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1. Introduction

LTE-A UE will have various form factors and implementations with respect to potential enhancement to the default single-antenna uplink transmission. This contribution discusses the UL-MIMO modes that may have to be supported in LTE-A. 
2. UE Category (UL Transmission Capability)
The following UE implementations/categories, in terms of UL transmission capability, can be envisioned [1]: 

· 1 antenna and 1 PA (default for Rel-8) 

· Antenna (or Pattern) Switching (>= 2 transmit antennas, 1 PA): Most likely, antenna/pattern switching is between the 2 Rx antennas. Potential advantage is the cost benefit, but we need to consider switch insertion loss and the implementation complexity of making the switch to support multiple bands. 

· TDD: Switch can be built into TDD Rx/Tx switch to reduce additional insertion loss (to  <0.5dB)

· FDD: Switch insertion loss of 2~3dB

· 2-PA 2-Tx: The 2 Tx antennas are often the receive antennas (or a subset of the receive antennas). A common assumption is that the two PAs are connected to the 2 Tx antennas in a fixed way. Power combination can only be achieved over the air (i.e., no PA power “stealing” or “trunking”). However, the “size” of the two PAs may or may not be the same, and the total transmission power may be subject to a value lower than the combined PA power due to SAR concern for example.
· 4-PA 4-Tx: Suitable for advanced UE devices that may not have a form factor limitation

The above UE category is assumed known to the eNB via capability exchange. 
3. UL-MIMO Modes 
Table 1 captures the UL multi-antenna transmission modes that could be supported in LTE-A operations.
Table 1. UL Multi-Antenna Transmission Modes (PUSCH)
	
	1-PA, 1-Tx
	Antenna switching
	2-PA, 2-Tx
	4-PA, 4-Tx

	Rank-1 modes
	Default in R8
	1. eNB-instructed (R8)

2. Autonomous1 
	1. Single-Tx2 

2. Open-loop Transmit Diversity3
3. Closed-loop4
	1. Single-Tx2 
2. Open-loop Transmit Diversity5
3. Closed-loop4

	Rank-2 modes
	
	
	1. Open-loop6
2. Closed-loop7
	1. Open-loop8
2. Closed-loop9

	Rank>2 modes
	
	
	
	1. Open-loop10
2. Closed-loop10


Notes:
1. Autonomous antenna switching based on DL channel monitoring can, in theory at least for TDD, possibly track fast fading (in stead of just long-term path loss in semi-static antenna switching for FDD). However, such autonomous UE behavior can cause eNB to lose track of power control and UL channel quality monitoring.

2. Single-Tx transmission with only one PA and transmission chain being activated is an important mode even when we have 2/4-PA UEs, because there is a performance gain vs. power consumption tradeoff, particularly under antenna gain imbalance [5].

3. Activating additional PA for employing additional transmit spatial diversity can be less appealing as opposed to for spatial mulitplexing, due to 1) limited performance gain (seen mainly at low BLER that is well below HARQ operational points) and 2) diminishing gain with increasing received diversity at eNB. On the other hand, it is desirable to use a transmission scheme such as CDD that can combine all PA power in rank-1 transmission without requiring eNB to know the number of antennas and assign additional pilots. 
4. Precoding gain depends on UE antenna correlation. For FDD, existing Rel8 2-Tx rank-1 codebook can be used as a starting point for simulation. In TDD, non codebook-based frequency-selective precoding may result in larger than codebook-based frequency non-selective precoding as in FDD. However, the achievable gain should always justify increased power consumption. Note that antenna gain imbalance or antenna coupling manifest itself mathematically as a larger antenna correlation, but it does not mean that precoding is more suitable in these conditions.

5. Rank-1 open-loop diversity for 4-PA is also not appealing from performance vs. power tradeoff perspective. But again, it is desirable to use a transmission scheme such as CDD that can combine all PA power in rank-1 transmission without requiring eNB to know the number of antennas and assign additional pilots.
6. Rank-2 open loop transmission is believed to be most important mode for 2-PA UEs. The transmission mode definition currently focuses on 1 or 2 MCS, ACK/NACK bundling, layer shifting issues. See our results and views in the companion contribution [5].

7. Since the spatial multiplexing gain already require full degree of freedoms, closed-loop rank-2 transmission from 2-PA may have negligible gain over open-loop, except perhaps for TDD operations where frequency-selective precoding is assumed. Again for FDD, existing Rel8 2-Tx rank-2 codebook can be used as a starting point for simulation.
8. Rank-2 open-loop for 4-PA could be based on antenna pairing (e.g., via CDD).

9. Closed-loop rank-2 for 4-PA could be more suitable for achieving both beamforming and spatial multiplexing gain. A codebook based approach can be taken for FDD at least. Existing rank-2 4-Tx codebook or a modified codebook by combining existing rank-1 codebook with antenna grouping could be considered where the latter is just to make sure each stream corresponding to a non-overlapping subset of antennas so that CM property can be maintained [2].

10. Rank-4 open loop transmission is also important for 4-PA UEs to achieve UL peak spectral efficiency. The transmission mode definition should also focus on 1 or 2 MCS, ACK/NACK bundling, and layer shifting issues. Since the spatial multiplexing gain is exploited by all degree of freedoms, closed-loop rank-4 transmission from 4-PA UE may have negligible gain over open-loop, except perhaps for TDD operations where frequency-selective precoding is assumed.

4. Mode Selection and Switching
In order for eNB to determine which of the above modes should be used for a UE, along with the precoding weights (in case of FDD closed-loop transmission) and MCS level(s) corresponding to the selected mode, the UL channel knowledge from all physical antennas can be assumed based on SRS. Mode switching can be semi-static or even dynamic as eNB can, in theory, make mode decisions on a frame by frame basis. 
5. Conclusion 

In this contribution, we reviewed UL-MIMO modes that should be supported in LTE-A. It seems necessary to understand the subset of modes with the most promising tradeoff between performance gain and power consumption. These modes can then be used for initial evaluation uplink system throughout targeting ITU self evaluation. 
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