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1 Introduction

PUSCH performance aspects were discussed in RAN1#80bis with the main focus being whether or not there is a need to provide means for improved channel estimation or for improved frequency error correction in the presence of large frequency errors (e.g. 100 Hz).

This contribution reviews past results and provides some analysis on the impact of frequency error, on implementation aspects for improved channel estimation, and on the need for DMRS enhancements. 

2 Channel Estimation for PUSCH Detection 
The importance of enhanced channel estimation on PUSCH detection, especially at very low SINRs, was shown in numerous past contributions. In the absence or for small frequency error, using sliding window centered on the subframe where demodulation is to occur to obtain a channel estimate has shown considerable performance gains and was preferable to increasing DMRS density across all SINR ranges of interest (e.g. [1]).

In the presence of large frequency errors coherent accumulation of DMRS is limited by the phase shift introduced by the error. For phase errors above /2, inter-subframe DMRS filtering is expected to begin having detrimental effects. Assuming a maximum VCO error of 0.1 ppm [2] and a carrier frequency of 2 GHz, the maximum frequency offset is 200 Hz leading to a maximum phase shift over one subframe of 2 x 200 (Hz) x 1e-3 (sec) = 2/5. If this frequency offset cannot be corrected, inter-subframe DMRS filtering is limited and may at most only use the DMRS in the second slot of a previous subframe and in the first slot of a next subframe. The maximum frequency error increases to 300 Hz if a maximum VCO error of 0.05 ppm is included for the eNB.
If the frequency offset can be corrected to 100 Hz, the phase shift becomes /5 and longer inter-subframe DMRS filtering is possible. A sliding window as in Figure 1 can be used for DMRS filtering over 3 subframes and the phase shift between the first and last DMRS is 2 x 100 (Hz) x 2.5e-3 (sec) = /2. Of course, an eNB receiver may not combine the DMRS with equal weights for all subframes or combine all DMRS to demodulate data at a given subframe symbol (i.e. for data demodulation at a given subframe symbol, an eNB receiver can use larger weights for filtering DMRS located closer to the subframe symbol).       
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Figure 1: Sliding Window for Inter-Subframe DMRS Filtering
The PUSCH BLER performance using a sliding window filter and 100 Hz frequency error was evaluated in several contributions (e.g. [3-5]), probably using equal weights for all DMRS without any optimization according to phase shift, where it was shown that a sliding window of 4 subframes provides BLER gains. Moreover, for 2x DMRS density, the number of required repetitions is not generally decreased and a ~10% reduction occurs only for the largest coverage enhancement level of 18 dB (which is unlikely to be known with fine accuracy from the eNB in order to potentially configure the UE in an optimal manner when to use a new UL subframe structure with increased DMRS). 
Several design options exist and were also discussed during RAN1#80bis. A first design option is to only rely on the current DMRS structure without correcting the frequency error. However, if the largest frequency error of 200 Hz is assumed, inter-subframe DMRS filtering is limited and associated enhancements to channel estimation accuracy are also limited thereby resulting to a potentially much larger number of repetitions at the highest coverage enhancement levels, worse spectral efficiency, and increased power consumption. 
A second option is to increase DMRS density and define a new UL subframe structure. However, aside from increasing UE transmitter and eNB receiver complexity, this is a suboptimal solution as it only addresses the problem of large frequency offset by increasing the DMRS overhead instead of solving that problem. 

A third option is to provide means to the eNB receiver to correct the frequency offset. For example, in [6] it has been proposed to insert a DMRS-only subframe (preamble) prior to the beginning of PUSCH repetitions in order to correct the frequency offset without changing the UL subframe structure. For a large number of repetitions, this option is preferable in terms of spectral efficiency (e.g. using 2x DMRS per subframe will result to more overhead) and avoids changing the UL subframe structure and requiring the eNB receiver to implement additional channel estimators. A hybrid of the second and third approaches can also apply where an UL subframe structure with increased DMRS overhead is used for some repetitions to enable the eNB receiver to correct the frequency offset followed by the current UL subframe structure.
Nevertheless, instead of relying on specification-dependent methods to enhance channel estimation accuracy or reduce the frequency offset, implementation-depended methods also exist.  
In a first example, the PUCCH (e.g. for HARQ-ACK or SR) can in effect act as a DMRS-only subframe in case slot-hopping is not enabled since identical information is transmitted in the first and second slots. This can effectively provide an 8.5 dB higher SINR (e.g. by accumulating correlations between symbols with same index in the first and second slots) than the DMRS SINR on the PUSCH. The repetitions of a PUCCH transmission can also be included for even larger SINR gains.
In a second example, correlation of repeated data and DMRS in successive subframes can be used to correct the frequency offset. Due to the quasi-stationary UEs requiring CE operation, the phase shift is due to the frequency offset (no Doppler shift) and it is fundamentally possible to average DMRS correlations across subframes over a number of repetitions for a PUSCH transmission. Therefore, correlations of a single DMRS or data+DMRS can extend in multiple SFs as the phase shift due to the frequency offset increases linearly in time. 
In a third example, after a correct data TB detection (possibly with an increased number of repetitions), the eNB can regenerate the received signal and use it (together with the DMRS) to correct the frequency error (and use a smaller number of repetitions for subsequent transmissions). However, this would require increased implementation complexity.
In general, there can be multiple low-complexity implementation-based methods (e.g. as in the previous first or second example) that an eNB can use to obtain an increased effective SINR for a coverage limited UE to correct a large UE frequency offset.  
Observation 1: Low complexity implementation-based methods exist to correct a UE frequency offset for UL transmissions. 
Symbol-level data combining (prior to demodulation) vs. bit-level data combining (after demodulation) was discussed in RAN1#80bis in terms of performance impact (assuming frequency offset correction). Although symbol-level combining results to smaller buffering requirements than bit-level combining, as it decreases the number of subframes that need to be buffered, it is straightforward to analytically show that there is no BLER difference for QPSK modulation (symbol-level combining provides BLER gains only for higher order modulations [7]). 

Observation 2: PUSCH BLER is same for symbol-level combining and bit-level combining for QPSK modulation. Symbol-level combining results to smaller buffering requirements.

Provided that the frequency offset is corrected, to ~100 Hz or less, evaluations have shown that with inter-subframe DMRS filtering (together with frequency hopping per X subframes), increased DMRS density is not beneficial or necessary.  
Observation 3: If a UE frequency offset is corrected to less that ~100 Hz, no further enhancements (other than frequency hopping per X subframes of repetitions) to PUSCH transmission are needed. 
Finally, there was some discussion during RAN1#80bis to relate the value of X to the number of subframes that can be used for inter-subframe DMRS filtering. In general, this number of subframes is an eNB-receiver implementation issue and should not determine the value of X. Rather, the value of X should be determined based on the minimization of the retuning delay and the maximization of frequency diversity of a PUSCH transmission with repetitions. 

Observation 4: The number of successive subframes for PUSCH repetitions in a narrow-band prior to frequency hopping should be determined from the total number of repetitions and the number of configured narrow-bands. 
3 Conclusions

This contribution considered the impact of frequency offset on channel estimation for PUSCH demodulation and possible solutions to correct the frequency offset or improve channel estimation accuracy. In particular, the following are observed.

Observation 1: Low complexity implementation-based methods exist to correct a UE frequency offset for UL transmissions. 
Observation 2: PUSCH BLER is same for symbol-level combining and bit-level combining for QPSK modulation. Symbol-level combining results to smaller buffering requirements.

Observation 3: If a UE frequency offset is corrected to less that ~100 Hz, no further enhancements (other than frequency hopping per X subframes of repetitions) to PUSCH transmission are needed. 
Observation 4: The number of successive subframes for PUSCH repetitions in a narrow-band prior to frequency hopping should be determined from the total number of repetitions and the number of configured narrow-bands. 
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