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1. Introduction
A Study Item of the MIMO OTA testing for multiple antenna terminals was agreed at the RAN 43 meeting [1] and it is now ongoing. The main purpose of the SI is to gather sufficient data so as to be able to establish commonly acceptable testing methodologies for an adequate evaluation of the overall MIMO performance of wireless communication terminals with multiple antennas. Ultimately, the testing methodologies have to be able to differentiate a good from a bad MIMO device, and a set of different figures of merit (FoMs) has been agreed for that purpose. In order to gather and compare testing results, a LTE MIMO OTA Round Robin test campaign has been jointly organized by 3GPP and CTIA [2].
The objective of this contribution is to present the test conditions and some throughput results obtained by EMITE Ing for 3GPP/CTIA LTE MIMO Round Robin Measurement campaign using a mode-stirred reverberation chamber candidate methodology. 
This contribution was produced with the help of EMITE Ing, a supplier of mode-stirred reverberation chambers for single and multi-antenna OTA passive and active measurements. 

2. Test conditions
As a part of 3GPP/CTIA LTE MIMO OTA Round Robin Measurement Campaign, EMITE Ing has run diverse tests to LTE-enabled dongle-type DUTs.
The tested DUTs were provided by Vodafone, from Pool 1 and Pool 2. Pool 1 DUTs were used attached to a Dell Latitude E6400 laptop. Pool 2 DUTs were used attached to a Dell Latitude E430 laptop.
Table 1. LTE DUTs of the LTE MIMO OTA round robin testing.
	Label
	Model name
	Operating band

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

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

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

	Pool2 DUT1
	Huawei E398 LTE USB Rotator
	Band 7: DL 2620 to 2690 MHz

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

	Pool2 DUT4
	Samsung GT-B3710 LTE USB
	Band 7: DL 2620 to 2690 MHz


All tests have been performed following the test plan instructions and configuration in [3]. The lid of the laptop was closed but some additional tests were also performed with a 110º open lid. The center of the rotation was the three dimensional geometric centre of the laptop. For the testing of the DUT, the laptop was used as a host device with its internal radios turned off. The laptop was always powered by battery in all tests, and power management settings used were according to the test plan:
· Turn off monitor – never
· Turn off hard disks – never
· System standby - never   
· WLAN-off
· Bluetooth radio-off    
Some employed test settings which are additional to those ones setup in [3] will be reported. The DUTs were tested using the E300 MIMO Analyzer mode-stirred reverberation chamber in connection to an AT4 wireless S3110B LTE Mobile Test Application Base Station Emulator. The E300 MIMO Analyzer is a mode-stirred reverberation chamber equipped with 9 fixed measurements antennas to enable MIMO measurements. When the E300 mode-stirred reverberation chamber was connected to the AT4 wireless S3110B LTE Mobile Test Application BSE, it was tuned to the NIST Indoor-Urban channel model which is based on real outdoor-to-indoor channel measurements in urban environments [4-5]. This is like the exponential decay specified in [3]. This is done by careful tuning of the chamber RMS delay spread (RMS DS) through a very accurate fitting of the power delay profile (PDP) [6-7]. The E300 was carefully tuned using the direct method so as to ensure an RMS DS of 90±5ns following [3] or 30±5ns following the suggestion in [8]. Testing was performed using step-wise stirring, wherein the throughput was sampled at each fixed stirrer position to avoid any Doppler shift. A set of three repetitions was performed for each measurement, and averaged values over these three repetitions are provided as final values. 

For other channel model emulation, either the AT4 wireless S3110B LTE Mobile Test Application BSE  was employed with its embedded Extended Pedestrian A (EPA) channel model emulation or the Spirent Communications SR5500M Channel Emulator was used for the injection of Power Delay Profiles (PDPs) from SCME channel models. Both 2x2 open-loop (3) and 2x2 closed-loop (4) spatial multiplexing transmission modes were tested. Measurements in closed-loop mode were done using fixed values of rank and precoding as per in [3]. Other test conditions are summarized in Table 2. It is important to note that the AT4 wireless S3110B is able to set a number of HARQ retransmissions larger than 1.
Table 2. Testing conditions of the LTE MIMO OTA testing.
	Model
	AT4 wireless S3110B LTE Mobile Test Application v1.1.1.0

	Firmware
	E2010 Mobile Broadband Test Set v2.2.2.2

	Technology
	LTE FDD

	DL Trx MIMO Mode
	3 (2x2 open-loop SM), 4 (2x2 closed-loop SM)

	Channel bandwidth DL
	10, 20 MHz

	Channel power

(Signal level at DUT)
	-135 to -80 dBm

	Figure of merit
	Throughput (FRC)

	Modulation and Coding Scheme (MCS)
	16QAM and 64QAM

	Allocated RB
	50, 100

	Start RB
	0

	Number of HARQ retransmissions
	1, 4, 8

	Spatial channel models
	NIST / EPA / UMI

	MSRC RMS DS
	90 ± 5 ns, 30 ± 5 ns

	fd
	5 Hz


The BSE parameters were set according to the type of DUT to be tested. For the purpose of the LTE MIMO OTA Round Robin, only the spatial multiplexing modes were used (open-loop and closed-loop spatial multiplexing). The AT4 wireless S3110B parameter settings were those in Table 3, as specified in the test plan [3].

Table 3. Main BSE parameter settings.

	Parameter
	Unit
	Value

	
	
	FRC1

	 Channel bandwidth
	MHz
	10
	10
	20

	 MCS DL
	 
	16QAM
	64QAM
	16QAM

	 MCS UL
	 
	QPSK
	16QAM
	16QAM

	 Target Coding Rate
	 
	1/2
	3/4
	1/2

	 Allocated resource blocks
	RB
	50
	50
	100

	 Subcarriers per resource block
	 
	12
	12
	12

	 Allocated subframes per Radio Frame
	 
	10
	10
	10

	 Number of HARQ Processes
	 
	8
	8
	8

	 Maximum number of HARQ transmissions
	 
	1
	1
	1

	 Information Bit Payload per UL Sub-Frame
	 
	5160
	21384
	43816

	 Information Bit Payload per DL Sub-Frame
	
	
	
	

	    For Sub-Frames 1,2,3,4,6,7,8,9
	Bits
	12960
	30576
	25456

	    For Sub-Frame 5
	Bits
	n/a
	n/a
	n/a

	    For Sub-Frame 0
	Bits
	12960
	30576
	25456

	    Transport block CRC
	Bits
	24
	24
	24

	 Number of Code Blocks per Sub-Frame
	 
	
	 

	    For Sub-Frames 1,2,3,4,6,7,8,9
	Bits
	3
	5
	5

	    For Sub-Frame 5
	Bits
	n/a
	n/a
	n/a

	    For Sub-Frame 0
	Bits
	3
	5
	5

	 Binary Channel Bits Per Sub-Frame
	 
	 
	
	 

	    For Sub-Frames 1,2,3,4,6,7,8,9
	Bits
	26400
	41400
	52800

	    For Sub-Frame 5
	Bits
	n/a
	n/a
	n/a

	    For Sub-Frame 0
	Bits
	24768
	38880
	51168

	 Maximum throughput averaged over 1 frame (per data stream)
	Mbps
	11,6640
	27,2940
	22,9100

	 Noc
	dBm / 15 kHz
	-98
	-98
	-98

	 Precoding granularity
	PRB
	50
	50
	100

	 PMI delay
	ms
	n/a
	n/a
	n/a

	 Reporting Interval
	ms
	n/a
	n/a
	n/a

	 Reporting Mode
	 
	n/a
	n/a
	n/a

	
	PDCCH

	 Number of OFDM symbols for PDCCH
	 
	2
	2
	2

	 Aggregation level
	 
	2
	2
	2

	 DCI format
	 
	2A
	2A
	2A

	 Cell ID
	 
	0
	0
	0


All tested radio environments were calibrated as specified in the test plan [3]. The evaluated Figure of Merit (FoM) was MIMO Throughput (FRC – Category I).

3. Test results
Figure 1 shows the MIMO OTA throughput performance of all LTE DUTs under a NIST Indoor-Urban channel model using a 10 MHz channel bandwidth and RMS DS=30±5ns, open-loop spatial multiplexing transmission mode, lid closed, Modulation DL 16QAM, Modulation UL QPSK and no HARQ retransmissions.
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Figure 1. Some test results of LTE MIMO OTA Throughput for DUTs in Pool 1and Pool 2 with open-loop spatial multiplexing transmission mode.

The effect of the lid can be observed in figure 2, wherein the measured results for DUT4 of Pool 1in figure 1 can be compared to the measured results with the same settings except the lid, which was open 110º.


[image: image2]
Figure 2. Test results of LTE MIMO OTA Throughput for DUT4 in Pool 1 with 10 MHz/Open-loop SM/16QAM DL/QPSK UL/HARQ trx 1 with the lid closed and open 110º.

The effect of modulation schemes can be observed by comparing figure 1 to figures 3 and 4. Figure 3 depicts the MIMO OTA throughput performance of LTE DUT4 in Pool 1 and Pool 2 under a NIST Indoor-Urban channel model using a 10 MHz channel bandwidth and RMS DS=30±5ns, open-loop spatial multiplexing transmission mode, lid closed, Modulation DL 64QAM, Modulation UL 16QAM and no HARQ retransmissions. Figure 4 shows the MIMO OTA throughput performance of the Samsung GT-B3710 dongle under a NIST Indoor-Urban fading channel model with RMS DS=90±5ns, a HP-Compaq 6720s as host laptop, 10 MHz channel bandwidth and closed-loop spatial multiplexing transmission mode with 16QAM and 64QAM downlink modulation schemes.
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Figure 3. Some test results of LTE MIMO OTA Throughput for DUTs in Pool 1and Pool 2 with 64QAM DL and 16QAM UL.
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Figure 4. Some test results of Samsung GT-B3710 LTE USB Dongle.
The effect of the selected LTE transmission mode can be observed by comparing figure 1 to figure 5. Figure 5 depicts the MIMO OTA throughput performance of some LTE DUTs under a NIST Indoor-Urban channel model using a 10 MHz channel bandwidth and RMS DS=30±5ns, closed-loop spatial multiplexing transmission mode, lid closed, Modulation DL 16QAM, Modulation UL QPSK and no HARQ retransmissions. 
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Figure 5. Some test results of LTE MIMO OTA Throughput for DUTs in Pool 1and Pool 2 with closed-loop spatial multiplexing transmission mode.

The effect of the selected LTE channel bandwidth can be observed from figure 6. Figure 6 depicts the MIMO OTA throughput performance of LTE DUT4 under a NIST Indoor-Urban channel model with RMS DS=90±5ns using a HP-Compaq 6720s host laptop, open-loop spatial multiplexing transmission mode, lid closed, Modulation DL 16QAM, Modulation UL QPSK and no HARQ retransmissions for 10 and 20 MHz channel bandwidths.
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Figure 6. Test results of Samsung GT-B3710 LTE USB Dongle comparing both 10 and 20 MHz channel bandwidth using open-loop spatial multiplexing transmission mode.

The important effect of HARQ retransmissions can be observed by comparing the results in figure 1 to those depicted in figure 7. Figure 7 illustrates the test results for several DUTs under a NIST Indoor-Urban channel model using a 10 MHz channel bandwidth and RMS DS=30±5ns, open-loop spatial multiplexing transmission mode, lid closed, Modulation DL 16QAM, Modulation UL QPSK and 4 and 8 HARQ retransmissions. Regarding the fading channel model, figure 8 shows the MIMO OTA throughput performance of LTE DUT4 under a NIST Indoor-Urban channel model with a RMS DS=90±5ns and an EPA fading channel model using a 10 MHz channel bandwidth and the MSRC tuned to an RMS DS =90±5ns, a HP-Compaq 6720s host laptop and for open-loop spatial multiplexing transmission mode. Similarly, figure 9 illustrates the MIMO OTA throughput performance of DUT4 in Pool 1 and Pool 2 under a SCME Urban Micro Cell (UMI) PDP using a 10 MHz channel bandwidth, the MSRC tuned for an RMS DS=30±5ns, open-loop spatial multiplexing transmission mode, lid closed, Modulation DL 16QAM, Modulation UL QPSK and no HARQ retransmissions.

[image: image7.png]Relative Throughput [%]

100

90

80

70

50~

401

—Huawei E398 Pooll DUT1 -- HARQtrans=4
—Samsung GB3710 Pooll DUT4 -- HARQtrans=4
---Huawei E398 Pool2 DUT1 -- HARQtrans=4
---Samsung GT-B3710 Pool2 DUT4 -- HARQtrans=4
—Huawei E398 Pooll DUT1 -- HARQtrans=8
---Huawei E398 Pool2 DUT1 -- HARQtrans=8
---Samsung GT-B3710 Pool2 DUT4 -- HARQtrans=8

30

v o
d2 115 o 105 -100 95 90 85 80
Received Power (dBm/15kHz)




Figure 7. Test results of LTE MIMO OTA Throughput for several DUTs in Pool 1 and Pool 2 with 10 MHz/lid closed/Open-loop SM/16QAM DL/QPSK UL with 4 and 8 HARQ retransmissions.
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Figure 8. Test results of LTE MIMO OTA Throughput for the Samsung GT-B3710 LTE USB Dongle under a NIST Indoor-Urban and an EPA fading channel model and for 10 MHz channel bandwidth and open-loop spatial multiplexing transmission mode.
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Figure 9. Test results of LTE MIMO OTA Throughput for DUT4 in Pool 1 and Pool 2 under a SCME UMI fading channel model/10 MHz/Open-loop SM/lid closed/16QAM DL/QPSK UL and no HARQ retransmissions.

In order to be able to differentiate between a good and a bad MIMO device, the test results in figure 9 can be compared to those obtained by DUT1 in Pool 2 and a commercial LTE dongle already in use at the Telia-Sonera LTE network, for the same testing scenario including the SCME UMI PDP, illustrated in figure 10. The commercial LTE dongle was connected to a HP-Compaq 6720s host laptop. Finally, in an attempt to show overall evaluation of the LTE dongles, an averaging of throughput performance in all tests can be observed from figure 11.
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Figure 10. Test results of LTE MIMO OTA Throughput for DUT1 in Pool 2 and a commercial LTE dongle connected to an HP-Compaq 6720s host laptop2 under a SCME UMI PDP/10 MHz/Open-loop SM/lid closed/16QAM DL/QPSK UL and no HARQ retransmissions.
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Figure 11. Averaged performance of all LTE dongles.

4. Discussion
It can be confirmed from these figures that the throughput is definitely decreased according to the decrease in the channel power, and that this happens in a rather pronounced manner. Some DUTs have a very narrow received power dynamic margin, which could really put their commercial operation into jeopardy. It is also clear from the obtained results that some DUTs perform better for different testing settings, and that the diverse studied effects affect DUTs differently. General observations include the fact that channel bandwidth and modulation has a clear impact on OTA throughput, as expected.

The Huawei E398 seems to be able to withstand the effect of different hosted portable computers and different modulation schemes when there is no HARQ retransmissions, while the Samsung GT-3710 suffers larger effects in performance when different host portable PCs are used, particularly for more demanding modulation schemes. This agrees well with the important differences in performance for the Samsung GT-3710 LTE dongle when the lid is closed or open 110º. For 64-QAM modulation schemes at downlink, the Samsung GT-3710 LTE dongle overtakes the Huawei E398 dongle with Pool 1 portable PC, but its performance falls below that of Huawei E398 with Pool 2 Portable PC. The ZTE AL621 performs normally in between the other DUTs. Under SCME UMI PDP, the Samsung devices show sharp throughput decays, while the Huawei E398 outperforms all other DUTs, closely followed by an already-commercial LTE dongle DUT. The Huawei E398 LTE dongle, however, shows an important dependence on hosting platform and DUT position when more than one HARQ retransmissions are allowed. This dependence, however, does not make the Huawei E398 be outperformed as the worst performance is still the best among all DUTs when averaged. All these observations agree well with the averaged performance study of figure 11, which reinforces the need to have a single and new figure of merit that could combine the results obtained at different throughput tests and provide an answer to the required need to be able to differentiate a good from a bad MIMO device in a simple manner. EMITE is now working towards such an OTA Throughput-based FoM. 
Some important differences in performance of the analyzed DUTs are observed when the fading channel model is changed. When the chamber is tuned to have a RMS DS=90±5ns, the results using the EPA fading profile fall behind those obtained for the natural NIST model, but reducing the main chamber RMS DS helps reducing the effect of the innate exponential decay PDP of the mode-stirred reverberation chamber to the injected SCME PDP. When the RMS DS of the chamber is reduced to 30±5ns, the results for UMI fading channel model injection are able to get maximum throughputs. This suggests that the effect of convoluting a chamber-natural NIST model to the injected SCME PDP is not trivial, but that reducing RMS DS minimises this effect as it has been suggested in previous contributions. Accurate injection of fading profiles that could emulate SCME true PDPs inside a mode-stirred reverberation chamber once convoluted to chamber’s innate profile would be advisable so as to avoid any RMS DS-related effect. EMITE is also working towards the definition of such injected profiles. This does not mean, however, that the throughput results when RMS DS are reduced or compensated through diverse channel injections are more realistic than those obtained for natural exponential decays of NIST models. This is because when the natural exponential decay of the mode-stirred reverberation chamber is used, the combined CE+RC PDP resembles better the ones from which SCME models were extracted as it does account for the intra-cluster dispersion effects.
5. Conclusions
In this contribution, we have presented the results for the 3GPP/CTIA LTE MIMO OTA round robin testing campaign using an EMITE E300 mode-stirred reverberation chamber in connection to an AT4 wireless S3110B LTE Base Station Emulator and a Spirent Communications SR5500M Channel Emulator. Results show that different DUTs perform differently to different modulation schemes, transmission modes and fading channel models (NIST, EPA and UMI). This can help differentiating a good from a bad MIMO device in MIMO tests. As the injection of the SCME UMI or the EPA model inside a mode-stirred reverberation chamber has to be convoluted to the chamber’s innate exponential decay, lowering the chamber RMS DS helps minimising this convolution effect. This is observed in the presented results as final performance resembles that obtained in anechoic-based methods with RMS DS=30±5 better than results obtained previously for HSDPA with larger RMS DSs (90±5 ns). Some more advanced injection methods are also advisable so as to accurately emulate SCME PDPs inside a mode-stirred reverberation chamber. Providing testing results that could resemble accurately realistic PDPs, however, is a different story. Accurate emulation of realistic results will probably require the combination of results using both more restrictive channel models (EV, EPA) and less restrictive channel models (NIST) in addition to those for the discretized SCME models.
Results also show that the slope of the OTA throughput curve is generally larger than the slopes found previously for HSDPA DUTs, which represents a challenge for commercial operation of the LTE dongles, wherein higher dynamic margins are generally expected. Regarding the use of HARQ retransmissions, results using the AT4 wireless S3110B, which allows for this parameter to be set and changed, have shown that it is indeed important to account for this parameter that is present in realistic use. While some DUTs are hardly affected by increasing the number of HARQ retransmissions (Samsung GT-B3710 LTE dongle), others are indeed affected, particularly when this is considered with different hosting platforms (Huawei E398 LTE dongle). This different behaviour of the Samsung GT-B3710 LTE dongle against the Huawei E398 LTE dongle when changing the number of HARQ retransmissions had not been observed in previous tests. Since there is no clear tendency of a DUT to behave always better than others, but rather a zigzag performance is obtained (some DUTs perform better for different modulation schemes and others perform better for different hosting platforms) a simple and new metric which could make use of a pre-defined set of throughput tests and provide a simple final result is called for. In this contribution, a simple averaging of all tests has been used, but this provides a set of averaged throughput curves which require final observation and decision, and better metrics can be provided in the future. The set of tests and settings is something that would have to be agreed for such final FoM based on throughput results.
Finally, it is clearly observed from the tests that LTE MIMO OTA testing using mode-stirred reverberation chambers is a good premise to evaluate the real MIMO OTA performance of wireless devices and to differentiate a good from a bad MIMO device.
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