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1 Abstract
The paper gives a list of parameters which are important to MIMO OTA testing. A list of test methods proposed in RAN4 shows which of these parameters play an important role for the method. In a summary table these relations are further illustrated. In a conclusion section we list the main observations from the comparison and possible consequences.
2 Introduction

In this paper we want to resume the discussion on the principles of OTA testing for MIMO-enabled devices. The focus is on downlink (DL) 2 x 2 MIMO. This discussion is intended to get a clearer picture for the WI ([1]).
The following four basic aspects govern test implementations for OTA testing:

· the test must map the performance of the UE as seen during the test to the performance observed in the field
· the test should require a simple test system and little test time
· the test has to be detailed in order to reveal all important performance aspects and to allow distinguishing good from bad devices
· performing the test in different labs must give stable and repeatable answers

It is clear that there is a conflict of interests when trying to fulfil all of these requirements at once. In consequence a compromise is required which not necessarily is based on scientific judgements but most probably also on simple agreements among the stakeholders.

After briefly addressing the scope of SISO OTA testing, we list various parameters which are considered to be relevant for MIMO OTA testing. A subsequent section then describes how we see the different test method proposals in the light of their requirements to address these parameters. We also highlight the corresponding level of abstraction implied in each method.
In a final section we evaluate benefits and drawbacks on a generic level.

For reference, here is the list of proposed test methodologies (similarities are grouped together):

Reverberation chamber without channel emulator
Reverberation chamber with channel emulator
Multi-probe ring in anechoic chamber
Single cluster in anechoic chamber
Two-channel method in anechoic chamber
Two-stage method
3 Background: SISO testing
Testing of devices in an OTA test has been done on request of the network operators since many years. The goal of this test had been to complement the conformance tests made in conducted mode by additional tests qualifying the performance of the antenna system.

The SISO OTA tests according to TS 34.114 ([2]) and similar test plans state: The performance of a wireless device in the field can be related to an integral evaluation of the antenna pattern, based on single measurements of radiated power or sensitivity for different orientations of the user equipment (UE). 
A peak radiated power, on the other hand, might only describe the good performance of the UE in a single orientation. In order to have good coverage in the field, the antenna pattern must not be too directional. Making an integral quantity be the figure of merit, the antenna pattern has to be designed to behave isotropically. In consequence such an antenna does not require the user to point to a particular direction to get good call performance.
It has to be noted that the integral quantities total radiated power (TRP) and total radiated sensitivity (TRS) are mainly influenced by the generally smooth antenna pattern. Singular nulls in the pattern do not contribute substantially.
The sampling grid, that is the geometrical steps when recording the pattern, is chosen by a compromise. 15 degrees for TRP and 30 degrees for TRS testing are assumed to be fine enough in order to reveal sufficient details on the pattern, and on the other hand do not make the test time extremely long.

The test environment clearly is kind of an abstraction of the real world. Radiated power is measured in terms of power levels, dBm, and not by decoding the uplink signals and judging how a base station would receive the signal. Radiated sensitivity is tested by decreasing downlink power and observing the point when the bit or block error rate (BER, BLER) is rising above a given limit. This approach is based on an estimate that for sufficiently small BER values the transmission is still maintained by error corrections and re-transmissions. No severe degradation of the link is expected.
In order to measure the antenna patterns in a realistic way, phantom heads were used for quite some time, and phantom hands are now also added ([3]). These phantoms resemble human tissue and the typical shape of head and hand. It must be said that adding phantoms is kind of averaging the effect of the human user, but hardly gives exactly the impact of a specific person. There are too many parameters which change from person to person, and which change even for the same person when he varies, for example, his grip.
The OTA test focuses on the performance of the antenna system. The UE is usually an off-the-shelf device. No special treatment is necessary. The OTA test complements the many conformance tests which are made in conducted mode.

From the generally good agreement between the performance results obtained in a test lab during the OTA test and the real behaviour in the field we can conclude:

· designing a test method with test instruments rather than with real network equipment is OK

· no need to do extremely fine angular steps when recording the pattern data

· averaging single values of the antenna pattern into integral quantities like TRP or TIS is OK

· adding phantoms to better mach reality is a good approach, despite the fact that phantoms have only averaged characteristics
· no need to do an elaborate test of the RF parts, decoding sections and error correction functions of the UE in an OTA environment

· 3D evaluation is important to get a complete picture of the pattern

4 Parameters for MIMO testing
4.1 Overview
The discussion on methods for MIMO OTA testing is ongoing for quite some time. The draft Technical Report ([4]) describes several areas where parameters might influence the test and the obtained figures of merit (FOM). Also other parameters not explicitly mentioned in [4] are listed in this Tdoc.
What we do not address here are details on the figures of merit: What quantity exactly do we want to obtain? How do we combine results under different conditions or also under the same condition (averaging, statistics, …)? We consider these questions to be rather independent from the test methodology and the choice of parameters.
4.2 Signals to UE

There is a basic difference between most of the proposals and the two-channel method. 

Most MIMO OTA methods want to use signals "as close to reality as possible". This requirement goes hand in hand with the demand for a figure of merit which resembles an end-to-end condition, including all of the above functionalities which are not related to the antennas but to the circuitry and software behind the antennas. This postulate requires to generate a simulation of signal propagation, i.e. to simulate the full H matrix describing the channel between base station antennas and UE antennas.
The two-channel method proposes to focus on evaluating the performance of the antennas. No evaluation of performance of the RF front end, the decoding algorithms etc. is required since all these parameters are well investigated in conducted testing. Only the effects how the antennas react on signals coming from different directions and with different polarization need to be determined over-the-air. For this reason the signals arriving at the antennas should be as pure or as simple as possible. 

4.3 Environment

A vastly differing condition for the test is given by the test environment. Some test proposals use a reverberation chamber as the basic environment. Others use an anechoic chamber as the basic environment. In a mixed approach the two-stage proposal uses an anechoic environment for recording antenna pattern, and a conducted test environment to complete the test.
4.4 Generating the electromagnetic fields – test antennas
In an anechoic chamber, signals from the base station (eNB) emulator are transmitted through test antennas. Typically each antenna consists of two orthogonally polarised elements. The number of test antennas, however, varies very much between the different proposals. In total the proposals range from a transmission of the data streams from two antenna elements up to 32 elements.

Proposals which advocate the use of many test antennas also argue that such a group of antennas allows generating electromagnetic waves for arbitrary angles of arrival (AoAs). Waves generated by adjacent antenna elements and with the appropriate phase relation superpose in a way that the signal is seen at the UE's position as coming from some direction between the antenna elements. There are, however, limitations to the volume where this superposition works well.
Whenever there are more than two test antennas used in any of the proposals using an anechoic chamber, all antennas are arranged in a ring or in a section of a ring around the UE. This leads to a planar signal generation, and the signals arrive at the UE in a 2D cut through the UE's antenna arrangement. By complicated tilting and turning of the UE this plane could be positioned arbitrarily within the antenna pattern.
In the reverb, signals are reflected from the walls. A rich multi-path environment is therefore created as the typical environment. With a few additional absorbers control over power and delay profiles can be obtained. Typically signal generation is done with the help of two up to four test antennas. There is a dependency of the generated fading profile to the number of test antennas.
4.5 Generating the electromagnetic fields – channel models

As already explained in section 4.2, not all methodologies include the use of channel models. Let's look into the specifics of [4] for the channel models whenever they are used.

But let's first have a brief discussion on the channel models per se. Several channel models were derived over the past years. They describe a given scenario, and formulate in mathematical quantities what signals were recorded with a channel sounder in such a scenario. Scenarios might be, for example, rural environments, urban environments with varying base station arrangements, indoor environments. Power distributions, delay profiles, and Doppler effects are taken as time dependent quantities. To bring all that into a framework which can be used for computations a given number of clusters is assumed: These clusters operate like secondary sources of signals, with their own angle and power delay distributions. From each cluster several paths are then simulated reaching the UE with slightly varying characteristics. The model usually consists of scattered or reflected paths, each being related to a cluster, and sometimes also a line-of-sight (LOS) path. See Figure 1 for an example of a scenario with three clusters and no line-of-sight. Since each path corresponds to its own time delay, the simulation can make use of taps to group paths with the same delay together. For SCME models the number of clusters is 6, with 3 paths per cluster. Simplified models operate with a single cluster.
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Figure 1 Example of a channel propagation scenario with three clusters and no LOS

In the full picture the channel model is an abstraction of a real situation which is described in a statistical way. To simplify the OTA test, only one specific instance (so-called "drop") of the arrangement of the clusters is chosen which reduces the simulation to a further subset of the model. Reducing to a single cluster is even more remote from reality. 
Figure 2 shows how the different steps in selecting the appropriate simulation do pick at the end only a very limited part of all possible implementation of realistic channel models. According to [5], section 9.1.1, one has to simulate over several drops in order to get statistically representative results. Reversing this statement tells us that the proposed tests of [4] using a channel model with only a single drop are not statistically representative and therefore do not fulfil the claim that the channel model is close to reality.
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Figure 2 Breakdown from variety of channel models via drop selection to individual paths
Now let's focus on the draft Technical Report ([4]). The proposed channel models are:
TABLE I Channel models

	Class
	Name of channel model
	Short notation
	Number of clusters
	Remark

	generic
	SCME Urban micro-cell
	SCME Umi
	6
	

	
	modified SCME Urban micro-cell
	
	6
	reduced angular spread

	
	SCME Urban macro-cell
	SCME Uma
	6
	

	
	WINNER II Outdoor-to-indoor
	
	12
	

	single cluster
	SCME Urban micro-cell
	SCME Umi
	6
	

	
	extended Pedestrian A
	EPA
	
	

	
	2D uniform multipath
	
	7
	for comparisons

	uniform
	extended Pedestrian A
	EPA
	
	

	
	exponential decay
	
	
	

	
	2D uniform multipath
	
	7
	


It is noticeable that neither rural nor pure indoor environments are included. It also has to be said that the SCME models are derived from measurements in the horizontal plane only, no elevation information is available. Certainly that is a restriction with respect to real life where a base station on the top of a building is not transmitting in the horizontal plane but under rather steep angles, and reflections in a street (urban canyon) can also come from the bottom. 
It is not quite clear how consistent the implementations of the channel models are in the channel emulators of different manufacturers, and even from lab to lab for the same sort of equipment. This concern has been included in [1].
When the target of using channel emulation is defined to create an environment close to reality, it would not be sufficient to perform tests only with one or two scenarios, and with only a snapshot of each model with respect to the cluster position and behaviour. It rather would be required to repeat tests many times with different settings.
On the other hand, the time variant parts of the model require that each test point is averaging over a time period sufficiently long to include all relevant variations of the model. This leads to frequency-dependent test times per point in order to take the fading cycle into account.
4.6 Signal parameters
Another wide area for OTA testing is not yet much investigated: How does the antenna performance react on different signal parameter settings? Signal parameter, in this context, is defined by:
· MIMO mode: for example transmit diversity (TD), open-loop spatial multiplexing (OLSM), closed-loop spatial multiplexing (CLSM) (OLSM + CLSM = SM)

· modulation and coding scheme (MCS)

· signal to noise ratio (SNR), which might be controlled by an AWGN contribution to the signal
· error correction, e.g. HARQ

It seems to be important to test both TD and SM. As TD is mainly used in order to increase coverage, i.e. for scenarios near the cell edge, this mode is related to weak signal quality. Currently there is no proposed channel model for the rural environment with the UE being close to the cell edge. LOS is the most important channel propagation in this case. Spatial multiplexing (SM), on the other hand, is used under good signal conditions in order to enhance throughput (TP) to the maximum achievable.
Tests have been made using different MCS settings, namely 16QAM and 64QAM. The round robin (RR) results do not indicate a clear dependence on the MCS settings. The observed MCS dependent shifts in receiver sensitivity are as expected.
There is still need for a final decision on using fixed reference channel (FRC), i.e. no change on MCS etc. throughout the test, or variable reference channel (VRC) where the eNB emulator reacts on the channel state information (CSI) reported by the UE. Good signal conditions affect the settings of the MIMO mode and of MCS. Earlier restrictions of the test instrumentation constrained to focus on FRC with OLSM. Realistic conditions would rather encourage the use of VRC with CLSM. But use of VRC requires an agreed and well defined reaction of the eNB emulator to the reported CSI. From the standpoint of reproducibility a test with FRC is better suited. From the view of a test close to reality VRC would be the choice.
So far adding Additive white Gaussian noise (AWGN) has not been performed. Therefore the SNR is determined by the two main ingredients: RF frontend noise and platform noise of the UE or host notebook. With the USB modems used throughout the RR, platform noise has been identified not only to be very noticeable, but also affecting the results quite substantially. This will certainly be a topic for further investigations. On the question how to relate the test to reality, platform noise would need to be included. In view of reproducibility, on the other hand, a mock-up would be better suited.
It is quite natural that a test may use different signal parameters related to different scenarios. The results might indicate a variation of performance which only shows up when using changed conditions.
Hybrid automatic repeat request (HARQ) controls the retransmissions in case of erroneous signal reception. It would be quite natural to activate HARQ processes when using VRC, and deactivating HARQ for FRC conditions.
4.7 Geometry parameters
Changing geometry parameters is very important. Looking into the realistic case of a UE held in an arbitrary position, with signals coming simultaneously from any direction through multi-path propagation, there are many constellations which need to be considered. From a practical standpoint only some samples can be tested, not the whole range of variations.

On the other hand, it is obvious that a cut through the horizontal plane of the UE's antenna pattern is too much of a reduction. The horizontal plane has no special meaning for a smart phone which is held against the head in an arbitrary angle, or in data mode again with some not well-defined position. The horizontal plane also does not match the typical indoor use of a data modem connected to a computer, when the signals are bouncing from walls, floor and ceiling. From these arguments it seems to be inevitable to test the antennas over the full sphere. In consequence, for the methods using an anechoic chamber this requires different orientations of the UE in order to probe different AoAs around the sphere. A simple rotation usually is not sufficient.
With an evaluation over the full sphere it is also possible to derive the 3D performance and to visualize any weak spots.

A channel model implicitly imposes constraints on the geometry. Depending on the selected model and drop, the AoAs are defined. A full set of AoA constellations will require to test with several channel models and many different starting conditions for each model.

4.8 Phantoms
The question if a MIMO OTA test should be performed using phantoms is easy to answer. For this case, realistic conditions need to be applied during the test since the presence of a phantom will influence the antenna coupling and near-field propagation. Nevertheless, the need for phantoms for laptop-mounted equipment has to be considered under the constraint of platform noise, see section 4.6. 
5 Test methods for MIMO OTA testing
5.1 Status of evaluation of test methods

Besides activities within COST 2100 / IC1004 and CTIA, 3GPP RAN4 has worked intensely on a test plan for OTA testing of MIMO-enabled devices. Different proposed methodologies are described in the draft Technical Report ([4]). 

Various test labs were participating in a round-robin test on commercial LTE devices applying different methodologies. Evaluating the results of the round-robin test was observed to be quite difficult ([5], [7]). Nevertheless several conclusions were drawn in [8] describing partial agreement between methods.

In the following sections we try to group the different methods in a coarse approach, and highlight the specifics with respect to section 4 of this document.

5.2 Reverberation chamber without channel emulator
The reverberation chamber method without channel emulator makes an averaged measurement over a certain time. Within the time, the stirrers and the UE turntable rotate, and these mechanical modifications let the signal propagation vary within the power and time delay profiles intrinsic to the chamber. Geometry of the chamber together with dimensions of stirrers and loading of the chamber will influence the signal propagation. An implicit channel model is achieved, and adjustment of the available chamber parameters allows approaching some channel model.
There is no direct control on the number of signal copies arriving at the UE with different power levels, different timing and different AoAs. Unfortunately the reverb method also does not allow quantifying the performance of the UE for given combinations of AoA, resulting in kind of a combined antenna pattern.
Since the results of the reverb chamber only can be obtained by statistical variations of the signal propagation, the measurement time needs to be chosen long enough to give a stable result. 

5.3 Reverberation chamber with channel emulator

Adding a channel emulator to the reverb allows control of the signals arriving at the reverb's test antennas. By appropriate programming of the channel emulator, the signal propagation can be adjusted further. Nevertheless, the same statement holds true for this method: There is no direct control on the number of multi-path signals arriving at the UE with different power levels, different timing and different AoAs. 
The signals arriving at the UE are faded twice. The first fading is performed by the channel emulator, the second fading is done intrinsically by the reverb chamber. Exact knowledge on the channel conditions at any point in time is impossible to obtain. Only in a statistical average distributions can be created which are close to the ones of the channel model one wants to replicate.
5.4 Multi-probe ring in anechoic chamber

The multi-probe ring offers the full flexibility to generate an electromagnetic field as specified in the channel model, assuming that the channel emulator and the number of antennas allow doing so. There is no possibility to generate field components coming from an elevation angle different from the horizontal plane. Also the SCME channel models proposed do not include any data outside the horizontal plane.
It had been a concern of several people that the presence of test antennas opposite to any other test antenna will cause noticeable reflections and therefore disturb the generated field. Also the number of antennas seems to be set in the conflict between many antennas better reproducing the field, and few antennas minimizing the effect from neighboring antennas (isolation for reflections). The more antennas are involved, the more complex and expensive the hardware including test antennas, cables and the channel emulator will be.
A rotation of the UE around the vertical axis is usually supported in the test setups. It is not clear if such a rotation gives any advantage over rotating the channel model in the channel emulator or by switching the path to different test antennas. On the other hand, a rotation of the UE around an axis other than the vertical axis would be extremely useful in order to obtain the UE's performance also for other orientations than the canonical one. Unfortunately such a tilt rotation is not included in the proposed methodologies.
5.5 Single cluster in anechoic chamber

Most of the points addressed in the previous section are also valid for this section.
In addition the restriction to fewer antennas imposes a limitation on the channel model by taking only a single cluster into account. This is further divergence from reality. On the other hand, reducing the model to a single cluster does not reduce the test time at the same time. It only simplifies the channel emulator thus reducing the investment costs.
5.6 Two-channel method in anechoic chamber

Due to the fact that no channel model is used during tests according to the two-channel method, no fading emulator is involved. This reduces investment costs substantially, and it is also not necessary to decide on which channel model to select.

On the other hand, the available control over the AoAs on the full sphere allows an easy derivation of pattern information, even when two different AoAs are used.

Changes in the signal parameters, as much as they are affecting the antenna performance, can be directly observed by this methodology.

A mapping to "reality" can be obtained by selecting different constellation sets, i.e. arrangements of test antennas with respect to the UE and selections of polarizations. Only by doing so one easily can identify if a UE works with polarization diversity or rather with spatial diversity.
5.7 Two-stage method

For the two-stage method, the pattern is recorded in a SISO anechoic chamber without additional test equipment. The only difference is the recording mechanism of the pattern. In a first approach the intention had been to use the receiving antennas as transmitting elements by an invasive modification of the UE. Since such a change of the device is also changing the RF characteristics, a second approach is now favored. It is assumed that the chipsets are capable to record RSS information per antenna, and also that the UE is capable to feed this information back to the test system either in a wireless communication channel, or in a file read out in a postprocessing step.

The second stage combines the pattern with a channel simulation in a fading emulator, and does a performance test of the UE in conducted mode.

One major difference to the methods described so far is the fact that while recording the pattern, the signal strength is usually larger than during a sensitivity threshold evaluation. This means that any additional contribution from noise sources, such as self-interference from the UE platform or from a host notebook, is not as significant as in realistic situations.

This method would obtain results which allow identifying the dependence of the antenna performance as function of orientation. The channel model applied, however, washes out the information by overlaying the angular behavior of the channel propagation.
6 Summary
TABLE II Matrix of methodologies against test parameters
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Signals to UE faded signal faded signal faded signal faded signal direct signal faded signal

Environment reverb reverb anechoic anechoic anechoic anechoic + conducted
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no control over AoAs, 

uncontrolled 3D test
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channel model 

geometry and UE 

geometry

mixture between 

channel model 

geometry and UE 

geometry
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pattern information 

available, controlled 3D 

test

mixture between 

channel model 

geometry and UE 

geometry

Phantoms no special observation no special observation no special observation no special observation no special observation no special observation


7 Conclusions
We draw the following conclusions:

· The primary goal of using channel models in order to generate a realistic environment for the test seems not to be achievable. In order to really assess conditions which resemble reality to a certain extent one would need to run a large number of different test configurations, mainly with respect to AoAs describing the MIMO antenna performance. The test time would be tremendous. An abstract test without fading where the AoAs can be well controlled and a set of measurements can be performed in short time seems better suited.

· Several parameters like signal parameters which might be adjusted for a test are not yet fully studied. It may well be that one carefully needs to select certain conditions in order to obtain the best assessment of the antenna's performance.
· Obtaining detailed information on the antenna pattern or quantities related to the AoAs is of high importance to the designers of the UE's antennas. For this reason tests in reverb chambers are not so well suited.

· A full 3D evaluation of the antenna performance seems indispensable in order to obtain the performance of the MIMO antennas independent on the orientation of the UE and independent on the channel propagation. Therefore sufficient geometrical constellations have to be applied during the test.
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Tabelle1

		Test parameter		Reverb without emulator		Reverb with emulator		Multi-probe ring		Single cluster		Two-channel		Two-stage

		Signals to UE		faded signal		faded signal		faded signal		faded signal		direct signal		faded signal

		Environment		reverb		reverb		anechoic		anechoic		anechoic		anechoic + conducted

		Test antennas		2 to 4		2 to 4		16 to 32		8 to 16		2		1 + 1 (h+v) in 1st stage

		Channel models		intrinsic channel fading		intrinsic + external model		multi-channel fading		multi-channel fading		no fading		multi-channel fading

		Signal parameters		effects of signal quality changes masked by fading		effects of signal quality changes masked by fading		effects of signal quality changes masked by fading		effects of signal quality changes masked by fading		effects of signal quality changes directly observable		effects of signal quality changes masked by fading

		Geometry parameters		no control over AoAs, uncontrolled 3D test		no control over AoAs, uncontrolled 3D test		mixture between channel model geometry and UE geometry		mixture between channel model geometry and UE geometry		AoAs freely chosen, pattern information available, controlled 3D test		mixture between channel model geometry and UE geometry

		Phantoms		no special observation		no special observation		no special observation		no special observation		no special observation		no special observation






