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1 Introduction

In RAN1#85, the PUCCH structure in support of frequency retuning was discussed with the issue being whether or not to revoke the agreement for shortening the PUCCH format 1/1a/1b in the first slot by not using the first symbol for mapping HARQ-ACK/SR.
This contribution reviews the motivations raised in [1] for revoking the agreement and evaluates the HARQ-ACK BLER for PUCCH format 1a when the first symbol in the first slot is used for HARQ-ACK mapping when HARQ-ACK is not transmitted in the first symbol and when the first symbol in the first slot is not used for HARQ-ACK mapping when HARQ-ACK is not transmitted in the first symbol.
2 Normal vs Shortened PUCCH Format 1/1a/1b
Suggested advantages of using the normal instead of the shortened PUCCH format include:
a) Impact from missed MPDCCH detection
This is not an issue as the HARQ-ACK BLER degradation (due to mismatch in the first slot) is conditioned on missing the MPDCCH and having consecutive PDSCH scheduling (not typical as traffic is UL dominant) resulting to consecutive PUCCH transmissions. For example, the ACK ( NACK BLER is typically same as the MPDCCH BLER and the PUCCH SINR degradation due to the mismatch in the first slot will not lead to BLER of 1. 

b) HARQ-ACK followed by SR
This is not an issue as BL/CE UEs, particularly coverage limited ones, are not expected to have frequent SR transmissions (otherwise, due to their large number and required PUCCH repetitions, SR overhead would be a major problem). Several simple implementation-based solutions can apply. Most likely, a network can completely ignore this issue as HARQ-ACK transmission followed by SR transmission are not frequent for MTC (DL traffic is not frequent) or as the last symbol may be anyway punctured due to SRS transmissions. 
c) Faster Retuning
Utilizing one symbol, instead of two symbols, for retuning can improve SINR by a maximum of ~0.15 dB (for the minimum of 2 subframes for repetitions) which is not very meaningful.  
d) Simplified eNB Implementation 
This is an advantage of reusing the normal PUCCH format. 
Suggested disadvantages of using the normal instead of the shortened PUCCH format include:

a) Inability to multiplex BL/CE UEs with different CE levels on same PUCCH resource
It may still be possible to multiplex different CE levels on the same PUCCH resource using the normal PUCCH format but with some significant SINR loss. For example, for the higher CE level, the HARQ-ACK in the first slot of a first subframe and the HARQ-ACK in the last slot of a second subframe can be ignored for a SINR loss of ~1.5 dB. Moreover, this will also require eNB implementation changes. Therefore, multiplexing BL/CE UEs with different CE levels on the same PUCCH resource will not be possible with the normal PUCCH format and without eNB implementation changes.  
b) Non-orthogonal transmissions for same CE level
Loss of orthogonality results from using a length-4 OCC in the first slot and possible last slot (when no SRS transmissions) when some UEs transmit HARQ-ACK over 3 symbols. Even for the same CE level, UEs can have significant variations in reception power due to power control errors or due to UE implementation issues as specified by RAN4. For example, there can be UEs with PUCCH transmission power that is 3 dB lower than ideal and UEs with PUCCH transmission power that is 3 dB higher than ideal. 
Consider the following simple example to (somewhat) analytically show the problem. Two UEs transmit ACK with repetitions over 2 subframes sharing the same cyclic shift. Both UEs need to retune at the beginning of the first subframe (e.g. due to previous UL transmissions) and at the end of the second subframe. They also need to retune between the first and second subframes due to frequency hopping. The first UE uses OCC [1 1 1 1] and has received power P1 and the second UE uses OCC [1 -1 1 -1] and has received power P2 (the OCC selection does not matter). After despreading, and assuming no received power in the first symbol and in the last symbol of each subframe due to retuning, the received power in each slot for the first UE is 3P1 - P2. When the UE reception power differs by 6 dB (e.g. UE1 is -3dB relative to ideal and UE2 is +3dB relative to ideal), P2 is 4 times larger than P1 and the net power in each slot is -P1 instead of 3P1 leading to a highly likely HARQ-ACK error. The situation improves when both UEs do not have to retune in the beginning of the first subframe or at the end of the second subframe as the total received power over the 2 subframes for UE1 is 6P1 but this is still ~2.5 times less that the 16P1 received power for Rel-12 UEs or than the 14P1 received power with the shortened PUCCH format 1a for an expected BLER loss corresponding to ~3+ dB. However, due to independent fading, error floors will still occur (e.g. during some transmission instances, the received power difference will be even higher than 6 dB) and this can result to error floor even under ideal operation where all PUCCHs are received with same average power.
Therefore, with received power imbalances as it will be the case in practice even for a same CE level, HARQ-ACK BLER for weaker UEs will suffer significant degradation including nearly certain errors depending on retuning requirements due to loss of orthogonality.
Observation: Non-orthogonal time-domain multiplexing for PUCCH format 1a results to material BLER degradation, including potentially near-certain HARQ-ACK errors, when the PUCCHs are not received with the same power.
Simulations
The previous analysis was evaluated through the following simulation results for PUCCH format 1a. The simulation assumptions are: 1x2 Tx/Rx antenna configuration, EPA 1Hz, 2 GHz carrier frequency, and repetitions over 2 subframes with frequency hopping between RBs 5 and 44 on a 10 MHz bandwidth.

Figure 1 shows the HARQ-ACK BLER for the shortened PUCCH format and the ‘normal’ PUCCH format when 2 PUCCHs with power difference of 6 dB (one PUCCH is received with power 3 dB above ideal and the other PUCCH is received with power 3 dB below ideal), are transmitted in the same resource using the same cyclic shift with repetitions over 2 subframes and retuning is required at the beginning and end of each subframe (the subframes are not configured for SRS transmissions). It can be observed that the weaker PUCCH experiences an error floor at a large BLER value.
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Figure 1: BLER for shortened and normal PUCCH Format 1a for 2 interfering UEs with unequal received power, repetitions over 2 subframes, and retuning at beginning and end of each subframe.
Figure 1 shows the HARQ-ACK BLER for the shortened PUCCH format and the ‘normal’ PUCCH format when 2 PUCCHs with power difference of 6 dB (one PUCCH is received with power 3 dB above ideal and the other PUCCH is received with power 3 dB below ideal), are transmitted in the same resource using the same cyclic shift with repetitions over 2 subframes and retuning is required only for frequency hopping between the two subframes (the first subframe is not configured for SRS transmissions). Both that case that the first subframe is configured as a SRS transmission subframe and the case that it is not are considered. Even though the loss of orthogonality is not as severe as in Figure 1, the error floor is maintained due to the independent fading and it is only moved to a lower, but still unacceptable, BLER.
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Figure 2: BLER for shortened and normal PUCCH Format 1a for 2 interfering UEs with unequal received power, repetitions over 2 subframes, and retuning only for frequency hopping. 
Possible resolutions

The first alternative is to not change the current specifications. The main disadvantage is that the eNB cannot reuse the existing hardware for receiving PUCCH format 1/1a/1b. 

The second alternative is to maintain the use of the non-shortened (Rel-8) PUCCH formats. To avoid BLER error floors, PUCCH multiplexing on the same RB can be only by cyclic shifts using the same OCC. This implies a ~3x loss in multiplexing capacity and scheduler restrictions in selecting CCEs for MPDCCH transmission which, in addition to increased scheduler complexity and MPDCCH blocking probability, will also lead to increased MPDCCH overhead as not all CCEs are available for MPDCCH transmissions. Potential multiplexing with PUCCH transmissions from legacy UEs will also not be possible as the scheduler for legacy UEs is not expected to be modified or the HARQ-ACK for legacy UEs be compromised.
While recognizing that a hardware change is highly undesirable, the change itself is not challenging and the associated operational functionalities are highly beneficial. Configurability by the network of whether the shortened or the normal PUCCH formats 1/1a/1b can therefore be desirable. Given that new RRC signaling cannot be introduced at this stage, the configuration has to be implicit, for example by whether an odd or even value of [image: image5.wmf](1)
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 is signaled.      
3 Conclusions

This contribution considered aspects related to the use of a normal or a shortened PUCCH format 1/1a/1b. Considering the preference to enable a network to re-use existing hardware for the reception of a PUCCH format 1/1a/1b for BL/CE UEs and the materially adverse performance or resource overhead consequences that can occur with such choice, implicit configuration by the network of whether a BL/CE UE uses the shortened or the normal PUCCH format 1/1a/1b can be useful. 
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