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1
Introduction
In this contribution we analyze PUCCH transmission for machine type communication (MTC). Rel-13 low complexity UEs have narrower RF bandwidth compared to the overall system bandwidth for cost efficiency, placing some constraints on their ability to support “legacy” PUCCH operation. Additionally, MTC UEs are required to operate at 15 dB lower SNR compared to Cat-1 UEs by employing coverage enhancement techniques. Here we consider LC MTC UEs in normal as well as coverage enhanced (CE) mode. In rest of this paper, “LC UEs” refers to low-complexity UEs in normal coverage while “CE UEs” refers to LC as well as legacy UEs in coverage enhanced mode.
The following working assumptions related to the physical uplink control channel (PUCCH) were made during Rel-12 [1]:

· For UEs in enhanced coverage mode for MTC, 
· No support of repetition of periodic CSI over PUCCH

· FFS: Periodic CSI over PUCCH without repetition
· ACK/NACK on PUCCH is supported. FFS on the configurability of ACK/NACK.
· Dedicated SR is supported but no further optimization beyond PUCCH repetition for SR (e.g. no new formats).
Further during RAN1 #80 it was agreed [2]:
· No support of periodic CSI measurement and feedback for UEs in need of large coverage enhancement

2
Discussion
PUCCH is used to convey lower layer control information from the UE to the eNodeB. This comprises scheduling request (SR), hybrid ARQ acknowledgement (ACK/NACK) and channel state information (CSI). Three PUCCH formats have been defined in LTE and are configured by higher layer signaling.
· PUCCH Format 1: SR and ACK/NACK
· PUCCH Format 2: CSI reporting
· PUCCH Format 3: ACK/NACKs for multiple component carriers (in case of carrier aggregation)
It is desirable to reuse the current PUCCH formats for LC/CE UEs as far as possible to have a low standardization impact. For efficient spectrum usage, it is preferable to reuse the existing PUCCH resources for LC/CE UE operation if possible.
PUCCH makes use of intra-subframe frequency hopping to extract frequency diversity gains (Figure 1). The frequency resources used for PUCCH transmission are configured to be as far apart in the system bandwidth as possible to maximize the diversity gains.
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Figure 1: PUCCH physical channel mapping.
LC UEs are restricted to a narrow RF bandwidth of 6 PRBs for reduced cost and complexity. As such to support “legacy” PUCCH frequency hopping pattern, LC UEs may need to retune their center frequency at every slot edge. This retuning time is expected to be at least 1 OFDM symbol, and may be as high as a complete slot  [3], during which PUCCH transmission is not possible.
Proposal 1 LC/CE UEs do not need to support legacy PUCCH frequency hopping pattern.
One possible option for PUCCH frequency hopping pattern for LC UEs is to hop within the narrow UE bandwidth after each slot. However, insignificant gains are expected from frequency hopping over such a narrow bandwidth. Additionally, configuring PUCCH frequency hopping over the LC UE bandwidth is problematic since it will cause fragmentation of the PUSCH resources. 
Proposal 2 LC/CE UEs do not need to support PUCCH frequency hopping over the UE bandwidth.
2.1 ACK/NACK and SR
PUCCH Format 1, 1A and 1B are used to transmit SR, one ACK/NACK bit, and two ACK/NACK bits respectively. In this section we discuss PUCCH Format 1/1A/1B (referred simply as “PUCCH1” for simplicity) in context of MTC. The information bits are used to modulate 4 OFDM symbols in each PUCCH1 slot while the remaining 3 OFDM symbols are used as reference symbols. Effectively, this means repetition coding of the information bits with a subframe code rate of 1/8. The number of data and reference symbols has been decided based on tradeoff between channel estimation quality and information signal energy.
Proposal 3 LC/CE UEs reuses PUCCH Format 1 channel coding and frame structure for ACK/NACK and SR transmission.
Simultaneous PUCCH1 transmissions from multiple UEs (on the same time-frequency resources) are code-multiplexed using length-12 base sequences. Additionally, orthogonal cover codes are applied to data symbols and reference symbols to maximize capacity. The UEs are code-multiplexed by allocating unique PUCCH1 resources to them. Each PUCCH1 resource is mapped to a particular combination of {base sequence, cover sequence} depending on the cell identity and configured by higher-layer signaling. Additionally, the sequences follow a cell-specific and slot-specific hopping pattern to randomize interference.
The {base sequence, cover sequence} combination mapped to a particular PUCCH1 resource is defined for each slot. In effect, this means that PUCCH1 transmissions are designed to be orthogonal within each slot. Therefore, it is possible for LC UEs to be reuse legacy PUCCH1 resources as long as all the symbols within a slot are transmitted, using proper {base sequence, cover sequence} combination. This is possible if the guard interval for frequency retuning spans one or more complete slots. In this case, PUCCH Format 1 transmission from LC UEs may be multiplexed with legacy PUCCH transmissions over the same time-frequency resources. 

Proposal 4 LC/CE UEs reuses legacy PUCCH Format 1 resources for ACK/NACK and SR transmission as long as frequency retuning happens at slot boundaries.

Proposal 5 PUCCH Format 1 transmission from LC/CE UEs after frequency retuning always starts at beginning of a new slot containing the allocated PUCCH resource.
As discussed earlier, legacy PUCCH hopping may not be supported by LC UEs on account of frequency retuning time. However, there can be several patterns that allow LC UEs to reuse the legacy PUCCH1 resources. As a simple example, the LC UE may not employ any frequency hopping and stay at one band edge. In this case it may transmit only in one slot of each subframe that contains the allocated PUCCH1 resource. In case of CE UEs, it may be possible to transmit PUCCH1 on one band edge over a number of subframes and then hop to the other band edge to transmit during the remaining subframes.
Proposal 6 Frequency hopping pattern for ACK/NACK and SR transmission from LC/CE UEs is FFS.
2.2 CSI reporting

In LTE, periodic CSI reporting is done using PUCCH Format 2/2A/2B (referred to as “PUCCH2” for simplicity). Additionally when an uplink grant is available, CSI is multiplexed with UL-SCH and transmitted over PUSCH. In case of CE UEs, periodic CSI reporting constitutes a significant overhead since it may have to be repeated several times for reliable decoding at the eNodeB. Therefore, periodic CSI reporting is not supported by CE UEs. Here we discuss periodic CSI transmission for LC UEs in normal (non-CE) mode. 
CSI comprises channel quality indicator (CQI), precoder matrix indicator (PMI) and rank indicator (RI). In case of LC UEs, there is a single receive antenna which implies that the RI is always 1.
Proposal 7 The RI for LC UEs is always 1 and does not need to be reported explicitly.
The physical resource allocation for PUCCH2 is similar to that of PUCCH1 discussed above. It consists of frequency resources as far apart in the system bandwidth as possible and slot-level frequency hopping is employed to extract frequency diversity gains. The PUCCH2 subframe carries 20 coded bits obtained from up to 11 information bits using a punctured Reed-Muller code. Each slot consists of 2 reference symbols and 5 data symbols.
Proposal 8 LC UEs may reuse PUCCH Format 2 channel coding and frame structure for periodic CSI reporting.
Similar to PUCCH1, it may be possible to reuse the legacy resources for periodic CSI transmission from LC UEs. However the impact on co-existence with legacy UEs and intra/inter-cell interference needs further study.
Proposal 9 Resources used by LC UEs for periodic CSI reporting are FFS.
2.3 PUCCH Format 3

LC UEs are restricted to a single RF chain, limiting them to single-layer operation in the downlink. Additionally, they will not be able to support multiple component carriers on account of narrow RF bandwidth. Therefore the LC UEs will have at most 1 HARQ bit per PUCCH transmission, obviating the need for PUCCH Format 3.
Observation 1 LC/CE UEs do not need to support PUCCH Format 3.
3
Conclusions
Based on the discussion in previous section, we propose the following:
Proposal 1 LC/CE UEs do not need to support legacy PUCCH frequency hopping pattern
Proposal 2 LC/CE UEs do not need to support PUCCH frequency hopping over the UE bandwidth
Proposal 3 LC/CE UEs may reuse PUCCH Format 1 channel coding and frame structure for ACK/NACK and SR transmission
Proposal 4 LC/CE UEs may reuse legacy PUCCH Format 1 resources for ACK/NACK and SR transmission as long as frequency retuning happens at slot boundaries.
Proposal 5 PUCCH Format 1 transmission from LC/CE UEs after frequency retuning always starts at beginning of a new slot containing the allocated PUCCH resource.
Proposal 6 Frequency hopping pattern for ACK/NACK and SR transmission from LC/CE UEs is FFS
Proposal 7 The RI for LC UEs is always 1 and does not need to be reported explicitly
Proposal 8 LC UEs may reuse PUCCH Format 2 channel coding and frame structure for periodic CSI reporting
Proposal 9 Resources used by LC UEs for periodic CSI reporting are FFS
Based on the discussion in previous section, we make the following observation:
Observation 1 LC/CE UEs do not need to support PUCCH Format 3
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