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1 Introduction

During the RAN1#60 meeting, the use of orthogonal cover codes (OCC) in addition to cyclic shift (CS) separation for uplink DM-RS was discussed [1]. It was concluded that further discussion was needed on the support of OCC, especially on signalling mechanisms and means to support OCC with sequence/group hopping. In this contribution, we present our views on this topic.
2 OCC for DM-RS
In LTE-A UL codebook-based SU-MIMO, a UE may transmit 4 layers and be multiplexed together with other UEs on the same resources in MU-MIMO mode. The total number of streams may be equal to 8 with an 8-antenna eNB and even higher with UL CoMP. The use of OCC in time domain is helpful in increasing the number of orthogonal DM-RS.
OCC advantages:

· Improved channel estimation through inter-layer interference mitigation for SU-MIMO

· When used in conjunction with CS as depicted in Figures 1b and 2b
· 0.5dB gain for 4 layers and 64-QAM modulation at 3 km/h according to simulation results in annex
· Multiplexing of a higher number of layers in MU-MIMO

· 16 layers for channels with low delay spread, 8 layers for channels with larger delay spread requiring the use of extended CP

· Strong gain expected with more than 4 layers

· Multiplexing of Rel-8 and Rel-10 UEs in MU-MIMO
· Multiplexing of two groups of UEs, each group having the same resource allocation.
OCC drawbacks:

· Only works with limited speed
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Figure 1: Different CS/OCC configurations for 4 layers.
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Figure 2: Different CS/OCC configurations for 2 layers.
3 OCC configuration
In SU-MIMO, the CS indices for all layers can be computed from a single signalled CS index, e.g., the CS index for layer 1 (e.g., see [2][3][4]). We present different CS/OCC configuration examples and how they behave in different uplink MU-MIMO cases. In the examples below, CSi and OCCi are the CS index and the OCC index for layer i, respectively. We assume that a same CS/OCC mapping across layers is applied whatever the number of transmitted layers.
3.1 Configuration example 1: Non-balanced usage of OCC indices
In the example in Table 1, OCC is not applied for 2-layer SU-MIMO transmission. However, OCC is used in conjunction with CS multiplexing for 3-layer and 4-layer SU-MIMO transmission. Indeed, performance evaluation results in annex show that OCC brings some gain in SU-MIMO for 4 layers. Different OCC indices are applied for adjacent cyclic shift indices. Maximum inter-layer CS separation is used for 2 and 4 layers, not for 3 layers. Having a maximum inter-layer CS separation of 4 indices for 3 layers would require a separate CS/OCC mapping. In case a 3-bit signalling is retained as in Rel-8, values in red in Table 1 are not valid. Let us consider several MU-MIMO configurations with 8 Rx antennas using the example in Table 1 (only values in black, i.e., a 3-bit signalling).
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0 6 3 9 0 0 1 1

1 7 4 10 1 1 0 0

2 8 5 11 0 0 1 1

3 9 6 0 1 1 0 0

4 10 7 1 0 0 1 1
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9 3 0 6 1 1 0 0
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Table 1: Example 1 of CS/OCC configuration.
Two Rel-10 UEs, each UE using 4-layer SU-MIMO:
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UE1 0 6 3 9 0 0 1 1

UE2 2 8 5 11 0 0 1 1


Table 2: Two 4-layer Rel-10 UEs with example 1.
There are 2 pairs of layers using OCC index 0, with a separation of 2 cyclic shifts, and 2 pairs of layers using OCC index 1, with a separation of 2 cyclic shifts. This might be enough for most channels but might not be sufficient for large delay spread channels. Furthermore, UE1 and UE2 must have the same resource allocation, because some of their layers share the same OCC index.
Four Rel-10 UEs, each UE using 2-layer SU-MIMO:


[image: image9.emf]CS1 CS2 OCC1OCC2

UE1 0 6 0 0

UE2 3 9 1 1

UE3 2 8 0 0

UE4 4 10 0 0


Table 3: Four 2-layer Rel-10 UEs with example 1.
There are 6 layers using OCC index 0, with a separation of 2 cyclic shifts. Also, the usage of OCC indices is not the same. It will impact on the ability to multiplex UEs with different allocations.
Two LTE-A UEs, each UE using 2-layer SU-MIMO, and one LTE-A UE using 4-layer SU-MIMO:
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UE1 0 6 3 9 0 0 1 1

UE2 2 8 0 0

UE3 4 10 0 0


Table 4: Two 2-layer Rel-10 UEs and one 4-layer Rel-10 UE with example 1.
Here again, there are 6 layers using OCC index 0, with a separation of 2 cyclic shifts. 

Four Rel-10 UEs, each UE using 1-layer SU-MIMO, and four Rel-8 UEs, each UE using 1-layer SU-MIMO:

We assume that OCC with index 1 is [1 1]. UE5 to UE8 are Rel-8 UEs. There are 3 layers with a separation of two cyclic shifts.
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UE1 0 0

UE2 2 0

UE3 6 0

UE4 10 0

UE5 0 1

UE6 3 1

UE7 6 1

UE8 9 1


Table 5: Four 1-layer Rel-10 UEs and four 1-layer Rel-8 UE with example 1.
Thus, for example 1, in some MU-MIMO configurations, a separation of 3 cyclic shifts between layers sharing the same OCC index cannot be reached. It might degrade performance over channel with large delay spread. Furthermore, OCC index 0 is more frequently used, which impacts MU-MIMO with UEs having different resource allocations. 

3.2 Configuration example 2: Balanced usage of OCC indices
In the example in Table 6, OCC indices 0 and 1 are used in a balanced way. Let us consider several MU-MIMO configurations with 8 Rx antennas.
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0 6 3 9 0 0 1 1

2 8 5 11 1 1 0 0

3 9 6 0 0 0 1 1

4 10 7 1 1 1 0 0

6 0 9 3 0 0 1 1

8 2 11 5 1 1 0 0

9 3 0 6 0 0 1 1

10 4 1 7 1 1 0 0


Table 6: Example 2 of CS/OCC configuration.
Two Rel-10 UEs, each UE using 4-layer SU-MIMO:
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UE1 0 6 3 9 0 0 1 1

UE2 3 9 6 0 0 0 1 1


Table 7: Two 4-layer Rel-10 UEs with example 2.
The separation of 3 cyclic shifts for layers sharing the same OCC index is achieved. However, UE1 and UE2 must have the same resource allocation, because some of their layers share the same OCC index.

Four Rel-10 UEs, each UE using 2-layer SU-MIMO:
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UE1 0 6 0 0

UE2 3 9 0 0

UE3 2 8 1 1

UE4 4 10 1 1


Table 8: Four 2-layer Rel-10 UEs with example 2.
There are 2 pairs of layers using OCC index 1, with a separation of 2 cyclic shifts. The usage of the two OCC indices is balanced here, unlike example 1.

Two LTE-A UEs, each UE using 2-layer SU-MIMO, and one LTE-A UE using 4-layer SU-MIMO:

There are 2 pairs of layers using OCC index 1, with a separation of 1 cyclic shift. This might strongly impact performance. Also, UE1, UE2 and UE3 must have the same resource allocation.
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UE1 0 6 3 9 0 0 1 1

UE2 3 9 0 0

UE3 2 8 1 1


Table 9: Two 2-layer Rel-10 UEs and one 4-layer Rel-10 UE with example 2.
Four Rel-10 UEs, each UE using 1-layer SU-MIMO and four Rel-8 UEs, each UE using 1-layer SU-MIMO:
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UE1 0 0

UE2 3 0

UE3 6 0

UE4 9 0

UE5 0 1

UE6 3 1

UE7 6 1

UE8 9 1


Table 10: Four 1-layer Rel-10 UEs and four 1-layer Rel-8 UE with example 2.
UE5 to UE 8 are Rel-8 UEs. Here, a separation of 3 cyclic shifts for layers sharing the same OCC index is achieved.
Thus, for example 2, there are configurations where a separation of one cyclic shift between layers sharing the same OCC index cannot be avoided. It might strongly degrade performance. On the other hand, there is a balanced usage of OCC index 0 and OCC index 1.
3.3 Configuration example 3: OCC not used for SU-MIMO

The example in Table 11 also uses OCC indices 0 and 1 in a balanced way, but OCC is not used anymore for SU-MIMO. It has some impact on performance for 4 layers with 64-QAM. Let us consider several MU-MIMO configurations with 8 Rx antennas.
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Table 11: Example 3 of CS/OCC configuration.
Two Rel-10 UEs, each UE using 4-layer SU-MIMO:
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UE1 0 6 3 9 0 0 0 0

UE2 2 8 5 11 1 1 1 1


Table 12: Two 4-layer Rel-10 UEs with example 3.
The separation of 3 cyclic shifts for layers sharing the same OCC index is achieved. UE1 and UE2 can have different resource allocations, because their layers do not share the same OCC index.

Four Rel-10 UEs, each UE using 2-layer SU-MIMO:
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UE1 0 6 0 0

UE2 3 9 0 0

UE3 2 8 1 1

UE4 4 10 1 1


Table 13: Four 2-layer Rel-10 UEs with example 3.
There are 2 pairs of layers using OCC index 1, with a separation of 2 cyclic shifts.
Two LTE-A UEs, each UE using 2-layer SU-MIMO, and one LTE-A UE using 4-layer SU-MIMO:
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UE1 0 6 3 9 0 0 0 0

UE2 4 10 1 1

UE3 2 8 1 1


Table 14: Two 2-layer Rel-10 UEs and one 4-layer Rel-10 UE with example 3.
There are 2 pairs of layers using OCC index 1, with a separation of 2 cyclic shifts. UE1 can have a resource allocation which is different from UE2 and UE3.

Four Rel-10 UEs, each UE using 1-layer SU-MIMO, and four Rel-8 UEs, each UE using 1-layer SU-MIMO:
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UE1 0 0

UE2 3 0

UE3 6 0

UE4 9 0

UE5 0 1

UE6 3 1

UE7 6 1

UE8 9 1


Table 15: Four 1-layer Rel-10 UEs and four 1-layer Rel-8 UE with example 3.
UE5 to UE 8 are Rel-8 UEs. Here, the separation of 3 cyclic shifts for layers sharing the same OCC index is achieved.

Thus, for example 3, in some MU-MIMO examples, a separation of 3 cyclic shifts between layers sharing the same OCC index cannot be reached. It might degrade performance over channel with large delay spread. 
3.4 Discussion on OCC configuration

For each of the examples above, there exist MU-MIMO configurations where a cyclic shift separation of 3 indices between layers sharing the same OCC index is not achieved. This might degrade performance for channels with large delay spread. If it is deemed necessary, one bit for OCC configuration could be added (e.g., indicating OCC1), in order to solve this issue. This bit could be signalled dynamically or semi-statically.
Furthermore, using OCC in SU-MIMO prevents from having UEs with different resource allocations in some MU-MIMO configurations. On the other hand, OCC brings some performance gain in SU-MIMO with 4 layers and 64-QAM. One possibility could be to have two configurations (with/without OCC for SU-MIMO). Having OCC or not could be configured semi-statically. Semi-static configuration to turn-off OCC does not prevent from dynamically switching between SU-MIMO and MU-MIMO. The OCC semi-static configuration only applies to the kind of DM-RS optimisation which is performed, i.e., whether it is optimised for SU-MIMO or for MU-MIMO. Another possibility is a dynamic configuration by having some CS indices CS1 for which OCC is used and other indices CS1 for which OCC is turned off [6].
4 Summary

Based on the discussion above, our preferences are:
· OCC support
· For SU-MIMO if different CS/OCC configurations are available

· Possibility of switching off the OCC for SU-MIMO in order to multiplex different UEs with different resource allocations
· For MU-MIMO
· Additional bit for choosing OCC1 FFS

· In order to increase the CS separation for layers sharing the same OCC
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Annex A: Simulation results

The simulation parameters are summarized in Table 16. 

	System bandwidth
	5 MHz

	Waveform
	SC-FDMA

	Modulation
	QPSK / 16-QAM / 64-QAM

	Code
	Rate ½ turbo code, max-log-MAP (8 it.)

	MIMO scheme
	Full-rank SU-MIMO

	Frequency allocation
	5 PRBs, no channel-dependent scheduling

	Frequency hopping (FH)
	Off

	Channel
	Uncorrelated TU 6-paths

	MIMO detection
	MMSE-SIC

	Channel estimation
	Actual


Table 16: Simulation parameters.

We compare the performances of different DM-RS structures: CS-based CDM and CS-based CDM+OCC. FER performance is drawn with respect to Eb/N0, where Eb is the energy per information bit including pilot and cyclic prefix overhead. When CS-based CDM is employed at low velocity (3km/h), we can average the DM-RS observations over the two slots in order to improve performance. This averaging can also be done at medium velocity (30 km/h) but the gain is not guaranteed. Therefore we evaluate two types of channel estimations with CS-based CDM: either averaging is performed across the two DM RS (average) or time-domain interpolation (interp) is applied between the channel estimates corresponding to the two DM RS.
In a 2x2 MIMO configuration at 3 km/h velocity, Figure 3 shows that OCC and 2CS-based CDM with averaged channel estimation have same performance. At 30 km/h, we see from Figure 4 that 2CS+OCC and 2CS-based CDM with averaged channel estimation still have same performance. Except at low geometry, where there is still an averaging gain, better performance is achieved with time interpolation. However, even with 2CS+OCC, such a channel estimation using time interpolation is still possible.
In Figures 5 and 6, we treat the 4x4 MIMO configuration, where the inter-layer interference level is higher than in the 2-transmit antenna case. Again, for low geometry 4CS+OCC and 4CS-based CDM with averaged channel estimation have similar performance. However, with 3 km/h velocity and 64-QAM, applying OCC in addition to 4-CS CDM brings a 0.5dB performance gain at 10-1 FER. Again, at 30km/h time domain interpolation is to be preferred for high geometry, while averaging can be beneficial in the low SNR domain and QPSK.
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Figure 3: MIMO 2x2, 3 km/h.
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Figure 4: MIMO 2x2, 30 km/h.
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Figure 5: MIMO 4x4, 3 km/h.
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Figure 6: MIMO 4x4, 30 km/h.
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