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1
Introduction
Uplink L1/L2 control signaling is divided into two classes in LTE Rel-8: Control signaling in the absence of UL data, which takes place on PUCCH (Physical Uplink Control Channel)  and control signaling in the presence of UL data, which takes place on PUSCH (Physical Uplink Shared Channel). Due to the single carrier limitations, simultaneous transmission of PUCCH and PUSCH is not allowed in LTE Rel-8.

This contribution deals with UCI transmission in the presence of UL data. Figure 1 shows the principle of control and data multiplexing within the SC-FDMA symbol (block) on PUSCH. In order to maintain the single carrier properties of transmitted signal data and different control symbols are multiplexed prior the DFT by means of TDM multiplexing. The data part of PUSCH is punctured by the number of control symbols allocated in the given subframe. Data and different control fields (ACK/NACK, CQI/PMI, Rank Indicator) are coded and modulated separately before multiplexing them into the same SC-FDMA symbol block. Different coding rates for control are achieved by occupying different number of symbols for each control field.
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Figure 1. Principle of data and control modulation on PUSCH
It was decided in RAN1#55bis that control-data decoupling (simultaneous PUCCH and PUSCH transmission) is supported in addition to TDM type multiplexing. It is obvious in the light of this decision these two options are applicable also in the case of SU-MIMO. Hence, there is a clear need for TDM solution applicable to SU-MIMO. The TDM based solution is discussed also in [1], [2] and [3]. In [4], we proposed a TDM solution that achieves rank 1 transmission for UCI regardless of the transmission rank for PUSCH data. 
In this contribution, we review our proposal in light of discussions in RAN1#60bis meeting in Section 2, and provide performance evaluation in Section 3. 
2 Proposal
We propose that uplink control information (UCI) is multiplexed with PUSCH data in layer-specific manner prior the DFT by means of TDM multiplexing in a way that reliable rank1 transmission for UCI is achieved regardless of the transmission rank and precoding for PUSCH data. On other hand, as discussed in RAN1#60bis meeting, different UCI have different robustness requirements and, thus, could also have different mapping. CQI has clearly lower requirement for robustness than ACK/NACK and RI and, thus, the benefits of increased robustness in our scheme are most significant for ACK/NACK and RI. Hence, it could be sufficient to transmit CQI on single transport block.

The steps required by the proposal are:

.
Resources for ACK/NACK and RI are dimensioned jointly over both transport blocks 

· It is done so that ACK/NACK and RI have equal number of modulation symbols on both transport blocks regardless of the modulation used for the transport block.
2.
Form a layer-specific replica for ACK/NACK and RI. 

· Same UCI is replicated for both transport blocks

· In the case of rank 3, UCI is further replicated within transport block 2 to obtain layer specific replica

· In the case of rank 4, UCI is further replicated within both transport blocks to obtain layer specific replica

3. Apply layer-specific scrambling (=phase rotation) for different ACK/NACK and RI symbols.  Rel’8 scrambling transport block specific scrambling code provides scrambling sequences for layer-specific UCI scrambling.
Straightforward combination of appropriate parts of Rel’8 UL and DL transmission chains is shown in Figure 2. In the figure, blocks that are affected by the proposed UCI multiplexing with SU-MIMO are coloured with green.  To clarify the proposal further, mapping of ACK/NACK and RI on PUSCH subframe is illustrated on Figure 3 for a transport block mapped onto two layers. From the figures, it can be noted that the proposal re-uses efficiently Rel’8 structure and ACK/NACK and RI resource dimensioning and channel coding are only affected by the proposal.  
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Figure 2 Block diagram of SU-MIMO UL transmission w/ 4 Tx antennas
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Figure 3 ACK/NACK and RI mapping on PUSCH subframe according to the proposal for transport block mapped on two layers.
3
Performance Evaluation

In this section, we consider our proposal from the viewpoints of simplicity, decoding latency, throughput loss, and robustness of control information transmission. 
· As discussed in previous section, our proposal requires changes only to the dimensioning of ACK/NACK and RI resources and replication of control symbols. Thus, the solution is very simple and requires only small standardization effort.

· In the proposal, ACK/NACK and RI transmission is separated in time from PUSCH data transmission. Thus, control information can be detected separately from data detection and increase in control information decoding latency due to MIMO can be avoided. 
On other hand, if control information is transmitted only on one or some layers, there is spatial interference between control information and PUSCH data. Especially in the case of SIC receiver, it is attractive to detect control information only after PUSCH data detection from the detection performance or, alternatively, throughput loss viewpoint. However, these benefits come at the price of increased decoding latency for control information. As SIC detection can easily result in tight time budget even from the viewpoint of DL ACK/NACK transmission, we see that control information detection cannot wait for the output of PUSCH data detection to keep decoding latency practical. Thus, UCI detection cannot benefit from potential SIC gain.
· On the proposal, control information is transmitted on all layers to achieve Tx diversity in form of effective rank 1 transmission. Thus, it is inherently robust e.g. against link adaptation errors. Naturally, robustness is one of the most important design criteria for delay sensitive control information as ACK/NACK and RI. Additional Tx diversity helps also to reduce number of symbols needed for ACK/NACK and RI and, thus, throughput loss.
ACK miss-detection rate was simulated for 1-bit ACK/NACK when ACK/NACK was mapped on either one or two transport blocks in 2 x 2 antenna configuration. Other simulation parameters are tabulated in Appendix. ACK/NACK symbols and scrambling according to Rel’8 specifications were used.  ACK/NACK was detected with sequence correlator following MMSE equalizer, which can be considered as a simple baseline receiver suitable for both cases.  Results are shown for QPSK, 16-QAM and 64-QAM PUSCH modulations in Figures 4, 5 and 6, respectively. 

From the figures, we can note that the proposed scheme benefits clearly from Tx diversity when compared to scheme mapping ACK/NACK on single transport block. With the proposed scheme, it is sufficient to have 4 ACK/NACK symbols in total to reach 0.1% ACK miss-detection rate. When ACK/NACK is mapped on single transport block, roughly twice the number of ACK/NACK symbols is needed to reach 0.1% ACK miss-detection rate.
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Figure 4 ACK miss-detection rate when mapped on one or two layers w/ 2 Tx antennas.  PUSCH modulation is QPSK.
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Figure 5 ACK miss-detection rate when mapped on one or two layers w/ 2 Tx antennas.  PUSCH modulation is 16-QAM.
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Figure 6 ACK miss-detection rate when mapped on one or two layers w/ 2 Tx antennas.  PUSCH modulation is 64-QAM.
4
Summary & Way Forward
In this contribution, we discussed UCI transmission on PUSCH with SU-MIMO. In our proposal uplink ACK/NACK and RI are multiplexed with PUSCH data in layer-specific manner prior to the DFT by means of TDM multiplexing in a way that reliable rank 1 transmission for UCI is achieved regardless of the transmission rank and precoding on PUSCH. Thus we propose: 

Proposal: ACK/NACK and RI are replicated on each layer and TDM multiplexed with PUSCH data so that UCI symbol positions are time-aligned over layers.     
We see that such solution has several attractive properties: it is simple, thus, needing only small standardization effort, it allows for small decoding latency, it causes small throughput loss, and it is robust as control information is transmitted on all layers. 
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Appendix – Simulation parameters

[image: image9.emf]Description Settings

Carrier center frequency 2.0 GHz

System bandwidth 10 MHz

Effective bandwidth 9 MHz (50 PRB)

PRB allocation 2 PRB

Traffic model  Full buffer

Velocity 3 km/h

Channel Urban Micro NLoS channel 

Tx-Rx antenna configuration 2x2 

Antenna arrangement Cross-polarized antenna elements

Receiver MMSE followed by sequence correlator

Channel estimation real

Modulation QPSK, 16-QAM, 64-QAM



















































































