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1. Introduction
In RAN#80bis, the following agreement was made regarding the M-PDCCH.
· For the physical downlink control channel repetition for Rel-13 low-complexity MTC UEs in enhanced coverage, the following techniques are supported
· In order to allow cross-subframe channel estimation, location of a PRB-set for physical downlink control channel for MTC is the same during at least X subframes
· X value and indication are FFS
· This does not preclude dis-continuous transmission for the physical downlink control channel for MTC
· Working assumption: Same precoding matrix is assumed per antenna port and at least one PRB for at least X subframes
This document considers the performance of cross-subframe and cross-PRB channel estimation (enabled by having the same precoding matrix for multiple PRBs) for the M-PDCCH in the presence of a residual frequency error. While both cross-subframe channel estimation and cross-PRB channel estimation provide gains in M-PDCCH performance, it is found that the performance gain of cross-subframe channel estimation is susceptible to residual frequency error, whereas the performance gain of cross-PRB channel estimation is invariant to residual frequency error. Hence it is proposed that the working assumption is confirmed: the same precoding matrix is assumed per antenna port and at least one PRB for at least X subframes.
2. UE Architectures for Channel Estimation Combination
The UE architectures considered when simulating channel estimation combination for M-PDCCH were:

· Cross subframe channel estimation (Figure 1). Symbols are combined across n-subframes. The combined DMRS symbols are then channel estimated using an LS algorithm and the channel estimates are averaged within the limits of a single PRB. 

· Cross-PRB channel estimation (Figure 2). LS channel estimation is performed on the DMRS in each subframe. The LS channel estimates are averaged using a sliding window. 

The performance of cross-subframe channel estimation is probably dependent on receiver architecture, but comparison of receiver architectures is beyond the scope of this document.


[image: image1]
Figure 1 – Simulated receiver architecture for symbol combining (cross-subframe estimation)


[image: image2]
Figure 2 – Simulated receiver architecture for cross-PRB channel estimation

3. Modelling of Residual Frequency Error
It is shown in [2] that the timing recovery function in an LTE receiver is susceptible to a residual frequency error that increases as the receiver SNR decreases. The RMS value of the residual frequency error (or tracking frequency offset) can be modelled as:
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As a simplification, this document models the residual frequency error as being a fixed value of [20Hz, 100Hz, 200Hz or 300Hz]. At the operating point (SNR=-14.3dB) of the M-PDCCH in enhanced coverage, the RMS residual frequency error is 240Hz, hence the channel estimation function for M-PDCCH must be able to at least work for the simulated fixed values of residual frequency errors (noting that the actual residual frequency error may be greater, according to a statistical distribution).

Note: the terms “residual frequency error” and “frequency offset” are used interchangeably in this document.

4. Performance of M-PDCCH with Frequency Offset
4.1 
Intra-PRB, Intra-subframe channel estimation

Figure 3 shows the performance of M-PDCCH with intra-PRB and intra-subframe channel estimation (i.e. with no channel estimation enhancements). In these simulation results, there is neither cross-subframe nor cross-PRB scheduling. There is little performance degradation at 100Hz (approximately the RMS frequency offset at the 1% BLER operating point of un-improved M-PDCCH: SNR = -9dB). 
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Figure 3 – M-PDCCH with intra-PRB, intra-subframe channel estimation
4.2 
Cross-subframe, Intra-PRB channel estimation
Figure 4 shows that at a low frequency offset, cross-subframe channel estimation can give a significant improvement in M-PDCCH performance when there is low frequency offset. However at the 1% M-PDCCH BLER operating point of 1% (at an SNR of -12dB), the RMS frequency offset is approximately 180Hz, so the cross-subframe scheduling performance of Figure 4 would not be achieved in practice.
Figure 5 and Figure 6 show the effect of frequency offset on the performance of cross-subframe channel estimation across two and four subframes respectively. At larger frequency offsets, the performance of cross-subframe channel estimation is shown to degrade. At the realistic frequency offset of approximately 180Hz, there is a significant degradation in the performance of cross-subframe channel estimation. The degree of degradation may be dependent on the specific receiver structure used to implement cross-subframe channel estimation.
Observation 1: At low residual frequency errors, cross-subframe channel estimation can provide a gain of 2-3dB.
Observation 2: The gain from cross-subframe channel estimation depends on the residual frequency error. At realistic residual frequency offsets, there can be no gain from cross-subframe channel estimation.
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Figure 4 – Cross-subframe, intra-PRB performance at low frequency offset
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Figure 5 – M-PDCCH performance with 2x cross-subframe channel estimation and freq offset
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Figure 6 – M-PDCCH performance with 4x cross-subframe channel estimation and freq offset
4.3 
Cross-PRB, Intra-subframe channel estimation

Figure 7 shows that the performance of cross-PRB channel estimation can give a gain of 1 to 1.5dB at low frequency offsets. Cross-PRB channel estimation across a larger number of PRBs leads to an improvement in M-PDCCH performance (this gain is likely to be channel dependent: the EPA channel is fairly flat across a bandwidth of up to 1MHz, but other channels are more frequency selective and cross-PRB channel estimation may be less effective in such channels).
Figure 8 shows that the performance gain of cross-PRB channel estimation is invariant to frequency offset: at any value of frequency offset, performing channel estimation across 2 PRBs gives a performance improvement of approximately 1dB. Figure 9 shows a similar invariance to frequency offset when channel estimation is performed across 3PRBs in the M-PDCCH, but in this case, due to the greater averaging of channel estimates, a performance gain of approximately 1.5dB is observed.

Observation 3: The channel estimation gain from cross-PRB channel estimation is approximately 1 to 1.5dB in an EPA channel and is invariant to residual frequency offset.
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Figure 7 – Cross-PRB, intra-subframe M-PDCCH performance at low frequency offset
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Figure 8 – Cross-2PRB M-PDCCH performance at realistic frequency offsets
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Figure 9 - Cross-3PRB M-PDCCH performance at realistic frequency offsets
5. Conclusion
This document has shown that both cross-subframe and cross-PRB channel estimation provide a performance gain for M-PDCCH. Cross-PRB channel estimation is shown to be more resilient to residual frequency error (or frequency offset) than cross-subframe channel estimation. The document makes the following observations and a proposal:
Observation 1: At low residual frequency errors, cross-subframe channel estimation can provide a gain of 2-3dB.
Observation 2: The gain from cross-subframe channel estimation depends on the residual frequency error. At realistic residual frequency offsets, there can be no gain from cross-subframe channel estimation.

Observation 3: The channel estimation gain from cross-PRB channel estimation is approximately 1 to 1.5dB in an EPA channel and is invariant to residual frequency offset.

Proposal: The working assumption from RAN1#80bis is confirmed: the same precoding matrix is assumed per antenna port and at least one PRB for at least X subframes.
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Appendix: Simulation Assumptions
Table 1 lists the simulation assumptions used in this document.

Table 1 – Simulation Assumptions for M-PDCCH Channel Estimation Combining
	Parameter
	Assumptions from [1]
	Assumptions Applied in This Tdoc

	MTC bandwidth
	1.4MHz
	1.4MHz

	System bandwidth
	10MHz
	10MHz

	Control start symbol
	2,3
	2

	M-PDCCH type
	Distributed, [localized]
	Distributed ePDCCH

	DCI payload size (including CRC)
	FDD: 37 bits

TDD: 39 bits

[optional: FDD,TDD: 27 bits]
	FDD: 37 bits

	MTC Control channel resource
	{4,6 PRBs}

Notes: 

(1) 4 PRB case => PRB pairs 0->3

(2) 6PRB: companies to define their EREG/ECCE/EPDCCH construction
	6 PRBs.

ePDCCH is mapped to all of the resource elements in all of the eREG in 6PRBs

ePDCCH is rate matched to the physical resource in a single subframe and then that physical resource is repeated between subframes

	Repetition level
	not specified
	64

	Number of transmit antennas
	2 (FDD) / 8 (TDD)
	2

	Number of receive antennas
	1/2
	1

	BLER operating point
	1%
	1%

	Antenna correlation
	low
	low

	Channel model
	ETU / EPA
	EPA

	Channel speed
	1Hz
	0Hz

	Carrier frequency
	2GHz (FDD)

2.6GHz (TDD)
	2GHz

	Frequency tracking error
	100Hz
	20Hz, 100Hz, 200Hz, 300Hz

	Symbol timing accuracy
	discuss whether “perfect” or “value = xyz ppm”
	Perfect

	Inter-subframe frequency hopping
	As per proposal
	None

	Inter-subframe channel estimation
	As per proposal
	None

	Number of CRS ports
	2 (FDD and TDD)
	2

	Reference symbols
	At least DMRS
	DMRS used for demodulation

CRS for 2 antenna ports also exist in the subframe

	Channel estimation
	Non-ideal
	Cross-subframe: symbol combining LS

Cross-PRB: LS then averaged by sliding window

	CSI-RS
	With CSI-RS

Without CSI-RS
	No CSI-RS in subframe

	MBSFN subframes
	Non-MBSFN subframes

MBSFN subframes
	Non-MBSFN subframes
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