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1. Introduction
RAN#65 has approved a Rel-13 work item on “Further LTE Physical Layer Enhancements for MTC” [1].

RAN1#78bis made the following observation:
· PDSCH/PUSCH/PRACH/control channel link performance study of the impact of the following aspects can be used to analyze the fulfillment of the coverage and power consumption objectives in normal and enhanced coverage (at normal and low SNR)

· With/without increasing PDSCH/PUSCH/control channel DMRS density 

· With/without PDSCH/PUSCH/PRACH/control channel frequency hopping

· PUSCH/PRACH/control channel sensitivity to phase discontinuity

· With/without uplink PSD boosting with smaller granularity than 1 PRB

· PUSCH capacity analysis/results would also be useful

In this contribution we provide PUSCH link performance simulation results.
2. PUSCH link performance
We have performed link simulations for PUSCH with simulation assumptions according to Table 1.
Table 1: Simulation assumptions for PUSCH
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Antenna configuration
	1x2, low correlation

	Channel model
	EPA

	Doppler spread
	1 Hz for EPA

	Number of UL RBs
	1

	Transport block size
	136 bits

	Transmission mode
	TM1

	Frequency tracking error
	-

	Channel estimation
	Ideal channel estimation

	Nominal SINR for Cat-1 UE
	-1.3 dB (for 1 PRB, corresponding to -4.3 dB for 2 PRB)

	Frequency hopping pattern
	PUSCH jumps across system bandwidth at middle of each bundle
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Figure 1: Cumulative distribution of the number of repetitions required to successfully transmit a transport block at various SINR levels. The 10% iBLER value corresponds to the 90th percentile of the successful transmissions

Table 2: EPA 1 Hz: Minimum bundle size (with ideal channel estimation)

	SINR Target
	Minimum Bundle Size for 10% iBLER

	-11,3
	9

	-12,3
	11

	-13,3
	14

	-14,3
	18

	-15,3
	21

	-16,3
	30

	-17,3
	33

	-18,3
	44

	-19,3
	52

	-20,3
	73

	-21,3
	79
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Figure 2: Minimum bundle size as a function of the SINR target, ideal channel estimation

Observation: With ideal channel estimation, the number of repetitions required for 10% iBLER is almost linearly related to the SINR in dB scale
2.1. Effect of different bundle sizes on BLER performance
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Figure 3: Initial BLER for different bundle sizes (4,8,16,32,64) for EPA 1 Hz
Table 3a: EPA 1 Hz: Coverage Enhancement (CE) for various bundle size at 10% iBLER
	Bundle Size
	EPA 1 Hz, Coverage Enhancement (dB) @ iBLER = 10%

	
	No Frequency Hopping
	With Frequency Hopping
	Improvement (dB) in CE

	4
	5.3
	6.5
	1.2

	8
	8.1
	10.0
	1.9

	16
	11.3
	12.6
	1.3

	32
	14.7
	15.6
	0.9

	64
	17.7
	18.6
	0.9


Table 3b: EPA 1 Hz: Coverage Enhancement (CE) for various bundle size at 1% iBLER
	Bundle Size
	EPA 1 Hz, Coverage Enhancement (dB) @ iBLER = 1%

	
	No Frequency Hopping
	With Frequency Hopping
	Improvement (dB) in CE

	4
	2.1
	4.3
	2.2

	8
	5.0
	7.3
	2.3

	16
	7.4
	10.7
	3.3

	32
	11.1
	14.0
	2.9

	64
	15.0
	17.1
	2.1
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Figure 4: Initial BLER for different bundle sizes (4,8,16,32,64) for ETU 30 Hz

Table 4a: ETU 30 Hz: Coverage Enhancement (CE) for various bundle size at 10% iBLER
	Bundle Size
	ETU 30 Hz, Coverage Enhancement (dB) @ iBLER = 10%

	
	No Frequency Hopping
	With Frequency Hopping
	Improvement (dB) in CE

	4
	5.8
	6.7
	0.9

	8
	9.1
	9.8
	0.7

	16
	12.6
	13.0
	0.4

	32
	16.1
	16.3
	0.2

	64
	19.4
	19.5
	0.1


Table 4b: ETU 30 Hz: Coverage Enhancement (CE) for various bundle size at 1% iBLER
	Bundle Size
	ETU 30 Hz, Coverage Enhancement (dB) @ iBLER = 1%

	
	No Frequency Hopping
	With Frequency Hopping
	Improvement (dB) in CE 

	4
	3.2
	4.8
	1.6

	8
	6.6
	8.0
	1.4

	16
	10.8
	11.2
	0.4

	32
	14.4
	15.0
	0.6

	64
	18.1
	18.2
	0.1


Observation: Frequency hopping once at the middle of the bundle provides ~1 dB gains in SINR at 10% BLER level. Higher gains are obtained at 1% BLER level for both EPA 1 Hz and ETU 30 Hz

Observation: It is possible to achieve 15 dB coverage enhancement (CE) with 32 repetitions and frequency hopping, under the assumption of ideal channel estimates
2.2. Effect of different bundle sizes on THROUGHPUT performance
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Figure 5: Throughput for different bundle sizes (4,8,16,32,64) for EPA 1 Hz
Table 5a: EPA 1 Hz:  Throughput for various bundle size at different CE levels 
	Bundle Size
	EPA 1 Hz, Throughput (bps) WITHOUT Frequency Hopping

	
	10 dB CE (SINR -11.3 dB)
	15 dB CE (SINR -16.3 dB)
	20 dB CE (SINR -21.3 dB)

	4
	10170
	33
	0

	8
	13360
	1168
	0

	16
	8252
	4126
	19

	32
	4250
	3745
	567

	64
	2124
	2124
	1337


Table 5b: EPA 1 Hz: Throughput for various bundle size at different CE levels
	Bundle Size
	EPA 1 Hz, Throughput (bps) WITH Frequency Hopping

	
	10 dB CE (SINR -11.3 dB)
	15 dB CE (SINR -16.3 dB)
	20 dB CE (SINR -21.3 dB)

	4
	11350
	1
	0

	8
	15420
	582
	0

	16
	8471
	4500
	7

	32
	4250
	4050
	422

	64
	2124
	2124
	1567
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Figure 6: Throughput for different bundle sizes (4,8,16,32,64) for ETU 30 Hz
Table 6a: ETU 30 Hz: Throughput for various bundle size at different CE levels 
	Bundle Size
	 ETU 30 Hz, Throughput (bps) WITHOUT Frequency Hopping

	
	10 dB CE (SINR -11.3 dB)
	15 dB CE (SINR -16.3 dB)
	20 dB CE (SINR -21.3 dB)

	4
	9648
	8
	0

	8
	13740
	765
	0

	16
	8495
	4081
	5

	32
	4250
	4168
	299

	64
	2124
	2124
	1768


Table 6b: ETU 30 Hz: Throughput for various bundle size at different CE levels 
	Bundle Size
	ETU 30 Hz, Throughput (bps) WITH Frequency Hopping

	
	10 dB CE (SINR -11.3 dB)
	15 dB CE (SINR -16.3 dB)
	20 dB CE (SINR -21.3 dB)

	4
	9098
	1
	0

	8
	14940
	334
	0

	16
	8495
	4241
	1

	32
	4250
	4209
	264

	64
	2124
	2124
	1806


Observation: It is possible to achieve throughput of >1 kbps with 20 dB CE with bundle size 64 and frequency hopping, under the assumption of ideal channel estimates.
3. Conclusions

Observations:

· With ideal channel estimation, the number of repetitions required for 10% iBLER is almost linearly related to the SINR in dB.
· However with non-ideal estimation the number of repetitions might increase more rapidly, especially at lower SINRs.
· Frequency hopping once at the middle of the bundle provides ~1 dB gains in SINR at 10% BLER level.
· Higher gains are obtained at 1% BLER level for both EPA 1 Hz and ETU 30 Hz 

· At high BLER levels, frequency hopping might be actually detrimental.
· It is possible to achieve 15 dB coverage enhancement (CE) with 32 repetitions and frequency hopping, under the assumption of ideal channel estimates.

· It is possible to achieve throughput of >1 kbps with 20 dB CE with bundle size 64 and frequency hopping, under the assumption of ideal channel estimates.
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