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SUMMARY  In the 300 MHz to 3 GHz range, probes used to measure
specific absorption rate (SAR) of mobile communication devices are usu-
ally calibrated using a rectangular waveguide filled with tissue-equivalent
liquid. Above 3 GHz, however, this conventional calibration can be inaccu-
rate because the diameter of the probe is comparable to the cross-sectional
dimension of the waveguide. Therefore, an alternative method of SAR
probe calibration based on another principle was needed and has been de-
veloped by the authors. In the proposed calibration method, the gain of
the reference antenna in the liquid is first evaluated using the two-antenna
method based on the Friis transmission formula in the conducting medium.
Then the electric field intensity radiated by the reference antenna is re-
lated to the output voltage of the SAR probe at a given point in the liquid.
However, the fields are significantly reduced in the liquid, and the gain is
impossible to calibrate in the far-field region. To overcome this difficulty,
the Friis transmission formula in the conducting medium must be extended
to the near-field region. Here, we report results of simulations and experi-
ments on estimated gain based on the extended Friis transmission formula,
which holds in the near-field region, and test the validity of the new for-
mula.

key words: Friis transmission formula, SAR probe calibration, conducting
medium, Fresnel approximation, far-field gain

1. Introduction

A new calibration method for specific absorption rate (SAR)
probes was needed to evaluate SAR values of mobile com-
munication devices operating in the range above 3 GHz. The
conventional calibration method, which uses a waveguide
filled with tissue-equivalent liquid [2], [3] is widely used for
devices operating in the 300 MHz to 3 GHz range [2]. How-
ever, the strong effect of the probe diameter affects calibra-
tion at higher frequencies, especially when the diameter is
comparable to the cross-sectional dimension of the wave-
guide above 3 GHz. We developed an alternative calibration
method [4]-[6].

In our proposed calibration, the gain of the reference
antenna in the liquid [7] is evaluated using the two-antenna
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method based on the Friis transmission formula in the con-
ducting medium [8]. The SAR probe can be calibrated by
relating the electric field intensity radiated by the reference
antenna to the output voltage of the probe at a point in the
liquid [2], [9]. S parameters between two identical reference
antennas are measured to evaluate the gain of the reference
antenna. In other words, two identical antennas are con-
nected to ports 1 and 2 of the vector network analyzer, and
then the magnitude and phase of §,; between the two ports
are measured as a function of the distance between the two
antennas. The data measured is fit to curves derived from

. the Friis transmission formula in the far-field region, and

then the gain of the reference antenna, the attenuation, and
the phase constants of the medium, «, 8, can be estimated
[11].

However, the decay in the liquid is so enormous that
the measurement of S ,; is difficult in the far-field region [6].
For example, the attenuation constant in the liquid is about
464 dB/m at 2.45GHz. Above 3 GHz, the decay is even
greater, so that measurable range for §,; is much shorter
than the one expected from the scaling rule of the wave-
length for the frequency. At the time of writing, we have
studied the following solutions.

1. Imserting amplifiers between the reference antenna and
port 1 of the vector network analyzer to increase the
input power to the measurement system, P;,.

2. Measuring the magnitude of §,; as a function of the
distance between the antennas using a spectrum ana-
lyzer instead of the vector network analyzer to ensure a
wide dynamic range of the measurement system. Since
the phase of $;; cannot be measured using the spec-
trum analyzer, the permittivity of the liquid must be
measured by the contact probe or another method.

3. Fitting measured S, to the curves based on the Friis
transmission formula, which holds in the near-field re-
gion of the antenna in the liquid, to avoid curve fitting
in the far-field region.

This paper reports results for item 3). The Friis trans-
mission formula in the near-field region of the antennas in
free space was studied to estimate the gain of relatively
large-scale aperture antennas; the gain is represented by a
function of the distance from the antenna and determined by
its convergent value [14],[15]. However, the authors know
of no published description of the behavior of the fields or
of the Friis transmission formula in the near-field region of
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Fig.1 Measurement set-up for gain of antenna in liquid.

the antenna in the conducting medium.

In this paper, the Friis transmission formula, which
holds in the near-field region of the antenna in the conduct-
ing medium, is proposed by abstracting features from both
the Friis transmission formula in the near-field region of the
antenna in free space [15] and the Fresnel approximations
in free space [16]. In order that a physical aspect of the
new formula could be discussed, the distance dependence
of the electric field in the near-field region was examined
for a dipole antenna and was extended for an arbitrary an-
tenna. In addition, the target functions for curve fitting are
rewritten on the basis of the extended Friis transmission for-
mula in the near-field region. Finally, new curve fitting for
simulated and measured data is used to confirm the validity
of this new formula. The effect of enhancing the dynamic
range of the system is also discussed.

2. Friis Transmission Formula in the Far-Field Region

Two polarization-matched antennas are aligned for maxi-
mum directional radiation in the liquid, as shown Fig. 1.
If the distance between the two antennas, 7, is sufficiently
large, the ratio of transmitted power, P, to received power,
P; (the Friis transmission formula in the far-field region) can
be expressed as [8]

P, IG1l|Gale
IS2al* = 5= = (=15 u( - lsulz)—TW—
where §;; are S parameters between the ports of two anten-
nas, |G;| are the magnitude of the gain of antenna i, and «
and § denote the attenuation and phase constants in the lig-
uid, respectively. The subscript i indicates the transmitting
or receiving antennas for i = 1 or 2. (1) can be rewritten in
dB form as

» (D

iS21lae = A — 201og;, r — 8.686ar. 2

[S21lag can be measured as a function of distance » and a
constant A and the attenuation constant & can be determined
by the curve fitting for |S51|4p based on (2). The sum of the
gains in dB form can be expressed as

(G1)a +(G2)ap =A+20log,((28) - (M1) ag — (M2) aB,
(©)]
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where (M;)gs = 10log;o(1 — |S ;%) is the dB form of the
mismatch or reflection efficiency of antenna i. If the two
antennas are identical, their gains are equal. Then, (3) can
be reduced as

1
Ga = 5 [A +2010g0(28) - (M) g — (M2)ag].  (4)

In the conventional two-antenna method, constant A or gain
G g can be determined at distance r in accordance with (2)
or (4). Our method is more accurate than the conventional
one because A is determined by curve fitting. The phase
constant 3 in the liquid is required to evaluate the gain in
accordance with (4) and it can be determined by the contact
probe method. However, phase constant £ is determined by
measuring ZS»; as a function of distance r in our method.
When an electromagnetic wave travels in the liquid, phase
shift is expressed by a linear function of distance r as fol-
lows:

£S89 = —ﬁr + B, 5

where B = (/G + £G,)/2 is an arithmetic mean value of
fictitious phases of the gains of two antennas. £S;; can be
measured as a function of distance r and phase constant 8
can be determined by the curve fitting for 257 based on (5).
This curve fitting can be carried out using the linear least-
square method.
The following equation can be obtained by combining

(1) and (5):
G1Gre™™”

4ﬁ2r2 ’
where ¥ = a + jB is the propagation constant in the liquid
and G; = |G;| exp(j£G;) can be viewed as a complex gain of

the antenna i. Thus, the distance dependence of S 5; between
antennas can be expressed as

§2 =(1-1SuP(1 - 1S2P) 6)

e

fr) = @)

The above expression is identical to the distance dependence
of the electric field in the far-field region of a point source
located at the origin. However, it cannot entirely explain
the behavior of S,; in the near-field region of the antennas
because the fields in that region depend on the dimension of
the antenna.

Because the attenuation and phase constants, a and j3,
can be determined in the process of obtaining the gain, we
can also specify the electrical property of the liquid as fol-
lows:

, .

2 o2

N ik 2 ®)
W o€&op

o= 298 ©
Wiy

where w = 2z f, f is the operating frequency and g and &
are the permeability and permittivity in free space. Thus, we
can estimate the dielectric constant, &£,, and the conductivity,
o, of the liquid as well as the gain of the antenna in the
liquid.
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Fig.2 Distance between middle point of one dipole antenna and end of
other dipole antenna.

3. An Extension of the Friis Transmission Formula in
the Conducting Medium

3.1 Fresnel Approximation in the Conducting Medium

To review the physical meaning of the near-field effect, let
us consider two dipole antennas with a length of 2/, which
face each other. If the distance between them is denoted
as r, the distance between the middle point of the dipole
antenna and the end of the other antenna can be expressed
as Ry = Vr2+ 2, as shown in Fig.2. If two antennas are
closer, but //r < 1, R; can be approximated as

2 2
1+(-’l:) ~r+ Ll (10)

It can be found that the distance between any points on two
antennas, denoted as R, may include the contribution of 1/r
as well as r. The term of 1/r dominantly contributes to R or
the behavior of the fields because r is close to zero.

To derive an extension of the Friis transmission for-
mula in the conducting medium (1), let us consider that the
current distribution of the transmitting antenna is expressed
as J(r). Therefore, the electric field at the center of the re-
ceiving antenna E(r) is given by [17]

~wlr—r|
E(r)——Jw,u[I——VV] ff Jr )47rlr il
(1)

where r and r’ denote the position vectors at the center of
the receiving antenna and at any point on the transmitting
antenna, respectively, and I denotes the unit dyad. For the
Fresnel approximation, the distance between two points can
be approximated as

a(r’)

=r-r|=r-f-r+—=, (12)
r

where r = ||, # = x/r, ¥ = '], and a(r’) = {r> - (£-1')?}/2.
If a constant, b, can be selected as

ff J(r/)eyf.r/_a(r')/rdul - e—b/r ff J(r’)eﬁ"rldlj',
v v

(13)

then, (11) can be approximated as
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—yr=b/r
] ¢ ff JeHe T av.

(14)

E“”r(l') == jwp [I

This expression includes the propagation factor, e™*”, and
the far-field term of the spatial spreading factor, 1/r, as is
the case for the far-field approximation. Obviously, if & = 0,
(14) reduces to the expression for the far-field region. It is
noted that electric field E*#(r) includes factor ¢~?/", which
determines the behavior of the the near field of the antenna.
If Re(b) > 0, the larger magnitude of the electric field can
be observed as distance r approaches zero. This contribu-
tion diminishes in the far-field region. Therefore, the dis-
tance dependence of S;; between two antennas should be
extracted and approximated as

fr)= €7 o, (15)

Except for the attenuation due to the surrounding medium,
this asymptotic expansion is similar to the Friis transmis-
sion formula in the near-field region of the lossless medium,
especially free space [15]. In free space, the phase of Sy
in the near-field region can be affected by the contribution
of the distance dependence of 1/r as well as r [16]. In the
conducting medium, both phase shift and exponential decay
with a distance dependence of 1/r are included in the fields
of the near-field region.

3.2 Friis Transmission Formula in the Near-Field Region

As expected from (15), S5 measured in the near-field re-
gion can be related to S 5; in the far-field region as follows:

(S near)Z gle—Zb/r

G1Gre™ e—2b/r

=(1=1SuP)A =18 2P pr

(16)

Thus, the distance dependence of |S,;|4s in the near-field
region can be replaced as

A
1S57% 1B = A — 201log,, r — 8.686ar + — 17

where A; is a constant. |S»1|qg can be measured as a func-
tion of distance r and A, @, and A; can be determined by
curve fitting for |S 1| 4p based on (17). The sum of gains in
dB form of two antennas is given by (3) as before. Similarly,
the distance dependence of £S5, in the near-field region can
be replaced as

B
LS5 = ~pr+ B+ —, (18)

where Bj is a constant. ZS,; can be measured as a function
of distance r and 8, B and B; can be determined by curve
fitting for £S5, based on (18).

The above curve fittings in the near-field region can be
carried out using the least square method.
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Fig.3 Measurement setup.- Two reference antennas in tissue-equivalent
liquid are connected to slide stage so as to control their separation.

Fig.4 Offset-fed dipole antennas and semi-rigid cables.

4. Fitting Results
4.1 Far-Field Fitting for Measured Data

The conducting medium assumed in this paper is the
tissue-equivalent liquid for the SAR estimation [2],[3] at
2.45GHz. The liquid should ideally have a permittivity of
39.2 and conductivity of 1.80 S/m according to the IEC doc-
ument [2]. In practice, it has a permittivity of 39.7 and con-
ductivity of 1.84 S/m at 22°C, which can be measured using
the contact probe method.

Figure 3 shows our measurement setup. A rectangular
tank has a width of 600 mm, a depth of 300 mm and a height
of 350 mm and is filled with 50 1 of the tissue-equivalent lig-
vid [3]. The receiving antenna is fixed, while the transmit-
ting antenna is moved with a stage operated by its controller.
To avoid connection through the liquid, the antennas are lo-
cated at the ends of semi-rigid cables, as shown in Fig, 4.
No balun is used because the unbalanced current would be
rapidly degraded in the liquid [11]. In the measurement, S 5
can be measured in the range from » = Omm to 150 mm
in increments of 0.5mm, so Si; and S, are measured at
r = 150 mm. The values of the return loss of the offset-fed
dipole antenna are —14.7 dB and —13.9dB.

Next, we discuss the measurable range and level by
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Fig.5 Measured |S,1|gp and its curve fitting based on Friis transmission
formula in far-field region.

measuring |S »;| between two dipole antennas that face each
other. The length of the dipole antenna is 13 mm and more
than half of its effective length is submerged in the liquid
to realize the matching condition. Figure 5 shows the mea-
sured |S 21| as a function of the distance, r. The output power
level of the network analyzers (Agilent N5230A) were set to
—5dBm or +13dBm. The attenuation is mainly caused by
conducting loss in the liquid and by insertion loss in the RF
cables. The influence from rods that support the semi-rigid
cables is measured as the distance between the antenna and
the rod is varied. This results in curvature of the semi-rigid
cable, as shown in Fig. 4. At —5dBm input, the measured
data hardly fluctuate at » = 80 mm, but fluctuate greatly at
r = 100 mm, as shown in Fig. 5. This is because the noise
level of the measurement system is smaller than the signal
level at r = 80 mm and is larger at » = 100 mm. For refer-
ence, the values of |§,;] are about —76.0dB and —86.8 dB
at » = 80mm and 100 mm, respectively. At +13dBm,
the dynamic range can be expanded so that the data can
be measured at the level of about —105dB, that is, until
r = 130 mm.

Figure 6 shows the estimated gain of the dipole antenna
in the liquid determined by the curve fitting for the measured
S51 based on the Friis transmission formula in the far-field
region [6], which we refer to as far-field fitting. The hori-
zontal axis in this graph, 7., denotes the center of the fitting
range [r.—Ar, r.+ Ar], where Ar denotes the width of the fit-
ting range. For simplicity, r. is written as r in this figure. At
input of —5 dBm, the estimated gain with no fluctuation can
be obtained up to r = 65 mm for Ar = 20mm and 50 mm,
and then its noise increases as r increases. The gain cannot
be estimated when r > 70 mm. Therefore, the gain should
be estimated using measured data up to r = 70 mm. More-
over, as shown in Fig. 6, the estimated gain only converges
momentarily, after which it starts fluctuating a lot. At input
of +13 dBm, the estimated gain with no fluctuation can be
obtained up to r = 100 mm. Clearly, the measurable range
can widen as the dynamic range is extended. Also, it can be
seen that the gain tends to be greatly affected by the fluctu-
ation of the system so that the enhancement of the dynamic
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Fig.6  Estimated gain by curve fitting for measured S,; based on Friis
transmission formula in far-field region.

range is essential to stable gain measurement in the liquid.
However, as the estimated gain slowly converges with the
far-field gain in the range as shown in Fig. 6. Based on the
results of the far-field fitting for [40 mm, 60 mm], the per-
mittivity and conductivity of the liquid are estimated to be
38.45, and 1.82 S/m and the far-field gain is estimated to be
—2.08 dBi. As described above, a strong solution is required
to overcome the slow convergence of the estimated gain.

4.2 Validity Check of New Formula Using Simulated Data

Measurement of S parameters between two offset-fed dipole
antennas that are facing each other in the liquid can be sim-
ulated by the methods of moment for the thin-wire struc-
ture in the conducting medium coded by Richmond [4],
[18]. The code can output the performance of the antenna,
the characteristics of the wave propagation and the coupling
effect between antennas in the liquid. It can also simu-
late them very quickly, in contrast with the large-scaled nu-
merical computations, for example, FDTD. The short-time
computation is attractive in simulating the gain calibration,
which is required to plot the field at many points. Of course,
this code simulates S, with no noise so that we can deter-
mine the minimum distance 7. that the curve fitting is valid
in the far-field region.

Next, we present an example of the curve fitting for the
simulated data at 2.45 GHz based on the Friis transmission
formula in the near-field region, which we refer to as near-
field fitting. The dipole antenna has a length of / = 13 mm
and is fed by the internally dividing point at a ratio of 5:8.
The wire is assumed to have the diameter of 1 mm and a
conductivity of 5.8 X 107 S/m. In the fitting range [40 mm,

60 mm], the permittivity and conductivity in the liquid is es-

timated to be 39.15 and 1.80 S/m, which are almost equal to
their preset values. The estimated gain is —1.04 dBi, which
is nearly equal to the gain obtained by the code developed
by Richmond, —1.13 dBi. Another estimated gain obtained
by the far-field fitting is —1.40dBi, which is slightly lower
than the true value of the gain.

Figure 7 shows the simulated |S ;| and corresponding
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Fig.7 Simulated |S,;| and its curve fitting based on extended Friis
transmission formula in near-field region.
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Fig.8 Estimated gain of center-fed dipole antenna by curve fitting for
simulated S7; based on extended Friis transmission formula in near-field
region.

near-field fitting curve as a function of r. The curve fitting
is carried out in the range of [40 mm, 60 mm]. Both curves
in Fig.7 are in good agreement with each other except in
close proximity to the antenna. Figure 8 shows the estimated
gain defined by (4) and (17), which we refer to as near-field
gain, of the dipole antenna in the liquid determined by the
near-field fitting for the simulated S;. Figure 8 also shows
another estimated gain determined by the far-field fitting,
which we refer to as far-field gain. The near-field gain esti-
mated by using the data near the antenna converges with the
far-field gain. This suggests that the gain can be estimated
by fitting the data measured near the transmitting antenna to
the Friis transmission formula in the near-field region. The
estimated gains are in good agreement with the true gain
simulated by the methods of moment. It is found that a
wider range is required for the far-field gain to converge as
shown in Fig. 8. Although the far-field distance of the dipole
antenna is given by Ry = 22/4, = 2(13)*/9.8 = 34.5mm,
the far-field gain at » = 70 mm is somewhat suspect on the
basis that the data simulated should be satisfied with our
empirical far-field condition of r > 54,, where A, = 2n/f is
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Fig.9 Measured |S7;| and its curve fitting based on extended Friis
transmission formula in near-field region.

Fig. 10

7 [mm]

Estimated gain of offset-fed dipole antenna by curve fitting for

measured S based on extended Friis transmission formula in near-field
region.

defined as effective wavelength in the liquid [4]. However,
the far-field gain at » = 100 mm might be valid because the
data used are satisfied by the above far-field condition. The
level drops by about 17 dB for |S,1{4s as the observation is
moved from » = 70 mm to 100 mm, as seen from Fig. 7. In
practice, the level of the measured |S1| at ¥ = 100 mm is
very low, almost equal to the noise floor level in the mea-
surement system. This would be a serious problem to be
solved when implementing our proposed calibration.

to be —1.73 dBi.
5. Conclusion

The SAR probe calibration method above 3 GHz proposed
in this paper can be implemented by calibrating the gain of
reference antenna in tissue-equivalent liquid and relating the
output voltage of the probe to the value of the electromag-
netic fields or SAR. To implement this calibration, it is nec-
essary to overcome the difficulties in measuring very low
signal levels during far-field measurements that are caused
by the excessive attenuation in the liquid. As one solution,
we propose a method of estimating the gain of the reference
antenna in the liquid after fitting the measured data to the
curve based on the extended Friis transmitting formula in the
near-field region of the antenna in the conducting medium.
We applied the proposed method to both simulated and mea-
sured data and demonstrated its effectiveness at 2.45 GHz.
Also, the enhancement of the dynamic range is useful in ob-

4.3 Near-Field Fitting for Measured Data

The measured S parameters can be applied to the regression
analysis for the near-field fitting. The conditions for the ex-
periment are the same as those described in Sect. 4.1. Fig-
ure 9 shows the measured |S 5;| and corresponding near-field
fitting curve as a function of . The estimated gain devi-
ates from the measured data for r ~ 0 mm. This is because
the contribution of the extremely near-field field with a dis-

tance dependency of 1/7> is larger than the contribution of
the Fresnel field with a distance dependency of 1/r2.

Figure 10 shows the near-field and far-field gains for
Ar = 20 mm and 50 mm. In the same manner as was used to
fit the simulated data, the near-field gain converges with the
far-field gain even if the curve fitting is carried out with the
data measured in the near-field region. As shown in Fig. 10,
the near-field gain seems to be constant until r = 60 mm
except for the initial rise, and the fluctuation is observed in
the data for » > 60mm. The near-field fitting fails to esti-
mate the gain for r > 60 mm because the contribution of the
far-field region is stronger than that of the near-field, so the
asymptotic expansion of (17) is not well-behaved. The far-
field gain suffers from the influence of its slow convergence,
so the true gain cannot be obtained by estimating the far-
field gain. Thus, the problem of measurement completely in
the far-field region being impossible due to the large attenu-
ation in the liquid is overcome by the near-field fitting in the
near-field region. From the results of the near-field fitting,
the permittivity and conductivity of the liquid are estimated
to be 38.8 and 1.85 S/m, and the near-field gain is estimated

taining more accurate gain of the antenna in the liquid. In
the future, we will calibrate the antenna gain in the liquid
above 3 GHz and estimate its uncertainty.
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