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1. Introduction
In RAN #57, the study item description (SID) [1] has been updated which extends the scope to include study of coverage enhancements: 

A 20dB improvement in coverage in comparison to defined LTE cell coverage footprint engineered for “normal LTE UEs” should be targeted for low-cost MTC UEs, using very low rate traffic with relaxed latency (e.g. size of the order of 100 bytes/message in UL and 20 bytes/message in DL, and allowing latency of up to 10 seconds for DL and up to 1 hour in uplink, i.e. not voice). In identifying solutions, any other related work agreed for Release 12 should be taken into account.

In RAN1 #72 meeting, some potential solutions have been identified to improve coverage for MTC UEs [2]. In addition, simulation assumptions in [3] were agreed for data channels. In this paper, the coverage and spectral efficiency of PDSCH is analyzed and coverage enhancement techniques for downlink data channel are proposed for low-cost MTC UEs.
2. Analysis on Coverage of PDSCH
In order to obtain a 20dB coverage improvement, the gap for PDSCH is around 15dB [2]. Power boosting/PSD boosting and TTI bundling/ HARQ retransmission/ Repetition/ Code spreading/ RLC segmentation/ Low rate coding/ Low modulation have been identified as potential solutions for data channel coverage improvement. These techniques share the same general concept of boosting the received signal power density by prolonging transmission time or improving transmit power [1]. From capacity point of view, concentrating power to a narrow bandwidth (rendering some bandwidth not useful) and repetition/retransmission the same content over more radio resources (i.e., more subcarriers or subframes) are equivalent in terms of spectral efficiency loss.  They differ in some system aspects:
· Power boosting (of both RS and PDSCH) may have no spec impact when DMRS-based transmission mode is used. But from a system impact perspective, a large variation of transmit power across subcarriers will cause difficulty in maintaining the EVM requirement. A maximal boosting of 6dB is considered a safe value in 3GPP. Power boosting to bridge a large gap of 15dB means to increase the Tx power density by 31 times. Even concentrating all Tx power for a 20MHz (100PRB) system to 6PRB can only increase the density by 16 times. Moreover, the interference caused by the boosted PRBs can significantly impact the neighbor cell. 
· Repetition allows UE to build up received signal power density, if coherent combining is possible for both RS and data. Some slight spec impact is expected.  Transmit power density can be maintained so that the interference level to other cells is the same. The gain of coherent combining relies on the fact that the data signal does not change that much due to low mobility and frequency drift, as to be seen later. To obtain a 15dB gain, it seems that some across-subframe repetition is needed.
· Techniques different from simple repetition include TTI bundling/ HARQ retransmission/ code spreading/ RLC segmentation/ Low rate coding/ Low modulation order, and so on. Basically different data symbols are transmitted over multiple TTIs or segments that are combined in the decoding process to essentially achieve a low coding rate. Similar spectral efficiency may be obtained to that of retransmission/repetition if the channel can be estimated well. However, the received RS power often needs to be accumulated to a sufficient level in order to get decent channel estimation before LLRs of multiple TTIs can be derived and then combined in the decoding process. From that perspective, simple repetition of both RS and data might be more effective.  
Simulation parameters and results for repetition of PDSCH can be found in the appendix, in addition, MCS = 0 and 1PRB are used for the simulation. UE simply accumulates the received signals and the CRS (since TM2 is assumed for PDSCH). The performance gains of different number of repetition under different residual frequency offsets are summarized in Table 1. Residual frequency offset always exists after CRS-based frequency tracking. The offset depends on the LO adjustment step size and an adjustment is triggered when the accumulated error from CRS-based estimation exceeds the step size. With no frequency offset (idealistically), 40 repetitions can provide more than 15dB gain. With 20Hz frequency offset (i.e., 10ppb @2GHz), 20 repetitions bring in 10dB gain (vs. 12.8 dB with no frequency offset); for 100Hz frequency offset, 5 repetitions contribute about 4.8dB gain. Depending on the frequency offset, retransmission/repetition gain may max out at different number of subframes within which coherent combining by simply accumulating the received signals and CRS is assumed. The coherent combining window is up to UE implementation based on its estimation of the maximal frequency error. The UE may still obtain additional performance gain by combining soft bits derived in multiple coherent processing windows, even though the gain will not be as much as coherent combining. Note that the channel estimation can be critical in achieving any gain at bad coverage conditions like -20dB SNRs.
Observations # 1: Depending on the residual frequency offset, different levels of gain can be achieved by PDSCH retransmission/repetition in time domain. Simple repetition of the same symbols in multiple subframes is a simple solution which has limited impact on the specification and no impact on normal LTE UEs.

Table 1 Performance gain of different coherent combination times with different frequency offsets.
	Coherent Combining
	No Frequency Offset
	20Hz Frequency Offset
	100Hz Frequency Offset

	2
	2.6dB
	2.6dB
	2.2dB

	5
	6.7dB
	6.5dB
	4.8dB

	10
	9.7dB
	8.8dB
	-

	20
	12.8dB
	10dB
	-

	40
	15.5dB
	-
	-


3. Evaluation and Analysis on Spectral Efficiency
In order to achieve the 20dB coverage requirement, the minimum required SINR for PDSCH shall be set to -19.3dB (i.e., a 15dB gap from an average of -4.3dB SINR). Simulation results (Figure 4) and assumptions can be found in the appendix, where 6 PRBs and MCS = 0 (TBS =152 bits) are used. Table 2 summarized required repetitions and spectral efficiency for PDSCH to achieve 10% with different coherent combining assumptions. From the table we can see that, 225~275 repetitions are needed assuming 20Hz residual frequency offset and 330~420 repetitions are needed assuming 100Hz residual frequency offset. For a fixed number of repetition in very low SINR(SINR = -19.3dB), assuming 20Hz residual frequency offset, 4 subframes coherent combining provides better performance than 2 subframes coherent combining, while with 100Hz frequency offset, 2 subframes coherent combining has better performance than 4 subframes coherent combining. Since it is hard for UE to know the value of residual frequency offset, for simplicity, we analyze the performance with 2 subframes coherent combining results, that is, 275 and 330 repetitions are needed with 20Hz and 100Hz frequency offset respectively. In this case, the spectral efficiency of PDSCH can achieve 5.12×10-4 bit/s/Hz with 20Hz frequency offset and 4.26×10-4 bit/s/Hz with 100Hz frequency offset. The spectral efficiency might be further improved by choosing larger TBS to obtain more turbo coding gain and also the energy spent on the 24 bits CRC become less proportionally. 
Note that the above spectral efficiency is only counting the resources for data. In LTE system, downlink data channel is scheduled by PDCCH/EPDCCH. In order to decode PDSCH, PDCCH or EPDCCH needs to be successfully decoded first. The simulation results in [4] shows that PDCCH needs 140/200 repetitions assuming 20Hz/100Hz frequency offset with 2 subframes coherent combining with 8CCE (1 OFDM symbol for PDCCH) in each subframe. Taking into account the resources for both PDSCH and PDCCH, we can roughly calculate that 36RE per CCE×8CCE ×140repetition = 40320 REs are used for PDCCH and (13symbol×12RE) per PRB×6PRB ×275 repetition = 257400 REs are used for PDSCH to deliver 152 bits payload assuming 20Hz frequency offset. Similarly, assuming 100Hz frequency offset, 57600 REs and 308880 REs are used by PDCCH and PDSCH respectively. Additional 15.6% and 18.6% resources are needed for PDCCH transmission. In light of the control overhead and the long latency to wait for control channel decoding, supporting PDSCH transmission without (E)PDCCH might be worthwhile to explore. Some detail discussion can be found in the following section.
Table 2. Required repetitions and spectral efficiency for PDSCH to achieve 10% BLER
	Coherent Combing assumption
	20Hz frequency offset
	100Hz frequency offset

	2 subframes
	~275 repetitions

(5.12×10-4 bit/s/Hz)
	~330 repetitions

(4.26×10-4 bit/s/Hz)

	4 subframes
	~225 repetitions

(6.26×10-4 bit/s/Hz)
	~420 repetitions

(3.35×10-4 bit/s/Hz)


Observations # 2: To achieve the performance target, 225~275 repetitions are needed for 20Hz frequency offset and 330~420 repetitions for100Hz frequency offset with 6 PRB and MCS=0 at SINR=-19.3dB. Under this required SINR, the achievable spectral efficiency are 5.12×10-4 bit/s/Hz and 4.26×10-4 bit/s/Hz with 2 subframes coherent combining assumption for 20Hz and 100Hz frequency offset respectively. Additional 15.6% and 18.6% resources are needed for control with 20Hz or 100Hz frequency offset respectively.
4. PDSCH Transmission and Reception without (E)PDCCH scheduling
In LTE system, dynamic resource allocation of PDSCH and other encoding information are transmitted in DCI over PDCCH or EPDCCH which is located in the same subframe as PDSCH. In order to decode PDSCH, a UE needs to obtain downlink control information first. A control channel provides the maximal flexibility for eNB to allocate resources to match the dynamic link quality. Even though DCI transmission consumes some resources, the overall system gain is significant due to better resource utilization and the ability to take advantage of the instant link quality. But the benefit of a control channel for PDSCH may diminish under these conditions encountered in MTC case:
· Small packet payload where the proportional overhead of DCI becomes larger (especially considering the fixed 16-bit CRC for PDCCH/EPDCCH and 24-bit CRC for PDSCH).
· Long latency of control channel decoding when control is sent over multiple subframes (due to limited aggregation level in frequency), while PDSCH may be sent over fewer subframes (due to the use of more PRBs).  
For MTC in extreme coverage scenario, we explore below the possibility of “control-less” PDSCH.
Pre-defined transmission scheme
Considering small packet size for MTC UEs (e.g., 20 byte/message) and the poor channel condition, it may be sufficient to always use the more robust coding scheme, e.g., QPSK with 1/3 rate turbo coding. Additional robustness will be achieved via power boosting and/or retransmission. Transmission mode can also be pre-defined considering the poor channel condition. As a result, transmitting PDSCH with some pre-defined scheme makes sense.
Resource allocation
It is still desirable to allow eNB to use different number of PRBs at different location for resource allocation flexibility at the eNB. Similar blind detection concept as (E)PDCCH may be introduced for PDSCH, where the UE has several candidate TBSs to check at several PRB-pair aggregation levels. The aggregation here encompasses both frequency and time domain, for example, up to a maximal number of PRBs in the frequency domain and then retransmission/repetition on multiple subframes at the max frequency-domain aggregation level. eNB still have some scheduling flexibility by search space design. MTC UE can perform blind detection in pre-defined resources with a pre-defined coding scheme for each expected TBS. CRC scrambling with RNTI can be used to check whether the PDSCH is for the MTC UE. 
System information may also be transmitted in this kind of “control-less” PDSCH with a CRC scrambled by SI-RNTI. MTC UE can also decode for Paging by checking with P-RNTI. Even when there is no control channel, some control information may still be included in the data channel if necessary, such as (SRS) request, TPC command, (DAI) and etc. The search space design will be determined by the tradeoff between scheduling flexibility and UE complexity.  
Proposal # 1: Transmitting PDSCH without (E)PDCCH is worth further investigation for removing control overhead while maintain resource allocation flexibility at eNB.
5. Conclusion
In this paper, we analyzed the coverage and the spectral efficiency for PDSCH. We observed that:
Observations # 1: Depending on the residual frequency offset, different levels of gain can be achieved by PDSCH retransmission/repetition in time domain. Simple retransmission of the same symbols in multiple subframes is a simple solution which has limited impact on the specification and no impact on normal LTE UEs.

Observations # 2: To achieve the performance target, 225~275 repetitions are needed for 20Hz frequency offset and 330~420 repetitions for100Hz frequency offset with 6 PRB and MCS=0 at SINR=-19.3dB. Under this required SINR, the achievable spectral efficiency are 5.12×10-4 bit/s/Hz and 4.26×10-4 bit/s/Hz with 2 subframes coherent combining assumption for 20Hz and 100Hz frequency offset respectively. Additional 15.6% and 18.6% resources are needed for control with 20Hz or 100Hz frequency offset respectively.
And also, we proposed to consider PDSCH transmission and reception without (E)PDCCH scheduling. 
Proposal # 1: Transmitting PDSCH without (E)PDCCH is worth further investigation for removing control overhead while maintain resource allocation flexibility at eNB.
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Appendix

Table A1 Simulation Assumption
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame structure
	FDD

	Antenna configuration
	2x2 low correlation for FDD;

	Channel model
	EPA

	Doppler shift
	1Hz

	Frequency error
	0Hz, 20Hz, 100Hz

	MCS
	0

	Transmission Mode
	TM2

	Number of DL RBs
	1 or 6

	Performance target
	10% BLER

	Channel estimation
	Channel estimation is implemented with post-combining reference signals of repetitions

	The minimum required SINR
	-19.3dB for FDD
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Figure 1 BLER vs SNR for different repetion times with no frequency offset (1 PRB MCS 0)
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Figure 2 BLER vs SNR for different repetion times with 20Hz frequency offset (1 PRB MCS 0)
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Figure 3 BLER vs SNR for different repetion times with 100Hz frequency offset (1 PRB MCS 0)
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Figure 4 The amount of repetition vs BLER with differnet frequency offset (6PRB MCS 0)
