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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 network MIMO. 
Some preliminary discussion on UL SU-MIMO for LTE-Advanced was given in [1]. In this contribution, the alternatives given in [1] are further narrowed down and additional details are provided. The following principles are assumed:
· 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 that OFDMA is included as a secondary UL multiple-access scheme for the E-UTRA. 
· “Minimum” changes to the current RAN1 specification with backward compatibility as a norm.

· Up to 4x4 UL SU-MIMO with 2x2 UL SU-MIMO as the priority. 
· Whenever applicable, UL SU-MIMO leverages the components developed for DL SU-MIMO. Hence, UL SU-MIMO comprises of the following transmission modes:
1. Closed-loop spatial multiplexing (CL SM) with dynamic rank adaptation (RI) and codebook-based precoding (PMI)
2. Open-loop spatial multiplexing (OL SM) with dynamic rank adaptation (RI)
3. Tx diversity (with multiple RF chains), which is a rank-1 subset of OL SM 

2. Basic UL SU-MIMO Operation and Implication
The basic operation of UL SU-MIMO is depicted in Figure 1. The implication of each component in terms of specification is also given.
1. The downlink (DL) control channel is used to carry the necessary “feedback” information such as precoding matrix indicator (PMI) and rank indicator (RI). Such information is carried via the UL grant on PDCCH (physical downlink control channel).
· Implication: A new DCI format for UL assignment needs to be defined.  
2. The uplink sounding reference signal (SRS) is used to enable the eNB to estimate the channel quality for link adaptation (including precoder and rank adaptation). Hence, the UL SRS should not be precoded. The design of SRS should be aligned with the types of adaptation modes which are analogous to different CQI reporting modes. 
· Implication: The need for additional SRS (one for each UE physical antenna). 
3. The demodulation reference signal (DMRS) is used for obtaining channel estimation. Hence, DMRS can be precoded. The number of DMRS layers follows the RI. 
· Implication: The need for additional DMRS (one for each transmission layer). 
4. Unlike for DL (eNB may override UE recommendation), UE shall not override eNB recommendation (in terms of MCS, PMI, and RI). 
· Implication: This restriction may result in a simpler design (the concept of rank and/or PMI override is not applicable).

5. The downlink ACK/NAK is done in the same manner, which is transmitted via PHICH (physical hybrid ARQ indicator channel). 
· Implication: Depending on the number of spatial codewords, an additional PHICH may be needed for the UEs configured with UL SU-MIMO.
6. The data transmission is done via the physical uplink shared channel (PUSCH).
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Figure 1. Basic Operation of UL SU-MIMO. A 4x4 setup is used for illustrative purposes.
3. Precoding

Precoding is an essential component for SU-MIMO. The main question to answer is whether precoding should be codebook-based or non-codebook-based. In either case, channel estimation for demodulation can be performed via the precoded DMRS. 
The comparison between codebook-based and non-codebook-based precoding is given in Table 1. Although some potential gain may be obtained, the additional complication from non-codebook-based precoding may outweigh the potential gain even for TDD. Hence, codebook-based precoding seems to be preferred.
Table 1. Comparison between codebook-based vs. non-codebook-based precoding
	System Aspect
	Codebook-based
	Non codebook-based

	Precoder selection
	eNB ( lower UE complexity
	UE ( higher UE complexity

	Performance
	Limited by codebook size
	Potentially better than codebook-based 

	Required signaling support
	PMI bits on UL grant
· Additional overhead is small
	[FDD] Signaling of UL channel estimate from eNode B to UE ( additional DL signaling channel
· Additional overhead is large 

[TDD] Channel reciprocity can be exploited to avoid signaling the DL signaling of the UL channel estimate

· Require precise antenna calibration between the UE and eNB

	SRS for link adaptation
	Not precoded
	Need to be precoded 


The design constraints for DL and UL precoding codebooks are similar especially the constant modulus constraint. The finite alphabet property is also useful since the eNB may need to perform PMI selection for a host of UEs at a given subframe. Hence, the 2-Tx and 4-Tx codebooks for the DL SU-MIMO [2] can be reused for UL SU-MIMO unless different codebook sizes are to be used. 

4. Number of Spatial Codewords
To support up to 4 layers of transmission for spatial multiplexing, there are three possible configurations to map the codeword to layer. This boils down to the maximum number of codewords that should be supported:

· Alternative 1: The number of codewords = the number of layers

· Alternative 2: Same as DL SU-MIMO, maximum of 2 codewords

· Alternative 3: Single codeword regardless of the number of layers

Alt 1 is the least desirable as it incurs even more signaling complexity compared to DL SU-MIMO. Alt 2 and Alt 3 are compared in Table 2. Alt 2 and 3 are depicted in Figure 2. 
Table 2. Comparison between Alt 2 and 3 (layer mapping) 
	System Aspect
	Alt 2: No. codewords = min(2 , no. layers)
	Alt 3: 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
	Additional RSN and MCS fields for the second codeword/TBS, 

Additional PHICH resources and specification.
	None

	Other issues
	Commonality with DL SU-MIMO
	 -
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Figure 2. Layer mapping: Alt 2 and 3.
The following observations can be made:

· Single-codeword solution (Alt 3) may be attractive from simplicity although a simpler advanced receiver (SIC as opposed to Turbo ML/MAP-type) may not be available for SC-FDMA.

· Note that it is also possible to employ Alt 2 with a common HARQ process for both codewords. Hence, the two codewords share the same DL ACK/NAK. This removes the additional overhead in Alt 2 while allowing the use of SIC-type receiver. 

· It is also possible to employ a single-codeword structure for 1- and 2-layer transmission, but utilize two codewords for 3- and 4-layer transmission.  

To assess the performance of different setups, some preliminary link-level simulation is performed assuming SC-FDMA. Different 2x2 UL SU-MIMO setups are compared with 1x2 SIMO. The following assumptions are used along with the simulation parameters in Table 3:
· 2x2 layer mapping: both 1-codeword and 2-codeword CL SM are simulated.

· 2x2 precoding: 2-Tx codebook in [2] with wideband PMI.

· LMMSE receiver is used for both 1-CW and 2-CW systems whereas SIC is simulated for 2-CW system.

Table 3. Simulation assumptions for link- and system-level

	Parameter

	Explanation/Assumption

	Bandwidth
	5 MHz

	Antennas Configurations
	1x2 and 2x2 

	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 = 0.1 and 0.5

	BLER target for 1st transmission
	10%

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

	Allocated RBs
	5, 10, 20

	HARQ scheme
	Chase Combining, 1 HARQ process per CW 

	Max number of retransmissions
	3

	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)
	Perfect


The results are depicted in Figure 3. The following observation can be made:

· There is negligible performance difference between 2x2 1-CW and 2-CW when LMMSE receiver is used. Observe, however, that the gain of SIC is quite significant especially for higher eNB antenna correlation. Note that perfect channel estimation is assumed for both demodulation (DMRS) and link adaptation (SRS) which may be somewhat optimistic for SIC to a certain degree.
· Overall, 2x2 CL SM offers significant performance improvement over 1x2. The gain is consistent regardless of the number of allocated RBs. 
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Figure 3. Single-user throughput comparison: 1x2, 2x2 1-CW, 2x2 2-CW.
5. Open-loop SM and Tx Diversity

Similar open-loop SM concept based on Tx diversity + large-delay CDD can be applied for UL SU-MIMO [3]. Such scheme is attractive for the same reason as DL SU-MIMO: it shares similar structure to that for closed-loop SM. 
For Tx diversity, the same schemes (SFBC for 2-Tx and SFBC-FSTD for 4-Tx) may also be used. However, several aspects need to be considered:

· The space-frequency block coding is performed after the DFT precoding. Hence, the orthogonality holds only after the DFT precoding (i.e. not across the QAM-modulated data symbols). Hence, the diversity gain from space-frequency block coding may be less for SC-FDMA. Furthermore, this may also result in higher CM.
· Instead of performing space-frequency block coding, space-time block coding (e.g. across the 12 SC-FDMA symbols within each subframe) may be more appropriate. This possibility should also be studied for UL SU-MIMO.
6. 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. 
Keeping this in mind, the following observations can be made based on the analysis and preliminary results in this contribution assuming SC-FDMA:

1. Codebook-based precoding is preferred over non-codebook-based precoding.
2. 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 prove very difficult. At the same time, the gain of SIC highly depends on the accuracy of channel estimation (DMRS for demodulation and SRS for link adaptation). Hence, some further study is needed where the non-idealities from DMRS and SRS are taken into account.
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