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1 Introduction

The Rel-13 work item on “Further LTE Physical Layer Enhancements for MTC” [1] includes three main objectives: (1) specify a new Rel-13 low complexity UE category, (2) LTE coverage improvement corresponding to 15 dB for FDD, and (3) power consumption reduction. Reduced UE bandwidth of 1.4 MHz in downlink and uplink is considered as the most important complexity reduction technique for Rel-13 low complexity UEs.

RAN1 has discussed and made the following agreements [2] regarding data channels for Rel-13 low complexity UEs and/or UEs operating coverage enhancements (CE):

· For UEs in enhanced coverage:

· Repetition across multiple subframes is supported for the ‘Physical downlink control channel for MTC’

· Multiple repetition levels in time domain are supported

· Repetition/bundling of PDSCH across multiple subframes is supported

· Multiple repetition/bundling levels in time domain are supported

· Repetition/bundling of ‘physical channel(s) carrying UL data’ is supported

· Multiple repetition/bundling levels in time domain are supported

· For Rel-13 low complexity MTC UEs:

· At least for unicast PDSCH transmission scheduled by ‘Physical downlink control channel for MTC’, cross-subframe scheduling is supported for normal coverage

And [3], [4]:
· The maximum TBS for unicast transmission for Rel-13 low complexity UE is approximately 1000 bits.

· Legacy PCFICH, PDCCH and PHICH are not received by Rel-13 low complexity UEs at least for system BW>1.4MHz
· UE is not required to support simultaneous reception of more than one transport block for unicast transmission in a subframe at least for Rel-13 low complexity UE.
· At least for unicast PDSCH transmission scheduled by ‘Physical downlink control channel for MTC’, cross-subframe scheduling is supported at least for Rel-13 UE supporting enhanced coverage.
In this contribution we discuss HARQ and bundling aspects of data channels using FDD. The proposals and observations are presented with HARQ for Rel-13 low complexity and/or coverage enhanced UEs in mind unless stated otherwise. 
2 Discussion
HARQ procedure for LC/CE UEs
For UEs operating in enhanced coverage, the downlink and uplink data transmission could be handled through similar mechanism as the Rel-8 UL TTI bundling. The currently supported maximum number of HARQ repetitions is 28 and the TTI bundle size is 4 [5]. For enhanced coverage, the bundle sizes would need to be extended and configurable, and consist of either repeating the same redundancy version (RV) of a transport block, repeating the different RVs in a circular fashion or using the RV signalled in the control information. The receiver can then use soft-combining over the repeated TTIs to recover the sent transport block. Similar scheme could be used for both uplink and downlink using respective channels for data and feedback. This means introducing a TTI bundling-like scheme also for downlink.  
To cover different coverage scenarios and eNB configurations, different bundle sizes or repetition factors for different channels are needed for maximum flexibility. Taking downlink as an example, this would mean different repetition factors for the DCI on downlink control channel (such as EPDCCH), data bundles on PDSCH and feedback on PUCCH/PUSCH. These factors could be configured by upper layers and is discussed further in section 2.2.
Rel-13 low complexity UEs are restricted to operate on bandwidth of 6 PRBs. The total system bandwidth can exceed this, and the UEs need to re-tune to a different PRB group if needed, for example, when control and data channels are located in separate PRB groups. 
Uplink HARQ

In legacy operation uplink HARQ is synchronous, where possible retransmissions can be non-adaptive, indicated on PHICH without a PDCCH, or adaptive, where UE follows what PDCCH asks the UE to do. 
It is expected, based on the RAN1 agreements and discussions so far, that there may not be PHICH, or similar, dedicated feedback channel in downlink for Rel-13 low complexity UEs (with or without coverage enhancements). Also PDCCH is not received by these UEs, thus all feedback is expected to be sent over physical downlink control channel (such as EPDDCH adapted for MTC). Non-adaptive HARQ would thus be possible if there would be a particular DCI without uplink grant defined for this purpose. This is a further optimization issue and not considered here. 
In extended coverage, both synchronous and asynchronous HARQ could be possible. Asynchronous HARQ could be feasible as retransmission would be anyway triggered via downlink control channel where HARQ process ID could be indicated. On the other hand, asynchronous HARQ may increase UE power consumption as the UE would not know when retransmission occurs as thus would need to monitor the control channel for longer time. Similarly, the control channel design may be more complicated for asynchronous HARQ. Additionally, the signalled HARQ process ID would cause some increase in the signalling overhead.  
Both data and control channels are repeated in time when repetitions are required; see an example in Figure 1. The coverage level can be different for different channels and message types. It is expected that the control signalling will need fewer repetitions compared to the data for the same coverage enhancement level (depending on the data size and used coding method). This implies that configuration for PUSCH and EPDCCH repetition level should be different.
The timing aspects will be discussed in more detail in section 2.1.3 and configuration aspects in section 2.2.
Observation 1 It is not clear if asynchronous HARQ would be preferable to synchronous HARQ for coverage enhanced operation. 
Proposal 1 PUSCH with repetition/bundling of TTIs is used for transmission of uplink unicast data. 
Proposal 2 A downlink control channel, repeated in time as needed, is used for uplink grants and feedback for uplink HARQ transmissions. 
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Figure 1. Example of coverage enhanced uplink HARQ process.
Downlink HARQ

The downlink case for Rel-13 low complexity and coverage enhanced is similar as the uplink, i.e., DCI are sent on repeated control channel TTIs and the data are bundled/repeated over PDSCH to achieve the required coverage level. In Figure 2 the control channel (EPDCCH is assumed here) is repeated two times and cross-subframe scheduling is used to point to the starting location of PDSCH bundle(s). In contrary to current operation, the DCI pointing to particular data transmissions and the data itself are not sent in the same subframe. Feedback is then provided on an uplink channel (PUSCH/PUCCH assumed), where the timing between the end of the data and start of the feedback needs to be defined or configured. In this case the feedback transmission would consist of bundle of 4 TTIs. In general, we assume that the control information requires less repetitions compared to data. However, for small data the PDSCH repetitions could be of the same order of magnitude as the control signalling.
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Figure 2. Example of coverage enhanced downlink HARQ process.

Proposal 3 PDSCH with repetition/bundling of TTIs is used for transmission of downlink unicast data.

Proposal 4 PUSCH or PUCCH, with possibly a new format, is used for feedback for downlink HARQ transmissions.
Proposal 5 A physical downlink control channel with cross-subframe scheduling is used for downlink grants. The exact forms of the control channel and DCI have not been decided yet. 
Timing aspects

As stated earlier in this contributing, cross-subframe scheduling will be used for both normal and enhanced coverage. For Rel-13 low complexity UEs, as UE supports only 6 PRBs, a suitable frequency re-tuning time is required in downlink between EPDCCH and PDSCH. This is shown in Figure 2 as one subframe re-tuning time between the control and data channels, which may reside in different 1.4 MHz resource block groups. For uplink operation a possible guard subframe is needed in half-duplex operation, but that should not be an issue if there is a larger fixed time offset between the end of control information and start of data.
Observation 2 For low complexity UEs, frequency re-tuning time between control and data channels, and guard time need to be taken into account in cross-subframe scheduling in half-duplex operation.
The HARQ timing offsets between data and feedback can be fixed as today. The proper length of these offsets is FFS. 
Round-trip time 
The round-trip times for downlink and uplink HARQ for Rel-13 LC/CE UEs depend on the following factors:
· Control channel bundle size/repetitions, two cases with possibly different sizes.
· Initial or retransmission grant/assignment

· Feedback (ACK or NACK)

· Data channel bundle size/repetitions.
· Required re-tuning time for cross-subframe scheduling.
· Time offsets between data and control signalling transmissions
· Guard time between half-duplex reception and transmission

· Guard time for possible frequency hopping
The following exemplary formula can be used to calculate the minimum RTT in downlink HARQ:
RTT_DL = N_data + N_control + N_feedback + 2 * Max{Time offset, Guard time} + Re-tune time
And, similarly for uplink HARQ:
RTT_UL = N_data + N_control + 2* Max{Time offset, Guard time}

We have here assumed that the time offset is the same between control and data for both transmissions. Also note that possible frequency hopping is not taken into account in the above examples.
Number of HARQ processes

Rel-12 Cat-0 and Rel-13 low complexity FDD UEs operate optionally in half-duplex mode, reducing the maximum data rate and imposing some restrictions how multiple simultaneous HARQ processes can operate. Additionally, Rel-13 LC/CE UEs are not able to read control and data channels at the same time unless having them in the same PRB group, thus it might not be possible for the UEs to receive feedback from another process while transmitting. These restrictions do not apply to the eNB.
Observation 3 Optional half-duplex operation limits the number of possible simultaneous HARQ processes.

For low complexity UEs in normal coverage, the number of HARQ processes is limited by (optional) half-duplex operation and the required guard time between reception and transmission. Furthermore, it might be necessary to use some repetitions to compensate for the loss of one reception antenna. For maximum possible data rate we should aim for as many simultaneous HARQ processes as possible. An example of UL HARQ where guard time is one subframe and offset three is presented in Figure 3. Here we assume no extra repetitions are used in LC operation (so resorting just to HARQ repetitions) Maximum number of HARQ processes in this case is three and the RTT is 8 subframes. 
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Figure 3. Illustration of multiple UL HARQ processes for low complexity half-duplex UE in normal coverage.
For downlink the situation is more complicated, because of the cross-subframe scheduling and uplink feedback. As opposed to legacy operation, control and data are separated in time, with a possible re-tuning time in between. By increasing the time offsets from 3 subframes between control and data, is it possible to have several simultaneous HARQ processes at the cost of extending the HARQ RTT. The maximum possible resource utilization will then depend on the timing details for cross-subframe scheduling.
For UEs in enhanced coverage the situation is similar with the DL HARQ case above:  Without extending the time offsets between transmission and reception, for half-duplex UEs it might be impossible to use more than one HARQ process at a time. 
Figures 1 and 2 show an example with reasonably low repetition levels used for control, data and feedback, but still visually inspecting the figures reveals that when using half-duplex operation is not viable to introduce another simultaneous HARQ process for these UEs, without extending the time offsets. 
Proposal 6 For half-duplex UEs in enhanced coverage, as a working assumption, assume one HARQ process in both uplink and downlink. 
However, in Figure 4 we see that in the full-duplex case, multiple HARQ processes are possible depending on the repetition factors of the different channels and the scheduling of data and control channels. For larger repetition factors, and scheduling of data and control in different PRB groups it may be difficult to obtain benefits from more than one DL HARQ processes.
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Figure 4. Example of full-duplex DL HARQ with coverage enhancements. Note that control and data are assumed to reside in the same PRB group in this example.
For higher repetition levels, if UL coverage is much worse than DL coverage, the benefits of additional HARQ processes would not be as significant as most of the time would be spent in PUSCH transmission. The required length of the offsets to introduce another HARQ process may be so large that there would negligible benefit in doing so.
Observation 4 For full-duplex UEs in enhanced coverage, multiple HARQ process may provide gains if UL and DL coverage are not too asymmetric.
Bundle size configuration aspects

Bundle sizes/repetition levels for different coverage enhancement levels need to be configured. If static levels are used, then configuration is possible in system information. At least for PRACH and RAR, it is necessary to provide some number of repetition factors for the preamble transmission, or provide means to derive the factors from parameters signalled in system information. Further discussion and PRACH and RAR configuration aspects can be found in [7].

Overprovisioning the repetitions results in inefficient use of radio resources, thus it would be beneficial to have dynamic repetition levels. One option would be to signal number of repetitions to be used per transmission in DCI, i.e., downlink allocations and uplink grants. However, size of DCI needs to be taken into account as increasing DCI size would result in more control channel repetitions required to achieve the target coverage level. Also completely dynamic repetition level may not be feasible as it may complicate the design of the timing of the control channels and result in error cases which may be difficult to handle. 

Another option would be to have semi-static configuration of the levels using RRC. RRC could be used to configure a set of allowed repetition factors and the eNB and UE would select suitable factor via some mechanism. 
Obviously, the EPDCCH repetition factor cannot be signalled in DCI. If a dynamic EPDCCH repetition factor is needed, it will have to be blindly detected by the UE. It will probably not be feasible to have a search space that covers all possible EPDCCH repetition factors, so some semi-static configuration with RRC dedicated signalling will probably be needed. The configuration could include some small range of repetition levels which the UE could assume in the search space.
Proposal 7 It should be studied further how dynamic the bundle size configuration for data channels should be.
Proposal 8 The configuration of control channels should be at least partly semi-static using dedicated RRC signalling. It should be studied further to what extent the physical downlink control channel repetition factor ought to be dynamic.
Additional aspects related to HARQ which may require new configuration options in RRC are:

· Maximum number of uplink HARQ retransmissions. 

· Defined in MAC-ConfigCommon IE, which is broadcasted in a cell group [6]. There may be a need to separate the configuration between “normal” and Rel-13 LC/CE UEs operating in the same cell.

·  Maximum number of Msg3 retransmissions

· Defined in RACH-ConfigCommon IE, which is broadcasted in SI.

Observation 5 Maximum number of HARQ retransmissions and/or Msg3 retransmission may need to be separately configured with RRC for “normal” and Rel-13 LC/CE UEs. 

3 Conclusion

In this contribution we have discussed how HARQ procedure could be used with Rel-13 LC/CE UEs.
In section 2 we made the following observations:
Observation 1
It is not clear if asynchronous HARQ would be preferable to synchronous HARQ for coverage enhanced operation.
Observation 2
For low complexity UEs, frequency re-tuning time between control and data channels, and guard time need to be taken into account in cross-subframe scheduling in half-duplex operation.
Observation 3
Optional half-duplex operation limits the number of possible simultaneous HARQ processes.
Observation 4
For full-duplex UEs in enhanced coverage, multiple HARQ process may provide gains if UL and DL coverage are not too asymmetric.
Observation 5
Maximum number of HARQ retransmissions and/or Msg3 retransmission may need to be separately configured with RRC for “normal” and Rel-13 LC/CE UEs.


Based on the discussion in section 2 we propose the following:
Proposal 1
PUSCH with repetition/bundling of TTIs is used for transmission of uplink unicast data.
Proposal 2
A downlink control channel, repeated in time as needed, is used for uplink grants and feedback for uplink HARQ transmissions.
Proposal 3
PDSCH with repetition/bundling of TTIs is used for transmission of downlink unicast data.
Proposal 4
PUSCH or PUCCH, with possibly a new format, is used for feedback for downlink HARQ transmissions.
Proposal 5
A physical downlink control channel with cross-subframe scheduling is used for downlink grants. The exact forms of the control channel and DCI have not been decided yet.
Proposal 6
For half-duplex UEs in enhanced coverage, as a working assumption, assume one HARQ process in both uplink and downlink.
Proposal 7
It should be studied further how dynamic the bundle size configuration for data channels should be.
Proposal 8
The configuration of control channels should be at least partly semi-static using dedicated RRC signalling. It should be studied further to what extent the physical downlink control channel repetition factor ought to be dynamic.
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