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ABSTRACT
This paper presents a spherical, wideband test system for
determining the radiation characteristics of mobile terminals. The system can be operated at a frequency range of
0.8 – 3 GHz and it provides a complex three-dimensional
radiation pattern at a single frequency in 3 seconds. Rotation of the device under test during the measurement is
not required. Due to a fixed and relatively small number
of measurement locations, the measurement uncertainty is
dependent on the electrical size of the device under test.
The test measurements show that for a typically sized
mobile terminal, the measurement results are reliable up
to about 2 GHz.
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1 Introduction
Modern mobile terminals operate at multiple frequencies
and in multiple systems. Consequently, the testing of the
mobile terminal antennas sets many requirements for a
measurement system. Broadband operation and the ability
to record the radiated field reliably with a multitude of
signal types are desired properties. Moreover, radiation
pattern measurements in general are relatively timeconsuming. It is beneficial to strive for minimizing the
measurement time. This is especially evident with mobile
terminal antenna measurements since due to the numerous
transmission possibilities, multiple measurements per
terminal are required. In addition, battery lifetime issues
need to be considered when measuring active mobile terminals.
Today’s requirements for the radiation pattern measurement systems of mobile terminals are met well by multiprobe systems. Currently, there exist commercial systems
with a three-dimensional pattern measurement time of ca.
30 seconds [1]. This is achieved by placing the measurement antennas (probes) on an arch and rotating the device
under test (DUT) around one axis. Recently, work has
been conducted on developing a system where the probes
are located on a spherical surface so that the full threedimensional (3-D) radiation pattern can be determined

without any rotation of the DUT [2] [3]. This type of a
system enables a practically real-time determination of the
3-D pattern.
The purpose of this paper is to present a developed version of the prototype system presented in [3]. This prototype system operated in a narrow band around 1.8 GHz
and the electronics allowed the 3-D pattern measurement
in 4.5 minutes. Two significant improvements of the system have now been accomplished. Firstly, the measurement speed of the system has been increased considerably
by redesigning the data acquisition and the system component control methods. Secondly, the operational frequency range of the system has been extended to nominally cover the frequencies from 0.8 to 3 GHz by replacing the previously used patch antennas with wideband
Vivaldi antennas. In this paper, the results of the tests
conducted for validating the operation of the developed
version of the system at a frequency range from 0.9 to 2.5
GHz are reported.
The fundamentals of the measurement system are first
shortly described in Chapter 2. The tests are then described, and the test results reported in Chapters 3 and 4,
respectively. Conclusions are given in Chapter 5.

2 Measurement system
2.1

System structure

The measurement system consists of 32 dual-polarized
probes placed uniformly on a spherical surface. The device under test (DUT) is placed in the centre point of the
measurement sphere. A schematic representation of the
measurement system is shown in Figure 1. A base station
simulator is used to set up a connection to the DUT. The
signals from all probes are measured consecutively with a
spectrum analyser (SA) by using a switching network.
However, only amplitude information of the signal can be
measured with the SA. The system also features a phase
retrieval network (PRN), which enables the determination
of the complex radiated field of the DUT by comparing
each signal to a certain reference signal [4]. One of the
measurement channels is used as the reference. The data
acquisition and the instrument control are handled with
the computer. With the updated system, a full three-

dimensional radiation pattern measurement can be performed in approximately 3 seconds (for a single frequency).

3 Test setup
The test measurements were performed with a mobile
phone antenna model [7]. This antenna was chosen instead of a real mobile phone because both a reference
measurement and simulated data exist for it. Three objectives were set for these test measurements. Firstly, to verify that the phase retrieval technique works at the full frequency range of the system. Secondly, to show that the
amplitude and the phase of the radiated field can be determined reliably. Thirdly, to investigate the measurement
repeatability of the system with different orientations of
the DUT (i.e. the antenna model) inside the measurement
sphere.
3.1 Tests for the phase retrieval function

Figure 1. Schematic representation of the measurement system.
2.2 Field calculation
A technique based on the spherical wave expansion is
used in the field calculation [5]. The radiated field is characterized by 48 spherical wave modes whose coefficients
are calculated based on the measured field samples. The
availability of the signal phase in the measurement points
in addition to the amplitude enables a more accurate field
calculation [6]. Therefore, the phase-retrieval ability is an
important property of the system.

In order to reach the first goal, the DUT was measured
both with a vector network analyser (VNA) and with a
spectrum analyser (SA). In the latter case, a signal generator was used to feed a continuous RF signal to the DUT.
In the VNA measurement, the signal phase was measured
directly, using only the straight signal path of the PRN,
whereas in the SA measurement the phase was calculated
based on the different amplitude measurements enabled
by the PRN [4]. The comparison of these two measurements gives information on the accuracy of the system’s
phase retrieval ability, as discussed in [3]. The measurement setup is illustrated in Figure 2. The dashed lines
separate the system as it is used in active mobile terminal
measurements (Figure 1).

The radiated field of a mobile terminal can be characterized based on the relatively small number of field samples
because mobile terminal antennas are not very directive.
However, the complexity of the radiated field pattern is
dependent on the size of the DUT in wavelengths. If the
size of the DUT is increased, at some point the pattern
complexity becomes too great for the field to be characterized with a given number of wave modes. The connection between the DUT size and the required number of
spherical wave modes can be determined from equations
[5]

N = kr0 + n1
J = 2 N ( N + 2)

(1)
(2)

where J is the number of spherical wave modes, N is a
truncation number for the spherical wave mode series, k is
the wave number, r0 is the radius of the minimum-size
sphere enclosing the DUT and n1 is a figure depending on
the desired accuracy. For mobile terminal measurements,
n1=1 is usually sufficient. When the DUT size increases,
more wave modes are needed and consequently more
measurement points are needed to determine the wave
coefficients. Hence, the use of the spherical wave expansion together with a small number of measurement points
sets limits to the electrical size of the DUT. These limitations are discussed in detail e.g. in [5].

Figure 2. Setup for measuring the DUT with both a
vector network analyser and a spectrum analyser.
3.2 Complex radiation pattern measurement tests
The radiation pattern obtained from the SA measurement
was used to reach the second goal. The comparison of this
measurement with the reference measurement and with
simulated data can be used to evaluate the measurement
accuracy of the system. The reference measurement for
the DUT had been performed earlier in a small anechoic
chamber with a conventional measurement system using
two-axis rotation for the DUT and a single probe. A VNA
was used as the measurement instrument. The simulated

pattern was obtained with the commercial method-ofmoments software package IE3D (Zeland, Inc.). Ferrite
beads and a dual-band balun [8] were used in the SA
measurement in order to reduce the radiation of the feed
cable, which causes errors in the measurement. The balun
was used also in the reference measurement. The antenna
model operates at multiple frequencies. Therefore, it was
possible to conduct the measurements at a broad frequency range. The measurement frequencies were 920
MHz, 1710 MHz, 2170 MHz and 2500 MHz. The first
two frequencies represent the GSM900 and GSM1800
bands, the third one is at the upper end of the WCDMA
band and the last one is close to Bluetooth and WLAN
frequencies.
3.3

Repeatability tests

In order to reach the third goal, the DUT was measured in
four different orientations. It was rotated 90° in the horizontal plane, and for both of these horizontal positions, a
90° vertical rotation was applied to obtain the four different measurement orientations. The assumed phase centre
of the DUT was always placed in the centre of the measurement sphere. In the comparison of these orientations,
the radiation patterns obtained from the SA measurement
were used. The measurement setup is presented in Figure
3.

tive phases are obtained with the SA measurement, a constant C was added to all the ∆Φ values so that their mean
is zero.
The cumulative distribution of ∆Φ is shown in Figure 4
separately for each measurement frequency. It can be seen
that the phase retrieval accuracy depends on the frequency. As the frequency increases, the accuracy degrades. Table 1 presents the standard deviations σ of the
phase differences as a function of the amplitude ratio of
the measurement signal VM and the reference signal VR. S
is the number of samples in each interval. It can be seen
that also the amplitude ratio affects the accuracy of the
phase calculation. Best results are obtained when the amplitude of the measurement signal is 0 to 10 dB above the
reference signal level. The highest deviations are found
when the measurement signal level is less than –10 dB.
This is to be expected since especially noise-like measurement uncertainties have more significance when the
signal amplitude is small. For this reason, it is also important to ensure a sufficiently high absolute level in the reference channel, possibly by repeating an unsuccessful
measurement with a differently positioned DUT. Overall,
it can be concluded that the results are sufficiently accurate. It should be noted that individual erroneous field
values are not decisive since their effect in the total field
calculation is lessened by the averaging property of the
spherical wave expansion technique.
Table 1. Standard deviations of the phase differences
as a function of the ratio of the measurement signal
and the reference signal.
| VM / VR | [dB]

Figure 3. Measurement setup for the mobile phone
antenna model measurement.
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4 Results
4.1 Phase retrieval
In order to verify the operation of the signal phase calculation, the phase values measured directly with the VNA
(ΦVNA) were compared to those calculated from the amplitude-only measurements performed with the SA (ΦSA).
Due to the four different measurement orientations, for
each measurement frequency a total of 4x64 = 256 values
of ∆Φ = ΦVNA - ΦSA were obtained. However, one of the
channels was found damaged and the corresponding values (4 per frequency) were removed. Since only the rela-
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4.2 Complex radiation patterns
In order to evaluate the system’s measurement accuracy,
the determined field patterns were compared to the reference measurement and the simulated patterns. The dimensions of the DUT and the coordinate system used in the
pattern comparisons are shown in Figure 5. The DUT
dimensions are comparable to a typically sized mobile
terminal.

180

Figure 6. Measured amplitude and phase of the θ
component of the radiated field in the y-z plane are
compared to the reference measurement and the simulated pattern ( f = 920 MHz).
Amplitude [dB]

Figure 4. Cumulative distribution of the phase differences between the VNA and SA measurements.
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− ik ( r + y 0 cos(θ ) + z 0 sin(θ ) )

, where k is the
tiplied with a term e
wave number, r is the measurement distance, y0 and z0 are
the correction distances in y and z directions and θ is the
angle shown in Figure 5. This correction changes the position of the DUT slightly in the y-z plane so that comparable phase patterns are obtained.

Amplitude [dB]

The radiation pattern comparisons are presented in Figure
6 (920 MHz), Figure 7 (1710 MHz), Figure 8 (2170 MHz)
and Figure 9 (2500 MHz). All the amplitude patterns are
normalized to the same total radiated power. The 0-dB
value in each figure corresponds to the maximum value of
the three data sets. Since the phase patterns are very sensitive to the position of the DUT in the measurement chamber, a geometrical correction was applied to the reference
data and to the measured data. The field values were mul-

Figure 7. A pattern comparison like that in Figure 6
for f = 1710 MHz.
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Figure 5. Dimensions of the antenna model and the
used coordinate system.
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Figure 8. A pattern comparison like that in Figure 6
for f =2170 MHz.
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Table 2 shows the variation of the measured total radiated
power (TRP) between the four measurement orientations,
calculated as TRPmax[dB] – TRPmin[dB], for all measurement frequencies. The uncertainty increases as the measurement frequency gets larger. The variation is very small
at the two lower frequencies but then there is an obvious
leap upward around 2 GHz where the accuracy of the field
calculation begins to degrade.
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4.3 Repeatability of the system
The repeatability of the measurement with different DUT
orientations can be found out from Figure 10 (920 MHz)
and Figure 11 (2500 MHz). In each figure, the same pattern cut is presented for all four measurement orientations
of the DUT. At the lower frequency, the obtained amplitude and phase patterns are largely independent of the
measurement orientation. The amplitude variations are in
the order of ±0.5 dB in directions of maximum amplitude.
The small differences are mainly caused by varying reflections in the measurement chamber. At 2500 MHz, the
variations are clearly larger, approximately ±1.5 dB at
pattern maxima. This is the same phenomenon that was
seen above in the comparison with the reference measurement and the simulated data. There is not enough
measurement data to construct the field accurately. In
each measurement orientation, the location of the measurement points relative to the DUT is different. Therefore,
in each orientation, the measurement data is also different
and because in addition to that the amount of data is insufficient, the result of the field calculation differs between
the four measurement orientations.
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Figure 10. Amplitude and phase of the θ component of
the radiated field in the y-z plane measured in four
different orientations of the antenna model (f = 920
MHz).
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It can be seen from Figures 6 to 9 that at 920 MHz and
1710 MHz both the amplitude and the phase of the presented pattern cuts are quite similar in all three cases. The
amplitude differences at pattern maximums are approximately ±0.3 dB. At 920 MHz the DUT radiates very much
like a dipole. At 2170 MHz and 2500 MHz the measurement results do not correspond as well with the reference
measurement data and the simulated data. The amplitude
differences are in the order of ±1-2 dB at pattern maxima.
The field pattern at these frequencies is clearly more
complex and most likely the number of field samples is no
more sufficient for accurate field calculation. However,
since the complexity of the field is dependent on the size
of the DUT, it is probable that smaller devices can be
measured reliably also at higher frequencies.
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Figure 9. A pattern comparison like that in Figure 6
for f = 2500 MHz.
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Figure 11. A pattern comparison like that in Figure 10
for f = 2500 MHz.
Table 2. Variation of the measured total radiated
power between the four measurement orientations.
Frequency
(MHz)
920
1710
2170
2500

Total radiated power
Variation (dB)
0.11
0.25
0.82
1.16

5 Conclusion
Based on the test measurements, the phase retrieval property of the measurement system was found sufficiently
accurate for the field calculation at all test frequencies,
even though the accuracy slightly decreases towards
higher frequencies. However, the comparison of the
measurement results with the reference measurement and
the simulated data shows that for a typically sized mobile
terminal, the measurement results are reliable only below
about 2 GHz. This is confirmed by the comparison of different measurement orientations, where variations in the
measured patterns and in the determined TRP values become larger at higher frequencies. In this regard, the
higher end of the usable frequency range of the system is
not generally 3 GHz, but is rather determined by the size
of the DUT. The determination of the precise limits depends on the desired accuracy and requires further study.
It is probable that this limitation could be removed by
increasing the number of measurement points i.e. adding
more probes to the spherical surface. The fact that one of
the measurement channels was found damaged and the
corresponding values could not be used in the field determination may have some influence on the results at high
frequencies. For the time being, at least GSM1800 terminals and other devices operating at these and lower frequencies can be measured reliably with the presented system.
The presented system can be used e.g. for the testing of
prototype antennas or real mobile terminals. The exceptionally fast 3-D pattern measurement provides significant
advantage in terms of saved time. Mobile terminal measurements with a test user are also realisable since the user
can easily remain motionless for the duration of the measurement. It is also possible to increase the measurement
speed further in the future since the rotation of the DUT
during the measurement is not necessary and thus does
not limit the measurement speed.
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