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1. Introduction

This paper sums up all the round robin test results for the two-channel method.

Since no further results from other labs were added, this paper includes the results of the MIMO LTE OTA round robin test using the two-channel method presented in Tdocs [6], [9], [11], [13], [14]. Background information on the methods used is not repeated here but found in the TR 37.976 [1] and in various Tdocs [2], [3], [5], [8], [15]. The data were collected and put to an Excel file using the format specified first in [12] and finalized in [16].
It has to be highlighted that the presentations in sections 2 to 5 are not corrected for the 3 dB offset error caused by some firmware version. To have the corrected values, all power levels with transmit diversity or with spatial multiplexing have to be increased by 3 dB. 
The results in section 6 are corrected. You can directly see the effect when comparing Figure 3 with Figure 19.

2. R4-104284 
MIMO OTA Measurements of LTE Devices According to the Two-Channel Method
2.1 General remarks
Figure 1 shows again the basic test system for the two-channel method. Two dual-polarized antennas are used as probe antennas carrying the DL signals. An additional UL antenna which is circularly polarized is placed in the φ positioner.
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Figure 1 Block diagram of MIMO OTA test system supporting two-channel method

A Samsung LTE modem operating in band 7 was utilized prior to the round-robin start. The modem was connected the USB port at the rear panel of the notebook with horizontal orientation. Also measurements with an external antenna were performed.

Common communication parameters of the BSE were: modulation 64QAM, TBS Idx = 15, 3 MHz bandwidth, 8 RBs, searching for a 5 % BLER sensitivity threshold for each geometrical constellation. The first antenna moved in the usual 30° steps in a conical cut system, whereas the second antenna was following with either 10° or 90° offset. Azimuth varied for a full turn in 30° steps. All four polarization combinations were measured.


2.2 TIS evaluation
TIS was calculated from the results for each polarization combination, and also a total TIS.

TABLE I Sensitivity in SISO mode

	UE antennas case:
	TIS(( [dBm]
	TIS(( [dBm]
	TIS [dBm]

	Internal
	–102.0
	–99.9
	–104.1

	External
	–103.4
	–105.6
	–107.6


TABLE II Sensitivity in MIMO mode

	UE antennas case:
	TIS((((() [dBm]
	TIS((((() [dBm]
	TIS((((() [dBm]
	TIS((((() [dBm]
	TIS((() [dBm]

	Internal
	(( = 10 deg
	–89.7
	–88.5 (–89.5)1
	–97.1
	–96.2 (–96.0)1
	–97.4

	
	(( = 90 deg
	–98.2 (–98.8)1
	–92.4 (–92.6)1
	–96.3 (–96.3)1
	–94.9 (–94.9)1
	–98.9

	External
	(( = 10 deg
	–93.7
	–97.5
	–102.9
	–103.1
	–103.8

	
	(( = 90 deg
	–98.7
	–102.8
	–100.3
	–103.8
	–104.9


1 values in brackets refer to repeated measurements

The UE with internal antennas has a SISO TIS value lower by 3.5 dB than the UE with external antennas. Similarly MIMO TIS(10() is better up to 6.4 dB for the second UE arrangement. This result indicates lower antenna efficiency of the UE with internal antennas. 

MIMO TIS((() values demonstrate much better performance of the UE with external antennas in relation to the first UE arrangement. The difference is approximately 7 dB in both angular separations cases (( = 10( and 90(. This agrees with expectations where the UE with the cross-polarized antennas separated by (/2 provides the minimum antenna correlation. The compact size of the UE with internally integrated antennas does not allow to achieve such a large spatial separation. 

Both UE arrangements show much poorer sensitivity in co-polarized incident field cases TIS(((((), TIS((((() than in the cross-polarized cases TIS(((((), TIS(((((). The difference reaches up to 10.6 dB for the UE with external antennas and (( = 10(. The result advises to transmit two orthogonally polarized data streams (p ( q) by a base station for optimal MIMO performance of the tested UEs.

Furthermore the MIMO sensitivity is poorer in both UE arrangements for the smaller angular separation (( = 10( which means poorer performance of MIMO devices in line-of-sight scenarios. This also agrees with expectations since it is more difficult to design antennas with low correlation at very close angular offsets ((.


3. R4-110646
Preliminary results on LTE round robin test
3.1 General remarks
This paper describes measurements made with the LTE devices listed in TABLE III referred as UEs, subsequently.

TABLE III LTE USB modems of round robin test
	Label
	Model name
	Operating band

	Pool1 DUT1
	Huawei E398
	Band 7: DL 2620 to 2690 MHz

	Pool1 DUT2
	Samsung GT-B3740
	Band 20: DL 791 to 821 MHz

	Pool1 DUT4
	Samsung GT-B3710
	Band 7: DL 2620 to 2690 MHz

	Pool2 DUT2
	ZTE AL621
	Band 7: DL 2620 to 2690 MHz


In order to have more similarities to other candidate solutions also doing tests within the round robin test, we decided to turn the host notebook by 90 degrees. It is now placed on its right hand side. Figure 2 explains the coordinate system used. The notebook display is opened to 110 degrees.
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Figure 2 Arrangement of UE in relation to the utilized coordinate system

The settings for the test were using open loop spatial multiplexing, 16QAM, TBS Idx = 13, 10 MHz bandwidth with 50 RBs. The geometrical constellations were the same as in section 2, i.e. the second antenna following the first one by either 10° or by 90°. When doing tests in a simple 2D condition, the step sizes for θ were chosen to be 45° in order to match the conditions of the round robin test.

3.2 Conducted mode

In conducted mode two RF cables connect the appropriate ports of BSE with the UE antenna ports. The attenuation of the cables is compensated during the measurements. Maximum spatial diversity is achieved since there is no coupling between the two RF channels.
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Figure 3 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports.

MIMO throughput in conducted mode represents the best possible MIMO sensitivity of the tested UE which can be achieved. The throughput is limited by UE receiver performance only. Assuming sensitivity threshold 50 % of the total throughput, conducted sensitivity is approximately Scond = -118.5 dBm for the Huawei E398, Scond = -116 dBm for the Samsung GT-B3710, Scond = -119 dBm for the Samsung GT-B3740 and Scond = -114.5 dBm for the ZTE AL621. 
3.3 OTA mode, spatial points in 2D plane

Six elevation offsets (( and four polarization cases p, q were used to account for various possible AoAs and polarizations of incident fields in the plane. A measurement case is characterized by the angular position of ANT DL1 and ANT DL2 and their polarizations p and q. At each measurement case total throughput for both data streams was recorded for several levels of RS EPRE in order to characterize the UE’s sensitivity.

The average throughput TPav(RS EPRE) is the linear average of throughput in all measurement cases for the given RS EPRE power and is presented in Figure 4.
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Figure 4 Average throughput of the UEs calculated for measurement cases where 
the test antennas were placed in a 2D plane; all four polarization combinations

The average throughput of the Huawei E398 is better than the Samsung GT-B3710. The sensitivity improvement of the Huawei E398 is up to 3 dB at TPav = 50 % which correlates to a 2.5 dB sensitivity Scond improvement measured in conducted mode. Hence MIMO antenna performance of both devices seems to be similar. Significant deterioration of MIMO antenna performance can be noticed for the Samsung GT-B3740. Even though it achieved the best MIMO sensitivity in conducted mode, it provides the worst average throughput in OTA mode. To obtain TPav = 50 % the Samsung GT-B3740 requires 5 dB higher DL power than the Huawei E398. This result agrees with expectations since the Samsung GT-B3740 device operates in Band 20 with more than three times longer wavelengths. Having similar geometrical dimensions as Huawei E398 it is much more difficult to obtain an antenna design with similar spatial and polarization diversity.

In contrast the average throughput of the ZTE AL621 indicates its best MIMO antenna performance among all tested UEs. Its average throughput curve is very similar to the Huawei E398 one whereas its conducted sensitivity was 4 dB worse. Good antenna design of the ZTE AL621 compensates for the poorest receiver sensitivity measured in conducted mode.
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Figure 5 Average throughput of two UEs calculated for measurement cases where test antennas were placed in 
a 2D plane; co-pol includes p = q = ( and p = q = (; cross-pol includes p = (, q = ( and p = (, q = (
3.4. OTA mode, spatial points in 3D

The following measurements so far only have been made with the Huawei E398. The measurements were made similar to the way described earlier [6]. The UE with internal antennas has about 4 dB worse TRS((() sensitivities than the UE with external antennas and has about 8 dB worse sensitivity than the minimum possible sensitivity Scond for the utilized receiver. The sensitivity TRSpq((() diverges up to 4 dB between various polarization cases of the UE with internal antennas.

TABLE IV Sensitivity and antenna efficiency of Huawei E398 in MIMO mode

	UE antennas case:
	TRS((((() [dBm]
	TRS((((() [dBm]
	TRS((((() [dBm]
	TRS((((() [dBm]
	TRS((() [dBm]
	effMIMO((() [dB]

	Internal
	(( = 10°
	-104.0
	-103.0
	-107.5
	-107.1
	-108.8
	-9.7

	
	(( = 90°
	-108.4
	-106.0
	-107.6
	-108.2
	-110.7
	-7.8

	External
	(( = 10°
	-105.8
	-106.3
	-111.9
	-112.0
	-112.9
	-5.9

	
	(( = 90°
	-109.0
	-113.7
	-111.1
	-113.8
	-115.3
	-3.2



4. R4-111723
Further results on LTE round robin devices
4.1 General remarks
We show in this paper further measurements with the devices of the LTE MIM OTA round robin test. Different MCS settings were used. Furthermore, statistical analysis has been added. Please note that some changes to the coordinate system are applied from this document onwards, for details and for conversion formulas see [11].
4.2 Conducted mode

Measurements were made with different downlink modes (transmit diversity, TD, and open loop spatial multiplexing, OL SM) and with different modulations (16QAM = MCS 14, 64QAM = MCS 26). A summary of the results is found in the following table:

TABLE V Conducted sensitivity at 50 % throughput treshold

	UE
	Scond [dBm/15 kHz]

	
	TD, 
MCS = 14
	OL SM, MCS = 14
	OL SM, MCS = 26

	refer to
	Figure 6
	Figure 7
	Figure 8

	Huawei E398
	-121.4
	-118.6
	-108.1

	Samsung GT-B3740
	-120.7
	-118.2
	-106.7

	Samsung GT-B3710
	-118.2
	-115.8
	-104.3

	ZTE AL621
	-118.3
	-114.7
	n/a


As one can see, sensitivity improves by around 3 dB for transmit diversity compared to open loop spatial multiplexing, and deteriorates by around 10 dB when changing from 16QAM to 64QAM.
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Figure 6 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Transmit diversity with MCS = 14 (16QAM)
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Figure 7 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Open loop spatial multiplexing with MCS = 14 (16QAM)
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Figure 8 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Open loop spatial multiplexing with MCS = 26 (64QAM)


4.3 OTA mode, spatial points in 2D plane

TABLE VI Parameters of the two-channel method in 2D cut
	Parameter
	Value
	Description

	f
	0(
	Azimuth position

	e1
	0(, 45(, 90( and 135(
	Elevation position of TA1

	(e
	10(, 30(, 60(, 90(, 120( and 150(
	Elevation offset of TA2


In order to provide test results with similar geometrical settings as utilized by antenna-ring-based solutions some modifications were applied. The modifications are listed in TABLE VI. The modifications restrict the movement of the test antennas to the plane parallel to the keyboard of the host laptop and utilize the same rotation angles like in table B.4.1-1 of [1] except of the angle at e1 = 180 degrees. This angle is not accessible in our setup due to the presence of the 
f-positioner. The angle is related to the primary antenna TA1. Six elevation offsets (e and four polarization cases p, q were used to account for various possible AoAs and polarizations of incident fields in the plane. By this choice a variety of channel conditions is created. 

A measurement case is characterized by the angular position of TA1 and TA2 and their polarizations p and q, see Figure 9. At each measurement case total throughput for both data streams was recorded for several levels of RS EPRE in order to characterize the UE’s sensitivity.
Note that e and f denote the chamber coordinate system, and θ and φ the UE's coordinate system.
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Figure 9 Spatial constellations of test antennas for tests in 2D plane; spherical angles
θθ and φ1, φ2 are defined according to the CTIA coordinate system

The average throughput TPav(RS EPRE) is the linear average of throughput in all measurement cases for the given RS EPRE power and is presented in Figure 10.
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Figure 10 Average throughput of the UEs calculated for measurement cases where 
the test antennas were placed in a 2D plane; all four polarization combinations

Major findings show that a good conducted RF sensitivity not necessarily is bound to a good OTA performance, and similarly good OTA performance can be achieved even with not so good RF sensitivity. It is interesting to note that the alternative position of the ZTE device using the Styrodur holder worsens the curve by up to 4 dB, probably caused by the vicinity of the UE’s antennas to the host notebook.

4.4 OTA mode, CCDF in 2D plane

Another way to look at the ranking of the different devices is an investigation of the composite cumulative distribution function (CCDF). Taking all measurements in the 2D analysis and counting the relative throughput obtained for a constant downlink power level, the CCDF tells in how many cases out of the total measurements the throughput has exceeded the value shown on the horizontal axis. For example, with a power level of -105 dBm/15 kHz the Samsung GT-B3710 will have a throughput of at least half of the maximum possible throughput in 35 % of the cases. The Huawei E398 will achieve this throughput with the same DL power in about 60 % of the cases.

[image: image11.emf]RS EPRE = -105 dBm/15 kHz

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 10 20 30 40 50 60 70 80 90 100

Relative throughput [%]

CCDF

Huawei E398 ExtAnt

ZTE AL621

Huawei E398

ZTE AL621 Styrodur holder

Samsung GT-B3710

Samsung GT-B3740


Figure 11 CCDF plot for OL SM 16QAM, -105 dBm/15 kHz

4.5 OTA mode, spatial points in 2D plane as function of test antenna offset

Doing a different analysis on the 2D data we took three UEs and plotted the average throughput as function of downlink power. Each curve indicates one fixed Δφ, i.e. averaged over φ1, θ1 positions and polarization, but not over Δφ. 
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Figure 12 Average throughput of Huawei E398, different azimuth offsets Δφ
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Figure 13 Average throughput of ZTE AL621, different azimuth offsets Δφ
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Figure 14 Average throughput of Samsung GT-B3740, different azimuth offsets Δφ
For the E398, the curves indicate that there is a continuous improvement of sensitivity when increasing the elevation offset. This observation holds true for the high throughput values. At lower throughput values, the curves are very close to each other.

With the AL621, only the 10 degree elevation offset shows a worsened sensitivity, but this time for all TP values. The other offsets are very close together. Finally, the GT-B3740 shows again some deterioration for a small elevation offset but not as noticeable as for the AL621.
4.6 OTA mode, spatial points in 3D

The sensitivity TRSpq((() diverges up to 9 dB between various polarization cases. It is most interesting that the ranking of the devices observed with (e = 10° is exactly the same as for (e = 90°.

TABLE VII MIMO radiated sensitivity and antenna efficiency in OL SM, MCS = 14 (16QAM) mode
	UE antennas case:
	TRSff((e) [dBm]
	TRSee((e) [dBm]
	TRSfe((e) [dBm]
	TRSef((e) [dBm]
	TRS((e) [dBm]

	(e = 10°
	Huawei E398 
ExtAnt
	-105.8
	-106.3
	-111.9
	-112.0
	-112.9

	
	ZTE AL621
	-105.7
	-103.9
	-107.4
	-107.5
	-109.4

	
	Huawei E398
	-104.0
	-103.0
	-107.5
	-107.1
	-108.9

	
	Samsung GT-B3710
	-102.7
	-99.0
	-106.2
	-106.0
	-107.3

	
	Samsung GT-B3740
	-103.3
	-96.9
	-102.5
	-105.4
	-106.0

	(e = 90°
	Huawei E398 
ExtAnt
	-109.0
	-113.7
	-111.1
	-113.8
	-115.3

	
	ZTE AL621
	-111.0
	-107.4
	-109.8
	-108.3
	-112.4

	
	Huawei E398
	-108.4
	-106.0
	-107.6
	-108.2
	-110.7

	
	Samsung GT-B3710
	-109.5
	-104.6
	-107.1
	-106.6
	-110.3

	
	Samsung GT-B3740
	-104.0
	-105.7
	-104.2
	-105.3
	-107.9


4.7 TRS with single AoA

A further simplified measurement can be performed by using a single test antenna which is dual polarized. Each polarization is driven from one of the two DL MIMO data streams. Since it is a single antenna, we have the situation of φ1 = φ2, 1 = 2 and therefore (e = 0. TABLE VIII summarizes the integral TRS value.

TABLE VIII Total radiated sensitivity in OL SM mode with single test antenna

	UE
	TRSfe (0°) [dBm]

	Huawei E398 ExtAnt
	-113.8

	ZTE AL621
	-108.6

	Huawei E398
	-109.3

	Samsung GT-B3710
	-106.6

	Samsung GT-B3740
	-102.9



4.8 Comparison of different data

We compare in the below tables the different ways to measure and to perform the analysis of the data obtained. For comparison also conducted measurements are included. All data correspond to open loop spatial multiplexing with 16QAM modulation using MCS = 14.

It is obvious that the ranking of the devices is very much the same independent on the analysis. TABLE X evaluates the difference to the best case which, in all tables, is the Huawei E398 with external antennas.

TABLE IX Results for the different devices in various tests

	Description
	conducted
50 % TP
	2D
50 % TP
	-105 dBm/15 kHz
50 % TP
	3D
	3D
	single AoA

	UE
	RS EPRE
	RS EPRE
	CCDF [%]
	TRS(10°)
	TRS(90°)
	TRSfe (0°)

	Huawei E398 ExtAnt
	-118.6
	-107.5
	81
	-112.9
	-115.3
	-113.8

	ZTE AL621
	-114.7
	-106.0
	63
	-109.5
	-112.4
	-108.6

	Huawei E398
	-118.6
	-106.0
	59
	-108.9
	-110.7
	-109.3

	Samsung GT-B3710
	-115.8
	-103.1
	36
	-107.3
	-110.3
	-106.6

	Samsung GT-B3740
	-118.2
	-101.0
	23
	-106.0
	-107.9
	-102.9


TABLE X Ranking of the different devices in various tests

	Description
	conducted
50 % TP
	2D
50 % TP
	-105 dBm/15 kHz
50 % TP
	3D TRS
(e = 10(
	3D TRS
(e = 90(
	single AoA
TRS

	UE
	delta [dB]
	delta [dB]
	CCDF delta [%]
	delta [dB]
	delta [dB]
	delta [dB]

	Huawei E398 ExtAnt
	0
	0
	0
	0
	0
	0

	ZTE AL621
	3.9
	1.5
	18
	3.4
	2.9
	5.2

	Huawei E398
	0
	1.5
	22
	4
	4.6
	4.5

	Samsung GT-B3710
	2.8
	4.4
	45
	5.6
	5
	7.2

	Samsung GT-B3740
	0.4
	6.5
	58
	6.9
	7.4
	10.9



5. R4-112431
More MIMO 3D results on LTE modems

5.1 General remarks
Additional data analysis presented in this Tdoc focuses on 2D cuts generated from 3D measurements. By this analysis we can identify how different orientations of the measurement plane affect the performance.

It should be mentioned that for the xz plane, the 10° separation data correspond to the primary antenna at 90° in the chamber coordinate system, and the secondary antenna at 80°, whereas in the 90° separation case the primary antenna / secondary antenna were in the positions 120°/30° and 150°/60°. This means that in the 90° separation case the xz plane contains a larger part of the total solid angle than any other plane.

5.2 Results
The following graphs show the results of the cuts for all four devices. All data are taken using the usual 16QAM settings.
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Figure 15 Huawei E398
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Figure 16 Samsung GT-B3710
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Figure 17 Samsung GT-B3740
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Figure 18 ZTE AL621

As primary conclusions to draw from these results, it should be noted that there is quite some variation between the different cut planes, and also between a 10° and a 90° distance of the two test antennas. This allows us to conclude that it is quite important to test different antenna regions. A test in only one plane is not going to give the full picture. But it is for future study if the performance criteria have to refer to some average or rather to some extreme behavior.

It might be true that for modems there will be a typical orientation for use, and a typical plane of incident fields. Modems might be optimized with respect to these assumptions. As soon as we move to handheld devices like smartphones, this no longer will be the case, and therefore the test method for OTA testing needs to take the full antenna patterns into account.

The Samsung GT-B3710 does not seem to produce huge differences between the various cuts. Nevertheless, a noticeable improvement is seen in the 90° antenna separation case.

For the Huawei E389, the cut with the worst results is the yz plane which is the plane seen when looking to the front of the notebook. The same plane shows much better results than the other planes for the ZTE AL621. This plane, by the way, cuts longitudinally through each device, irrespective if it is used horizontally or vertically.

For the Samsung GT-B3740 the results are inconclusive. The improvement for the xz plane is only seen at 90° antenna separation, and the worsening in the xy plane is seen in the 10° separation case. Several of the curves also show noticeable steps which are not fully understood yet.

In summary we would like to conclude that there seems to be quite some work ahead before being able to release a test plan for LTE devices. Even when having focused on a test method, still it will be a major task to define the parameters to vary and the performance criteria to apply.


6. R4-MIMOOTAah-0006
More Round Robin results

6.1 General remarks
The LTE MIMO OTA round robin recently got new devices added. The Pantech UML290 has been tested in the same way as the other devices, and the most interesting results are presented here.

6.2 Conducted tests
The following graphs show the results of the cuts for all devices. Figure 19 contains the results for 16QAM settings, and for the new Pantech device in addition a test with QPSK (MCS=0) is added. One can identify that going to this most robust MCS, the sensitivity increases further by 5 about dB. At the same time, the dependence on power levels is not as steep as for 16QAM.

Figure 20 then shows the throughput curves for all devices in the 64QAM, MCS=26 case. The TP reached was 100 % for all devices, corresponding to 61152 kBit/s. For the Pantech device, we tried in addition MCS=28 with even higher nominal TP values of 73392 kBit/s, but the 100 % level of relative TP could not be reached. As a matter of fact, the device reached only 58421 kBit/s, i.e. a lower value than with MCS=26.

Please be aware that for the presentations in this Tdoc we have applied a correction to the power levels. In the Beta version 2.0.20.4 for the CMW500, there was an erroneous shift of 3 dB whenever two ports were in use. In the sensitivity plots therefore the curves are now at 3 dB higher power levels than before. In the officially released firmware version 2.0.20 the power levels are indicated correctly, but for consistency we did the tests on the Pantech devices also with version 2.0.20.4 and applied the correction afterwards.
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Figure 19 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Open loop spatial multiplexing with MCS = 14 (16QAM) [MCS = 0 / QPSK]
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Figure 20 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports.
Open loop spatial multiplexing with MCS = 26 (64QAM) [MCS = 28]

6.3 Spatial points in a 2D plane

The following graphs show the results of doing measurements in the UE's horizontal plane. We show again the TP curve and the CCDF distribution. All data are taken using the usual 16QAM settings in open loop spatial multiplexing (OL SM) mode.
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Figure 21 Average throughput of the UEs calculated for measurement cases 
where the test antennas were placed in a 2D plane; all four polarization combinations
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Figure 22 CCDF plot for OL SM 16QAM, -97 dBm/15 kHz

It is very obvious that testing with the D430 notebook where the device is plugged to the rear and has to be in horizontal position is much, much worse than all other tests with the E6400 notebook. Since with the pool 4 devices we only got D430 notebooks as host, we tested also with an E6410 notebook which is not part of the round robin test. The results move the curves to the region where the other devices are. On the E6410 the modem was flipped upright.

For the CCDF plot we have chosen to use a higher power than in [11] in order to have some throughput for the Pantech device with the D430 notebook. At RS EPRE = -102 dBm / 15 kHz the CCDF would have been 0 % throughout the curve.


7. Summary
The round robin results obtained by Rohde & Schwarz using the two-channel method are summed up in this Tdoc. Clearly the results indicate the good selectivity of the two-channel method with respect to antenna performance metrics. The flexibility of arranging tests for a variety of angles of arrival and for different polarization combinations allows probing the full 3D performance of the UE antenna configuration. Conducted sensitivities are always an additional quantity to compare the radiated sensitivities with.
The data also show a clear effect on self-interference. The notebook platform affects the sensitivity to a substantial amount.
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