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1
Introduction
In RAN1 #79 it was decided to target 15 dB coverage enhancement (CE) for MTC UEs compared to the nominal coverage of a Cat-1 UE. Additionally, the maximum transmit power of a low-complexity (LC) UE might be constrained for cost savings. Therefore it was proposed to target a CE level of 18 dB when the maximum MTC transmit power is 20 dBm or lower. 
2
Discussion
The fundamental technique for uplink CE is to increase the post-processing SINR at the eNB. A simple method for this is multiple re-transmissions of the coded transport block, which are then coherently combined at the eNodeB. We consider “bundled” transmissions, i.e., each uplink grant consists of several repetitions of a transport block over contiguous subframe intervals. In principle, the eNodeB can also employ HARQ re-transmissions of the bundle. Here we restrict our evaluation to the transmission of the first bundle, and determine the number of transport block repetitions that achieves 10% block error rate (initial BLER or iBLER). Clearly, it is desirable to employ techniques that minimize the number of repetitions required for successful decoding.

2.1 Cross-subframe channel estimation

Theoretically, each doubling of PUSCH repetitions should provide a 3dB gain in signal energy if we have perfectly coherent combining of the received information bits. In practice however, the combining performance depends on the quality of channel estimates at the receiver. Especially at low SNRs (typical of coverage-enhanced UEs) the channel estimates are severely degraded, resulting in poor signal energy gains from repeated transmissions. Therefore it is crucial to employ techniques that improve the channel estimates at eNodeB.  

Since the MTC scenario is expected to have a slow-varying channel, it might be possible to improve the channel estimate by filtering it over several subframes (SFs). One possible filtering technique could employ moving averages of the channel estimates (ChEst) across several contiguous subframes [1]. This is can be achieved by applying a sliding window spanning M subframes, where M depends on the duration over which the channel is approximately constant. In Figure 2 the filtered channel estimate for the current subframe is obtained by applying a window on previous M-1 subframes. 
2.2 Carrier frequency offset
The carrier frequency at the UE and eNodeB usually differ by a small amount, known as carrier frequency offset/ frequency tracking error. the This frequency offset is mainly caused due to (i) Doppler shift and (ii) VCO errors. The Doppler shift for MTC is quite low (1 Hz) since the UE is assumed to be nearly stationary. In LTE, the variance of VCO error is expected to be +/- 0.1 PPM as per section 6.5.1 of [2] over 1 slot (0.5 ms). For a carrier frequency of 2 GHz, this implies a frequency offset of +/- 200 Hz. The factors affecting VCO offset (temperature, hardware impairments) are expected to be approximately constant over several subframes. Consequently, here we assume that the frequency offset remains constant at least over the duration of cross-subframe channel estimation.
In case of MTC, the propagation channel is assumed to be slow-varying since the UE is nearly stationary. This implies that the phase of the propagation channel remains nearly constant over several subframes. Therefore in presence of a constant frequency offset between the UE and the eNodeB, the phase of the effective channel varies linearly across the subframes. Figure 1 shows the phase of effective channel in presence of a frequency offset of 100 Hz. The phase of channel in kth subframe is denoted as “Phase k”. This leads to a phase offset of (360°)*(100 Hz)*(0.1 s) = 36° between any two consecutive subframes.
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Figure 1 Phase of effective channel in presence of a 100 Hz frequency offset between UE and eNodeB
The performance of sliding average channel estimation described above depends on the phase coherence of the channel estimates used in filtering. A large-enough frequency offset implies that the effective channels across several subframes may add up non-coherently, and result in poor filtered estimates. In Figure 3 we analyze the impact of frequency offset on sliding average channel estimation. The sliding window sizes used are M=4 and M=8.
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Figure 2 Sliding average channel estimation based on channel estimates in previous subframes (window size M=4)
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Figure 3 Impact of a constant frequency offset on sliding average channel estimation based on previous M-1 channel estimates (M=4,8)
Observation 1 Cross-subframe channel estimation gives significant gains provided the frequency offset between the UE and eNodeB is small enough
Observation 2 Frequency offset between the UE and eNodeB may cause cross-subframe channel estimation to perform significantly worse that single-subframe channel estimation
It is desirable to extract maximum gains from cross-subframe channel estimation by improving the frequency tracking accuracy. This can be achieved, for example, by enhancing the PSS/SSS signals. Another option is to estimate the frequency offset at the eNodeB and compensate for it. However, at high CE levels accurate frequency offset estimation is expected to be quite challenging. As of now, the achievable gains from either of these techniques are not clear. 
Another possibility to mitigate the impact of frequency offset is by exploiting the linear nature of phase variations across subframes. From Figure 2, we note that a constant frequency offset causes a phase shift that depends linearly on the subframe index. The subframes preceding and following a particular subframe have same magnitude of the relative phase shift, but in opposite direction. This implies that the mean channel estimates for the preceding and following subframes is phase-aligned with the channel estimate in current subframe. In other words, we can observe in Figure 1 that Phase k-2 = (Phase k-1 + Phase k-3)/2. A sliding average scheme that exploits this property is shown in Figure 4. In this case, the channel estimate in current subframe is filtered with estimates in previous and next two subframes. The performance with such a scheme is shown in Figure 5. Clearly, this scheme requires that at least three subframes are buffered before demodulation can take place.
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Figure 4 Sliding average channel estimation based on a window centred on the current subframe (window size M=5)
[image: image3.png]Number of Repetitions

10

10

—12 dB CE; Single-SF Channel Est
—12 dB CE; 4-SF Channel Est
——12 dB CE; 8-SF Channel Est
—--18 dB CE, Single-SF Channel Est
—-18 dB CE; 4-SF Channel Est
—-18 dB CE; 8-SF Channel Est

I S

i i i
0 10 20 30 40 50 60

Frequency Offset

70

80

90

i
100




Figure 5 Impact of a constant frequency offset on sliding average channel, when the window is centered on the current subframe (M=4,8) 

Observation 3 Cross-subframe channel estimation improves significantly when the filtering window is centred on the current subframe
Observation 4 PUSCH subframe buffering may be used to improve cross-subframe channel estimation. Number of subframes to be buffered is FFS
3
Conclusions
Based on the discussion in previous section, we make the following observations:

Observation 1 Cross-subframe channel estimation gives significant gains provided the frequency offset between the UE and eNodeB is small enough
Observation 2 Frequency offset between the UE and eNodeB may cause cross-subframe channel estimation to perform significantly worse that single-subframe channel estimation
Observation 3 Cross-subframe channel estimation improves significantly when the filtering window is centred on the current subfram
Observation 4 PUSCH subframe buffering may be used to improve cross-subframe channel estimation. Number of subframes to be buffered is FFS
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