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Abstract—The primary objective of many antenna measure-
ment facilities is to provide a specified high accuracy of the
measured data. The validation of an antenna measurement facility
is the process of proving that such a specified accuracy can be
achieved. Since this constitutes a very challenging task, antenna
measurement accuracy has been the subject of much research over
many years and a range of useful measures have been introduced.
Facility comparisons, together with antenna standards, error
budgets, facility accreditations, and measurement procedure stan-
dards, constitute an effective measure towards facility validations.
This paper documents the results of a comparison between 8 Eu-
ropean antenna measurement facilities with a specially designed
reference antenna, the DTU-ESA 12 GHz Validation Standard
Antenna (VAST-12). The electrical and mechanical properties of
the VAST-12 antenna are presented and its three different coordi-
nate systems are defined. The primary objective of the comparison
is to obtain experience and results that can serve to develop stan-
dards for validation of antenna measurement facilities. The paper
focuses on the comparison of the radiation pattern and presents
not only the measurement data obtained at the facilities, but also
investigates several procedures for comparing these data. This
includes various definitions of pattern difference and statistical
measures as well as a reference pattern. The comparison took
place in 2004–2005 as part of the European Union network of
excellence called ACE—Antenna Centre of Excellence.

Index Terms—Antenna measurements, antennas, facility com-
parison.

I. INTRODUCTION

ANTENNA measurements constitute an indispensable part
of the development, approval, or commissioning of

any wireless system. Though the accuracy and efficiency of
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computational tools are ever increasing, stringent specifications
and/or high complexity necessitate that the characterization
of most antennas be achieved by way of measurements. This
is true for analysis and synthesis in the development of an-
tennas, for verification in the approval of antennas, and for
calibration in the commissioning of antennas. The importance
of antenna measurements increases with the ongoing growth of
wireless technologies, and it is reflected in expanding research
and development activities as well as numerous new antenna
measurement facilities being established.

The primary objective of many antenna measurement facili-
ties is to provide a specified high accuracy of the measured data.
The validation of an antenna measurement facility is the process
of proving that such a specified accuracy can be achieved. How-
ever, the determination of antenna measurement accuracy is a
very challenging task for several reasons. First, the true data for
any real antenna is always unknown. Second, there are several
different antenna measurement techniques and these all pos-
sess different sources of inaccuracy. Third, for the individual
antenna measurement technique there are several different pro-
cedures for its practical implementation, and these procedures
again possess different sources of inaccuracy. Fourth, for dif-
ferent antennas, or for different parameters of the same antenna,
there are also different sources of inaccuracy, e.g., the measure-
ment of a wide beam antenna is influenced more by ground and
wall reflections than the measurement of a narrow beam an-
tenna. In consequence hereof, antenna measurement accuracy
has been the subject of much research over many years and a
range of useful measures have been introduced, e.g., antenna
standards, error budgets, facility accreditations, facility com-
parisons, and measurement procedure standards. However, be-
cause of either limited scope or limited maturity of such mea-
sures, as will be discussed below, there is not yet a generally
accepted standard for validation of antenna measurement fa-
cilities. Each of the above-mentioned measures can contribute
in part to the validation. The use of antenna standards, refer-
ence antennas with properties known to a high accuracy, obvi-
ously provides information on the measurement accuracy. How-
ever, today there are very few such generally accepted antenna
standards. One example is the DTU-ESA Standard Gain Horns
housed at the DTU-ESA Spherical Near-Field Antenna Test Fa-
cility at the Technical University of Denmark. The use of error
budgets primarily provides information on the precision of an-
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tenna measurements, but together with the rigorous theoretical
foundation of, e.g., near-field techniques, the error budget also
gives information on the accuracy of such antenna measurement
techniques. It is noted here that the term precision refers to the
quality of the measurement process, while the term accuracy
refers to the quality of the measurement result. Though sev-
eral suggestions have been reported [1]–[3], there is no gener-
ally accepted standard for setting up error budgets. The formal
accreditations that can be obtained from several organizations
will probably become of more significance in the future, but at
present it would appear that the reputation of a measurement fa-
cility in the antenna community is of much more importance.
The use of measurement procedure standards of course con-
tributes to ensuring the measurement accuracy, but for many
measurement techniques, e.g., all near-field techniques, there
are not yet such standards available.

Facility comparisons constitute an effective measure towards
facility validations and a number of comparisons have previ-
ously been conducted. In 1988, Lemanczyk and Larsen [4]
reported on two comparisons each involving three facilities.
These comparisons concerned radiation pattern, directivity, and
gain of a 12 GHz reflector antenna, which was available for
the comparisons though not specially designed for this purpose
and thus possessing shortcomings with regard to mechanical
stability and well-defined coordinate systems. In 1996 Stuben-
rauch et al. [5] reported a comparison involving seven facilities.
This comparison concerned on-axis gain and polarization, at
three frequencies, of two commercially available and nominally
identical X-band standard gain horns. Another comparison of
on-axis gain of two significantly different horns at three fre-
quencies in the Ka-band involving five national metrology
laboratories has been reported in [6]. Furthermore, a number
of smaller comparisons, typically involving just two facilities,
have been reported in the literature [7]–[12]. The variety of
these facility comparisons reflects the fact that different antenna
parameters may require different types of comparisons. In 1995
Lemanczyk [13] gave a thorough overview of the status of Eu-
ropean standards for antennas and laboratories and emphasized
the need for specially designed reference antennas to be used
in facility comparisons.

The purpose of the present work is to conduct a systematic
comparison of several antenna measurement facilities, based
upon different measurement techniques and procedures, by the
use of a specially designed reference antenna, the DTU-ESA
12 GHz Validation Standard Antenna; in short, the VAST-12
antenna. This comparison includes first the measurement cam-
paign to obtain the measurement results at the participating fa-
cilities, and second an investigation of several procedures for
comparing these results. The primary objective of the compar-
ison is to obtain experience and results that can serve to develop
standards for validation of antenna measurement facilities. The
secondary objective is to provide each participating facility with
an opportunity to benchmark its performance relative to that of
other facilities.

The comparison took place in 2004–2005 as part of the activ-
ities in the European Union (EU) network of excellence called
ACE—Antenna Centre of Excellence [14] and a total of six insti-
tutions with eight different antenna measurement facilities par-

ticipated in the comparison. These were France Telecom R&D,
RUAG Aerospace Sweden, Saab Microwave Systems, the Tech-
nical University of Catalonia, the Technical University of Den-
mark, and the Technical University of Madrid. The facilities
were one far-field range, two compact ranges, one planar near-
field range, and four spherical near-field ranges. The DTU-ESA
Spherical Near-Field Antenna Test Facility at the Technical Uni-
versity of Denmark served as the coordinator of the comparison.
An ACE report documenting the comparison was issued in De-
cember 2005 [15]; it is also available from [14]. Some first re-
sults of the comparison campaign were presented in [16].

This paper is organized as follows: Section II describes the
VAST-12 antenna. The electrical and mechanical properties of
this antenna are presented and its three different coordinate sys-
tems are defined. Section III describes the measurement cam-
paign, which took place from May 2004 to April 2005 with
the first and last measurements both conducted at the Technical
University of Denmark. Section IV contains a discussion and
investigation of several different procedures for comparing the
measured data. This includes various definitions for the differ-
ence between two patterns and possible use of so-called noise
and pattern weighting functions in these definitions. Also, var-
ious statistical measures are employed. Furthermore, the issue
of a reference pattern, formed from the patterns obtained at the
different facilities, is discussed. Section V then describes the
results from the campaign and presents specific results for two
representative two-facility comparisons among the many such
comparisons that can be formed from the obtained measurement
results. Finally, in Section VI it is concluded how this compar-
ison can be used in the development of standards for validation
of antenna measurement facilities.

II. DTU-ESA 12 GHz VALIDATION STANDARD ANTENNA

The DTU-ESA 12 GHz Validation Standard Antenna
(VAST-12) was designed and manufactured at the Technical
University of Denmark in 1992 for the European Space Agency
(ESA) [17]–[20]. This antenna was designed to serve as a
reference antenna for the purpose of comparison and validation
of antenna measurement facilities. The VAST-12 antenna is
shown in Fig. 1. A number of particular features, which makes
this antenna very suitable for the above purpose, can be noted.
The antenna is an offset shaped reflector with a circular aperture
fed by a conical corrugated horn with a polarizer. The polarizer
is capable of shifting the polarization between circular and
linear. In this comparison the antenna is operated with linear
polarization. This configuration provides a complex pattern
with low side lobes and a high ellipticity of the main beam,
and thus makes the VAST-12 antenna a challenge to charac-
terize through measurements. The mechanical construction
of the VAST-12 antenna is based on a light-weight carbon
fiber reinforced polymer support structure (CFRP), making the
antenna structure mechanically and thermally very stable. This
makes it very suitable for use in comparisons, where different
mechanical mountings are used.

For proper comparison of measurement results of an antenna
obtained at different antenna measurement facilities, it is impor-
tant that the results are reported in a clearly defined coordinate
system. For the VAST-12 antenna 3 separate coordinate systems
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Fig. 1. The DTU-ESA 12 GHz VAST-12.

are defined in order to ensure that any facility can employ at least
one of these [21].

A. The Optical Coordinate System

The optical coordinate system is defined by a mirror cube
mounted on the top rim of the reflector (visible in Fig. 1 and
shown in Fig. 2). This coordinate system is a normal right hand
coordinate system with , , and unit vectors coinciding with
the normal unit vectors of 3 faces of the mirror cube. Due to the
mounting of the mirror cube, the positive axis is not available.
Thus the axis must be used for alignment purposes.

A test facility has the choice of mechanically aligning the an-
tenna with respect to the mirror cube directly in the facility to
make the optical coordinate system coincide with the measure-
ment coordinate system. This requires proper alignment tools
such as a theodolite or tracking laser and an adjustable test an-
tenna mounting head. Alternatively, the antenna can be mea-
sured in an arbitrary measurement coordinate system and the
measurement results then transformed into the optical coordi-
nate system making use of, e.g., the Euler angles defining the
optical coordinate system with respect to the measurement co-
ordinate system. For a treatment of rotation of spherical waves
and Euler angles, please see [1].

B. The Mechanical Coordinate System

For the mechanical coordinate system, the -axis is defined
by the rotation axis of the measurement system, and thus the

-plane nominally coincides with the mounting flange on the

Fig. 2. Front view (left) and side view (right) of the VAST-12 antenna showing
its optical coordinate system defined by the mirror cube located on the top rim
of the reflector.

back side of the VAST-12 antenna. The axis is
then defined to be horizontal with a precision level placed in the
specified place on the feed support arm and leveled, as shown
in Fig. 2.

C. The Electrical Coordinate System

For the electrical coordinate system, the axis is defined
by the direction of maximum directivity. In order to find the
maximum, the direction perpendicular to the mounting flange
can be taken as a starting point as the maximum is very close
to this. In this process, the antenna can be assumed primarily
vertically-polarized, i.e., the electric field vector is primarily in
the plane of the optical coordinate system, see Fig. 2. Care
should be exercised here as the VAST-12 has a rather flat top in
the main beam.

A minimum signal is then obtained from the orthogonal port
of the range probe by rotating the probe around its symmetry
axis or by rotating the antenna around the above defined axis.
This defines the -axis. This procedure assumes a very good
linearly polarized probe.

III. MEASUREMENT CAMPAIGN

The comparison took place during 2004 and 2005, with
the measurement campaign itself from May 2004 to April
2005, ending in December 2005 [15]. A total number of 8
facilities participated and provided measurement results. The
participating facilities are listed in Table I, and these include
spherical near-field (SNF), planar near-field (PNF), far-field
(FF), and compact range (CR) facilities. A description of the
specifications and capabilities of each facility is available at the
ACE Virtual Centre of Excellence [14].

During the preparation of the measurement campaign a verifi-
cation test plan (VTP) was adopted. The purpose of the VTP was
to ensure that the measurements at each facility were conducted
according to standard definitions for the antenna parameters of
interest, that the necessary data was documented for each mea-
surement, and that the measurement results were supplied in a
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TABLE I
LIST OF PARTICIPATING FACILITIES

documented, and agreed upon, format. As such, the VTP was a
document containing a list of parameters such as the pattern cuts
to be supplied, the coordinate systems to be used, and the data
format to be used. Each participant would then indicate in this
document what measurements had been done and in which co-
ordinate system and format the results of these were supplied.
Furthermore, a user data package (UDP) was adopted and in-
cluded with the VAST-12 antenna. The UDP consisted of a
number of documents including a VAST-12 antenna Storage and
Handling Manual, a VAST-12 antenna Visual Inspection and
Damage Status Report, a description of the VAST-12 antenna
mechanical and electrical interface, and a time schedule for the
measurement campaign. The VTP and UDP were adopted from
[21], but modified for the purpose of the present campaign.

In the VTP, it was requested that the following quantities were
supplied: co- and cross-polar directivity in the four main planes,

, 45 , 90 , 135 , peak directivity, peak gain, axial ratio,
tilt angle, and peak location.

Throughout the comparison several meetings were held be-
tween the participants. This ensured a well defined and com-
monly agreed execution of the campaign, and enabled fruitful
discussions of the results at a later stage.

IV. PATTERN COMPARISON STRATEGY

The measured patterns are considered in the far-field region
and, when suppressing a time dependence of , it is thus pos-
sible to express the radiated electric field as

(1)

where is the far-field pattern function and is an am-
plitude constant. are the spherical coordinates of the
observation point. The amplitude constant is defined such
that the co-polar component of has a magnitude in the
interval , when using Ludwig’s third definition for the co-
and cross-polar components [22]

(2)

where is the co-polar unit vector and is the cross-polar
unit vector. and are the co- and cross-polar-
ized components of the pattern function, respectively. The co-
and cross-polar unit vectors are given as [1]

(3)

(4)

with ; hence and at .

Since only the magnitude of the complex co- and cross-polar
components of the pattern function will be considered in the
following, this will be denoted by such that

(5)

where and refer to either the co- or the cross-
polar component of the pattern function.

A. Individual Comparisons and Reference Comparisons

Comparisons of the radiation patterns can be performed in
essentially two different ways. Each measured pattern can be
compared against any other measured pattern in so-called indi-
vidual comparisons, or it can be compared against a reference
pattern.

Individual comparisons between all the measured patterns
give a large amount of results. Such an investigation allows for
considering both statistical deviations between patterns from
different facilities and an identification of specific differences.
An analysis of the observed differences may serve to identify
the sources of these.

Comparisons of each measured pattern to a common refer-
ence pattern reduces the number of comparisons relative to in-
dividual comparisons and, in addition to the above, also allows
a benchmarking. The reference pattern must be of the highest
achievable accuracy, and comparisons against this thus allow
assessing the accuracy of the individual facilities. Obviously,
there is no generally good definition of a reference pattern, but
there are several ways of constructing this from the available
measured patterns. One pattern with the best accuracy estimate
could be chosen as the reference or an average of all or some of
the available patterns could form the reference. A good defini-
tion of a reference pattern would be based on a weighted average
of all the available patterns, with the weights based on the accu-
racy estimates of each facility. This obviously requires that the
accuracy estimates be made according to the same procedure,
and in case the accuracy estimates are not available, this defini-
tion of the reference pattern is of course not practical. However,
regardless of how the reference pattern is defined, an accuracy
estimate for this must be provided, and the level of the accuracy
will obviously influence the conclusions of the comparisons.

B. Pattern Differences

When presenting radiation patterns graphically the magni-
tude of the pattern is usually given in a logarithmic scale. Hence,
when comparing patterns for the same antenna from two sepa-
rate facilities a natural and often used procedure is to present
these logarithmically in a single plot and subsequently compare
them through visual inspection. This suggests that a good way
to examine the difference between patterns is to take the dif-
ference of the patterns in logarithmic scale. Alternatively, the
patterns can be considered on a linear scale and a difference
formed from these. Furthermore, in each case a weight can be
employed for the difference. A total of four definitions of the
difference between patterns are considered below, and exempli-
fied for two particular measurement results, DTU1 and DTU2
as presented in Fig. 3. These four differences include, as spe-
cial cases, all of the most obvious differences that could be em-
ployed, and though they basically represent the same informa-
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Fig. 3. Magnitude of the co-polar component of the DTU1 and DTU2 patterns
in the optical coordinate system for � � �� .

tion, they behave in quite different manners. It is noted that while
the considerations presented here are focused on the differences
in particular pattern cuts, the differences may as well be calcu-
lated for the full patterns.

1) Logarithmic Difference: The logarithmic difference is de-
fined as the difference of the magnitudes of the two patterns in
logarithmic scale

(6)

where and are the magnitudes of the consid-
ered component of the two pattern functions. The logarithmic
difference provides an intuitively clear measure for the differ-
ence between the patterns as it directly expresses the visible dif-
ference between the patterns as seen in Fig. 3. The logarithmic
difference is a relative measure, and it is thus small, when the
difference between the patterns and (in linear
scale) is small relative to the level of the patterns, and large,
when the difference is large relative to the level of the patterns.
This typically occurs in the main beam region and in minima,
respectively. This behavior is clearly visible in Fig. 4(a), where
the difference is low in the main-lobe region while having large
spikes at pattern nulls (cf. Fig. 3). In particular at the locations
of the first, fifth, and sixth null in the patterns, large spikes are
visible. These spikes are particularly interesting as they are char-
acterized by a sudden change of sign. This behavior is indicative
of a slight shift of the nulls of the two patterns at these locations
such that the patterns cross at a very low level and the difference
hence changes sign very abruptly. In Fig. 3, a significant dif-
ference between the patterns is noticeable in the region around

. This difference, which is at a relatively high pattern
level, is also noticeable in the logarithmic difference in Fig. 4(a).

2) Weighted Logarithmic Difference: The weighted loga-
rithmic difference is introduced in order to facilitate a weighting
of the logarithmic difference according to some predefined cri-
teria. One such criterion could be to de-emphasize the large
spikes of the logarithmic difference, which are present near the
nulls of the patterns. Other criteria can be set, and further dis-
cussion of these and some associated weighting functions will

be discussed in Section IV-D. The weighted logarithmic differ-
ence is defined as

(7)

where is the weighting function, which generally can de-
pend on the two pattern functions and . A par-
ticular weighting function that will de-emphasize the difference
at low pattern levels is , where the value of

can be chosen. Using this definition of the weighting function
with the weighted logarithmic difference will behave
as shown in Fig. 4(b). As it is clearly seen from a comparison of
this figure to Fig. 4(a), the large spikes of the logarithmic differ-
ence are greatly reduced. Furthermore, the relative level of the
difference in the main lobe region has increased, and the differ-
ence between the patterns in the region around remains
clearly visible. A tradeoff for introducing the weighting of the
logarithmic difference is an added complexity in the direct in-
terpretation of what the difference expresses, as this requires an
understanding of the weighting function and its influence.

3) Linear Difference: The linear difference is calculated as
the difference between the patterns in a linear scale. This differ-
ence will generally be large where the pattern level is large and
low where the pattern level is low. Hence, this difference has an
opposite behavior compared to the logarithmic difference. An
expression for the linear difference is

(8)

In Fig. 4(c) it is seen that the linear difference does indeed be-
come relatively large at high pattern levels and low at low pattern
levels.

It can be shown that an equivalent extraneous error signal
often used in the literature for pattern comparison (see, e.g.,

[12]) represents the linear difference in a logarithmic scale

(9)

4) Weighted Linear Difference: It may be of interest to em-
phasize or de-emphasize particular characteristics of the linear
difference. Based on the linear difference the weighted linear
difference is defined as

(10)

where is the weighting function which generally can de-
pend on the two pattern functions and . If
the weighting function is chosen as the
weighted linear difference becomes the relative difference be-
tween the patterns. Hence, in this case the weighted linear dif-
ference is approximately proportional to the logarithmic differ-
ence, which is also clearly visible from the plot of the weighted
linear difference, see Fig. 4(d) and compare with Fig. 4(a).

C. Measures of Merit

In order to quantify the difference between two patterns in
general, or a particular characteristic of the difference, various
measures of merit can be considered.
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Fig. 4. Illustrations of the defined differences. (a) shows the logarithmic difference, (b) the weighted logarithmic difference using � � �� ��� ��� with
� � ���, (c) the linear difference, and (d) the weighted linear difference using � � �� ��� ��� . Note the different ranges of the vertical axes.

Based upon the previously defined differences, statistical
measures of merit such as the mean difference and the standard
deviation can be calculated. Here, the mean is given by

(11)

and the standard deviation by

(12)

where represents one of the previously defined differences in
each of the discrete points considered and is the total number
of points in which the difference is computed. An alternative
statistical measure of merit is the th percentile of the abso-
lute value of the difference. It is defined such that with a given
probability the absolute difference is below the value of .
The th percentile can be determined from the calculated

difference according to

(13)

where is the number of points in which the ab-
solute value of the difference is less than or equal to the

th percentile . As an example, these statistical measures
of merit have been calculated for the previously defined dif-
ferences between the results DTU1 and DTU2 in the region

with and are presented in Table II.
The th percentile as defined in (13) is strongly related to the
cumulative distribution function (CDF) for the absolute differ-
ence, as it essentially represents a specific point on the curve
described by the CDF [27]. Hence, instead of calculating the

th percentile, it is possible to utilize the expression (13) to
determine the CDF curve for the absolute difference. In Fig. 5
the CDF curves for the logarithmic difference of a few selected
measurement results are shown. It is noted that the CDF for the
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TABLE II
EXAMPLE OF STATISTICAL DATA FOR THE CONSIDERED DIFFERENCES (TO 3

DECIMALS)

Fig. 5. The CDF for the logarithmic difference of various measured patterns.

absolute difference of two identical patterns would be a constant
of one.

Aside from the statistical measures of merit, other measures
of merit can be defined for expressing different specific char-
acteristics of the differences between the examined patterns.
One such measure is defined in the Feature Selective Valida-
tion (FSV) method [23], [24], which provides a measure of the
degree of similarity of signals with particular focus on signals
from electromagnetic measurements. Another measure of merit,
specifically designed for comparison of the similarity of radia-
tion patterns, has been proposed in [25] for multiband antennas.
Also, recently an extensive discussion, based on simulated data,
on quantitative measures for comparison of antenna patterns has
been published in [26].

D. Methods For Comparisons

The weighting functions introduced in the definitions of the
differences, (7) and (10), can be chosen in various ways to em-
phasize or de-emphasize certain properties of the differences, in
certain parts of the pattern.

As an example, a continuous weighting function can be used
to de-emphasize the influence from a noise floor in the mea-
surement results. Based upon a known noise floor, e.g.,

, three possible noise weighting functions, , ,
and are illustrated in Fig. 6.

The noise weighting functions in Fig. 6 all attribute a max-
imum weight at the maximum pattern level, while discarding
differences at pattern levels below the noise floor, but they differ
in between. Expressing the pattern function in a loga-
rithmic scale

(14)

Fig. 6. Examples of weighting functions which can de-emphasize the influence
on the difference from a noise floor in the measurement results.

Fig. 7. Examples of the pattern weighting function� for different choices of
�.

the noise weighting functions , , and can be
expressed as follows (note that is in dB and a function of

and )

(15)

(16)

.
(17)

The noise weighting functions and are partic-
ularly simple examples. drops to zero, when the noise
floor at is reached. gives a linear drop in the
interval to to suppress difference at low pattern
levels approaching the noise floor. The final weighting func-
tion gives a weight, which is inversely proportional to the
signal-to-noise ratio such that full weight is attributed to the dif-
ference at the peak pattern level, and then dropping to zero when
approaching the noise floor.
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Fig. 8. The weighted logarithmic difference using various choices of the weighting functions. In (a) the logarithmic difference with no weighting is shown, in
(b) � � � is used, in (c) � � � is used, in (d) � � � is used, in (e) � � � � is used, and in (f) � � � � is used. The co-polar
component of the DTU1 and DTU2 patterns at � � �� in the optical coordinate system has been used in this example, and � � ����� has been used for the
pattern weighting function � .

A so-called pattern weighting function can be introduced to
emphasize certain parts of the pattern. This may be relevant in
order to investigate other sources of inaccuracy than a noise floor
or because of special requirements to the pattern. Such a pattern
weighting function may be expressed as

(18)

where the parameter will determine the specific behavior of
. As an example, a choice of

constitutes a weight for the difference that is halved for every 20
dB decrease in the pattern level. The pattern weighting function
is illustrated in Fig. 7 for different choices of . The combined
weighting function will be the product of the noise and the pat-
tern weighting functions

(19)

The effect of introducing a weighting of the logarithmic dif-
ference using the weighting functions presented here is illus-
trated in Fig. 8. It is seen from Fig. 8(b)–(d) that two peaks
around are significantly de-emphasized, while at
other angles the difference remains to be almost the same. The
pattern weighting function has much stronger effect, as it is seen
from Fig. 8(e)–(f): the level of the difference is reduced and vari-
ation of the difference versus angle is equalized.

Due to the general nature of the defined weighting functions
these can be used in the same manner for the linear difference
as well.

Another method for comparing patterns and analyzing the
difference is to separate the data into intervals around discrete
pattern levels. This allows for investigations at specific pattern
levels. However, by splitting the data into multiple intervals the
extent of the comparisons also increases dramatically. While
the investigations over full patterns lead to a single measure of
merit, an investigation at several discrete levels leads to mea-
sures at each considered pattern level. In practice this involves
defining an interval around selected discrete pattern levels, e.g.,

or intervals.
Examples of this method of comparison are investigations

based on the mean, standard deviation and the th percentile,
calculated in intervals, which are presented in Fig. 9. It
is seen that the values of all three measures of merit increase in
general with the decreasing pattern level. However, this depen-
dence is not quite monotonic: both mean and standard deviation
show some oscillations.

In the following, it is investigated how these measures would
behave in an ideal case, where each of the two measurements
are influenced by only a constant noise floor. The logarithmic
difference is thus

(20)
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where is the true pattern and and are the noise in mea-
surements 1 and 2, respectively. It is assumed that the noise in
each measurement is a stochastic signal distributed uniformly
between its extreme values centered around zero. The density
functions are denoted by and , respectively. The ex-
treme value for the noise is taken as ,
where is the noise floor; i.e., for a noise floor of

, the extreme values are . As a first step towards
determining the density function of the stochastic variable

is now defined as

(21)

and the density function of determined as [27]

(22)

The explicit form of is rather lengthy and thus not re-
produced here. The logarithmic difference is given from as

and using [27, (2.2-11)] the density func-
tion of can be expressed from the density function of as

(23)

where denotes the possible values of the logarithmic differ-
ence . From this expression for the density function for the
logarithmic difference the mean and standard deviation can be
found as

(24)

(25)

and the th percentile of the absolute difference, , deter-
mined from

(26)

In Figs. 10 and 11 these statistical measures are illustrated for
different noise levels in pattern 1 and 2. For all three statistical
measures an almost linear dependence on pattern level (in deci-
bels) is noted. The mean, , is zero in the case of identical noise
floors , and non-zero in case of different noise
floors . In the latter case it is seen from a compar-
ison of Figs. 10(a) and 11(a), that the level of the mean depends
on both the level of the noise floors themselves and the differ-
ence between these, but the linear dependence on the pattern
level remains the same for all noise floors. The standard devi-
ation, has a level depending on both the level of the noise
floors and their difference, and it converges towards a finite
non-zero level for identical noise floors. This level depends on
the common noise floor level. The 50th percentile of the abso-
lute difference, , has a behavior which is qualitatively iden-
tical to that of the standard deviation. Comparing these statis-
tical measures in Figs. 10 and 11 for an ideal case to those of

Fig. 9 for a real case, it is concluded that the real measurements
are influenced by other sources of inaccuracy than a constant
noise floor. In particular it is noted that the mean in Fig. 9(a)
has an oscillating behavior at high pattern levels and only at low
pattern levels achieves an approximately linear behavior.

V. COMPARISONS

Measurement results from 8 facilities are available for the
comparisons. In this section the gain and directivity as well as
polarization characteristics are compared, and subsequently se-
lected comparisons of the patterns are presented.

As stated in Section II the radiation patterns can be presented
in either optical, mechanical, or electrical coordinate system.
The exact mathematical transformation of the measurement re-
sults between these coordinate systems requires, e.g., a spherical
wave expansion of the radiated field and the Euler angles re-
lating the coordinate systems, but such information is not avail-
able at all facilities. Hence, the measurements from some fa-
cilities are only available in specific coordinate systems. The
preferred coordinate system for the comparison campaign is the
optical one, and in Figs. 12 and 13 the available patterns in this
coordinate system are presented in the and
planes, respectively. The patterns included are DTU1, DTU2,
RSE, UPM1, UPM2, and UPC. This overview of the obtained
patterns shows that there is generally a good agreement between
most of the patterns, but noticeable differences can be observed
in some regions, e.g., around in the plane.

The peak gain, peak directivity, loss, and on-axis gain mea-
sured by the participants are summarized in Table III. Generally,
a very good agreement for the peak directivity can be observed,
though the results from FTRD and UPC differ somewhat from
the rest. For FTRD, a far-field facility, this is due to the fact that
only a few -planes have been measured, while for UPC this
may be due to the fact that no probe correction was applied. The
peak gains are also seen to agree very well. Here, only DTU2
differs noticeably from the rest.

The on-axis polarization characteristics and peak location in
the optical coordinate system are presented in Table IV. It can be
noted that all values agree well for the tilt angle and axial ratio.
The UPC values can be attributed to the fact that these results
have not been probe corrected. The peak location is difficult to
determine accurately since the main beam, while quite narrow
in one direction, is wide in the other direction. This is reflected
in the peak locations found by the participants, where the agree-
ment in the coordinate is good, while the coordinate varies
somewhat. In this particular case, since the absolute value is
small, it is also useful to represent the peak location in
coordinate system defined as , ,
also shown in Table IV. In the detailed pattern comparisons pre-
sented below, the weighted logarithmic difference is employed.
For this purpose a weighting function , including
both noise weighting and pattern weighting is used. The noise
weighting function (17) with a noise floor of
is used. The pattern weighting function is given by (18)
with , which constitutes a weight
reducing the difference by quarter for every 20 dB decrease in
the pattern level.
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Fig. 9. Statistical measures for the logarithmic difference calculated for�� �� intervals at discrete pattern levels. (a) shows the mean in each interval, (b) is the
standard deviation, and (c) illustrates the 50th percentile � . The co-polar component of the DTU1 and DTU2 patterns in the optical coordinate system has been
used in this example.

Fig. 10. Statistical measures for the logarithmic difference calculated for discrete intervals in the pattern level in the case of two ideal measurements influenced
only by a noise floor. The magnitude of the noise in pattern 1 is �� � ��� ��. (a) shows the mean difference, (b) is the standard deviation, and (c) illustrates
the 50th percentile of the absolute difference � .

A. Comparison of Two Spherical Near-Field Facilities

A total number of four spherical near-field measurement fa-
cilities participated in the comparison campaign. These were
DTU, RSE, UPM1, and UPC. A comparison of the DTU2 and
RSE measurement results in the optical coordinate system is
presented here.

Fig. 14 shows the radiation patterns in the plane,
which exhibit an agreement that is representative for the other
planes as well. It is seen that the co-polar patterns agree very
well except in the region around , while the cross-polar
patterns agree in shape, but disagree in level. The polarization
characteristics presented in Table IV show a difference of about
0.7 in the tilt angle, which explains the difference in cross-polar
level. This difference may be due to inaccuracies in alignment or
inaccuracies in determination of the optical coordinate system
with respect to the measurement coordinate system.

The weighted logarithmic difference is presented in Fig. 15
for the plane. It is seen that for the co-polar component
the weighted logarithmic difference does not exceed 0.25 dB
and generally stays below , while for the cross-polar
component it reaches in the main beam region.

Based upon the weighted logarithmic difference the standard
deviation and mean of the difference between the patterns have

been determined. This has been done for the co- and cross polar
components separately, and for both the full region
and for the boresight region . The results are pre-
sented in Table V. The smaller values for the full region are due
to the use of the weighting functions; more points with larger
differences are included, but these differences have a very small
weight as they occur at low levels. Different values for co-polar
and cross-polar components show that the latter is determined
less accurately.

Figs. 16–18 show the discrete level mean, standard deviation,
and 50th percentile, for the logarithmic difference. Comparing
these to the theoretical curves in Fig. 10, it is clear that the pat-
terns are affected by error sources that cannot be modelled by a
constant noise floor. For example, it is seen that the curves for
and are not monotonic, but oscillating with the pattern level.
For both the mean and standard deviation, it is noted that the co-
and cross-polar results show similar behavior for pattern levels
below , but different behavior for higher pattern levels.

B. Comparison of a Spherical Near-Field and a Far-Field
Facility

A comparison of the measurement results from the FTRD
far-field facility and the UPM1 spherical near-field facility is
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Fig. 11. Statistical measures for the logarithmic difference calculated for discrete intervals in the pattern level in the case of two ideal measurements influenced
only by a noise floor. The magnitude of the noise in pattern 1 is �� � ��� ��. (a) shows the mean difference, (b) is the standard deviation, and (c) illustrates
the 50th percentile of the absolute difference � .

Fig. 12. All patterns available in the optical coordinate system, � � � plane.
The presented patterns are DTU1, DTU2, RSE, UPM1, UPM2, and UPC.

Fig. 13. All patterns available in the optical coordinate system,� � �� plane.
The presented patterns are DTU1, DTU2, RSE, UPM1, UPM2, and UPC.

presented next. This comparison is performed in the electrical
coordinate system.

Fig. 19 shows the radiation patterns in the plane,
which exhibits an agreement that is representative for the other

TABLE III
THE PEAK DIRECTIVITY, PEAK GAIN, LOSS, AND ON-AXIS GAIN IN THE

MECHANICAL COORDINATE SYSTEM (A DASH INDICATES THAT DATA IS NOT

AVAILABLE)

TABLE IV
THE ON-AXIS POLARIZATION CHARACTERISTICS AND PEAK LOCATION IN

THE OPTICAL COORDINATE SYSTEM (A DASH INDICATES THAT DATA IS NOT

AVAILABLE)

planes as well. Noticeable differences between the co-polar pat-
terns are present in the region of side-lobes, while the cross polar
patterns are very low and agree fairly well.

The weighted logarithmic difference is presented in Fig. 20
for the plane.

Based upon the weighted logarithmic difference the standard
deviation and mean of the difference between the patterns have
been determined. This has been done for the co- and cross
polar components separately and has been done for the forward
hemisphere region , and for the boresight region
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Fig. 14. The DTU2 and RSE radiation patterns in the � � �� plane in the
optical coordinate system.

Fig. 15. Weighted logarithmic difference for DTU2 and RSE in the � � ��

plane.

TABLE V
STATISTICAL DATA FOR THE WEIGHTED LOGARITHMIC DIFFERENCE BETWEEN

DTU2 AND RSE

. The results of this investigation are presented in
Table VI. The values of the STD for the cross-polar component
are smaller than for the co-polar component. This may be due
to the weighting used in the calculation of the difference and the
low level of the cross-polar pattern in the electrical coordinate
system.

In Figs. 21–23 the discrete level mean, standard deviation, and
50th percentile, for the logarithmic difference, are presented.
Comparing these to the theoretical curves in Fig. 10 it is again
clear that the patterns are affected by error sources that cannot
be modelled by a constant noise floor. The and curves are
more linear in this case, compared to what was found in Figs. 17

Fig. 16. Absolute value of the mean ��� of the logarithmic difference in each
�� �� interval.

Fig. 17. Standard deviation � of the logarithmic difference in each �� ��
interval.

Fig. 18. 50th percentile, � , of the absolute logarithmic difference in each
�� �� interval.

and 18. Also, it can be noted that the co- and cross-polar results
have more similar behavior for all pattern levels.
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Fig. 19. The UPM1 and FTRD radiation patterns in the � � �� plane in the
electrical coordinate system.

Fig. 20. Weighted logarithmic difference for UPM1 and FTRD in the � � ��

plane.

TABLE VI
STATISTICAL DATA FOR THE WEIGHTED LOGARITHMIC DIFFERENCE BETWEEN

UPM1 AND FTRD

VI. CONCLUSION

This paper has documented a systematic comparison of eight
antenna measurement facilities, based upon different measure-
ment techniques and procedures, by the use of the DTU-ESA
12GHz Validation Standard Antenna. The comparison included
four spherical near-field facilities, two compact ranges, a planar
near-field facility, and a far-field facility.

Methods for doing comparisons of the measurement results
have been discussed and examined through use on measure-
ment results from the measurement campaign. Focus has been
on comparisons of patterns and a number of methods for cal-
culating the difference between patterns have been suggested.
Furthermore, various quantitative measures of merit for deter-
mining the similarity of patterns have been proposed. Based on

Fig. 21. Absolute value of the mean ��� of the logarithmic difference in each
�� �� interval.

Fig. 22. Standard deviation � of the logarithmic difference in each �� ��
interval.

Fig. 23. 50th percentile, � , of the absolute logarithmic difference in each
�� �� interval.

these measures, investigations were carried out for quantifying
the pattern difference of the full patterns and for quantifying the
pattern difference at discrete pattern levels.
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Comparisons of the measurement results have been pre-
sented. This includes a comparison of measured peak direc-
tivity and gain, antenna losses, peak location, polarization tilt
angle, and axial ratio. Furthermore, two detailed comparisons
of the measured patterns have been presented. The detailed
comparisons were between two spherical near-field facilities,
DTU2 and RSE, and between a spherical near-field and a
far-field facility, UPM1 and FTRD, respectively.

The comparison was conducted within the EU Antenna
Centre of Excellence with the primary purpose of obtaining
experience and results that can serve to develop standards for
validation of antenna measurement facilities. While facility
comparisons constitute only one of several measures for facility
validation, it is an important measure and, if conducted prop-
erly, it can provide very useful information on the accuracy of
the participating antenna measurement facilities.

From the present investigatory comparison, that has focused
on the radiation patterns, several significant conclusions have
been reached.

First, it is important to employ a physically stable reference an-
tenna with one, or more, well-defined coordinate systems. This
ensures that differences between measurement results are actual
differences between the measurements themselves—and not due
to changes in the reference antenna or due to the use of different,
or ill-defined, coordinate systems. The DTU-ESA VAST-12 an-
tenna is one good reference antenna and there is obviously a need
for a much wider range of such reference antennas.

Second, it is important to develop a detailed plan for the
measurement campaign itself as well as the subsequent data
processing of the measurement results. For the measurement
campaign the Verification Test Plan ensures that the measured
quantities and parameters are well-defined and that they are
reported in a common data format. Since it was a purpose of the
present comparison to investigate different procedures for data
processing, a plan for this was not adopted beforehand here,
but it is obviously of importance for the participating facilities
to know how their measurement results will subsequently be
processed and used.

Third, it would be advantageous that the reference antenna
could be assigned a reference pattern. The determination of a
reference pattern could be based on a combination of several
measured patterns, where each pattern is weighted according to
its accuracy estimate. Of course, this requires that accuracy esti-
mates from different facilities be based on standard procedures.
A reference pattern would obviously allow an effective bench-
marking of the participating facilities.

Fourth, it is generally important for facility comparisons that
standard procedures be developed for determination of accuracy
estimates. Such procedures would be different for different mea-
surement techniques and, for the same measurement technique,
may be different for different measurements procedures.

Fifth, the use of weighting functions allows emphasizing par-
ticular interesting parts of the pattern and de-emphasizing e.g.,
differences close to the noise-floors of the two measurements.
Here we have discussed and used different pattern and noise
weighting functions.

Sixth, there are numerous possible statistical measures that
can be invoked to characterize the difference between two pat-

terns; here we have considered traditional measures such as
mean, standard deviation, the th percentile, and the cumula-
tive distribution function. While the latter is most appropriate
for the full dynamic range of the patterns, the former three can
also be applied to intervals at different levels. These statistical
measures also form useful figures of merit for a condensed quan-
titative characterization of the difference between patterns.

Seventh, comparisons of measurement results potentially
allow the identification of sources of inaccuracy in the mea-
surements. This inverse problem requires that forward models
be established to determine how one particular source of inac-
curacy is reflected in the comparison. Here, we have presented
a simple model that relates the levels of different noise floors to
the statistical measures for the logarithmic difference between
two patterns. From the actual comparisons included here it
could thus be concluded that such noise floors are not the only
source of inaccuracy for these particular measurements. This
investigatory facility comparison has clarified a range of the
many aspects involved in validation of antenna measurement
facilities and provided useful information towards the develop-
ment of standard validation procedures. The present comparison
has focused on radiation pattern at a single frequency of 12
GHz and involved facilities of a generally high accuracy. Other
comparisons have been conducted within the Antenna Centre
of Excellence to cover many other antenna parameters as well
as other and wider frequency bands [28]–[31].
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