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1. Introduction
In 3GPP several methodologies are under evaluation for the purpose of MIMO OTA testing, including methodologies that inherently produce 3D isotropic channel models [1]. However, the channel models currently defined in TR 37.977 are the SCME UMi and UMa channel models and they are by definition 2D models only. It is obvious that methodologies inherently producing a 3D isotropic field cannot emulate 2D channel spatial properties. Thus, additional channel models need to be defined, in order for the MIMO OTA group to deliver a proper evaluation of all the methodologies agreed to be evaluated.
The rich 3D-isotropic environment has been introduced in connection with OTA testing in reverberation chambers, and therefore it has been described mainly in connection with testing in reverberation chambers. It is evident that the 3D isotropic channel model also can be emulated in other ways than in reverberation chambers. For this reason, the term RIMP (Rich Isotropic Multipath) has been introduced recently in order to make the description of the rich 3D isotropic environment more generic.

The characteristics of the RIMP channel model have been described in various contributions (see e.g. [1] and [2]). Based on this information, a definition of this channel model was proposed in the 3GPPRAN4 MIMO OTA meeting #65 [3]. However, the MIMO OTA group requested further information on the generic characteristics of this channel model and also further elaboration on the definition, to be able to implement it using methodologies other than the reverberation chamber.
This contribution addresses both of these requests. The RIMP channel model is described in detail and a generic definition is proposed. The contribution also lists extensive references that characterize the RIMP channel model. Finally, this contribution will motivate the use of the RIMP environment for the purpose of MIMO OTA testing.
In order to provide expertise knowledge about the RIMP environment, Bluetest consulted Professor Kildal at Chalmers University of Technology in Gothenburg, Sweden.

2. The RIMP Channel Emulated in the Reverberation Chamber

The basic understanding of the RIMP environment generated in the reverberation chamber can be found in [4]. It was not referred to as a RIMP environment at that time, but the basic physical understanding and chamber transmission formula fond there are the same as those used today. The reverberation chamber has thereafter been developed to an accurate OTA technology, for testing of wireless devices with MIMO and OFDM and other advanced system characteristics. The developments were in the beginning directed towards achieving accuracy in prediction of average received powers, and that this should be independent of orientation of the device or its antenna. It was found that this could be achieved in relatively small chambers by introducing a rotation of the device during measurements [5], referred to as platform stirring, and by switching between orthogonally polarized wall antennas [6], referred to as polarization stirring. Together with standard mechanical stirring of the modes in the chamber this was found to give a good Rayleigh distribution, even for low frequencies (relative to the size of the chamber).
During measurements using reverberation chambers there will be several modes excited, and each of these can mathematically as well as physically be described in terms of an integral of plane waves [7]. Actually, for clean rectangular cavities this integral reduces to a sum of eight plane waves that are distributed quite uniformly in 3D [8], if the chamber is large enough. These modes are stirred by mechanical movement of objects inside the chamber (mode stirring), so that the amplitudes, phases and directions of the plane waves change in an arbitrary way and interfere to a very random field distribution with maxima and minima that changes location with the movement of the stirrers. This random field distribution is the same and (i.e. uniform) everywhere in the chamber except very close (typically closer than 0.5 wavelength) to the walls and mechanical objects, provided the chamber is large and well stirred.
For every instant of the stirrer movements, each component of the field will have different power, phase, and polarization, and transmitted pulses through the chamber will show an exponential decaying power delay profile (PDP). Thus, when taking the amplitude of each wave into account, for every time instant the electric field seen by the DUT may not be isotropic. During stirring, the wave amplitudes of each direction will vary according to a Rayleigh distribution (the complex electric field will be Gaussian distributed), the phase will vary randomly over 2π and the polarization will also vary in a random manner. After completing a full stirring sequence the average power of the waves will be approximately the same for all directions. Thus, the reverberation chamber emulates an environment that is 3D isotropic after a complete stirring sequence (if properly stirred), and thus makes measurements based on sample averaging independent of the orientation of the DUT. After a full stirring sequence there will also be polarization balance, that is, the DUT has been exposed to waves of all polarizations from all directions. This can be validated by measuring the chamber transfer function with a linearly polarized antenna for different orientations of the antenna. Results from such a measurement are shown in Figure 1, which clearly shows that polarization balance is achieved after a full stirring sequence within typically 0.2 dB.
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Figure 1   Resulting difference between measurements of the chamber transfer function in dB with horizontal and vertical orientation of a linearly polarized antenna (repeated for three heights). The difference is within the chamber uncertainty and there is no indication of polarization imbalance.

There is a certain number of waves needed to make accurate measurements, i.e. to provide a rich enough environment. At each stirrer position a certain number of modes are excited (for fixed frequency). Physically this has to be the number of modes within the average bandwidth of the modes, and these modes will then change arbitrary in amplitude and phase when the chamber is mode stirred. However, this number is not large enough to explain the good measurement accuracy. Physically, this can be explained by the resonance frequencies of the modes also being changed when the chamber is mode stirred, so that we excite more modes during the stirring process than at each instant of it. This can be expressed in terms of a mode stirring bandwidth. Together these bandwidths can explain the good measurement accuracy [9]. 
A standard deviation of 0.5 dB (i.e. 10%) in the prediction of average power corresponds to having 100 independent samples [10]. We can transfer this to a certain number of waves by the following heuristic argumentation: The voltage at the antenna port is a weighted linear combination of the complex amplitudes of all the waves received through the antenna. It is known from mathematics that 100 independent unknowns (waves from different directions) can be linearly combined in 100 different independent ways. Thus, we need at least 100 independent waves (from different directions) in order to obtain 100 independent combinations (i.e. received voltages). However, these waves do not need to be present at the same time (i.e. some can have zero coefficients at certain instants), and the different directions can be achieved by rotating the device.
Due to the rich multipath present in the reverberation chamber, the reverberation chamber will inherently generate an exponential decaying PDP with a certain delay spread. The average time delay spread and coherence bandwidth of the RIMP environment can be controlled by loading the chamber a bit with absorbers. In [13] it is shown that the average mode bandwidth of the chamber actually is equal to the coherence bandwidth, if the latter is properly defined. The average time delay spread is known to be proportional to the inverse of the coherence bandwidth. NIST has proposed to use an 80 ns RMS delay spread, which is based on observations from real-field measurements [14]. For the purpose of MIMO OTA testing the chamber is thus loaded to achieve an RMS delay spread of 80 ns. Figure 2 shows an example of the PDP measured in a reverberation chamber loaded to an RMS delay spread of 80 ns.
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Figure 2   The power delay profile measured in an example reverberation chamber loaded to an RMS delay spread of 80 ns.

Due to the movement of the mode stirrers during measurements, there will be a certain Doppler spread associated with the movement. Since the movement typically is very slow (usually between 0.1 and 1 km/h), the maximum Doppler spread will be in the order of a few Hz. An example is show in Figure 3, where the Doppler spectrum for a reverberation chamber has been measured when running a typical stirring sequence.
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Figure 3   Doppler spectrum measured for a typical stirrer sequence in a reverberation chamber. A maximum Doppler shift of a few Hertz is observed.

Furthermore, the base station emulator is connected to one or more chamber antennas that excite the modes inside the chamber. These chamber antennas can be orthogonally polarized broadband antennas (e.g. monopoles mounted on a ground plane), and will then improve the polarization variation during the mode stirring process. Such fixed chamber antennas (or base station antennas) are then uncorrelated during the full stirring sequence, because they are orthogonal to each other.

In the next section a generic description of the RIMP environment will be given, based on extensive journal articles. The term isotropic multipath was used in connection with reverberation chambers for the first time in [15] that deals with passive measurements of CDFs and diversity gain. The RIMP was introduced as a generic term in [16] that deals with measurements of active devices. 
3. The Generic RIMP Channel Model Characteristics
3.1 Instantaneous Channel Model Conditions

The instantaneous RIMP generated in a reverberation chamber will correspond to the number of waves excited over the average mode bandwidth of the reverberation chamber. The number of modes excited can be found by using the so-called Weyle’s formula [18]. When the chamber is stirred, waves associated with other modes will be excited, but at each stirrer instant the total number will be approximately the same.
In order to emulate a RIMP environment with sufficient richness, it must be ensured that at least 100 waves will be incident on the DUT during the complete stirring sequence. Simulations have shown that it is enough if 20 waves are instantaneously present, in order to have sufficient instantaneous richness. 20 waves were used in [19] and also in later works using the tool in [21]. The directions of these waves should be distributed uniformly in 3D. The squared amplitude of each of the waves should be statistically independent and vary over time according to a Rayleigh distribution. Also, the phase should vary independently and random over 2π for each wave and the power delay profile for each direction should show the same exponential decay.
3.2 Cumulative Characteristics
In order to ensure sufficient accuracy of the estimated average performance, i.e. an STD of the estimated mean power of 0.5 dB, 100 independent samples are required to be collected during the complete stirring sequence. In reverberation chambers this is ensured by polarization, platform and plate stirring as explained above. This also ensures that the angles of arrival (AoAs) of the waves on the DUT will change, that is, that the power for each AoA will vary over time. After a complete stirring sequence, however, the power from all directions will be approximately the same.

In a generic set-up we must in a similar way ensure that 100 independent samples are collected and that the AoAs change over time, but that the power in average is similar on all transmitting chamber antennas connected to the channel emulators. Thus, we must ensure that the power on each chamber antenna is varied according to a Rayleigh distribution and the DUT is rotated relative to the incoming waves, in both azimuth and elevation, to at least 100 different positions distributed uniformly over all directions in 3D. Finally, it must be ensured that polarization balance is achieved after all samples have been collected.
4. Adapting the Generic RIMP Model to a Specific Ray-Based Description

The RIMP channel is inherently created by a well-stirred reverberation chamber, and the information in the former sections provides all the key aspects of this channel model. This section gives a methodology-specific description of the RIMP channel model and suggests a definition for implementing this channel model utilizing a multi-probe setup in an anechoic chamber, having fixed transmit antenna locations on the absorbing walls pointing towards the DUT in the center of the chamber. The term ray will be used instead of wave, in order to better illustrate the AoA. The ray direction is orthogonal to the wavefront of each wave.
In line with what is said in subsection 3.1, in order to create sufficient instantaneous richness, 20 transmit antennas TX are needed to be positioned around the DUT in a uniform matter. Each TX antenna is excited via a channel emulator providing a fading channel specified by a certain average transmitted power, phase and time delay spread (or alternatively the inverse coherence bandwidth). Each of the TX antennas are excited independently so that the average transmitted power is the same on all of them, but that the instantaneous values are different between them due to the randomness of the fading. 
The power transmitted by each of the independent TX antennas should follow a Rayleigh distribution and the TX antennas must provide independent fading. The system should be calibrated so that the sum of the average powers from each of the TX antennas corresponds to the average cell power used for the measurement. Note that the space attenuation between each TX antenna and the DUT must be removed by calibration. The fading rate should correspond to a mobile speed of 1 km/h and the phase should be random over 2π and independently transmitted by each TX antenna.
Furthermore, each TX antenna should be fed with an exponential decaying PDP with an RMS delay spread of 80 ns. The exponential decaying PDP can be approximated with a 7-tap model, as described in [20]. A plot of the taps used to approximate the exponential decaying PDP with an RMS delay spread of 80 ns is given in Figure 4.
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Figure 4   A 7-tap delay model used to approximate the exponential decaying power delay profile in the reverberation chamber with an RMS delay spread of 80 ns.
Furthermore, the TX antennas should be uniformly distributed in 3D. Using 20 TX antennas, we specify one TX antenna within each triangular side of an icosahedron (see Figure 5). The icosahedron has 20 triangular sides. The exact location of each of the TX antennas within each equal triangular side is not important. The polarization of each TX antenna (the one considered) should be arbitrary. We propose to make the antennas linearly-polarized for simplicity, and to ensure that the three neighboring TX antennas (of the one) are NOT polarized in the same direction (as the one), but make at least a 60° angle with this. This is described in another equivalent way in the table below.
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Figure 5   The position of each of the 20 transmit antennas should be located on the sides of an icosahedron. The exact position of the transmit antennas on the sides of the icosahedron is not important. 
We propose to adapt the requirement of rotating the DUT to get independent samples, using the following simplified practical procedure. We propose to rotate it continuously around one vertical axis to at least 40 different orientations. Then, we mount the DUT with an orthogonal orientation and re-measure, and we repeat this once more for an orientation that is orthogonal to the first two orientations. We can always find three orthogonal directions in 3D space. Thereby we will measure the DUT in three different orthogonal planes, which we could call xz, yz, and xy-planes, and we have 120 samples in total.
The generic RIMP channel model definition for a multi-probe setup is specified in tabular form in Table I.
Table I   RIMP channel model definition for a multi-probe setup.

	RIMP channel model

	Total number of TX antennas (i.e. rays)
	20

	Location of TX antennas
	1 within each triangular side of an icosahedron

	Instantaneous power for each TX antenna
	Rayleigh distributed and statistically independent

	Average transmitted power during one fading cycle for each TX antenna
	1/20 of the total average cell power

	Instantaneous phase for each TX antenna
	Independent and random over 2π

	Delay spread from all TX antennas
	Exponential decaying, RMS value 80 ns

	Polarization of TX antennas
	Arbitrary linear

	Orientation of polarization of TX antennas within each triangular side of the icosahedron
	Orthogonal to one side of the triangle and this side must NOT be the same side as the TX antenna in one of the neighboring triangles is orthogonal to

	Rotation of DUT in horizontal plane
	Continuously, at least 40 samples per revolution

	Orientation of DUT relative to vertical axis
	Should be switched between at least 3 orthogonal orientations

	Mobile speed [km/h]
	1 km/h


5. Using RIMP Environment for Characterization of MIMO Performance
The capability of a device to operate in MIMO mode is dependent on the richness of the environment in which it is used. Only multipath propagation environments, with the field incident from many directions, will enable such a device to reach its peak MIMO gain. In environments with few incident waves, the device will switch to other operating modes. In addition, most modern wireless terminals using MIMO have no pre-determined or favorable orientation. It is also often difficult to predict the orientation of the antennas in these devices, making positioning relative to a pre-determined chamber-defined coordinate system difficult.
The RIMP environment will create well-defined channel conditions representative to the environment in which a device is using its MIMO capability, making it ideal for MIMO OTA testing. This environment provides a full 3D evaluation of the device, which is needed when taking the randomness of the user or device antenna orientation into account.
The main objective with a future standardized MIMO OTA methodology will be to predict the MIMO OTA performance for different baseband and/or antenna designs and to distinguish a “good” device from a “bad”. Parameters affecting the MIMO performance include:
1. The average power levels radiated from the TX antennas.

2. The embedded element efficiency at the antenna ports.

3. The far-field functions at the antenna ports, so that correlation changes.

The RIMP environment has repeatedly proven to be able to assess performance differences due to key parameters as those listed above (see for example [2], [17], [23], [24] and [25]). Figure 6 and Figure 7 show two examples of measurements performed on devices with known performance. For all cases, the expected effect on the throughput performance due to key MIMO OTA parameters is obtained. For all cases it is observed that the RIMP environment is able to distinguish a “good” from a “bad” device, in addition with a very high repeatability.
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Figure 6   Comparison of radiated results for OLSM 64-QAM between Good, Nominal and Bad CTIA reference antennas obtained in the RIMP environment.
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Figure 7   Comparison of radiated results obtained from measurements in the RIMP environment for different gain imbalances using the same antennas and device.
6. Conclusions
This contribution addresses the action items from the last RAN4 #65 meeting, where additional clarification of the 3D isotropic channel model was requested. A generic description of the 3D isotropic channel model is given, both for the instantaneous behavior and in terms of cumulative characteristics. The contribution further elaborates on this generic channel model description and suggests an implementation using alternative MIMO OTA test chamber setups. Finally, the applicability of the 3D isotropic channel model for MIMO OTA testing is discussed and it is shown that expected effects on the throughput performance due to key MIMO OTA parameters easily can be assessed when utilizing this environment.
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