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1 Introduction
The design of the multiplexing of uplink control information (UCI) and data on PUSCH for multiple transmit antenna UEs must take several aspects into considerations that were not an issue in the single antenna PUSCH transmissions of Rel-8. These issues include how to multiplex the UCI with multiple data codewords, but also the robustness issues introduced when control information must be precoded with a precoder that is dynamically selected to maximize the performance of multi-layer data transmissions, which have less stringent robustness requirements than UCI.
2 Robustness Considerations

A robust design for UCI is essential considering that there is no retransmission mechanism for UCI. Typical BLER targets for ACK/NACK signaling are in the order of 10-3 to 10-4, and rank indicator (RI) reports on PUSCH may be of the order of 1%, whereas a PMI/CQI reports can be allowed a somewhat larger BLER target of 1-10%.   In Rel-8, the BLER of the UCI was easier to predict because of the loose connection between the transmission of data and the UCI: The UCI and data transmissions where essentially only coupled in that the same modulation had to be used.  For ACK/NACK and RI signaling also this coupling was avoided by effectively always transmitting these signals using QPSK (the corner points of the constellation of the modulation).
2.1 Outage caused by erroneously selected precoders that are ill-matched to the channel

For Rel-10 UEs with multiple transmit antennas, there is a significantly tighter coupling between data and UCI transmissions: The same precoder weight must be applied on both the control and data
.  The precoder will be selected by the eNodeB so as to maximize the performance of the data given a BLER target of typically 10% or sometimes even considerably higher. It is important to note that the precoder selection is based on noisy, and possibly outdated, channel estimates at the eNodeB and the event of selecting a precoder that is ill-matched to the channel may occur frequently. For data transmissions, such ill-matched precoders do not cause a problem as long as the frequency of the event does not dominate the intended data BLER target. 
For UCI signaling, however, precoders that are ill-matched to the channel pose a more challenging problem since the event of an ill-matched precoder may very well dominate the probability of not receiving the UCI correctly—in particular for ACK/NACK and RI. Moreover, the problem of ill-matched precoders is most severe when the control is mapped to few layers. For example, if the UCI is mapped to only a single layer, then it is sufficient that the precoder weight of that layer is aligned with the null-space of the channel for an outage to occur. If conversely the UCI is mapped to multiple layers, the precoder weights of each of these layers must all be aligned with the null space of the radio channel so as to cause a deep fade of the precoded channel. Thus, the more layers the UCI is mapped onto, the better diversity is achieved in the protection of ill-matched precoders.
Note, for example, that multiplexing UCI on a single precoded layer is significantly less robust than transmitting the UCI at full power on a single antenna, as in Rel-8, since an isotropic single antenna transmission does not suffer from the erroneous precoder selection issue.

Observations

·  The event of an erroneously selected precoder that is ill-matched to the channel may dominate the probability of erroneous detection of UCI, in particular for ACK/NACK and RI signaling.
· To provide diversity against erroneous precoder selection, the UCI should be spread over all layers that have been assigned for the data transmission. 
2.2 Power Utilization of UCI Transmission
In the uplink there is only a single layer mapped to each transmit antenna, so as to preserve the cubic metric of the transmitted signal. This is in contrast to the downlink precoder codebook, where each layer is mapped to all antennas with equal power.  Therefore, in the uplink it is not possible to borrow power from one layer to boost the power of, for example, UCI on another layer, because this would cause a transmit power in excess of the power limit on some of the antennas.  
As a consequence, limiting the UCI to a subset of the layers assigned for the data, limits the available Tx power of the UCI correspondingly. Hence, if only a subset of the layers is used for UCI, a substantially larger control region is required to ensure that the same Tx energy is assigned UCI as in Rel-8. 
Observation

· Spreading UCI on only a subset of the layers assigned for data causes a substantial transmit power loss for the UCI compared to Rel-8.
2.3 Interference between Data and UCI

If, for example, the UCI would only be multiplexed with one out of two data codewords (i.e., if UCI is only mapped to the layers of one of the two codewords), there are essentially two options for the transmission on the other codeword. Either the layers of the other codeword are muted during the UCI transmission, or the data is transmitted in parallel with the control signaling. Both of these options have very negative implications. Muting the data causes unused resources, which at least for larger UCI payloads, will cause a substantial loss in spectral efficiency of the data channel. Assigning the data on the same time instances as the UCI, on the other hand, will cause additional interference to the UCI, which thus would experience both a lower transmit power and increased interference. Moreover, multiplexing data and UCI on the same time instances introduces a coupling between the data and UCI, which advanced receivers of control and data needs to account for. Such a coupling between different receivers is undesirable both from an implementation point of view, but also from a latency point of view.
To avoid interdependency between receivers of data and control, the UCI and data should be mapped to separate time instances (, and to achieve full power utilization the UCI should be mapped to all layers on the assigned time instances).
Observation

· It should be a design target to enable separate (self-dependent) reception of control and data, respectively

· Spreading UCI on only a subset of the layers assigned for data causes an undesirable coupling between data and UCI
Proposal

· The UCI is mapped on all layers (multiplexed with both codewords) of the uplink data transmission

· The UCI is mapped to the same set of resource elements (REs) on all layers

3 Design Targets for CQI/PMI, RI, and ACK/NACK Reports

Another critical aspect in the design of the UCI multiplexing on PUSCH for LTE-A is the need of supporting substantially larger payloads of UCI than in Rel-8. For example, the CQI/PMI/RI reporting may have to support frequency selective precoder reports for up to 8 Tx antennas over 5 carriers. Hence CQI/PMI differs from ACK/NACK and RI in that significantly larger payloads should be supported, and in addition less stringent BLER targets can be allowed for CQI/PMI. 

Observation

· The design targets for RI and ACK/NACK should maximize robustness, whereas CQI/PMI should support higher payloads with less stringent BLER targets.

To achieve the required robustness of RI and ACK/NACK, the encoding of these signals should be based on a rank one diversity transmission that is spread over all layers of the data transmission (i.e., it is multiplexed with all data codewords)

Proposal

· ACK/NAK and RI are transmitted on all layers using a rank one diversity encoding

To support the increased CQI/PMI payloads with a reasonable overhead, the spectral efficiency of these reports should grow linearly with supported spectral efficiency of the data (as in Rel-8), and should not be limited to the spectral efficiency of e.g., a single layer or a single codeword. Therefore, the PMI/CQI signal should be spread over all layers to achieve the highest spatial multiplexing gain. Moreover, a single codeword of PMI/CQI should be spread over all layers to provide diversity against unexpected fading on individual layers.

Proposal

· CQI/PMI is encoded in a single codeword which is spatially multiplexed over all layers along with the data codewords
· Maintains the existing Rel-8 principle of UCI multiplexing on PUSCH supporting a similar peak spectral efficiency for control as for data

4 Conclusion

Herein we have discussed the design of the multiplexing of UCI on PUSCH. 

Observations

·  The event of an erroneously selected precoder that is ill-matched to the channel may dominate the probability of erroneous detection of UCI, in particular for ACK/NACK and RI signaling.

· To provide diversity against erroneous precoder selection, the UCI should be spread over all layers that have been assigned for the data transmission. 

· Spreading UCI on only a subset of the layers assigned for data causes a substantial transmit power loss for the UCI compared to Rel-8.
· It should be a design target to enable separate (self-dependent) receives of control and data, respectively

· Spreading UCI on only a subset of the layers assigned for data causes a coupling between data and UCI
· The design targets for RI and ACK/NACK should maximize robustness, whereas CQI/PMI should support higher payloads with less stringent BLER targets.

Proposal

· The UCI is mapped on all layers (multiplexed with both codewords) of the uplink data transmission

· The UCI is mapped to the same set of resource elements (REs) on all layers

· ACK/NAK and RI are transmitted on all layers using a rank one diversity encoding

· CQI/PMI is encoded in a single codeword which is spatially multiplexed over all layers along with the data codewords

� Note that the uplink reference signals are precoded.





