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1 Introduction
At the RAN1 #80bis meeting, the following were agreed on the design of the physical downlink control channel for MTC (M-PDCCH) and coverage enhancement support for M-PDCCH [1]:

· Confirm the working assumptions:
· Rel-11 EPDCCH is a starting point for design of a physical downlink control channel for MTC at least for MTC UEs in coverage enhancement
· For Rel-13 low complexity UEs in enhanced coverage, the demodulation of the physical downlink control channel for MTC is based on at least DMRS
· Rel-11 EPDCCH is a starting point for design of the physical downlink control channel for MTC UEs in normal coverage
· The demodulation of the physical downlink control channel for MTC is based on at least DMRS for MTC UEs in normal coverage
· 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
· Frequency hopping is supported over the system BW
· If/when frequency hopping is applied, frequency location is switched according to a pattern every Y consecutive subframes, where Y is equal to or larger than X, assuming re-tuning time is included in Y
· Configurability of X, Y, and frequency hopping is FFS
· In a subframe, a maximum aggregation level equivalent of L=24 ECCE is introduced for LC/CE UEs

In this contribution, we share our views and present link-level simulation results on the support of M-PDCCH for MTC UEs in enhanced coverage. Some remaining details of the EPDCCH-based M-PDCCH design are presented in our companion paper [2]. 
2 EPDCCH Design Aspects for Coverage Enhancement
In order to achieve the coverage enhancement target, repetition can be used on EPDCCH as an effective SNR increasing method. On the other hand, the design of EPDCCH should reduce the number of repetitions as much as possible due to the excessive latency, system resource consumption, and UE power consumption it may introduce. One way is to look into the channel estimation over multiple subframes in order to have a better demodulation performance, which in turn will reduce the required number of repetitions. Another way is to apply the frequency hopping on the frequency location of 6 PRB pairs allocated to Rel-13 low complexity UEs in enhanced coverage in order to benefit from frequency diversity gains.
In the meantime, a limited number of ECCE aggregation levels and repetition levels are preferred in order to alleviate the burden of blind decoding at the UEs. 
3 ECCE Aggregation Level and Repetition Level for Coverage Enhancement UEs
In order to achieve the coverage enhancement target, repetition can be used on EPDCCH as an effective SNR increasing method. On the other hand, the design of EPDCCH should reduce the number of repetitions as much as possible due to the excessive latency and power consumption it may introduce. In the meantime, a limited number of ECCE aggregation level and repetition level options are preferred in order to alleviate the burden of blind decoding at the UEs.
Link level simulation results are present in Figure 1, 2 and 3 to investigate the performance for various ECCE aggregation levels 4, 8 and 16 respectively. For each case, repetition level 1 is included as the baseline. Two fixed numbers of repetition, 4 and 32, are also simulated for possible coverage enhancement.   
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Figure 1. Performance of 4 ECCE aggregation with various fixed repetition levels
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Figure 2. Performance of 8 ECCE aggregation with various fixed repetition levels
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Figure 3. Performance of 16 ECCE aggregation with various fixed repetition levels
At the target SNR=-14.3dB, we obtain the required number of repetitions to achieve DCI error probability of 1%, as shown in Table 1. Note that even an aggregation level of 16 requires 250 repetitions for 1% BLER target. A larger aggregation level, if possible, is desired to reduce the excessive repetition numbers required.
Table 1: Required number of repetitions for target SNR -14.3 dB and DCI error probability of 1%
	Aggregation Level
	Required # of repetitions

	16
	250

	8
	356

	4
	460


At the RAN1 #80 meeting, the following was agreed [1]: 

"For enhanced coverage UEs, one ‘Physical downlink control channel for MTC’ containing one DCI is allowed to be mapped to fully occupy available REs in 6 PRB pairs.”

This implies that the maximum aggregation level of 24 ECCEs should be supported with EPDCCH PRB-set of 6 PRB pairs, in order to reduce the repetition level for an acceptable latency and power consumption performance. According to the current specifications, an EPDCCH PRB-set can only span 2, 4, or 8 PRB pairs in frequency domain.  A new method of ECCE to resource element mapping needs to be designed for both localized and distributed EPDCCH allocation with aggregation level of 24 ECCEs. 
For the ECCE to EREG mapping for distributed EPDCCH, the mapping equation can be modified as below to support EPDCCH PRB-set of 6 PRBs while being backward compatible to currently valid configurations.
Proposal 1:
· Modify the ECCE to EREG mapping equation from TS 36.211:
	Within EPDCCH set 
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4 Cross-subframe Channel Estimation

As the MTC devices have been assumed with zero or low mobility in most use cases, the channel variation over the time domain is expected to be very small. Without frequency hopping and with the repetition of EPDCCH transmission on the same frequency resource, cross subframe channel estimation could be applied and helps to achieve a better UE-specific RS based demodulation performance. Note that the same precoder should be used across the subframes within the repetition. 
Figure 4 shows the DCI error probability with repetition level of 32 subframes, aggregation level of 16 ECCEs, and channel estimation over a sliding window of 1, 2, 4, and 8 subframes, respectively.  Without any residual frequency offset, Figure 4 demonstrates that the cross subframe channel estimation helps to improve the performance with a large estimation window size, e.g. more than 1dB with 8 subframes window under certain assumptions. An estimation window of two consecutive subframes is barely showing any difference from per subframe channel estimation.

Furthermore, in Table 2, we have shown that the required repetition level goes down considerably at the target SNR of -14.3dB, with a longer time window where the cross subframe channel estimation is based. For example, 35% lower repetition number is achieved with 8 subframe window regardless of aggregation level.
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Figure 4. Performance with cross subframe channel estimation
Table 2. Required repetition level to achieve 1% BLER at SNR=-14.3dB

	Aggregation Level
	No Multi-SF CE
	Multi-SF CE with  4 SFs
	Multi-SF CE with 8 SFs

	16
	250
	202
	164

	8
	356
	273
	233


At the RAN1 #80bis meeting, the working assumption to assume the same precoding matrix per antenna port and at least one PRB for at least X subframes was proposed. And we have the following proposal based on the simulation observations.

Proposal 2: 
· Confirm the working assumption of fixing the precoder per antenna port and at least one PRB for at least X subframes.
5 Frequency Hopping of 6 PRB pairs

Rel-13 low complexity UEs in enhanced coverage can benefit from frequency diversity gains by applying the frequency hopping on the frequency location of 6 PRB pairs allocated to them. In Figure 5, we showed the performance of EPDCCH-based M-PDCCH error probability with both cross-subframe channel estimation and frequency hopping applied. In the simulations, the frequency hopping period is set to 2 subframes, i.e., 6 PRB pairs hop every 2 subframe, with the hopping frequency pattern is such that 6 PRB pairs hop from edge to edge of the system bandwidth. The maximum sliding window for cross-subframe is limited by the frequency hopping period, and thus, set to 2 subframes for the simulations. Also, we have included the results with aggregation level of 24.
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Figure 5. Performance with cross-subframe channel estimation and frequency hopping
In Table 3, we have summarized the required repetition level to achieve 1% DCI error probability at the target SNR of -14.3dB when both cross-subframe channel estimation and frequency hopping are used. The number is reduced compared to Table 2 even with the smaller sliding window of 2 subframes.
Table 3: Required number of repetitions for target SNR -14.3 dB and DCI Error Probability of 1%
	Aggregation Level
	Required # of repetitions with Multi-SF CE with  2 SFs and frequency hopping

	24
	64

	16
	< 128

	8
	200


Proposal 3:

· Frequency hopping is applied to the 6 PRB pairs for Rel-13 low complexity UEs with reduced bandwidth to reduce the required number of repetitions.
6 PRB bundling

PRB bundling can also be supported for EPDCCH-based M-PDCCH as well as cross-subframe channel estimation to enable better channel estimation at the UE. UE may assume that the precoding used for EPDCCH-based M-PDCCH in a subframe is not changed across N contiguous PRBs where 2 ≤ N ≤ 8, i.e., the UE may assume that the precoding granularity in the frequency dimension is N PRBs. For Rel-13 LC MTC UEs with reduced BW support, N should be 2 ≤ N ≤ 6. Note that for distributed EPDCCH-based M-PDCCH, antenna port switching is adopted and the UE may assume that the same precoders for Antenna Ports (APs) 107 and 109 are used for all PRBs within a PRB bundle for distributed EPDCCH-based M-PDCCH.

We present the performance of EPDCCH-based M-PDCCH with all the coverage enhancement techniques, cross-subframe channel estimation, frequency hopping, and PRB bundling applied in Figures 6 and 7 for aggregation level 16 and 24, and summarized the required repetition level to achieve 1% DCI error probability at the target SNR of -14.3dB in Table 4. Aggregation level 16 and 24 are used. Now, the required numbers are further reduced.
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Figure 6. Performance with cross-subframe channel estimation, frequency hopping and PRB bundling withal=16
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Figure 7. Performance with cross-subframe channel estimation, frequency hopping and PRB bundling withal=24
Table 4: Required number of repetitions for target SNR -14.3 dB and DCI Error Probability of 1%
	Aggregation Level
	Required # of repetitions with Multi-SF CE with  2 SFs, frequency hopping, and PRB bundling

	24
	48

	16
	64


Proposal 4:

· PRB bundling is applied to the EPDCCH-based M-PDCCH to reduce the required number of repetitions.
7 Impact from Residual Frequency Offset
The frequency offset mainly caused by crystal oscillator mismatch between Tx and Rx as well as Doppler shift is mainly compensated by synchronization procedure by using PSS/SSS (and possibly with CRS) when the device wakes up to attach to the network. However, a residual frequency offset may remain even after the synchronization process. In order to analyze the performance impact of residual frequency offset (RFO), two assumptions, with RFO=100Hz and RFO as a uniformly distributed random value within [0, 100Hz], are simulated, and the results are shown in Figures 8 and 9 respectively. This can be compared with zero RFO results in Figure 4 from Section 4. In all simulations, we have assumed a repetition level of 32 subframes, and an aggregation level of 16 ECCEs (4 PRBs). Multi-subframe channel estimation is performed over 2, 4, or 8 subframes.
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Figure 8. Performance with a uniformly distributed residual frequency offset

The multi-subframe channel estimation helps the performance assuming that the received signals are not distorted over the subframes within the estimation window. When the residual frequency offset is modeled as uniformly distributed within 0 and 100Hz in Figure 8, we found that the performance is benefited from multi-subframe channel estimation only up to certain size of estimation window (4 subframes in this simulation). The frequency error may even overwrite the diversity gain if we continue to increase the estimation window to, for example, 8 subframes in this case. 
[image: image21.png]DCI Error Probability

10

Repeat Level =

32, Aggregation Leve

el = 16 and RFO = 100 Hz

—e—Without Multi-SF CE
—E— Mult-SF CE with 2 SFs
—&— Multi-SF CE with 4 SFs
—+— Multi-SF CE With 8 SFs

SNR (d8)





Figure 9. Performance with a residual frequency offset of 100Hz

With a residual frequency offset of 100Hz in Figure 9, the performance degrades monotonously when the multi-subframe channel estimation is applied because of the large phase shift introduced by the residual error. 
Observation 1:

· The multiple subframe channel estimation provides more than 1dB performance gain with zero residual frequency offset, but only degrades the performance when large residual frequency offset presents. For a small frequency offset, a carefully chosen cross subframe channel estimation window could still benefit the performance. 
8 I/Q Combining and Soft Bits Combining
Repetition is one of the most efficient and straightforward method to help achieve the coverage enhancement target. At the receiver, combining of the received signals could happen at different levels. One can combine the soft bits (LLR) over the repeated multiple subframes for decoding. Another way is to combine the I/Q signal samples at the front before the demodulation, which is also called RF combining. 
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Figure 10 Comparison of Repetition Combining Methods without RFO
In Figure 10, we have demonstrated the performance for both I/Q combining and LLR combining assuming perfect frequency synchronization. With repetition level of 32 subframes, and aggregation level of 16 ECCEs, these two combining techniques show nearly identical performance with channel estimation over two subframes. However, with a better channel estimation over 4 subframes, I/Q combining outperforms the LLR combining by 0.6dB at 1% DCI error probability. This shows that I/Q combining could benefit more from a better channel estimation than the LLR combining.
Observation 2:

· The I/Q combining could benefit more from a better channel estimation than the LLR combining when there is no residual frequency offset.
On the other hand, when a non-zero residual frequency offset presents in Figure 11, the LLR combining demonstrated robustness and degraded slightly. However, I/Q combining is very sensitive to the unsynchronized frequency even with a small offset of 5Hz. With a moderate frequency offset, e.g., uniformly distributed in [0, 100Hz], the performance degrades quickly and becomes un-decodable. This is due to the non-coherent combining of the symbols with rotated phase shift (from frequency offset) over the long repetition period (32 subframes in this simulation), which is not the case in LLR combining.  
Observation 3:

· LLR combining is preferable when residual frequency offset presents due to its robustness comparing to I/Q combining.
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Figure 11. Comparison of Repetition Combining Methods with RFO

9 Conclusions 
We have the following observations and proposals from the analysis and simulation over EPDCCH.
Observation 1:

· The multiple subframe channel estimation provides more than 1dB performance gain with zero residual frequency offset, but only degrades the performance when large residual frequency offset presents. For a small frequency offset, a carefully chosen cross subframe channel estimation window could still benefit the performance.
Observation 2:

· The I/Q combining could benefit more from a better channel estimation than the LLR combining when there is no residual frequency offset.
Observation 3:

· LLR combining is preferable when residual frequency offset presents due to its robustness comparing to I/Q combining.
Proposal 1:
· Modify the ECCE to EREG mapping equation from TS 36.211:
	Within EPDCCH set 
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Proposal 2: 
· Confirm the working assumption of fixing the precoder per antenna port and at least one PRB for at least X subframes.
Proposal 3:

· Frequency hopping is applied to the 6 PRB pairs for Rel-13 low complexity UEs with reduced bandwidth to reduce the required number of repetitions.
Proposal 4:

· PRB bundling is applied to the EPDCCH-based M-PDCCH to reduce the required number of repetitions.
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Appendix
Link Level Simulation Assumptions

	Parameter
	Value for EPDCCH

	MTC bandwidth
	1.4MHz

	System bandwidth
	10MHz

	Control start symbol
	2

	ePDCCH type
	Distributed (also compared with localized)

	DCI payload size (including CRC)
	FDD: 37 bits

	MTC Control channel resource
	{4,6 PRBs}

	Number of transmit antennas
	2 (FDD) 

	Number of receive antennas
	1

	BLER operating point
	1%

	Antenna correlation
	low

	Channel model
	EPA

	Channel speed
	1Hz

	Carrier frequency
	2GHz (FDD)

	Frequency tracking error
	100Hz

	Symbol timing accuracy
	Perfect

	Inter-subframe frequency hopping
	Included

	Inter-subframe channel estimation
	Included

	Reference symbols
	DMRS

	Channel estimation
	Non-ideal

	CSI-RS
	Without CSI-RS

	MBSFN subframes
	Non-MBSFN subframes
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