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Concrete guidelines for effectively performing spherical antenna measurements and for
designing multi-probe systems will be provided. The work will mainly be restricted to
antennas whose maximum cross-section dimension is in the order of 1-2 λ or less. Specific
design guidelines for a very fast radiation pattern measurement system for mobile phone
models will be provided. Information on practical aspects related to such a system will be
provided by building a demonstrator system and testing it.
Firstly, the errors in the total radiated power and the maximum electric field are illustrated
by simulations of near-zone spherical antenna measurements of electrically relatively small
AUTs (antennas under test) for various applied truncation numbers and for different
measurement distances [P1]. Secondly, a novel iterative matrix method is presented that
is shown to provide, for a fixed relatively small number field samples, a lower uncertainty
in the determination of the radiated field of an AUT model than the traditional matrix
method [P2]. Thirdly, it is shown that, for a fixed relatively small number field samples, the
radiation pattern can generally be determined with a lower uncertainty from the complex
data than the amplitude-only data [P3]. It is shown in [P4] that a high-order probe
correction becomes increasingly significant with an increasing ratio between the radius of
the minimum sphere of the AUT and the measurement distance.
It is shown in [P5] that by enclosing the head phantom with a mobile phone inside the
minimum sphere, and the calculation of the truncation number for the spherical wave
expansion of the radiated field based on the radius of this minimum sphere in wavelengths,
leads to an overestimation of the truncation number. It is illustrated by simulations for a
mobile phone that by multiplying the truncation number for the mobile phone without a
head phantom by a factor of approximately 1.2 leads to a reasonable truncation number
for the mobile phone with the head phantom. It is demonstrated in [P6], by building
and testing a spherical fully 3-D measurement system for mobile phone models (RAMS),
that the radiation pattern of a typically-sized mobile phone model at approximately 1.8
GHz can be determined without its rotation with a relatively small uncertainty from the
complex-valued signals gathered from only 32 dual-port probes on a spherical surface.
Information on the reflectivity level inside RAMS will be provided. It is shown in [P7]
that the complex radiation pattern of a mobile phone model can be determined without
taking advantage of the field-disturbing radio-frequency feed cable to the mobile phone
model during the measurement.
It is shown in [P8] that, instead of a single spherical wave expansion, the use of multi-
ple spherical wave expansions (MSWE) for the field characterization can lead to a smaller
number required spherical modes for reaching a desired level of uncertainty in the determi-
nation of the radiation pattern. It will further be shown, that using the MSWE technique
can also lead to the smaller number of required measurement locations.

Keywords: Spherical antenna measurement, mobile phone, radiation pattern,
spherical wave expansion, probe correction
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Chapter 1

Introduction

1.1 Scope

An antenna may be considered as a transition device between a guided wave and
an unguided medium. In many applications antennas enable a more effective data
transfer from one place to another than the transmission lines [1]. In other applica-
tions antennas constitute an indispensable part of the system. Examples of systems
where antennas are used are e.g. mobile communication systems, radar applications,
amateur radio systems etc. [1].

It is useful to know how antennas radiate in practically any application they are
used. Very often, exclusively the far-field radiation characteristics of antennas are
of interest. Depending on the application, important radiation parameters may be
the total radiated power, the gain, the directivity, side-lobe levels, directions of null
radiation, polarization properties, the efficiency, etc. [2].

The far-field radiation properties of antennas may naturally be determined by a
conventional far-field measurement or using some other standard test methods [3].
An example of another technique for determining the far-field radiation properties
of antennas is the near-field technique [4]. A near-field technique relies on the use
of a near-field to far-field transformation for the calculation of the far field from the
measured near-field signals. The measurement geometry influences on the applied
near-field to far-field transformation. Typical geometries are planar, cylindrical and
spherical [4]. Several other known techniques for the determination of the radiation
properties of antennas will be briefly discussed later in Chapter 2 of this thesis.

The work reported in this thesis touches upon spherical near-field and far-field an-
tenna measurements. The research will be focused on the spherical measurement ge-
ometry, because it both enables a convenient application of the well-known spherical
wave expansion technique for the field characterization [5], and offers an attractive
possibility for an effective determination of the radiated fields of especially of mobile
phones [6].
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1.2 Objectives and contents

From the scientific point of view, the work of this thesis can be roughly divided into
three parts. Selected studies on spherical antenna measurements will be reported
in the first part. Rapid radiation pattern measurements for mobile phone models
will be dealt with in the second part. A novel field characterization technique using
multiple spherical wave expansions will be introduced in the third part.

In the first part, the purpose will be to deliver information and guidelines for an
effective characterization of the radiated fields, and for effectively performing spher-
ical antenna measurements. The emphasis will be on electrically relatively small
antennas whose maximum cross-section dimension is in the order of 1-2 wavelengths
or less.

An examination on the measurements of the radiated fields in the near zone of
an antenna is first conducted in [P1]. This study gives specific information on the
required number of measurement locations for the determination of the radiated field
and total radiated power with a certain reasonable uncertainty from the measured
near-zone complex field. Secondly, a novel iterative matrix method for the field
characterization from a very small number of complex field samples is presented
in [P2]. Thirdly, methods for the characterization of the radiated fields from a
small number of amplitude-only and complex (amplitude and phase) field samples
are compared with the aim of providing information about an effective method
for characterizing radiated fields in [P3]. Furthermore, the importance of probe
correction in spherical near-field antenna measurements is briefly touched upon in
[P4].

In the second part, the purpose will be to deliver both theoretical and experimental
information about the measurements of the radiation properties of mobile phone
models with a spherical fully 3-D multi-probe measurement system. More specif-
ically, the aims will be 1) to show that the radiation pattern of a typically-sized
mobile phone at approximately 1.8 GHz can be determined with a fully 3-D spher-
ical measurement system with only 64 radio-frequency channels without a rotation
of the mobile phone model, 2) to provide information on the reflectivity level inside
such a system, and 3) to demonstrate the possibility for complex field determination
without using the field-disturbing radio-frequency feed cable to the mobile phone
model during the measurement.

Simulations are first carried out to produce information on the necessary number of
probes required to reach a desired level of uncertainty in the determination of the
total radiated power and the radiation pattern in [P5]-[P6]. This is performed for a
mobile phone with and without a head phantom. Based on the simulation results,
a 3-D spherical multi-probe demonstrator system will be built for the frequency of
1.8 GHz, which allows the determination of the radiation pattern of a mobile phone
without a rotation of the mobile phone during the measurement [P6]-[P7]. This
type of a 3-D system makes very fast radiation pattern measurements of mobile
phone models possible. Furthermore, the capability of the system to retrieve the
phase of the radiated field from the amplitude-only measurements is demonstrated
in [P7]. The presented system allows to fully avoid the disturbing influence of the
feed cable in the determination complex radiated field of mobile phone models [7]
[8]. Complex field information is useful in existing and future mobile communication
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systems exploiting more than one antenna in the mobile phone. Examples of such
systems are the diversity [9] and the multiple-input multiple-output (MIMO) [10]
systems.

Finally, a novel field characterization technique, where multiple spherical wave ex-
pansions are used, will be presented in the third part. This technique, namely the
multiple spherical wave expansions (MSWE) technique, is introduced in [P1]. This
study shows that taking advantage of multiple spherical wave expansions can lead
to a smaller total number of spherical functions required for the field characteriza-
tion with a certain degree of uncertainty compared to using a single spherical wave
expansion. In this thesis, it will further be shown that the application of the MSWE
technique also can lead to a smaller total number of required measurement locations.

This chapter (Chapter 1) is devoted to introduction. In Chapter 2 various antenna
measurement techniques will be first briefly presented. In Chapter 3 the theory
of the spherical antenna measurements will be presented. In Chapter 4 advanced
spherical antenna measurements will be discussed. Here, the scientific contribution
of this thesis will also be presented. Summary of the publications and conclusions
will be given in Chapters 5 and 6, respectively.

1.3 Scientific contribution

The work is comprised of publications [P1]-[P8], and it delivers new and significant
scientific information as follows:

Publications [P1]-[P3], [P5]-[P6] and [P8]: Concrete guidelines for effective ways,
mostly in terms of the reasonable number of measurement locations, of determin-
ing radiated spherical fields of electrically relatively small radiating devices, and
especially mobile phones, are delivered.

Publication [P4]: New information about the significance of probe correction in
spherical near-field antenna measurements is delivered.

Publication [P5]-[P7]: Design guidelines, produced both by computer simulations
and practical demonstrations, for a very fast complex radiation pattern measurement
system for mobile phone models with and without the head phantom are delivered.
A demonstrator system for mobile phones in built, tested and reported in [P6] and
[P7]. Such a system is shown to be operable in the vector network analyzer (VNA)
mode and in the spectrum analyzer mode. A feasible way of determining the complex
radiation pattern of a mobile phone model from the amplitude-only measurements
with the spectrum analyzer without using a radio-frequency feed cable to the mobile
phone model is demonstrated at 1.8 GHz. Importantly, the applied phase-retrieval
technique may obviously be used e.g. for GSM mobile phones operating in their
normal operating mode. Furthermore, detailed information on the reflectivity level
and the operating mode uncertainty of the system will be delivered in this thesis.
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Chapter 2

Antenna measurements

Antenna measurements are discussed in general in this chapter. First, two basic
concepts related to antenna measurements, the near field and the far field, will
be introduced in Section 2.1. Various known techniques for measuring radiation
parameters of antennas will be then briefly discussed in Sections 2.2-2.7.

It is noted at this point, that the time dependence of the electromagnetic field in
the equations presented in this thesis is assumed to be e−iωt, where t is time and ω

is the angular frequency. This term will be suppressed from the equations.

2.1 Near and far fields

The field radiated by an antenna under test (AUT) may be divided into reactive
near field, radiating near field, and far field [2]. This indicative division is based on
the properties of the radiated field as a function of distance.

The reactive near field is that part of the field which is closest to the AUT. Definitions
of the distance to which the reactive near field extends may be several. According
to one common definition, the reactive near field extents to the distance

r1 =
λ

2π
, (2.1)

where λ is the wavelength. At this distance the amplitudes of the reactive and
radiating parts of the tangential electric field of a magnetic Hertzian dipole moment
are equal. The same applies for the amplitudes of the reactive and radiating parts of
the tangential magnetic field of an electric Hertzian dipole moment [2]. The distance
given by Eq. (2.1) is sometimes considered as the far-field distance as well.

According to another common definition, the limit between the radiating near field
and the far field is at the distance

r2 =
2D2

λ
, (2.2)

where D is the maximum cross-section dimension of the AUT. The distance r2 is
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also known as the Rayleigh distance [5], and it corresponds to the maximum phase
error of 22.5◦ at the edge of the aperture of the antenna with respect to the center
of the antenna [11].

In Fig. 2.1 the division of the field into the three regions according to Eqs. (2.1)
and (2.2) is illustrated. Eqs. (2.1) and (2.1) are only indicative, and they have to
be applied with care. Eq. (2.2) may not be useful for a small ratio between the D

and λ, because in that case the reactive near field according to Eq. (2.1) extends to
the far field according to Eq. (2.2), i.e. r1 > r2.

A U T
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n e a r - f i e l d
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R a d i a t i n g
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r e g i o n

F a r - f i e l d
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0 2 pl l D2
2

r

Figure 2.1: The regions of the reactive near field, the radiating near field, and the
far field are illustrated as a function of distance [12].

In order to solve this problem with electrically very small antennas another useful
equation for the far-field limit is

r3 = max(
2D2

λ
,

λ

2π
), (2.3)

where the Eqs. (2.1) and (2.2) have been combined into a single equation.

2.2 Conventional far-field measurement

The purpose of an antenna measurement is most often to determine the far-field
characteristics of the AUT. A straight-forward method for the determination of the
far-field characteristics is to perform a conventional frequency-domain far-field an-
tenna measurement. A usual way to do this has been to rotate the AUT, depending
on the application, around one or two axes, and use a single probe either to receive
or transmit the measurement signal.

A natural advantage of the conventional far-field measurement, compared to e.g. the
near-field technique, that will be discussed in the following section, is that the far
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field is obtained directly without using a near-field to far-field transformation. On
the other hand, the far-field distance may be hundreds of meters or more in some
applications [11], and this can make the far-field measurement disadvantageous.

The need for fast and inexpensive methods for the determination of the far-field
characteristics of AUTs has been a driving force for the development of various
advanced antenna measurement techniques, to replace the conventional frequency-
domain far-field measurement. Some of the most commonly used techniques will be
reviewed in the following sections.

2.3 Near-field techniques

A near-field measurement is an attractive alternative to the conventional far-field
measurement if the far-field distance is large. Since the signals are gathered in the
near field of the AUT, a near-field to far-field transformation is required to determine
the far field. The three typical near-field scanning techniques are the planar, the
cylindrical and the spherical techniques [4], and they are briefly discussed in the
following.

The planar technique is applicable especially for an AUT with a directive radiation
pattern. The advantage of the planar technique over the cylindrical or the spherical
techniques is the near-field to far-field transformation, which is commonly consid-
ered mathematically the least demanding among the three techniques. For many
applications, the disadvantage of the planar technique is that it does not provide the
far field in all directions, but only in a half space at maximum. The planar near-field
technique has been applied e.g. in [13].

The cylindrical technique is useful e.g. for an AUT, whose radiation pattern partic-
ularly in the elevation angles around 90◦ is of interest. The set-up of the cylindrical
scanning range is relatively simple, because only one rotation for the AUT combined
with a vertically movable probe is required. The cylindrical near-field technique has
been applied e.g. in [14].

The spherical technique is well-suited for applications where the radiation pattern
of the AUT is of interest in all directions. The near-field to far-field transformation
for the spherical technique is commonly considered slightly more mathematically
demanding than that for the planar or the cylindrical technique. An advantage of
the spherical geometry compared to the planar and the cylindrical geometries is
related to spacial truncation [15]. The samples obtained on an appropriate spherical
scanning grid constitute discrete periodic data series both in the elevation angle
and the azimuthal angle, so that the truncation of the data series can be treated
conveniently [5]. The theory of the spherical technique will be discussed in more
detail later in Chapter 3.

2.4 Multi-probe systems

The time required for the determination of the 3-D radiation pattern of an AUT
is greatly influenced by the number of required measurement directions when using
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a single probe. Multi-probe systems enable to speed up the measurements [16]. A
multi-probe system for the radiation pattern measurements for wireless applications
is presented in [6]. The probes are located on an arch, and the AUT is rotated
around one axis. Further, multi-probe systems are presented for testing of vehicle
mounted antennas in [17], and for testing especially mobile phones in [18]. All these
techniques rely on the rotation of the AUT during the measurement.

A fully 3-D multi-probe system is proposed in [19]. An actual implementation of this
type of a system is presented in [P6] and [P7]. These fully 3-D multi-probe systems
allow, for an AUT of a certain electrical size, the measurement of the radiation
pattern without a rotation or a movement of the AUT. This offers possibilities for
a practically real-time radiation pattern measurement, and thus a possibility to
evaluate e.g. instantaneous radiated fields of mobile phones. In Fig. 2.2 a spherical,
fully 3-D radiation pattern measurement system is illustrated.

Figure 2.2: Illustration of a fully 3-D spherical spherical antenna measurement sys-
tem.

2.5 Compact range techniques

Compact range techniques exploit a specific mechanical structure to convert an
initial spherical radiated field to a plane wave, so that the AUT can be tested in far-
field conditions. The far-field environment is created in a relatively small space, and
the near-field to far-field transformation is not required. The collimating device,
that transforms a spherical wave to a plane wave, can be a reflector, a lens or a
hologram, of which the most commonly used is the reflector [20]. The function of a
compact range based on a reflector is illustrated in Fig. 2.3.

Using a compact range the far-field characteristics in one plane are obtained by
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Figure 2.3: The idea of a compact antenna test range based on a reflector is illus-
trated. The reflector converts an initial spherical wave to a plane wave.

a single rotation of the AUT, which is its advantage compared to e.g the near-
field technique. One of the challenges of the compact range is the reduction of the
influence of the edge diffraction of the collimating device on the quiet zone field [21]
[22].

2.6 Time-domain techniques

Antenna measurements may be performed in the time domain. In the time-domain
measurement the AUT is fed with a pulse, and the signal is measured with a digital
sampling oscilloscope. The frequency response of the AUT may be obtained via a
Fourier transform. This corresponds to the situation where the AUT is excited with
different frequency components over a certain region of frequencies at the same time
[23].

The time-domain measurement can be clearly advantageous over the frequency-
domain measurement for its short measurement time in such applications where the
radiation properties of an AUT are desired over a large frequency range. The time-
domain measurement further provides possibilities to filter out multiple reflections
between AUT and the probe and the reflections from the surroundings [23]. In this
way a low-cost chamber could be used for antenna measurements. Time-domain
formulations of the near-field scanning e.g. for planar and spherical geometries are
presented in [24] and [25], respectively.
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2.7 Other techniques

A Wheeler cap, a reverberating chamber, and a gigahertz transverse electromag-
netic (GTEM) cell are examples of other environments, where radiation properties
of AUTs can be measured and evaluated [26]. The Wheeler cap can be used for the
determination of the efficiency of the AUT [27]. The measurements of the perfor-
mance of a mobile terminal antenna in a reverberating chamber (or a mode-stirred
chamber) is reported in [28]. In particular, it is pointed out that the reverberating
chambers may be used for the characterizing diversity properties of mobile terminal
antennas [29]. The GTEM cell is proposed for testing radiation characteristics of
small AUTs in [30]. The reverberating chamber and the GTEM cell are recognized
also in the standards of electromagnetic compatibility [31].
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Chapter 3

Spherical antenna measurement
theory

The theory of spherical antenna measurements will be presented in this chapter. This
theory is based on the use of the spherical wave expansion [5], and it is applicable
for both the spherical near-field and far-field antenna measurements.

The spherical vector wave expansion will first be presented in Section 3.1. Definitions
for several important radiation parameters will then be given in Section 3.2. The
formulation of the spherical measurement problem will be presented in Section 3.3,
and its solution discussed in Section 3.4.

3.1 Spherical vector wave expansion

The spherical vector wave expansion of electromagnetic fields was presumably first
introduced in [32]. Later this expansion has been applied widely for characterizing
radiated fields by the spherical antenna measurements, e.g. in [5] [33]. A general
outward propagating vectorial electric field radiated by an AUT in the spherical
coordinates can be expressed as an infinite series of spherical vector wave functions
as [5]

E(r, θ, ϕ) =
k√
η

2
∑

s=1

∞
∑

n=1

n
∑

m=−n

QsmnF
(3)
smn(r, θ, ϕ), (3.1)

where E is the outward propagating electric field, (r, θ, ϕ) are the standard spherical
coordinates, k is the wave number, η is the intrinsic admittance of the measure-
ment medium, Qsmn are the spherical vector wave coefficients (Q coefficients), and

F
(3)
smn(r, θ, ϕ) are the power-normalized spherical vector wave functions [5].

According to the well-known empirical rule [5], the spherical vector wave series can
be truncated at certain n = N (N = 1, 2...), where the truncation number is

N = [kr0] + n1, (3.2)

where n1 is an integer, and r0 is the radius of the minimum sphere that fully en-
closes the AUT, and the square brackets provide the smallest integer greater than
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or equal to the number inside the square brackets. Depending on the application,
and the requirement for the accuracy of the field characterization, n1 varies. Com-
monly, n1=10 is considered sufficient for all practical purposes [5], and especially for
electrically small antennas.

A practical, truncated form of Eq. (3.1) is

E(r, θ, ϕ) =
k√
η

2
∑

s=1

N
∑

n=1

n
∑

m=−n

QsmnF
(3)
smn(r, θ, ϕ). (3.3)

The electric field at a large distance may thus be approximated as [5]

E(r, θ, ϕ) =
k√
η

1√
4π

eikr

kr

2
∑

s=1

N
∑

n=1

n
∑

m=−n

QsmnKsmn(θ, ϕ), (3.4)

where the far-field pattern functions Ksmn(θ, ϕ) are [5]

Ksmn(θ, ϕ) = lim
kr→∞

[
√

4π
kr

eikr
F

(3)
smn(r, θ, ϕ)]. (3.5)

It is seen from Eq. (3.1), that the radiated field is completely determined by the
Q coefficients of the spherical wave expansion. The Q coefficients may further be
expressed as Qsmn = vTsmn, where v is the input signal to the AUT, and Tsmn

are the transmission coefficients of the radiated field [5]. The v, Tsmn and the far-
field pattern functions Ksmn(θ, ϕ) are presented here, because they can be used to
determine many essential parameters of the radiated field, as will be presented later
in Section 3.2.

The only truncation that has been assumed in Eqs. (3.3) and (3.4), and that will be
assumed later in the forthcoming Sections 3.2-3.3, concerns the presented n-mode
truncation. Another practical truncation rule concerns the m-mode truncation. The
azimuthal mode index m may be truncated at certain |m| = M < N , where M is
the truncation number for the m index of the spherical wave expansion [5]. The M

may be found from
M = [krc] + n2, (3.6)

where rc is the radius of the minimum circular cylinder parallel to the z axis com-
pletely enclosing the AUT, and n2 is again a number specific for the application
and the required field characterization accuracy [5]. Typically, n2 = 10 should be
sufficient for all practical purposes.

The truncated form of Eq. (3.1) now becomes

E(r, θ, ϕ) =
k√
η

2
∑

s=1

N
∑

n=1

min(n,M)
∑

m=−min(n,M)

QsmnF
(3)
smn(r, θ, ϕ), (3.7)

where both the n and m-mode truncations have been assumed. In this equation,
the M may assume values from 0 to N .

For later purposes Eq. (3.7) is further expressed as

E(r, θ, ϕ) =
k√
η

J
∑

j=1

QjF
(3)
j (r, θ, ϕ), (3.8)
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where the summation over the indices (s, m, n) has been replaced by the summation
over the index j only. For n = 1...N , for m = −min(n, M)... min(n, M), and for
s = 1, 2, the index j becomes

j = 2(n(n + 1) + m − 1) + s − 1

2
(|n − M | + n − M)2. (3.9)

The total number of modes in the spherical wave characterization is

J = 2M(M + 2) + 2(2M + 1)(N − M). (3.10)

In such a case, where only the n-mode truncation is assumed (M = N), Eqs. (3.9)
and (3.10) reduce to those presented in [5]: j = 2(n(n + 1) + m − 1) + s, and
J = 2N(N + 2), respectively.

3.2 Radiation parameters

In this section equations for some important and useful parameters of the radiated
field are presented in terms of the Q coefficients of the radiated field, the input signal
v, and the transmission coefficients. It is here assumed that M = N .

The total radiated power, in terms of the Q coefficients, is [5]

P =
1

2

2
∑

s=1

N
∑

n=1

n
∑

m=−n

|Qsmn|2. (3.11)

The directivity is [5]

D(θ, ϕ) =
1

2P

∣

∣

∣

∣

∣

2
∑

s=1

N
∑

n=1

n
∑

m=−n

QsmnKsmn(θ, ϕ)

∣

∣

∣

∣

∣

2

. (3.12)

The gain is [5]

G(θ, ϕ) =

1
2

∣

∣

∣

∑2
s=1

∑N
n=1

∑n
m=−n QsmnKsmn(θ, ϕ)

∣

∣

∣

2

1
2 |v|

2 (1 − |τ |2)
, (3.13)

where τ is the voltage reflection coefficient of the antenna. For τ = 0 the power
incident at the antenna Pinc = 1

2 |v|
2 thus equals the power accepted by the antenna

Pin = 1
2 |v|

2 (1−|τ |2). For a lossless antenna, and for τ = 0, the total radiated power

becomes 1
2 |v|

2.

The power radiated by the modes for a fixed n is of general interest. The so-called

n-mode power spectrum, P
(n)
rad, is useful for analyzing the cut-off property of the

spherical wave modes as a function of n. The P
(n)
rad expresses the power radiated by

all the spherical wave modes with the same index n for n = 1, 2..N [5]. The n-mode
power spectrum is

P
(n)
rad =

1

2

2
∑

s=1

n
∑

m=−n

|Qsmn|2. (3.14)

The normalized n-mode power spectrum, P
(n)
rad,norm is determined from the P

(n)
rad by

setting the maximum value of the spectrum to 0 dB.
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3.3 Spherical measurement problem

Spherical antenna measurements are performed to gather information of the radi-
ated field of the AUT for its characterization. A spherical antenna measurement is a
natural choice for many applications because it offers both a practical measurement
geometry and a possibility for a convenient mathematical formulation of the prob-
lem. In a typical spherical antenna measurement, the radiated field of the AUT is
expressed in terms of the spherical vector wave functions, and the desired unknowns
are the Q coefficients of the AUT field.

In spherical antenna measurements, essentially, the relation between the signal re-
ceived by the probe and the input signal to the AUT is recorded, which for a given
frequency, is a complex number. This relation depends e.g. on the measurement
distance and the direction, the polarization of the probe, the radiated spherical wave
modes of the AUT, the probe reception properties, and the disturbance fields from
the surroundings.

Three significantly different approaches for formulating the spherical antenna mea-
surement problem will be discussed in this thesis. In the most general approach,
that will be discussed in Section 3.3.1, the disturbance fields are assumed present
in the test zone. These disturbance fields are generated e.g. by the reflections from
the surroundings. This approach, namely the test-zone field compensation approach
[34], includes both the conventional probe correction [5], and the compensation for
the disturbance fields. In the second approach, that will be discussed in Section
3.3.2, the disturbance fields are assumed negligible, and only the conventional probe
correction is performed. This approach, namely the free space approach with probe
correction, is the conventional probe correction approach described e.g. in [5]. The
third approach, namely the free space approach without probe correction will be
dealt with in Section 3.3.3, and it concerns an important special case where an
electric Hertzian dipole is used as a probe in free space conditions. This approach
is important because it is closely related to the spherical far-field measurements in
general.

3.3.1 Test-zone field compensation approach

In the test-zone field compensation approach [34], both the direct signal from the
AUT and the disturbance fields from the surroundings are assumed present at the
probe in the spherical antenna measurement. The idea is to establish a relationship
between each outward-propagating spherical mode in the test zone of the AUT and
the signal received by the range antenna (probe) by a separate test-zone field (TZF)
calibration measurement. In this measurement a known TZF calibration probe is
rotated and translated on a spherical surface enclosing the test volume, and the
transmission signal is recorded for each polarization of the range antenna, and for
each position and orientation of the TZF calibration probe. The data obtained by
the test-zone calibration measurement can be used to determine the desired test-zone
coefficients. These coefficients are comparable to the probe receiving coefficients in
the conventional spherical near-field antenna measurements [5], but in addition to
correcting for the influence of the probe, they can also be used to compensate the
influence of the disturbance fields from the surroundings.
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An iterative solution for the compensation of the disturbance fields, that includes the
correction for the probe, is also presented in [34]. Importantly, the presented solution
is computationally efficient, and may therefore be used for electrically relatively large
AUTs.

Since the publication of [34], the test-zone field compensation has been worked with
e.g. in [35]. The application of the test-zone field compensation for multi-probe
systems is very briefly touched upon later in Chapter 4 of this thesis.

3.3.2 Free space approach with probe correction

A common trend in the antenna measurement community has been to build ane-
choic chambers of high enough quality to suppress the disturbance fields in the test
zone, e.g. the reflected fields from the walls. It is then typically assumed that the
disturbance fields in the test zone are negligible, and only the direct line of sight
signal is significant. In this case, with the known receiving pattern of the probe,
an analytical relation between the desired Q coefficients of the radiated field of the
AUT and signal received by the probe can be established. This relation is called the
transmission formula.

The probe-corrected transmission formula for the spherical near-field antenna mea-
surements was first derived in [36]. Since then another type of transmission formula
has been proposed in [37]. Of these two, the transmission formula presented in [36]
is presumably more commonly-used. Complete formulation of the spherical near-
field antenna measurements applying this transmission formula is presented in [5].
In this thesis only the transmission formula presented in [5] is considered, and its
derivation explained. For this purpose the spherical measurement coordinates are
now described.

The spherical measurement coordinate systems are illustrated in Fig. 3.1. The
AUT and the probe coordinate systems are the unprimed and the primed coordinate
systems, respectively. The origin of the primed coordinate system in the unprimed
coordinate system is defined by the standard spherical coordinates (r, θ,ϕ) of the
unprimed coordinate system [3]. Minimum spheres enclosing the AUT and the
probe, with radii r0 and r′0, respectively, are shown. The probe is constantly pointing
to the origin of the unprimed coordinate system. The probe orientation is defined by
the probe rotation angle (χ), so that for χ = 0◦ and χ = 90◦ the x′ axis is coinciding
with the θ and ϕ unit vectors of the unprimed coordinate system, respectively [5].

The spherical scanning takes place by rotating the unprimed coordinate system
relative to the primed coordinate system, i.e. by changing the values of the θ, ϕ

and χ coordinates. The measurement distance r is constant during the scan. It is
noted, that using a dual-polarized probe, whose ports are identical correspond to the
situation where the scanning with a single-polarized antenna takes place for χ = 0◦

and χ = 90◦.

It is noted at this point that the Eqs. (3.2)-(3.3), that are valid for the AUT in the
unprimed coordinate system, are also valid for the probe in the primed coordinate
system by replacing the indices (s, m, n) by indices (σ, µ, ν), the coordinates (r, θ, ϕ)
by coordinates (r′, θ′, ϕ′), r0 by r′0, N by νmax, and by replacing the Q coefficients
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Figure 3.1: Spherical measurement configuration.

of the AUT by the Q coefficients of the probe Q′
σµν . These notations mostly follow

those used in [5].

The derivation of the transmission formula as presented in [5] may now be explained
with the help of Fig. 3.1. The radiated field of the probe and the AUT are first
expressed in terms of the spherical vector wave modes using Eqs. (3.2)-(3.3). The
probe receiving coefficients are determined from the Q coefficients of the probe by
assuming a reciprocal probe [5]. Then, the spherical vector wave functions, describ-
ing the outward-propagating field radiated by the AUT, are rotated and translated,
using the translation addition theorem for the spherical vector wave functions [38]
[39], so that the initial outward-propagating spherical waves in the unprimed coordi-
nate system are expressed in terms of the inward and outward-propagating spherical
waves in the primed coordinate system [5]. Now, the probe is introduced in the
primed coordinate system, and it is assumed, that this introduction does not change
the currents of the AUT, that is, multiple reflections between the AUT and the probe
are assumed negligible. Finally, the coefficients of the inward-propagating spherical
waves in the primed coordinate system are multiplied appropriately with the receiv-
ing coefficients of the probe to form the transmission formula for the received signal
[5]. In this way, the transmission formula becomes [5]

w(r, χ, θ, ϕ) =
2

∑

s=1

N
∑

n=1

n
∑

m=−n

µ0
∑

µ=−µ0

QsmnPsµn(kr)eiµχdn
µm(θ)eimϕ, (3.15)

where w is a complex-valued signal received by the probe, µ0 = min(n, νmax),
Psµn(kr) are the probe response constants, and eiµχ, dn

µm(θ), and eimϕ are the
rotation coefficients [5]. The probe response constants and the rotation coefficient
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dn
µm(θ) are defined in [5]. The probe response constants can be calculated from the

probe receiving coefficients.

In conclusion, the spherical measurement problem with conventional probe correc-
tion has been set now, and the aim is to find the unknown Q coefficients of Eq.
(3.15). This will be discussed later in Section 3.4.

3.3.3 Free space approach without probe correction

When the probe correction is not applied, it is commonly assumed that the signal
received by the probe is proportional to the tangential electric field on a spherical
measurement surface. In fact, this assumption would be valid if an electric Hertzian
dipole were used as a probe.

It is now considered that a tangential, x′-oriented electric Hertzian dipole is used
to sample the radiated field on a spherical surface. In this case, the signal received
by the dipole (we) as a function of the χ angle and the electric field at the dipole
becomes [5]

w(r, χ, θ, ϕ) =

√
6πη

2k
E(r, θ, ϕ) · [cos(χ)uθ + sin(χ)uφ], (3.16)

where Eqs. (3.45)-(3.46) in [5] are combined to a single equation.

Inserting Eq. (3.3) into Eq. (3.16) leads to the transmission formula for the electric
Hertzian dipole [5]

we(r, χ, θ, ϕ) =

√
6π

2

2
∑

s=1

N
∑

n=1

n
∑

m=−n

QsmnF
(3)
smn(r, θ, ϕ) · [cos(χ)uθ +sin(χ)uφ]. (3.17)

Eq. (3.17) may also be understood as a transmission formula for the spherical (near-
field) antenna measurements without probe correction. Its solutions is discussed in
the following section.

3.4 Inverse problem

In the spherical antenna measurements, when the spherical wave expansion is used
for the characterization of the radiated field, the purpose is to find the unknown Q
coefficients of the AUT. The Q coefficients may then be used for calculating many
important radiation parameters, as shown in Section 3.2. In order to find the gain
certain additional measures have to be taken [5].

It will be shown in this section, how the Q coefficients of the AUT field can be
found. Solutions to the Q coefficients of the AUT field using the test-zone field
compensation approach [34] will not be discussed here. The discussion will thus be
restricted to the free-space approaches with and without the probe correction. In
the free space approach with probe correction the Q coefficients are found by solving
the transmission formula (3.15). This thus provides the probe-corrected solution for
the Q coefficients of the AUT. In the free space approach without probe correction

24



either the spherical wave expansion (3.3) or the transmission formula for an electric
Hertzian dipole (3.17) can be used to find the Q coefficients.

In Section 3.4.1 the analytical solutions for the transmission formulas with and
without probe correction will be presented [5]. In Section 3.4.2 discrete solutions for
finding the Q coefficients will be discussed.

3.4.1 Analytical solution

The analytical solution for the Q coefficients here assumes that a continuous received
signal on a spherical measurement surface is available. Then by taking advantage
of the orthogonality integrals for the rotation coefficients eiµχ, dn

µm(θ), and eimϕ of
the transmission formula (3.15) [5], this can be written into form

Q1mnP1µn(kr) + Q2mnP2µn(kr) = wn
µm(r), (3.18)

where the terms wn
µm(r) can be found from the orthogonality integral [5]

wn
µm(r) =

2n + 1

8π2

∫ π

θ=0

∫ 2π

ϕ=0

∫ 2π

χ=0
w(r, χ, θ, ϕ)e−iµχe−imφdn

µm(θ)sin(θ)dχdϕdθ.

(3.19)
Here, Eqs. (4.45), (4.48) and (4.51) in [5] have been used. Noticeably, the orthog-
onality integral of Eq. (3.19) shows, that, in general, the received signal must be
available, not only as a function of θ and ϕ angles, but also as a function of χ an-
gle. This means, that performing the probe correction in a general case by taking
advantage of the orthogonality of all three rotation coefficients in this way requires
the probe rotation during the measurement.

However, it is known, that for a first-order (µ = ±1) probe, for which the azimuthal
(ϕ′) dependence of the receiving field can be accurately expressed in terms of the
exponential function eiµϕ′

by restricting µ = ±1, the Q coefficients of the AUT can
be found from Eqs. (3.18) and (3.19) using only two probe orientation angles during
the measurement of the AUT [40] [41] [42]. This is the idea of the well-known,
computationally efficient first-order (µ = ±1) probe correction technique described
in [5].

If the probe correction is not required, the transmission formula for the electric
Hertzian dipole can be used, and the solution for the Q coefficients can be written
as

Qsmn = asmn(kr)

∫ π

θ=0

∫ 2π

φ=0
[we(r, 0, θ, ϕ)uθ + we(r,

π

2
, θ, ϕ)uϕ]

·F (3)
s−mn(r, θ, ϕ)sin(θ)dϕdθ. (3.20)

Here asmn(kr) = 2√
6π

(−1)m[ 1

R
(3)
sn (kr)

]2, where R
(3)
sn (kr) is either the spherical Hankel

function (s = 1) or a function derivable from the spherical Hankel function (s = 2)
as defined in [5].
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3.4.2 Discrete solution

In practice, the received signal is available only for a finite number of measurement
directions (θ,ϕ), and for a finite number of probe orientations (χ). A number of
methods have been presented for finding the unknown Q coefficients from a discrete
set of measured data, both for the case, where the probe correction is not taken into
account [43], and where it is taken into account [44]. To the author’s knowledge,
the two most commonly used techniques are the matrix method and the Fourier
transform technique [43]. A combination of these two techniques has also been
proposed in [44], and recently in [45]. The matrix and the Fourier transform methods
will be described, and some of their advantages and disadvantages briefly discussed
in the following.

Matrix method

The matrix method for finding the Q coefficients of the spherical wave expansion is
presented in [43] for the case where the probe correction is not taken into account.
Yet, the matrix method is applicable to the probe-corrected case as well [5] [44]. In
the matrix method, the spherical wave expansion (without probe correction) or the
transmission formula (with probe correction) is written in a form of a matrix, so that
for each combination of angles θ, ϕ and χ, an equation between the known received
signal and the unknown Q coefficients of the AUT is written. Solving this matrix
equation thus provides all the Q coefficients simultaneously, provided the angles θ,
ϕ and χ are chosen appropriately. The choice of the measurement locations should
allow a formation of a matrix with a sufficient number of linearly independent rows.
If the number of equations is greater than the number of desired Q coefficients, the
matrix equation may be solved by pseudo-inversion [46]. The pseudo-inversion for
finding the Q coefficients of the AUT has been applied e.g. in [P3] and [47].

For later purposes, the matrix method for solving the Q coefficients will be now
mathematically described for the case without probe correction. It is assumed that
the radiated electric field of an AUT has been measured for θ and ϕ polarizations at
measurement locations (r, θl, ϕl), where index l = 1...L, and L is the total number
of measurement locations. The purpose is now to find the Q coefficients related to
the radiated field from Eq. (3.8) using the matrix method.

Electric field vector is formed as follows:

Ē =

[

Ēθ

Ēϕ

]

. (3.21)

Here Ēα = [E(r, θ1, ϕ1)uα, ..., E(r, θL, ϕL)uα]T, where uα is the α unit vector, and α

is either θ or ϕ, and T is transpose. The E(r, θl, ϕl)uα thus represents the measured
electric field component in α polarization at measurement location l.

Matrix ¯̄F is

¯̄F =

[

¯̄Fθ

¯̄Fϕ

]

, (3.22)
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where

¯̄Fα =
k√
η









F
(3)
1 (r, θ1, ϕ1)uα . . . F

(3)
J (r, θ1, ϕ1)uα

...
...

F
(3)
1 (r, θL, ϕL)uα . . . F

(3)
J (r, θL, ϕL)uα









, (3.23)

where α is again either θ or ϕ. In Eq. (3.23) the spherical modes F
(3)
j (r, θl, ϕl) are

required for j = 1...J , where j and J depend on the applied truncation numbers N

and M in the field characterization according to Eqs. (3.9) and (3.10), respectively.

The vector for the Q coefficients for j = 1...J , Q̄ = [Q1, ..., QJ ]T, is now found from

Q̄ = ( ¯̄FH ¯̄F )−1 ¯̄FHĒ, (3.24)

where H is hermitian transpose. If the number of elements in Q̄ is smaller than the
number of rows in ¯̄F , then this equation provides the least-squares solutions for the
Q coefficients.

Fourier transform method

In the Fourier transform method the measurement directions and χ angles where
the samples are recorded are equidistantly located in θ, ϕ and χ. By the discrete
Fourier transforms of the measured signals in θ, ϕ and χ, and by the application
of the orthogonalities of the rotation coefficients, the transmission formula (3.15) is
separated into N(N + 2) matrix equations, where the sizes of the matrices to be
inverted are now 2 × 2. Importantly, as previously mentioned, samples of the field
are required for more than two χ values for a general probe, but two χ values are
sufficient for a first-order probe. If the probe correction is not applied, the discrete
Fourier transforms of the measured θ and ϕ components of the electric field provide
the solution for the Q coefficients.

It is further noted here, that recently an iterative technique for the conventional
probe correction, that is based on the use of the traditional first-order probe correc-
tion [5], has been presented in [48]. The applied iteration method is similar to that
applied for the test zone field compensation in [34], but the iterative technique is
now applied for the conventional probe correction [48]. This technique is computa-
tionally efficient, and also practical, because it requires only two probe orientations
during the AUT measurement. The technique is shown to be applicable for more
general probes than first-order probes in [49].

Advantages and disadvantages

Of these two described methods for finding the Q coefficients, an advantage of the
matrix method is that it is not restricted to a regular scanning grid whereas the
conventional Fourier transform method is. This means that the over-sampling factor,
that is the ratio between the number of measurement samples and the number of
spherical wave modes used in the characterization of the radiated field is at least
approximately 2 for the conventional Fourier transform method. The over-sampling
factor for the matrix method can be as low as 1. Another advantage of the matrix
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method is that its practical application is generally not restricted to first-order
probes, but it can also be used for general probes.

The disadvantage of the matrix method is its computational inefficiency. In a general
case (M = N), the number of Q coefficients to be found is 2N(N +2), and thus with
an increasing N the computational cost of the matrix method increases rapidly. In
this respect, the conventional Fourier transform based first-order probe correction
is both computationally efficient and practical [5].
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Chapter 4

Advanced spherical antenna
measurements

4.1 Brief introduction

In this chapter, aspects related to effectively performing spherical antenna mea-
surements, as well as aspects related to design and implementation of multi-probe
systems will be discussed. In order to perform spherical antenna measurements in a
reasonable manner, it is important e.g. to correctly choose how to characterize the
radiated field, to reasonably choose the measurement directions and the number of
measurement directions, and e.g. to know when the probe correction is necessary.
It may also be important to to be able to estimate if the amplitude-only measure-
ments are sufficient for the determination of a desired field parameter. These issues
are naturally significantly dependent on e.g. the desired radiation parameter, the
requirement for the uncertainty of the determination of this radiation parameter,
the electrical size of the AUT etc..

In this chapter, methods to determine the total radiated power and the radiation
pattern of mainly such AUTs whose maximum cross-section dimension is in the
order of 1-2 λ at maximum will be examined.

First miscellaneous, selected issues related to effectively performing spherical an-
tenna measurements will be investigated in Section 4.2. These issues include e.g.
the investigation on the necessary number of measurement locations and on the
possibilities to reduce or minimize the number of measurement locations using an
iterative matrix method, the comparison of the amplitude-only and complex field
measurements, and finally, a study on the significance of probe correction.

A demonstrator system for rapid spherical antenna measurements for mobile phone
models, whose design is partly based on the results of the investigations presented
in Section 4.2, will be presented in Section 4.3. This system allows the determina-
tion of the radiated field of a mobile phone model without its rotation during the
measurement. The system therefore provides a basis for real-time radiation pattern
measurements of mobile phone models. The system further allows the complex field
determination without attaching a field-disturbing radio-frequency feed cable to the
mobile phone model during the measurement.
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Finally in Section 4.4 a multiple spherical wave expansion (MSWE) technique is
presented. It will be shown that, for some AUTs, the application of this technique
enables to improve the accuracy of the characterization of the radiated field from a
fixed small number of field samples.

4.2 Selected studies

In this section, several guidelines for effectively performing spherical antenna mea-
surements will be provided. These guidelines may be applied for conventional spher-
ical antenna measurements with a single probe, and they can also be exploited in
the design of multi-probe measurement systems.

Section 4.2.1 will be devoted to examinations on the necessary number of measure-
ment direction to be applied for spherical antenna measurements. This includes a
study on a suitable truncation number [P1], and the introduction of the iterative
matrix (IM) method for optimizing the number of required measurement locations
[P2]. In Section 4.2.2 a comparison of the amplitude-only and complex far-field
measurements with a relatively small number of measurement locations will be pre-
sented [P3]. Here the IM method presented in Section 4.2.1 will be tested against
some other amplitude-only and complex field characterization techniques. In Sec-
tion 4.2.3 the significance of probe correction in accurate spherical near-field antenna
measurements will be discussed [P4].

4.2.1 Number of measurement directions

Spherical antenna measurements for the determination of e.g. the total radiated
power and the directivity are based on gathering samples of the radiated field in
different directions around the AUT. It is common for many conventional antenna
measurement systems [5] [51] [52], that only one probe is used. This practically
leads to a relatively long measurement time, which may then vary e.g. from half an
hour to several hours depending on the measurement system and the electrical size
of the AUT.

In order to at least partly overcome the problem with a relatively long measure-
ment time using single-probe systems, multi-probe measurement systems have been
developed for e.g. the measurements of the mobile terminal antennas [6]. The re-
quirement for fast radiation pattern measurements is obviously a driving force for
the development of multi-probe measurement systems also for other applications
[17].

The number of directions where the samples are gathered is an issue that influences
significantly on the measurement time when a single probe is used. It also influ-
ences on the cost of a multi-probe spherical measurement system. The number of
measurement channels is a particularly important parameter for fully 3-D spherical
measurement systems [P6].

In the following, first concrete guidelines for choosing an appropriate number of
measurement directions will be given [P1], and then the idea of the IM method [P2]
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will be briefly explained.

Truncation number for single-origin SWE

It is known that the number of measurement directions, where samples of the radi-
ated field must be gathered in order to determine the radiated field with a certain
degree of accuracy depends generally on the total number of spherical modes J re-
quired for the field characterization. In a general case, the number J depends on the
truncation number N as J = 2N(N + 2) (Eq. (3.10) with M = N). The truncation
number in turn depends generally on the electrical size of the AUT according to Eq.
(3.2), where n1 depends on the accuracy requirement.

The value n1 = 10 in Eq. (3.2) is commonly considered a fair number for accu-
rate spherical near-field antenna measurements [5]. For many practical purposes
this number is impractically high. For scattering analysis some other rules for an
appropriate truncation number are presented in [53]. For electrically small antennas
(kr0 < 1) n1=0 is proposed in [54].

A simulation study is performed in [P1] in order to clarify in detail how the choice
of n1 influences on the uncertainty of the determination of the maximum electric
far field and the total radiated power in the range 0.03 < kr0 6 4 for the chosen
simulation model of an AUT. The radiated near-zone field of the AUT model is
calculated in a relatively small number of locations. The calculated field is charac-
terized with the spherical vector wave expansion by determining the Q coefficients
of the expansion up to the truncation number N using the matrix method involving
a pseudo-inversion as described in Section 3.4.2. This characterized radiated field,
represented by the determined Q coefficients, is then compared with the radiated
field calculated directly from the known currents of the test model. The differences
in the maximum absolute values of the electric field and in the total radiated powers
are determined. The results are produced for the range 0.03 < kr0 6 4 and for the
measurement distances from 2r0 to approximately 27r0. The truncation number is
varied depending on the value of kr0, according to Eq. (3.2) by changing the value
of the parameter n1.

The results of the study performed in [P1] are briefly summarized here. For 1 <

kr0 6 4 the results show that the errors in the total radiated power and in the
absolute value of the maximum electric field for n1 = 0 do not exceed 0.5 dB.
Further, for kr0 = 4 and for n1 = −1 the same errors are always less than 1 dB. The
errors for 1 < kr0 6 4 are generally not dependent on the measurement distance for
r > 2r0. For 0.03 < kr0 < 1 the results show that the errors in the total radiated
power and in the absolute value of the maximum electric field for n1 = 0 (N = 1)
depend noticeably on the value of kr0 at some close fixed measurement distances,
e.g. for r = 2r0. Both of the two errors are, however, less than 1 dB for n1 = 0 for
the measurement distances r > 4r0. More detailed results can be found in [P1].

Iterative matrix (IM) method

In spherical antenna measurements, the origin of the spherical wave expansion is
commonly placed to the origin of the minimum sphere in order to reach, in view

31



of Eq. (3.2), the lowest value for the truncation number N . Another possibility
would be to place the origin of the spherical vector wave expansion to the assumed
phase center of the AUT. If the number of spherical wave modes used for the field
characterization is e.g. N = [kr0], that is n1 = 0, the location of the origin of the
spherical vector wave expansion relative to the location of the phase center of the
AUT may have a significant influence on the accuracy of the field characterization.
On the other hand, it is generally not obvious where the phase center of the AUT
is located.

In [P2] the IM method is presented for performing spherical antenna measurements
with a small number of measurement locations. The method is based on finding
an ”optimum” origin for the spherical vector wave expansion. This ”optimum”
origin is found in the location where the difference between the modal field and the
measured field at the measurement locations is minimized. It is noted, that the
idea of dislocating the origin of the spherical vector wave expansion in the near-field
measurements has been proposed earlier in [55]. However, as explained in [5], the
technique proposed in [55] requires that both the electric and magnetic field at the
probe locations are known.

On one hand, it is shown by simulations in [P2] that the IM method method can
be applied to lower the uncertainty of the field characterization compared to using
a conventional matrix method. On the other hand, the IM method enables to
place the AUT freely inside a certain test volume without actually increasing the
required truncation number N . The method can thus be taken advantage of in
situations where it is undesirable or impossible to place the origin of the spherical
wave expansion to the assumed phase center of the AUT or to the origin of the
minimum sphere enclosing the AUT.

A brief description of the iterative matrix method for solving the Q coefficients
will now be given assuming a far-field measurement. It is thus assumed that the
electric field vector as given in Eq. (3.21), representing the measured electric field
components in the far field, is available. As well, the matrix ¯̄F as given in Eq. (3.22)
is known.

In the matrix method described in Section 3.4.2 the over-determined equation for
the Q coefficients is of the form Ē = ¯̄FQ̄, and the least-squares solution to this
equation is found from Eq. (3.24). In the IM method, the over-determined equation
is

¯̄D(o)Ē = ¯̄FQ̄, (4.1)

where ¯̄D(o) is now a square diagonal matrix with dimension 2L × 2L with diagonal
elements dl,l = dL+l,L+l = eik(r−|rl−r

(o)|) for l = 1...L. Here rl is the vector from the
origin of the coordinate system to lth measurement location, and r

(o) (translation
vector) is the vector from the origin of the coordinate system to the (translated)
origin of the spherical wave expansion.

It is now possible to calculate the Q coefficient vector (Q̄(o)) related to the particular
translation from Eq. (3.24) by replacing Ē → ¯̄D(o)Ē. The residual vector R̄(o) =
¯̄FQ̄(o) − ¯̄D(o)Ē, related to the particular translation, is then calculated. Such r

(o),
which minimized the square sum of the absolute values of the elements of R̄(o), is
then called the optimum r

(o).
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The approximate value of the optimum r
(o) may be found iteratively, or systemati-

cally by just giving sufficient number of values for r
(o) inside a certain space, where

the optimum r
(o) is known to exist. Various optimization methods exist for finding

the optimum r
(o) iteratively [50].

It is now explained how the iteration steps are taken in [P3], the results of which will
be summarized in the following section. Prior to the actual iteration steps, several
initial values are set. The iteration step number p is set p = 0. The dp, indicating

a distance in meters after pth iteration, is set d0 = 0.1 m, the r
(o)
p , that is the best

approximation of the minimum r
(o)
p after pth iteration, is set r

(o)
0 = 0ux+0uy +0uz.

The iterative procedure consists of the following 4 steps: 1) the iteration step number
is set as follows: p = p + 1, 2) the distance is set as follows: dp = d0

2p−1 , 3) in total

125 vectors r
(o) are generated, 4) it is marked r

(o)
p = r

(o)
p,min, where r

(o)
p,min is such r

(o)

(generated in the previous step) that gives the smallest square sum of the absolute
values of the elements of the corresponding 125 residual vectors R̄(o). The calculation
of R̄(o) is explained above.

The step number 3 is now explained in more detail. The generation of 125 vectors r
(o)

is described by means of intersection points of 15 planes. First 5 planes are generally

defined as γ = −dp + r
(o)
p−1uγ , γ = −dp

2 + r
(o)
p−1uγ , γ = r

(o)
p−1uγ , γ =

dp

2 + r
(o)
p−1uγ ,

and γ = dp +r
(o)
p−1uγ , where uγ is the γ unit vector. By replacing γ → x, γ → y and

γ → z, in total 15 planes are then generated. In total 53 = 125 translation vectors
are then defined as vectors from the center of the measurement sphere to the 125
points, where 3 of the 15 planes intersect.

The iteration steps presented above are then repeated until p = 5 and including the
steps 2-4 for p = 5. For d0 = 0.1 m and for p = 5, an uncertainty in the order of 3
mm (or less) in the location of the optimum origin of the spherical wave expansion
remains. For the frequency of 2.1 GHz, that is the greatest applied frequency in
the simulations carried out in [P3], this uncertainty in the location of the optimum
origin has been found practically insignificant.

If the measurement locations in the application of the IM method were covering
the whole spherical surface in the far field, the spherical wave theory, and in par-
ticular, the well-known spherical vector wave translations would evidently provide
a relatively straight-forward theoretical justification for the functioning of the IM
method. In the case the number of measurement locations is relatively small the sit-
uation is different. In this work, the function of the IM method with a small number
of measurement locations has been verified in [P3] with extensive simulation series
for several mobile phone models at several frequencies and with varying number of
measurement locations.

4.2.2 Amplitude-only and complex field measurements

The theory presented in Chapter 3 is restricted to the characterization of complex
(amplitude and phase) radiated fields of antennas from the complex-valued sig-
nals measured on a spherical surface. Several reasons for considering the complex
measurements exist. Firstly, complex field is generally required for characterizing
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radiated far fields from the near-field signals. Secondly, applications exist where the
knowledge of the complex radiated field is useful or is required for estimating the
performance of the AUT. Thirdly, the well-known (complex) spherical vector wave
expansion provides a physically understandable and a practical basis for spherical
antenna measurements [5]. Fourthly, the application of some techniques, e.g. the
IM method described in Section 4.2.1, or the test zone field compensation discussed
in Section 3.3.1 require complex field information.

In some applications, e.g. where the measurement is performed essentially in the
far field, the complex field measurements may not be required nor may be desirable.
In Fig. 4.1 the far-field distances according to Eqs. (2.1) and (2.2) are presented
as a functions of frequency for the frequency range from 30 MHz to 5 GHz for an
AUT with the maximum cross-section dimension D = 0.2, 0.4 and 0.8 m. It is seen
from Fig. 4.1 that the far-field conditions are met with both criteria (Eq. (2.3)) e.g.
for mobile phones with D = 0.2 m in the frequency range from 0.9 to 2.2 GHz at
distances greater then 0.6 m.
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Figure 4.1: Far-field distances r1 and r2 as a function of frequency. The r1 is the far-
field distance according to Eq. (2.1). The r2a, r2b and r2c are the far-field distances
according to Eq. (2.2) for D = 0.2 m, 0.4 m and 0.8 m, respectively.

The purpose of this section is to give a summary of the comparison of the amplitude-
only and complex field measurements presented in [P3]. In [P3] far-field measure-
ments for mobile phones beside a head phantom with a relatively small number of
measurement locations on a spherical surface are examined by simulations. The un-
certainties in the determination of the total radiated power and the radiation pattern
from the known amplitude-only and complex tangential field are illustrated. The
spherical wave expansion and the Fourier expansion based techniques are compared.

The results in [P3] indicate that for a certain fixed and relatively small number
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of measurement locations the complex field measurements provide the radiation
pattern and the total radiated power generally with a lower uncertainty than the
amplitude-only measurements. In this work the IM method, described in Section
4.2.1, is one of the applied techniques, and is shown to perform best among the
compared techniques. The results in [P3] additionally provide information about a
reasonable over-sampling factor to be applied in conjunction with the matrix method
for solving the Q coefficients. Based on the examination in [P3] the over-sampling
factor could be in the range from 1.2 to 1.6 in the noise-free case. The examinations
on a reasonable over-sampling factor for the noisy case will be reported elsewhere.

4.2.3 Significance of probe correction

In general, if the signal received by the probe during the spherical antenna measure-
ment is assumed proportional to the tangential electric field component correspond-
ing to the polarization of the probe, so that the proportionality factor is independent
on the measurement direction, the probe correction is not required. Otherwise, the
theoretically correct way to find the Q coefficients is to perform the probe correction.
In other words, the probe correction is not required e.g. if the scanning takes place
in the far field. Also, if e.g. an electric Hertzian dipole is used as probe, regardless
of the measurement distance, the probe correction is not required [5].

The first-order (µ = ±1) probe correction technique is a commonly applied probe
correction technique [5]. The importance of this probe correction for first-order
probes is examined in [56], and some results are also presented in [5]. These results
indicate that the probe correction is useful for accurate spherical near-field antenna
measurements. However, it is shown in [56], that the first-order probe correction
may not be necessary for a circular waveguide probe if the ratio ε between the
measurement distance (r) and the radius of the minimum sphere of the AUT (r0),
ε = r

r0
, is greater than 4.5.

Due to e.g. manufacturing inaccuracies, probes are never exactly first-order probes.
Certain probes, e.g. an open-ended rectangular waveguide probe, approximate first-
order probes to such a degree, that these probes are sometimes treated as first-order
probes in spherical near-field antenna measurements [57]. In order to clarify the
significance of a probe correction for more general probes than first-order probes,
the errors due to the application of the first-order (µ = ±1) probe correction for
more general probes is examined in [P4]. The main result of this examination is that
the errors generally increase with a decreasing ratio of ε. For approximately ε = 3
the error in the determination of the main beam directivity of the investigated AUT
model is less than 0.5 dB for many typical practical probes.

The significance of probe correction will be discussed more in the context of the de-
sign of a multi-probe measurement system for mobile phone models in the following
section.
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4.3 Spherical multi-probe system for hand-held mobile
phones

An experimental, fully 3-D spherical measurement system for the determination of
complex radiation pattern of a mobile phone model without a rotation of the mobile
phone model during the measurement will be presented in this section. This type
of a system is illustrated in Section 2.4. The system may not only be used used for
mobile phone models, but for other electrically relatively small radiating devices as
well.

First, the state of the art of the multi-probe measurement systems will be briefly
discussed in Section 4.3.1. The aims of this work will be presented in Section 4.3.2.
The design and implementation of the system will be described in Subsection 4.3.3
and 4.3.4, respectively. Validation and calibration measurements will be described
in Section 4.3.5. Some future prospects of the system will be briefly discussed in
Section 4.3.6.

4.3.1 State of the art

The most advanced commercial multi-probe antenna measurement systems of today
are restricted to solutions, that in some way rely on the rotation of the mobile phone
during the measurement [6] [17], and thus a real-time, fully 3-D characterization of
the radiated field using these systems is not possible. Evidently, on one hand, the
reason for this is the cost of the radio-frequency electronics required by the system.
On the other hand, the number of required measurement channels generally increases
relative to N2 for fully 3-D systems [P6], whereas the increase is relative to N for
arch-type systems relying on the rotation of the AUT during the measurement [6].

Further, in order to determine the complex radiated field, the radiation pattern
measurements with existing systems typically require attaching a feed cable to the
mobile phone model during the measurement. This disturbs the radiated field, and
the result may not necessarily be sufficiently accurate. Complex radiated field is
important e.g. in optimizing the diversity or the MIMO (multiple-input multiple-
output) performance of a mobile phone.

4.3.2 Aims

The aim is firstly to demonstrate the possibility of rapid radiation pattern mea-
surements with an experimental spherical fully 3-D measurement system for mobile
phone models with a relatively small number of probes. Minimizing the number of
probes is important in that the cost of the system is significantly dependent on the
number of measurement channels.

The aim is secondly to demonstrate the possibility of the determination of the com-
plex radiated fields of a mobile phone model from the measured amplitude only
data without taking advantage of a radio-frequency feed cable to the mobile phone
model during the measurement. This is possible using a specific switching circuitry
called a phase-retrieval network (PRN). Compared to determining the amplitude of
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the far field only, the determination of the complex far field provides a possibility
to estimate more realistically the performance of a mobile phone model involving
more than one antenna e.g. in a MIMO system by using the complex radiation
pattern data of the mobile phone model together with the complex radio channel
data [58]. The complex field measurements are also beneficial, compared to the
amplitude-only measurements, in that they generally provide a lower uncertainty
in the field characterization with a fixed, relatively small number of measurement
channels [P3]. This can be important in optimizing the number of channels of a
fully 3-D measurement system and thus potentially reducing the overall cost of the
system. Moreover, the application of e.g. the iterative matrix method [P2] or the
test-zone field compensation technique [34] require complex field information.

Furthermore, the aim is to provide, by developing the system, information on the
practical problems and limiting factors related to the radiation pattern measure-
ments of mobile phones with this type of a fully 3-D spherical multi-probe system.
Here, interesting parameters are e.g. the reflectivity level inside the system, and
the functioning and the uncertainty of the phase retrieval from the amplitude-only
measurements.

4.3.3 Design

Truncation number

For typically-sized mobile phones of today, the values of r0 vary approximately from
0.05 m to 0.1 m. The frequency range is approximately from 0.9 GHz to 2.2 GHz.
These typical values of r0 for the mentioned frequency range correspond approxi-
mately to the minimum and the maximum values of [kr0] of 1 and 5, respectively.

The results presented in Section 4.2.1 indicate that for kr0 = 4, using n1 = 0 and
n1 = −1 the uncertainties in the determination of the maximum radiated field and
the total radiated power of the AUT are less than 0.5 dB and 1 dB, respectively. By
assuming that these results for [kr0] = 4 also hold for [kr0] = 5, and by accepting
the uncertainty of 1 dB in the total radiated power and the maximum electric field,
the choice of the truncation number thus is N = 4.

With the truncation number N = 4, the number of measurement channels required
by the system is at least J = 2N(N + 2) = 48. With an oversampling factor of e.g.
4
3 , which may be considered reasonable in the noise-free case [P3], the number of
measurement locations becomes 64.

To verify the correctness of the choice of the truncation number, and to give an
illustrative example of the cut-off of the spherical wave modes, the normalized n-
mode power spectrum of a mobile phone model with 0.1 m long chassis and a helix
antenna, calculated from Eq. (3.14), is presented in Fig. 4.2 for n = 1..10. The origin
of the spherical wave expansion is in the feed point of the antenna, the frequency is
1.8 GHz, and kr0 ≈ 4.1, and thus [kr0] = 5. It is seen that the power for n = 5 is
less than 1 percent relative to the highest power (n = 1). In this case, for instance,
the cumulative relative power for modes up to n = 3 and 4 is 96.9 and 99.6 percent,
respectively.
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Figure 4.2: The normalized n-mode power spectrum of a mobile phone model with a
0.1 m long chassis and a helix antenna calculated from Eq. (3.14). The AUT model
used here is the same as the EUT10 (equipment under test) in [P2]. The origin of
the spherical wave expansion is in the feed point of the antenna.

Influence of head phantom

It is of interest to investigate the influence of the head phantom on the measurements
of the radiated fields of mobile phones. Theoretically, the minimum sphere that fully
encloses the AUT would be determined in this case essentially by the size of the head
phantom. This would then inevitably lead to a relatively large truncation number
and a relatively large number of measurement channels for the system.

In [P5] simulations for a model of a mobile phone with a head phantom are carried
out. The results show that for such a case where all the spherical modes up to
N = 4 are used to characterize the radiated field of a mobile phone without the head
phantom, the introduction of the head phantom increases the required truncation
number by a factor of approximately 1.15 in order to reach approximately the same
uncertainty [P5]. It is thus estimated based on the results of these simulations that
the introduction of a head phantom does not influence on the radiated field of the
mobile phones in such a way that the required N to characterize the radiated field
should be changed so significantly as the minimum sphere analysis would indicate.

Mutual interaction between probes in a multi-probe system

It is obvious that errors related to not taking into account the reflections from
the surrounding probes in a multi-probe system, and by assuming that the signal
measured at each probe is proportional e.g. to an electric field component tangential
to the measurement sphere, may have a significant contribution on the overall error
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budget in the determination of the radiation pattern of an AUT. Indication of the
level of errors due to reflections from the surroundings will be shown later in this
thesis for the demonstrator system by means of the traditional reflectivity level
analysis.

It is now assumed that the signals measured from each probe port contain both
the direct signal from the AUT to the probe and the signals due to scattered fields
from the neighboring probes. Multiple reflections between the AUT and the probes
are assumed negligible. In this case, in theory, the test zone field compensation
discussed in Section 3.3.1 could be used to correctly solve for the Q coefficients of
the AUT field. This technique will not be applied in this thesis, but its application
on multi-probe systems will be briefly discussed in the following.

The application of the test zone field compensation requires an additional calibration
measurement for each applied frequency with an antenna whose radiation pattern
is known. This measurement has to provide ”a multi-probe system response con-
stant” for each probe port of the multi-probe system against each spherical wave
mode required in the characterization of the radiated field of the AUT. The known
antenna is rotated and translated appropriately in order to create a sufficient num-
ber of different excitations for the multi-probe system [34]. The requirements for
an appropriate test zone field calibration measurement shall not be discussed in de-
tail here. Though, one practical requirement is that the volume where the known
antenna shall locate during the test zone calibration measurement should at least
cover the whole test volume required in the actual AUT measurement.

The multi-probe system response constants can then be used to establish a matrix
equation for the unknown Q coefficients of the AUT field as follows: W̄ = ¯̄GQ̄, where
the elements of the column vector W̄ are the signals measured at the probe ports,
and ¯̄G is now a matrix with dimension 2L × J . It is assumed here that two signals
from each measurement locations are available, and this reflects a case where e.g. a
dual-port probe is used. The elements of ¯̄G are the above-mentioned multi-probe
system response constants. It is further noted, that the multi-probe system has to
be such that the rank of ¯̄G becomes equal to J . The least-squares solution to the
presented matrix equation is then found in the manner described earlier in Section
3.4.2.

Influence of conventional probe correction

If it is assumed that only the direct signal from the AUT contributes to the signals
measured from each probe port in a multi-probe system, the application of the
conventional probe correction discussed in Section 3.3.2 will lead to the correct Q
coefficients of the AUT field. In Section 4.2.3 the conventional probe correction is
discussed in general. Here, its importance in the multi-probe measurement system
[P6] is briefly discussed. First, some assumptions are made. Then the importance of
a first-order probe correction is considered and finally the importance of the high-
order probe correction is considered.

The need for the conventional probe correction is estimated by assuming, that the
measurement distance in the multi-probe system [P6] will be approximately 1 m. It
is also assumed for this analysis that the significant currents of an AUT in a typical
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test case can be enclosed inside a minimum sphere with the radius of approximately
0.05 m.

A dual-port symmetrically-fed patch antenna is used as a probe in the multi-probe
system in question [P6]. It is assumed that the radiation characteristics of this
patch antenna correspond approximately to those of the patch antenna examined
in [59]. The comparison of the azimuthal mode spectra of the patch antenna in
[59] with the simulation models of the probes presented in [P4] reveals that the
azimuthal spherical mode content of the symmetrically patch antenna is relatively
similar to that of the probe number 2 in [P4]. It may thus be assumed that the
results presented in [P4] for the probe number 2 will give a good indication of the
significance of conventional probe correction in the multi-probe system described in
[P6].

First, the significance of the first-order probe correction is considered. With the
above-mentioned assumptions, the ratio ε, defined in Section 4.2.3, for the multi-
probe system now becomes ε = 20. In view of the discussions in Section 4.2.3 and
the results presented in [56], the application of the first-order probe correction in
this case is evidently unnecessary.

Secondly, the importance of a high-order probe correction is considered. In [P4]
errors due to application of the first-order probe correction for a high-order probe
are examined by computer simulations. One of the simulation cases presented in
[P4] is for an AUT model with r0 ≈ 1.77λ and for the measurement distance of 10
λ, and this leads to ε ≈ 22.6. This value is comparable to that for the spherical
multi-probe system (ε = 20) assumed above, and it is thus assumed that the errors
for this simulation case will be representative for estimating the errors due not
performing the high-order probe correction in the multi-probe system. In terms of
the figure 10log10(Dco,pred)− 10log10(Dco,true), the errors in the co-polar directivity
of the radiated field of the AUT model in the main beam region are generally less
than 0.01 dB in this simulation case with the probe number 2 [P4]. Here, Dco,pred

and Dco,true are the predicted and correct co-polar directivities, respectively. This
clearly indicates that a high-order probe correction is not important in practice for
a multi-probe system with above-mentioned assumptions.

In summary, if the ratio between the measurement distance and the radius of the
minimum sphere of the AUT is in the order of 20, the application of the conventional
probe correction is clearly not important in practice. In particular, if the influence of
the signals due to scattering from the neighboring probes will not be compensated,
correcting for the errors due to not applying the conventional probe correction is
most often of secondary importance.

4.3.4 System description

Based on the findings and simulations presented in Section 4.3.3, a demonstrator
multi-probe system for radiation pattern measurements of mobile phones is built.
This demonstrator system will be described in the following.
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Mechanics

A spherical 32-antenna measurement system for mobile phones is set up. A pho-
tograph of this antenna measurement system, that is referred to as RAMS (rapid
antenna measurement system) is presented in Fig. 4.3.

Figure 4.3: Photograph of rapid antenna measurement system (RAMS).

The RAMS consists of the mechanical structure supporting the 32 dual-polarized,
symmetrically-fed patch antennas (probes) each of which pointing to the origin of
the measurement sphere. The center points of the tangential cross-sections of the
probes are located in the corners of concentric virtual icosahedron and dodecahedron
as described in [P6]. The distance from the origin of the sphere to the surface of the
patch antenna is 0.99 m.

The nominal polarizations of ports I and II of each probe coincide with θ and ϕ unit
vectors, respectively. The ports of the probes are nominally identical, which means
that the receiving pattern of the port II corresponds to that of the port I rotated
by χ = 90◦.

The operating frequency of RAMS is around 1.8 GHz, and mainly limited by the
bandwidth of the probes. The far-field criterion of Eq. (2.2) is fulfilled for a normal-
size mobile phone at the operating frequency.
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Field transformation

It has been earlier decided in Section 4.3.3 that the test zone field compensation
approach described in Section 3.3.1 shall not be applied in this work. The studies
and analyzes of the significance of conventional probe correction in Section 4.3.3
have further revealed that its application in this multi-probe measurement system
[P6] is clearly of secondary importance. Thus, the signals at the ports I and II of
each dual-port probe are assumed proportional to the θ and the ϕ component of the
electric field, respectively, on the spherical measurement surface.

All the spherical wave modes up to n = 4 are used in the characterization of the
radiated field (N = 4), and thus the number of spherical wave modes is 48 in total.
As the number of samples is 64 in total, and the number of spherical wave modes is
48, the problem is over-determined. The least-squares solution to the Q coefficients
of the spherical wave expansion is now found by the application of the matrix method
described earlier in Section 3.4.2.

Radio-frequency system

In Fig. 4.4 (a) the radio-frequency system layout of RAMS is illustrated. The system
consists of a multiplexing network for conducting altogether 64 radio-frequency sig-
nals from the probes to a measurement instrument, which is either a vector network
analyzer (VNA) or a spectrum analyzer. The complex radiation pattern measure-
ments for mobile phone models are conducted with the VNA by attaching a feed
cable to the model of the mobile phone [P6]. The complex radiation patterns of real
mobile phones or mobile phones models without using a feed cable are conducted
with the spectrum analyzer [P7].

When RAMS is used with the VNA, the model of the mobile phone is connected to
the port I of the VNA with a feed cable. The scattering parameter S21 is measured
from each measurement channel and the reference channel. By reducing the calibra-
tion data from the measured S21 values the signals at the probe ports are obtained.
The relative field pattern of the radiated far field of the AUT is now obtained by
performing the field transformation as described in previous section. The calibration
of RAMS is discussed in the following section.

When RAMS is operated in the spectrum analyzer mode, the complex radiation
pattern of the AUT is determined without a feed cable to the mobile phone model.
The idea is to calculate, separately for each chosen measurement channel, the phase
of the measurement channel relative to the phase of the reference channel from the
measured amplitude-only data. The hardware necessary for this phase retrieval,
shown in Fig. 4.4 (b), constitutes the phase-retrieval network (PRN). After having
determined the relative phases of all measurement channels, the relative far-field
radiation pattern is obtained using the transformation described in previous section.

Phase-retrieval network (PRN)

The phase retrieval using the PRN is performed by measuring the amplitudes A1 =
|VR|, A2 = |VM |, A3 = |VR +VM | and A4 = |VR +VM (φ)|, where VR, VM and VM (φ)
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Figure 4.4: Layout of the radio-frequency system of RAMS.

are the signal of the reference channel, the signal of the non-phased measurement
channel, and the signal of the phased measurement channel, respectively, and φ

represents the difference between the path lengths (attenuation and phase change)
of the non-phased and the phased measurement channels. The φ, obtained from the
calibration data for the non-phased and the phased measurement channels, and the
four measured amplitudes (A1-A4) are used to calculate the phase of VM relative to
the phase of VR. This type of phase retrieval, where the signal of the measurement
channel is compared with the signal of the reference channel, is well-known, and
has been applied e.g. in [60], [61] and [62]. In this work, essentially the same
phase-retrieval algorithm as described in [63] is used.

After having determined the relative phases, the relative complex signals at the
probe ports of the measurement and reference channels are calculated from the
known A2 and the retrieved relative phase of VM and A1, respectively, by using the
calibration data for the non-phased measurement channel and the reference channel,
respectively. The calibration of RAMS will be discussed in the following section.

The PRN may be applied basically for time-harmonic signals at any frequency pro-
vided the phase shift φ is appropriate. In theory any value except φ = n×180◦, where
n = 0, 1, 2, 3..., would be applicable. A preferable value (intuitively) is φ = 90◦,
which should enable a robust phase retrieval. It is noted, that the PRN reported in
[P7] actually contains two phased measurement channels, both with different phase
shifts φ, and this PRN has been shown to work on the wide frequency range in [64].

In this work the PRN is applied only for time-harmonic signals. In theory, the
phase-retrieval using the PRN is strictly-speaking valid for time-harmonic signals
only. It is however estimated here (though without proof) that in practice the PRN
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may be applied also for some non-time-harmonic signals, e.g. for GSM signals. The
the relative bandwidth of the signal has to be small. This practically means that
the PRN may be used only for signals of such real mobile communication systems
where the modulation bandwidth is small compared to the operating frequency.
Due to the fact that the phase-retrieval is based on measuring amplitudes, it is also
required that the amplitude of the signal remains constant during all 4 required
amplitude measurements. This means that, generally, the PRN may not be used
for amplitude-modulated signals. A further requirement is that the path lengths of
the measurement and the reference channels (from the AUT to the receiver) are not
significantly different. In practice, this is not typically the case with multi-probe
measurement system like RAMS.

4.3.5 System tests

The RAMS will now be tested to validate its correct operation both in the VNA
and the spectrum analyzer mode. Some of these tests and test results are reported
in [P6] and [P7]. In the following the calibration of RAMS, example results and
uncertainties will be discussed.

Calibration

The calibration of RAMS is performed with the VNA. The probes, that are assumed
identical, are detached and excluded in the calibration of RAMS. Both in the VNA
and the spectrum analyzer mode of RAMS each of the 64 signals from the probes are
conducted through the output of the PRN to the measurement instrument as shown
in Fig. 4.4. The calibration measurement is therefore performed by connecting the
desired measurement or the reference channel to the port I of the VNA and the
output of the PRN to the port II of the VNA, and by determining the S21 with the
VNA. The determined S21 value thus represents the attenuation and phase change
of the signal when it propagates from a probe port to the output port of the PRN.

When the RAMS is operated in the VNA mode 63 non-phased (VM ) measurement
channels through the PRN and the reference channel are used, and the calibration
coefficients are thus measured for all these channels. When the RAMS is operated
in the spectrum analyzer mode both the non-phased (VM ) and the phased (VM (φ))
measurement channels through the PRN are used. Therefore, in addition to the
calibration coefficients of the non-phased measurement channels and the reference
channel, the calibration coefficients are now determined also for the phased mea-
surement channels.

Example results

The test measurements with RAMS are performed for a model of a mobile phone.
The results of these measurements and the reference measurement are presented in
Fig. 4.5. The obtained radiation patterns in a chosen plane in the VNA and SA mode
of RAMS show a relatively good agreement with the radiation pattern measured,
for comparison, in the small anechoic chamber. The errors in the amplitude in those
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directions where the relative level of the amplitude is high are approximately 2 dB
at maximum. The corresponding phase errors are approximately 20◦ at maximum.
The errors may be explained partly by the uncertainties of RAMS, but also partly
by the uncertainties of the reference measurement.
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Figure 4.5: The amplitudes and the phases of the electric field radiated by a model
of a mobile phone obtained by RAMS in the vector network analyzer mode (VNA)
and in the spectrum analyzer mode (SA) compared with the amplitudes and the
phases measured in a small anechoic chamber (SAC).

Uncertainties

Uncertainties related to the determination of the radiated fields of mobile phones
include e.g. reflections inside RAMS, phase-retrieval errors, drift of the system,
uncertainty of the measured power by the spectrum analyzer and the measured s
parameter by the VNA, calibration errors, non-similarity of the probes, truncation
of the spherical wave series and a small number of measurement locations, multiple
reflections between the probe and the mobile phone, and the fact, that the probe
correction is not performed. In the following a reflectivity level analysis of RAMS
is first carried out. Then, the differences of the complex signals obtained by RAMS
in the spectrum analyzer and VNA mode are analyzed. This uncertainty includes
e.g. the uncertainties due to phase-retrieval errors, the drift of the system, the
uncertainty of the measured power by the spectrum analyzer and the measured s
parameter by the VNA. This uncertainty is called the operating mode uncertainty.

The reflectivity level of RAMS is of general interest, and it is assumed to be the
main source of uncertainty in the determination of the radiation pattern of a mobile
phone. The reflectivity level R is defined as R = 20log10

|wr |
|wd| , where wr and wd

are the reflected and the direct signals, respectively, measured at the probe [65]. A
+z-polarized monopole antenna is moved inside RAMS to 15 different and known

45



positions in a 3-D space at the distance of not more than about 0.1 m from the
origin of the test zone. These positions are denoted by index p = 1..15. For each
position p, and for port I of each probe, excluding the port I of the reference probe
and the probes at −z and +z axes, the transmission coefficient tpq, where q = 1..29
denotes the probe port, is measured with the VNA. The obtained values tpq are then
corrected to calculate the distance-corrected transmission coefficients t′pq using the
assumption that the phase and the amplitude of the signal received by each probe
port depend only on the distance between the center points of the monopole and the
probe by the function ejkr

kr
. The direct signal at the probe q is wd,q, and it is now

assumed to be wd,q =< t′1q...t
′
15q >, where <> denote the mean value. The reflected

signals wr,pq for each p and q are thus wr,pq = t′pq −wd,q. The 15 reflectivity levels at

each probe (Rpq) are now Rpq = 20log10
|wr,pq |
|wd,q | . The root-mean-square (rms) value

Rrms of the reflectivity levels Rpq for p = 1..15 and for q = 1..29 is then determined

as follows: Rrms =

√

1
15×29

∑15
p=1

∑29
q=1 |10

Rpq
20 |2. The reflectivity value of RAMS

is RRAMS = 20log10(Rrms) is then determined. The obtained reflectivity value is
RRAMS ≈ −14.8dB.

It is noted, that the estimation of the reflectivity level in a manner described above
is highly sensitive to the uncertainty of the location of the monopole during the
measurement, and it results, obviously due this uncertainty, in a relatively high
value of RRAMS . Another way of estimating reflectivity, is to calculate, instead

of the reflectivity levels Rpq, the values of R′
pq = 20log10

|w′

r,pq |
|w′

d,q
| , where w′

d,q = | <

t′1q..t
′
15q > | and w′

r,pq = |t′pq| − |wd,q|. Further the rms value R′
rms is calculated

as follows: R′
rms =

√

1
15×29

∑15
p=1

∑29
q=1 |10

R′
pq
20 |2. The obtained value R′ becomes

R′ = 20log10(R
′
rms) ≈ −22.7dB. Determination of the value R′ is not highly sensitive

to the uncertainty of the location of the monopole during the measurement.

The phase-retrieval capability of the system in the spectrum analyzer mode is demon-
strated in [P7]. The results from the measurements of the radiated field of a mobile
phone model in four orientations indicate that the differences between the measured
phase with the VNA and retrieved phase with the spectrum analyzer are within
±7◦ for 90 percent of the directions [P7]. Now, this operating mode uncertainty
is analyzed by calculating an rms value of the relative difference signals between
the signals obtained in the two operating modes of RAMS as follows. Each of
the four measurements of the radiated field of a mobile phone model provide 64
complex-valued signals both for the VNA and spectrum analyzer mode of RAMS.
These signals are named wV NA,ol and wSA,ol, where l = 1...64 indicates the probe
port, and o = 1...4 indicates the orientation of the mobile phone model, and V NA

and SA indicate the VNA and spectrum analyzer mode of RAMS. First, for each
fixed o, normalized signals for the spectrum analyzer mode of RAMS are deter-
mined as w′

SA,ol = cowSA,ol, where co is a complex number which minimizes the
sum of the squares of the difference between cowSA,ol and wV NA,ol with l = 1...64.
The error signals are then determined for each fixed o as we,ol = w′

SA,ol − wV NA,ol,

and the relative error signals as wrel,ol =
|we,ol|

|wV NA,ol| . Now, an rms value is calcu-

lated as Arms =
√

1
4×64

∑4
o=1

∑64
l=1 |wrel,ol|2, and an error value A is determined as

A = 20log10(Arms) ≈ −15.2dB.

The error value calculated in the manner described above is strongly influenced by
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e.g. the signals whose levels are low relative to the peak signal level. The above
calculation is now repeated by including only those signals whose levels are less
than 25 dB below the peak signal level. The obtained error value A−25dB is now
A−25dB ≈ −18.6dB.

In theory, the reflections inside RAMS are to a high degree similar for both oper-
ating modes of RAMS, and therefore the operating mode uncertainty is practically
independent on the reflectivity level of RAMS. These two error sources may thus be
treated as two independent error sources. In conclusion, the order of the uncertainty
due to reflections and due to the operating mode is approximately the same.

4.3.6 Future prospects for RAMS

At present, there are several issues related to RAMS that could be developed further.
These issues include e.g. lowering the uncertainty of the determination of the far
field, increasing the speed of the measurement, making the system more wideband,
and e.g. the application of advanced methods for the data processing. Some of these
are currently underway or have been performed already at Helsinki University of
Technology [64]. The listed development possibilities are not completely independent
from each other, because e.g. increasing the speed can also potentially lower the
uncertainty if the drift of the system is reduced. In the following some of the listed
issues are briefly discussed.

The reflections inside RAMS are a major source of uncertainty. The influence of the
reflections could be suppressed by the application of the test-zone field compensation
technique discussed in Section 3.3.1. This techniques would also compensate for the
influence of the non-similarities of the probes. One further possibility to reduce the
influence of the reflections would be to use a time-domain measurement discussed in
Section 2.6. Another uncertainty is the operating mode uncertainty, comprising e.g.
the phase-retrieval uncertainty. This uncertainty could be reduced e.g. by adding
extra channels to the phase-retrieval network. Also, the uncertainty caused by the
possibility of having a low-level or otherwise inappropriate signal in the reference
channel could be reduced e.g. by using more than one reference channel.

The speed of the system is one of the interesting development areas of the sys-
tem. Here the system could obviously be developed using modern electronics to
be practically a real-time system in the frequency domain. The exploitation of a
time-domain technique would offer an attractive possibility to develop the system to
be basically real-time on the wide frequency range. A real-time system would offer
possibilities to analyze instantaneous radiated field of mobile phones. It would also
allow to measure numerous radiation patterns in a very short time, and this would
offer possibilities for a more reliable estimation of the performance of a mobile phone
(model) in numerous user positions.

Advanced data processing methods could offer further possibilities for reducing the
uncertainty of the far-field determination. E.g. the IM method [P2] could obviously
be applied for RAMS provided the method were formulated for the near-zone case.
This method could not only be used to reduce the uncertainty of the determination
of the far field, but it could also provide more functionality to RAMS. At present,
it is assumed the mobile phone is placed in the center of RAMS, because the origin
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of the spherical wave expansion is located there. The application of the IM method
for RAMS would allow the mobile phone to be placed within a certain volume near
the origin of RAMS without practically increasing the uncertainty of the far-field
determination.

4.4 Multiple Spherical Wave Expansions (MSWE) Tech-
nique

4.4.1 Introduction

The possibility to use multiple spherical wave expansions for the field characteriza-
tion is presented in [P8]. The idea is to fully cover the volume of the AUT with
a number of virtual spheres of appropriate size, so that the characterization of the
radiated field involves spherical waves that evolve from the centers of these virtual
spheres. In this way, in view of Eq. (3.2), the total number of spherical wave
modes required to characterize the radiated field could be smaller than by using
a single-origin spherical wave expansion for the field characterization. An obvious
disadvantage of this type of a field characterization technique is that typical or-
thogonality properties of the spherical vector wave functions [5] may not be taken
advantage of in a conventional manner to find the unknown Q coefficients. Matrix
method may, however, be applied.

It is successfully shown in [P8] for a model of a mobile phone that the number of
spherical functions required to characterize radiated field with a certain sufficient
degree of accuracy using multiple spherical wave expansions is smaller compared to
the using the traditional, single-origin spherical wave expansion. In this section,
the purpose is to show, that not only the number of spherical modes [P8] but also
the number of measurement directions may be reduced significantly by using the
multi-origin instead of the single-origin SWE.

In the following, the background theory related to the MSWE technique will be first
presented in Sections 4.4.2 and 4.4.3. A relatively simple simulation will be then
performed to illustrate the usefulness of the application of the MSWE technique
compared to the conventional SWE technique, and this will be described in Sections
4.4.4-4.4.7.

4.4.2 Theory

For simplicity the analysis is restricted here to a far-field case. When the essential
parts of an AUT affecting its radiation pattern can be fully enclosed with P number
of spheres, the total radiated far field may then be expressed in terms of the sum
of P spherical wave expansions virtually evolving from the centers of these spheres.
Each of these expansions may then be translated into a common reference coordinate
system using the known spherical vector wave translations [38].

The translation of a single spherical vector wave mode from its pth (p = 1...P ) local
coordinate system to the reference coordinate system can be written as follows:
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F
(3)
s′m′n′(|r − rp|, θ, ϕ) =

2
∑

s=1

N
∑

n=1

n
∑

m=−n

T s′m′n′

smn (rp)F
(3)
smn(r, θ, ϕ), (4.2)

where r is the vector from the origin of the reference coordinate system to the far-
field observation point (r = |r|), rp is the vector from the origin of the reference
coordinate system to the origin of the pth local coordinate system (translation vec-
tor), and T s′m′n′

smn (rp) are the coefficients related to the translation. These so-called
T coefficients can be derived from the translation and the rotation coefficients of the
spherical vector wave functions given in [5]. The local and the reference coordinate
systems and the translation vector rp has been illustrated in Fig. 4.6. Noticeably,
the angular spherical coordinates (θ′, ϕ′) of the local coordinate system in Eq. (4.2)
are marked the same as those of the reference coordinate system (θ, ϕ) because of
the far-field assumption.
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Figure 4.6: The reference (unprimed) and the local (primed) coordinate systems.
The x′, y′ and z′ axes are parallel with the x, y and z axes, respectively. Here, the
primed coordinates have been used for the local coordinate system, similarly as for
the probe coordinate system in Chapter 3.

The multiple spherical wave expansion of the radiated electric far field may now be
written as follows:

E(r, θ, ϕ) =
k√
η

P
∑

p=1

2
∑

s′=1

Np
∑

n′=1

min(n′,Mp)
∑

m′=−min(n′,Mp)

Q
(p)
s′m′n′F

(3)
s′m′n′(|r − rp|, θ, ϕ), (4.3)

where Np and Mp are the n′ and m′-mode truncation numbers for the pth spherical
wave expansion in the pth local coordinate system. Eq. (4.3) may then be written
in a shorter form as

E(r, θ, ϕ) =
k√
η

P
∑

p=1

Jp
∑

j′=1

Q
(p)
j′ F

(3)
j′ (|r − rp|, θ, ϕ). (4.4)
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Here, Eq. (3.9) and (3.10) form the relation between Eq. (4.3) and (4.4) by replacing
indices (s, n, m, j) with (s′, n′, m′, j′), the truncation numbers (N, M) with (Np, Mp)
and the number J with Jp. The Jp thus is the total number of modes in the pth
spherical wave expansion.

4.4.3 Matrix method for MSWE technique

Matrix method can be applied also for the case of multiple SWEs. In this case, the
matrix ¯̄FP , where P indicates the total number of SWEs, is formed as

¯̄FP =

[

¯̄F
(1)
θ . . . ¯̄F

(P )
θ

¯̄F
(1)
ϕ . . . ¯̄F

(P )
ϕ

]

, (4.5)

where the block matrices ¯̄F
(p)
α (p = 1...P , and α is θ or ϕ) are formed from the

functions F
(3)
j′ (|r − rp|, θl, ϕl) for j′ = 1...Jp and for l = 1...L as follows:

¯̄F (p)
α =

k√
η









F
(3)
1 (|r − rp|, θ1, ϕ1)uα . . . F

(3)
Jp

(|r − rp|, θ1, ϕ1)uα

...
...

F
(3)
1 (|r − rp|, θL, ϕL)uα . . . F

(3)
Jp

(|r − rp|, θL, ϕL)uα









. (4.6)

The Q coefficient vector (Q̄P ) for the multiple SWEs case is

Q̄P =









Q̄(1)

...

Q̄(P )









. (4.7)

where Q̄(p) = [Q
(p)
1 , ..., Q

(p)
Jp

]T for p = 1...P .

The least-squares solution to the matrix equation ¯̄FP Q̄P = Ē is now

Q̄P = ( ¯̄FH
P

¯̄FP )−1 ¯̄FH
P Ē. (4.8)

It is noted, that the measurement locations and also the spherical modes for each of
the expansions should be chosen appropriately in order to create a matrix ¯̄FP whose
rank is equal to the total number of elements in Q̄P .

4.4.4 AUT model

The AUT model used in this study is described in this subsection. Suppose a
radiating structure comprising 4 electric Hertzian dipoles in total. The (x, y, z)
coordinates of the dipoles 1-4 are (0.25λ, 0λ, 1λ), (−0.25λ, 0λ, 1λ), (0λ, 0.25λ,−1λ),
and (0λ,−0.25λ,−1λ), respectively. The dipoles 1-4 are +x, +x, +z, and +y-
polarized, respectively, and all of them are excited in phase with the same amplitude.

The locations and the polarization of the dipoles in the reference coordinate system
are illustrated in Fig. 4.7. This AUT could represent e.g. an antenna array, whose
two radiating elements are at the distance of 2λ from each other.
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Figure 4.7: The locations and the polarizations of the 4 dipoles (numbered from 1-4)
constituting the AUT are illustrated in the reference coordinate system. The dipoles
1-2 and the dipoles 3-4 have been enclosed inside their minimum spheres both of
radii 0.25 λ. For later purposes translation vectors r1 and r2 are also marked in the
figure.

4.4.5 Number of spherical modes

It will now be tentatively estimated, what is the minimum required number of spher-
ical wave modes for characterizing the radiated field of this AUT using 1) the single-
origin spherical wave expansion, and 2) the multiple spherical wave expansions.

According to Eq. (3.2) the truncation number N for the spherical wave expansion
of the radiated field of this AUT with r0 ≈ 2λ with e.g. n1 = 1 would be N = 14.
Using the full azimuthal set of spherical vector wave modes this would result in 448
spherical modes in total. However, due to the appropriate choice of the coordinate
system relative to the dimensions of the AUT, the AUT may be enclosed inside a
cylinder whose radius is rc = 0.25λ, and whose axis coincides with the z axis. This
allows restricting the m index of the spherical wave expansion to a certain value
m = M < N . Using Eq. (3.6) with n2 = 1 leads to M = 3. From Eq. (3.10), the
total number of spherical modes with N = 14 and M = 3 now becomes J = 184.
Thus, for n1 = n2 = 1 using the conventional spherical wave expansion technique
leads to 184 spherical modes in total.

Using the double spherical wave expansion (P = 2) is an attractive possibility for the
field characterization of this particular AUT, because the dipoles 1-2, representing
the first radiating element of the array, and the dipoles 3-4, representing the second
radiating element of the array, may be enclosed inside their own minimum spheres
with radii of r0,p = 0.25λ, both for p = 1 and p = 2. The corresponding translation
vectors are shown in Fig. 4.7. With n1 = 1, and by replacing N → Np and
r0 → r0,p in Eq. (3.2), it now leads to Np = 3 both for p = 1 and p = 2. It is
further assumed that Mp = Np. Thus, using the double spherical wave expansion
leads to

∑2
p=1 Jp = 60 spherical modes in total. Here Eq. (3.10) is applied with

J → Jp, N → Np and M → Mp.
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The above considerations thus suggest that, for the given AUT model, one can
potentially benefit from using the multiple spherical wave expansion of Eq. (4.3)
instead of a single spherical wave expansion of Eq. (3.7) in trying to minimize the
number of measurement locations.

4.4.6 Simulation of an antenna measurement for the AUT model

First, the sampling schemes are decided, and the far field radiated by the AUT
model is calculated at sampling directions of each sampling scheme. The electric
far field is assumed available for θ and φ polarizations equidistantly in θ from 0◦ to
180◦ so that the total number of elevation angles is Nθ. For θ = 0◦ and θ = 180◦

the electric field is assumed available for φ = 0◦. For other values of the θ the
electric field is available equidistantly in φ from 0◦ to 360◦

Nφ
(Nφ − 1), where Nφ is the

total number of steps in φ. In total, 4 different sampling schemes are considered.
For the sampling schemes 1-4 the values of Nθ and Nφ are Nθ = 6, 8, 10 and 12 and
Nφ = 5, 7, 9 and 11, respectively. In this way, the numbers of measurement locations
become L = 22, 44, 74 and 112, respectively.

Secondly, the truncation numbers (N ,M) and (Np,Mp) for the two characterization
methods are chosen for each scanning scheme. For the single spherical expansion
method the rank of the matrix ¯̄F in Eq. (3.22) has to be equal to J . For the
double spherical expansion method the rank of the matrix ¯̄FP in Eq. (4.5) has to
equal to

∑P
p=1 Jp. This practically means that for Nφ = 5, 7, 9, 11 both M and

Mp are chosen to be M = Mp = 2, 3, 4, 5, respectively. Further, N = 2M is an
appropriate choice for the single spherical wave expansion in this example case. For
the double spherical wave expansion Np = Mp is applied. For these choices the
above-mentioned requirements for ranks of the matrices are fulfilled. As a summary,
the total number of spherical modes that used for the single spherical wave expansion
technique for sampling schemes with L = 22, 44, 74, 112 is J = 36, 72, 120, 180,
respectively. For the double spherical wave expansion the total number of functions
in the characterization for sampling schemes with L = 22, 44, 74, 112 is J1 + J2 =
32, 60, 96, 140, respectively.

Finally, the characterization of the radiated field is performed 1) with single spherical
wave expansion technique by applying the matrix method described in Section 3.4.2,
and 2) with double spherical wave expansion (P = 2) by applying the matrix method
described in Section 4.4.3.

4.4.7 Results

After the application of the matrix methods, the predicted Q coefficient vectors for
both field characterization techniques (Q̄,Q̄P ) are known for each sampling scheme.
The far fields related to these sets of Q coefficients are then calculated from Eqs.
(3.8) and (4.4), respectively. The predicted directivities for the single and double
spherical wave expansion cases are then calculated from the known electric fields.

The predicted directivities are compared with the known correct directivity calcu-
lated directly from the fields radiated by the AUT model for the single and double
spherical wave expansion techniques by calculating ε1(θ, φ) = 10log10(Dpred,1(θ, φ))−
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10log10(Dref (θ, φ)), and ε2(θ, φ) = 10log10(Dpred,2(θ, φ)) − 10log10(Dref (θ, φ)) in
1128 directions on a spherical surface. Here Dpred,1 and Dpred,2 are the predicted
directivities for the single and double spherical wave expansion techniques, respec-
tively, and the Dref is the correct directivity.

The standard deviations of the 1128 values of ε1(θ, φ) and ε2(θ, φ) are calculated for
both characterization techniques and presented against the number of measurement
locations in Fig. 4.8.
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Figure 4.8: The standard deviations of (a) ε1(θ, φ) and (b) ε2(θ, φ) against the
number of measurement locations L.

The results presented in Fig. 4.8 clearly illustrate that the double spherical wave
expansion technique provides a lower uncertainty in the characterization of the ra-
diation pattern of the AUT model compared to the single spherical wave expansion
technique for a certain fixed number L. For example, the standard deviation of the
error in directivity for the single spherical wave expansion technique with 44 mea-
surement locations is approximately 1.6 dB whereas it is only approximately 0.6 dB
for the double spherical wave expansion technique.
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Chapter 5

Summary of publications

In publication [P1] a study on a reasonable truncation number for the spherical vec-
tor wave expansion of the radiated field of AUT of relatively small electrical size is
carried out by simulations. The results provide information about the errors in the
total radiated power and the maximum electric field of an AUT model for a given
truncation number and the number of measurement locations as a function of the
electrical size of the AUT and the measurement distance. Thus, the results of this
study provide a good basis for estimating the minimum number of required mea-
surement locations in the spherical near-zone antenna measurements for electrically
relatively small AUT.

In publication [P2] an iterative matrix method is presented for optimizing the num-
ber of measurement locations in the spherical far-field antenna measurements. The
method is based on iteratively relocating the origin of the spherical vector wave ex-
pansion near its nominal origin. The ”optimum” origin is found when the difference
between the modal field and the measured signals is minimized. The method thus
requires that the number of measurements signals is greater than the number of
spherical vector wave modes of the modal field.

In publication [P3] the amplitude-only and complex far-field measurements with a
relatively small number of measurement locations are compared. The results show
that for a fixed and relatively low number of measurement directions, the far field
can be characterized more accurately from the complex field samples than from
the amplitude-only field samples. The results of publication [P3] further give a
suggestion on a reasonable over-sampling factor to be applied in conjunction with
the matrix method for solving the spherical vector wave coefficients in noise-free
spherical antenna measurements.

In publication [P4] the significance of high-order probe correction for accurate spher-
ical near-field antenna measurements is examined. The spherical near-field antenna
measurement is simulated. The signals received by a high-order probe are calculated
and the first-order probe correction is applied to these signals. The resulting errors
reflect the errors due to high-order azimuthal spherical modes of the probe, which
the first-order probe correction is not able to take into account. The results show
that the significance of the high-order probe correction increase for an increasing
ratio between the minimum sphere of the AUT and the measurement distance.
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In publication [P5] the influence of the head phantom on the measurements of the
radiated field of mobile phones is examined. The results indicate that by enclosing
the head phantom with a mobile phone inside a minimum sphere, and the calculation
of the truncation number for the spherical wave expansion of the radiated field based
on the radius of this minimum sphere in wavelengths, leads to a clear overestimation
of the truncation number. It is suggested that the truncation number is calculated
by multiplying the truncation number for a mobile phone without a head phantom
by an appropriate factor. In publication [P5] using factor 1.2 is proposed.

In publication [P6] a fully 3-D spherical multi-probe system, consisting of 32 dual-
port probes, for measuring radiation patterns of mobile phone models is presented.
The system is called RAMS (rapid antenna measurement system). The RAMS al-
lows the radiation pattern be determined without a rotation of the mobile phone.
In publication [P6] RAMS is operated with the VNA. The RAMS applies spheri-
cal vector wave expansion for the field characterization. The publication [P6] also
provides information about the reflectivity level inside RAMS.

In publication [P7] RAMS is equipped with a phase-retrieval network, and it al-
lows to determine the complex radiated field of the mobile phone model from the
amplitude-only measurements. It is shown that the complex radiated field can be
determined without using a field-disturbing feed cable to the mobile phone model
during the measurement.

In publication [P8] a new technique for characterizing radiated fields of antennas
is presented with the aim of minimizing the total number of required spherical
wave modes in the field characterization. This technique is based on expressing
the radiated field with more than one spherical vector wave expansion, so that
the origins of the spherical vector wave expansions are in geometrically different
locations. The results show that if the total number of spherical wave modes is
desired to be restricted to a certain relatively small value, using more than one
spherical vector wave expansion can lead to a more accurate characterization of the
radiated field compared to using a single spherical wave expansion. In order to show
the practical significance of the result presented in [P8], it has been further shown in
this thesis that also for a fixed relatively small number of measurement locations the
uncertainty in the antenna pattern characterization can be smaller by using multiple
spherical wave expansions compared to using a single spherical wave expansion.
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Chapter 6

Conclusions

The introduction of the spherical vector wave expansion in [32] provided a basis
for later development of the widely-used theory of the spherical near-field antenna
measurements presented in [5]. This theory is applicable and useful also for spher-
ical far-field antenna measurements. Today, spherical near and far-field antenna
measurements constitute an important, accurate and a widely used technique for
measuring radiation patterns of antennas [5] [51].

During the relatively short history of the spherical antenna measurements, single-
probe spherical antenna measurement systems have been used extensively. In these
systems, the AUT is rotated, often along two rotation axes, and a single probe is
used to sample the radiated field in different directions. Anechoic chambers have
been built to suppress the reflections from the surroundings. The probe correction
theory for spherical near-field antenna measurements has been presented [36], and
practical data processing and measurement methods have been developed [40] [41]
[42]. Accurate antenna pattern characterization using single-probe systems has thus
been based on the assumption of free-space conditions during the measurement,
and on the solution of the known analytical relationship between unknown spherical
vector wave coefficients of the AUT and the signal measured by the probe.

During the last 10 years spherical multi-probe systems have become common espe-
cially in measuring radiation patterns of mobile phones [6]. Spherical multi-probe
systems are becoming increasing common in other applications as well [17]. The
driving force for the increasing use of multi-probe measurement systems has clearly
been the drastic reduction of the measurement time they provide compared to single-
probe systems.

This thesis touches upon single-probe and multi-probe spherical antenna measure-
ments. The aims of this thesis have been to deliver concrete guidelines for effectively
performing spherical antenna measurements, and to provide theoretical and practical
guidelines for designing spherical multi-probe measurement systems.

In this thesis investigations have been performed and techniques developed for min-
imizing the number of required measurement locations for the determination of the
radiated fields of electrically relatively small antennas. Practical guidelines for choos-
ing the truncation number for the field characterization using spherical wave modes
have been given. A novel iterative matrix method has been introduced and tested by
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simulations. On one hand, this technique enables the minimization of the number
of measurement locations in the spherical far-field antenna measurements, and on
the other hand, it enables the reduction of the uncertainty of the determination of
the radiation pattern. Further, the comparison of the amplitude-only and the com-
plex field measurements for the determination of the radiation patterns has been
performed. This comparison indicates that, for a fixed relatively small number of
measurement locations, the complex field measurements provide a lower uncertainty
in the determination of the radiated field than the amplitude-only measurements.

The significance of probe correction has also been investigated. In general, the
results show the importance of the high-order probe correction in spherical near-
field antenna measurements. The results show that the high-order probe correction
for other than first-order probes becomes increasingly necessary as the ratio between
the minimum sphere of the AUT and measurement distance increases.

A new field characterization technique using multiple spherical wave expansions
has been proposed. This technique allows to characterize the radiated field with
a very small total number of spherical vector modes. It has been further shown
in this thesis, that the application of this technique allows reducing the number of
measurement locations in testing some AUTs compared to the conventional single
spherical wave expansion.

A spherical fully 3-D multi-probe measurement system for mobile phone models has
been designed, built and tested. The results successfully show that the complex
radiation pattern of a typically-sized mobile phone at 1.8 GHz can be determined
with a relatively good and an expected uncertainty without a rotation of the mobile
phone using only 32 dual-port probes. The distance from the center of the mea-
surement sphere to the probes is approximately 1 m. The system can be operated
with a VNA and a spectrum analyzer. In the spectrum analyzer mode only the
amplitudes of the signals are measured. It has been successfully shown that using
a phase-retrieval network, the phase is retrievable from the amplitude-only signals
with a relatively low uncertainty, and the complex radiation pattern can thus be
determined without using a field-disturbing radio-frequency feed cable to the mobile
phone model during the measurement. Furthermore, information about the practi-
cal uncertainties related to this type of a fully 3-D spherical measurement system
have been delivered. For instance, the reflectivity level inside the system has been
evaluated, and it is estimated to be in the order of −15 to −20 dB.

The uncertainty of the determination of the far field using a multi-probe system
has been partially an unknown issue and a subject of a lot of discussion among the
antenna measurement engineers recently. In this thesis, these uncertainties have
been investigated. The doubts about the uncertainties have inevitably slowed down
the pace by which the single-probe systems are being replaced by the multi-probe
systems. In the author’s opinion, the trend is however clear. Multi-probe sys-
tems systems will be used extensively for antenna testing in future, and not only in
e.g. mobile communication applications, but gradually in other applications as well,
where the accuracy requirements are clearly higher.

Importantly, the understanding of the possibilities of the test-zone field compen-
sation, proposed e.g. in [34], to compensate the influence of the reflected signals
from the neighboring probes in the multi-probe measurement systems is increasing
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among the antenna measurement engineers. In theory, the application of a test-zone
field compensation technique makes it possible to reach a very low uncertainty level
in the determination of the radiation pattern with multi-probe systems. Practical
implementation of the these techniques together with the development of effective
methods for the test zone field calibration clearly offer an interesting future for the
antenna measurement researchers and the antenna measurement community [66].
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