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1 Introduction

In RAN1#71 meeting, the following sentences were agreed to be captured in the updated TR 36.888
An additional coverage requirement of a 20dB improvement in comparison to “category 1 UEs” is targeted. The table below lists the MCL table for category 1 UEs.
	Physical channel name
	PUCCH (1A)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	MCL (FDD)
	147.2
	141.7
	140.7
	145.4
	149.0
	149.3
	146.1

	MCL (TDD)
	149.4
	146.7
	147.4
	148.1
	149.0
	149.3
	146.9

	Note1: eNB is assumed with 2 Tx and 2 Rx in FDD systems.
Note2: eNB is assumed with 8 Tx and 8 Rx in TDD systems.
Note 3: PHICH is neglected and the function of PHICH can be implemented by PDCCH in case of cell edge.


In the after-meeting email discussions, three scenarios/use cases below were agreed in the analysis of smart metering applications as reference:
A) Command-response traffic (triggered reporting) between base station and WAN module; ~20bytes for command (Downlink) & ~100 bytes for response (uplink) with a latency of 10seconds from command sent from eNB to response received by eNB. 10 seconds of round trip latency is shared between downlink and uplink message with frequency of daily to monthly. Example use case: Energization status message, Consumer messaging.

B) Exception reported by WAN module; Report (Uplink) could be ~100 bytes with latency of 3-5 seconds from event at the WAN module. Example use case: Meter alerts (Tamper, fire) etc. with frequency of daily to monthly.
C) Periodic reports or Keep alive; ~100 bytes (Uplink) and not sensitive to latency (E.g. tolerance of 1 hour) with frequency of daily to monthly. Example use case: Power (Kw), Volume (gas e.g. m3), Microgeneration read, etc. with frequency of daily to monthly.
According to these agreements, the requirements of coverage improvements for PDSCH and PUSCH in FDD systems are summarized as
	
	Coverage improvement
	Payload size
	Latency

	PDSCH
	15.3 dB
	20 bytes
	5 seconds

	PUSCH
	20 dB
	100 bytes
	5 seconds


In RAN1#72, various techniques were proposed for PDSCH/PUSCH coverage enhancements, including TTI bundling/repetition [1][2][3], cross-subframe channel estimation [2][3], denser DMRS pattern [3], power boosting [4][5], etc.. Among these proposed schemes, large number of TTI bundling is a promising approach to improve data channel coverage, however simulations have shown that channel estimation performance becomes critical [3]
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[6].
In this contribution, three methods are simulated and compared with the same assumption of long TTI bundling: cross-subframe channel estimation, denser DMRS, and increasing power spectral density by reducing the number of subcarriers used for PDSCH/PUSCH transmission.
2 Coverage Enhancement Schemes
2.1 TTI bundling/Repetition
Considering the significant coverage gap, lowering the effective code rate through repetition or retransmission are the most straightforward schemes for coverage improvement of data channels. HARQ retransmissions allow using a dynamic amount of resource in order to achieve a balance between reliability and efficiency. On the other hand, in LTE Release 8, TTI bundling was introduced to improve uplink coverage at cell edge or poor radio conditions for VoIP, where different RVs of the same set of coded bits are transmitted in four consecutive TTIs.
Compared to HARQ retransmissions, TTI bundling requires no HARQ ACK/NACK feedback within the TTI bundling duration, and thus control overhead and latency are reduced. In the low-cost MTC scenario, TTI bundling with very long bundling duration, e.g. a few hundred subframes, can be utilized for downlink and uplink data transmissions in order to achieve operation at a significantly low SNR. Additionally, as ACK/NACK signalling consumes large uplink control resources and leads to long delay under poor channel conditions, HARQ is not desired in the low-cost MTC scenarios. Therefore, in our simulations, we assumed TTI bundling as a baseline scheme without HARQ retransmissions.
2.2 Cross-subframe channel estimation
In theory, any amount of repetition gain can be achieved by a certain number of repetitions. However in practice, this gain cannot be fully realized, e.g. due to realistic channel estimation. Under the targeted extremely low SNR scenario, the performance of intra-subframe channel estimation is expected to be poor, and better performance can be obtained when the channel is jointly estimated across multiple consecutive subframes assuming the channel is very slowly time-variant. Unfortunately, even assuming very low Doppler shift, frequency error is more or less unavoidable, and the effective channel becomes time-variant over large number of subframes. Therefore, cross-subframe channel estimation could be considered, but the length of time-domain filter has to be carefully evaluated in order to avoid performance degradation.
Meanwhile, frequency hopping is an important technique used in LTE uplink transmission. Using hopping enables the UE to exploit the frequency diversity of the wideband channel used in LTE while keeping the required contiguous allocation. Inter-subframe frequency hopping makes the cross-subframe channel estimation impossible due to the frequency resource in different subframes not being the same. This means that the channel estimation gains and frequency diversity gains cannot be achieved at the same time. To solve this problem, one approach is extending the current frequency hopping time-domain granularity from one subframe to multiple subframes. Then cross-subframe channel estimation can be applied within the subframes where the same frequency resource is used.
2.3 Denser DMRS pattern

Another approach to improve channel estimation performance is simply increasing DM-RS density. With more reference signal resource within one subframe, the independent noise on different REs can be further supressed and more accurate channel response could be estimated.

However, increasing DMRS overhead shrinks the resource for data transmission. Though for low-cost MTC cases, the spectrum efficiency requirement is not high, the throughput challenging cannot be wholly ignored, especially for the PUSCH transmission with 100-byte payload size and latency of 5 seconds. Denser DMRS apparently improves channel estimation performance, but on the other hand increases coding rate of data assuming unchanged transport block size. Trade-off has to be made between channel estimation improvement and loss of channel coding gain.
2.4 Power boosting

In [4], a power-density boosting approach was proposed, where a number of RBs unloaded to provide the desired power boost. This scheme can only be applied to downlink and the inter-cell interference needs carefully considered.

In [5], one alternative was introduced for PUSCH coverage enhancement, i.e. increasing the PSD by reducing the minimum number of subcarriers used to carry the PUSCH below 12 subcarriers in a RB. This would bring some improved SINR, but give some loss in channel coding gain. The overall performance gain of power boosting is unclear. 

Besides, the interference among adjacent subcarriers would become more significant, and some modifications to the resource grants might also be needed to indicate the PUSCH resource at a subcarrier level.
3 Link-level Simulations

In our link simulations, we compared the BLER of legacy VoIP and low-cost MTC, where three coverage improvement schemes mentioned in last section were considered: cross-subframe channel estimation, denser DMRS, and increasing PSD by using partial subcarriers per RB. Simulation assumptions are listed in Table 1 and Table 2 for PDSCH and PUSCH respectively, according to the agreed simulation assumptions [7] in RAN1#72 meeting. 
Table 1 FDD PDSCH link simulation assumptions
	
	Legacy VoIP
	Low-cost MTC 

	Carrier frequency
	2.0 GHz
	2.0 GHz

	Antenna configuration
	2x2, low correlation
	2x2, low correlation

	Channel model
	EPA
	EPA

	Doppler shift
	5 Hz
	1 Hz

	System bandwidth
	10 MHz
	1.4 MHz

	TBS
	328 bits
	160 bits

	Number of DL RBs
	12
	6

	Transmission mode
	TM2
	TM2

	Frequency error
	100 Hz
	100 Hz

	TTI bundling
	No
	400 TTI

	Performance target
	10% initial BLER
	10% initial BLER

	Channel estimation
	Realistic, intra-subframe
	Realistic, cross every 1, 2 or 4 subframes


Table 2 FDD PUSCH link simulation assumptions
	
	Legacy VoIP
	Low-cost MTC 

	Carrier frequency
	2.0 GHz
	2.0 GHz

	Antenna configuration
	1x2, low correlation
	1x2, low correlation

	Channel model
	EPA
	EPA

	Doppler shift
	5 Hz
	1 Hz

	System bandwidth
	10 MHz
	10 MHz

	TBS 
	328 bits
	160 bits

	Number of UL RBs
	2
	1

	Transmission mode
	TM1
	TM1

	Frequency error
	100 Hz
	100 Hz

	TTI bundling
	4 TTI
	1000 TTI

	Frequency hopping
	Subframe level
	Every 1, 2 or 4 subframes

	Performance target
	10% initial BLER
	10% initial BLER

	Channel estimation
	Realistic, intra-subframe
	Realistic, within FH duration, i.e. 1, 2 or 4 subframes


In the simulations, the transport block size of low-cost MTC was 160 bits, i.e. 20 bytes, for both uplink and downlink transmissions. Therefore, single TB can carry downlink command, and up to 5 TBs are needed for uplink report. Long TTI bundling was assumed, i.e. 400 and 1000 TTI bundling for PDSCH transmission and for PUSCH transmission, respectively. Without HARQ retransmission, one downlink command needs 0.4 second, and one uplink report will cost up to 5 seconds.
Figure 1 shows the link simulation results for PDSCH. The black solid curve presents the BLER of legacy VoIP, and shifting it 15.3dB left (the black dashed curve) marks the target of low-cost MTC coverage improvement. The red curve gives the performance of TTI bundling only, where the channel is estimated within each subframe. It can be seen that the target has already been met. For the other three approaches, we have the following observations:

· When the time-domain filter of channel estimator is extended to two and four TTIs long, the BLER are shown by the yellow and green curves, respectively. We can see that by increasing the channel estimation filter length in time-domain from one TTI to two TTIs, the performance improves. But the performance degrades when the filter length increases from two TTIs to four TTIs. The reason is the variance of effective channel due to the frequency tracking error.

· The blue curve shows the performance of double RS density, where for each CRS RE (k,l), RE (k,l+1) is also used for the corresponding CRS port. Denser RS pattern gives the best performance, at the cost of more specification efforts.
· For power boosting, we used six out of twelve subcarriers in each RB for PDSCH transmission, and 3dB power boosting gain can be achieved. The purple curve shows power boosting has roughly the same performance as the case without power boosting. It means the power boosting gain basically equals to the loss of channel coding gain.
Observations:

· Long TTI bundling and cross-subframe channel estimation (e.g. in 2 subframes) can be applied to PDSCH transmission of low-cost MTC.
· Increasing CRS overhead can be considered for PDSCH coverage enhancement.
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Figure 1 FDD PDSCH link simulation results
Figure 2 shows the link simulation results for PUSCH. The black solid curve presents the BLER of legacy VoIP, and shifting it left by 20dB (the black dashed curve) gives the target of low-cost MTC coverage improvement. The red curve gives the performance of TTI bundling only, where the allocated resource is hopped in every subframe and the channel is estimated within each subframe. It can be seen that the target has already been met. For the other three approaches, we have the following observations:

· When the time granularity of frequency hopping as well as the time-domain filter of channel estimator are extended to two and four TTIs long, the BLER are shown by the yellow and green curves, respectively. We can see that by increasing the channel estimation filter length in time-domain from one TTI to two TTIs, the performance improves. But the performance degrades when the filter length increases from two TTIs to four TTIs. The reason is the variance of effective channel due to the frequency tracking error.

· The blue curve shows the performance of double RS density, where OFDM symbols 0, 3, 7 and 10 were used for DMRS instead of the original OFDM symbols 3 and 10. Denser RS pattern gives the worst performance, which is even worse than the target. The reason may be that the original PUSCH DMRS density (24 REs per PRB pair) is already sufficient and further increasing RS overhead will significantly impact the effective coding rate of uplink data package.
· For power boosting, we used six out of twelve subcarriers in each RB for PDSCH transmission, and 3dB power boosting gain can be achieved. The purple curve shows that power boosting has slightly worse performance than the case without power boosting. It means the power boosting gain is less than the loss of channel coding gain.
Observations:

· Long TTI bundling and cross-subframe channel estimation (e.g. in 2 subframes) can be applied to PUSCH transmission of low-cost MTC.

· In case of cross-subframe channel estimation is used for PUSCH transmission, frequency hopping time-domain granularity needs to be extended from one subframe to multiple subframes.
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Figure 2 FDD PUSCH link simulation results
4 Conclusions
In this contribution, we discussed several technologies for PDSCH/PUSCH coverage improvements of low-cost MTC, and link simulations were shown to compare these schemes. Based on the simulation results, we have the following observations:
· Long TTI bundling and cross-subframe channel estimation (e.g. in 2 subframes) can be applied to both PDSCH and PUSCH transmissions of low-cost MTC.
· Increasing CRS overhead can be considered for PDSCH coverage enhancement.
· In case of cross-subframe channel estimation is used for PUSCH transmission, frequency hopping time-domain granularity needs to be extended from one subframe to multiple subframes.
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