
1174
IEICE TRANS. COMMUN., VOL.E94–B, NO.5 MAY 2011

PAPER Special Section on Antenna and Propagation Technologies Contributing to Diversification of Wireless Technologies

Comparison of Sampling Methods for Total Radiated Power
Estimation from Radio Equipment Integrated with Antennas

Nozomu ISHII†a), Member

SUMMARY EIRP measurement in the direction of maximum radia-
tion has not always been valid to estimate the radiated power from radio
equipments integrated with antennas, for example, integrated radiator with
antennas shaped like the notebook-sized PC. Therefore, it is recommended
that total radiated power (TRP) from equipment under test (EUT) should
be estimated by integrating measured EIRPs on the whole surface of the
unit sphere. In this paper, a conventional and some novel sampling meth-
ods for the TRP estimation, which were proposed to reduce the number of
measurement points, are examined by using a measured EIRP data set and
compared with each other. For a simulated radio equipment shaped like
a notebook-sized PC, it is found that the equi-area and generalized spiral
points methods are superior to the equi-angle method in terms of reducing
the number of the measurement points and orthogonal three planes method
is another candidate in terms of saving measurement time unless the pattern
radiated from EUT is not so complicated.
key words: total radiated power, equi-angle method, orthogonal three
planes method, equi-area method, generalized spiral points method

1. Introduction

Miniaturization of radio equipments such as mobile phone,
WLAN terminal and integration of the antennas into their
enclosures have become essential in the modern design-
centric development. Until now, the radio equipments can
be tested separately from the antenna, however, the inter-
action between the circuit and enclosure as well as human
body remarkably affects upon the radiation pattern so that it
is impossible to ignore a serious case that the radiated power
from the equipment could not always be estimated by using
the value of the maximum EIRP, which is conventionally
applied to the measurement of the radiated power from the
equipment [1]–[3]. Against this background, in 2003, CTIA
(Cellular Telecommunications & Internet Association) pro-
posed some methods of measurement for radiated power
and receiver performance. In the document [1], it is rec-
ommended that the radiation characteristics should be esti-
mated in the real operative state. Generally the maximum
EIRP cannot always indicate the performance of the equip-
ment under test (EUT) in the real operative state. There-
fore, the document describes that the total radiation power
(TRP) from the equipment should be measured to estimate
the transmitter performance of the equipment.

As shown in Fig. 1, a radio equipment is centered at
the origin of the spherical coordinate system (r, θ, φ). EIRP
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Fig. 1 EUT located in the spherical coordinate system (r, θ, φ).

of EUT, which denotes sum of EIRPs for the horizontal
and vertical polarizations, i.e., EIRP(θ, φ) = EIRPθ(θ, φ) +
EIRPφ(θ, φ), can be measured on the surface of the unit
sphere as a function of θ and φ, and TRP can be estimated
by integrating EIRPs on the same surface as

TRP =
1

4π

∫ 2π

0

∫ π
0

EIRP(θ, φ) sin θdθdφ. (1)

In measuring the EIRPs, θ and φ are discretely selected as
θi = (i − 1)Δθ = (i − 1)(π/Nθ) and φ j = ( j − 1)Δφ =
( j − 1)(2π/Nφ), where Δθ and Δφ are angular intervals and
Nθ and Nφ are division numbers in the θ and φ directions,
respectively. Also, the integers i and j are selected as
i = 1, 2, · · · ,Nθ + 1 and j = 1, 2, · · · ,Nφ. Then, TRP can be
approximated as

TRP ≈ π

2NθNφ

Nθ∑
i=2

Nφ∑
j=1

EIRP(θi, φ j) sin θi. (2)

In (2), the number of sampling points is given by N = (Nθ −
1)Nφ, because sin θi = 0 for i = 1 and Nθ +1 can be ignored.
In the document [1], the angular intervals should be at least
less than 15◦. If the division numbers are selected as Nθ =
12 and Nφ = 24 for Δθ = Δφ = 15◦, it is required that EIRPs
should be measured at 264 sampling points on the surface
of the unit sphere.

There are two serious difficulties in the above equi-
angle method for the TRP estimation, based on (2):

1. It requires more measurement time as the angular in-
tervals are selected to be smaller.

2. It includes the weight of sin θ. TRP should not be de-
pendent upon the selection of any coordinate system.
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However, the weight is nearly equal to 0 near the poles
of the surface of the unit sphere (θ ≈ 0 or π) and is
nearly equal to 1 near the equator (θ ≈ π/2) so that
TRP might be misestimated due to error in alignment.

To overcome the first difficulty, we should stop two di-
mensional scan of θ and φ. For example, a simple and time-
saving method for the TRP estimation was proposed [5], [6].
In this method, TRP could be approximated by measuring
and numerically integrating EIRPs along a few pattern cuts,
and typically one of θ and φ is fixed and the other is changed
in the pattern cuts so that the number of the sampling points
can be reduced.

To overcome the second difficulty, the sampling points
should be uniformly distributed on the surface of the unit
sphere. Then EIRPs at these points can be measured and
averaged to estimate TRP. Some methods which can allo-
cate the sampling points uniformly on the surface of the unit
sphere, for example, equi-area method and generalized spi-
ral points method, were applied to the TRP estimation [7]–
[9].

As described above, some sampling methods for the
TRP estimation were proposed, however, very few refer-
ences discussed the merits/demerits of each method using
an EIRP data set. In [9], some methods were compared
with each other using a simulated EIRP data set. In this
paper, some sampling methods for the TRP estimation are
reviewed for comparison. Especially, the formulation for
equi-area method derived by the author is described in de-
tail. Then the merits/demerits of these methods for the TRP
estimation are discussed by using a measured EIRP data set
[10].

2. Sampling Methods for TRP Estimation

2.1 Equi-Angle Method

Based on (2), EIRPs are measured at θi and φ j on the surface
of unit sphere at angular intervals of Δθ and Δφ. This sam-
pling method or equi-angle method is a conventional method
for the TRP estimation as described in the documents [1],
[2] and textbook [4].

2.2 Orthogonal Three Planes Method

For short and half-wavelength dipole antennas, the average
of the gain over the whole surface of the unit sphere is nearly
equal to the average of the gain in three planes, for example,
xy-plane (θ = π/2, φ: variable), xz-plane (θ: variable, φ = 0
or π) and yz-plane (θ: variable, φ = π/2 or 3π/2) [6]. In the
orthogonal three planes method based on this fact, TRP is
assumed to correspond to the average of 〈EIRP〉xy, 〈EIRP〉xz

and 〈EIRP〉yz, which mean the averages of EIRP in the xy, xz
and yz-plane, respectively [5]. Thus, TRP can be estimated
as

TRP =
1
3

(
〈EIRP〉xy + 〈EIRP〉xz + 〈EIRP〉yz

)
, (3)

where

〈EIRP〉xy = 1
Nφ

Nφ∑
j=1

EIRP(π/2, φ j), (4)

〈EIRP〉xz =
1

2Nθ

Nθ∑
i=1

{EIRP(θi, 0)

+EIRP(θNθ−i+2, π)
}
, (5)

〈EIRP〉yz = 1
2Nθ

Nθ∑
i=1

{EIRP(θi, π/2)

+EIRP(θNθ−i+2, 3π/2)
}
, (6)

where θi in (5) and (6) and φ j in (4) are selected as θi =
(i−1)Δθ = (i−1)(π/Nθ) and φ j = ( j−1)Δφ = ( j−1)(2π/Nφ).
Also, Δθ and Δφ are angular intervals and Nθ and Nφ are
division numbers in the θ and φ directions, respectively. The
integers i and j are selected as i = 1, 2, · · · , Nθ + 1 and
j = 1, 2, · · · ,Nφ.

In practice, EIRPs are measured in only the three
planes so that the number of the sampling points, N =

4Nθ + Nφ − 6, could be considerably small in compari-
son with the equi-angle method, for example, N = 66 for
Δθ = Δφ = 15◦. A similar sampling method by using other
three planes, that is, φ = 0 and π plane, φ = π/3 and 4π/3
plane and φ = 2π/3 and 5π/3 plane, was also proposed for
the TRP estimation of the mobile phone [5], [11], but it will
not be considered in this paper because the selected three
planes are not orthogonal.

2.3 Equi-Area Method

By using the element of solid angle dΩ of a sphere, TRP
given by (1) can be rewritten as

TRP =
1

4π

�
Ω

EIRP(θ, φ)dΩ, (7)

where Ω is solid angle of the sphere. To estimate the surface
integral, the surface of the unit sphere can be partitioned into
equal-area regions. If (θk, φk) represents a point in the k-th
region, TRP can be approximated as

TRP ≈ 1
N

N∑
k=1

EIRP(θk, φk), (8)

where N is the number of the equi-area regions.
An equi-area division algorithm used in this paper

is based on the recursive algorithm for multi-dimensional
spherical surface proposed by P. Leopardi [12]. Let us con-
sider a surface of the unit sphere. Its center is located at the
origin of the spherical coordinate system (r, θ, φ) as shown
in Fig. 1. In the equi-area division algorithm, first, we must
give total division number N, which determines the accu-
racy of the TRP estimation and the total measurement time
for EIRPs at (θk, φk), where k = 1, 2, · · · ,N. Next, the di-
vision number in the θ direction, n, is determined, and then
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Fig. 2 An example of allocating equi-area regions on the surface of the
unit sphere by equi-area division algorithm.

Fig. 3 The division of the collar regions in the θ direction for n = 3 in
the yz plane.

the division number in the φ direction for each collar region
Rc,i, mi, is determined as all partitioned regions have equal
area. A brief procedure is described as below:

1. The surface of the unit sphere is divided into two po-
lar cap regions whose centers are located at θ = 0, π
and several collar regions between the cap regions, as
shown in Fig. 2.

2. The ranges of the cap regions Rnp: 0 < θ < θc and Rsp:
π − θc < θ < π are determined.

3. The number of the collar regions, n, is determined as
nΔθF = π − 2θc, where ΔθF is angle which each collar
region occupies in the θ direction as shown in Fig. 3.

4. The division number in each collar region Rc,i, mi, is
determined as miΔφi = 2π, where Δφi is angular occu-
pation of each equi-area region in the collar region Rc,i

in the φ direction.
5. The sampling point or center point for each equi-area

region (θs,i, φs,(i, j)) is determined.
6. EIRP(θs,i, φs,(i, j)) are measured and averaged to esti-

mate TRP.

The following concretely describes above procedure
and derivation of the equations required to determine the
equi-area regions. First, ideal area of the equi-area regions
can be given by

Fig. 4 An element on the surface of the unit sphere in the range of θ0 −
Δθ/2 ≤ θ ≤ θ0 + Δθ/2 and φ0 − Δφ/2 ≤ φ ≤ φ0 + Δφ/2.

AR =
4π
N
, (9)

where 4π is surface area of the unit sphere and N is the num-
ber of the sampling points. The north cap region centered at
the north pole, θ = 0, denoted by Rnp, is occupied from
θ = 0 to θ = θc so that the area of Rnp can be given by

Ac =

∫ 2π

0

∫ θc
0

sin θdθdφ = 4π sin2 θc
2
. (10)

Similarly, the area of the south cap region centered at the
south pole, θ = π, denoted by Rsp, is occupied from θ =
π− θc to θ = π so that the area of Rsp can be given by Ac. By
assuming that Ac is equal to AR, θc can be given by

θc = 2 sin−1

√
AR

4π
. (11)

Next, we consider the number of the collar regions, n.
As shown in Fig. 4, we assume that Δθ denotes angular oc-
cupation of the collar region Rc,i in the θ direction and Δφ
denotes angular occupation of the equi-area region in the φ
direction. If the center point of the equi-area region is set to
(1, θ0, φ0) in the spherical coordinate system, the area of the
equi-area region can be calculated as

AR =

∫ φ0+Δφ/2

φ0−Δφ/2

∫ θ0+Δθ/2
θ0−Δθ/2

sin θdθdφ

= 2 sin
Δθ

2
sin θ0Δφ ≈ (Δθ) · (sin θ0Δφ). (12)

where N is assumed to be so large that Δθ � 1, Δφ� 1 and
sin(Δθ/2) ≈ Δθ/2. Thus, AR is approximately equal to the
area of the surface element at (1, θ0, φ0) so that both Δθ and
sin θ0Δφ should be ideally equal to

√
AR. This fact leads to

the ideal angular interval for the collar region as

ΔθI =
√

AR. (13)

The collar regions occupy the surface of unit sphere except
two cap regions Rnp and Rsp, that is, θc ≤ θ ≤ π − θc, there-
fore the ideal number of the collar regions is given by

nI =
π − 2θc
ΔθI

. (14)

Since the actual number of the collar regions must be inte-
ger, it is necessary to round nI to unit, it is given by
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Fig. 5 An example of allocating sampling points at the center of the
equi-area regions.

n = round(nI). (15)

where round() denotes round-off function. Then, the actual
angular interval for the collar region Rc,i is calculated as

ΔθF =
nI

n
ΔθI =

π − 2θc
n
. (16)

As shown in Fig. 3, the boundaries of the collar regions are
given by

θF, i = θc + (i − 1)ΔθF , (17)

where i = 1, 2, · · · , n + 1.
And now we consider the number of the equi-area re-

gions in each collar region. Ideally, it can be determined by
dividing the area of the collar region Rc,i for θF,i ≤ θ ≤ θF,i+1

by the ideal area of the equi-area region AR. Thus, the ideal
number of the equi-area region in the collar region Rc,i is
given by

yi =
1

AR

∫ 2π

0

∫ θF, i+1

θF, i

sin θdθdφ

=
2π(cos θF, i − cos θF, i+1)

AR
. (18)

Since the number of the equi-area regions in the collar re-
gion Rc,i, mi must be integer, it is determined by the follow-
ing recursive equations as

mi = round(yi + ai−1), ai =

i∑
j=1

(y j − mj), (19)

where a0 = 0 and i = 1, 2, · · · , n. The actual angular interval
for the collar region Rc,i in the φ direction is given by

Δφi =
2π
mi
. (20)

The sampling points can be allocated at the center
points of the equi-area regions. The sampling angles in the
θ direction can be given by

θs,i =
θF,i + θF,i+1

2
, (21)

for i = 1, 2, · · · , n, and θs,0 = 0 and θs,n+1 = 0. If the initial
angle φinit,i is given, the sampling angles in the φ direction
can be given by

φs,(i, j) = φinit,i + jΔφi, (22)

Fig. 6 An example of allocating sampling points along a sprial curve for
N = 200.

for j = 1, 2, · · · ,mi. An example of allocating the sampling
points is shown in Fig. 5.

In practice, the areas of divided equi-area regions are
slightly different from each other if the division number N
is not so large. Therefore, we should take account of this
area difference in the TRP estimation as

TRP =
1

4π

n+1∑
i=0

mi∑
j=1

EIRP(θs,i, φs,(i, j))Ai, (23)

where Ai ≈ sin θs,iΔθFΔφi denotes the area of the equi-area
regions in the collar region Rc,i. If the division number N is
large, Ai approaches AR and TRP can be estimated as

TRP =
1
N

n+1∑
i=0

mi∑
j=1

EIRP(θs,i, φs,(i, j)). (24)

2.4 Generalized Spiral Points Method

As the equi-area method, the sampling points can be allo-
cated uniformly and systematically on the surface of the unit
sphere in the generalized spiral points method [13], [14].
For the number of the sampling points N, the first point can
be allocated to the north pole, (θ1, φ1) = (0, 0), the last point
can be allocated to the south pole, (θN , φN) = (π, 0), and k-
th point for k = 2, 3, · · · ,N − 1 is allocated by following
recursive relation:

hk = 1 − 2
k − 1
N − 1

, (25)

θk = cos−1 hk, (26)

φk = φk−1 +
3.6√

N

1√
1 − h2

k

. (27)

Since the sampling points are allocated along a spiral curve
on the surface of the unit sphere as shown in Fig. 6, they
can be continuously moved by using two positioners so that
saving the measurement time can be expected [9].

2.5 Estimated TRPs for Well-Known Radiation Pattern

To examine the validity of the above sampling methods
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Fig. 7 TRPs estimated by four methods as a function of the number of
the sampling points for EIRP(θ, φ) = sin2 θ.

for the TRP estimation, TRPs are calculated as a func-
tion of the number of sampling points, N, for well-known
radiation patterns, (i) EIRP = sin2 θ and (ii) EIRP =

[cos( π2 cos θ)/ sin θ]2, which are corresponding to the radi-
ation patterns of the infinitesimal dipole antenna and half-
wavelength dipole antenna, respectively. The true values of
TRP are rigorously calculated to be −1.76 dB and −2.15 dB
in the cases of (i) and (ii), respectively. The differences of
estimated TRPs from the true TRPs are shown in Figs. 7 and
8, as a function of N, for the four sampling methods. The
sampling points allocated by the sampling methods are not
always coincident with measurable points. In the above cal-
culation, the measurable points are assumed to exist at an-
gular interval of 1◦ in the θ and φ directions, and are sub-
stituted for the sampling points. In practice, EIRPs at the
measurable points nearest the sampling points are used to
calculate TRP.

In the case of (i) EIRP = sin2 θ, the convergence of the
estimated TRPs is rapid as N is larger. The differences be-
tween the estimated and true TRPs are less than 0.1 dB and
may be caused by sampling at not the allocated points but
the measurable points for the four sampling methods. In the
case of (ii) EIRP = [cos( π2 cos θ)/ sin θ]2, the convergence of
the estimated TRPs is rapid as N is larger. The differences

Fig. 8 TRPs estimated by four methods as a function of the number of
the sampling points for EIRP(θ, φ) = [cos( π2 cos θ)/ sin θ]2.

Fig. 9 Two rotations of the spherical coordinate system with angles α
and β.

between the estimated and true TRPs are less than 0.1 dB
and may be caused by sampling at the measurable points
for the equi-angle, equi-area, and generalized spiral points
methods. For the orthogonal three planes method, the differ-
ences between estimated and true TRPs is less than 0.2 dB
when N ≥ 66. However, the estimated TRP does not exactly
approach to the true TRP as N is larger. This is because the
sampling points are selected at the points or the directions
(θ, φ) where the EIRP is rapidly changed. If the coordinate
is rotated along the x axis with α = 0◦ and β = 45◦ as shown
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in Fig. 9, the TRP is estimated to be −2.18 dB at N = 66.
Thus, the selection of the coordinate system is somewhat
severe for the rapid change of the radiation pattern when the
orthogonal three planes method is used.

3. Simulated Radio Equipments and Measurement
Condition

3.1 EIRP Data Set of Simulated Radio Equipments

EIRPs of a simulated radio equipments shaped like a note-
book sized PC were measured as a function of elevation and
azimuth angles by Telecom Engineering Center (TELEC),
Japan [10]. A conical cut measurement system for spherical
radiation pattern had developed by TELEC. EUT was cen-
tered at the origin of the spherical coordinate system. Mea-
sured EIRPs were related to the fundamental, second and
third harmonics, fundamentally operated at 2.412 GHz. The
angular intervals of Δθmes and Δφmes in the θ and φ direc-
tions for the EIRP measurement are listed in Table 1. In this
paper, it is assumed that EIRP had already measured as a
function of θ and φ, and the procedure and calibration for
the EIRP measurement will not be described.

3D patterns and pattern cuts of the EUT in the xy plane
are shown in Figs. 10 and 11, respectively. The pattern at
2.412 GHz changes somewhat gradually, however the pat-
terns at 4.824 GHz and 7.236 GHz change rapidly in part
and have many nulls so that the sampling methods may not
exactly integrate the EIRP over the spherical surface.

According to Ref. [10], the extended uncertainties of
the EIRP measurement are estimated to be 2.29 dB, 4.85 dB,
and 5.15 dB at 2.412 GHz, 4.824 GHz, and 7.236 GHz, re-
spectively. Reference [10] reported that the main factor of
the uncertainty is due to the ripple in the quiet zone of the
measurement system and has a stronger effect on the uncer-
tainty as the frequency is higher. This factor can lead to the
error of the estimated TRPs obtained by the sampling meth-
ods.

3.2 Selection of Sampling Points

For the equi-area and generalized spiral points methods, the
most accurate TRP can be estimated by using measured
EIRPs at sampling points specified by the algorithms. Since
EIRPs are sampled at angular intervals listed in Table 1,
measured EIRPs do not exist at the sampling points spec-
ified by the algorithms. In this paper, it is assumed that the
division number is so large, or the area of the divided re-
gions is so small that EIRP can be replaced by measured
EIRP in the divided region or at the nearest to the sampling
point specified by the algorithms. Of course, as the division
number is smaller, this approximation becomes worse or the
uncertainty due to selecting the sampling points should be
considered.

Table 1 Angular intervals in the EIRP measurement of a simulated radio
equipment shaped like notebook-sized PC.

Frequency [GHz] Δθmes [deg] Δφmes [deg]
2.412 5 1
4.824 1 1
7.236 1 1

Fig. 10 3D-patterns of EUT for the θ and φ polarizations [10].

4. Comparison of TRP Estimated by Various Sampling
Methods

To make the following discussion clear, reference TRP level,
TRPref, is defined as TRP level estimated by the equi-angle
method at angular intervals of 5◦, because the differences
between this reference level and estimated TRP levels at an-
gular intervals of Δφ = 2◦ or 1◦ and Δθ = 5◦ is selected at
2.412 GHz are less than 0.02 dB.

4.1 TRP Estimated by Orthogonal Three Planes Method

Figure 12 shows TRP estimated by using the orthogonal
three planes method at the frequency of (a) 2.412 GHz, (b)
4.824 GHz, and (c) 7.236 GHz, as a function of the number
of the sampling points N. At 2.412 GHz, estimated TRPs
tend to approach TRPref as N is larger. The differences be-
tween TRPref and estimated TRPs at angular intervals of 5◦
to 15◦ are within 0.7 dB. At 4.824 GHz and 7.236 GHz, es-



1180
IEICE TRANS. COMMUN., VOL.E94–B, NO.5 MAY 2011

Fig. 11 Pattern cuts of EUT in the xy plane [10].

timated TRPs are nearly equal to TRPref, but do not com-
pletely converge with TRPref as N is larger. The reason why
the differences are not vanished is not completely to satisfy
the condition that the radiation pattern from EUT is almost
omni-directional or slowly-varying as a function of θ and φ.
In fact, EUT has complicated patterns as shown in Figs. 10
and 11 [10].

Fig. 12 TRPs estimated by orthogonal three planes method as a function
of the number of the sampling points.

4.2 TRP Estimated by Equi-Angle, Equi-Area and Gener-
alized Spiral Points Methods

Figure 13 shows TRP estimated by using the equi-angle,
equi-area, and generalized spiral points methods at the fre-
quency of (a) 2.412 GHz, (b) 4.824 GHz, and (c) 7.236 GHz.
In any methods, estimated TRP tends to converge with
TRPref as the number of the sampling points N is larger.
At higher frequency, the uncertainty of estimated TRP in-
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Fig. 13 TRPs estimated by equi-angle, equi-area, and generalized spiral
points methods as a function of the number of the sampling points.

creases because the radiation pattern changes rapidly as
shown in Figs. 10(b), (c) and Figs. 11(b), (c) as well as the
uncertainty of the measured EIRPs increases, as described
in Sect. 3.1. Therefore, it is impossible simply to judge the
advantage of these methods, but it is possible to read the
tendency of the convergence in practical measurements.

As seen in Fig. 13, the equi-area and generalized spi-
ral points methods tend to be able to allocate less sampling
points uniformly than the equi-angle method. The differ-

Fig. 15 Average and standard deviation of estimated TRPs at 2.412 GHz
by rotating the coordinate system with the rotation angles of α and β.

ences between TRPref and TRPs estimated by the equi-angle
method at angular intervals of 15◦, which means that the
number of the sampling points is given by N = (Nθ−1)Nφ =
264, are within 0.1 dB. And the differences between TRPref

and TRPs estimated by the equi-area and generalized spiral
points methods for N = 200 are also within 0.1 dB with one
exception, which corresponds to TRP estimated by the gen-
eralized spiral points method at 7.236 GHz. If the coordinate
is rotated along the x axis with α = 0◦ and β = 30◦ as shown
in Fig. 9, the differences between TRPref and TRP estimated
by the generalized spiral points method is less than 0.1 dB
at N = 200. This is because N is not enough to estimate
accurate TRP for the rapid change of the radiation pattern
shown in Fig. 10(c) and Fig. 11(c).

4.3 Changes of TRP Levels due to 3D-Rotation of EUT

In this subsection, the changes of TRP levels estimated by
aforementioned sampling methods are examined when EUT
rotates α around the z axis shown in Fig. 9 and then rotates
β around new x axis (x′ axis), where α is changed from 0◦
to 345◦ at intervals of 15◦ and β is changed from 0◦ to 180◦
at intervals of 15◦. Figure 14 shows the average and vari-
ation range of TRPs at 2.412 GHz as a function of the sec-
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Fig. 14 Estimated TRPs at 2.412 GHz by rotating the coordinate system as a function of the rotation
angle, β.

ond rotation angle β, estimated by (i) equi-angle method, (ii)
orthogonal three points method, (iii) equi-area method and
(iv) generalized spiral points method. For example, the av-
erage value at β = 30◦ shown in Fig. 14 means the average
of TRPs for α = 0◦, 15◦, · · · , 345◦ and β = 30◦. In (i) and
(ii), the angular interval is set to 15◦. In (iii) and (iv), the
number of the sampling points is set to N = 200.

As shown in Fig. 14, TRPs estimated by (i) and (ii) de-
pend upon β, but the differences between TRPref and TRPs
estimated by (iii) and (iv) are less than 0.1 dB for all rota-
tion angles of α and β. Thus, both equi-area and generalized
spiral points methods may be less affected by the error in
alignment of EUT.

Figure 15 shows the average and standard deviation of
estimated TRPs for all α and β as a function of N. For the
average, the values estimated by (iii) and (iv) are in good
agreement with each other. The differences among the TRPs
estimated by the four sampling method are less than 0.1 dB
for N ≥ 100. Therefore, the algorithms which can partition
the surface of the unit sphere into uniform areas can be used
to realize the convergence of the surface integral with less
number of the sampling points than the equi-angle method.
The standard deviations of (iii) and (iv) are in good agree-
ment with that of (i) for all N and are smaller as N is larger.
For example, the value of the standard deviation is 0.02 dB

for N = 264 of (i), 0.23 dB for N = 66 of (ii), and 0.02 dB
for N = 200 of (iii) and (iv). Note that the standard devi-
ation for the orthogonal three planes method is larger than
the other sampling methods by one order of magnitude. If
the standard uncertainty of 0.2 dB can be allowed, however,
the orthogonal three planes method can be a candidate for
the TRP estimation, which is able to save the measurement
time.

5. Conculsion

In this paper, four methods for the TRP estimation are exam-
ined by using measured data of EIRP for a simulated radio
equipment shaped like notebook-sized PC. The equi-area
and generalized spiral points methods, where the sampling
points to measure EIRPs are uniformly allocated on the sur-
face of the unit sphere, are superior to the equi-angle method
in terms of the convergence with smaller number of the sam-
pling points, despite the uncertainties of three methods are
comparable with each other. The selection of these methods
for the TRP estimation as well as the number of the sam-
pling points will be dependent upon practical requirements
of measurement, for example, saving measurement time and
simultaneously measuring the radiation pattern. Also, as
long as the radiation pattern from the radio equipment is not
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so complicated, the orthogonal three planes method can be
used as a simple and time-saving method for the TRP esti-
mation, despite the uncertainty of this method is larger than
those of the other three methods by one order of magnitude.

Acknowledgment

The measured data used in this paper are cited from the
research project of Telecom Engineering Center (TELEC),
Japan, “R&D on quick and accurate measurement tech-
niques for the radiated power” supported by the Ministry
of Internal Affairs and Communications, Japan.

References

[1] CTIA certification: Test plan for mobile station over the air per-
formance — Method of measurement for radiated RF power and re-
ceiver performance, revision number 2.2.2, Dec. 2008.

[2] 3rd Generation Partnership Project, “Technical specification group
radio access network: Measurements of radio performances for
UMTS terminals in speech mode (release 8),” 3GPP TR 25.914
v8.0.0, 2008.

[3] Q. Chen, T. Shinohe, K. Igari, and K. Sawaya, “Measurement of
power absorption by human model in the vicinity of antennas,”
IEICE Trans. Commum., vol.E80-B, no.5, pp.709–711, May 1997.

[4] C.A. Balanis, Antenna Theory Analysis and Design, 3rd ed., Wiley,
2005.

[5] H. Watanabe, T. Maeyama, Y. Amano, and M. Nakano, “A simple
measurement technique of the total radio performances for mobile
phone,” IEICE Technical Report, ACT2009-11, Nov. 2009.

[6] Y. Amano, H. Ishikawa, and T. Inoue, “Mean effective gain perfor-
mances of small antenna for mobile phone in 3-D and three orthog-
onal planes,” Proc. ISAP 2008, pp.593–596, Taipei, Taiwan, Oct.
2008.

[7] S. Ullah, J.A. Flint, and R.D. Seager, “Equi-spaced-points-method
(ESPM) for antenna radiation pattern (ARP) measurements with 3D-
rotation,” Proc. EuCAP 2007, Th2.11.6, Edinburgh, UK, Nov. 2007.

[8] N. Ishii, “Radiated power evaluation of simulated radio equipment
using equi-spaced-point-method,” Proc. ISAP 2009, pp.691–694,
Bangkok, Thailand, Oct. 2009.

[9] M. Yoshida and H. Arai, “Total radiated power measurement using
generalized spiral point sets,” IEICE Technical Report, ACT2009-
18, Feb. 2010.

[10] T. Watanabe, K. Nakajima, T. Shigeno, and H. Arai, “Total radi-
ated power measurement for a portable transmitter using spherical
and hemispherical scanning,” IEICE Technical Report, ACT2008-
13, Dec. 2008.

[11] H. Watanabe and T. Maeyama, “A simple measurement technique
of the total radiated power,” IEICE Trans. Commun. (Japanese Edi-
tion), vol.J93-B, no.9, pp.1292–1295, Sept. 2010.

[12] P. Leopardi, “A partition of the unit sphere into regions of equal area
and small diameter,” Electronic Transactions on Numerical Analy-
sis, vol.25, pp.309–327, 2006.

[13] E.A. Rakhmanov, E.B. Saff, and Y.M. Zhou, “Minimal distance en-
ergy on sphere,” Mathematical Research Letters, vol.1, pp.647–662,
1994.

[14] E.B. Saff and A.B.J. Kuijlaars, “Distributing many points on a
sphere,” Mathematical Research Letters, vol.19, no.1, pp.5–11,
1997.

Nozomu Ishii was born in Sapporo, Japan,
in 1966. He received the B.S., M.S., and Ph.D.
degrees from Hokkaido university, Sapporo,
Japan, in 1989, 1991, and 1996, respectively.
In 1991, he joined the faculty of engineering at
Hokkaido university. Since 1998, he has been
with the faculty of engineering at Niigata uni-
versity, Japan, where he is currently an associate
professor of the department of biocybernetics.
His current interests are in the area of small an-
tenna, planar antenna, millimeter antenna, an-

tenna analysis, antenna measurement, and electromagnetic compatibility.
He is a member of the IEEE.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


