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1. Introduction

This presentation serves the purpose of verifying our newly proposed method for MIMO over-the-air (OTA) test of wireless devices. It characterizes the radiated sensitivity performance of an LTE modem. We describe the test system for this method and show measurement results. All parameters utilized in this work are defined and explained in the accompanying paper presenting theoretical background of the two-channel method [1]. The work shown here is focused on downlink (DL) sensitivity tests.
2. System implementation
2.1 System overview
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Figure 1 Block diagram of MIMO OTA test system supporting two-channel method

The MIMO OTA test system supporting the two-channel method is shown in the block diagram of Figure 1. An OTA chamber contains four angular positioners to control (, (1, (2, ( angles, two test antennas ANT DL1, ANT DL2 and one communication antenna ANT UL. Furthermore the access panel AP permits five RF connections to the test antennas placed in the chamber. External instrumentation includes a base station emulator (BSE) and a switch matrix (SM). The MIMO OTA test system was built according to the presented diagram at Rohde & Schwarz.

2.2 OTA test chamber with internal components

The OTA test chamber with dimensions 5 m ( 5 m ( 5 m is lined with pyramid absorbers to provide a shielded anechoic environment for RF measurements. The chamber shown in Figure 2 contains four positioners. Two independent elevation positioners are hidden behind anechoic walls. They control (1, (2 angular positions of the test antennas in a (-plane. An EUT is mounted on the top of the azimuth positioner to control the ( position. Additionally, the EUT might be mounted in the auxiliary fourth angular positioner placed on the top of the azimuth positioner to control an inclination angle ( of the EUT. The inclination positioner was not implemented for these tests. All four positioners permit to setup an arbitrary pair of angles of arrival (AoA) (1, (2 to illuminate the EUT with test fields Tp1((1), Tq2((2).

Two quad-ridged horn antennas are utilized as test antennas ANT DL1, ANT DL2. Each antenna is capable to create ( or ( orthogonal components of linearly polarized field through the dedicated ( and ( antenna connectors. The test antennas provide downlink connection to the EUT. The communication antenna ANT UL creates a circularly polarized field to provide uplink connection to the BSE. The antenna ANT UL is integrated inside the azimuth positioner. All five antenna ports are connected with RF cabling to the external instrumentation through RF connectors (DL1(, DL1(, DL2(, DL2(, UL) mounted on the access panel AP.
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Figure 2 Fully anechoic chamber for MIMO OTA measurements

2.3 External system components

The Wideband Radio Communication Tester R&S CMW500 is utilized as a base station emulator with LTE signaling functionality. In a configuration with two RF frontends it can carry two independent LTE downlink data streams x1 and x2 when set to spatial diversity mode. Another RF port receives the LTE uplink signal.

The Open System Platform R&S OSP120 is utilized as a switching matrix to route all the RF signals to adequate ports of the communication and test antennas. An integrated limiting amplifier in the uplink path supports a stable call connection between the EUT and the BSE when rotating the azimuth positioner.

The whole system is controlled with the R&S AMS32 OTA system software to automate the measurement procedure and to report measurement results. 

The system can be extended to include a fading simulator to verify EUT performance with the dynamically changing and arbitrary set channel matrix H.

3. Measurement results
3.1 UE setup and common settings

A Samsung LTE modem operating in band 7 was utilized as an UE to demonstrate measurement capabilities of the MIMO OTA test system. The modem was connected the USB port at the rear panel of the notebook with horizontal orientation. The notebook had an opened display to 90 degrees, i.e. it was perpendicular to the keyboard plane. The notebook was battery powered during all measurements. This configuration is called UE with internal antennas and is shown in Figure 3.
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Figure 3 LTE modem with internal antennas. 
View from ( = 0(, ( = 90( on the measurement setup (left), 
view from ( = 90(, ( = 90( on the measurement setup (right)

The second UE arrangement called UE with external antennas is shown in Figure 4. It includes two external PCB antennas connected to the antenna ports of the LTE modem by two RF coaxial cables. The antennas are mounted on a low permittivity fixture ((r ( 1.1). The fixture is attached to the LTE modem in order to keep fixed position and orientation of the antennas in relation to the modem and the notebook. A (/2 dipole with an integrated balun was printed on an FR4 substrate to form each antenna PCB. VSWR of each antenna is below 1.3 at the downlink center frequency. The antenna PCBs were mounted orthogonally to each other with the phase centers of both antennas separated by 57 mm. The separation refers to (/2 at the downlink frequency in air. The RF cables were guided in the antennas’ symmetry planes to minimize disturbance of the radiated field. Thus this antenna configuration will provide minimal antenna correlation and enable maximal spatial diversity gain.
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Figure 4 LTE modem with external antennas. View from ( = 180(, ( = 90( on the measurement setup (left). Close-up to the antennas mounted on a low permittivity fixture (right)

Common communication parameters of the BSE are listed in TABLE I. All the used terms and abbreviations are explained in a 3GPP technical specification for LTE communication technology [2]. The relatively low cell bandwidth 3 MHz was selected to maximize the upper bound for a DL power reported here as RS EPRE per subcarrier. The BSE is capable of block error rate (BLER) evaluation which is determined by counting the number of both acknowledged (ACK) and not acknowledged (NACK) data blocks by a UE over the uplink channel. The ACK and NACK information is utilized for determination of the throughput for each data stream x1, x2 separately. 

Common parameters of the two-channel method are listed in TABLE II. They were utilized for all the reported results in this paper unless otherwise stated. The set of angular positions (j, (i was selected to be the same as specified by CTIA. Consequently, the presented method has a similar procedure as in the widely-used CTIA OTA test plan [3].

TABLE I Common communication parameters of BSE

	General

	Model name
	R&S CMW500

	Communication technology
	LTE

	DL MIMO mode
	2(2

	Duplex mode
	FDD

	Operating band
	Band 7

	Schedule type
	User-defined channels

	Sensitivity threshold
	5 % of BLER

	Downlink settings
	Uplink settings

	Channel
	2850
	Channel
	20850

	Frequency
	2630 MHz
	Frequency
	2510 MHz

	Cell bandwidth
	3 MHz
	Cell bandwidth
	3 MHz

	Number of RB
	8
	Number of RB
	12

	Start RB
	4
	Start RB
	0

	Modulation
	64QAM
	Modulation
	QPSK

	TBS Idx/value
	15
	TBS Idx/value
	6

	Maximum throughput for one channel
	2472 kbit/s
	Maximum throughput for one channel
	1224 kbit/s

	Maximum throughput for both channels
	4944 kbit/s
	Transmit power control
	Open loop, Setup = Constant power

	Number of subframes for BLER evaluation
	2000
	
	


TABLE II Parameters of the two-channel method

	Parameter
	Value
	Description

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

	(i
	30(, 60(, …, 150(
	Elevation position of ANT DL1 and ANT DL2

	((
	10( and 90(
	Elevation offset of ANT DL2

	Polarization cases
Tp1, Tq2
	T(1, T(1, T(2, T(2
	All the four polarization cases of the channel matrix Hpq were measured

	((A)
	1
	Condition number of the auxiliary matrix A when constraining |a11| = |a22| and |a12| = |a21| = 0


3.2 Measurements of total isotropic sensitivity (TIS)

In order to demonstrate the applicability of the two-channel method, proposed in [1], to characterize sensitivity performance of UEs in a radiated environment two measurement campaigns were carried out. The first and the second campaign utilized the UE with internal and with external antennas, respectively. Both UE arrangements were measured in SISO and MIMO mode for performance comparison. The total isotropic sensitivity results are presented in TABLE III for SISO and in TABLE IV for MIMO mode. Furthermore the measurement examples of effective isotropic sensitivity (EIS) for both UE arrangements in 3D and in numerical tables are included in Appendix. Appropriate corrections of path loss and range length are applied to the result data so the data represent absolute received power level.

TABLE III 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 IV 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)2
	–97.1
	–96.2 (–96.0)
	–97.4

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


2 values in brackets refer to the 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. The 3D plots shown in Figure 8 and Figure 9 demonstrate poorer sensitivity in the direction of x-axis which is probably caused by the shadow effect of the notebook display.

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 ((.

In order to verify repeatability six additional measurements of TISpq((() were made for the UE with internal antennas. The results are noted in brackets in TABLE IV. The maximum deviation of 1 dB occurs for the TIS(((10() case which has the least impact on the overall result TIS (10() since it has the smallest value among the four polarization cases. The typical deviation reaches only 0.2 dB. These results indicate high repeatability of the two-channel method.

3.3 Throughput (TP) measurement as a function of the received power
TIS measurements presented in the previous subsection provide compact figures of merit to characterize radiated performance of a wireless device in SISO and MIMO operation modes. In addition to that the test setup for the two-channel method allows to investigate in-depth the radiated performance at an arbitrary pair of AoAs on a UE. As an example, total throughput measurement as a function of received power is reported in Figure 6 and in Figure 7 for the UE with internal and with external antennas respectively. p and q refer to the selected polarization of ANT DL1 and ANT DL2, respectively. The total throughput is the sum of two separate throughputs of both data streams x1 and x2. In both UE arrangements the angular position of the test antenna ANT DL1 was (1 = 90(, (1 = 90  and of the test antenna ANT DL2 was (2 = 90(, (2 = 80(. These angles were selected to provide minimum influence of the notebook on the radiated characteristics of the UE antennas R1((1, (1), R2((2, (2) in the direction of the test antennas. The LTE modem was placed at the center of the quiet zone. The UE arrangements are shown in Figure 5.
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Figure 5 UE setup during throughput measurement as a function of downlink power. UE with internal antennas at the view from ( = 90(, ( = 80( (left), UE with external antennas at the view from ( = 90(, ( = 90( (right)

MIMO throughput for cross-polarized data streams incident on a UE is maximized (100% of possible TP) at lower received power than for the co-polarized data streams (see Figure 6 and Figure 7). The difference reaches up to 19 dB for the UE with internal antennas and 17 dB for the UE with external antennas. In real-world environments, the incident fields on a UE have a random elliptical polarization. Therefore it is expected that a real MIMO TP will be closely related to the sensitivity of the best polarization case.

The maximum SISO TP is achieved at the lowest received power levels for the UE with external antennas at all p, q polarization cases. This agrees with expectations because the incident field on the UE is always co-polarized with one of the external antennas. The result demonstrates that the UE switches to a receiving diversity mode when it receives a single data stream only. The poorest sensitivity in a SISO mode q = theta of the UE with internal antennas reveals nulls in both antenna radiation patterns for the (-polarized field in the direction (2 = 90(, (2 = 80(.

The throughput has a very steep dependence on the received power. A reduction of received power by only about 2 dB results in a drop in TP from approximately 90 % to 0 % for all the measurement cases. A similar steepness had been observed in conducted MIMO measurements of WiMAX devices [4]. However when the TP range is extended to 100 %, the range for received power variation extends considerably up to 9 dB.
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Figure 6 Total throughput as a function of DL power of UE with internal antennas.
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Figure 7 Total throughput as a function of DL power of UE with external antennas.

4. Conclusions

This paper showed the applicability of the two-channel method to evaluate radiated sensitivity performance of a commercial LTE modem operating in a MIMO 2(2 spatial diversity mode. Measurements of the same modem in SISO mode were also executed to provide reference for the new two-channel method.

A general hardware setup necessary to implement the two-channel method was shown and explained. Its key components including a fully anechoic chamber, antennas, angular positioners and a base station emulator were described. The utilized settings of the BSE operated in “call box” mode as well as variable parameters of the two-channel method were listed.

Two TIS measurement campaigns were performed. The tested LTE modem was used with either internally integrated antennas or with the external antennas arranged to obtain the maximum spatial diversity. The UE arrangement with external antennas has better SISO and MIMO sensitivities by 3.5 dB and 7 dB respectively than with the internal antennas. The method is capable to evaluate spatially integrated sensitivity of the UE both in SISO and MIMO modes in a quantitative way.

Furthermore the presented hardware system allows evaluation of several MIMO OTA parameters by arbitrary setting of the channel matrix H and arbitrary setting of an AoA pair on an EUT. This possibility was demonstrated by measuring throughput depending on the received power for a given pair of AoA values. The results indicated a receive diversity operation when the UE works in SISO mode. The presented test approach is a valuable tool at the development phase of a wireless device as well.

5. Appendix
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Figure 8 SISO effective isotropic sensitivity EISp((j, (i) for the UE with internal antennas. 
Angular power pattern is interpolated. x-axis points ( = 0(, ( = 90 . EIS(((j, (i) (left); EIS(((j, (i) (right)
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Figure 9 MIMO effective isotropic sensitivity EISpq((j, (i, (j, (i + 10() for the UE with internal antennas and angular offset between both test antennas (( = 10(. x-axis points ( = 0(, ( = 90 . p = (, q = ( (top left); p = (, q = ( (top right);
p = (, q = ( (bottom left); p = (, q = ( (bottom right)
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Figure 10 MIMO effective isotropic sensitivity EISpq((j, (i, (j, (i + 10() for the UE with external antennas and angular offset between both test antennas (( = 10(. Azimuth stands for ( position and elevation stands for ( position.
p = (, q = ( (top left); p = (, q = ( (top right); p = (, q = ( (bottom left); p = (, q = ( (bottom right)
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