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1 Abstract
Taking the decomposition approach of the two-channel method one step further and explicitly adding tests in conducted set-ups with defined channel models allows to combine the strength of the two-channel method for obtaining performance results on the antennas with an appropriate channel model to give an end-to-end figure of merit.
2 Introduction

In this paper we are coming back to the two-channel method [1] and describe an extension which allows to access further details on the UE's performance. For simplicity we focus on the peak performance in spatial multiplexing mode which was the second of the two proposed test cases in [1].
3 R&S decomposition approach for 2x2 LTE MIMO

3.1 Decomposing MIMO reception
A decomposition approach is a method to solve a complex problem by breaking the original problem up into subsets and solving them sequentially or in parallel. 

In this case, the original problem is to determine a figure of merit (FOM) for the MIMO performance of a wireless device when used in a real-world MIMO scenario. While this paper focuses on 2x2 MIMO, the general principle can be applied to higher orders of MIMO. The block diagram of a real-world 2x2 MIMO transmission is outlined in Figure 1. MIMO signals are radiated by the two base station (BS) antennas and subsequently undergo fading introduced by a variety of environmental conditions such as scattering and reflections. The channel therefore introduces correlation between the downlink (DL) signals and exposes the device under test (DUT) with a large number of correlated streams. Additional correlation is introduced by the MIMO receive antenna pair for instance due to cross talk and varying angles of arrival (AoAs). The received signals are then passed to the MIMO receiver where they are combined with noise (thermal noise, atmospheric noise, and desense).
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Figure 1: Real-world 2x2 MIMO transmission diagram

At the device level, the key elements for good MIMO performance are therefore the antenna pair as well as the MIMO receiver, as highlighted in Figure 1. In order to optimize the overall device performance, device manufacturers should have the ability to determine individual FOMs for the antenna pair performance as well as the MIMO receiver performance.

Since the MIMO performance of the antenna subsystem is independent of the channel conditions, it is sufficient to use two uncorrelated channels with varying AoAs and polarizations to characterize the antennas. The performance of the MIMO receiver on the other hand is not directly related to the performance of the antenna subsystem. In order to determine a FOM for the antenna subsystem and a FOM for the MIMO receiver, MIMO device testing can be broken up into two distinct approaches: conducted and radiated test.
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Figure 2: Diagram of R&S decomposition approach for 2x2 LTE MIMO

The conducted MIMO test is utilizing a fading simulator to introduce dynamic fading and is used to determine a FOM for the MIMO receiver performance. The radiated test is performed without the introduction of explicit fading profiles inside the chamber and is used to determine a FOM for the MIMO receive antenna pair. The FOM for the overall MIMO wireless system performance of the DUT is a combination of the FOMs from each test (conducted and radiated). Splitting up MIMO testing into two therefore provides more information on the DUT performance than performing a single test. 

3.2 Conducted MIMO test setup
The basic conducted MIMO test setup is shown in Figure 3 where the eNodeB emulator is connected to a fading simulator to create realistic channel models. In this setup, the antennas of the DUT are bypassed by connecting the conducted ports of the DUT to the RF ports of the eNodeB emulator. 
The conducted conformance MIMO test in [2] section 7.3, for example, is utilizing a fading simulator to introduce dynamic fading and is used to decide if the UE passes the test or if it fails. Unfortunately there is no assessment of a FOM for the MIMO receiver performance. We therefore propose to extend this kind of test by applying the desired channel model in the fading emulator and to assess the RF receiver performance of the UE.

The same setup can be used to determine the conducted receiver performance metrics such as sensitivity with no fading profiles applied.
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Figure 3: Simplified setup for the conducted MIMO approach

3.3 Radiated MIMO test setup
The simplified radiated DL-MIMO setup is illustrated in Figure 4 for a conical-cut system. The DUT is placed on a turntable that is used to setup the azimuth angle . The two transmit/DL antennas are able to move independently on the same orbit around the DUT, i.e., the elevation angles for each reference antenna,  and , can be adjusted for each antenna separately.
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Figure 4: Simplified setup for the radiated MIMO approach

4 Radiated LTE MIMO test: Peak-Performance Open Loop Spatial Multiplexing 

4.1 Goal of the test
Spatial multiplexing (SM) is a MIMO transmission mode where the BS antennas transmit independent and separately encoded data streams. For highest throughput, this peak performance test can be performed with the Open Loop Spatial Multiplexing (OLSM) mode together with a 64QAM modulation; however, this test can also be performed with less complex modulation schemes, such as 16QAM and QPSK. 

As outlined earlier, the radiated test is meant to provide a FOM for the MIMO antenna pair highlighted in yellow in Figure 5a. The results gathered from this test allow device manufacturers to optimize the MIMO antenna design. On the other hand, since every constellation of this test captures device-level performance metrics such as receiver sensitivities and throughput, this radiated test can also provide a FOM for device performance with the DUT exposed to MIMO conditions. The results for this test provide valuable information on the MIMO receive chain of the DUT, as highlighted in yellow in Figure 5b. Without the introduction of fading profiles, the MIMO detector would be tested only to some extent. As discussed in Section 0, the combination of FOMs from both the conducted and the radiated tests gives a complete overview of the wireless system performance of the DUT when exposed to various real-world MIMO scenarios. More work is needed to determine whether the device-level radiated performance test without fading profiles applied, Figure 5b, might be used to ultimately assess MIMO performance of DUTs sufficiently.
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Figure 5: Radiated MIMO test: ability to determine FOM for 
a) antenna subsystem performance and 
b) device-level performance

This radiated test is in contrast with the envelope correlation coefficient (ECC) evaluation where the similarity between the antenna patterns is determined. The ECC evaluation requires the measurement of the complex pattern (magnitude and phase) for each antenna. For passive device testing, the complex electric field pattern is measured with a vector network analyzer, while for active device testing, the complex I/Q pattern must be collected from the chipset with the eNodeB emulator. While the ECC approach is a suitable FOM for antenna design engineers in the various stages of the antenna design process, that test does not take self-desense into account and is currently not applicable for every chipset. The radiated test of the R&S decomposition approach, however, is applicable to every handset and takes desense effects into account.

In order to accurately analyze and subsequently optimize the antenna subsystem, realistic AoAs for the MIMO streams need to be taken into account. The proposed approach provides sufficient control over the AoAs in 3D by defining a variety of constellations, i.e., origins of the MIMO streams as well as any combination of polarizations of these streams.
4.2 
Test setup
A more detailed test setup for the radiated MIMO test is shown in Figure 6 for a conical-cut system.
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Figure 6: Setup for the Peak-Performance OLSM Test

Two DL antennas are mounted on independently moving arms and rotate on the same orbit around the DUT that is placed on the azimuth positioner. The AoAs for the two different MIMO streams originating from the two DL antennas, DL1 and DL2, can be characterized by the elevation angles, 1 and 2, for each DL antenna as well as the azimuth rotation of the device, . Of course, each Rx antenna of the UE usually sees the signal from both DL antennas. The uplink (UL) connection is established with a UL antenna preferably placed within the AZ positioner. The five RF ports, i.e., the dual-polarization ports (-pol. and -pol.) for each DL antenna (DL1 and DL2) and the UL antenna port, are connected to an RF switch which in turn is connected to three RF ports (one UL, two DL) of the eNodeB emulator. 

The proposed geometrical constellations that introduce MIMO streams symmetrical to the z-axis are summarized in TABLE I. Here, six different azimuth positions for the DUT together with six different elevation positions for the DL antennas are considered with angular spacing of 30o between adjacent azimuth and elevation positions. Additionally, every combination of the 4 different polarization constellations is investigated. Therefore, a total of 144 different constellations are performed for this peak-performance OLSM test. 

TABLE I Geometrical constellations for peak-performance OLSM test
	Parameter
	Value

	Azimuth: 
	0o, 30o, 60o, 90o, 120o, 150o

	Elevation: 12  (1= ; 2=  + 180o)
	15o, 45o, 75o, 105o, 135o, 165o

	Polarization: 
	DL1/-Pol – DL2/-Pol
DL1/-Pol – DL2/-Pol
DL1/-Pol – DL2/-Pol
DL1/-Pol – DL2/-Pol


The sequence for the constellations outlined in TABLE I is illustrated in Figure 7. 
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Figure 7: Illustration of the sequence of constellations for the symmetrical MIMO stream AoA approach

It should be noted that other constellations can easily be considered in addition to the proposed approach, e.g., a constant angular offset between the test antennas. For instance, an offset of 10o could simulate rural conditions, while an offset of 90o could simulate urban conditions. The constellations given in TABLE I address various scenarios and therefore will lead to results matching reality more thoroughly than a single channel model could do.
4.3 Test results
A variety of receiver performance metrics, such as throughput and sensitivities are collected during this test for every constellation. Statistical metrics are used to summarize the measurements as they make comparison of DUTs easy and directly relate to user experience and network performance.
The results in the following subsections are for a single smartphone in the LTE FDD bands 4 (1700 MHz/ 2100 MHz) and 17 (700 MHz) when tested under MIMO conditions (OLSM transmission scheme utilizing QPSK).
4.3.1 Device-level performance metrics
The following set of results outline device-level performance metrics that take the entire receive chain into account, i.e., from the antennas to the receiver, see Figure 5b. Figure 8 shows typical relative throughput vs. DL power level curves which can be used to compare multiple devices with each other. The two curves are for the two LTE bands of operation: band 4 and 17. Clearly, these results show that for a fixed DL power level, the device on average achieves better throughput in band 4.

[image: image9.jpg]Rel. Throughput [%]

100
%
80

[==FDD4

7
60

50

|-=-FDD17

0
20

20

10

115

A0

-108

100 95
Level [dBm/ 15 kHz]




Figure 8: Relative throughput as a function of DL power level for smartphone UE 
tested in OLSM transmission scheme and QPSK modulation

4.3.2 Antenna subsystem performance metrics
While the previous subsection focused on device-level performance metrics with the DUT placed in a MIMO environment without fading profiles applied, this subsection outlines appropriate MIMO antenna pair performance metrics, see Figure 5a.

CDF curves can be plotted for the antenna pair simply by normalizing receive sensitivities (x-axis) to the corresponding conducted sensitivity. To gather the most amount of information on the antenna performance, it is more valuable to differentiate between the different polarization constellations, see TABLE I. Figure 9 shows the CDF curve for the antenna pair for each polarization constellation as function of the normalized sensitivity (for a 5% BLER), separately for band 4, Figure 9a, and band 17, Figure 9b. One can see that the MIMO antenna performance in band 4 is fairly independent of polarization constellations. On the other hand, the MIMO antenna performance in band 17, Figure 9b, is best for two particular polarization constellations. Additionally, the fact that the curves of band 4 are shifted towards larger normalized sensitivities than band 17 shows that the MIMO antenna performance in band 4 is better than that in band 17. 
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Figure 9: CDF curves as a function of normalized sensitivity for smartphone DUT tested in OLSM transmission scheme and QPSK modulation in a) FDD band 4 and b) FDD band 17

5 Implementations of the radiated R&S decomposition approach for 2x2 LTE MIMO

As outlined in Section 4, the radiated approach requires a second test antenna with independent elevation positioner for a conical cut system. Many existing conical cut systems can be upgraded with this second positioner/antenna rather easily, often even in a field install. Figure 10 shows two vastly different implementations suitable to perform the radiated tests of the R&S Decomposition LTE MIMO Approach. The system shown in Figure 10a is the R&S reference system in Memmingen, Germany, where the elevation positioners are mounted on opposite sides of the chamber. The compact system shown in Figure 10b from the R&S Flower Mound, TX, office, is perfectly suited for R&D purposes due to its small size. Here, the two positioners are mounted on one side of the chamber to save space. 
[image: image12.jpg]



(a)

[image: image13.jpg]



(b)

Figure 10: a) R&S Memmingen, Germany, LTE MIMO system, 
b) compact R&S Flower Mound, TX, LTE MIMO system

6 Conclusions

The presented approach differentiates itself from competitive LTE MIMO approaches due to its simplicity, reduced complexity, and low cost. As it can be used to determine separate FOMs for the overall device performance and the performance of its subsystems, it is suitable for test labs and network operators to provide fast and simple feedback on MIMO OTA performance of the DUT as well as for device manufacturers to optimize antenna and receiver subsystems separately. From an architectural perspective, this approach is well suited for many organizations with existing SISO systems as it allows reuse of those systems and upgrade costs of a conventional system are relatively small. From a test and measurement perspective, these tests are pretty straightforward and fast. More importantly, the radiated tests are complementary to the conducted industry tests with little to no redundancy. 
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