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1. Introduction
Current real-world deployments of LTE typically employ a limited number of eNodeB antennas (usually 4 or less) and UE antennas (almost always 2).  Thus field data can be important to get insight into the real-world performance with more antennas at either end.  In this contribution field measurements are used to help understand SU-MIMO performance for 4x4 and 8x8 downlink systems and 8x2 and 8x4 uplink systems.  In addition, the field data was taken at multiple frequencies (3.5 GHz and 770 MHz) with various antenna polarizations, and a couple of different array types thus allowing further comparisons to be made. 
2. Field Data System Description
An experimental 8(8 (eight transmit antennas at the eNodeB to eight receive antennas at the UE) 10 or 20 MHz orthogonal frequency division multiplexing (OFDM) measurement system [1] was deployed to be able to evaluate the MIMO environment.  The system was used to collect channel measurements at two frequencies, 770 MHz (10 MHz bandwidth) and 3.5 GHz (20 MHz bandwidth).  At 3.5 GHz the system had two configurations.  The first configuration consisted of three uniform linear arrays (ULA) each directed toward a different 120( sector with the ability to measure channels in each sector nearly simultaneously (for 770 MHz this was the only configuration).  The second configuration included cross-polarized (XP) arrays in two sectors (in place of the ULA in the third sector) which enabled near-simultaneous channel measurements
 to be made with the two distinct array types.  One benefit of this second configuration is that it facilitates algorithm comparisons between the two array types.

For 3.5 GHz the ULA at the eNodeB was vertically polarized and had eight elements spaced at 0.509( at 3.5 GHz.  Also for 3.5 GHz, a XP panel at the eNodeB contained two cross-polarized elements, one oriented at a polarization of +45º and the other at (45º and two XP panels were spaced at 2.0(.  For 770 MHz the 8 element eNodeB array consisted of a non-uniform-spaced array of 4 XP panels with spacings of 0, 0.3, 1.18, 1.64 m relative to the first XP panel.  Both the ULA and XP arrays were located on top of a building which was 49 m high.  The surrounding environment could be described as predominantly suburban with some mix of urban in one sector which consisted of some moderately high buildings and some industrial areas.  The majority of the UE locations for the various drive routes used in the experiment were between 500 m and 3 km from the eNodeB site (the nature of the test site meant that the interesting locations were at least 500 m away from the eNodeB).  The UE array, which was located on top of a sports utility vehicle, was a uniform circular array (UCA) of vertically polarized antennas with a radius of 2.62( at 3.5 GHz and 0.67( at 770 MHz.  In addition, a second UCA was available for some tests with alternating vertically and horizontally polarized antennas with a radius of 1.31(.
The field data included inter-sector interference but did not include inter-eNodeB interference.  To create an artificial C/I environment at each snapshot (i.e., UE location), RSSI measurements to each sector along with a uniform noise plus interference floor of -90 dBm were used for the 3.5 GHz data.  The 770 MHz data included an improved method of measuring SNR to each sector and those measurements were used along with a uniform noise plus interference power of 0 dB to create the C/I for each snapshot.
3. Observations 

3.1. Downlink SU-MIMO Results
In this section, downlink SU-MIMO rank and capacity statistics were collected using the field data.  Throughput was calculated for each possible rank using ideal covariance information but assuming realistic overhead using the R10 UE-specific reference symbols.  A 10 MHz bandwidth is assumed for both 770 MHz and 3.5 GHz.  The following configurations of the field data were considered:
1. [4-770] 770 MHz data (4x4) with 4 eNodeB antennas (XP array) and 4 UE antennas (all vertically polarized).  3 sectors of data is available.
2. [8-770] 770 MHz data (8x8) with 8 eNodeB antennas (XP array) and 8 UE antennas (all vertically polarized).  3 sectors of data is available

3. [4V-VV] 3.5 GHz data (4x4) with 4 eNodeB antennas (ULA, all vertically polarized) and 4 UE antennas (all vertically polarized).  3 sectors of data is available.

4. [8V-VV] 3.5 GHz data (8x8) with 8 eNodeB antennas (ULA, all vertically polarized) and 8 UE antennas (all vertically polarized).  3 sectors of data is available.

5. [4X-VV] 3.5 GHz data (4x4) with 4 eNodeB antennas (XP array) and 4 UE antennas (all vertically polarized).  2 sectors of data is available.

6. [4V-VH] 3.5 GHz data (4x4) with 4 eNodeB antennas (ULA, all vertically polarized) and 4 UE antennas (alternating vertical and horizontal polarizations).  2 sectors of data is available.

7. [4X-VH] 3.5 GHz data (4x4) with 4 eNodeB antennas (XP array) and 4 UE antennas (alternating vertical and horizontal polarizations).  2 sectors of data is available.

8. [8V-VH] 3.5 GHz data (8x8) with 8 eNodeB antennas (ULA, all vertically polarized) and 8 UE antennas (alternating vertical and horizontal polarizations).  2 sectors of data is available.

Figure 1 shows the mean throughput and mean rank of each antenna configuration.  The mean throughput is an average over the throughput at all UE locations where at a given UE location the highest throughput of all ranks is chosen.  When deciding on a rank at a given location, in the case of a throughput tie the lower rank is chosen.  When comparing similar array types, 770 MHz does appear to be able to support higher ranks on average than 3.5 GHz which results in a higher overall SU-MIMO capacity.  As would be expected, XP antennas at both end provides the highest capacity (when comparing 3.5 GHz numbers).  Also for a fixed eNodeB and UE polarization configuration, an 8x8 configuration significantly improves the capacity over a 4x4 configuration (approximately by 70% for 770 MHz and 46% for 3.5 GHz).
To further explore the SU-MIMO ranks, the percent of time a given rank is selected is shown in Figure 2 through Figure 5 for each of the antenna configurations (again in the case of a tie, the lower rank is selected).  In the 4x4 configuration, rank 4 only appears to be chosen a significant percent of the times when there are XP antennas at both the eNodeB and the UE.  For the 8x8 configuration, ranks greater than 4 are rarely chosen for 3.5 GHz and ranks greater than 6 are never chosen for both 3.5 GHz and 770 MHz.
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Figure 1.   Mean throughput (left) and mean rank (right) for the different antenna configurations.
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Figure 2.   Rank statistics for 770 MHz (XP at the eNodeB and vertically polarized antennas at the UE) with 4x4 ([4-770] left) and 8x8 ([8-770] right).
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Figure 3.   Rank statistics for 3.5 GHz with a ULA with vertically polarized elements at the eNodeB and vertically polarized antennas at the UE for 4x4 ([4V-VV] left) and 8x8 ([8V-VV] right).
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Figure 4.   Rank statistics for 3.5 GHz with a ULA with vertically polarized elements at the eNodeB and alternating vertical and horizontal antennas at the UE for 4x4 ([4V-VH] left) and 8x8 ([8V-VH] right).
[image: image9.emf]1 2 3 4

0

10

20

30

40

50

60

% of snapshots with given rank

[image: image10.emf]1 2 3 4

0

10

20

30

40

50

60

70

80

90

% of snapshots with given rank


Figure 5.   4x4 rank statistics for 3.5 GHz with XP antennas at the eNodeB and all vertically polarized antennas at the UE ([4X-VV] left) and alternating vertical and horizontal antennas at the UE ([4X-VH] right).

3.2. Uplink SU-MIMO Results

In this section, uplink SU-MIMO rank and capacity statistics were collected using the field data.  Throughput was calculated for each possible rank using the uplink codebook and EESM link error prediction methodology.  The throughput numbers were normalized so that a value of one corresponds to the minimum throughput predicted for the antenna configurations considered for the uplink.  A 10 MHz bandwidth is assumed for both 770 MHz and 3.5 GHz.  The following antenna configurations were considered in the field data:

1. [3.5-2Tx-VV] 3.5GHz data with 8 eNodeB antennas (ULA array, all vertically polarized) and 2 UE antennas (all vertically polarized).  3 sectors of data is available.

2. [3.5-2Tx-VH] 3.5Ghz data with 8 eNodeB antennas (ULA array, all vertically polarized) and 2 UE antennas (alternating vertical and horizontal polarizations).  2 sectors of data is available.

3. [770-2Tx-VV] 770MHz data with 8 eNodeB antennas (XP array, all vertically polarized) and 2 UE antennas (all vertically polarized).  3 sectors of data is available.

4. [3.5-4Tx-VV] 3.5GHz data with 8 eNodeB antennas (ULA array, all vertically polarized) and 4 UE antennas (all vertically polarized).  3 sectors of data is available.

5. [3.5-4Tx-VH] 3.5Ghz data with 8 eNodeB antennas (ULA array, all vertically polarized) and 4 UE antennas (alternating vertical and horizontal polarizations).  2 sectors of data is available.

6. [770-4Tx-VV] 770MHz data with 8 eNodeB antennas (XP array, all vertically polarized) and 4 UE antennas (all vertically polarized).  3 sectors of data is available.

Figure 6 shows the mean throughput and mean rank of each antenna configuration.  The mean throughput is an average over the throughput at all UE locations where at a given UE location the highest throughput of all ranks is chosen.  When deciding on a rank at a given location, in the case of a throughput tie the lower rank is chosen.  As was shown in the downlink data, 770 MHz also appears to be able to support higher ranks on average than 3.5 GHz which results in a higher overall SU-MIMO capacity.  As is expected, XP antennas at the UE provides the highest capacity (when comparing 3.5 GHz numbers).  Four UE Tx antennas also provides a substantial increase in throughput compared to two UE Tx antennas.

To further explore SU-MIMO rank statistics, the percent of time a given rank is selected is shown in Figure 7 through Figure 9 for each of the antenna configurations.  In the 2Tx UE antenna configuration, the UE configuration with vertical and horizontal antennas picks rank 2 far more often than the configuration with vertical antennas only.  Similarly, in the 4 UE antenna configuration, the UE configuration with vertical and horizontal antennas picks ranks>1 far more often than the configuration with vertical antennas only.  For 770MHz (Figure 9), the highest possible rank is picked far more often than at 3.5GHz (Figure 7 and Figure 8). 

[image: image11.emf]3.5-2Tx-VV 3.5-2Tx-VH 770-2Tx-VV 3.5-4Tx-VV 3.5-4Tx-VH 770-4Tx-VV

0

0.5

1

1.5

2

2.5

Normalized Mean Data Rate

Normalized Mean Data Rate

[image: image12.emf]3.5-2Tx-VV 3.5-2Tx-VH 770-2Tx-VV 3.5-4Tx-VV 3.5-4Tx-VH 770-4Tx-VV

0

0.5

1

1.5

2

2.5

3

3.5

Mean Rank

Mean Rank


Figure 6.   Mean normalized throughput (left) and mean rank (right) for the different antenna configurations.
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Figure 7.   Rank statistics for 3.5 GHz with 2UE antennas ([3.5-2Tx-VV] left) and 4UE antennas ([3.5-4Tx-VV] right) –vertical antennas at the UE. (ULA with all vertical elements at the eNodeB)
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Figure 8.   Rank statistics for 3.5 GHz with 2UE antennas ([3.5-2Tx-VH] left) and 4UE antennas ([3.5-4Tx-VH] right) – alternating vertical and horizontal antennas at the UE. (ULA with all vertical elements at the eNodeB)
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Figure 9.   Rank statistics for 770 MHz with 2UE antennas ([770-2Tx-VV] left) and 4UE antennas ([770-4Tx-VV] right). (XP array at the eNodeB)
4. Conclusion

In this contribution field data measurements were used to assess SU-MIMO performance on both the uplink and downlink.  Various antenna array configurations and antenna polarizations at both the eNodeB and the UE were investigated. Using the various antenna combinations available with these field measurements in a macro-cell suburban area the following observations for SU-MIMO are drawn:

1. In a 4x4 downlink system, ranks of 3 and 4 are seldom used.

2. In an 8x8 downlink system, ranks of 7 and 8 were never used (at 3.5 GHz ranks greater than 4 were almost never used).

3. 8x8 downlink systems significantly shifted the rank distribution toward higher ranks from 4x4 downlink systems.

4. 8x8 downlink systems improved the downlink capacity over a 4x4 system by around 70% at 770 MHz and 46% at 3.5 GHz.

5. On the downlink 770 MHz seemed to favor higher ranks than did 3.5 GHz.

6. For downlink systems, cross-polarized antennas at both end of the link maximize the SU-MIMO capacity.

7. For the uplink, cross-polarized antennas at the UE provide higher SU-MIMO capacity than using vertical antennas at the UE.  

8. For the uplink, cross-polarized antennas at the UE significantly increased the percentage of the time the higher ranks were chosen.  

9. For the uplink, using 4 transmit antennas improved the downlink capacity over 2 transmit antennas by between 37% and 71% for the antenna configurations that were investigated.  
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� The channels for each array type are sampled at different times, but are well within the Nyquist sampling criteria and hence simultaneous channel estimates can be recreated.
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