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1. Introduction
To attain the target uplink peak spectral efficiency for LTE-Advanced, the inclusion of uplink single-user MIMO (UL SU-MIMO) technology seems inevitable. In addition, UL SU-MIMO may be considered as one of the first-step upgrades from LTE to LTE-Advanced compared to some other advanced technologies such as relays and COMP. 
Some discussion and preliminary simulation results on UL SU-MIMO for LTE-Advanced were given in [1, 2]. The following can be concluded from [1, 2]: 
1. Codebook-based precoding is preferred over non-codebook-based precoding as it is expected to introduce much fewer changes in the specification while reaping a large part of the potential precoding gain. The 2-TX and 4-TX codebooks in [3] can be reused. 
2. For 2x2 UL SU-MIMO (ideal channel estimation): While 1-CW layer mapping simplifies the UL SU-MIMO signaling design (lower UL grant and PHICH overhead), the potential gain of SIC receiver for 2-CW layer mapping may be significant. With SC-FDMA, designing an advanced receiver with a reasonable complexity for 1-CW layer mapping may be quite challenging. Hence, some further study is needed.
In this contribution, further results for 2x2 and 4x4 UL SU-MIMO in the context of layer mapping are given. Both the ideal and actual channel estimations are simulated. With actual channel estimation, the effect of demodulation and sounding reference signals (DMRS and SRS) are simulated. 
We assume SC-FDMA as the UL multiple-access scheme. While the discussion in this contribution assumes SC-FDMA, most of the principles are equally applicable to OFDMA in case OFDMA is chosen as the UL multiple-access scheme for spatial multiplexing. The basic setup of UL SU-MIMO is given in Figure 1 (see [2] for further discussion on the impact on specification). 
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Figure 1. Basic Operation of UL SU-MIMO: A 4x4 setup is used for illustrative purposes.
2. Layer Mapping for Spatial Multiplexing
As discussed in [2], supporting one codeword per layer (PARC-type structure) is excessive and will not be considered in this contribution. The following alternatives are compared:
· Alternative 1: Same as DL SU-MIMO, maximum of 2 codewords

· Alternative 2: Single codeword regardless of the number of layers

The comparison is given in Table 1 (reproduced from [2] along with Figure 2 for convenience) 
Table 1. Comparison between Alt 1 and 2 (layer mapping). SC-FDMA is assumed.
	System Aspect
	Alt 1: No. codewords = min(2 , no. layers)
	Alt 2: No. codewords = 1

	Advanced receiver assuming SC-FDMA
	SIC-type is applicable
	SIC is not applicable. Turbo MAP receiver tends to be more complex than SIC for 4x4.

	No. HARQ processes across layers
	2 
	1

	DL control overhead other than RI & PMI
	(1) Additional MCS-RV and NDI fields for the second codeword/TBS, 

(2) Additional PHICH resources
	None

	Other issues
	Commonality with DL SU-MIMO
	 -


Alt 1: No. CWs = min( 2 , no. layers )
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Alt 2: No. codewords = 1
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Figure 2. Layer mapping: Alt 1 and 2.
In addition, the following variations can be done for Alternative 1:

· A common HARQ process (and hence MCS fields) for both codewords. Hence, the two codewords share the same DL ACK/NAK. This removes the additional overhead in Alt 1 while still allowing the use of SIC-type receiver. 

· For 4-Tx, employ a single-codeword structure for 1- and 2-layer transmission, but utilize two codewords for 3- and 4-layer transmission. 
· This can be thought as a hybrid between Alt 1 and 2. In this case, although an SIC receiver is configured at the eNB, the 2-layer transmission cannot benefit from SIC. 
· Note that this layer mapping may also employ a common MCS and HARQ process. 
3. Comparison
To assess the performance of different setups, link-level simulation is performed assuming SC-FDMA. Different 2x2 UL closed-loop spatial multiplexing (CLSM) setups are compared with 1x2 SIMO. The assumptions are given in the Appendix. The 2-Tx and 4-Tx codebooks in [3] are used with wideband PMI.

· LMMSE receiver is used for both 1-CW and 2-CW systems whereas SIC is simulated for 2-CW system.
The following schemes are compared with a single-antenna counterpart as a reference:
· 1CW: Alt 2 single-codeword
· 2CW-2: Alt 1 max. 2 codewords, each codeword is assigned one MCS-RV and one NDI 
· 2CW-1: Alt 1 max. 2 codewords but the 2 codewords share the same MCS-RV and NDI
3.1. 2x2 CLSM simulation results
The results for 2x2 CLSM are depicted in Figures 3 and 4 for 5=RB and 10-RB allocations, respectively. The absolute throughput figures and the gains relative to 2x2 1CW are plotted. The following observation can be made:

· While channel estimation errors due to DMRS and SRS reduce the throughput, the relative performance for different setups still exhibits the same trends. 
· There is negligible performance difference between 2x2 1-CW and 2-CW when LMMSE receiver is used. Observe that the gain of SIC is significant. However, the SIC gain is reduced due to channel estimation error as evident from the gain at low to moderate geometry (see, e.g. Fig. 3 for 5-RB allocation).
· When multi-codeword with a single MCS/HARQ is used (2CW-1), the gain of SIC over LMMSE is significantly reduced. Moreover, its performance is worse than SCW even with LMMSE receiver. This is expected as the throughput is limited by the weakest layer/codeword. 
[image: image4.emf]-2 0 2 4 6 8 10 12 14 16 18 20

0

1

2

3

4

5

6

Geometry (dB)

Throughput (Mbps)

5-RB:Ideal CE,TX cor=0.1,RX cor=0.5

 

 

1x2

2x2 1CW LMMSE

2x2 2CW-2 LMMSE

2x2 2CW-2 SIC

2x2 2CW-1 LMMSE

2x2 2CW-1 SIC

 [image: image5.emf]-2 0 2 4 6 8 10 12 14 16 18 20

0

1

2

3

4

5

6

Geometry (dB)

Throughput (Mbps)

5-RB:Actual CE,TX cor=0.1,RX cor=0.5

 

 

1x2

2x2 1CW LMMSE

2x2 2CW-2 LMMSE

2x2 2CW-2 SIC

2x2 2CW-1 LMMSE

2x2 2CW-1 SIC


[image: image6.emf]-2 0 2 4 6 8 10 12 14 16 18 20

-10

-5

0

5

10

15

20

25

Geometry (dB)

TP Gain relative to 1CW (%)

5-RB:Ideal CE,TX cor=0.1,RX cor=0.5

 

 

2x2 1CW LMMSE

2x2 2CW-2 LMMSE

2x2 2CW-2 SIC

2x2 2CW-1 LMMSE

2x2 2CW-1 SIC

 [image: image7.emf]-2 0 2 4 6 8 10 12 14 16 18 20

-10

-5

0

5

10

15

20

25

Geometry (dB)

TP Gain relative to 1CW (%)

5-RB:Actual CE,TX cor=0.1,RX cor=0.5

 

 

2x2 1CW LMMSE

2x2 2CW-2 LMMSE

2x2 2CW-2 SIC

2x2 2CW-1 LMMSE

2x2 2CW-1 SIC


Figure 3. 2x2 throughput comparison: 5-RB allocation 
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Figure 4. 2x2 throughput comparison: 10-RB allocation
It should also be noted that the gap between LMMSE and SIC is expected to diminish in 2x4 setups which may become more common for future LTE(-A) deployments. 
3.2. 4x4 CLSM simulation results
The results for 4x4 CLSM are depicted in Figures 5 and 6 for 5-RB and 10-RB allocations, respectively (with absolute and relative throughputs). Similar observations to those for 2x2 can be made for 4x4 except for the relative gain of 2-CW with 1 and 2 MCS/HARQ fields at low geometry. We observe some trend reversal when actual channel estimation is performed. This is more visible for 5-RB allocation where the estimation error due to DMRS is more prevalent. Note that rank-2 transmission is often scheduled in 4x4 setup which results in some significant performance loss especially for SIC receiver. Interestingly, 2CW-1 with LMMSE performs the best at low geometry while 2CW-2 performs the worst. The trend is reversed at high geometry.
While the SIC gain for 4x4 is smaller than that for 2x2 at higher geometry (>10dB), it is larger at low to moderate geometry. Consequently, the SIC gain at system-level is expected more for 4x4 than 2x2 since higher geometry carries lower mass/density in the geometry distribution.

Notice that the SIC gain for 2CW-1 is more visible for 4x4 compared to 2x2. Although the SIC gain for 2CW-1 slightly decreases compared to that for 2CW-2, the gain is still substantial (~10%). At the same time, 2CW-1 exhibits ~5% loss compared to 2CW-2 when LMMSE receiver is used. This loss may be recovered with, e.g. large delay CDD due to the introduction of layer diversity per codeword.
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Figure 5. 4x4 throughput comparison: 5-RB allocation 
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Figure 6. 4x4 throughput comparison: 10-RB allocation

3.3. UL grant (DCI) format

The required DCI payloads for different layer mapping schemes are shown in Table 2. The following assumptions are made:

· The DL CLSM codebooks are reused [3] along with dynamic rank adaptation [5].
· To avoid excessive reduction in the available number of DMRS resources per cell, it is assumed that only up to 2 DMRS cyclic shifts are assigned even for 4-layer transmission. Furthermore, assigning up to 4 DMRS cyclic shifts for 4x4 further increases the DCI payload by 6 bits, which is undesirable. To support 4-layer transmission, it is possible to employ orthogonal (e.g. Walsh) covering across the two DMRS symbols within each subframe. 
· Currently, DCI format 0 and 1A share the same payload size to enable scheduling with format 1A without increasing the number of blind decodes. When a UE is configured to operate in UL SU-MIMO mode, a different DCI format (named, e.g. 0B) is used. In that case, it is possible to ensure that DCI format 0B and 1B (closed-loop rank-1 precoding) share the same payload size. As both eNBs and UEs operate with multiple antenna ports, this seems more natural than enforcing the same payload size for 0B and 1A. Otherwise, dynamic switching between DCI format 1A and 0B may not be supported.
Compared to the current format 0 [5], the 2CW-2 mapping increases the DCI payload by 28 – 35% for 5MHz bandwidth. The corresponding increase for 1CW or 2CW-1 mapping is 14 – 21%.
Table 2. DCI format for UL grants. The potential differences due to UL SU-MIMO are highlighted
	Field
	Format 0 (SIMO)
	UL-CLSM 1CW/2CW-1
	UL-CLSM 2CW-2

	
	5MHz
	20MHz
	5MHz
	20MHz
	5MHz
	20MHz

	Format flag 
	1
	1
	1 (*)
	1 (*)
	1 (*)
	1 (*)

	Hopping flag
	1
	1
	1
	1
	1
	1

	RB assignment: 
	9
	13
	9
	13
	9
	13

	MCS-RV
	5
	5
	5
	5
	5
	5

	New Data Indicator
	1
	1
	1
	1
	1
	1

	TPC
	2
	2
	2
	2
	2
	2

	Cyclic shift for DMRS
	3
	3
	6
	6
	6
	6

	CQI request
	1
	1
	1
	1
	1
	1

	UL index (TDD only)
	2
	2
	2
	2
	2
	2

	RNTI / CRC
	16
	16
	16
	16
	16
	16

	PMI (2 or 4-Tx)
	-
	-
	2 or 4
	2 or 4
	2 or 4
	2 or 4

	RI (2 or 4-Tx)
	-
	-
	1 or 2
	1 or 2
	1 or 2
	1 or 2

	MCS-RV for 2nd CW
	-
	-
	-
	-
	5
	5

	New Data Indicator for 2nd CW
	-
	-
	-
	-
	1
	1

	
	
	
	
	
	
	

	Total 
	39
	43
	45 or 48
	49 or 52
	51 or 54
	55 or 58


3.4. PHICH

As discussed in Section 2, the number of DL ACK/NAKs per UE depends on the layer mapping scheme. The use of up to 2 codewords requires 2 DL ACK/NAKs per UE unless one HARQ entity is assigned to both codewords (which implies 1 shared MCS-RV and NDI). 
In terms of PHICH assignment, the impact on the specification could be minimum to none since different codewords (or layers, in general) are associated with different DMRS cyclic shifts. When the number of DL ACK/NAKs is smaller than the number of assigned DMRS cyclic shifts, the PHCIH assignment can be associated with a subset of the available cyclic shift indices. 
4. Conclusion

This contribution addressed several aspects of UL SU-MIMO in the context of an initial upgrade from LTE to LTE-Advanced. As such, it is important to minimize the potential standardization impact relative to the Rel.8 E-UTRA. It is also beneficial to reuse the components of DL SU-MIMO whenever applicable (e.g. layer mapping, codebooks for precoding). At the same time, it is important to ensure that the control channel overhead is kept minimum. 
Some simulation results were presented which suggest that the SIC gain from 2-CW layer mapping with one MCS-RV field per codeword is significant (up to 10-25% for 2x2 at high geometry, 10-15% for 4x4 starting at moderate geometry). At the same time, the increase in control channel overhead (PDCCH and PHICH) may need to be weighed against the potential performance gain. Hence, some alternatives such as more advanced receivers for single-codeword with SC-FDMA (especially if UL OFDMA is not used as an alternative multi-access technology) and the use of a single MCS-RV field for the 2 codewords may need to be further explored.
Appendix: Simulation Assumptions
The simulation assumptions are given in Table 2.
Table 2. Simulation assumptions
	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Antennas Configurations
	1x2, 2x2, 1x4, 4x4 

	2x2 Receiver
	1-CW: LMMSE; 2-CW: LMMSE and SIC

	Fading model
	3 Kmph TU-6 delay profile

	Spatial channel model
	Tx (UE) correlation = 0.1, 

Rx (eNB) correlation = 0.5

	BLER target for 1st transmission
	10%

	MCS Set
	28-level MCS with QPSK, 16QAM, and 64QAM

	Allocated RBs
	5, 10

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3 (total of 4 transmissions)

	Number of HARQ processes
	8

	Sampling frequency
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	300

	Number of SC-FDMA symbols per TTI
	12

	Number of sub-carriers per RB
	12

	Processing delay 
	4 ms

	Channel estimation (DMRS and SRS)
	Ideal and  Actual (SRS bandwidth is assumed largest with 10ms periodicity)
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