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1. Introduction

In TR36.913 [1], it is stated that LTE-Advanced should support higher uplink peak throughput than LTE Rel-8. This requirement calls for an investigation of potential enhancements to the current single antenna transmission, such as extending the current air interface specification for supporting UL MIMO. 

This document is a revised version of a previous contribution [5]. It discusses possible UL multi-antenna (MAT) schemes to be studied in LTE-A. The discussion leads to an example of operational scenario with uplink multi-antenna support. UE multiple antennas in UL transmission closely relates to UL access schemes and spectrum aggregation operation, all of which present significant implementation challenges. Therefore, the task in the standardization is to define the subset of UE implementations and MAT schemes that are promising and practical and thus should be given priority to enable them in the specification. 
2. UE Multiple Antenna Implementations 

The current LTE Release 8 specification supports the following UE antenna configuration for uplink: 

· 1 antenna and 1 PA (default): Support 1 stream in SIMO mode with QPSK, 16QAM, and 64QAM (optional)

· 2 transmit antennas but 1 PA (Transmit Antenna Selection): Given the 2-Rx requirement for the UE, it makes sense for some implementation to consider adding a switch to enable transmission from either receive antenna despite of the insertion loss incurred. Switched antenna implementation can be very helpful to mitigate unbalanced long-term path loss that can occur due to hand gripping pattern. Currently UE Transmit Antenna Selection is possible through signaling in DCI Format 0 [4], where such this mode of operation is optionally supported in the UE.
Possible optional advanced UE implementation includes:

· >=2 antennas but 1 PA with UE autonomous antenna switching
· The benefit of allowing autonomous switching needs to further studied, especially on the impact to eNB if it loses track of which antenna is used for UL transmission.  

· 2 antennas and 2 PA: This antenna configuration allows the exploitation of transmit spatial diversity, rank-2 spatial multiplexing, rank-1/2 MIMO beamforming.

· 4 antennas with 4 PA: This UE antenna configuration will enable up to 4-stream transmission for achieving very high peak throughput. It may be more practical for fixed devices such as Customer Premise Equipment (CPE), or Relay Nodes that demand fast wireless backhaul between RN and eNB.

· Antenna grouping:  Selecting a subset of K antennas (K>=2 PAs) among M antennas with K<M: This implementation is also envisioned more feasible for CPE or Relay. Similar to the antenna switching issue, the question of antenna selection based on eNB instruction only or allowing autonomous antenna grouping needs to be addressed. 

· Proprietary antenna virtualization scheme that is transparent to eNB: In this case, UE implements its own “synthesized” antenna pattern, instead of an omni-directional pattern. For example, the UE can use a fixed pattern or adjust the beam pattern according to the DL received signal as possible in TDD operation.  The question is whether the eNB should assume these antenna patterns are fixed or semi-statically or even dynamically changing. In the case of TDD where eNB counts on DL/UL channel reciprocity to derive the DL antenna weights, such a synthesized UL antenna pattern may be also assumed by the eNB to be the UE receive antenna pattern, which may not be valid. 

3. Possible UL Multiple-Antennas Schemes 

UE implementation such as antenna configuration/design typically has a significant impact on the support and performance of a certain MAT scheme. On the other hand, accommodation of all possible optional UE implementations could make the control signaling very complicated and inefficient. The challenge is to define efficient support to promising and practical MAT implementations.  In this section, after the discussion of various UL MAT schemes, we arrive at a potential operational example for further study.  

3.1. 2 TX antennas and 2 PA

Single-stream (rank-1) transmission with 2 PAs

In rank-1 transmission, spatial diversity exploitation at the UE side is certainly desirable. More importantly, any selected scheme should be able to combine the total transmission power of the two available PAs . In this case, some obvious options are: 

· Open-loop: 

1. STBC or SFBC: Previous contributions [2]

 REF _Ref205906588 \r \h 
[3] have discussed the mapping of STBC/SFBC encoded symbols to antennas and subcarriers to maintain the good CM property of SC-FDMA for the second PA. These schemes can achieve power combination as well as spatial diversity gain. However, the eNB receiver needs to estimate channels of both antennas, so RS patterns – and associated overhead – for both antennas need to be defined. 

2. CDD: Transmit power combining is also achieved in this case. Only a single-antenna RS pattern is needed if small-delay CDD is used. Spatial diversity is converted to increased frequency selectivity that could benefit OFDM-based transmission, but can degrade SC-FDMA performance with regular linear-MMSE equalizer. This needs to be assessed.
3. FSTD: Diversity gains have been shown in for two types of FSTD corresponding to mapping code symbols to sets of subcarriers either in a top-bottom or even-odd fashion [8]

 REF _Ref213478012 \r \h 
[9].  Both PAs are fully utilized and PAPR increase has been reported to be minimal.  However performance is inferior to STBC due to diversity being obtained across the symbols of a code block instead of within the symbol itself. 
Note that their performance comparison depends on the various combinations of SC-FDMA or OFDM, SU (Single-User) or MU (Multi-User), noise- or interference-limited environments, etc.

· Closed-loop: weighted antenna transmission (by complex weights)

1. Autonomously derived antenna weights at UE (adaptive beamforming): This operation mode is feasible in TDD based on channel reciprocity with UL RF chain calibration or even in FDD with weights conversion from DL to UL frequency or other UE observations.
2. PMI instructed by eNB within UL grants: In this case, UE needs to transmit RS from both antennas for eNB to derive the UL beamforming and convey it back to the UE in some suitable format.
3. Fixed beam operation at UE: In this case, UE applies fixed antenna weights to form virtualized beam pattern. eNB can instruct on beam selection that can be deemed as a special precoding matrix. 

4. Wideband vs. Frequency Selective Precoding: While frequency-selective precoding has the potential for improved performance due to the ability to match the channel’s frequency dependence, wideband precoding requires less overhead and less PAPR with DFT-spread OFDM [6].  The suitability of wideband precoding in the case of aggregation of non-contiguous carriers needs to be evaluated.
Dual-stream (rank-2) transmission with 2 PA’s

It may not be always wise to insist on commonality of UL/DL-MIMO. For example, PA coupling and antenna isolation can become much more challenging in the UE. Furthermore DL-MIMO is based on UE feedback while UL-MIMO can be instructed by the eNB instead of relying on eNB feedback and UE’s own decision making.
The investigation of rank-2 UL-MIMO scheme should be treated together with the SC-FDMA and OFDM study. Some well-known choices are: 

· Open-loop: It can be deemed as a degenerate case of the closed-loop scheme with the precoding weights chosen as an identity matrix.

· Closed-loop: Similarly to rank-1 transmission above, three implementations of closed-loop transmission can be envisioned. 

· SCW or MCW: One of the decisions to be made is whether UL-MIMO should support SCW or MCW. Resolution here may come from general performance assessment, but also the complexity of HARQ process management.
· Layer Mapping: Related to the question of SCW or MCW is the method of layer mapping.  As with the large delay CDD in the downlink of Release 10, codewords can be permuted between layers.  As pointed out in [7], a similar technique can be applied to SCW operation when layers are separately encoded.
 Uplink MU-MIMO with single- or dual-stream per UE 

The performance for MU-MIMO is an important factor as well. For example, MU reception with STBC/SFBC per UE requires a different receiver than MU reception with CDD scheme. The pairing of UEs with or without MAT capability is a scheduling decision. 

An example of UL-MIMO operation (“all things considered”)

eNB must know the rank and RS pattern for decoding purposes, but this information is typically contained in UL grants anyway. Antennas weights used in precoding transmission, where OL-MIMO is included as a degenerated special case of identity matrix antenna weights, may be left as a UE decision in theory since the eNB always relies on UE-specific precoded RS for decoding purposes. But if eNB also needs to provide recommendation on UL antenna weights to UE, it often relies on some non-precoded RS for the purpose of channel measurement.  In this case, the eNB derives the precoded channel from the non-precoded RS and the precoding weights known to the eNB.  Such an operational framework based on non-precoded RS could be:
· Transmitting non-beamformed 2-Tx RS that are used by the eNB for PMI determination purposes as well as for constructing the post-beamforming channel for eNB decoding purposes.

· eNB instructing MAT modes among the options of small/large CDD (with shift value), or STBC/SFBC, or rank-1/2 PMI (including OL as a special PMI case) 

The above operation includes the case where UE virtualizes antenna patterns (e.g., fixed beams antenna pattern) that are transparent to eNB. eNB instructs the transmission mode based on the virtualized antenna pattern including the special case of beam/antenna selection (i.e., by assigning a weight vector of [1,0] or [0,1])

3.2. 4 TX antennas and 4 PA

In this case for higher order antenna configurations which are envisioned to be practical with fixed devices and where high rate link is required such as Relay to eNB backhaul link, we could focus on the special usage-related requirements and decide among the following options:  

· Rank-1
· OL: CDD
· CL: PMI-based with 4-Tx precoding
· Rank-2
· OL: One example is STBC/SFBC +CDD
· CL: PMI-based with 4-Tx precoding
· Rank-3: TBD
· Rank-4: 
· OL: Spatial multiplexing
· CL: PMI-based with 4-Tx precoding


4. Conclusion

In this contribution, several possible UL multi-antenna (MAT) schemes were discussed. The performance and complexity of these schemes should be evaluated and the most promising candidate considered for specification. 
The following guidelines may be considered during the evaluation process:

· Among various UE implementations, the modes that have good performance and practical simpler implementation can be given priority.  

· Additional control and RS overhead in support of UL-MIMO should be kept to a low level.

· Commonality of UL/DL-MIMO should not be automatically assumed. 

Finally, although this contribution focuses mainly on UL data shared channel (i.e., PUSCH), MAT scheme(s) for PUCCH and RACH also need be well defined and studied. In particular, priority in PUCCH design may be given to robustness to adverse link condition such as low SNR or high interference, rather than spectral efficiency. 
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