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1 Introduction

Improving PUSCH spectral efficiency is one of the objectives of the Rel-15 WI on “even further enhanced MTC (efeMTC)” for LTE [1]. Sub-PRB resource allocation, with no less than 3 subcarriers within a sub-PRB allocation, is mentioned as an example. 

Considering that machine-type traffic is typically UL dominant and that the PUSCH is the coverage limiting channel (requiring most repetitions), improving PUSCH spectral efficiency can be of material importance for a network. During the Rel-13 eMTC WI, spectral efficiency enhancements that were considered for PUSCH transmissions (without resolution due to the lack of time) primarily included
a) Multiplexing for PUSCH transmissions in same PRB(s) using time-domain OCC (e.g. [2]).

b) Sub-PRB resource allocations (e.g. [3]) 
c) Increased DMRS density (e.g. [3])
This contribution reviews the properties and tradeoffs associated with the support of the above mechanisms for increasing spectral efficiency of PUSCH transmissions. 
2 PUSCH Multiplexing in Same PRB(s)
Support for orthogonal multiplexing for PUSCH transmissions in same PRB(s) is enabled by the fact that repetitions convey identical information in quadruplets of subframes as the RV remains same and frequency hopping can apply every quadruplet of subframes. Consequently, multiplexing PUSCH transmissions in same PRBs through time-domain OCCs can use the same principle as multiplexing in same PRB PUCCH format 1a transmissions - the only difference is the time-domain granularity (one subframe for PUSCH vs. one HARQ-ACK symbol for PUCCH format 1a). Moreover, as at least for CE ModeB and a PUSCH transmission with repetitions the operation is noise limited, such multiplexing does not create interference limiting conditions (unlike for MU-MIMO PUSCH transmissions or PUCCH Format 1a transmissions for non-coverage limited UEs). Therefore, support of time-domain multiplexing for PUSCH transmissions in same PRB(s) with an OCC of length 4 can potentially provide a spectral efficiency gain of ~400%. 

In addition to the substantial spectral efficiency gains that can be potentially achievable, multiplexing of PUSCH transmissions in same PRB(s) by time-domain OCCs can, in principle, be viewed as simple to specify (OCC configuration to a UE can be by higher layers or by the UL DCI format), deploy (network can choose whether or not to configure it), and implement both at the UE (trivial) and at the eNB (simple due to support of symbol-level I/Q combining and cross-subframe DMRS filtering for channel estimation). Nevertheless, there are some limitations.
One limitation is the need for retuning and the existence of SRS transmissions. For PUSCH retuning between narrowbands, the last symbol of the earlier subframe and the first symbol of the later subframe are punctured (when the retuning time is 2 symbols). Further, to account for SRS transmissions, the last symbols on some subframes, depending on the cell-specific SRS configuration, need to be punctured. Therefore, in order to apply PUSCH multiplexing in same PRB(s) using time-domain OCCs, the last subframe symbol may not be used for PUSCH transmissions and, depending on the retuning time, the first subframe symbol may also not be used for PUSCH transmissions. The loss in spectral efficiency is still much smaller than the potential gain from using time-domain OCC but a UE will require a somewhat larger number of repetitions to achieve a target BLER. Phase discontinuity due to suspended PUSCH transmission in last subframe symbols is not an issue [4].  
Another limitation can be the carrier frequency offset (CFO). A large CFO can render the use of a time-domain OCC ineffective and, due to the larger time duration for orthogonal multiplexing of PUSCH transmissions (4 subframes) versus PUCCH format 1a transmissions (1 slot), it is more relevant for PUSCH transmissions. For a maximum VCO error of 0.1 ppm at the UE and 0.05 ppm at the eNB [2] and for a carrier frequency of 2 GHz, the maximum frequency offset is 300 Hz leading to a maximum phase shift over one subframe of 2 x 300 (Hz) x 1e-3 (sec) = 3/5 which is too large (does not even allow for inter-subframe DMRS filtering). Although this maximum frequency offset represents a worst case scenario and may not be typically encountered in practice, it is a general requirement for the applicability of PUSCH multiplexing in same PRB(s) through the use of time-domain OCCs that the CFO value is very small. For example, for a maximum tolerable phase shift of /4 across 2/4 subframes, a corresponding maximum CFO value is about 30/15 Hz for the worst case scenario that the drift is in opposite directions for at least two UEs (essentially doubling the CFO value). Such CFO values may be too small in practice for an AFC at an eNB to achieve, especially for coverage limited UEs requiring multiple repetitions for a PUSCH transmission. Further, non-zero time differences for PUSCH receptions from different UEs, even though within the CP, should also be considered.  

Another limitation can exist when a UE suspends a PUSCH transmission (e.g. in order to transmit a PUCCH) or when the UE needs to modify a PUSCH transmission power due to a TPC command. However, such events may not be considered as they are not frequent, are under the control of the network, and UEs transmitting with repetitions are typically also transmitting with maximum power. 
Proposal 1: Consider the impact of CFO and of time errors in practical deployments, and of the puncturing associated with SRS transmissions or with retuning, when determining potential use of orthogonal PUSCH multiplexing in same PRBs for enhancing PUSCH spectral efficiency by.
3 Channel Estimation Accuracy Enhancing Mechanisms
3.1 Sub-PRB PUSCH Transmissions
Sub-PRB PUSCH transmissions, such as over 6 REs or over 3 REs, can enhance channel estimation accuracy, as DMRS PSD is increased, and for this reason improve PUSCH BLER. The gains depend on the operating SINR and on the number of subframes that can be used for DMRS filtering. For example, for PUSCH transmissions over 3 REs, a PUSCH BLER gain is about 1 dB for SINRs below -10 dB [3]. SINR gains from sub-PRB PUSCH transmissions will depend on the CFO value as a smaller CFO can enable DMRS filtering over more subframes. Increasing the FH interval from 4 subframes to 8 or more subframes for CE ModeB to enhance DMRS filtering using a moving time-window with length that depends on the CFO value is another simple mechanism that can improve channel estimation accuracy.  
The specification impact for efeMTC to support sub-PRB PUSCH transmissions is not expected to be simple and material implementation impact at both the eNB and the UE is also expected. Further, with the possible exception of the smallest possible data TBs such as for MCS0, mapping of data TBs over multiple subframes is required as a reduction of resources in frequency domain needs to obviously be offset by an increase of resources in the time domain. Therefore, all possible mechanisms that can improve channel estimation accuracy at the lowest operating SINRs and have simple specification and implementation impacts need to first be assessed and potential additional gains of sub-PRB PUSCH allocations need to be evaluated relative to such mechanisms.
3.2 Increased DMRS Density
Increasing DMRS density per subframe, such as for example to 2 DMRS symbols per slot, can provide improved PUSCH BLER and is an alternative mechanism to sub-PRB PUSCH allocations because when both sub-PRB PUSCH allocation and increased DMRS density are used, additional PUSCH BLER gains are marginal (large CE levels) or none (medium to low CE levels). 
The specification impact for supporting increased DMRS density is simple as it only needs to be specified that DMRS is mapped on X>1 symbols per slot instead of X=1 symbol per slot. Rate matching for data to available resources in a subframe can be based on existing specifications. The implementation impact is relatively simple at both the eNB and the UE as only rate matching and DMRS filtering (at the eNB) need to be adjusted. Gains from increased DMRS density primarily materialize only for CE levels associated with CE ModeB but this is adequate as for CE levels associated with CE ModeA, BLER losses due to channel estimation errors are limited. It can also be considered to enable inter-subframe DMRS filtering for CE ModeA as for CE ModeB for numbers of repetitions that are sufficiently large (e.g. 8 or more). Therefore, increased DMRS density may be supported only by UEs supporting CE ModeB (the same can hold for sub-PRB PUSCH allocations). For a same level of inter-subframe DMRS filtering, channel estimation accuracy is same between sub-PRB of 6 REs and 2x DMRS density, or between sub-PRB of 3 REs and 4x DMRS density. Although sub-PRB PUSCH allocations will outperform due to lower data code rate as there is no additional DMRS overhead per subframe, for CE ModeB such outperformance is not expected to be significant as BLER is not limited by data code rate (already very low) but by channel estimation accuracy.

Proposal 2: Coverage enhancement gains from sub-PRB PUSCH transmissions should be compared with ones from all other available mechanisms for improving channel estimation accuracy such as increased duration of frequency hopping interval and/or increased DMRS density per subframe.
4 Conclusions

This contribution considered spectral efficiency enhancements for PUSCH transmissions in efeMTC and proposes the following. 
Proposal 1: Consider the impact of CFO and of time errors in practical deployments, and of the puncturing associated with SRS transmissions or with retuning, when determining potential use of orthogonal PUSCH multiplexing in same PRBs for enhancing PUSCH spectral efficiency by.
Proposal 2: Coverage enhancement gains from sub-PRB PUSCH transmissions should be compared with ones from all other available mechanisms for improving channel estimation accuracy such as increased duration of frequency hopping interval and/or increased DMRS density per subframe.
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