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Abstract—In this paper, we present a fast technique for
estimating the specific absorption rate (SAR) of multiple-antenna
transmitting devices such as mobile phones, which utilize two
or more antennas in communication. SAR values for arbitrary
relative phase combinations of the antennas at an observation
point can be estimated from SAR measurements for several
known relative phases at the same observation point. Several
numerical and experimental validations on different antenna
configurations and operating frequencies have been carried out
to verify the proposed estimation method. It has been highlighted
that the proposed estimation method is simple yet provides highly
accurate estimated SAR values.

Index Terms—SAR, estimation, multiple-antenna transmitting,
MIMO.

I. INTRODUCTION

N recent years, multiple antennas working at the same

frequency have been increasingly employed in many wire-
less communication devices with different techniques such as
multi-input multi-output (MIMO) or phased antenna arrays.
Therefore, there is an increasing demand to develop mea-
surement methods and procedures for evaluating the specific
absorption rate (SAR) of such devices in compliance tests
for radio frequency radiation protection guidelines [1]. SAR
indicates the amount of power absorbed per unit mass of a
biological body when it is exposed to an electromagnetic field.
In SAR measurements, the biological body is represented by
a dielectric medium, which has dielectric constants similar to
that of the biological body, and called a phantom. SAR is
proportional to the power of the internal electric field (|E]?)
and is expressed as

o |E’
p

where o and p represent the electric conductivity (S/m) and
mass density (kg/m?) of the medium, respectively.

There are two types of electric field probe used to measure
SAR: vector electric field probes and scalar electric field ones.

SAR =

[W/kg), M
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The scalar electric field probes can provide only information
of the magnitude of measured electric fields, whereas the
vector electric field probes can give information of both the
phase and magnitude of measured electric fields. However,
while the scalar probes are widely used in laboratories and
relatively inexpensive, the vector probes might be expensive
and not readily available at present. SAR can be measured
using electric field probes and calculated according to Eq. (1).

If only one transmitting antenna is considered, which is the
typical case for conventional devices with one transmitting
antenna for communication, SAR does not depend on the
phase but on the magnitude of the measured electric field.
Measurement procedures for such devices are defined in
international standards [2], [3], and improved in fast SAR
measurement techniques from 2-D area scans [4], or using
vector electric field probes [5], [6]. However, when there are
two or more transmitting antennas simultaneously working at
the same frequency in the device under test (DUT), the total
electric field is the vector summation of the electric fields
from individual antennas. Thus, the total electric field at each
measured point will strongly depend on the relative phases of
the radiating sources. Therefore, the SAR of multiple-antenna
transmitting devices will change according to the change in the
relative phase of the radiating sources. This problem remains
a challenging issue when one measures the SAR of multiple
antenna transmitters such as MIMO or phased array antenna
systems.

Some recent works on electromagnetic field compliance
assessments of radio base stations utilizing antenna arrays
provide analyses to evaluate electric fields radiated from multi-
band and multi-antenna base stations, where field combining
methods for uncorrelated and correlated exposure were applied
[7], [8]. For multi-antenna hand-held devices, a technical
report of the International Electrotechnical Commision (IEC)
[9], and current SAR measurement standards [2], [3] recom-
mend measuring SAR repetitively with every combination of
the relative phases and magnitude of the sources. For instance,
in the case of two transmitting antennas, measurement needs
to be conducted with every relative phase combination of the
sources, sweeping from 0 to 360 degree with a phase step.
If the phase step is equal to 10 degree, for example, there
would be 36 repetitive measurements in order to find the
maximum SAR corresponding to a particular relative phase
combination. Clearly, this technique is considerably time-
consuming owing to the large number of the relative phase
combination, particularly when many antennas are utilized in
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a device and/or the phase step is small.

To reduce the measurement time, some other measurement
methods were introduced. Namely, antennas are turned ON
or OFF alternatively during the SAR measurement. The SAR
corresponding to the active (ON) antennas will be measured
separately, and the total SAR value will then be determined by
combining the individual measured SAR [10]. This method,
however, can only provide an upper bound of the SAR, thus
potentially overestimating the actual SAR. Nevertheless, it also
requires additional switches to turn antennas ON or OFF,
thus making the test modes of measurement devices more
complicated.

In addition, another method, where all antennas are acti-
vated during the SAR measurement, was also proposed by
our research group [6]. This method allows taking a time-
averaged SAR value during a certain averaging period with a
conventional SAR measurement system using scalar electric
field probes. The advantages of this method are (i) the control
of the relative phases of the antennas is not required, and (ii)
it is applicable to devices where the phase and amplitude of
the transmitting signals change during operations (amplitude
and phase modulation) such as MIMO or multiple input single
output (MISO) communications. However, the disadvantages
of this method include (i) a longer averaging time (measure-
ment time) compared with the conventional single-antenna
transmitting devices, and (ii) potential underestimation for the
devices where the phase and amplitude of transmitting signals
do not change during a certain time of operations such as smart
antenna or array antenna devices.

In this paper, we present a fast and highly accurate esti-
mation method for evaluating the SAR values for arbitrary
relative phase combinations. Only several measurements for
pre-known relative phase combinations should be conducted.
The SAR for any other relative phase combinations can be
estimated on the basis of the measured data. The proposed esti-
mation method can be well applied to conventional SAR mea-
surement systems using a scalar electric field or to advanced
SAR measurement systems using vector electric field probes.
Generally, in a device consisting of /N-element transmitting
antennas, only N measurements for /N known relative phases
are necessary for measurement systems with vector electric
field probes. On the other hand, N(N — 1) 4+ 1 measurements
are required for measurement systems utilizing scalar electric
field probes. By reducing the number of measurements, the
proposed estimation method provides a practical procedure for
evaluating the SAR for multiple-antenna transmitting devices,
and thus is promisingly applicable to compliance tests.

The rest of this paper is organized as follows. In section II,
the fundamental concepts of the proposed estimation method
and field analyses will be presented. A measurement procedure
based on the proposed estimation method is also illustrated in
this section. Numerical and experimental validations will be
shown in sections III and IV with various types of antenna
configurations, respectively. Discussions about the proposed
method and related works will be presented in section V,
followed by concluding remarks in section VI.
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Fig. 1. Estimation concepts for a two-element antenna array.

II. FUNDAMENTAL ESTIMATION CONCEPTS
A. Two-antenna case

Let us first consider the simplest case of a multiple-antenna
transmitting devices which consists of two antennas simul-
taneously working at the same frequency. The total field at a
measurement point inside a phantom depends on the phase and
magnitude of the electric fields from the individual antennas.
To make it simple, we assume that only relative phases of
the sources are considered as subject to change whereas the
time-averaged value of the magnitude is kept unchanged at
their maximum values. This assumption is quite reasonable
for evaluating the maximum local SAR because it normally
corresponds to the maximum power of feeding sources.

Figure 1 shows estimation concepts for a simple configura-
tion of a two-antenna array placed below a flat phantom. Note
that this method can also be applicable to a non-flat phantom
such as the SAM phantom. At a measurement point (P), the
total electric field (including the three components z, y, z) is
equal to the vector summation of the individual electric field
from each antenna. It can be given as

E = E) + Eye? 2)

where [ is the relative phase of the two antennas, and F; and
E) are the electric fields from antennas 1 and 2, respectively.
This equation is true for the three components z, y, and z
of the electric fields: thus, the following developments of
equations can be applied for all components, and therefore
the proposed estimation method will be independent of the
field polarizations.

Now, to avoid duplication in notations, let a; = FE; and
as = Ey (complex values). Then, Eq. (2) can be re-written as

E = aj + axe’P. 3)

Regarding the change in the relative phase of the antennas
at the same evaluation point (P), it is important to note that
the factors a; and as do not depend on (. Thus, we can
consider the total electric field in Eq. (3) as a function of
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(. The basic idea to estimate the electric field for an arbitrary
(3 is to calculate these factors (a1 and as) from few measured
electric field data. As shown in Fig. 1, at a given point (or more
generally, a plane or a volume), the electric fields for several
relative phase combinations will be measured, and then the
electric field for any other relative phase combination can be
estimated from the measured data.

1) Expression for vector estimation: When the vector
probes are used to measure the electric field, the proposed
estimation is called vector estimation. The factors a; and as
in Eq. (3) can be determined within only measurements for
different 5 values. To make it simple, the relative phases can
be chosen as 8 = 0 and 180 degree. Then, the factors a; and
as can be calculated as

(Eo + Eis0)/2

E
az (Eo — E1s0)/2,
where Ey and F1g9 can be obtained directly from the electric
field measurement using the vector probes for the relative
phases of 0 and 180 degree, respectively.

Once a; and as are determined, the electric field, thus
the SAR, for an arbitrary (S.s; will be easily estimated by
substituting the factors a; and ay from Eq. (4) into Eq. (3).

2) Expression for scalar estimation: Since the vector
probes might be expensive, and not readily available, it is
more useful to extend the estimation with the scalar probes.
The estimation for the scalar electric field probes is referred
to as scalar estimation.

Let air, asr, ai1, and aor be the real and imaginary parts
of a; and ag, respectively. From Eq. (3), the square of the
magnitude of the electric field, which is proportional to the
SAR, can be expressed as

“)

|E|? = by 4 bacos 8 + bssin 8 5)
where ) ) ) )
by = (afg +ai) + (a3g +a3))
by = 2 (a1ra2r + ai1aar) (6)
by = 2 (a11a2R — @1RA21) -

By incorporating with o and p from Eq. (1), we can obtain
the formula of the SAR as

SAR = ¢1 + cacos B + c3sin 3, @)

where ¢; = bjo/p (i=1...3).

Now, in order to estimate the SARs for an arbitrary [
from Eq. (7), we need to measure the SARs for three different
relative phases. To make it simple, the relative phases can be
chosen as 8 =0, 90, and 180 degree. Then, the factors ¢y, ca,
and c3 can be derived from

c1 = (SARO + SAngo) /2, and
Co = (SARO - SAngo) /2, and (8)
C3 = (2SAR90 — SARO — SAR180) /2,

where SARg, SARgg, and SAR;go are the SAR values for
the relative phases of 0, 90, and 180 degree, respectively.
They can be obtained directly from the SAR measurement
using the scalar probes. The determined factors c;, co, and c3
are substituted into Eq. (7) to estimate the SARs for arbitrary
values of 3.
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Fig. 2. N-antenna array and a phantom in SAR evaluation.

B. N-element antenna array

Figure 2 shows an example of the array that consists of N
individual sources (antennas). Let us assume that each antenna
is excited with each phase f;(i = 1..N). Without loss of
generality, we can take 7 = 0 (i.e., the first antenna is
considered as a reference), and the other [3; is considered
as the relative phase between the i*" antenna and the first
antenna. The total electric field radiated by the N antennas is
equal to the vector summation of all the individuals. To avoid
duplication in electric field notations, the electric field at an
evaluation point can be expressed as

E — alejﬁl + azejBZ + .. + aNej,BN (9)

Again, note that the complex factors {a1,as...ayx} are in-
dependent of {f1, B2 ...Bn}. Thus, if we can calculate them
from particular combinations of 3, we will be able to estimate
the electric fields with any arbitrary combinations of 3. Similar
to the two-antenna case, there will be two estimation methods
that correspond to the types of electric field probes used in
the SAR measurements.

1) Expression for vector estimation: The first stage of the
vector estimation is to calculate the factors {aj,as...an}
from measured data for pre-known relative phase combi-
nations. We need to build up N equations to be able to
determine {aj,as...an}. Each equation corresponds to a
measurement for a particular relative phase combination. Thus,
the N equations can be expressed via N measurement times
as

El = alejﬁll + a2€jﬁ12 + -+ aNejﬁlN
E2 = alejﬁ21 + a2€jﬁ22 + - 4+ CLNej62N
(10)
Eny = a1yt 4 gqeifve 4.4 aNejBNN7
which can be written as
Fr eIh BN a
: = : : o, adb
En eIBN1 eIBNN ay

where E;{i = 1...N} is the measured electric field in the
i'" measurement time, and 3;; {i=1...N}; {i=1...N}
is the relative phase 3; in the it" measurement time.

The above equations can be solved as
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eIPiN -1 FE
= : : : . (12)
eIBN1 Ey

The electric field for any arbitrary combinations of 5. can
be easily estimated by substituting the factors {a1,as...an}
into Eq. (9). The required number of measurements for the
vector estimation is exactly equal to the number of antennas
(N). Thus, by using the vector electric field probe, this
estimation method would significantly reduce the total SAR
measurement time.

2) Expression for scalar estimation: Since the output of
scalar electric field probes is proportional to the square of
the magnitude of the measured electric field, it is useful
to calculate the formula of the square of the magnitude of
the electric field. From Eq. (9), it can be expressed as (see
appendix for detailed calculations)

a elP1

an ejﬁNN

N
B = D (agataps) | +
p=1
N-1 N
+2 Z Z (apragr + apragr) cos (By — By)
p=1 q=2;4>p
N-1 N

>

p=1 q=2;q>p

(apRan - aplaqR) sin (ﬂp - ﬂq)

13)

where a,z and a,; are the real and imaginary parts of a,,.

Now, by incorporating o and p in Eq. (1), the SAR of an
N transmitting antenna device can be expressed in terms of
the relative phases of the antennas as

N-—1 N
SAR = A+ Z Z Bypq cos (Bp — Bq)

p=1 q=2;q>p

N—1 N
+3° " Cuysin(B, — By)

p=1 q=2;¢>p

(14)

where A, B,,, and C,, are the real factors that can be
expressed in terms of a,g, apr, o, and p.

Table I lists the SAR formulas for several numbers of
antennas as examples (note that 5; = 0) of the estimation
using the scalar electric field probes. The SAR expression
in Eq. (14) can be considered as a function of the relative
phases of the sources. The function consists of N(N —1)+1
factors that do not depend on the change in the relative
phases. Thus, the key technique to estimate the electric field
with any arbitrary relative phase combinations is to determine
these factors on the basic of the electric field data measured
from several relative phase combinations. Because there are
N(N — 1) + 1 factors, the required number of measurements
would be N(N — 1)+ 1.

The estimation methods for both the scalar and vector
probes can be used to evaluate any arbitrary combination of the
excitation phases of the sources (the antennas) in a multiple-
antenna transmitting system. Because the required number of

measurements is reduced, particularly for the vector estimation
case, the total evaluation time would be significantly reduced.

C. Measurement procedure

The proposed estimation method plays an important role in
measurement procedures to identify the relative phase combi-
nation that corresponds to the maximum SAR of the devices.
At the initial step of the measurement, the input power to each
antenna is set to its maximum in a normal communication
as the maximum SAR usually corresponds to the maximum
antenna input power. The next step is to measure the electric
field/SAR on the area scan. The number of measurements
depends on the SAR measurement systems with different types
of electric field probe. After the area scan is completed for all
the necessary measured data (different sets of relative phases),
the estimation factors will be calculated according to Eq. (4)
or (8) depending on the type of electric field probe. Once the
estimation factors are determined, the SAR estimation can be
computed with a phase step, 1 degree, for example. Using
these factors, we can identify the relative phase combination
Bmaz that corresponds to the maximum SAR. Thus, the next
step is to set the relative phase as (3,,4, and conduct the SAR
measurement as a conventional procedure in area scan and
zoom scan, and calculate the maximum spatial average SAR
for 1g or 10g. The area and zoom scans are well defined in
the SAR measurement standards [2], [3]. Obviously, to be able
to set the relative phases of the sources, a test mode of the
device under test should be provided by the manufacturers.

The proposed measurement procedure above clearly reduces
the number of necessary measurements up to 2 or 3 mea-
surements, depending on the type of electric field probes, for
a two-antenna transmitting device. It can find the maximum
value of the SAR and its related relative phase. The steps
for the determination of the estimation factors can be per-
formed by a computer thus, the total evaluation time will be
significantly saved. Furthermore, the proposed procedure can
work with the current SAR measurement systems that mainly
employ scalar electric field probes. These advantages highlight
the effectiveness of the proposed estimation method, thus,
making it promisingly applicable. A similar procedure can be
developed for the case of an N-antenna transmitting device.
However, to make this paper concise, we only present here
the measurement procedure for the two-antenna transmitting
device.

TABLE I
EXPRESSIONS FOR SAR OF N-ANTENNA TRANSMITTERS

Number of

‘ N ‘ measurements Formula of SAR

2 3 A + Bcos 3+ Csin 8

3 7 A+ Bi2 cos B2 + Bis cos B3 + Baj cos(B2 — B3)
+C12sin B2 + C13 sin B3 + Cag sin(fB2 — f3)

4 13 A + Bjgcos B2 + Bis cos 33 + B4 cos B4

+Ba3 cos(B2 — B3) + Baa cos(B2 — f4)
+ B34 cos(f3 — Ba) + Cr2sin B2 + Ci3sin 83
+C14sin B4 + Caz sin(B2 — f3)
+C2ysin(B2 — Ba) + Caasin(B3 — Ba)
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Fig. 3. Flat phantom used in numerical validations.

III. NUMERICAL VALIDATIONS
A. Model 1

In order to demonstrate the validity of the proposed estima-
tion method, finite-difference time-domain (FDTD) simulation
results are used as measurement references. Simulation was
carried out using the SEMCAD X software (SPEAG Switzer-
land) [12]. A flat phantom, shown in Fig. 3, is modeled in
the simulation program. The geometrical parameters of the
phantom as well as the antenna array are listed in Table II.
Note that because the three components x, y, and z of electric
fields can be explained for estimation in the same way, the
estimation method will not depend on the field polarizations.
Therefore, any antenna configurations with any polarization
can be used for validations. To make it simple, the models in
this section will be with one polarization.

The first model is a simple case with two dipole antennas
working at 2450 MHz. The two dipoles are placed with
a space of half wavelength (55 mm). We used the SAR
values calculated from SEMCAD X instead of the measured
ones. The SAR values, for the different relative phases (3)
of 0, 90, and 180 degree, were calculated for the scalar
estimation, whereas the SAR values, for 8 of 0 and 180
degree, were calculated for the vector estimation. After the
estimation factors were determined using Eq. (4) or (8), we
performed both the scalar and vector estimations for different
relative phases, from 0 to 360 degree, with a phase step of
1 degree. The estimated and originally calculated SARs are
normalized to the maximum value over the observation plane
of the calculated SAR corresponding to 3 of 180 degree.

TABLE II
PARAMETERS OF THE PHANTOM AND HEAD TISSUE-EQUIVALENT LIQUID

FDTD. (0)

FDTD. (90)

FDTD. (180

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2670328, IEEE

Parameter Value
Phantom size 180 x 180 x
150 mm?
Shell thickness 2 mm
Liquid Relative @2.45 GHz 39.2
permittivity @2.14 GHz 39.7
Conductivity @2.45 GHz 1.80 S/m
@2.14 GHz 1.53 S/m
Shell Relative @2.45 GHz 3.7
permittivity @2.14 GHz 3.7
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Fig. 5. A comparison between scalar-estimated, vector-estimated, and FDTD-
simulated SAR for 8 of 45 degree.

Fig. 4. SAR in a plane for 3 of 0, 90, and 180 degree.
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Figure 4 shows the originally calculated SAR distributions
in a plane for 5 of 0, 90, and 180 degree. As can be seen from
this figure, the different relative phases result in the different
SAR distributions. The estimation factors can be determined
for the vector estimation according to Eq. (4) and for the
scalar estimation according to Eq. (8). Then, the SARs for the
arbitrary value of relative phases can be estimated using the
estimation factors. Figure 5 shows a comparison between the
scalar-estimated, vector-estimated, and FDTD-simulated SAR
for 5 of 45 degree. Very good agreements between them can
be found, and the difference at the maximum point SAR is
only 0.06% for the scalar estimation and 0.37% for the vector
estimation. This verifies that the proposed estimations work
very well for both the vector or the scalar probes.

B. Model 2

The second model comes with more practical antennas. We
take a model with two inverted F antennas (IFA) placed in
a small case, similar to a mobile phone. The antennas work
at 2140 MHz. The antenna configuration, its dimensions, and
the phantom in the simulation are shown in Fig. 6. Again, the
calculated SAR for S of 0, 90, and 180 degree, were used for
the scalar estimation and those for /5 of 0 and 180 degree were
used for the vector estimation to calculate estimation factors.

Figure 7 illustrates the SAR distributions for the three pre-
known relative phases, i.e., 5 of 90 and 180 degree. We can see
that owing to the vector summation of the electric fields from
individual antennas, the SAR peak point on the observation
plane may not be at the location of each antenna. We also
found good agreements between both the vector and scalar
estimations and the original FDTD calculation in Fig. 8 for
the relative phase of 45 degree. The differences between them
in this case are 0.005% and 0.034% for the scalar and vector
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Fig. 6. IFA models: (a) Antennas; (b) Phantom in simulation. All dimension
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Fig. 8. Comparisons between the scalar-estimated, vector-estimated, and
originally FDTD-simulated SAR for 8 of 45 degree.
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Fig. 9. IFA in model 3. All dimensions in [mm].

estimations, respectively. These minor differences verify the
validity of the proposed estimation method.

C. Model 3

In the third model, we extend the validations with a three-
antenna option. Three IFAs allocated in a small case similar
to the second model are developed. The antenna configuration
and dimensions are shown in Fig. 9, and the setup of the
antennas and phantom is similar to that shown in Fig. 6(b) in
the second model.

In the three-antenna case, the vector estimation requires
the measurements of electric fields for 3 different relative
phase combinations, and the scalar estimation requires the
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Fig. 11. Comparisons between calculated SAR and estimated SAR for (2
= 0 degree, 83 = 135 degree for the three-antenna case.

measurements of electric fields for 7 different relative phase
combinations. To make it simple in the following estimations,
the 3 relative phase combinations for the vector estimation are
chosen as

o Pattern 1 for o = 0 degree, 83 = 0 degree,
o Pattern 2 for 8y = 0 degree, S35 = 180 degree, and
o Pattern 3 for 5o = 180 degree, 53 = 180 degree.

For the scalar estimation, 7 necessary measurements will

be conducted for different relative phase combinations, as
follows:

o Pattern 1 for By = 0 degree, 83 = 0 degree,

o Pattern 2 for B = 0 degree, B3 = 90 degree,

o Pattern 3 for B3 = 0 degree, B3 = 180 degree,

o Pattern 4 for By = 90 degree, 53 = 90 degree,

o Pattern 5 for S, = 180 degree, 53 = 0 degree,

o Pattern 6 for 5o = 180 degree, 53 = 90 degree, and
o Pattern 7 for 8o = 180 degree, 53 = 180 degree.

All calculated and estimated SARs for this model are
normalized to the maximum calculated SAR obtained from
the pattern for S = 180 degree, and 3 = 180 degree. Figure
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Fig. 12. Experimental scheme.

10 shows the SAR distributions for the seven relative phase
combinations, which include the three necessary combinations
for the vector estimation. Again, we can see that the differ-
ent relative phase combinations result in the different SAR
distributions and SAR values. On the basic of these data, the
SARs for other relative phase combinations can be estimated
according to Egs. (9) and (14) for N = 3. Figure 11 shows
a comparison between FDTD-calculated and estimated SAR
distributions for By = 0 degree and B3 = 135 degree. As can
be seen from this figure, the calculated SARs agree well with
both the vector-estimated and the scalar-estimated SARs. The
difference between them at the maximum SAR point is about
1% for the scalar estimation and 2% for the vector estimation.

In general, different cases with different antenna types,
antenna configurations, antenna numbers, and so on can also
be applicable with the estimation methods. Thus far, we have
achieved very good agreements between the calculated and
estimated SARs for all of the examined cases.

IV. EXPERIMENTAL VALIDATIONS
A. Experimental configuration

In order to verify the proposed method, several SAR mea-
surements using the DASY52 systems [13] have been carried
out. Since the DASYS52 system in our laboratory works with
a scalar electric field probe, we will only be able to validate
the scalar estimation. Figure 12 illustrates the experimental
scheme of our measurements. The flat phantom (ELI4) and
two co-polarized dipoles, operated at 2.45 GHz and with the
spacing of 0.5, are used in our experiments. The distance
between the dipoles and the phantom is 10 mm. Continuous
wave (CW) signals, generated from a two-port signal generator
(Anritsu Vector Signal Generator MG3710A), are connected
to the antennas via two identical RF directional couplers
and coaxial cables. The relative phase of the two signals,
[, can be controlled by setting in the signal generator, and
can be checked by using an oscilloscope (Agilent Infiniun
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Fig. 13. Normalized measured SAR for S of 0, 90, and 180 degree.
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Fig. 14. Comparisons between measured and scalar-estimated SAR for 3 of
45 degree.
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Fig. 15. Measured and scalar-estimated SAR for 3 of 45 degree.

DSA90804A). The output powers in our experiments for two
antennas are equal to 20 dBm.

The SARs on the 2D plane at z = 4 mm were measured for
the proposed estimations (the inner surface of the phantom
is at z = 0 mm). Along each of the z- and y-axes, there
were 16 measured points spacing 8 mm linearly. In total, 256
points were measured at the observation plane. The size of
the plane, therefore, is 120 x 120 mm?. The measurement
system will repetitively measure the SARs at these points for
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Fig. 16. Normalized peak estimated SAR for S = [0...360 degree].

different 3 values. Note that the SAR values were obtained
for the proposed estimations, i.e., all three components of the
electric field (i.e. £, Fy, and E.) are taken into account.

B. Measured and estimated results

Six measurements, corresponding to the relative phase [
of 0,45,90, 135, 180, and 260 degree, have been carried out.
Among them, the SAR values corresponding to 3 of 0,90,
and 180 degree are used to determine the estimation factors
illustrated in Eq. (8). The others will be used to compare with
the estimated SAR for the same relative phase /3. All of the
measured and estimated SARs have been normalized with the
maximum value of SAR for S of 180 degree.

Figure 13 shows the normalized measured SAR for 3 of
0,90, and 180 degree in the observation plane. As can be seen
from the figure, the SAR distribution changes for the different
[ values. Figures 14 and 15 show the comparisons between
the measured and estimated SARs for the relative phase of 45
degree. The normalized 2D SARs at the observation plane are
shown in Fig. 14 and the normalized 1D SARs where z = 4
mm are shown in Fig. 15. As can be seen from these figures,
the estimated SARs agree very well with the measured ones.

By applying the proposed estimation method, we can find
the [ value corresponding to the maximum SAR. Fig. 16
shows the normalized peak SAR when [ changes in the range
of [0 ... 360 degree] with steps of 1 degree. In total, 360
estimations have been performed in a short time to obtain this
figure. Indeed, measuring SAR for such numbers of the relative
phases would be impractical, given that each measurement
typically takes about 30 min. As can be seen from this figure,
the maximum peak SAR corresponds to the relative phase 3
of 225 degree. Moreover, we can also see the good agreements
between the measured and the estimated maximum SARs for
£ of 45,135, and 260 degree.

C. Deviation evaluation

In order to highlight the validity of the estimation methods,
it would be useful to calculate the error of the estimation. Let
SAReas and SAR.; be the normalized SARs at the observa-
tion plane, obtained from the measurement and the estimation,
respectively. SAR indicates the normalized SAR. The deviation

X [mm] x [mm]
2 %
-50 -50
1
B e
E O 0 E O
> >
-1
50 50
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Fig. 17. Deviation calculated for different values of 5: (a) 5 of 45 degree,
(b) B of 135 degree.
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Fig. 18. Deviation calculated for 8 = 45 degree for different measured cases:
(a) 2450 MHz, spacing 0.25), (b) 2450 MHz, spacing 0.5\, (c¢) 2450 MHz,
spacing 1A, and (d) 2140 MHz, spacing 0.5\.

of estimation is defined as the difference between the two
normalized values and can be written as

Dev =100 - (SERest — SBRpmeas) | %)-

Figure 17 shows the deviations calculated for S of 45 and
135 degree according to Eq. (15). The color bar, indicated as
the deviation, shows the difference in percentage. We can see
that the differences between the measured and the estimated
SARs are within 2% for all the examined values of 3. These
confirm that the estimation works well with the measured
data obtained from the actual SAR measurement. Thus, the
proposed estimation method is very promisingly applicable in
the SAR evaluation for multiple-antenna transmitting devices.

s)

D. Other validations

In order to extend the investigation on the performance of
the proposed estimation methods, we have carried out several
SAR measurements for other types of antenna array includ-
ing changing antenna configurations, the distance between
antennas, and operating frequency. The experimental scheme
and observation plane are kept the same as mentioned in the
previous section. Again, the measured SARs for 5 of 0,90,
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and 180 degree are used for determining the factors for the
estimation, and the measured SARs for 3 of 45 degree are
obtained as references to compare with the estimated SARs
for the same value of . As a result, good agreement between
the measured and estimated SARs can be achieved, regardless
of the antenna configurations, distance between antennas, or
different frequencies. Figure 18 shows the deviation calculated
according to Eq. (15) for different examined cases, including
two antennas working at 2450 and 2140 MHz. The distance
between them varies in different configurations such as 0.25),
0.5\, and 1\. Here, we can see that although there is a strong
mutual coupling where the antennas are spaced a quarter of
wavelength (0.25)), the deviation between estimated and mea-
sured SARs is kept below 2%. For weaker mutual couplings
between the antennas with a spacing of 1\ or 0.5\, the devi-
ations are still below 2%. Furthermore, the deviation between
the estimated and measured SARs for different operating
frequencies (2450 MHz vs. 2140 MHz) is also small, as shown
in Fig. 18(d). These deviations validate the accuracy of the
proposed method regardless of the mutual couplings between
the transmitting antennas and their operating frequencies.

V. COMPARISONS WITH CONVENTIONAL TECHNIQUES

Reducing the number of necessary measurements and being
able to identify the maximum SAR using the measurements
with the limited different relative phase combinations are
the notable advantages of the proposed estimation method.
Compared with the conventional measurement technique [2],
[3], [9], which requires the measurement of every relative
phase combination, the proposed method significantly reduces
time and effort in the SAR evaluation.

Table III lists a comparison between the two techniques.
For example, if the phase step in the conventional method is
equal to 1 degree, there will be 360 repetitive measurements
in order to find the maximum SAR of a two-element antenna
transmitter, given that each measurement typically takes about
30 min. Instead, the proposed method only requires 3 mea-
surements, i.e., reducing 99.17% (357/360) the measurement
time.

Furthermore, when the number of antennas is increased,
the conventional technique soon becomes impractical while
the proposed technique is still manageable. When N=3, while
the proposed technique only requires 7 measurements, the
conventional technique requires 129600 measurements for
the phase step of 1 degree. Clearly, the proposed technique
outperforms the conventional one, and will be a promising
method for compliance tests.

In addition, because the proposed method can be applicable
for the systems utilizing vector probes, or more particularly,
vector probe arrays such as the one in ref. [14], applying it to
those systems can lead to a very short measurement time.

VI. CONCLUSION

In this paper, we present the fast estimation methods for
evaluating the specific absorption rate of multiple-antenna
transmitting devices. The proposed method is based on the
SARs at a given point for different relative phase combinations

TABLE III
COMPARISON BETWEEN A CONVENTIONAL TECHNIQUE IN IEC-TR
62630/IEEE-1528 STANDARDS AND THE PROPOSED TECHNIQUE FOR
SAR MEASUREMENT SYSTEMS UTILIZING SCALAR ELECTRIC PROBES

Conventional Proposed
technique [2] [3] technique
Number
of meas. 360 36 3
Two ant. | Time [h] 180 18 15
if phase step | if phase step | Arbitrary
Resolution | is 1 degree | is 10 degree | phase step
Number
of meas. 129600 1296 7
Three ant. | Time [h] 64800 648 35
if phase step | if phase step | Arbitrary
Resolution | is 1 degree | is 10 degree | phase step
Number
of meas. 46656000 46656 13
Four ant. | Time [h] 23328000 23328 6.5
1f phase step | if phase step | Arbitrary
Resolution | is 1 degree | is 10 degree | phase step

of the antennas. Theoretical analyses have been shown for
both vector and scalar electric field probe uses. Generally, to
evaluate the SAR of an N-antenna transmitting device, only [V
measurements are necessary if the vector electric field probe
is used in a measurement system, whereas N(N — 1) + 1
measurements should be carried out if the measurement system
utilizes the scalar electric field probes.

In addition, the validity of the proposed method has been
confirmed by both numerical simulations and actual SAR mea-
surements for various antenna configurations and operating
frequencies. It indicates that the estimation works well in
most examined cases, and the errors caused by the proposed
estimation method are very small, mainly kept under a few
percent of the maximum measured SAR.

Finally, thanks to a limited number of necessary measure-
ments, the proposed technique significantly reduces the total
evaluation time for a device in a compliance test, yet can still
provide an accurately estimated SAR. It is believed that the
proposed technique will soon be applied in compliance tests
for multiple-antenna transmitting devices.
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APPENDIX

Below is the proof of the SAR formula in Eq. (14).
Equation. (14) can be written in terms of the real and the
imaginary parts of a, {p=1,..., N} as

N
E = Z (apr + japr)(cos By + jsin 3,)

p=1

(16)

or
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N N
E = ZapRcosﬁp - Z%I sin 3, | +
p=1 p=1
N N (17)
+3 Z apr cos By + Z apr sin 3,
p=1 p=1

The square of the magnitude of the measured electric field
can be then expressed as

2

N N
2 .
|EI” = Z aprCcos fp — Z aprsin B, | +
—1 =1
P P , (18)
N N
+ Z aprcos B, + Z aprsin B,
p=1 p=1
which can be written as
2 2

N N
|E? = Z aprecos By | + Z apisin
p=1 p=1

N N
-2 Z Z aprCOs fBp agsin By

p=1g=1
2 2

N N
+ E aprcos B, | + E aprsin B,
p=1 p=1

19)

N N
+2 Z Z ap1cos Py a,psin B

p=1g=1

Expanding the right side of the above equation, we have

N N-1 N
2 _ 2 2
|E|” = E aprcos™fBp +2 E E apRagrCOs B cos By
p=1 p=1 q¢=2;9>p
N N-1 N
2 . 2 . .
+ E ansin” B, + 2 E E apraqrsin By, sin By
p=1 p=1 q¢=2;9>p
N-1 N
-2 apRAq1COS 3 sin By
p=1 q¢=2;4>p
N-1 N
-2 E E apragrsin B, cos By,
p=1 ¢=2;9>p
N N-1 N
2 2
+ E a,cos” B, +2 E ap1aq1cos 3, cos By
p=1 p=1 q=2;¢>p
N N-1 N
2 .. 92 . .
+ g a,rsSin‘f, +2 g g apRagRSIN By sin By
p=1 p=1 q=2;¢>p
N-1 N
+2 E apRraqrsin B, cos By,

ap1agrCOS 3 sin By

(20)
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Now, by grouping common terms in Eq. (20), we can obtain
the final expression of Eq. (14).

N
|E|2: Z(aiR—l-azI) +

p=1
N-1 N
+2 Z Z (apragr + apraqr) cos (By — By)
p=1 q=2;9>p
N-1 N
+2 Z (apraqr — aprage) sin (Bp — Bq)
p=1 q=2;q>p
21
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