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1 Introduction

One of the objectives within the Rel-13 work item on “Further LTE Physical Layer Enhancements for Machine Type Communications (MTC)” [1] is to specify 15 dB coverage enhancement (CE) for delay-tolerant MTC applications . Additionally, the maximum transmit power of a low-complexity (LC) UE might be constrained for cost/complexity gains. Therefore it was proposed to target an overall CE level of 18 dB when the maximum MTC transmit power is 20 dBm or lower. PUSCH has been identified as the coverage-limiting channel, implying that other channel require a relatively smaller enhancement to match an overall CE level of 18 dB.

The PUCCH MCL was determined to be 147.2 dB for FDD mode in TR 36.888 [2]. The corresponding MCL for the coverage-limiting channel PUSCH is 140.7 dB. Therefore to achieve an overall 18 dB CE, the PUCCH coverage needs to be enhanced by 18 + (147.2 - 140.7) = 11.5 dB. Here we present simulation results for PUCCH Format 1A (1 bit ACK/NACK) transmission from LC UEs. The parameters used for evaluation are listed in the annex in the end of the document.
2 Discussion

In Figure 1, we present simulation results for PUCCH performance for bundled transmission with {1, 4, 8, 16, 32} subframes in each bundle. The received PUCCH subframes in each bundle are coherently combined before detection. The performance metric is the SINR at which there is 1% probability of an ACK being detected as a DTX or NACK (ACK Miss probability = 1%). We use realistic single-subframe channel estimation and the false alarm rate (DTX->ACK) is 1%. It must be noted that bundling also impacts the false alarm rate – for a given detection threshold, the false alarm rate reduces with larger bundle size. We re-calibrate the threshold for each bundle size such that the false alarm rate is always close to 1%. The LC UEs are not expected to support per-slot frequency hopping for bandwidths larger than the UE bandwidth owing to the frequency retuning time. In Figure 1, the PUCCH resources are assumed to be located at one edge of the system bandwidth, i.e. there is no frequency hopping.
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Figure 1: PUCCH 1A Performance, EPA 1Hz and no frequency hopping (1% false alarm)
To extract frequency diversity, it may be possible to transmit PUCCH at one edge of the system bandwidth for a few slots, and retune to other edge for subsequent transmission. In Figure 2 we evaluate the impact of frequency hopping across the system bandwidth every 4 slots, i.e. 2 subframes.
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Figure 2: PUCCH 1A Performance with frequency hopping every 4 slots (1% false alarm)
The simulation results are tabulated in Table 1. We observe that it is possible to achieve the PUCCH CE target of 11.5 dB using bundling. Additionally, frequency hopping across the system bandwidth of 10 MHz provides significant gains, reducing the bundle size for a given CE level. Here we do not consider the frequency retuning time for evaluation purposes. In practice, the retuning time is expected to somewhat reduce the achievable gains with frequency hopping.
Table 1: PUCCH performance with repetitions and frequency hopping

	Bundle Size
	1
	4
	8
	16
	32
	16, 4-slot freq hop
	32, 4-slot freq hop

	SINR (dB) for

1% ACK Miss
	-4
	-7.4
	-9.2
	-10.7
	-12.2
	-14.5
	-16.2

	Coverage Enhancement (dB)
	0
	3.4
	5.2
	6.7
	8.2
	10.5
	12.2


Observation 1 Frequency hopping across the system bandwidth provides significant gains (3-4 dB) in PUCCH performance. 
Observation 2 It is possible to achieve 12.2 dB CE with 32 bundled transmissions and frequency hopping, when single-subframe channel estimation is used.
Cross-subframe channel estimation can further reduce the bundle size required to reach a given CE level. PUCCH format 1 uses a high reference symbol density (3 OFDM symbols per slot). As such, increasing the reference symbol density further is not expected to provide any significant gains.
3 Conclusions

Based on the discussion in previous section, we observe that:
Proposal 1 Frequency hopping across the system bandwidth provides significant gains (3-4 dB) in PUCCH performance.
Proposal 2 It is possible to achieve 12.2 dB CE with 32 bundled transmissions and frequency hopping, when single-subframe channel estimation is used.
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Annex: Simulation assumptions
	Parameter
	Value

	Carrier Frequency
	2 GHz

	System Bandwidth
	10 MHz

	Antenna
	1×2, low correlation

	Number of Repetitions
	{1, 4, 8, 16, 32}

	Channel Model
	EPA, 1 Hz Doppler

	PUCCH Format
	Format 1A (ACK/NACK)

	False Alarm Rate (DTX->ACK)
	1%

	Carrier Frequency Offset
	0 Hz

	Channel estimation
	Single-subframe channel estimation

	Frequency hopping
	None, every 4 slots

	Simulation duration
	10000 frames
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