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1. Introduction

We show in this paper further measurements with the devices of the LTE MIM OTA round robin test. A first set of results has been presented in [1]. More data have been shown recently at CTIA [2]. Here we extend the presentation.

The system is described in [3]. The measurements were made with two goals: 
a) obtain measurements as closely related to the other test methods in anechoic chambers as possible, and 
b) obtain further information allowing to look into additional performance values which are possible in the two-channel method. 
2. General aspects

The tests performed are based on Annex B of the TR 37.976 [4]. This paper describes measurements made with the LTE devices listed in TABLE I referred as UEs, subsequently.
TABLE I 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


Due to time limitations we were able to do measurements using external antennas only with the Huawei E398..

Figure 1 shows the basic test setup 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 MIMO OTA test setup for the two-channel method

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 and Figure 3 explain the coordinate system used.
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Figure 2 Chamber coordinate system; test antennas TA1 and TA2 move at the ln plane
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Figure 3 DUT coordinate system for inclination angle ( = 0( (left) and ( = 90( (right); 
inclination rotation is performed around x’-axis when (’1 = 0(
The chamber coordinate system lmn shown in Figure 2 is fixed to the test chamber orientation. In the lmn coordinate system test antennas TA1, TA2 are located in the ln plane for arbitrary parameters f, e1 and (e. The DUT coordinate system xyz is fixed to the DUT orientation. The xyz system presented in Figure 3 (right) agrees with the system defined in the CTIA test plan [6]. The rotated DUT by the inclination angle ( = 90( around x-axis is utilized to probe the host by both test antennas placed on its horizontal plane. 

Each test antenna can create two orthogonal polarizations of electric field Tf1, Te1, Tf2 and  Te2 at any spherical position.
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For the inclination angle ( = 0( each orthogonal polarization has only one field component
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Each antenna constellation is uniquely defined by the input parameters f, e1, (e and (.

TABLE II Input parameters for setting antenna constellations in chamber coordinate system

	
	Chamber coordinate system lmn
	Comment

	Azimuth / (
	f
Range: 0 to 360
	Clock-wise rotation of azimuth positioner, seen from +n axis

	Elevation TA1 / (
	e1
Range: 0 to 165
	Elevation coordinate of TA1

	Elevation offset / (
	(e
Range: 10 to 330
	Elevation separation between test antennas

	Inclination angle / (
	(
Range: 0 to 360
	Angular offset between n and z axes


TABLE III Definition of DUT coordinate systems and value ranges of the associated angles

	
	DUT coordinate system x'y'z' for ( = 0
	DUT coordinate system xyz for arbitrary (

	Azimuth TA1 / (
	(’1
Range: 0 to 360
	(1
Range: 0 to 360

	Elevation TA1 / (
	(’1
Range: 0 to 165
	(1
Range: 0 to 180

	Azimuth TA2 / (
	(’2
Range: 0 to 360
	(2
Range: 0 to 360

	Elevation TA2 / (
	(’2
Range: 0 to 165 
	(2
Range: 0 to 180

	Azimuth offset / (
	((’ = 180 - ||(’1 - (’2| - 180| 
Range: 0 to 180
	(( = 180 - ||(1 - (2| - 180| 
Range: 0 to 180

	Elevation offset / (
	((’ = |(’1 - (’2|
Range: 0 to 180
	(( = |(1 - (2|
Range: 0 to 180

	Inclination angle / (
	0
	(
Range: 0 to 360


The geometrical constellations of the two test antennas in the DUT coordinate system TAi ((i, (i) with i = {1, 2} can be extracted from the input parameters f, e1, (e and ( according to
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and
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TABLE IV Examplary constellation presented in Figure 2 and Figure 3
	Input parameters / (
	f = 45, e1 = 90, (e = 135, ( = 90

	
	DUT coordinate system x'y'z' for ( = 0
	DUT coordinate system xyz for ( = 90

	Azimuth TA1 / (
	45
	0

	Elevation TA1 / (
	90
	45

	Azimuth TA2 / (
	225 
	( 235

	Elevation TA2 / (
	45
	120

	Azimuth offset / (
	180
	( 125

	Elevation offset / (
	45
	75

	Inclination angle / (
	0
	90


TABLE V sums up the settings for the test as much as the radio link is concerned, and TABLE VI contains the geometrical parameters according to which the test was made, and also some other setup conditions. When doing tests in a simple 2D condition, the step sizes for φ1 were chosen to be 45° in order to match the conditions of the round robin test.

TABLE V Common communication parameters of eNodeB emulator
	General

	Model name
	R&S CMW500 (Signaling mode)

	Firmware version
	2.0.20.4 LTE-Sign., 2.0.20.9 Base (beta versions)

	Communication 
technology
	LTE

	DL MIMO mode
	2(2 open loop spatial multiplexing (OL SM) & transmit diversity (TD)

	Duplex mode
	FDD

	Operating band
	Band 7 and 20

	Schedule type
	Reference Measurement Channel (RMC) for MCS=14, 
User Defined Channels (MCS=26)

	Connection mode of UE
	Connection Established, Attached (Samsung GT-B3740)

	DL power level (RS EPRE)
	Set at eNodeB emulator with correction from path loss calibration separately for each data stream and polarization case

	Downlink settings for stream 1 and stream 2
	Uplink settings

	Channel
	3100 (B7)
6300 (B20)
	Channel
	21100 (B7)
24300 (B20)

	Frequency
	2655 MHz (B7)
806 MHz (B20)
	Frequency
	2535 MHz (B7)
847 MHz (B20)

	Cell bandwidth
	10 MHz
	Cell bandwidth
	10 MHz

	Number of RB
	50 (full allocation) 
	Number of RB
	50 (full allocation)

	Start RB
	0
	Start RB
	0

	Modulation
	16QAM (MCS=14), 64QAM (MCS=26)
	Modulation
	QPSK (MCS=14),
16QAM (MCS=26)

	TBS Idx/value
	13 (MCS=14), 
24 (MCS=26)
	TBS Idx/value
	6 (MCS=14),
19 (MCS=26)

	Maximum throughput for one stream
	11664 kbit/s OL SM, TD (MCS=14);
30576 kbit/s (MCS=26)
	Maximum throughput for one stream
	5160 kbit/s (MCS=14), 
21384 kbit/s (MCS=26)

	Maximum throughput for both streams
	23288 kbit/s OL SM (MCS=14), 
61152 kbit/s (MCS=26)
	Transmit power control
	PUSCH Open Loop Nominal Power = -10 dBm; TX power control = Constant power

	Number of HARQ transmissions
	1 (no retransmissions)
	
	

	PDSCH power offset relative to RS EPRE [dB]
	(A = -3
(B = -3
	
	

	AWGN [dBm/15kHz]
	OFF
	
	


TABLE VI Parameters of the two-channel method
	Parameter
	Value
	Description

	f
	0(, 30(, …, 330( 
	Azimuth position

	e1
	30(, 60(, …, 150(
	Elevation position of TA1

	(e
	10( and 90(
	Elevation offset of TA2

	Polarization cases p, q
	p = q = f
p = q = e
p = f, q = e
p = e, q = f
	All four polarization cases of the channel matrix Hpq were measured

	Auxiliary matrix A
	|a11| = |a22|, |a12| = |a21| = 0
	holds for all polarization cases p, q

	Host laptop
	Pool1 Host1
	Dell Latitude E6400 utilizing the labelled DUT port at the upper left side 

	Laptop display angle
	110°
	see [6]

	EUT position in relation to the QZ center
	Geometrical center of the laptop, see [6]
	Precision ±10 mm

	EUT orientation
	Vertical to the keyboard plane; connected at the marked DUT port
	

	External antennas arrangement
	Cross-polarized;

dipoles separated by 57 mm
	

	Power management settings of laptop
	Turn off monitor: never

Turn off hard disks: never

System standby: never

WLAN: off

Bluetooth radio: off
	

	Number of subframes for BLER
	2000
	


3. Measurement results

Conducted and OTA mode measurements were performed with the same eNodeB emulator settings. Different path losses of two test setups were compensated to provide test results in absolute units which could be directly compared each other.

3.1. Conducted mode

In conducted mode two RF cables connect the appropriate ports of the eNodeB emulator 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.
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 VII 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 4
	Figure 5
	Figure 6

	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 4 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Transmit diversity with MCS = 14 (16QAM)

[image: image13.emf]OL SM, MCS = 14 - conducted mode
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Figure 5 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 6 Total throughput as a function of DL power (RS EPRE) at the UE antenna ports. 
Open loop spatial multiplexing with MCS = 26 (64QAM)

3.2. OTA mode, spatial points in 2D plane
TABLE VIII 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 VIII. 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 [4] 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 TABLE VIII and Figure 7. 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.
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Figure 7 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 8.
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Figure 8 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.

3.3. 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.
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Figure 9 CCDF plot for OL SM 16QAM, -105 dBm/15 kHz

3.4. 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 10 Average throughput of Huawei E398, different azimuth offsets Δφ
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Figure 11 Average throughput of ZTE AL621, different azimuth offsets Δφ
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Figure 12 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.
3.5. OTA mode, spatial points in 3D
The following measurements were made similar to the way described earlier [3]. 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 IX 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


3.6. 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 X summarizes the integral TRS value.

TABLE X 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. 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 XII evaluates the difference to the best case which, in all tables, is the Huawei E398 with external antennas.

TABLE XI 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 XII 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. Conclusions

Measurements were made on different devices with and without the use of an external antenna using a 2D plane as defined in the round robin test description [4]. The distance between the two antennas in the 2-channel method was varied. In addition tests were made for the sensitivity over the full 3D sphere using two antenna distances. Measurements with a single dual-polarized antenna and conducted measurements complement these results.
A comparison with external antennas is a good way to rank the antenna performance with reference to a very good antenna design. Comparing with conducted tests gives a clear indication of the antennas’ role in the overall performance.
Irrespective of the measurements made and of the analysis, the ranking of the devices used is pretty much the same. 
Not surprising, the performance of devices for low frequency bands is not as good as the performance for higher frequency band devices.
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