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1. Introduction
In LTE Rel-8, SC-FDMA is adopted as the multiple access technique for uplink transmission. To simplify the complexity of the UE, a single power chain is also assumed for the Rel-8 UE, which means at any time, there is only one antenna transmitting. That limits the use of more complicated transmit diversity schemes such as STBC, etc. In LTE-A Rel-10, to increase the coverage and throughput, two (or more) transmit antennas can be used simultaneously at UE, which allow the use of more sophisticated transmit diversity schemes. However, as SC-FDMA is the transmission technique used in LTE uplink, the PAPR property of SC-FDMA also limits the use of certain transmit diversity schemes which otherwise exhibit good performance in other applications such as LTE Rel-8 downlink. Therefore, it is simply not that straightforward to adopt the same transmit diversity method as used in the LTE downlink for the LTE-A uplink. 
The complexity of different physical channels in the uplink also introduces an additional dimension of difficulty in searching for the appropriate transmit diversity approach. It is believed that unlike downlink, different physical channels in the LTE-A uplink may require different transmit diversity schemes. For example, for PUCCH format 1/1a/1b, which are used to transmit ACK/NACK for downlink transmission, a simple and yet robust transmit diversity scheme called SORTD was adopted [1] at RAN1 58 meeting. 
There is no question that for LTE-A, transmit diversity should be supported at least for its control channel PUCCH. The remaining issues to be addressed include: Is transmit diversity the only transmission mode for PUCCH?  Should other transmission modes also be supported?
In RAN1 58 meeting, single antenna port mode is also defined for LTE-A UE with multiple transmit antenna [2]. The main motivation of such mode are two folds: First all LTE-A UE should operate in Rel-8 network, therefore, it needs to support a single antenna port mode, second, even such UE is operated in a LTE-A network, due to various reasons, it may need to fall back to single antenna transmission. That further implies that multiple transmission modes should be supported for LTE-A uplink transmission. 

In RAN1 58 bis meeting, a LS response from RAN4 clarifies the possible PA configurations RAN1 plans to support for LTE-A UE performance testing. That raises some issues on how to support the single antenna mode for different PA configuration. 
In this paper, some aspects regarding those remaining issues are discussed and we feel that multiple transmission modes including transmit diversity and single antenna transmission mode should all be supported in LTE-A uplink. The configuration of different transmission modes are also discussed, which could be semi-statically or pre-configured as default modes for certain scenarios.  This paper also discusses the alternatives to support single transmit mode for UEs with different PA configurations.
2. Transmission mode support for uplink physical channels
Even though transmit diversity like SORTD could be used for PUCCH ACK/NACK transmission due to its superior performance and simple implementation, one outstanding question yet to be answered is whether such scheme should be considered as the only scheme to be supported at the UE for its uplink PUCCH ACK/NACK transmission. Alternatively, what would be the other transmission schemes to be supported for PUCCH ACK/NACK transmission? And if there exists more than one transmission scheme, how to support mode switching between them, whether it is in a semi-static way or in a dynamic way?

There are a number of reasons that the transmit diversity scheme such as SORTD should not be considered as the only scheme supported by the UE:

1. First, during random access period, before the eNB obtains information on the UE’s antenna configuration and its capability of supporting explicit transmit diversity, the UE could not apply explicit transmit diversity on ACK/NACK for downlink messages.

2. Under certain circumstances such as UE antenna power imbalance, UE may like to turn off some antennas and therefore may not be able to support transmit diversity schemes such as SORTD which requires transmitting simultaneously from two antennas.

3. As SORTD requires two PUCCH resources, that could cause shortage of such resources and therefore, limit the number of UEs multiplexed together on PUCCH.

Therefore, at least one fall-back transmission scheme is needed for PUCCH transmission and the most appropriate candidate could be single antenna transmission. As an LTE-A UE needs to be able to work in a Rel-8 system, the UE should already have the capability of supporting such a transmission method. It is an implementation issue for the UE to realize single antenna transmission using multiple physical antennas. Some possible methods include antenna virtualization using CDD, PVS or simply turning off some of the physical antennas.

As another consideration, even though transmit diversity such as SORTD provides superior performance than some of its counterparts such as PVS and CDD, it requires more orthogonal resources, which could lead to exhaustion of PUCCH resources especially in a fully loaded system. That would limit the transmission of other UEs or require adding more PUCCH channels. To mitigate such issue, and yet continue supporting SORTD as transmit diversity for some UE, different modes could be configured for each individual UE. For example, two modes could be configured for a UE with 2 or 4 transmit antennas:

1. SORTD scheme for 2-tx 
2. Single antenna transmission

The eNB could configure each UE with an appropriate mode.  For example, for a UE close to the eNB or in the cell center, the eNB could configure the UE with single antenna transmission. By doing so, only one orthogonal resource will be assigned to its PUCCH ACK/NACK transmission. In contrary, if a UE is at the cell edge and needs the help of transmit diversity to improve its cell edge performance, the eNB could configure 2-tx SORTD transmit diversity and allocate two orthogonal resources to its PUCCH ACK/NACK transmission. Such configurable modes would allow the eNB to allocate orthogonal resources among UEs according to their needs and best balance between performance and availability of resources.

Note that the use of PUCCH TxD by a UE at cell edge would reduce the need for that UE to perform ACK/NACK repetition across multiple consecutive uplink subframes.  This can be seen as an advantage, since ACK/NACK repetition has a number of implications, including the use of PUCCH resources across multiple consecutive subframes, the prevention of any other uplink transmissions during the period of ACK/NACK repetition, etc.

Such configurable transmission modes could also be used for transmission of other uplink channels such as PUSCH or PUCCH format 2/2a/2b.
The main ideas of configurable transmit diversity transmission could be summarized as follows:
1. Transmit diversity (across different antennas) and single antenna transmission as different transmission modes can be configured by the eNB for uplink transmission of LTE-A UE.

2. Such transmission modes could be configured semi-statically or dynamically. If it is configured semi-statically, the configuration will be signalled by higher-layer signalling. If it is configured dynamically, the signalling could be sent via the physical layer or MAC layer explicitly or implicitly. 

For example, an implicit signaling can be used based on the number of CCEs allocated for PDCCH. If one CCE is assigned, UE would derive one orthogonal resource and use single antenna transmission, and if two or more CCE are assigned, UE could derive two orthogonal resources and apply explicit TxD scheme such as SORTD. Alternatively, the implicit indication can be based on the MCS assigned in the DL grant. For example, a low MCS of QPSK, rate ½ or lower can imply that transmit diversity scheme should be used for PUCCH while higher MCSs (higher than QPSK, rate ½) can imply that single antenna transmission mode should be used for PUCCH.

Explicit signalling could use a MAC control element from the eNB to instruct the UE to switch from one preconfigured TxD scheme to another. Alternatively, explicit indication can be included in the DCI of the DL grant. An additional field would be introduced in the DCI to indicate the PUCCH ACK/NACK transmission mode.

There are pros and cons for different kind of signaling and the final decision to adopt appropriate signalling could depend on the application scenarios. For example, for signalling based on CCE mapping, it would allow dynamic switching between transmit diversity and single antenna port modes on subframe-to-subframe basis. While for signalling sent from high layer, it would support such switching of transmission modes in semi-static ways, for example, when eNB configures UE to use either transmit diversity or single antenna ports based on their geometry.  
3. Single antenna transmission can also be used as the fall-back mode for explicit transmit diversity modes and such fall-back operation may not need to be signalled or could be signalled implicitly. If such fall-back mode is supported, the UE could use only one orthogonal resource on a particular subframe for the transmission of signals on both antennas even it is configured using two orthogonal resources. At eNB side, it should decode signals from two PUCCH orthogonal resources separately, and if decoded signal from the first and the second PUCCH resources are not the same, the eNB may simply discard the result decoded from second PUCCH resource.
4. eNB could decide when to switch between these transmission modes and signal such configuration to the UE. The decision, for example, could be based on the geometry or mobility of the UE and availability of the resources. 

Figure 1 shows some examples of signal exchange for this configurable transmit diversity for PUCCH.
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Figure 1: Configurable TxD modes for PUCCH

Such configurable transmission mode switching could also be used for transmission of other uplink channels such as PUSCH or PUCCH format 2/2a/2b. However, it should be noted that for different channels, the transmission modes could be different in terms of the schemes used. For example, for PUSCH, the transmission modes could be:

1. Precoding based SM scheme 

2. Transmit diversity scheme

3. Single antenna transmission scheme
While for PUCCH formats 2/2a/2b, the following modes could be considered

1. STBC-based or SORTD transmit diversity scheme 

2. Single antenna transmission scheme

For all these channels, single antenna transmission could be supported as a configurable mode as well as a fall-back mode. The mode configuration for different channels could be accomplished at the same time or at different time. If they are configured at the same time, the same high-level signaling could be used for the configuration. If they are configured at different time, different sinaling (either explicit or implicit) could be used to configure them separately. Other transmission schemes such as those which may only need one PUCCH resource could also be considered as part of such configurable transmission mode switching.

3. Single antenna mode support for different PA configuration

In Miyazaki meeting, a LS response from RAN4 [6] clarifies the possible PA configurations RAN4 plans to support for LTE-A UE in its performance test. For example, for 2-tx, the following PA configuration should be supported:
1. 20dBm + 20dBm

2. 23dBm + 23dBm

3. 23dBm + x, where x ≤ 23dBm

In the same LS response, RAN4 also confirms that the total transmit power should be defined as 23dBm regardless of the number of antennas, PAs and precoding used. That leaves some issues on how to configure the single antenna port mode for UEs with different PA configurations. 

Currently there are two possible altenatives to configure single antenna port mode for a UE, either through using antenna turning off vector in the codebook, or through antenna virtualization. The first alternative would allow configuration of signal antenna port mode by turning off one physical antenna and only transmit on single antenna, this can be done either dynamically or semi-statically. The second alternative of using antenna virtualization may require to transmit on both physical antennas. This could be done through high-layer signaling, and therefore, lead to semi-static configuration of single antenna mode.  

If a UE has 2x20 dBm PA configuration, then alternative one may not be feasible for configuring its single antenna mode as simply turning off one physical antenna (and one PA) would not satisfy the requirement of total transmit power of 23 dBm, and that would certainly affect its coverage. Therefore, alternative two seems to be the more appropriate way to configure single antenna mode for such kind of UE. 

To achieve this, UE may need to inform eNB about its PA configuration after accessing the network, and then eNB could decide what kind of method it is going to use to configure single antenna mode for such UE. If a UE has 2x20 dBm PA configuration, the eNB could choose to configure single antenna mode through antenna virtualization, which could be done semi-statically. For other types of PA configurations, the eNB could configure single antenna mod through the use of turning off vectors in the codebook either dynamically or semi-statically. 
The similar mechanism could be applied to the UE with 4 transmit antennas.
4. Conclusion

In this paper, different transmission modes are discussed for LTE-A uplink transmission. It is believed that in addition to transmit diversity, other transmission modes should also be supported for LTE-A uplink transmission. Such different transmission modes could be different for different physical channels and could be configured semi-statically and dynamically by eNB. In particular, single antenna transmission mode should be supported in LTE-A uplink transmission, either as a fall-back mode, or at RACH access stage, or be configured by eNB during normal transmission based on other considerations such as saving PUCCH resources. This paper also discusses different alternatives to support single transmit mode for UEs with different PA configurations.
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