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1. Scope

During the TSGR4#13 meeting a study item was established titled “Feasibility Study of UE antenna efficiency test methods performance requirements”. See ref [1]. This is the final report of the study item and the references [2]-[5] are papers presented at RAN4 meetings in between excluding a number of short status reports etc. The scope is to define test methods for radiated power, receiving sensitivity etc. including the antennas in real use and applicable to the wide use of various types of 3G terminals. Another scope is to define the test methods in such a way that they are applicable or at least translatable to measurements done for different purposes during the whole development chain from prototype antennas over type approval to comparisons of products on the market. 

For type approval alone the suggestion (ref [5]) is to keep to a method close to the newly presented CTIA draft for mobile telephones in ref [7] and its associated ref [6].

In this paper a fairly general study of the methods for measurement of terminal antennas is done. The first step in the classification used below is based of the fields used for communication with the terminal antennas. Several limitations for antenna measurements are investigated with special regard for omnidirectional antennas. This is as a continuation of ref [2]-[3] and an addition to ref [4] which is a part of the investigations behind the CTIA draft [7]. One of the conclusions from this study is that the mobile communication systems of today incl. 3G systems calls for other types of antenna test facilities than the very old mobile phone systems (at 450 MHz or lower) which so far appear to have set much of the industrial standard. They also call for other types of antenna test ranges than presently in use for high gain antennas as the optimum test range for low gain antennas is very different from the optimum one for high gain antennas. 

2. References

[1] R4-000732. Feasibility Study of UE antenna efficiency test methods performance requirements. Rapporteur is Olle Edvardsson for Allgon Mobile Communication AB (present mail: olle@vosab.se).

[2] R4-010396. Feasibility Study of UE antenna efficiency test methods performance requirements-summary of methods (Allgon). 

[3] R4-010630. Feasibility Study of UE antenna efficiency test methods-status report (Allgon). 

[4] R4-010656. Methodology for Characterization Real-World Radiated Performance of Mobile Phones (Motorola).

[5] R4-010966.  UE antenna efficiency test method (Motorola).

[6] R4-010954. Mail from Susan Pollard at CTIA regarding the use of ref [7] below

[7] CTIA Method of Measurement for Radiated RF Power and Receiver Performance– May 2001, Draft Revision 1.0

[8] Luis Correira: Wireless flexible personalized communication. “COST259 book”. Wiley 2001

[9] Fujimoto: Mobile antenna systems. Artech House 2001.

[10] Kent Rosengren: Lic thesis CTH 2001. 

[11] J E Hansen: Spherical near-field antenna measurements. Peter Peregrinus Ltd 1988

[12] R Harrington: Time-harmonic electromagnetic fields. McGraw Hill 1961 

3. Background

The measurement of antenna efficiency is a fairly complex task and to sort it up a survey of basic test parameters, test conditions and basic test methods is done below. At first sight it appears straightforward to translate system requirements to a suitable selection of test parameters/test cases to design kind of “ideal test method”. At least with traditional antenna test methods however neither the complexity nor the test time of such an “ideal test method” did meet the expectations of the users. In most test methods presently in use some simplified method is used or proposed and from the survey below it can be deduced which the losses of information can be expected when various simplifications are applied. The last few years the development of instrumentation has made it possible to achieve the something similar to the above mentioned “ideal test method” with short test times combined with high accuracy. The final conclusion in this report is intended to be a sketch of a tool to make a choice between different methods but also to create a sort of cross reference to translate different methods to each other or rather to tell which measured parameters can be translated or not. It is recognized that even if an “ideal test method” can be advised and implemented a lot of less demanding tests will be done with existing (and perhaps simpler) test methods but it is good to know where a data translation is feasible or not. 

Type testing of mobile phones so far has been done with galvanic connections and excluding the antennas. The last 10 years it is from numerous measurements well established that the efficiency loss when a conventionally designed voice phone is used in talk position is in the order of 10 dB (ref [8]-[9]) which is far too much to be neglected and left unlimited. Obviously it takes a verified test method to include this important need in a test like a type approval but earlier the practical difficulty to formulate a good test method made it not acceptable for the users.

It would be valuable with a generally accepted test method for all kinds of tests related to mobile terminal antennas. It should finally be added that there is a newly issued draft for test specification for type testing voice terminals from CTIA (ref [7]) which in many parts follows the conclusions (mainly based on physical considerations) given below. In this report the intention is a wider scope than type approvals of voice terminals but anyway some kind of cooperation is recommended for the further development (see ref [5]).  

4. Test philosophy and use

Type approval and production of mobile phones have traditionally been done with some kind of galvanic connection (typically a 50 ohms connector) but on the contrary all phones are fitted with antennas while they are in practical use. Besides the number of phone models fitted with a separate 50 ohms connector are decreasing. From present mobile terminals it is known that the loss in talk position is several dB and in many cases even over 10 dB and it is thus inevitable to include the antennas in any realistic test. Especially with third generation systems the need for antenna gain is bigger in order to achieve the wide bandwidth without unnecessary loading of the system. Thus it is even more important than in the present systems (GSM, D-AMPS, CDMA etc.) to formulate minimum requirements for the antenna gain while in practical use. “Practical use” means for GSM phones that typically 10 dB is lost in the head and hand of the user. In the long run it will be necessary to improve this and a standardized test methods is obviously an important tool to accomplish that. For different reasons quite a number of methods for antenna measurements have been used in the past but a single well defined method is urgently required for the third generation terminals. Furthermore a kind of translation to other methods is required as we must assume that a number of different methods will be in use parallel. That may be acceptable but may also imply that some parameters measured by different methods are not comparable while other are. Furthermore an increasing number of systems will have diversity so within the same test set-up parameters for diversity must be possible to measure.

For transmitter and receiver band two basic parameters are TRP and TIS. The term total radiated power (TRP) refers to all radiated power over all directions and polarizations. With knowledge of the power fed to the antenna TRP can if desired be translated to average gain which is closely related to antenna efficiency. The corresponding measurable quantity on the receiver side is TIS (total integrated sensitivity) which also is closely related to antenna efficiency. TRP and TIS are defined in R4-010656. With TRP and TIS introduced this discrepancy between practical use and lab tests can be bridged. Five test needs for a good definition are:

UE certification obviously is an important use with high accuracy requirements. A selected number of characteristic test cases are chosen. For certifications the accuracy and calibration process is necessary to define accurately as otherwise different test labs might arrive to different results which in worst case could give different (i.e. unacceptable) approved/disapproved logic. 

In power budget calculations (even for coverage predictions) many times a supposed standard-value (like –3 dBi or even 0 dBi for UMTS) is used. This assumed value needs to be replaced by a value deduced from TRP/TIS which can be measured and specified. This would give more realistic coverage calculations which is especially important for UMTS system where wideband coverage anyway will be somewhat local. 

A third use is to compare different implementations like different handsets, different antenna solutions or different uses. This may appear as less important than type testing but in a world of competition it is important to get correct steering information to develop and evaluate new equipment.  

Another very important use is to have comparable test methods over the development cycle aiming to ensure that the early antenna prototype giving the best performance also should lead to a performance among the best when finally measured on a live handset. Published test methods so far have not focused on this point.

Production test is another test which should be able to deduce from the full test but the production test of course is very reduced and should be seen together with all other production test cases to sort out faulty units or a faulty process rather than verify basic system function.

Below the test parameters are listed and compared to different basic test methods. The investigation is focused on the electromagnetic fields and how they are created while test instrumentation etc. is of standard type. Test instrumentation will develop over the time and be a bit different for different systems but a formulation around the wireless propagation should aim to be sustainable for such changes. A matrix will be derived to see how well different methods fulfills the stated requirements and where improvements are needed. If hypothetically testing time and costs should be without importance an ideal method can be thought of and starting from that ideal test case the losses in accuracy etc. by different methods can be estimated for different practical simplifications.

The test parameters are listed under point 5 below while the test conditions are listed under point 6. For a well defined test a number of test conditions are chosen and the full or a limited range of test parameters are chosen. Depending of the purpose of the test the list can be of very different length. For some purposes (such as type approvals) many tests and good accuracy are needed while other purposes might be less demanding and consequently demanding less test time. One part of the future work is to formulate the ideal test method while another part of the future work is a kind of cross-reference table telling which methods/results are comparable. The practical possibilities to implement a good and fast “ideal method” have greatly increased the last few years.     

5. Test parameters

In a way “antenna efficiency” can be said to be the basic parameter to be measured by the methods discussed in this paper. The efficiency can not be measured directly but is based on the TRP (Total Radiated Power) and TIS (Total integrated sensitivity) discussed above and defined in R4-010656. A number of parameters can be listed which are supplementary parameters for the efficiency:

1. Primary test parameters are power, amplitude, phase, BER etc. and may be a bit different for different systems. However some conclusions may require some of this parameters and the choice of instrumentation must be done accordingly. TRP and TIS are the two most important parameters and are defined in R4-010656. It should be noted that TRP/TIS typically refers to a omnidirectional weighting factor which is different from the concept MEG (Mean Effective Gain) where a weighting factor corresponding to real field distribution is used. As will be discussed later a recalculation can be applied if MEG is required. Even if an omnidirectional weighting factor is used for practical reasons the MEG is required when it comes to power budget calculation.  

2. Absolute accuracy of efficiency is obviously important both for power budget use and for comparison of measurements done at different labs using different methods. Methods and instrument calibrations are two of the many contributions. Some methods may show limited capability for absolute accuracy. The accuracy is TBD but must be about (1 dB (or preferably better) in order to get comparable type approval results from different test houses.

3. Repeatability of efficiency is important to consider as many methods using real or simulated fields are by their nature are statistical. Repeatability will always be an issue when it comes to comparisons using a limited testing effort. 

4. Directional properties must be taken into account as both fields and terminals have directional properties. Different fields (indoor, outdoor etc) will interact different with different terminals and must be known. For instance free space and talk position for a voice terminal will be very different. Associated with this is a need for investigation of how dense the measurements must be done to make a fair average.

5. Polarization properties must be taken into account and generally both polarization, phase and amplitude must be known to calculate the influence of various environments. Normally horizontal and vertical polarization have a few dB different propagation properties.

6. Diversity parameters are basically gain for the two antennas, correlation between signals from them and coupling between them. For active phones this are replaced by system specific parameters. 
7. Trace-ability means that basically the same method must be possible to use all the way from early antenna prototypes to a phone from the shelf in order to get comparable results. Instruments will be different for tests at various stages but the basic way of treating the fields should be similar to make it possible to translate the test values. 

8. Equipment complexity should preferable be simple but a scientific correct method is more important at least as a standard. Various simplifications will be studied to see what information is lost for various simplifications. 

9. Measurement time is very important as most tests include a number of different positions etc. Especially tests using statistical properties may be time consuming as something like a few hundred to 1000 samples typically are required to estimate a Rayleigh distributed signal as accurate as a deterministic signal. 

6. Test conditions

The test parameters are measured for a number of test conditions. There is some mixing between conditions and measured parameters but basically the test conditions are chosen from a list while the results are measured or observed.

1. Free space measurement is an important and uncontroversial standard test however with very limited connection to real use. It should also be recalled that there is a big difference between real “free space” for an insulated phone and the case with a phone connected by a cable to some test equipment. For antenna measurements on a passive mobile phone the cable and the support structure are potentially big sources of error.  

2. Talk position with a real person is important as a kind of reference for research purposes but must be understood in a statistical sense as all persons are different both as individuals and from time to time. The gripping of the phone has been shown to be very important. One position each in both left and right position should at least be measured.

3. Talk position with phantom is the typical practical method but needs a number of definitions like type of phantom, positions etc. Similarity with SAR phantoms is used for practical reasons but there are definite difference in regard to what should be seen as “worst case” for SAR and efficiency testing respectively. A number of different phantoms have been used in the past for efficiency measurements but the similarity with the SAR needs and the increasing importance of SAR is a strong argument for the SAR phantom.

4. Dummy hand and other near zone effects are of comparable importance as the head phantom and for many 3G terminals the head phantom may even less adequate than hand and other near zone influence. For 3G UEs there is a lot to investigate here and among the new test cases “on a wooden table” and “on a metal table” are obvious.  

5. Frequency dependence (incl. up/down-link) is important as most antenna structures are narrow-band and will change their center frequency due to near zone effects. Usually the phone antennas are narrow-band devices and the center frequency will for most phones be lower in talk position as compared to free space. It is thus necessary to arrange antenna gain tests to take such changes into account. Type testing requires channel by channel measurements (each 0.2 MHz etc.) while as a minimum at least three channels (lowest-middle-highest) should be measured in both TX and RX band to reveal poor bandwidth. 

6. Up-link/down-link test methods are different for real phones and generally includes a network tester. For up-link the power received from the phone is measured while typically BER in the terminal is measured for down-link. The BER measurements takes several times longer time than a plain power measurement but there are simplified methods based on for instance RXLEV in GSM which can be temporarily calibrated to increase its accuracy on the fast RXLEV data.

7. Different phone systems must be possible to measure with the same basic methods but with some different instrument (or settings). Development goes toward a system tester capable for many systems.

8. Active/passive phone may be more or less complicated to implement with different methods but it is of course important to include both. Preliminary antenna tests are passive only while tests on live phones are active only. A unified methodology is thus desired to compare measurements made during different development stages.

7. Principal methods for antenna efficiency testing in a wide sense

As the focus here is on the wireless propagation the main division of various test methods is made after the method of creating or simulating the fields and three basically different methods have been employed. The list below is a list of used possibilities and after comparing to the list of required performance a selection of one or more principal methods can be done.

7.1 Real field measurements. 

In a very theoretical way a sufficiently big and diversified practical test will give the efficiency etc. to an arbitrary accuracy. The basic principle was applied by the pioneer company Motorola long time ago where they used a person walking around a prescribed path while communicating with a base station or a system test instrument (like the much newer instruments CMD55 or CMU from Rohde &Schwartz). Telia in Sweden use a related method adaptable for a phantom head and published in a number of SMG2, COST259 and RAN4 papers (ref[8]). The “walking around” is by Telia substituted by repeatable rotations still in a typical propagation environment and arranged to give a sufficient number of stochastically independent samples. This can be done with fairly simple instruments but the statistical basis will anyway require extensive measurements to make the result converge to an average with a good accuracy. One obvious problem is the number of measurements to test many different environments. This method produces the mean effective gain (MEG) but only for the used environment. It can be assumed that the variation different “typical indoor” environments is much smaller than between “typical indoor” and uniform field distribution. It is obviously desirable to get MEG for different and typical environments but if a “typical indoor” environment could be defined that could serve as a base for comparison.

As digital phones are registered and can be reasonable localized the “walking around” idea can even be extended to a full network in a large or very large scale. This will in a sense result in readings finally converging to a true result related to real use. However two of the obvious drawbacks are that the result will arrive far too late for a model under preliminary design and that the effort is unacceptably expensive or impossible for other reasons. 

The real test obviously relates to the whole unit rather than the antenna. In case isolated antenna data are required calibration have to be done by a known antenna. If the DUT is much depending on the environment (i.e. if it is pronounced directional especially in elevation) different environments will give different results but probably to a limited extent. By comparing with a known DUT and by testing the stochastic distribution of the samples the results can be reproduced but the stochastic method still has its weak point in the test time and besides very different environment with pronounced different elevation distribution will give different results.    

7.2 Full antenna pattern measurement 

The by far most common measurement is based on measurements made in an echo free chamber. The make the result accurately applicable to the real case we also need field data of measured input field. This will give access to all information about the fields around the terminal with its user and with knowledge of the fields in various environments this method will give full information without the extensive set of data required for a method based on real fields. As will be discussed later typically amplitude and phase in both polarizations will be required with sufficiently good angular resolution. Many antenna pattern test methods were developed when the frequencies were 450 MHz or lower and at that time a three-cut pattern test was sufficient (i.e. xy-, xz amd yz-plane). However the higher frequencies make the old test methods obsolete as is discussed in appendix C on required angular resolution. For the earlier low frequencies all patterns looked very similar (like dipole patterns) and were easy to characterize for instance by their maximum gain.      

Many reported tests still are related to this basic method with usually a few cuts only for the measurement of antenna pattern. The actual need for angular resolution is much bigger than that as will be discussed in appendix C. The use of an old test methods means a hard data reduction and it is an important question to judge the capability of various simplified methods where the number of antenna test cuts are chosen after what is considered as practical rather than after what is actually needed. Historically the instrument development works in favor of better resolution as faster and more advanced instruments are available. System development (5 times higher frequencies (2250/450 MHz)) even makes it necessary with much more measurement cuts now than earlier but a number of better and faster antenna test systems have also occurred on the instrument market. 

As long as linear operation only is considered there is no limitation in the possibilities to obtain data accurately simulating any case of real scattered field by post processing of test data from sufficiently good full antenna pattern measurements.   

7.3 Artificial scattered field 

In various environments it has been proposed to use an artificial scattered field for antenna efficiency tests. One method is a metallic chamber with one or more stirrers in which the transmission between two units (DUT and a test antenna) is measured to evaluate an average value while the stirrers are moving. Possibly several antennas (pseudo randomly fed) in an echo free chamber can do the same. The metallic chamber with stirrers is a method used for EMC tests. In contrast to the two basic methods mentioned above there is, at least for the metallic chamber, no obvious convergence to a true value. Lack of similarity between the real field and the artificial one is likely to get differences in the final result (which may be of acceptable size or not). The signals in the mode stirred chamber are very different from what is experienced in real use (like bigger delay spread) so real phones may experience problems. A new and extensive treatment of this method is found in ref [10].

A conceptual understanding of this kind of chamber is based on the number of resonant modes within the frequency band used for averaging. Each resonant mode corresponds to a direction. With a sufficient number of resonant modes a sufficient averaging over the directions and a sufficient statistical sampling can be obtained. The number of resonant modes increases with the chamber volume in  and from the presentation of ref [10] around 50-60 seems to be a lower limit for the full TX-band 880-915 MHz. A good frequency resolution thus needs a quite big box and a long test time to cover a small fraction of the frequency band.

7.4 Other methods

Among dedicated antenna efficiency test methods the well known “Wheeler Cup” could be mentioned. As it is only usable on separate antennas (possibly including some passive phones) in free space it is not considered further here. 

7.5 Some examples of implementations

The various practical implementations of the three basic methods to treat the fields can be sorted in the following list. Most of the examples refer to papers presented in COST273SWG2.2 or its practical predecessor formed by ECTEL/SMG2:

Real field: “Walking around” in a literary sense (old method from Motorola and others), “double rotating” (Telia), “passive use of network” (walking or driving around in a real environment), “network based local” (single mobile recorded during known movements close to a base station or a test instrument) and “network based large scale” (large scale recording of actual traffic). This kind of measurements are important for validation of other methods but with few exceptions they are far too time consuming for routine tests. The main limitation is that the statistical nature of the measurement requires quite a number of tests to get the stochastic variation down. 

Full antenna pattern: True “2-axis test chamber using mechanical/mechanical movement” (Alcatel, Toshiba, Orbit, Nokia, CPK and others), true “2-axis chamber using electrical/mechanical movement” (Satimo) and “1-axis chamber with a number of cuts” (CSELT, IMST, Orange etc). Various use of environment measurements or estimations for evaluation. Incoming fields have been studied by CPK, Nokia and others. Compared to the other two methods this has the potential of being very fast as it do not use stochastic methods.

Artificial fields: ”Reverberating chamber” (FOI, Sweden(Mats Bäckström)), “Mode stirred chamber” (Chalmers and other) and “multiple antenna chamber” (not reported) can be thought of. It is not clear how much attenuation is acceptable within the chamber before the statistics will turn bad. Another question mark is how well a phone will work is this special signal environment which is quite different from a real signal.

8. Basic fulfillment of requirements 

The three basic ways to treat the radio fields will have different influence on the different test parameters. It is fairly complicated with the big number of systems but in a simplified way the following matrix can be set up. The term “convergence” is used to indicate ability to improve measurements by increasing the number of samples:  

	
	Real field
	Full antenna pattern
	Artificial field

	Primary test parameters
	Through system tester/base station only
	Phase/polarization necessary
	Amplitude only. System tests may be difficult.

	Absolute accuracy
	Long convergence time needed due to the statistics
	Can be good already for a small number of measurements
	Statistical conver-gence is OK but a big chamber may be required.

	Repeatability
	Statistic variation
	Good
	Statistic variation

	Directional
	As good as real field is known
	OK
	Can not be included

	Polarization 
	As good as real field is known
	OK
	Can not be included

	Free space
	OK as a comparison
	OK
	Non real distr.

	TP real (=human)
	OK as a comparison
	OK
	Difficult

	TP Phantom
	OK as a comparison
	OK
	OK

	TP phantom+hand
	OK as a comparison
	OK
	OK

	Frequency dep.
	OK but limited by available channels 
	OK
	Limited resolution related to chamber size and test time.

	Up/down-link
	OK
	OK
	?

	Different systems
	OK
	OK
	OK

	Active/passive
	Passive may be difficult fore some.
	OK but different systems may have different solutions
	Active may be difficult/impossible.

	Trace-ability
	Comparison
	OK
	Comparison

	Complexity
	Fairly simple and using standard type equipment
	Standard antenna test equipment if designed for omni antennas.
	Special box less costly than antenna test chamber.

	Time
	Around 10  minutes per each measurement
	5 min and up but heavily depending on system
	10-20 minutes per each measurement.


9. Some basic limitations related to use

For each of the three groups there are some typical limitations some of which are listed below.

	
	Real field
	Full antenna pattern
	Artificial field

	Data for power budget calculation using real phones
	Slow convergence but ultimately to a correct value corresponding to chosen fields.
	Fast measurement but depending on the use of correct field assumptions.
	Fast measurement but limited to an average of the artificial field used. Chamber size etc may limit accuracy, frequency resolution etc. 

	Comparing different phones and antennas, research etc.
	Slow convergence or poor accuracy. 
	Good accuracy and fast results. A straight average may be used.
	Faster and more controllable than a real field. Slower and less accurate than a good antenna pattern.

	Antenna develop-ment (on phones)
	Too slow convergence.
	Good
	Fair

	Early antenna development
	Too slow convergence.
	Standard method
	Fair for gain but no details available.


10. Conclusions of test methods

The points 5-6 above and the appendices below give a number of conclusions:

A method based on the full antenna pattern should be used both to give all required data and to avoid the long test times associated with the scattered field methods based on stochastic evaluation. The full antenna pattern can typically be used to post-process any type of real field as long as systems working in the linear range are concerned. The antenna pattern measurement technique can also be used at all stages of the development procedure in a comparable way.

The choice of method for measuring the full antenna pattern must be done by great care to obtain a reasonable accuracy. Only the spherical geometry seems to fulfil this among realisations presented so far. The residual echo level of the room is one of the accuracy limitations and is also generally improved by the spherical geometry.

Conical cuts are most easy to adopt to real field by inserting a weighting factor depending on the angle  from the vertical axis (with “vertical” referring to a head in normal position which as a reference can be substituted by a real person). 

Measured data and measurement conditions are not critical for the choice of method but depending on the type of system the choice of instrumentation will influence the test time. It should be pointed out that the frequency resolution is important and even in cases where each channel is not measured a minimum resolution of 3+3 frequencies (min, middle and max in RX and TX bands) is required to distinguish how well the many times narrow band antenna matches the requirements.

11. Recommendations

An echo free chamber with a spherical turntable geometry and preferably conical cuts seems to be the only realistic implementation for high accuracy measurements allowing short test time. A sufficiently low residual echo level (maybe 0.5 dB peak to peak) and a good angular resolution (15( if at least a coarse pattern estimation is required or 30( if power integration is sufficient) are two basic requirements.

Appendices on important associated topics

Appendix A. Residual reflection level in echo free chambers with regard to omnidirectional measurements

A1 General

Accurate measurements on low gain (omnidirectional) antennas for rather low frequencies are in many ways much more demanding on the chamber than more conventional antenna measurements for high gain/high frequencies. This appendix A discusses the residual echo level while appendix B is about rotation geometry.

Three typical problems with “echo free chambers” have to be taken into account:

They are not literary “echo free” but a spatially oscillating deviation (residual echo level) of the fields in the order of 0.5-2 dB (or more) can be experienced as a result of stray reflections and this is an important part of a verification procedure of the chamber. The residual echo level will set an ultimate limit on the accuracy obtainable in that chamber and the level depend on the attenuation material as well as on the geometry.

The performance due to the residual reflections is sharply worsening at lower frequencies. The thickness of the attenuating materials should be at least 2-3 wavelengths which is quite thick below 1 GHz. The thickness is subordinate to the reflection level and the residual echo level is depends booth on the material and the geometry.

Echo free chambers are fairly heavy investments for most organizations and are typically built for a wide range of purposes of which directional antennas in many cases are the critical ones. Rooms which are not built for omnidirectional antennas tend to be un-sufficient for that purpose. Residual echo levels verified for directional DUTs (such as >10dBi) can be completely misleading when it comes to low gain antennas ((0dBi excl losses). 

Thus various types of geometries are optimal for different purposes. Quite many chambers are built for preferably high gain antennas having rather narrow lobes. In such cases the distance is the most critical parameter for a classical far field room. A long and rather narrow indoor room is thus the most common solution for a room optimized for high gain antennas. That geometry is generally not good for essentially omnidirectional antennas (low gain antennas) where reflections will occur in all directions. For rooms optimised for low gain antennas the geometry (or geometrical angles) and especially the type of absorbing material is more important than the size. Outdoor ranges can be used to suppress ground reflections by high masts thus decreasing the problems associated with large areas of attenuating material.

A2 Function in general terms

The typical function is that the transmission between a common room antenna (CRA) and the device under test (DUT) is measured with suitable type of instrument (typically an ANA for passive antennas and a mobile phone system tester for evaluation of live phones). One or both CRA/DUT are moved while transmission parameters (amplitude, phase etc) are registered to get the spatial antenna pattern. The geometry of movement is very important and the performance of the echo free chamber has to be evaluated during movements similar to those used for the tests or more elaborated movements including those used under the test. For such an evaluation a well known DUT (typically a dipole or a standard gain horn) can be used.   

A3 Characterization of echo free chambers

Ideally one intention with an “echo free chamber” is to expose the DUT to a plane wave but due to (weak) internal reflections the plane wave is a bit rippled. For a typical room a “quiet zone” is defined and the variation of the fields within that zone are measured and the result is given as (x dB residual echo level. Depending on the geometry the “quiet zone” may or may not be more quite than other parts of the room but the concept “quite zone” should rather be understood as a specified, usable and verified volume where the DUT can be located. The residual echo level is important but is not a fixed number for the room. It can for instance be very different for high gain or low gain DUTs where low gain DUTs are much more demanding for good reflection material etc. Thus the verification must be done under assumptions fairly similar to the planned measurements. Especially it should be pointed out that various disturbing obstacles (here called SDO=Suspected Disturbing Obstacle) may have a disastrous effect on the residual echo level. Turn table, cables, various supports and installations (like light fittings) are common examples of SDOs. 

A4 Equipment

The equipment is an important part but is not much discussed here as it is assumed to be chosen among modern equipment to match the mobile phone system in question if live phones are measured or microwave network analysers etc for passive phones. One important aspect is that the type of equipment may have a big influence on the test time. A passive antenna pattern measurement around both axis will take in the order of 5 minutes with modern equipment and will not require any entries in the room for realignments etc. It should be noted that the same measurement can take several hours in a classical type of antenna test chamber with instrumentation not intended for full 2-axis measurements of omnidirectional antennas. 

In a certain contrast to standard antenna measurements both polarizations are necessary to measure here either by 2 repeated measurements or by a two channel system measuring two polarizations simultaneous. The total radiated power is the sum of both polarizations and to find data for diversity amplitude and phase for both polarizations are required.  

Appendix B. Turn-table geometry in echo-free chambers

B1 General

The conventional geometry and implementation for the 2-axis rotations in an echo free chamber is typically not well suited for accurate measurement on low gain antennas.

As will be discussed in appendix C below a real two axis (sometimes called 3D) system must be used to make measurements in “all” directions which in our case means something like every 15( or more dense. Simplifications may be done if the frequency is below 0.5 GHz and the DUT is fairly small ((<0.5 or <0.3 m at 450 MHz). Much of the antenna measuring technique used for telephones today seems to have been developed at the time when those assumptions were valid. To get good results for omnidirectional antennas another geometry than one optimized for directional antennas should be used. In the high directional case it is many times easy to avoid reflections even from big obstacles (like heave two-axis turntables) by suitable location avoiding the antenna beam to hit the obstacles but for omnidirectional antennas the situation is much worse. Thus the number of possible geometries usable for accurate measurements on such antennas is limited. 

B2 Geometries for two-axis measurements of high-gain antennas.

Classical turntable arrangements are “azimute only”, “elevation over azimuth” or “azimuth over elevation”. Practical implementations from manufacturers catalogues shows quite heavy constructions which will give big disturbances when omni-directional antennas are measured. The reason for the heavy constructions is of course to allow a wide range of test objects (incl. heavy ones) to be moved with great accuracy. For small units like a mobile phone (with or without a phantom head) a smaller support can be used and by suitable construction materials (e.g. polystyrene foam etc.) a low reflectivity support can be possible to implement but still on the basic principles “elevation over azimuth” or “azimuth over elevation”. 

In mathematical terms the scanning over the sphere can be done (among other) along “conical cuts” (following the latitudes with geographical terms) or along “great circle cuts” (typically following the longitudes using geographical terms). Using the standard spherical coordinates  and  conical cuts are along constant  and simplest case of great circle cuts along constant . Conical cuts can be said to correspond to “azimuth over elevation” while great circle cuts may correspond to “elevation over azimuth”.

It can be remarked that the near-field principle is generally not applicable as it is the measurement on live phones which is the most important test or at least a test which can not be excluded. Besides the near field principle has its main use to avoid the very long distances required for classical far field measurements of high gain antennas (such as >60 m for a 1 m satellite TV parabola). This is not to say that near field antenna measurements can’t be used but just that the spherical near field geometry is more important than the near field calculations in the low gain case.

B3 Geometries for low gain antennas.

There are at least four conditions or constraints important for the practical application of phone antennas and partly also for low gain antennas in general:

Scattering from the support structure is a big potential nuisance for all omni-directional antennas. Foamed plastic and no mechanics may be one solution.

The measuring distance can be rather small which opens for some other geometries than are possible for high gain antennas. For a 0.1 dB accuracy the distance still can be down to 1.5-2 m according to appendix D.

The head (real or phantom) or corresponding near zone objects must be properly oriented to the phone and the need for accuracy is high here to make the result reproducible. Thus it is natural to let the vertical direction (=0) be defined by the head regardless of how the measurements actually are done and how the phone is directed. 

It is highly desirable to have the possibility to use a real person as a reference from time to time. This obviously excludes some geometries and is an argument for using the vertical direction relative to the head as =0.

With this orientation the measurements should preferable be divided as conical scans as this will simplify a post-processing implying a -depending weighting factor to convert the straight average to a real MEG based on field data.

The arrangement which appears to fulfil the requirements best is the spherical geometry where the two axis movement is separated in that the DUT is rotated in one direction (azimuth) while the CRA (common room antenna) is rotated in a circle around the DUT. The DUT is located on a pillar which in the active case can be made of Styrofoam only while the passive case requires a cable inside then pillar or a corresponding wireless transmission. The CRA is moved along a rail or alternatively many CRAs are used with a system solution including switches. Three important advantages of the spherical solution are:

The division of the movement in  and enables an empty space completely without disturbing objects between DUT and the radius where the CRA is located. Some support of course will be required which at least in the active case can be made of Styrofoam or strong dielectric wires (such as Kelvar or Filestran).

The reflections from the walls will come from a much longer distance (2-3 times) than the intended transmission DUT-CRA and the main reflections will be nearly perpendicular to the walls. This means that we with an essentially cubic room enclosing a spherical arrangement can expect 8-10 dB improvement as compared to a traditional far field room using the same material but being longer.

The really spherical geometry will enable the measurement in all or practically all directions and simplify the weighting between different directions.

There are a number of existing commercial implementations of the true spherical geometry. Both switched CRAs (such as 64 pcs.) and rail movement are available.   

Appendix C. Required angular resolution for antenna measurements

C1 Introduction

Based on general field expressions it is possible to formulate detailed requirements on the need for angular resolution which in turns is critical for the choice of geometry. For the frequencies in use today this requirements make many older test methods obsolete. 

All measurements associated with antenna pattern are based on some kind of measurements in a selection of directions rather than “all directions”. Traditionally for essentially omnidirectional antennas (on mobile phones, com-radios etc.) the number of directions have been limited for practical reasons. In the early days for up to 450 MHz a 3 cut measurement (xy-, xz- and yz-plane) was considered to be a good compromise giving acceptable accuracy and many times even limited to 1 or 2 cuts. As will be shown below this is by not at all sufficient for present mobile phone frequencies and it can safely be said that the 1-3 cut antenna test methods have became out of date for this purpose. Especially in talk position for the bands at 1.7 GHz and above the antenna pattern will have rather fast variations and basing an estimation on a 3 cut measurement will contain a high degree of lottery among other creating big variations between results from those different test-labs using such a method but slightly different planes. On the other hand it is important to minimize the number of tests and for that reason the following estimation is done to set the upper limit of angular steps to maintain accuracy.    

C.2 Theoretical background

Any antenna (including a possible more or less conducting support structure) which can be thought to be entirely enclosed within a sphere can have its fields outside of said sphere exactly described as a sum of spherical wave functions. See ref[11]. As this sum has good convergence conditions the (in its mathematical sense) infinite series can be truncated after a number proportional to the size of the DUT expressed in wavelengths. The spherical wave functions are ordered in a two dimensional way (n,m) by integers n (positive) and m where m is azimutal variation (like cos(m) etc) and  n(>=|m|) describes the variation with elevation in a coordinate system where z-axis is vertical. The scalar wave functions (from which the vector wave functions are derived) is described in spherical Bessel functions and associated Legendre function as illustrated in the equation:
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hn(2)(kr) is the spherical Hankel function for an outgoing wave with the product of wave number and radius as argument. Lnm(cos) is the associated Legendre function describing the -dependence and for which m<=n. For increasing integer n and fixed radius r the spherical wave functions will decay very fast and as a very coarse estimate the minimum number of harmonic components can be said to be required to be in the order of ka where k is the wave number () and a the radius of the sphere supposed to be as small as possible to contain antenna and supporting structure (i.e. phone plus dummy head and hand). The product ka is the circumference in wavelengths and for instance 40 cm diameter and 2.3 GHz gives ka=9.7 while 0.96 GHz (lower GSM-band) gives ka=4.0. Spherical wave functions are extensively treated in textbooks and will not be discussed in detail here but the radial dependence of the amplitude can be illustrated by the figure below where the first 9 wave functions (N=1 to 9) without azimutal variation are drawn (N=1 is a dipole field and is the curve on the very left):
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For each function a clear “knee” occurs and for a big radius (which roughly coincides with N=ka) they have a similar distance dependence. For smaller radius the diagram shows strongly increasing amplitude. For a practical application (with the above mentioned sphere in mind) the different wave functions may have similar amplitude on the sphere and then the curves should be read as a fast decrease in amplitude close outside of the sphere. Conceptually it can simplified be said that wave-functions having N up to ka forms the radiating field. Wave-functions having higher N surely may exist in the near field but will not have any influence in the far field.

C3 Estimation of the resolution limits

To quantify this heuristic limits the curves above have been used to calculate the number of wave functions (or rather the highest N in the used wave functions) required for a certain suppression assuming one disturbing wave function of the same amplitude as the dipole field when it is being exited on the limiting sphere mentioned above. Suppression on big distances is the interesting quantity and the calculation starts with a desired suppression (say –26 dB) and ends with the lowest wave number N which can be omitted to maintain the desired suppression. Wave functions up to N should thus be included to represent the radiation and a good antenna measurement on the device in question must be arranged to include all wave functions up to N. Most antenna measurements are a kind of sampling (“number of cuts” etc) and the sampling must be sufficiently dense to measure wave functions up to N. In the table below approximate formulas are given to deduce minimum N for a given sphere circumference (in wavelengths) ka for 4 different suppressions (-26 dB to –10 dB). An optimistic maximum angular sampling interval (2 samples per period) is also given for threes cases (960 MHz, 2000 MHz and 2500 MHz tailored to cover common bands) with 0.4 m sphere diameter ((head+phone):

	Suppression of disturb-ing mode
	Deviation from non disturbed
	N estimation caused by sphere size ka
	0.45GHz
	0.96 GHz
	2.0 GHz
	2.5 GHz

	
	
	
	Angular

sampling
	Angular sampling
	Angular sampling
	Angular sampling

	-26 dB
	0.4 dB
	(ka+1.55)/0.85
	44(
	27.4(
	15.4(
	12.7(

	-20 dB
	0.9 dB
	(ka+1.3)/0.88
	50(
	29.7(
	16.4(
	13.4(

	-15 dB
	1.6 dB
	(ka+1)/0.9
	56(
	32.1(
	17.3(
	14.1(

	-10 dB
	2.8 dB
	(ka+0.7)/0.92
	63(
	35.0(
	18.2(
	14.8(


For a typical case (<2 GHz) the table indicated that a sampling interval of maximum 15((or possibly 18() should be used. It should be remarked that the “knee” is fairly sudden implying that the choice of suppression level is not too critical (18( to 15( for –26 dB to –10 dB). It should be stressed that the assumption of equal amplitudes on the sphere is a kind of worst case and for instance a phone on a head will surely not generate big amplitudes of high modes. Thus if for instance –26 dB suppression is required ((0.4 dB) then probably the –10 dB case can be used instead but as the level is not utterly critical but we can not expect that big deviations from the table can be used for accurate measurements. On the contrary the assumption of only two samplings points per period variation is very optimistic and requires very advanced interpolation technique to be able to get a plot. Normally 4-5 sampling points per period are used in nice case a nice and accurate plot is required without too advanced interpolation. If we on the other hand do not need an accurate plot but just an integration of the radiated power then down to one sample per period (for a contribution that safely can be neglected) can be used in our case when we know that the signal is periodic and continuous.        

The use of 15( angular sampling interval for accurate measurements is reported and used from different sources. The calculations above add the advice that an increase of these figure is never feasible unless we know that the structure to be measured on is very simple (i.e. that it can be enclosed within a much smaller sphere). As the integrated power (or sensitivity) probably is more important than a plot of the pattern a compromise can be to measure for instance TX with 15( and RX with 30(.   

It should be remarked that even when the test restricted to the lower phone bands (<1 GHz) the conventional 3 cut measurement is clearly not sufficient to get an antenna pattern from measuring error standpoint. The 3 cut method is only usable with reasonable accuracy (and strictly for power integration only) at 450 MHz and lower in the case of phone plus a dummy head.

C4 Translation to number of directions.

Depending on the measuring schemes this 15( can be translated to a minimum number of directions where we measure the radiation. To fill the whole sphere (41252 square degrees) with 15( squares would require 183 squares but as the pattern rather are circular than square at least 259 samples would be required. Depending on the measuring pattern this can (still for phone plus dummy head) be slightly more but can be rounded off to “200-260” for <2 GHz and “50-65” if the measurement is restricted to <1GHz.     

Appendix D. Minimum measuring distance.

D1 General

Appendices B-C ends up in some spherical geometry and to implement such a geometry rather small test distances are necessary to make the volume of the room feasible. In this appendix the reasons behind “near field” and “far field” are discussed in detail and one conclusion is that measurements can be done at rather small distances in the UE case without loss of accuracy. The small distance reduces the errors caused by wall reflections.

D2 Near- and far field definitions

Generally it is a useful condition if the distance between CRA and DUT is small as compared to the distance from DUT to the walls, ceiling and floor. This will make the wall absorbers to appear better than they are and a similar argument applies especially to spherical geometries where the path from CRA to DUT is such that the slanting angles are avoided. A closer and general look on small measuring distances will be done in this appendix.

Three distance regions are defined for antenna measurements:

Fraunhofer region or “far field” where the complex amplitudes have the distance dependence 1/r and otherwise only an angular dependence. E- and H-fields are transverse and the quotient E/H is Z0=376.6 ohm. Traditional far field measurements are restricted to this region.

Fresnel region or “radiating near field” where the quotient E/H still is close to  Z0 but where then angular dependence gradually is reshaped and is changing with the distance in a non trivial way. This region is used for near field antenna measurements (NF) which obviously can be done in the Fraunhofer region too. In the NF procedure the measured fields will be transformed to far field.

Reactive near field where the quotient E/H is not Z0 and generally the field is gradually transforming to a dominating electric or magnetic field. Reactive near field are not used to estimate far field (i.e. not suited for near- to far field transformation) but only for special measurements like SAR tests.

In most textbooks the inner limit for the Fraunhofer region is given as r=2D2/ and the inner limit of the Fresnel region as 3. As these are very analogue values they depend on the DUT and the accuracy requirements and the figures “2” and “3” are just typical. The table below will give more specific values where the amplitude errors are tied to the distances. For three desired accuracy limits (deviations from 1/r-dependence) the boundaries in distance r can be given as:

	Amplitude accuracy
	Inner Fresnel limit or “avoid reactive nearfield” 
	Boundary Fresnel/Fraunhofer or “real far field”

	0.1 dB (or 1.2% ampl.)
	r
	r1.53D2/

	0.2 dB (or 2.3% ampl.)
	r
	r1.09D2/

	0.5 dB (or 5.9% ampl.)
	r
	r0.7D2/


This limits assumes that the distance variation due to a non perfect centered DUT is compensated for as given in R4-010656 which just means that the 1/r-variation of the amplitude is compensated for as otherwise x% amplitude accuracy would imply <x% distance variation allowance only. Further it assumes that the far field limit of the CRA is adequate (i.e. if it is a large horn it must be far away or quantified as GCRA/3).

The inner Fresnel limit is based on a dipole field for which the squared amplitude has a distance variation like (1+3(kr)-2+5(kr)-4)/r and a more complex body will not have a worse variation. The Fresnel/Fraunhofer boundary above is for the amplitude (or “main lobe amplitude”) a conservative limit based on uniform amplitude over the width D of the DUT. The phase can be said to be less sensitive (1 dB amplitude corresponds to 6() but obviously depending on the use. For high gain antennas and for antennas with specified nulls or low sidelobes the Fresnel/Fraunhofer boundary is the important one and in many cases r=2D2/ must be substituted by r=4D2/ or even more. For fairly omnidirectional antennas of phone-size the table above should be applicable as it is rather the amplitude than the side lobe ripple which is important for the efficiency calculations.

D3 Conclusions

Consequently there is a clear potential to use rather small distances and with for example D=0.4 m or smaller (phantom head plus phone) and 0.1 dB amplitude accuracy 2 m will be sufficient for frequencies between 0.3 and 2.5 GHz. It can also be noted that the simple distance variation 1/r actually can be said to give the biggest error contribution and should be compensated for but on the other hand it will give a small influence on the average.

Appendix E. Consequences of Suspected Disturbing objects (SDOs)

E1 General

For omnidirectional or low gain antennas any kind of disturbing objects in the vicinity of the DUT may cause big deviations while the corresponding problem for high gain antennas is much simpler as the structures in question generally can be located on the back side of the DUT or anyway located well outside of its antenna lobe. To calculate the disturbance for a low-gain antenna even in a special case is quite complex but some simplified estimations are done below just as an illustration of the problem. 

E2 Estimation

A possibly disturbing object (SDO) is supposed to be located at the distance r1 from the DUT and at the distance r2 from the CRA. The distance DUT-CRA is r3 and we assume as a typical cases that r1<<r3 and that consequently r2(r3. The bistatic scattering cross section of the SDO is  and depending on both directions and polarization. The direct wave between DUT and CRA will simplified give a power transmission of GDUTGCRA(/4r3)2 by Fries law. This will be disturbed by a scattering via the SDO which by Fries law will give GDUTGCRA(/4r2)2[r12)].

Both gains are directional dependent so this is highly simplified. As r2(r3 it is only the last factor which significantly differs so if the accuracy demands for instance <-30 dB SDO echo level ((0.25 dB deviation) then we should ensure <0.001(r12). Closer calculations can be done for possible structures. They are omitted here but the practical result is that close to the DUT we can only stand very small disturbing structures in the case of a more or less omnidirectional DUT. Supports of foamed plastic will generally work but more or less all kinds of mechanically moved structures containing metallic parts or even parts of massive plastic or wood must be avoided. Except for the foamed materials thin wires or sticks of dielectric materials are useful as their scattering area declines sharply if their diameter is a few times below sqrt(). Thus (as a simple example) pins roughly <5 mm made of normal plastic material (<3) can be compared to foamed materials form reflection viewpoint.

E3 Conclusions

To ensure a prescribed echo level possible SDOs must have a scattering area which is smaller the closer the SDO is from the DUT. The practical consequence of this is a strong preference for the “spherical geometry” discussed in appendix B above as it is a way to eliminate all SDOs in the sensitive area.

Appendix F. Use of phantoms 

F1 General use

The big source for antenna efficiency loss is in general terms interaction with materials close to the antenna or terminal. For voice terminal it is the head and hand of the user but for the more general types of 3G user equipment the situation will be different. Because of its big importance it is necessary to include what can be deemed as “a realistic worst case” in the test but on the other hand it must for practical reasons be a very limited number of well repeatable cases. For a common voice terminal the standardized SAR test cases are well defined and available. They are thus a suitable choice of test cases and form a reasonable compromise but for quite other types of terminals other test cases have to be defined such as “on a wooden table”, “on a metal table” etc.

F2 Typical use for voice terminals

Typically for present voice terminals the antenna gain in talk position is 8 dB or more below the free space gain and a fair talk position measurement is thus necessary. Practical tests have reveled big differences between different persons so a better defined way is to use a phantom head but then it should be verified that it really represents the actual case. Several such heads have been demonstrated but for practical reasons the same standard as for SAR measurements is supposed to be used. There is a fairly good consensus about which SAR head to use and the existence of a usable and available phantom head is important for the choice. This is not to say that the SAR head is ideal for this purpose but it is fair enough. The biggest shortcoming is that the efforts spent on a corresponding phantom hand so far are insufficient even if they are not small. For SAR purpose the hand is supposed to decrease the fields in the head and with SAR treated as a safety issue a kind of global worst case is sought for so the hand is simply omitted for SAR tests. Thus there will still be a need to define a phantom hand but meanwhile “head only” is a good starting point. A simple guess is that many internal antennas will get too low an attenuation by this model which put some attention to the importance of being able to measure on a real person as a reference.    

F3 Other typical uses

A few more test cases have to be defined for “typical used position”. For 3G terminals this still are to be defined but a number of suggestions for typical used positions are:

Present “talk position” for voice terminals. Related to SAR standard just because it is well developed and defined.

“In hand” in front of the user for PDA like terminals. Even if they have voice facilities too the wide band applications are likely be associated with data reception. It is to be investigated whether the phantom is needed or not to give a significant result as the phantom body will scatter rather than attenuate.

“On wooden table” will be a typical use for many PDA-like terminals or laptops. 

“On a metal table” is a case associated to the previous one. It is likely that a user phantom is less important than the position on the table in this case.

“In the pocket” may be a typical position for a number of terminals consisting of two units one of which may be a talk device.

It should be stressed that the list above is just a suggestion to illustrate the complexity of he problem. It should also be remarked that the “phantoms” should be suited for diversity test as well as power attenuation.    

F4 Phantom summary

For the general 3G case “phantoms” remains to be defined but a choice between a small number of alternatives is foreseen. For voice terminals “head only” according to SAR standard is suggested until a realistic hand model can be agreed upon. Tests on real persons will remain to be an important reference but will be too complicated as a standard test as a big number of tests will be required to get a stable average in spite of the big variation from person to person. 

Appendix G.  Stochastic accuracy 

G1 General

Under quite general conditions when the line of sight propagation is negligible the received electromagnetic fields appears to have a stochastic behavior with an amplitude having a Rayleigh distribution (ref [9]). If an average field strength is calculated from a number of measurements the average A will have a stochastic distribution too with a standard deviation which is A/sqrt(N), where N is the number of samples used for the average.  

Some of the measuring methods discussed above (real or artificial scattered field) relay on stochastic methods. As compared to the instrument accuracies (“deterministic measurements”) the errors by stochastic measurements will be bigger and be depending on the number of samples so a minimum number of samples can be deduced from the accuracy requirements. 

G2 Examples

If for instance 1000 samples are used for an averaging of a Rayleigh distributed signal that means an accuracy in the order of (0.3 dB which is close to minimum to be useful (99% level of confidence). The accuracy varies like N-0.5 with varying number of samples N. The curve below gives the expected variations for 10-10000 samples in dB for 50%, 90% and 99% within the lines:
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As is indicated typically a few hundred samples are needed. Depending on the situation it might be necessary to make a test to see whether the Rayleigh assumption is valid or not. As the accuracy changes as the square root of the number of samples is practically difficult to make the accuracy much better by increasing the number of samples.

G3 Conclusions

The test methods related to real scattered field and artificial scattered field are depending on this stochastic accuracy to give results comparable those obtained in an echo free chamber. The corresponding antenna movements must also be taken into account for a comparison and to make the comparison fair only tests giving the same data (frequency resolution etc.) should be compared.  







_1054208816.unknown

_1059103688.bin

_1054119086.bin

