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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 various multi-antenna implementations and their impact to PUSCH, PUCCH, PRACH, and SRS uplink transmission. 
2. UE Multi-antenna Implementation
To define air interface schemes that support multiple antenna uplink transmission, we need to consider the following aspects of UE implementation:

· Number of RF Front Ends (FE)
· Number of PAs

· Their integration with physical antennas

The following UE implementations/categories, in terms of UL transmission capability, may be envisioned [1]: 

· 1 antenna and 1 PA with Pmax per declared power class (default for Rel-8) 

· 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 hard wired to the 2 Tx antennas without any additional switching network in between to avoid any insertion loss. In other words, PA power combination can only be achieved over the air (i.e., no PA power “stealing” or “trunking”). However, the average and peak power of the two PAs may or may not be the same:

· Architecture #1: Two PAs of the same power rating Pmax are used where Pmax is defined according to a declared power class. eNB scheduler will observe any constraint such that the total combined PA power will not exceed Pmax due to SAR concern. By “over-provisioning” the PA power, the UE has the flexibility to support a range of multi-antenna transmission configuration, ranging from 2-Tx MIMO with equal or unequal per-antenna power to 1-Tx transmission from a single (preferably the best) antenna with the activation of a single FE and a single PA.  
· Architecture #2: One PA attached to a “main” antenna has a rating of Pmax while the other PA attached to a second antenna has a smaller power (e.g., Pmax/2).  UEs with such architecture may expect the default operation of using main antenna and have the second antenna activated only when operating in 2-layer MIMO or diversity mode when the gain justifies the increased current drain. 

· Architecture #3: Two PAs of half power (i.e., Pmax/2). It is expected that the UE must activate both antennas when a transmission power between 20 and 23dBm is required, i.e., transmission power combining over the air is needed to be qualified as a UE with power class Pmax.  Under antenna gain imbalance, this architecture can perform worse than Rel8 single-antenna UE. 
· Antenna (or Pattern) Switching (>= 2 transmit antennas, 1 PA): UE has the capability to switch the transmit antenna or antenna pattern (i.e., patterns that are fixed and synthesized, via analog antenna weighting, from multiple physical antennas). Most likely, antenna switching is between the 2 Rx antennas. Potential advantage to the above 2-PA architecture is the cost benefit due to the removal of a second FE and PA, but we need to account for the switch insertion loss and the implementation complexity associated with the challenge of making the switch to support multiple bands. 

· TDD: Antenna switch can be built into TDD Rx/Tx switch to reduce additional insertion loss 

· FDD: Switch insertion loss of ~ [0.5-0.8]dB

· In order to reach Pmax as declared per its power class, the UE may need to increase PA size to Pmax + switch insertion loss
· 4-PA 4-Tx: Suitable for advanced UE devices that may not have a form factor limitation such as laptops
The above UE category is assumed known to the eNB via capability exchange.   
Recommendation: Agree on possible UE architecture(s) to be supported when developing air interface support (e.g., Transmit diversity mode for PUCCH/PUSCH/PRACH). 
3. PUSCH UL-MIMO Modes 
For uplink traffic transmission, the UL transmission mode can be instructed by eNB in the UL grant along with other parameters such as precoding weights (in case of FDD closed-loop transmission) and MCS level(s) corresponding to the selected mode. A typical operation is to rely on the knowledge of UL channels corresponding to all the UE antennas obtained from per-antenna SRS transmission. Mode switching can be semi-static (i.e., configured via higher layer) or dynamic (via UL grant) because the eNB can, in theory, make mode decisions on a frame-by-frame basis. Even though dynamic switching in UL is very possible, it can have impact on control signaling. To minimize UL control signaling complexity associated with dynamic mode switching support in UL, the number of modes should still be kept to minimal. Table 1 captures the possible PUSCH multi-antenna transmission modes for various UE implementations.
Table 1. UL Multi-Antenna Transmission Modes (PUSCH)
	UE architectures
	1-PA, 1-Tx
	Antenna switching
	2-PA, 2-Tx
	4-PA, 4-Tx

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

2. Autonomous1 
	1. Single-Tx2 

2. Open-loop Transmit Diversity3 (FFS)
3. Closed-loop4
	1. Single-Tx6 (FFS)
2. Open-loop Transmit Diversity7(FFS)
3. Closed-loop8

	Rank-2 mode
	
	
	Open-loop (Closed loop with identity precoding) 5
	1. Open-loop9 (FFS)
2. Closed-loop10

	Rank=3 mode
	
	
	
	1. Open-loop11 (FFS)
2. Closed-loop12

	Rank=4 mode
	
	
	
	Open-loop (Closed loop with identity precoding) 13


Notes:
1. Autonomous fast antenna switching based on DL channel monitoring can, in theory at least for TDD, track fast fading better, compared to semi-static antenna switching in FDD based on long-term path loss. 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/FE being activated is an important mode because there is a tradeoff between performance gain and power consumption, particularly under antenna gain imbalance [3]. As agreed, antenna selection is already included as a special rank-1 precoding for 2-PA case. 
3. The need of including OL transmit diversity mode for PUSCH needs further study, especially since we may want to reduce the number of PUSCH MIMO modes to reduce control signaling overhead. Activating an additional PA and FE for additional transmit spatial diversity can be less appealing as opposed to for spatial multiplexing, due to 1) limited diveristy gain (which seems to be more noticeable at low BLER levels that is below typical HARQ operational points) and 2) diminishing gain with increasing received diversity at eNB. On the other hand, it can be very important for UE architecture #3 when PA power needs to combined over the air all the time in order to reach the maximal transmit power known to the eNB scheduler. 
4. Rank-1 precoding gain depends on UE antenna correlation. For FDD, the agreed way-forward already includes existing Rel8 2-Tx rank-1 codebook. In TDD, non codebook-based frequency-selective precoding may result in larger gain than codebook-based frequency non-selective precoding as in FDD. However, the achievable gain should be justified in view of increased power consumption and increased CM. Note that antenna gain imbalance or antenna coupling manifests itself mathematically as a larger antenna correlation, but it does not mean that precoding is more suitable in these conditions.

5. Rank-2 open loop transmission is believed to be most important mode for 2-PA UEs. As already agreed, it can be included as a special case of closed-loop transmission with an identity matrix precoding. The transmission mode definition currently focuses on a future down selection between layer shifting + ACK/NACK and no layer shifting + 2 A/N [5]. Avoiding two “sub-modes” is desirable. 

6. As opposed to 2-Tx case where antenna gain imbalance is more likely with small form factor devices, 4-Tx devices may have a larger form factor or relaxed power consumption constraint, and thus reduced chance of antenna gain imbalance.  Whether there is a need to include a single-Tx mode in 4-Tx case needs further study. 
7. Rank-1 open-loop diversity for 4-PA is also not appealing from performance vs. power tradeoff perspective. 

8. Rank-1 precoding gain depends on UE antenna correlation. For FDD, the baseline could be the existing Rel8 4-Tx rank-1 precoding vectors. 
9. Rank-2 open-loop for 4-PA could be based on antenna pairing and a 2-Tx diversity scheme. However, whether this mode is needed in addition to the closed-loop rank-2 mode is for further study. 
10. 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].

11. The need of rank-3 open-loop scheme is not clear. 
12. The closed-loop PMI design for rank-3 is for FFS in terms of any improvement needed over existing DL rank-3 codebook. 
13. For rank-4, an identity precoding matrix should be sufficient, following the same principle in 2-Tx case.

Recommendation: Based on potential UE multi-antenna architectures envisioned, minimize the set of PUSCH modes to be supported. 

4. PUCCH Modes
For uplink control PUCCH transmission, it can be expected that the mode of transmission can be configured by the eNB via high layer signaling (similar to Rel 8 periodical reporting configuration). The questions to be answered are:

· Is it necessary to support multi-antenna PUCCH?

Multiple antenna transmission increases the spectral efficiency in PUSCH transmission via, for example, spatial multiplexing. Unlike PUSCH, PUCCH has a few types of fixed payload bits in Rel8 with no HARQ protection. Hence, decoding reliability is more important to PUCCH design through the definition of some transmit diversity techniques.
On the other hand, if the higher level of reliability obtained from transmit diversity schemes can also be achieved via increasing the transmission power (if not power limited), then it is not absolutely necessary that a transmit diversity should always be applied, especially taking into account the current drain when transmitting from multiple PAs. In the example of 2-Tx UE, it is critical to define a transmit diversity scheme if architecture #3 is adopted in the UE implementation (i.e., two 20dBm PAs). While for the other architecture options, at least the same Rel8 PUCCH performance can achieved when UE transmits from a single 23dBm PA. There could also be savings on current drain if a single PA is activated. 
Proposal: Allow eNB to semi-statically configure the PUCCH transmission to either a single-antenna transmission or a pre-defined diversity scheme. 
· What is the multi-antenna PUCCH transmission scheme to be supported in LTE-A? 

Various candidates of 2-Tx diversity schemes that are suitable for PUCCH were evaluated, including Space-Code Transmit Diversity (SCTD), STBC, SFBC, symbol/slot-based PVS, and CDD. Among them, SCTD delivered the best performance [4]
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[7] at the price of using additional cyclic shifts of the transmission data and RS sequence (e.g., 1 more for 2-Tx) that can be otherwise assigned to a different UE. If eNB needs to conserve cyclic shift space by assigning a single shift to a multi-antenna UE, it is desirable for eNB to configure a single-PA transmission with up to 23dBm transmit power. For UE that must combine multiple PA powers over the air to reach the designated transmit power (e.g., at cell edge with two 20dBm PAs), a transparent diversity scheme (e.g., slot-based PVS, small/zero delay CDD) may be used. Even though these transparent schemes showed almost no diversity gain compared to 1-Tx transmission, or even some performance degradation, at least the PA power can be combined while observing the single shift constraint.  If eNB can configure single-Tx PUCCH transmission and transparent diversity schemes such as PVS and small/zero delay CDD, it seems that only one non-transparent multi-antenna diversity scheme needs to be defined. 

Proposal: SCTD can be considered as the baseline 2-Tx PUCCH transmission scheme. Moreover, the baseline SCTD scheme should assume the same symbol content on each of “cyclic shift plane”, even though SCTD can, in theory, have 2 layers of different content technically. For 4-Tx PUCCH transmission, a hybrid SCTD and transparent TxD scheme can be considered. 
· Should PUCCH always be sent from multiple antennas?

The gain of transmit diversity can be 1-2dB or even >2 dB, depending on PUCCH format and channel conditions such as the number of eNB antennas and UE antenna correlation (co-polarized vs. cross-polarized).  However, similar to PUSCH cases, it is expected that antenna gain imbalance will reduce the gain significantly sometimes, in which case the limited gain may not be worthwhile given the increase of the current drain to drive 2 FEs and 2 PAs. In addition, diversity scheme like SCTD occupies additional cyclic shifts that could be otherwise used by other UEs. Therefore, whether PUCCH should be sent from multiple antennas or a single antenna (e.g., the best one) should be configured by eNB semi-statically. 
· Should the transmission scheme be transparent to eNB?

Unlike small-delay CDD or precoded PUCCH, SCTD is not transparent to eNB. So, the issue of transparent PUCCH transmission is relevant only when eNB configures the UE to use a single cyclic shift value. As long as the channel estimated from the reference signal sequence corresponds to the channel experience by all the PUCCH data symbols, which is typically the case, UE should be able to, in theory, use any transparent schemes including antenna/pattern switching (i.e., PVS), precoding, small-delay CDD. However, when the eNB explicitly indicates the preferred antenna due to antenna gain imbalance, the UE should follow the command. 
Proposal: UE should be allowed to use a transparent multi-antenna scheme when eNB configures the UE to use a single cyclic shift value, unless a single antenna transmission or a pre-defined non-transparent scheme (e.g., SCTD) is indicated by eNB.
5. PRACH 
The PRACH is used for:

· Initial network entry where eNB does not know the UE antenna configuration.

· Scheduling request where eNB may know the UE antenna configuration if it is an “invited” PRACH transmission, but eNB may typically do not know if a PRACH is sent from a single- and or multi-antenna UE 

Single antenna transmission or transparent multiple multi-antenna PRACH transmission is clearly the preferred mode of operation for PRACH. 

6. SRS  
As discussed in PUSCH mode, the obvious option to allow eNB to decide on the PUSCH mode is to use the UL multi-antenna channel knowledge corresponding to all the UE antennas, based on per-antenna SRS transmission. SRS transmission is configured by eNB, so if the eNB decides that SRS from all antennas is not necessary it can configure SRS from only one antenna. In this case, eNB may have already decided to instruct the UE to transmit from one antenna for power saving purpose or due to limited gain under antenna gain imbalance. 
7. Conclusion 

In this contribution, we discussed the potential multi-antenna implementations and their impact to PUSCH, PUCCH, PRACH, and SRS uplink transmission.  We suggest:
· Agree on possible UE architecture(s) to be supported when developing air interface support required (e.g., transmit diversity mode for PUCCH/PUSCH/PRACH).
· PUSCH: Based on potential UE multi-antenna architectures envisioned, minimize the set of PUSCH modes to be supported.
· PUCCH:

· Allow eNB to semi-statically configure the PUCCH transmission to either a single-antenna transmission or a pre-defined diversity scheme.

· SCTD can be considered as the baseline 2-Tx PUCCH transmission scheme. Moreover, the baseline SCTD scheme should assume the same symbol content on each of “cyclic shift plane”, even though SCTD can, in theory, have 2 layers of different content technically. For 4-Tx PUCCH transmission, a hybrid SCTD and transparent TxD scheme can be considered. 

· UE should be allowed to use a transparent multi-antenna scheme when eNB configures the UE to use a single cyclic shift value, unless a single antenna transmission or a pre-defined non-transparent scheme (e.g., SCTD) is indicated by eNB.

· PRACH: Single antenna transmission or transparent multiple multi-antenna PRACH transmission is preferred for PRACH

· SRS: SRS transmission is configured by eNB that can request only single-antenna sounding if it decides that SRS from all antennas is not necessary for power saving purpose or due to antenna gain imbalance.
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