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1 Introduction
Within the Rel-13 work item on “Further LTE Physical Layer Enhancements for Machine Type Communications (MTC)” [1] it has been agreed to provision a new UE class with RF bandwidth of 1.4 MHz (supporting a channel bandwidth of 6 PRBs) for cost/complexity savings. In this contribution we analyze PUCCH transmission for the Rel-13 low complexity (LC) UEs and discuss solutions to support legacy-like operation with a narrow UE bandwidth. 

Additionally, MTC operation should support 15 dB lower SNR compared to Cat-1 UEs in coverage enhanced (CE) mode. The techniques discussed here are applicable for both normal and CE modes. It must be noted that legacy UEs may also operate in CE mode by mimicking the operation of LC UEs.

During RAN1 #80 it was agreed [2]:
· No support of periodic CSI measurement and feedback for UEs in need of large coverage enhancement.

In RAN1#80bis, it was further agreed [3]:

· For low complexity  MTC UEs in normal coverage, at least when PUCCH resource is configured, 

· ACK/NACK and SR over PUCCH is supported.
· Periodic CSI feedback over PUCCH is supported
· FFS on details
· For UEs operating in enhanced coverage, at least when PUCCH resource is configured, 
· HARQ-ACK and SR over PUCCH is supported

· FFS: Whether ACK only is transmitted or NACK only is transmitted or both ACK/NACK are transmitted
· For Rel-13 low complexity MTC UEs,

· For PUCCH structure, 

· FFS: Slot-based frequency hopping within a narrow band

· FFS: How to derive PUCCH resource
· FFS: Configuration of additional PUCCH frequency resources is not mandatory for support of LC/CE UEs in a cell

· FFS on the details

· For UEs operating in enhanced coverage, 

· Repetition of PUCCH across multiple subframes is supported

· Frequency hopping is supported for PUCCH repetition
· FFS on specific hopping pattern
· FFS on configurability of frequency hopping

2 Discussion
In LTE, 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)

The configuration of each PUCCH format has been optimized for the transmission modes supported by LTE. It also allows multiplexing PUCCH of LC/CE UE with that of legacy UE. As such, it is desirable to reuse the legacy PUCCH specifications for LC/CE UEs as far as possible to ensure small divergence in case of MTC operation.

Proposal 1 PUCCH configuration for LC/CE UEs should reuse legacy specifications as far as possible
Legacy PUCCH transmission makes use of intra-subframe frequency hopping to extract frequency diversity gains. Also, the PUCCH resources in either slot are configured to be close to the system bandwidth edges (Figure 1). This maximizes the diversity gains and allows scheduling of large bandwidth chunks (in the center of system bandwidth) for uplink data transmission.


[image: image1]
Figure 1: PUCCH physical resources are located close to opposite bandwidth edges in each slot.
Within a larger system bandwidth than 1.4 MHz, the LC UE will be able to receive and transmit only over the narrower UE bandwidth. To transmit over a different part of the system bandwidth, the UE will need to retune its center frequency. During the so-called “frequency retuning time”, the UE will not be able to receive/transmit any signal. The frequency retuning time is expected to be at least in the order of one OFDM symbol and may be as high as one slot (0.5 ms). 

Proposal 2 LC/CE UEs do not need to support intra-subframe PUCCH frequency hopping for bandwidths larger than the UE RF bandwidth.
One possible option to extract frequency diversity gains for LC UEs is to hop within the 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 will cause fragmentation of the PUSCH resources. 

Proposal 3 PUCCH configuration for LC/CE UEs does not need to support frequency hopping within the UE RF bandwidth.
A PUCCH transmission comprises 2 or 3 reference symbols in each slot (depending on the format), while rest of the symbols are used for carrying data. The reference symbols are generated using cyclic shifts of a cell-specific base sequence, such that different cyclic shifts are mutually orthogonal. To further increase PUCCH capacity, orthogonal cover codes may be applied to the reference and/or data symbols in some PUCCH formats. In Figure 2, two UEs (UE1 and UE2) use the same physical resources but are separated using different cyclic shifts of the base sequence. The PUCCH resources are configured such that for a given physical resource each UE transmits using orthogonal reference symbols, i.e., there is no resource collision.
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Figure 2 PUCCH transmission from several UEs may be code-multiplexed over the same physical resources using different cyclic shifts and/or orthogonal covers for the reference symbols.
As discussed earlier, LC/CE UEs may not support intra-subframe frequency hopping if it requires retuning of the UE’s center frequency. However, it is desirable to reuse legacy PUCCH resources for LC/CE UEs for efficient spectrum usage. In rest of the contribution, we discuss PUCCH configurations for LC/CE UEs that may reuse legacy PUCCH resources while allowing narrowband operation and avoiding any resource collision. Such configurations are referred to as “LC-PUCCH” henceforth.

Here we discuss LC-PUCCH for HARQ-ACK/NACK response for downlink data. It is relatively straightforward to extend these techniques to other uplink control information as well. We have identified two approaches for LC-PUCCH. We have identified two approaches for LC-PUCCH:

Option 1: LC-PUCCH in both slots without intra-subframe hop
Option 2: LC-PUCCH in single slot of a subframe
For a downlink data transmission indicated by control signaling over EPDCCH the UE implicitly determines the PUCCH resource for ACK/NACK transmission. Specifically, the PUCCH resource is a function of lowest enhanced control channel element (ECCE) used to signal the downlink data, and higher-layer parameters [4]. The UE derives the cyclic shift, orthogonal cover and physical resources used for ACK/NACK transmission from this PUCCH resource.  

2.1 Option 1: LC-PUCCH in both slots without intra-subframe hop
The physical resource blocks (PRBs) to be used for transmission of PUCCH in slot 
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where m depends on the PUCCH resource. However in case of LC-PUCCH, we want to avoid intra-subframe frequency hopping. In this scheme, the LC UE uses legacy approach to determine the PRB for the second slot. Then it proceeds to transmit over the same PRB in the first slot as well, avoiding having to retune at the slot boundary (Figure 3). Clearly, this implies that it can potentially collide with another UE in that might be configured to use the same PUCCH resource in the first slot. It is noteworthy that the collision will happen only in the first slot since in the second slot, the LC UE follows legacy allocation that is guaranteed to be safe from resource collision. Complementary schemes can be considered where the transmission in first slot follows legacy operation, and possibility of collision is limited to the second slot.
As discussed earlier, if the associated PDSCH is scheduled by EPDCCH, the PUCCH resource for ACK/NACK transmission is implicitly derived from the lowest ECCE index. Therefore to avoid collision, the ECCE resources may be restricted by the scheduler such that the LC-PUCCH transmission does not collide with legacy PUCCH in the first slot. The restricted ECCE indices can be derived from semi-static configuration and higher layer parameters [5]. For example in case of localized EPDCCH transmission (when a single EPDCCH is mapped to a single PRB), it is enough to ensure that the lowest ECCE indices used to schedule a LC and legacy UE in the same subframe are not be separated by [image: image4.png]x=c- \,a) Am.(:cn



 to avoid PUCCH resource collision. 

Restricting some ECCE indices in case of LC-PUCCH implies that the corresponding PUCCH resources may be unusable. However, these resources can always be used for configuring another LC-PUCCH transmission (from another LC UE, for example). In this case, the two scheduled LC UEs would transmit on opposite and edges, avoiding any collision. This “swapping” of band edges in first slot is shown in Figure 3.

[image: image5.png]Two LC UEs “swap” their resourcesin the first
slot to avoid frequency retuning





Figure 3 LC-PUCCH for ACK/NACK using both slots in a subframe
We evaluate the possible PUCCH, LC-PUCCH and resource collision scenarios with this scheme. In case of multiplexing two legacy UEs or two LC UEs, the corresponding PUCCH and LC-PUCCH transmissions are always collision-free. However, the performance of LC-PUCCH is expected to be somewhat lower due to loss of frequency diversity. If a legacy UE and a LC UE are multiplexed, there is potentially a collision in first slot if ECCE indices used for scheduling are not restricted. The simulation results are shown in Figure 4. We consider that in each case, both UEs have same received SNR at the eNodeB. 
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Figure 4 ACK Miss performance with multiplexed PUCCH, LC-PUCCH and mixed resources (Pr{False Alarm} = 0.01)
Observation 1 It is possible for LC UEs to use both slots in a legacy PUCCH subframe without frequency retuning. 

Observation 2 To avoid PUCCH resource collision between legacy UEs and LC UEs that use both slots in a subframe, the ECCE index used to schedule downlink data must be chosen carefully.

2.2 Option 2: LC-PUCCH in a single slot of a subframe 

In this alternative, the LC UE uses only a single slot in each subframe following legacy PUCCH resource allocation, and does not transmit in the next two slots which are instead utilized for frequency retuning. To avoid PUCCH resource wastage due to skipping of the slots, multiple LC UEs can be scheduled to use the same PUCCH resources in contiguous subframes (by using the same lowest ECCE index). This scheme is illustrated in Figure 5 for three LC UEs. Clearly, this scheme provides frequency diversity similar to legacy operation, at the cost of frequency retuning interval of one additional subframe. Each LC-PUCCH transmission in this scheme spans two subframes that can be configured using the higher-layer PUCCH parameter repetitionFactor.
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Figure 5 LC-PUCCH for ACK/NACK using single slot in a subframe (frequency hopping with retuning guard interval)
Observation 3 It is possible for LC UEs to reuse legacy PUCCH resources with frequency retuning with an appropriate guard interval

Observation 4 Multiple LC UEs can be configured to share a legacy PUCCH resource in case of LC-PUCCH with frequency retuning 

Other variants are can also be envisioned. For example, a scheme that avoids ECCE restriction described in option 1 above at the cost of a guard slot, is shown in Figure 6.
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Figure 6 LC-PUCCH using single slot in a subframe without frequency hopping
Options 1 and 2 discussed above focus on the mapping of LC-PUCCH resources across subframes. In option 1, both slots of a subframe are utilized for LC-PUCCH transmission over legacy PUCCH resources. On the other hand option 2 spreads the contents of one PUCCH subframe to two LC-PUCCH subframes, utilizing only one slot in each subframe. In case of coverage enhancement, PUCCH repetitions will be used, where the same information is transmitted multiple times. This is possible by configuring the same or different LC-PUCCH resources over multiple subframes in both the options discussed above.

One drawback of option 2 is the additional delay incurred in each subframe to obtain frequency diversity gains. In case of repetitions, this delay might be too large. However with option 1, it is possible to transmit on one band edge for several subframes, and hop to the other edge for rest of the transmissions. In this case, the frequency diversity gains can be extracted without incurring the delay required by option 2. Additionally, Option 1 will not have an impact on the HARQ timing compared to legacy operation. For these reasons, we believe that option 1 is should preferably be used for LC-PUCCH transmission on legacy PUCCH resources.

Proposal 4 Option 1 is used for transmitting uplink control information from LC UEs
Proposal 5 In case of repetitions, frequency hopping is supported with option 1 by transmitting over one band edge for a few subframes, and hopping to the other band edge for rest of the repetitions
3 Conclusions
Based on the discussion in previous section, we propose the following:

Proposal 1 PUCCH configuration for LC/CE UEs should reuse legacy specifications as far as possible
Proposal 2 LC/CE UEs do not need to support intra-subframe PUCCH frequency hopping for bandwidths larger than the UE RF bandwidth.
Proposal 3 PUCCH configuration for LC/CE UEs does not need to support frequency hopping within the UE RF bandwidth.
Proposal 4 Option 1 is used for transmitting uplink control information from LC UEs
Proposal 5 In case of repetitions, frequency hopping is supported with option 1 by transmitting over one band edge for a few subframes, and hopping to the other band edge for rest of the repetitions
Based on the discussion in previous section, we make the following observations:

Observation 1 It is possible for LC UEs to use both slots in a legacy PUCCH subframe without frequency retuning.
Observation 2 To avoid PUCCH resource collision between legacy UEs and LC UEs that use both slots in a subframe, the ECCE index used to schedule downlink data must be chosen carefully.
Observation 3 It is possible for LC UEs to reuse legacy PUCCH resources with frequency retuning with an appropriate guard interval
Observation 4 Multiple LC UEs can be configured to share a legacy PUCCH resource in case of LC-PUCCH with frequency retuning
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