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1 Introduction

This contribution addresses outstanding issues on the multiplexing of uplink control information (UCI) and data on the PUSCH after the decisions made during RAN1 #50 [1]. In particular, the following issues are addressed:
a) Modulation and required resources for ACK/NAK transmission

b) Placement of CQI and ACK/NAK in the PUSCH
DTX of ACK/NAK from dynamically scheduled DL transmissions is addressed in [2].

2 ACK/NAK Modulation and Resources

For the ACK/NAK modulation scheme, BPSK or QPSK should be obviously selected in case of 1 or 2 ACK/NAK bits, respectively, since ACK/NAK is punctured into data and the Euclidean distance among the ACK/NAK hypotheses should be maximized.
Regarding the ACK/NAK resources, Figure 1 shows the required number of symbols in each slot to achieve BER below 1% as a function of the SINR. Although the UE speed is assumed to be 3 Kmph, the same graph would be obtained for any UE speed assuming the ACK/NAK is placed next to the RS (see subsequent Figure 6). Otherwise, additional resources would be needed for the highest UE speeds. Slot based hopping is assumed to address the more difficult operating conditions where frequency selective scheduling does not apply and good channel conditions cannot be ensured. For QPSK, 3 dB more are required. It should be observed that larger overhead occurs for smaller RB allocations which often occur for the lower SINRs. 
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Figure 1: Number of ACK/NAK Symbols per Slot vs SINR for <1% BER.
Therefore, the number of symbols dedicated to ACK/NAK transmission should depend on the assigned PUSCH MCS which in turn is linked to an SINR. As with the CQI transmission in the PUSCH, a Table should map the PUSCH MCS to the resources used for ACK/NAK transmission. Similar observations and analysis were also presented in [3]. Figures 2-5 show the allocation of PUSCH resources for the various numbers of required ACK/NAK symbols per slot.
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Figure 2: Transmission of 1 ACK/NAK Symbol per Slot.
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Figure 3: Transmission of 2 ACK/NAK Symbols per Slot.
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Figure 4: Transmission of 3 ACK/NAK Symbols per Slot.


[image: image5]
Figure 5: Transmission of 4 ACK/NAK Symbols per Slot.

3 Multiplexing ACK/NAK and CQI/PMI
ACK/NAK is multiplexed in the PUSCH by puncturing a number of data symbols (depending on the PUSCH MCS as discussed in the previous section). Moreover, in order to map the control symbols next to the RS, two options exist:
· The ACK/NAK symbols are placed with priority next to the RS. This implies that the location of CQI symbols varies depending on whether or not ACK/NAK is multiplexed in the PUSCH.
· The CQI symbols are placed with priority next to the RS. This implies that the location of ACK/NAK symbols varies depending on whether or not CQI is multiplexed in the PUSCH.
These options were also discussed in [4]. In the following, additional comparisons and tradeoffs are considered.
Figure 6 shows the ACK/NAK BER as a function of the UE speed and the placement of the ACK/NAK symbol. The Tx/Rx antenna configuration was 1x2 and slot-based hopping was applied. Clearly, as expected for low UE speeds, the position of the ACK/NAK symbol (or of any data symbol for that matter) has no effect on the resulting BER. At high UE speeds however, some small degradation can be observed at high BERs which progressively becomes larger as the BER becomes lower. Clearly, for ACK/NAK placement at the 1st/7th symbol of each slot, the BER curve flattens before the target range of 0.1%-0.01% is achieved and the loss at 1% is substantial. Flattening is also observed for ACK/NAK placement at the 2nd/6th symbol of each slot, although it occurs at lower BER values. 
Therefore, placing the ACK/NAK symbols with priority next to the RS avoids introducing additional restrictions, particularly since the degradation is smaller at higher BER values that are more appropriate for the CQI transmission and no error floors are observed. 
[image: image6.png]ACK/NAK BER and CQI BLER. 1-bit ACK/NAK.

ACK/NAK BER, CQI BLER

T T
=6~ A/N in 1st/7th Symbols
== A/N in 2nd/6th Symbols
=9~ A/N in 3rd/5th Symbols
TUB, 3 Kmph
1-bit ACK/NAK

0 2 4 6 8
SNR (dB)




[image: image7.png]ACK/NAK BER, CQI BLER

10

10°

10°

10°

ACK/NAK BER and CQI BLER. 1-Bit ACK/NAK.

T T T T T T T

: =6~ A/N in 1st/7th Symbols

== A/N in 2nd/6th Symbols

=9~ A/N in 3rd/5th Symbols
TU8, 350 Kmph

1-bit ACK/NAK

SNR (dB)

14




Figure 6: ACK/NAK BER as a Function of the UE Speed and the Symbol in Each Slot.

Alternatively, if the CQI symbols are placed with priority next to the RS, the ACK/NAK symbols should not extend into the 1st and/or 7th symbol of each slot. This may not be possible for 1-2 RB allocations which are often associated with low SINR UEs or coverage limited UEs. Otherwise, the eNB should be able to configure a UE to drop the CQI transmission in the PUSCH, similarly to the capability provided for the PUCCH when multiplexing ACK/NAK and CQI. 
Assuming that some degradation in the ACK/NAK performance is acceptable at high speeds and/or either of the previous two restrictions applies, the second option of placing the CQI with priority next to the RS allows for the CQI location to be invariant to the existence of ACK/NAK transmission. The main advantage of this multiplexing is its robustness to the case that the DL grant is missed and the UE actually does not transmit ACK/NAK in the PUSCH. However, this advantage is not a significant as the DL grant BLER is smaller than the CQI BLER and simultaneous DL grant miss with CQI and (expected) ACK/NAK transmission in the PUSCH is required. Note that the data transmission or reception is not affected by whether the ACK/NAK or the CQI is placed with priority next to the RS.

Based on the above analysis and performance evaluation, the ACK/NAK should be placed with priority next to the RS and the multiplexing of CQI and ACK/NAK in the PUSCH, which is currently not captured in the specifications, can simply follow the following steps:
a) map ACK/NAK with priority next to the RS

b) continue by mapping the CQI next to the RS after the ACK/NAK mapping is complete in each such symbol
c) continue by mapping the data in the remaining sub-carriers and symbols of the sub-frame

This process is depicted in Figure 7 for 1 slot. For illustration purposes, it is assumed that 1 RB is assigned to the UE, the ACK/NAK transmission requires 2 symbols per slot, and the CQI transmission requires 10 symbols per slot. The term “virtual sub-carrier” in Figure 7 was introduced in [4] and corresponds to the logical input indices to the DFT transform which output is mapped to the physical sub-carriers of the IFFT input.
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Figure 7: ACK/NAK and CQI Multiplexing in the PUSCH.

4 Conclusions
This contribution examined the required resources for the ACK/NAK transmission and the ACK/NAK and CQI multiplexing in the PUSCH. 
For typical geometry distributions, one ACK/NAK symbol per slot is adequate for the majority of UEs (UEs with SINRs above 3 dB) while no more than about 10-12 ACK/NAK symbols per slot should suffice in practice for non-coverage limited UEs (2-bit ACK/NAK signaling is assumed to not be associated with the lowest SINRs).
Considering the simultaneous multiplexing of ACK/NAK and CQI in the PUSCH, some tradeoffs exist in prioritizing the placement of ACK/NAK or of CQI next to the RS. 
a) Prioritizing the ACK/NAK optimizes the tradeoff for the ACK/NAK and CQI performance degradation at high UE speeds and ensures the ACK/NAK reception reliability without requiring additional restrictions. 
b) Prioritizing the CQI makes the CQI reception unaffected by the UE missing the DL grant for which the eNB expects the corresponding ACK/NAK, together with the CQI, in the PUSCH. However, the overall impact and probability of this event are small and data reception is not affected.
Considering these tradeoffs, it is preferable to prioritize next to the RS the ACK/NAK mapping over the CQI mapping.
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