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1. Introduction
Despite the existence of standardized channel models, not enough data exist for selecting an appropriate channel model implementation that provides the same MIMO OTA throughput response for the same device across all different test methodologies. Whether the basis for comparing test methods should or should not be identical channel model implementations for basic or advanced testing, or whether a channel model implementation good enough to solve the issue of distinguishing good from bad MIMO devices (and therefore serve the ultimate goal) should suffice are still unanswered questions at standardization level. How realistic the 3GPP SCME implementations in an anechoic chamber or the NIST channel model in a reverberation chamber are other important issues over which there is little information provided at standardization level. The 3GPP MIMO OTA way forward was approved at the 3GPP RAN4 #62bis meeting in Jeju (Korea) [1], and the group decided to use SCME UMI and UMA as reference channel models for all methods. While the NIST channel model was not ruled out, more information on its usefulness for reproducing realistic scenarios was asked for.

The objective of this contribution is to show the usefulness of NIST for emulating real-world fading scenarios using a reverberation chamber and multiple tests. Measurements from real-world scenarios using LTE drive-tests have been employed. Although a single NIST test run in an RC represents an outdoor-to-indoor fading scenario, results presented here show that the use of NIST in several test runs in a reverberation chamber is useful to reproduce real-world LTE urban fading scenarios. Testing devices in a known, repeatable environment, such as that presented by the reverberation chamber, has the advantages of including a rich multipath coupled with uniformity, which make RCs more than acceptable for testing MIMO performance at basic, and low cost. This contribution was produced by EMITE, a supplier of mode-stirred reverberation chambers for single and multi-antenna OTA passive and active measurements, in cooperation with Universidad Politécnica de Cartagena (UPCT). Vodafone has made the drive tests.
2. Realistic emulation of wireless propagation channels with reverberation chambers
The ability of mode-stirred reverberation chambers to emulate realistic wireless propagation channels has recently been called for demonstration at the conclusions of the 3GPP MIMO OTA Study Item [1]. Several contributions have highlighted the capabilities of mode-stirred reverberation chambers to emulate realistic scenarios (Rayleigh, Rician, indoor, outdoor-to-indoor Urban, etc.), either with combinations of different RMS DS test runs, with the use of enhanced PDPs using a channel emulator or with the Sample Selection technique [2]. NIST has also recently shown, using CTIA reference antennas, that the use of the 3D uniform NIST channel model in a reverberation chamber is equally able to distinguish good from bad MIMO devices than SCME channel models in multiprobe anechoic-chamber based systems, providing very similar capacity differences [3].
In addition to the conventional Rayleigh 3D isotropic fading scenario emulated by a single-cavity reverberation chamber, multi-cavity multi-source mode-stirred reverberation chambers employ de-embedding algorithms for enhanced repeatability and have added capabilities to emulate different K-factors for Rician fading, different non-isotropic scenarios including single and multiple-cluster with partial door opening, and standardized or arbitrary amplitude power delay profiles (e.g. Rician, Lognormal, Nakagami-m, IEEE802.11n, on-body and user-defined) using Sample Selection techniques [4-5]. Furthermore, recent hardware and software advances have made possible to emulated Hyper-Rayleigh fading, tress and canopies, keyholes, single- and multiple-clusters, non-isotropicity, variable RMS DS, variable Doppler-spread among others. Moreover, for the first time reverberation chamber emulation in the time domain has allowed for some control over directional properties, including some preliminary measurements of radiation patterns in reverberation chambers using time-reversal techniques [6].

The latest advances include the possibility to emulate different RMS DS values [7] or different channel correlation values [8-9] without the need to later any hardware component simply by stochastic handling of measured samples.
All these recently available advances in RC emulation have made existing RC far too different from the initial conventional single-cavity designs with simple sample averaging stochastic handling procedures. These advances, along with the ability of RC to tune the RMS DS of the sample set either by using absorbers or by using the Sample Selection technique by EMITE, have paved the way for enhancing the ability of RCs to emulate realistic fading scenarios of many different types. 

Hence, results measured in a reverberation chambers have a degree of realism. This has already been demonstrated for first order statistics like the CDF of measured data. The Rayleigh- and Rician-fading behaviors of channels have been validated to be well emulated by reverberation chambers in [10] and [11], respectively, for the final capacity. In the figures 1 and 2 below, reproduced from [10] and [11], results measured in a reverberation chamber were compared to those reported in [12] and [13]. For Rayleigh-fading channels, a good matching is observed, particularly at the SNR typically used for comparisons (15 dB) and for low correlation coefficients when using an RC800 reverberation chamber by Bluetest. A good matching is also observed for different K-factor of Rician fading channels when using an E200 MIMO Analyzer mode-stirred reverberation chamber by EMITE. Recently, other examples of the use of NIST model (innate to the reverberation chamber) to emulate realistic urban and indoor scenarios, in this case for the CDF of measured capacity for a given bandwidth (throughput) data, was presented to 3GPP RAN4 in [14]. Good agreement between CDF of final measured throughput in the real-world scenario and those measured in a reverberation chamber using the NIST channel model was found.
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Figure 1. Comparison of capacity (bits/s/Hz) vs. SNR (dB) between [26] and RC-measured results [10].

Real-world channels, however, do not always follow a Rayleigh-, Rician-, urban or indoor scheme, and more complex second-order statistics have to be accounted for, such as the power delay profile (PDP) and the root mean squared delay spread (RMS DS) for an enhanced versatility of emulated channels using reverberation chambers.
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Figure 2. Measured and RC-emulated Rician-fading capacity vs. SNR for 3x3 MIMO systems [11].
The basic measure of the multipath impact on wireless systems is the delay spread (DS), a factor which determines the maximum data rate achievable in the given propagation environment, without the need to use the channel equalization techniques. RMS DS becomes of outmost importance. In CDMA cellular systems, for example, RMS DS is solely responsible for the loss of the signal orthogonality and thus it becomes an indispensable component in the system performance formulas. Something similar can be said for other technologies. A cyclic prefix has been deliberately added to OFDM symbol in WiMAX and WLAN a/g systems to compensate for the effect of RMS DS. Examples can also be cited where GSM communication has been disabled by excessive RMS DS even despite sufficient received power level. Finally, the importance of the appropriate modeling of the delay spread has been demonstrated in the COST 207 project, which ended up proposing reference models of RMS DS using exponential profiles with one or two decaying peaks, discriminating between four terrain types: 1- urban, non-hilly, 2- rural, non-hilly, 3- bad urban, hilly and 4- hilly. In addition, BER (and therefore throughput performance and TIS for many systems) is directly proportional to RMS DS. The proportionality itself depends on the type of the assumed modulation. Thus, in order for measurements of new coding schemes to be viable, RMS DS of the radio channel has to be strictly controlled during tests. This may very well justify the use of a dedicated test facility. Consequently, the RMS DS and its tuning using an RC is therefore a good subject for research regarding the emulation of realistic scenarios using reverberation chambers

At EMITE, UPCT, NIST and some other institutions, research is under way regarding the emulation of realistic scenarios using reverberation chambers. Since the validation works at 3GPP/CTIA concentrate on absolute throughput as the figure of merit for any comparison purposes, the ability of reverberation chamber to accurately emulate absolute throughput of real-world scenarios has also been investigated. The key parameters for the research are RMS DS (or more generally the PDP), path-loss models and absolute throughput.

2.1 The Emulation of realistic scenarios with RCs using Sample Selection and drive tests
In narrowband channel models, all contributions arrive with the same delay. To be more precise, all contributions arrive with delays that differ from each other by less than the system time resolution. The PDP and RMS DS measurements in an RC represent the averaged value of the measured sample set. To be more precise, they represent the averaged value of the different fading scenarios under which the RC measures samples that conform the sample set, that is, the different positions of paddles, platform, sources, shifts in frequency, etc. Wideband systems, on the other hand, are capable of discriminating multipath arrivals in time. If B is the system bandwidth, they are capable of discriminating arrivals whose delays differ by more than ((=1/B.

The capabilities of RCs have been enhanced by EMITE with the purpose of this contribution by using Sample Selection to a) select subsets of RC-measured samples with different correlation properties [9], b) select subsets of RC-measured samples with different RMS DS properties, c) select subsets of absolute throughput RC-measured samples with a different CDF and d) select subsets of absolute throughput RC-measured samples with a different throughput to path loss ratios. This has led to four different genetic algorithms which are currently under investigation at EMITE for emulating real-world fading scenarios using a standalone mode-stirred reverberation chamber (RC candidate methodology 1).

Results presented in this contribution correspond solely to using 3GPP LTE MIMO OTA round robin campaign data and LTE drive tests. The 3GPP LTE MIMO OTA round robin campaign data from both anechoic chamber-based and reverberation chamber-based methods has been used. For each test lab, all provided results have been averaged. For RC test labs, this includes the data which was measured using NIST for those RC test labs that provided NIST data. Most labs reported a different absolute value for the same 100% relative value, which was provided by the employed BSE. In an effort to erase BSE uncertainties from results, for all test lab data, relative throughput (%) to maximum was used with each lab data using only one reported maximum absolute value as the 100% reference.

Diverse LTE drive tests have been performed by Vodafone. The set of real-world data corresponds to an urban scenario with good radio conditions in which 9 different LTE base stations were up and running for the test. No handover was allowed. The Huawei E398 LTE USB dongle and the 2x2 Open Loop Transmission Mode (TM3) were the selected DUT and transmission mode for the drive test so as to be able to compare results with the 3GPP LTE MIMO OTA round robin campaign data.

All drive test MAC throughput measurements were averaged to provide a final throughput vs RS_EPRE curve for the drive test, illustrated in figure 3.

Figure 3 shows that LTE drive tests in good radio conditions also show a general decay of throughput with decaying received power, as expected, but this decay is far less linear than measurements in a lab, with clear spikes altering the decay trend. This is attributable to the real-world operation, in which not only the received power (or RS_EPRE) changes, but also the signal to noise ratio for the received power, which ranged from 16,6 to 26,6 dB during the drive tests, as well as the real fading conditions.
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Figure 3. LTE drive test data. MAC throughput vs RS_EPRE.

The drive test MAC throughput measured data vs RS_EPRE was inserted in a figure depicting the averaged 3GPP LTE MIMO OTA round robin throughput results for the anechoic chamber-based and reverberation chamber-based test labs, illustrated in figures 4 and 5, respectively.
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Figure 4. LTE drive test data vs AC results.
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Figure 5. LTE drive test data vs RC results.

In an effort to identify the role of NIST and their resemblance to real-world data, figure 6 depicts the 3GPP LTE MIMO OTA data from RC test labs using only the provided NIST data. By doing this, the number of test labs getting closer to real data increases. The averaged AC results are also depicted with the averaged RC result and drive test data for comparison purposes in figure 7.
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Figure 6. LTE drive test data vs RC-NIST results.
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Figure 7. LTE drive test data vs RC-averaged and AC-averaged results.

It is clearly seen from the figures that the drive test data is not similar to most labs except one AC lab (Nokia) and one RC lab (EMITE). Yet, this cannot be taken as a conclusions as the results are only showing an averaged of results presented for the 3GPP LTE MIMO OTA round robin, which are not identical sets (the same number of test runs with the same identical settings) for all labs. When the NIST-only results were used, the EMITE RC chamber was able to provide similar results to real-world drive test data with the same DUT. Azimuth results are not shown as no NIST results were provided in the 3GPP LTE MIMO OTA round robin by Azimuth. While these results were somehow expected, it is encouraging from the standardisation point of view that the AC-averaged results and RC-averaged results match each other reasonably well. This is in line with recent works investigating the possibility of obtaining comparable throughput results between different test methodologies [15], which have shown that, providing 1) the DUT is rotated to different orientations in the 2-D statistically isotropic anechoic environment, and 2) the dimensions of the DUT are on the order of a wavelength or less such that the element directivities will be low, we can expect that throughput statistics for a DUT in 2-D and 3-D statistically isotropic environments will be within 10% of each other. This suggests that test procedures for MIMO OTA tests wireless terminals in anechoic chamber (AC) and reverberation chamber (RC) methods should be comparable for the conditions studied.
Research continues at EMITE for using sample selection with NIST-measured test runs in a reverberation chamber as a way to more accurately reproduce this and other drive tests with different radio conditions and also to accurately reproduce 3GPP SCME AC-results and provide a response to 3GPP queries for LTE MIMO OTA standardization.
3. Conclusions

The NIST channel model has proven useful to reproduce some realistic scenarios. When used as a brick to construct a measured test data set in an RC, the NIST channel model has also proven useful for an accurate emulation of real-world urban fading LTE scenarios. With the already proven ability of RCs to clearly distinguish good from bad MIMO devices, testing devices in a known, repeatable environment, such as that presented by the reverberation chamber, has the advantages of including a rich multipath coupled with uniformity, which make RCs more than acceptable for testing MIMO performance at basic level, and low cost. Likewise, averaged 3GPP LTE MIMO OTA round robin throughput results eliminating the base station emulator variations for all AC labs and all RC labs have shown a reasonable matching. RC measurements with the NIST channel model have potential to provide TPUT ratios (throughput measured under radiated conditions vs throughput measured under conducted conditions in the same radio channel) similar to AC SCME TPUT ratios and serve the goal of differentiating between good and bad MIMO devices while producing similar results when compared to other test methodology candidates.
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