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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 devices [2]. In addition, simulation assumptions in [3] were agreed for data channel. Based on these assumptions, we provide simulation results and the analysis of achievable date rate for PUSCH in extreme coverage.

2 Analysis on Coverage Enhancement of PUSCH
In RAN1 #72 meeting, some potential solutions have been identified to improve coverage for MTC devices for PUSCH and PDSCH. For PUSCH, the coverage may be improved by prolonging transmission time to accumulate more energy, i.e., TTI bundling/HARQ retransmission/ Repetition/ Code spreading and so on. In addition, concentrating more power on a reduced bandwidth, i.e., PSD boosting, can also improve coverage.
2.1 PSD boosting
For uplink at very low SNRs, the transmit power of UE is at a fixed level which is the maximal power. In [2], PSD boosting has been identified as a potential technique for UL, by concentrating all power onto a reduced bandwidth.
In MCL calculation, “Max Tx power” is fixed for a UE no matter how much bandwidth it used. However, using more bandwidth increases “Effective noise power”, which then reduces “Receiver sensitivity” and MCL. For example, in Table 5.2.1.2-2 in [4], PUSCH occupies 360kHz (2PRB) and “Effective noise power” is -113.4 dBm. If reducing the occupied channel bandwidth to 180kHz (1PRB), “Effective noise power” will reduce to -116.4 dBm. As a result, for a 20dB coverage enhancement, “the minimum required SINR” of PUSCH in simulation assumption [1] for 1 PRB should be increased to -21.3dB rather than -24.3dB for 2 PRBs.
Table 1 shows the repetitions needed to achieve 10% BLER for 1PRB and 2PRB respectively with 20Hz residual frequency offset. The simulation assumptions can be found in Table A1 in the appendix, and in addition, TBS = 32 bit. Note that in the simulation, the coherent combination means simply accumulating receiving signals (both data and reference signals) across different subframes. The recorded repetitions are the total subframes used. For example, 100 repetitions with 2 subframes coherent combining mean an additional 50 LLR combining over 2 subframes coherent combining. From Table 1 we see that in order to transmit a fixed payload in PUSCH, using 1PRB will be more efficient than 2PRB. It can save about 20% ~ 30% repetitions. 
Although using even smaller bandwidth than one PRB might help to further improve MCL, the impact on the specification should be considered, such as resource allocation, reference signal for channel estimation, and also the potential impact to LTE UE. 

Observation #1: Concentrating power on a smaller PRB number results in better coverage for PUSCH.

Proposal #1: Considering to allocate 1 PRB for MTC UEs in coverage hole for PUSCH transmission.
Table 1 Required repetitions for PUSCH to achieve 10% BLER (20Hz frequency offset)
	Coherent Combining assumption
	1 PRB

(Required SINR=-21.3dB)
	2 PRB

(Required SINR=-24.3dB)

	2 subframes
	~520
	~780

	4 subframes
	~380
	~480


2.2 Repetition
Repeating same content in the same resource in each subframe allows eNB to build up received signal power density, if coherent combining is possible for both RS and data. In this section, we provide simulation results for repetition with different receiver combining methods under different residual frequency offset. 
Coherent combinations and frequency offset

As described in section 2.1, coherent combining simply accumulates receiving signals for both data and reference signals across adjacent subframes. Table 2 shows the required repetitions assuming TBS = 32 bits and 2 PRBs allocation. Detailed simulation assumptions can be found in Table A1 in the appendix. From the results we see that without frequency offset, the larger the coherent combining window, fewer repetitions are needed. However, residual frequency offset always exists after CRS-based frequency tracking. With 20Hz residual frequency offset, coherent combining over a window of 10 subframes needs similar number of repetitions with a window of 4 combinations, which is around 420~480 repetition, to achieved 10% BLER target at -24.3dB SINR. With 100Hz residual frequency offset, 2-subframe coherent combining provides the better performance than 4-subframe combining.
Observation #2: With 20Hz residual frequency offset, 4 subframes coherent combination maybe enough and with 100Hz residual frequency offset, 2 subframes coherent combination provide best performance.
Table 2 The number of repetitions for PUSCH to achieve 10% BLER with different coherent combining assumptions
	Coherent combining window
	No 
Frequency Offset
	20Hz 
Frequency Offset
	100Hz 
Frequency Offset

	1 subframes
	~980
	~1000
	~1000

	2 subframes
	~740
	~780
	~820

	4 subframes
	~460
	~480
	~950

	10 subframes
	~300
	~420
	-


TBS and data rate
Under a fixed transmit power, more information bits requires more repetitions. However, the data rate depends on both information bits per transport block and the required repetitions. Table 3 shows the required repetitions and the achievable data rate as we increase the TBS size. From the table we see that increasing TBS for PUSCH can improve data rate. This is because for smaller TBS, there is not much turbo coding gain. On the other hands, because there is 24 bits CRC, which is comparable to the TBS size of 32bits simulated previously, the effective power per information bits is reduced by CRC. Hence, larger TBS should be considered to achieve the minimum data rate. 
Some other techniques might worth further study, such as using convolutional coding instead of turbo coding for small transport block size. In addition, increasing power for reference signals for PUSCH decoding might also help to improve coverage. Enable frequency hopping with inter or intra subframes may also help by bringing in some diversity gain. 
Observation #3: Larger TBS increases PUSCH data rate. By increasing TBS from 32bits to 104 bits, the data rate is improved from 51.6bps~84.2bps to 89.6bps~131.7bps.
Table 3 Required repetitions and achievable date rate under different TBSs
	
	20Hz

Frequency Offset
	100Hz

Frequency Offset

	Coherent combining assumption
	2 subframes
	4 subframes
	2 subframes

	TBS =32 bits
	~520
(61.6 bps)
	~380

(84.2bps)
	~620
(51.6bps)

	TBS =56 bits
	~660

(84.8bps)
	~480

(116.8bps)
	~730

(76.8bps)

	TBS =104bits
	~990
(90.56 bps)
	~790
(131.7pbs)
	~1160

(89.6bps)


TTI bundling and code spreading is expected to have similar performance with repetition. HARQ retransmission needs “hand-shaking” between eNB and UE, which relies on reliable ACK/NACK transmission. In extreme scenario, to transmit ACK/NACK signaling might also require repetition or other enhancement technique. Considering the quite low data rate shown in the above simulation results, the time for a “hand-shaking” might be very long time and the proportional overhead of transmission ACK/NACK signaling needs to be considered. 
RLC segmentation has been identified as a possible link-level solution for PDSCH/PUSCH coverage enhancement in RAN1 #72 meeting [5]. The idea is segment MTC traffic packet into smaller packets and transmitting these smaller packets through multiple separate HARQ processes at lower MCS to improve the coverage [6]. However, based on the above simulation results, we see that larger TBS actually increases PUSCH data rate and spectral efficiency even more repetitions are required. Similar results can be expected with HARQ retransmission / TTI bundling / spreading.  Considering the additional overhead such as RLC/MAC header and CRC bits, the performance gain is not expected. Therefore in LTE system, traffic packet are segmented only if the transport blocks size is not enough to accommodate. Hence, further study is needed to confirm the performance gain from RLC segmentation. 

Proposal #2: Since larger TBS actually increases PUSCH data rate and spectral efficiency even more repetitions are required, further evaluation is needed to understand whether RLC segmentation is an effective solution for PDSCH/PUSCH coverage enhancement.
3 Conclusion

In this paper, we analyzed the potential coverage enhancement techniques of PUSCH for MTC UEs. We observed that:

Observation #1: Concentrating power on a smaller PRB number results in better coverage for PUSCH.

Observation #2: With 20Hz residual frequency offset, 4 subframes coherent combination maybe enough and with 100Hz residual frequency offset, 2 subframes coherent combination provide best performance.
Observation #3: Larger TBS increases PUSCH data rate. By increasing TBS from 32bits to 104 bits, the data rate is improved from 51.6bps~84.2bps to 89.6bps~131.7bps.

And also, we proposed: 
Proposal #1: Considering to allocate 1 PRB for MTC UEs in coverage hole for PUSCH transmission.

Proposal #2: Since larger TBS actually increases PUSCH data rate and spectral efficiency even more repetitions are required, further evaluation is needed to understand whether RLC segmentation is an effective solution for PDSCH/PUSCH coverage enhancement.
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Appendix

Table A1 Simulation assumptions on PUSCH

	Parameter
	Value

	System bandwidth
	10MHz

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz for FDD

	Antenna configuration
	1x2, low correlation for FDD

	Channel model
	EPA

	Doppler shift
	1Hz

	TBS
	32bit for 2PRB
16/ 65/104 bits for 1PRB

	Number of UL RBs
	1, 2

	Transmission mode
	TM1

	Frequency tracking error
	100Hz or 20Hz

	Performance target
	10% BLER

	Channel estimation
	Realistic 1/2/4 subframes channel estimation

	The minimum required SINR
	-24.3dB for FDD 2PRB
-21.3dB for FDD 1PRB
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(a) No Frequency Offset
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(b) 20Hz Frequency Offset
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(a) 100Hz Frequency Offset

Fig. 1 Repetition time of PUSCH with 2PRB and TBS =32bit with different length of coherent combining
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(a) 20Hz Frequency Offset                                                (b)100Hz Frequency Offset
Fig. 2 Repetition time of PUSCH with 1PRB and TBS =32bit t with different length of coherent combining
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(b) 20Hz Frequency Offset                               (b) 100Hz Frequency Offset

Fig. 3 Repetition time of PUSCH with 1PRB and TBS =56bit with different length of coherent combining
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(c) 20Hz Frequency Offset                               (b) 100Hz Frequency Offset

Fig. 4 Repetition time of PUSCH with 1PRB and TBS = 104 bit with different length of coherent combining

