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EDITOR'S NOTE 
Estimating measurement uncertainty is an essential component of successful antenna 

measurements today. It is seldom the case that uncertainty can be directly or analytically 

determined; other characterization measurements or interrange comparisons are 

necessary. This issue's "Measurements Corner" column examines how interrange 

measurements have been successfully used in the European community to arrive at 

uncertainty estimates for each range, the specific European processes and collaborations 

used to develop standards, and the lessons learned during this status update. 

I n recent years, formalized facility 

comparison activities have become 

important for the documentat ion 

and validation of laboratory proficien

cy and competence and mandatory for 

achieving accreditation such as that of 

the International Organization for Stan

dardization (ISO) 17025 or similar orga

nizations [1]. Different intercomparison 

campaigns have been conducted on 

antenna measurements in the frame

work of various European activities. 

Such activities were initiated in 2004 

with the Sixth Framework Program of 

the European Union (EU) Antenna Cen

ter of Excellence (ACE) [2]. The work 

continued under the management of the 

European Association on Antennas and 

Propagation (EurAAP), supported by 

the European Cooperation in Science 

and Technology (COST) in the programs 

Antenna Systems and Sensors for Infor

mation Society Technologies (ASSIST) 

IC0603 and Versatile, Integrated, and 

Signal-Aware Technologies for Antennas 

(VISTA) IC1102, including still ongo

ing campaigns [3]—[5]. Results of these 

activities have led to improvements in 

antenna measurement procedures and 

protocols in facilities and standards [6], 

[7]. Due to the direct benefits available 

to the participants, the activities have 

been very successful, and partial out

comes have been published in IEEE-

referenced articles [8] -[18], 

The analysis and data elaboration 

resulting from these campaigns has 

fostered fruitful discussions and led to 

the modernization and harmonization 

of comparison techniques, such as the 

reference pattern method, including es

timates of uncertainty and equivalent 

noise levels. The very large set of mea

sured information collected in the cam

paigns constitutes a valuable database 

of information that could potentially 

be available to the antenna measure

ment communi ty for exploitation in 

further studies and analysis. As an ad

ditional benefit, the campaigns have 

initiated a dialog among different labo

ratories throughout Europe and the 

United States. 

We present the background, histo

ry, and status of the facility comparison 

activities within the EurAAP. The man

agement and data-collecting organiza

tion, discussed in detail, is crucial for a 

successful outcome. The data-elaboration 

strategies have recently been revised, and 

those results are summarized here. Four 

recent activities, some of which are still 

ongoing, are presented to illustrate typi

cal activities. 

The measurement of antenna gain/ 

directivity in a certain direction, or any 

other antenna performance parameter, 

is considered to be incomplete without 

knowledge of the measurement accu

racy. An important part of the facility 

documentation is, therefore, devoted 



to providing and justifying proper mea

surement error estimates [1], [6], [7]. 

Independently of the technology and 

measurement approach, most measure

ment ranges have internal procedures, 

uncertainty budgets, quality policy, ref

erence antennas for gain, and a cer

tain measurement experience. Some 

facilities even have certification as a 

reference facility, such as ISO 17025 

[1]. Such accreditation is a formal rec

ognition of that competence. In any 

case, the measurement uncertainty or 

error estimate for a given antenna in 

a given measurement range remains 

an approximation until this estimate 

has been successfully validated against 

other measurements. For this reason, 

all facilities, with and without formal 

certification, must regularly pursue 

activities to proper ly val idate their 

measurement procedures . The main 

goal of the facility comparison activi

ties is to provide a formal opportuni

ty for the participants to validate and 

document their achieved measurement 

accuracy and procedures by compari

son with other facilities. 

These campaigns have shown that 

comparative measurements that are 

based on high-accuracy reference an

tennas and involve different antenna 

measurement systems are important 

instruments in the evaluation, bench

marking, and calibration of the measure

ment facilities. They have also proven to 

be important instruments to investigate 

and evaluate possible improvements in 

measurement setups and procedures. 

Additional activities have involved the 

refinement of standard procedures and 

protocols and tools for verification, such 

as the facility comparison campaigns, 

giving rise to fertile discussion on the 

renewal and synchronization of the tech

niques to determine the reference pat

tern, noise level, and error budget. 

A BRIEF HIST0RY0F FACILITY 
COMPARISON CAMPAIGNS IN EurAAP 
Facility comparison campaigns are an 

important ongoing activity in the frame

work of the EurAAP working group 

(WG) on antenna measurements [3]. 

This work comes from the experience 

acquired during the Sixth Framework 

Program of the EU ACE [2], as report

ed in [8] and [15]. The antenna mea

surement activity of the ACE during 

2004-2007 began to define some ref

erence antennas, including the high-

directive reflector antenna Technical 

University of Denmark-European Space 

Agency (DTU-ESA) 12-GHz validated 

standard antennal2 [19] and two dual-

ridge horns, the Microwave Vision Italy 

(MVI)/SATIMO SH800 [20] in L, S, 

and C bands and the MVI/SATIMO 

SH2000 in Ku and Ka bands. 

The different campaigns related 

to an tenna measurement have been 

developed in collaboration be tween 

the C O S T act ions C O S T ASSIST 

(IC0603) [4], COST VISTA (IC1102) [5], 

and EurAAP, where a specific task for 

antenna measurement intercomparison 

is ongoing. To provide a comprehensive 

set of highly stable reference antennas in 

terms of type and bands (from L to Ka), 

the following campaigns (some are still 

ongoing) were selected: 

1) an L-band base-s ta t ion an tenna 

with directive-elevation-beam and 

wide-azimuth-beam [MVI/SATIMO 

base transceiver station (BTS)1940] 

2) an X-, Ku-, and Ka-band high-gain 

reflector antenna (MVI/SATIMO 

SR40-A) fed by an SH4000 dual-

ridge horn 

3) an L- and C-band medium-gain 

ridge horn (MVI/SATIMO SH800) 

with an absorber plate 

4) long-term evolution (LTE) Cellular 

Telecommunications Industry Asso

ciation (CTIA) multiple input, mul

tiple output (MIMO) antennas (in 

collaboration with the EurAAP Small 

Antennas WG). 

THEMVI/SATIMO BT51940 CAMPAIGN 
The MVIS/SATIMO BTS1940 antenna 

is a linear array with a dual slant of + 

45° or horizontal and vertical polarized, 

working in GSM1800 and Universal 

Mobile Telecommunicat ions System 

(UMTS) bands (1,710-2,170 MHz), as 

shown in Figure 1. The linear-array 

an tenna is specifically des igned to 

achieve excellent cross-polar discrimi

nation and mainta in a well-defined 

radiation pa t te rn in the direction of 

the bores ight axis t h r o u g h o u t the 

operational bandwidth. The BTS1940 

family of reference antennas is equipped 

with high-precision female N-type con

nectors for superior repeatability and 

durability. The nominal impedance is 

50 Q., with re tu rn loss values be t te r 

than 15 dB. The BTS campaign began 

in 2009 and ended in 2016. The BTS 

has been measured in all of the facilities 

shown in Figure 2. 

THEREFLECTORSR40A FED BYTHE 
SH4000 DUAL-RIDGE HORN CAMPAIGN 
To cover higher frequencies and higher-

directivity antennas, the MVI/SATIMO 

SR40-A fed by the SH4000 dual-ridge 

horn reference antenna (Figure 3) was 

selected. The SR40-A is a high-preci

sion offset parabolic reflector for wide

band high-gain antenna measurements. 

The circular interface allows the user to 

center the antenna with very high accu

racy. The alignment accuracy is esti

mated to be within + 0.01° on azimuth. 

This c a m p a i g n b e g a n in 2013, and 

measurements were concluded in 2016; 

data postprocessing is ongoing. The 

facilities that took part in the reflector 

SR40-A + SH4000 campaign are shown 

in Figure 4. 

TH E MVI/SATIMO 5H800 WITH 
ABSORBER PLATE CAMPAIGN 
The MVI/SATIMO SH800 is a dual-

ridge horn that combines a stable gain 

performance and a low-voltage standing 

FIGURE1. The MVI/SATIMO BTS1940-01 
high-accuracy reference antenna. 



Compact Test Range 
I SAAB 

f Spherical NF: 
I CELLMAX 

I DTU 

I MVGSG64 

I UNIOVI 

I UPM 

I UPV 
I Cylindrical NF: 

I MVISL18 

FIGURE 2.The facilities involved in the BTS campaign. UPM: Universidad Politécnica 
de Madrid; Saab: Svenska Aeroplan AB; SL: StarLab. 
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FIGURE 5. The MVI/SATIMO SH800 with 
an absorber plate. 

wave radio with wide-band frequency 

operation. The horn is single and linearly 

polarized with an excellent cross-polar 

FIGURE 3. The reflector SR40-A fed by 
the SH4000 dual-ridge horn. 

discrimination. The unique horn design 

suppresses any possible excitation of 

higher-order modes in the aperture and 

maintains a well-defined smooth radia

tion pattern in the direction of the bore-

sight axis throughout the operational 

bandwidth. In this campaign, the anten

na has been modified to provide a more 

stable setup. In particular, an absorber 

plate has been added behind the antenna 

to eliminate its sensitivity to the measure

ment setup, as shown in Figure 5. The 

campaign started in 2013, and by the end 

of 2015, all the European participants, 

shown in Figure 6, had measured the 

antenna. In 2016, the antenna was sent 

to U.S. facilities. 

THELTECTIA MIMO ANTENNA 
CAMPAIGN 
To also cover small antenna measure

ments, a campaign involving CTTA 2 x 2 

MIMO reference antennas (Figure 7) 

has been defined. The set of MIMO ref

erence antennas includes the following: 

1) the LTE Band 2 (1,930-1,990 MHz) 

a) good 

b) nominal 

2) the LTE Band 7 (2,620-2,690 MHz) 

a) good 

b) nominal 

3) the LTE Band 13 (746-756 MHz) 

a) good 

b)bad 

c) nominal. 

Good is a correlation coefficient 

of <0.I, bad is a correlation coefficient 

of >0.9, and nominal is a correlation 

coefficient of 0.5. Begun in mid-2015, 

this campaign is managed in collaboration 

with the EurAAP WG on small antennas 

and measurements. So far, only the IMST 

and the Microwave Vision Group (MVG) 

have measured the antenna. 
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FIGURE 4. The facilities involved in the reflector SR40-A + SH4000 campaign. 



FIGURE 6.The facilities involved in the SH800 + absorber plate campaign. 

MANAGEMENT OF FACILITY 
COMPARISON CAMPAIGNS IN EurAAP 
A campaign leader or institution con

ducts the facility comparison campaigns. 

The management of these intercom-

parison activities has been complex and 

requi res co r respond ing regula t ion. 

Each participant must sign an agree

ment document that contains the terms 

and conditions of involvement. For more 

delicate reference antennas, a packaging 

and handling instruction document is 

provided. The selected antenna is first 

measured in the campaign leader's facil

ity and is remeasured at the end of the 

campaign to ensure that nothing has 

altered the antenna during the course of 

the campaign. The antenna is shipped 

directly to each one of the participants 

with transportation insurance that must 

be covered by the transportation compa

ny. In recent years, the EurAAP activity 

budget WG has covered the transporta

tion costs and insurance for shipments. 

In addition, to ensure that no physical 

harm has occurred to the antenna dur

ing the shipping, each facility is asked 

for photographic documentation of the 

antenna and shipping box once it has 

arrived at the institution. 

Various laboratories are interested 

in measuring different antenna perfor

mance figures; so to meet everyone's 

needs, the following typical antenna 

performance figures common to most 

measurement situations are required: 

1) the peak gain ( IEEE definition) at 

discrete frequencies (may provide 

frequency sweep) 

(b) 

FIGURE 7. (a) and (b) The MIMO reference antenna for LTE. 

w TABLE 1. THE REQUIRED MEASUREMENTS 
FOR THE MVI/SATIMO BTS1940-01 CAMPAIGN. 

Full Three-Dimensional 

Gain Measurement Frequency Range 

Phi 

Theta 

1,500-2,400 MHz (5-MHz step) 

From 0° to 135° (45° step) 

From-180° to 180° (1° step) 

2) the directivity/gain patterns in appro

priate steps (Ludwig III Co/Cx) 

the data format of the electromag

netic data exchange or an excel file 

with a predefined format 

S parameters 

a photograph of the measurement 

facility 

6) a photograph of the mechanical and 

electrical setup 

7) the measurement procedure 

3) 

4) 

5) 

8) t he mechanica l /e lec t r ica l align

ment and the antenna under test 

alignment 

9) an uncer ta inty budget (not for all 

facilities; this information can be 

found in the section "Uncertainty 

Budget Consistency Check"). 

The campaign leader collects the 

measured and processed data for com

par ison process ing while following 

a strict procedure . The data of each 
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FIGURE 8. The gain radiation pattern, azimuth cut. </> = 0° at 1.71 GHz for 
weighted reference, DTU, UPM, SAAB, MVG SG, MVI SL, and CELLMAX. CO: copolar; 
CX: cross-polar. 
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FIGURE 9.The gain radiation pattern, elevation cut. </> = 90° at 1.71 GHz for weighted 
reference, DTU, UPM, SAAB, MVG SG, MVI SL, and CELLMAX. 

participant are unknown to other partic

ipants before they are officially released. 

Each participant can investigate his or 

her results by using a set of reference 

data (based on other measurements) 

that are provided by the comparison 

manager. If there are no evident errors, 

and the part icipant agrees, then the 

measured data are released and accept

ed in the campaign. The participant 

may also choose to investigate his or her 

measurement further or perform a new 

measurement to correct errors. Only 

after each participant accepts the results 

can the data be officially released and 

accepted in the campaign. Since 2005, 

completed facility campaigns have been 

published in several IEEE-referenced 

articles throughout the years and pre

sented at COST meetings. 

TABLE 2.THE FACILITIES 
' AND UNCERTAINTIES 

FORTHE REFERENCE 
PATTERN COMPUTATION. 

Facility Uncertainty (dB) 

DTU 

UPM 

SAAB 

MVGSG 

±0.240 

±0.313 

±0.525 

±0.500 

MEASUREMENT COMPARISONS 
To evaluate the results of an intercom-

parison campaign, it is critical to select 

the most reliable approach to deter

mine 1) the reference pattern and its 

uncertainty, which is derived from sev

eral independent measurements, and 

2) the correlation between the refer

ence pa t tern and each measurement 

expressed t h r o u g h t h e equ iva len t 

noise level. Many methods exist and 

have been compared in the literature, 

especially by the National Ins t i tu te 

of Standards and Technology, to ana

lyze measurement data sets with cer

tain values of uncertainties [21] that 

result from the national measurement 

laboratories of a Ku-band s t andard 

gain horn [22]-[25]. 

Research activities, the reliability 

of which has been verified with the 

available large amoun t of m e a s u r e 

ment data, have been administered for 

EurAAP WG5 components. We aimed 

to define the best approach to the fol

lowing activities: 

• determinig the reference pat tern 

and its uncertainty through a proper 

combination of measurements and 

weights and involving the uncertain

ty budgets of the results 

• evaluating the consistency of the 

declared uncertainty budgets 

• expressing the difference between 

two radiation patterns to compute 

the equivalent noise level between 

the reference pattern and each mea

sured pattern. 

THE REFERENCE PATTERN 
Defining a common best value among 

different measures implies the compu

tation of an average. Averaged data can 



be obtained through a simple mean or 

a weighted mean. The measurement 

results have different uncer ta in t ies 

because they are pe r fo rmed in dif

ferent facilities that are characterized 

by an es t imated uncertainty. There

fore, it is more reliable to take them 

into account using a weighted mean. 

A simple mean does not appear to be 

the best solution because it would give 

the same probabili ty to all samples, 

and it would be the best choice only 

if one was to perform an assessment 

in a randomly chosen measurement 

chamber each t ime. Thus , the bes t 

way to compute the reference pattern 

is to use a weighted linear mean, as in 

the following: 

n 

X ! U)iXiLm 

//Lin = M , (1) 

^ Wihin 
¿ = 1 

where n is the total number of partici

pants (and of measurements), i is the 

measurement of the ¿th participant to 

the campaign, and XiUa is the linear 

measurement. 

The value for the weight wi associat

ed with the ¿th measurement is given by 

WiUn = 
O-flin 

(2) 

where ffun is the linear uncertainty 

that is computed s tar t ing from CTdB. 

The uncertainty related to the mea

surement declared by each facility is 

CTLín = (10 
(ovaj/20) -Dx, (3) 

The u n c e r t a i n t y r e l a t ed to the 

weighted mean (1) is given by 

C^Lin - (4) 

UNCERTAINTY BUDGET 
CONSISTENCY CHECK 
The weights (2) for the computation of 

the reference pat tern depend on the 

uncertainty budget. As already men

tioned, the facilities are required to pro

vide a standard deviation o that is useful 

to quantify the range in which the mea

surement errors are distributed. This 
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FIGURE 10. The gain radiation pattern, azimuth cut. <f> = 0° at 1.92 GHz for weighted 
reference, DTU, UPM, SAAB, MVG SG, MVI SL, and CELLMAX. 
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FIGURE 11.The gain radiation pattern, elevation cut. <f> = 90° at 1.92 GHz. Weighted 
reference, DTU, UPM, SAAB, MVG SG, MVI SL, and CELLMAX. 

expresses with 68.3% confidence that 

the measurement error is within this 

level (99.7% is 3 a ) , assuming a normal 

distribution. Each facility calculates the 

uncertainty using its own procedures. 

The selected methods to check the 

consistency of the declared uncertain

ties include the 1) standard deviation, 

2) Birge ratio [26], and 3) E and Z scores. 

A common strategy in facility com

parisons is to exclude one or more results 

that do not conform to the general 

consensus so to avoid having a bad result 

that "pollutes" the campaign. However, 

because these campaigns contain statisti

cally few participants, such a procedure is 

an expensive way to ensure convergence. 

A further drawback of this approach is 

that the excluded participants are put in 

a delicate situation. Wrong measurement 

results are often due to human error or 

component failure. The purpose of the 

facility comparison is not to investigate 

such errors but to validate and confirm 
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FIGURE 12 The equivalent noise level in the azimuth plane forthe copolar 
component for DTU, UPM, MVG SG, MVI SL, and SAAB. 
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FIGURE 13.The equivalent noise level in the elevation plane for the copolar 
component for DTU, UPM, MVG SG, MVI SL, and SAAB. 

uncertainty budgets based on correctly 

executed procedures and equipment. 

EQUIVALENT NOISE LEVEL 
DETERMINATION 
The correlation between each measure

ment and the reference pattern can be 

expressed though a single value. All of 

the deviations with respect to the ref

erence pat tern are converted into an 

equivalent noise level, the expression for 

which, evaluated on a limited (±45° or 

±60°) theta cone when directivity data 

are available, is the following: 

EqN 

y l v- / Din 
CO,CX " - Din ref_co,cx \ 

TI — 1 .f^i \ DírCo,ref,boresight / ' 

(5) 

where n is the total number of points 

comprised in the theta cone (this value 

is 91 if the cone is +45° and 121 if the 

cone is + 60 °), i is the point of the theta 

cone 0i = - 45° or -60° and 0„ = 45 c 

or 60°, Dir;_Co,cx is the directivity (Co or 

Cx) of the measured pattern at the theta 

point 0i, Dir;_ref_Co,cx is the directivity 

of the reference pattern (Co or Cx) at the 

point 9i, and Dirco,ref,b oresi ght is the direc

tivity of the copolar component of the 

measured pattern in boresight. 

The formula for the equivalent noise 

(5) corresponds to the computation of 

the roo t -mean-square (rms) e r ror of 

the expression inside the round brack

ets. If only the gain is available, to have 

a value that gives information on the 

pa t t e rn envelope er ror wi thout be 

ing affected by the gain error, mea

sured directivity data must be replaced 

by the GainOffset, which is obtained 

by subtract ing a constant offset (in 

decibels) all over the measured gain 

pattern as follows: 

GainOffsetdB = GaindB — OffsetdB (6) 

and the offset is given by 

O f f s e t d B = GaindB,coJ»resight 

— GaindB,co,ref_boresight. (7) 

The offset application corresponds to a 

normalization with regard to the bore-

sight reference. Therefore, the formula 

to be used is 

EqN 

/ GainOffsetco.xp - Gainref_co,xp \ 
= r m s TT-. . 

\ vjamco.refboresight / 

(8) 

MVI/SATIM0BTS194001 
CAMPAIGN RESULTS 

TEST PLAN AND RESULTS 
The tes t p lan and t ype of m e a s u r e 

ments for the MVI/SATIMO BTS1940-

01 campaign are reported in Table 1. 

Results that are shown hereafter are 

referred to by the following facilities: 

DTU, UPM, SAAB, MVG SG64, MVI 

SL, and C E L L M A X . The weighted 

reference pattern has been computed 

according to these facilities, and uncer

tainties are reported in Table 2. 

RADIATION PATTERNS 
The measured copolar and cross-polar 

pattern at phi = 0° and 90° at 1.71 and 



1.92 GHz are compared to the weighted 

reference pattern [calculated with (1)] 

from Figures 8—11. In the cut phi = 90°, 

the angular range has been reduced the 

range - 6 0 ° to +120° because of some 

d isagreements among the pa t t e rns 

caused by positioner effects of the dif

ferent range types. 

EQUIVALENT NOISE LEVEL 
The equivalent noise level computed 

with offset gain patterns in a +45° theta 

cone is reported in Figures 12 and 13 

at 1.71, 1.92, 2.17, and 2.20 GHz. The 

noise level has been calculated in the 

azimuth and in the elevation planes for 

the copolar component. The values of 

the peak gain are reported in Table 3. 

The equivalent error level as a func

tion of theta at 1.71 GHz is shown for 

the copolar components in the azimuth 

and elevation planes for all facilities in 

Figures 14 and 15. 

CONCLUSIONS 
We presented the status of facility com

parison activities during the last ten 

years supported by EurAAP. Due to 

the nature of such campaigns, the dura

tion is often measured in years and con

stitutes serious time commitments and 

financial investments by the participants 

and campaign leader. A campaign can

not be successful unless the participants 

have full confidence in the organization 

of the campaign. 

To b e successful, t he campaign 

must have well-defined and document

ed procedures for all of its aspects. 

It is, therefore, highly important that 

the purpose of the campaign is com

municated. In particular, the participa

tion agreement containing the terms 

and the conditions of the part icipa

tion must be signed. For more delicate 

reference antennas, a packaging and 

handling instruction document is used. 

However, an important lesson learned 

is that the campaign cannot fully rely 

on only wr i t t en documenta t ion , so 

the leader must also act as a personal 

contact support. 

The campaigns have shown that 

comparative measurements based on 

high-accuracy reference antennas and 

involving different antenna measurement 

Frequi 

(GHz) 

1.71 

1.92 

2.17 

2.20 

TABLE 3. THE PEAK GAIN AND OFFSET CORRECTIONS. 

•ncy 

REF 

15.54 

16.07 

16.60 

16.58 

DTU 

15.51 

16.15 
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16.73 

UPM 

15.48 

16.00 

16.39 

16.43 

Peak Gain (dBi) 
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SG64 

15.64 
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16.37 
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15.69 

15.60 

16.03 

15.95 

SAAB 

15.72 

16.24 

16.41 

— 

CELLMAX 

15.57 

16.23 

16.54 

16.50 

-25 

m -30 

J -35 

§ -40 

-45 

-50 

-55 

-60 

-65 

-70 

\ • Jilt ill 

J\ \A' 
/. 

^ 
H1 

- 1 8 0 - 1 5 0 - 1 2 0 -90 -60 -30 30 60 90 120 150 180 

- DTU - UPM - SAAB 

— MVG SG64 — CELLMAX - MVI SL 

FIGURE 14.The equivalent noise level in the az imuth plane w i th regard to theta, for 
the copolar c o m p o n e n t for DTU, UPM, MVG SG64, MVI SL, SAAB, and CELLMAX at 
1.71 GHz. 

120 

- DTU - UPM - SAAB 

— MVG SG64 — CELLMAX - MVI SL 

FIGURE IS .The equivalent noise level in the elevat ion plane w i th regard to theta, 
for the copolar componen t for DTU, UPM, MVG SG64, MVI SL, SAAB, and CELLMAX 
at 1.71 GHz. 



systems are impor t an t ins t ruments 

in the evaluation, benchmarking, and 

cal ibrat ion of m e a s u r e m e n t facili

ties. EurAAP will continue working on 

these campaigns. The large amount of 

measurement information collected in 

the framework of these campaigns is a 

valuable database that could be made 

available to the antenna measurement 

community and exploited for further 

studies and analysis. 
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