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1 Introduction
A new Study Item (Measurement of radiated performance for MIMO and multi-antenna reception for HSPA and LTE terminals) was established in March 2009 [1]. During the 3GPP TSG-RAN4 meeting #50-BIS in Seoul, a skeleton report for MIMO OTA study item [2] was agreed. The skeleton covers Introduction, Performance metrics, Methodologies based on anechoic RF chamber, Methodologies based on reverberation chamber, and Recommendations. During the 3GPP TSG-RAN4 meeting #51-BIS in Los Angeles, a candidate solution was agreed to be included in the MIMO OTA TR [3]. This contribution shows initial throughput measurement results based on the candidate solution described in [3], and proposes some potential metrics based on those results.
2 Test Setup
The MIMO OTA test system is depicted in Figure 1.
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Figure 1.  Schematic of the MIMO OTA Test System.
Basically, the MIMO OTA consists of following components:  BS emulator (or any other tester transmitter), multidimensional radio channel emulator, anechoic chamber, OTA measurement antennas, and the MIMO device to be tested.

The tests we report here were conducted in ETS-Lindgren premises in Austin, Texas during 3rd – 7th August 2009.  The MIMO device under test was a Linksys IEEE 802.11n device with 2x2 MIMO.  The device was operated in the 2.4 GHz band using 20 MHz channel bandwidth.  The device is a commercially available off the shelf device, illustrating that the test system can be used also with final products to compare various devices under identical radio channel conditions.  Another matching device from the same product family was used as the test equipment making up the other side of the link outside the chamber to ensure compatibility with all modes of MIMO operation of the DUT.  The “downlink” signal from the tester to the DUT was routed through the channel emulator then through eight ~30 dB gain amplifiers to a circular array of eight vertically polarized broadband measurement antennas.  The “uplink” from the DUT was captured using a circularly polarized antenna and fed through circulators and isolators to couple the signal back to the tester side of the link without providing an alternate downlink signal path.  The DUT was placed on an azimuth positioning turntable in the center of the test volume as shown in the block diagram of Figure 2 and photos of Figure 3.  A laptop was located nearby to serve as the client side for performing throughput measurements between the tester and DUT.
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Figure 2.  Block diagram of the test set-up.
The following figure depicts the experimental test set-up.
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Figure 3.  Photos of the experimental test set-up:  a) the output of channel emulator is connected to 8 power amplifiers (Mini-Circuit ZVE-8G), b) DUT (access point of IEEE802.11n) in the center of the chamber, c) return link directed through conical log spiral antenna, and d) dual polarized OTA antennas surrounding the DUT mounted on small azimuth positioner.
Experiments were performed using 3 different types of channel models characterized in Table 1. The first one was modified 3GPP SCM Urban Micro model, where the delays were squeezed to zero while keeping the original angular behavior.  Next, a modified TGn-C model, consisting of the delay profile from TGn-C, but the angular behavior from the SCM Urban Micro model was developed, followed by another modified TGn-C model having low correlation (10 wavelength separation of Tx antennas) on the transmitter side.  The following figure depicts the modified TGn-C models.


[image: image7]
Figure 4.  Graphical representation of the modified TGn-C models.
	Model
	Delay spread [ns]
	Arrival azimuth spread [(]
	Departure azimuth spread [(]
	TX antenna separation [(]

	Modified SCM Urban micro
	0
	68
	18
	0.3

	Modified TGn-C
	30
	68
	18
	0.3

	Modified TGn-C (low corr)
	30
	68
	18
	10


Table 1. Channel model characteristics.
3 Results
Figure 5 depicts the throughput vs. attenuation (intervening path loss) results as a function of rotating the DUT on the turntable in 30 degree increments using the modified TGn–C low correlation model.  The goal is to evaluate the effect of altering the relative antenna orientation within the simulated environment for the selected channel model. 
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Figure 5.  Throughput vs. Attenuation azimuth cut for the low correlation TGn-C model illustrating different regions of operation and comparing to SIMO behavior for same DUT.
We see that the MIMO throughput performance varies by as much as 10 Mbps (~25%) depending on the antenna orientation.  Both the angular dependent throughput at a given signal level (attenuation setting) and/or the average throughput for all angles (Figure 9) are potential metrics for evaluating MIMO DUT performance.  Such a metric measured at a single power level and reported only as an average of all angles has the advantage of being a relatively quick test.  Conversely, looking at the total path loss, which is proportional to received power at the DUT, at a fixed throughput of 30 Mbps shows an angular dependent variation of about 10 dB.  This metric represents a “MIMO Sensitivity”, where the signal level is lowered to determine the point where throughput falls below an arbitrary target throughput rate, as opposed to a target error rate.  The linear average of the resulting power pattern generated by creating a horizontal cut through the above graph (see Figure 8 and Figure 11), would provide a metric similar to that of TRS for SISO systems, at the cost of significant test time.     
It is clearly seen that there are at least two modes of MIMO operation in this device. The curves at the low attenuation end are clustered to 35-40 Mbps and to 40-45 Mbps, indicating some level of fall-back between at least two different modulation and coding schemes (MCS) within the 2x2 MIMO specification of 802.11n.  As the attenuation increases, the MIMO performance converges to performance that is independent of the DUT orientation due to the symmetry of the sleeve dipole elements.  The same “waterfall” curve of the lower 802.11 data rates seen in the SIMO test cases is evident but with a 3 dB shift indicating the likely presence of transmit beam forming in the test system.
As we change the channel model to high correlation TGn-C model, the throughput behaves as follows.
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Figure 6.  Throughput vs. Attenuation azimuth cut for the high correlation modified TGn-C model.
As seen, comparing to Figure 5, the throughput values in MIMO mode (i.e. low attenuation) are around 5 Mbps lower (see Figure 9 for a comparison of the average throughput).  This is well understood, since the MIMO operates best in low correlation case.

Figure 7 shows the results of using the modified SCM Urban Micro Model.  The results are quite similar to that of the high correlation TGn-C model.  
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Figure 7.  Throughput vs. Attenuation azimuth cut for the modified SCM Urban Micro model.

4 Metrics
When evaluating the results, it’s useful to consider potential metrics.  Measurement of throughput vs. power/attenuation “waterfall” curves as a function of orientation provides a tremendous amount of data, but at the cost of considerable test time.  Each data set required on the order of three hours to obtain.  Such detail is certainly useful, allowing a form of radiation pattern information to be obtained by taking horizontal slices through the data set at various throughput levels, as illustrated in Figure 8.  For SISO devices, this would represent the actual antenna pattern of the receive (or transmit) antenna, but for MIMO this is some complex combination of the generated environment with the interaction of the various antennas on the device.  Note however that for this device the SIMO data rates clearly indicate simple dipole like behaviour of the receive dipoles.
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Figure 8.  Sample attenuation (power) patterns at different throughputs for the low correlation TGn-C model.
Figure 9 illustrates an alternative way to evaluate the data, looking at the average throughput for all orientations of the device.  This information was only captured for a single circular cut, but one can envision performing spherical pattern measurements, where the device is rotated in two orthogonal axes, within the environment as well.  If one did not care to retain the pseudo-pattern information provided by this measurement, the average performance data could be captured by performing one longer throughput measurement while the DUT positioner is rotated continuously through the desired range of motion.  This has the simultaneous advantage and disadvantage of testing the device’s rate adaptation algorithms as well.  The disadvantage arises if the device is moved too quickly, resulting in constant adaptations that could significantly alter the results. 
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Figure 9.  Average throughput for all azimuthal orientations of the DUT as a function of attenuation.  Equivalent to average throughput vs. power.
One possible metric based on this total average throughput concept would be to report throughput at a specific downlink signal level generated within the test volume.  This is the equivalent of choosing to measure at only one vertical line on the graph above, and essentially eliminates the signal level (attenuation) search.  This would provide only a single data point to represent DUT performance for a given channel model (i.e. some “canonical” propagation environment), and is similar to many conducted pass/fail conformance criteria.  While the amount of information on overall device performance is limited, this metric would allow carriers to guarantee a target level of throughput performance given a standardized network density with known field level properties.  More importantly, it would take a fraction of the time required for a detailed throughput vs. power determination.
Given retention of the pattern data, or the choice of a particular dwell time to record instantaneous throughput, one could also evaluate maximum throughput of the device for all angles (analogous to peak gain), as shown in Figure 10.  The overall usefulness of such a metric is probably somewhat limited, but may be of interest for fixed installations. 
By retaining the throughput vs. attenuation information, or changing to a throughput vs. attenuation search mode (to reduce test time), one can define a “MIMO Sensitivity” metric based on the power level where the average throughput falls below a certain point.  This can be evaluated in several ways as well.  Figure 11 illustrates the first way, where the average power is determined as a function of throughput level by integrating the patterns generated as shown in Figure 8.  This is equivalent to the way sensitivity testing is performed for TRS, where the signal level that generates a target error rate is determined at each angular position and then the resulting EIRS pattern is integrated to determine TRS.  Alternately, if the total average throughput were determined first (e.g. by moving the device continuously), the performance given in Figure 12 would be determined.  This is essentially just the data in Figure 9 transposed so that throughput is on the X-axis.  This differs slightly from the metric above in that average throughput performance is evaluated at fixed power levels rather than determining average power that produced a given throughput.  While this may seem to be a small distinction, the non-linear relationship between throughput and power results in a slightly higher result when evaluating average throughput at a given power.  As an indicator of average performance, this may be better than the TRS-like metric found by integrating the power pattern.
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Figure 10.  Maximum throughput for all azimuthal orientations of the DUT as a function of attenuation.  Equivalent to maximum throughput vs. power.
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Figure 11.  Average attenuation (linearly averaged power) for all azimuthal orientations of the DUT as a function of throughput.  Similar to Total Radiated Sensitivity.

[image: image16.wmf]Attenuation vs. Average Throughput

Attenuation (dB)

Average Throughput (Mbps)

10

35

15

20

25

30

45

80

50

55

60

65

70

75

TGn-C High Correlation

TGn-C Low Correlation

SCM Urban Micro


Figure 12.  Attenuation as a function of throughput averaged across all azimuthal orientations of the DUT.  This metric is slightly different than the previous and emphasizes throughput performance over power performance.

5 Conclusions
In this contribution we discussed the experimental investigations of MIMO OTA system done with commercial, off-the-shelf IEEE802.11n device. The MIMO OTA system is capable of repeating MIMO performance in the laboratory conditions. 

We showed through measurements that throughput is highly dependent on the channel model we are using, thus highlighting the fact that in order to have realistic results, the channel model should be appropriately selected. The MIMO OTA itself is most suitable for geometrical models, such as SCM, SCME and WINNER type of models.

We showed through measurements that MIMO performance is dependent on antenna orientation, thus angular information plays extremely important role when assessing the MIMO performance

We also presented several possible metrics to be used for evaluating the performance of a DUT, with indications as to their impact on test time. It was found out that the throughput measurements can be done during a well tolerable test time.
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