation (12) gives a value of mm
and 21.7 mm at 900 and 1750 MHz, respectively. It can be seen
that although the deviation of the penetration depth from is
large (approximately 25%), the deviation in is within

2% and 7% for the 1- and 10-g averaged SAR, respectively.
Also, the rms change in for this data is 0.2% (1 g) and
2.8% (10 g) at 900 MHz, and 0.5% (1 g) and 3.2% (10 g) at
1750 MHz. These results show that the proposed method is
relatively insensitive to differences between DUTs. The linear

Fig. 7. Sensitivity of the SAR to the range of penetration depths observed at
900 and 1750 MHz for the data files considered in this study (32 and 39 data
files, respectively; see Table II).

estimator of the penetration depth in (12) is, therefore, a good
choice.

B. SAR Estimate

The area-scan estimate of the peak 1- and 10-g aver-
aged SAR (denoted and , respectively) were
computed and compared with the volumetric SAR (
and ) for all 264 scans. The linear correlation between

and is excellent (Fig. 8). The correlation coeffi-
cient is 99.9% for both cases.

A histogram of the percent error of relative to is
shown in Fig. 9, and the mean and rms errors at each frequency
are given in Table IV. Note that the highest errors observed in the
experimental data are much lower than the worst case errors ob-
served from the analytical data. The rms error of the combined
data is 1.2% and 5.8% for the 1- and 10-g averaged SAR, respec-
tively. These errors are small compared to the estimated 12%
uncertainty of our SAR measurement system (determined using
the protocol in [5]). Treating the rms error of and the
uncertainty of the measurement system as independent random
variables, their combined uncertainty is 12.1% and 13.3%, for
the 1- and 10-g averaged SAR, respectively. Thus, the use of this
area-scan SAR estimate in our SAR measurement system does
not have a large impact on the total uncertainty.

Table IV shows that the smaller rms error of com-
pared with is consistent across the frequency range.
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Fig. 8. Correlation between SAR and SAR for the 264 data files.

Fig. 9. Histogram of the deviation of SAR from SAR for the 264 data files.
Data is grouped into bins of 2% increments along the x-axis. The y-axis shows
the number of times the deviation fell within each bin.

TABLE IV
MEAN AND rms ERRORS OF SAR RELATIVE TO SAR FOR THE 264
DATA FILES. THE ERRORS ARE SHOWN BY FREQUENCY AND FOR ALL

DATA COMBINED

It is evident from the previous discussion that this is due to the
reduced sensitivity of to variations in the penetration
depth from (from Fig. 7). This will be further explored in Sec-
tion IV-C. The data in Table IV also shows that there are no
strong frequency dependences of the rms error. From Fig. 9 and
Table IV, it is also observed that slightly overestimates

, giving a conservative estimate for these data.
RMS errors for head and body data may also be compared.

For data taken with the head phantom, the rms errors are 1.4%
and 6.3% for and , respectively. For data

taken with the body (flat) phantom, the rms errors are 1.0% and
5.0% for and , respectively. This shows that
the algorithm works well regardless of phantom and tissue type.
The slightly higher errors for the head phantom are expected,
given that the complex shape of the head phantom results in
higher measurement uncertainty.

C. Algorithm Enhancements

From the analytical evaluation in Section III, it was demon-
strated that the measurement resolution of the area scan can be
a large source of error. From the analysis of penetration depths
in Section IV-A, it was shown that the error in the assumption
of the penetration depth can also be a source of error, partic-
ularly for . Clearly, the algorithm can be enhanced
using a finer measurement resolution in and and/or addi-
tional measurements in to give a better estimate of the pen-
etration depth. However, this comes at the expense of longer
measurement times. This section explores how the accuracy of
the algorithm may be improved using these two enhancements.

Instead of assuming an exponential decay in with an es-
timate of the penetration depth, SAR measurements along the

-direction can be used. For example, the SAR can be measured
along one line in the -direction (e.g., at the SAR peak in and

) after performing the area scan. The normalized average SAR
along the -direction is then used in place of the second integral
in (6). This was done for the 264 data files using data from the
zoom scan. The resulting rms errors are 1.9% for and
4.3% for . As expected, the use of the measured pene-
tration depth has an impact on the rms error of , but has
little impact on the rms error of . In fact, the rms error of

increased slightly. This is explained by the fact that the
measured penetration depth is on average smaller than (given
that the direction of field propagation is not exactly parallel to
the -direction, the decay is sharper along than along the di-
rection of propagation). A smaller penetration depth results in
a larger value of and a smaller value of , as
shown in Fig. 7. From the histogram of Fig. 9, it can be seen
how this will give a larger rms error for and a smaller
rms error for for these data.

Thus far, the algorithm has been analyzed using coarse scan
data with a resolution of mm. A finer measure-
ment resolution of 5 mm was also analyzed. Since the existing
area scans do not contain data at 5-mm resolution, this was ac-
complished by using the closest plane of the zoom scan data (the
plane at ). This data has either 7 7 points with a 5-mm
resolution (211 of 264 files) or 5 5 points with an 8-mm res-
olution (53 files). To obtain a 5-mm resolution, the 7 7 point
grids were used (it was not possible to include the 8-mm reso-
lution data for this case). Using the standard algorithm with this
resolution gives rms errors of 0.9% and 2.8% for and

, respectively.
If both enhancements are used together, the resulting rms er-

rors are 0.6% and 0.9% for and , respectively.
These errors are negligible and are comparable to the post-pro-
cessing uncertainty of the zoom scan (due to interpolation, ex-
trapolation, and averaging errors) [10]. In fact, from these re-
sults, it is questionable whether full measurement of the zoom
scan is necessary. The coarse measurement resolution of the area
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scan and the assumed SAR decay are the two largest sources
of error of the algorithm. The errors due to other sources (e.g.,
post-processing, errors due to the dependence of the - distri-
bution on the -distribution) are less than 1%.

V. DISCUSSION

Given the robustness and accuracy of the algorithm, it can
also be used for other purposes. For area scans having more
than one SAR peak, international standards currently state that
zoom scans should be performed on all secondary peaks whose
peak SAR is within 2 dB of the primary peak [5], [6]. The al-
gorithm could be used to estimate the peak mass-averaged SAR
of the secondary peaks and determine whether measurement of
the multiple zoom scans is really necessary.

The algorithm may also be used to evaluate the SAR of de-
vices with simultaneous multifrequency transmission. An ex-
ample of this is a cellular telephone that can simultaneously
transmit a cellular telephone signal (e.g., at 900 MHz) and a
Bluetooth signal (at 2450 MHz). It is possible that such a de-
vice may be compliant with the regulatory SAR limit at each
frequency while the composite SAR from simultaneous trans-
mission is above the limit. Therefore, the accurate determina-
tion of the SAR in this situation is important. As of this writing,
this issue has not been standardized. Given that the tissue simu-
lating liquid and the probe calibration are frequency dependent,
and given that existing SAR measurement systems are unable to
separate the frequency components of a signal, it is not possible
to accurately measure the SAR from such a transmitter using
one measurement in one liquid. It has been proposed instead that
separate SAR measurements (area and zoom scans) are done at
each frequency (using the appropriate tissue simulating liquid
and probe calibration at that frequency) and the SAR distribu-
tions are added [16]. This method makes sense, but it may be
very time consuming to implement, especially if the SAR peaks
of the multiple transmitters are far apart due to the need to mea-
sure zoom scans that covers all peaks. A modification to this
proposal is as follows.

Step 1) Measure the area scan at each frequency.
Step 2) Measure the SAR decay at the peak location of each

area scan (optional) .
Step 3) For each area scan, numerically generate the volu-

metric SAR data, using either the measured decay
(if Step 2) was performed) or an exponential decay
with an estimate of the penetration depth. This step
creates SAR data as if a zoom scan was performed
covering the entire region of the area scan.

Step 4) Add the resulting volumetric SAR distributions to-
gether.

Step 5) Find the peak mass-averaged SAR.

This method has been proposed to international SAR mea-
surement standard setting committees (IEEE SCC34 and IEC
PT 62209). Aside from Step 4), this method is identical to the
algorithm proposed in this paper. Therefore, the results shown
in this paper are applicable to this procedure.

VI. CONCLUSIONS

An algorithm has been presented that accurately and more
quickly estimates the peak 1- or 10-g averaged SAR in a human
phantom from a wireless device. Instead of performing both an
area scan and a zoom scan, only the area scan and knowledge
of the transmit frequency are needed. The accuracy of the al-
gorithm has been demonstrated across a broad frequency range
(150–2450 MHz) and for both 1- and 10-g averaged SAR using
a sample of 264 SAR measurements from 55 wireless handsets.
For the sample size studied, the root-mean-squared errors of the
algorithm are 1.2% and 5.8% for 1- and 10-g averaged SAR,
respectively. These errors are small compared to the total SAR
measurement uncertainty.
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