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1 Introduction

This contribution considers ACK/NAK and CQI multiplexing options for simultaneous transmission in the PUCCH. Previously suggested alternatives consider the CQI PUCCH structure and include:

a) TDM of ACK/NAK and CQI symbols [1, 2]

b) Joint coding of CQI and ACK/NAK [3]

c) Implicit multiplexing of ACK/NAK using the RS [4]

Naturally, there is always the option of dropping the CQI transmission when it occurs simultaneously with an ACK/NAK one. This has been claimed to result to scheduling efficiency loss assuming several CQI reports are lost. However, this assumption needs to be rethought as its probability of occurrence is small and further, without a previous CQI transmission, the UE is unlikely to have been scheduled and have an ACK/NAK to transmit (in other words, two consecutive instances of simultaneous ACK/NAK and CQI transmissions are unlikely). Note that for persistently scheduled UEs, simultaneous CQI and ACK/NAK transmission can be easily avoided and it obviously should be.  

The tradeoffs among the above multiplexing options need to be carefully considered as each one has its own advantages and drawbacks. 

TDM of ACK/NAK and CQI allows for better control of the individual error rate targets and the ability to multiplex ACK/NAK into CQI reports transmitted in multiple sub-frames. Also, for the rather more important case of 1-bit ACK/NAK (low SINR UEs which represent the limiting case in meeting the ACK/NAK and CQI error rate targets), TDM outperforms joint coding by about 1 dB [1]. 

Joint coding of ACK/NAK and CQI results to some coding gain which is however small as the number of ACK/NAK bits is small (one or two) – for the 1-bit ACK/NAK case, the tradeoff is negative [1]. Support of ACK/NAK and/or CQI repetitions is always an issue when either of these transmissions started at an earlier sub-frame.
Implicit multiplexing of ACK/NAK using different cyclic shifts of the CAZAC-based sequence in the CQI transmission sub-frame is an interesting alternative that preserves the CQI symbol space and maintains the same CQI processing (encoding/decoding) and performance (assuming that ACK/NAK is more reliably received than the CQI) regardless of ACK/NAK multiplexing [4]. 

In addition to cyclic shifts, covering in the time domain can be introduced for the RS in each slot of the PUCCH CQI sub-frame to create another multiplexing dimension which can be used for implicit ACK/NAK multiplexing. For the short-CP sub-frame, the RS covering per slot can be orthogonal. For the long-CP sub-frame, the implicit multiplexing needs to rely on the cyclic shift dimension only. This contribution provides some initial evaluation results for implicit ACK/NAK multiplexing using different covering on the RS of the PUCCH CQI sub-frame.  

2 Implicit ACK/NAK Multiplexing with CQI Using RS OC
For the short-CP sub-frame structure, embedding a 1-bit ACK/NAK into the RS using a different orthogonal covering (OC) in each slot is illustrated in Figure 1. For example, the OC can be {1, 1} if ACK is transmitted and {1, -1} if NAK is transmitted. 
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Figure 1: Multiplexing CQI and 1-Bit ACK/NAK Transmission.
For low/medium UE speeds, the eNB receiver is assumed to simply average the two RS in each slot to obtain the channel estimate, after applying each of the two de-covering operations (just a sign flip for one RS in one of the two hypotheses). The result is primarily noise for the incorrect OC. For high UE speeds, averaging is not possible, but this does not significantly affect the implicit ACK/NAK multiplexing performance as it is further subsequently discussed. 

By performing two separate decodings, the 1-bit ACK/NAK decision can be made. In case both or none of the hypotheses result to correct CQI decoding, the ACK/NAK decision is for the hypothesis having the channel estimate (or demodulated CQI data) with the largest magnitude. Having both hypotheses result to correct CQI decoding was not observed without RS averaging for channel estimation, that is, it was not observed for high UE speeds. The reason is simply that for the incorrect hypothesis, the sign of about half of the CQI bits is reversed relative to the correct one.

The previous decision process is a very simple one and better decision algorithms probably exist. Nevertheless, as it will be shown in the next Section, the desired performance targets can be achieved for the lower percentages of the UE SINR distribution. The associated additional complexity over a single CQI decoding is small, as decoding of block codes is trivial compared to turbo decoding or the overall eNB DBB complexity. Further, as the actual latency in decoding the CQI and ACK/NAK is too small to have any practical impact on the overall UE scheduling latency/process, the same hardware can be used to perform multiple decodings. 

For ACK/NAK transmission of 2 bits, the same decision process as described above can apply but the RS OC may extend to the entire sub-frame. This is shown in Figure 2.
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 Figure 2: Multiplexing CQI and 2-Bit ACK/NAK Transmission.

For the long CP sub-frame structure, treating the RS in the second slot as the second RS in the first slot, the same covering as in Figure 1 can apply for 1-bit ACK/NAK transmission. Complex RS covering may apply in case of 2-bit ACK/NAK for some expected performance loss as the distance among the four possible hypotheses decreases. However, as 2-bit ACK/NAK transmission is not associated with very small SINRs, this performance loss is not significant from a coverage standpoint. Additionally, different cyclic shifts can be used as suggested in [4], in addition to different time OCs to increase the multiplexing dimensions.
3 Performance Evaluation
The CQI BLER and A/N BER are evaluated with TDM ACK/NAK multiplexing and implicit ACK/NAK multiplexing. For the former, 1 SC-FDMA symbol in each slot is assumed to be taken by the ACK/NAK transmission. For the latter, the CQI coding assumes a BCH (15, 5) code and 8PSK modulation for simulation purposes. Note that although 8PSK is not one of the currently supported modulation schemes, its choice would be ideal for the PUCCH CQI structure with 5 CQI information bits as block codes with length 24 - 1 = 15 could be chosen to perfectly fit the codeword in one slot with no truncation/repetition being necessary, thereby providing optimal performance and simple decoding. 

The simulation assumed 1 UE transmitter antenna and 2 eNB uncorrelated receiver antennas. The decision process is the simple one outlined in the previous Section, but better designs probably exist to further improve CQI BLER and ACK/NAK BER with implicit ACK/NAK multiplexing. 

Figure 3 shows the CQI BLER and ACK/NAK BER with explicit 1-bit ACK/NAK transmission and with implicit ACK/NAK multiplexing for the TU6 channel at 3 Kmph and 350 Kmph. The CQI BLER for the case of explicit ACK/NAK is the one without any ACK/NAK multiplexing (explicit or implicit) adjusted by 10*log10(4/5) due to the reduction in the CQI symbol space when 1 symbol per slot is taken for ACK/NAK transmission. Actually, the resulting BLER is a bit optimistic as it accounts for the SINR loss but not for the coding loss. 

At low/medium UE speeds, implicit ACK/NAK multiplexing outperforms by about 1.1 dB in ACK/NAK BER and by about 0.9 dB in CQI BLER while maintaining the same CQI decoder structure regardless of the ACK/NAK existence. Both gains are significant to achieve the desired error rates at low SINRs as the ACK/NAK transmission can only be on a small number of SC-FDMA symbols while for the same reason it is important to not reduce the CQI symbol space.

At high UE speeds, implicit A/N multiplexing still outperforms by about 0.5 dB which is valuable to allow cell edge UEs to approach the desired ACK/NAK BER targets. Both implicit ACK/NAK and explicit ACK/NAK suffer notable losses. For the former, this is due to the absence of orthogonality between the RS in each slot. For the latter, this is due to the fact that only one RS is used for channel estimation, resulting to a loss of about 10*log10(3/2) = 1.76 dB while there is obviously no time diversity to be gained from the high UE speeds for the 1-symbol TDM ACK/NAK transmission. For the CQI BLER, the relative performance difference is not affected and remains at about 0.9 dB.
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Figure 3: ACK/NAK BER and CQI BLER with Implicit and Explicit ACK/NAK. 1-Bit ACK/NAK.

Figure 4 shows the CQI BLER and the ACK/NAK BER for 2 ACK/NAK bits. Clearly, the increased number of hypotheses degrades the implicit ACK/NAK BER which however still maintains its relative gains of about 1 dB relative to the explicit ACK/NAK transmission. Moreover, the CQI and ACK/NAK performance with implicit multiplexing may be further improved if better coefficients than the ones in Figure 2 and a better decision process can be derived.
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Figure 4: ACK/NAK BER and CQI BLER with Implicit and Explicit ACK/NAK. 2-Bit ACK/NAK.

If 1-symbol per slot reduction in the CQI symbol space is acceptable for simultaneous transmission with ACK/NAK in the PUCCH, the ACK/NAK sub-frame structure may also be considered as it provides a larger number of RS to implicitly multiplex the ACK/NAK. The CQI coding loss will be largely compensated by the better channel estimation but details and evaluation are FFS. Additionally, the multiplexing dimensions can be increased with the use of different cyclic shifts as described in [4]. Then, the DTX hypothesis can be also accommodated as well as a more robust design for the long-CP sub-frame structure.
4 Conclusions
This contribution considered the simultaneous CQI and ACK/NAK multiplexing from a UE using the CQI PUCCH sub-frame structure. The simplest option is to drop the CQI transmission and transmit only the ACK/NAK. This is not expected to result in any noticeable impact for the UE or the system operation as two consecutive CQI omissions are unlikely. For persistently scheduled UEs, simultaneous ACK/NAK and CQI transmission can and should be avoided.

If simultaneous CQI and ACK/NAK transmission in the PUCCH is required, implicit multiplexing for the ACK/NAK avoids shortcomings of joint coding and the performance loss from the reduction in the CQI symbol space for either TDM or joint coding. The time dimension of the RS can instead be used to multiplex the ACK/NAK bits. For 1-bit ACK/NAK transmission and the short CP sub-frame structure, both the ACK/NAK BER and the CQI BLER are substantially improved relative to the ones for TDM while the same CQI coding/decoding process always applies as the symbol space is unaffected. For the long CP sub-frame structure, the use of cyclic shifts may also be used to increase the multiplexing dimensions as there is only one RS per slot. The additional complexity of extra decodings needed with implicit ACK/NAK multiplexing is negligible for the eNB and additional hardware may not be needed. 
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