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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 coverage enhancement techniques for MTC applications. A 3GPP study item has identified PUSCH as the coverage-limiting channel [2], requirement the largest amount of enhancement (18 dB) to meet the coverage target. The channel design for Rel-13 low-complexity (LC) UEs must support coverage enhancement techniques for reasonable performance at a maximum coupling loss of 155.7 dB. 
In this contribution we present simulation results for the following coverage enhancement techniques:
· Larger transport block size (TBS) and its impact on the throughput and effective data rate, for fixed overheads from RLC header (16 bits), MAC header (8 bits) and CRC (24 bits).
· Longer TTI, i.e., spreading the coded transport block bits over several subframes after rate matching 
· Effect of frequency hopping interval on BLER, when the hopping is across the system bandwidth and channel estimates are windowed over several subframes.

2 Discussion

Transport Block Size

In the ongoing simulations for PUSCH that target coverage enhancement, the following simulation assumptions have been used [3]:

· MCS5: The choice of transport block size (TBS) depends on the acceptable RLC+MAC+CRC overhead and subframe code rate. It is desirable to have a large TBS to minimize the overhead, whereas a small TBS provides lower subframe code rate and therefore smaller number of repetitions. Additionally in coverage enhancement, the UE will be restricted to QAM to allow robust demodulation performance. Another aspect of choosing a small TBS was to enable IQ symbol-level combining, since all the coded bits are contained within a subframe and it is possible to combine them before demodulation. Based on these considerations, a TBS of 72 bits (MCS 5, 1-PRB allocation) was selected as a compromise between the overhead and the subframe code rate. 
· Single-PRB resource allocation: In coverage enhancement, the UE is power-limited which implies that the power spectral density of transmitted signal scales inversely with the PUSCH bandwidth. An extremely low lower power spectral density at the receiver can potentially run into near-far problems. However, it not expected to significantly degrade performance since the PUSCH data symbols are DFT-spread across the entire allocated bandwidth. The channel estimates may also be estimated across PRBs since PUSCH generally follows contiguous PRB allocation. Another aspect of PUSCH bandwidth allocation relates to system capacity. The bandwidth allocation to PUSCH determines the number of UEs that can be frequency-multiplexed within a narrowband. As such to allow sufficient capacity, the UE could be restricted to a small PUSCH bandwidth. In large coverage enhancement, there can be up to a few hundred retransmissions to achieve the BLER target of 10%, which implies that multiplexing several UEs can be quite important. 

The transport block size corresponding to MCS 5 and a 1-PRB allocation is 72 bits. The typical overhead within a transport block is expected to be 16 bits for RLC and 8 bits for MAC, with a 24-bit CRC appended to the block before channel coding. In this case the fraction of bits that contain payload data within a transmission is (72-16-8)/(72+24), or 0.50. This implies that half of the bits are spent on carrying overhead bits and will lead to a poor spectral efficiency. Such a large overhead might be unacceptable especially in case of large number of retransmissions. Moreover, a small TBS leads to more scheduling events, increasing the amount of downlink control resources required for scheduling the transmissions (which themselves undergo repetitions in coverage enhancement). Earlier in case of PDSCH (for SIB), it was observed that [4]: 
· However, it appears to be more efficient to transmit a fixed number of system information bits in one single TB (up to the simulated maximum TBS of 1000 bits) rather than splitting them into separate smaller TBs.

In the study item for MTC provisioning [2], a maximum transport block size of approximately 1000 bits was envisioned for typical MTC applications. In LTE, a larger transport block can be configured by increasing the MCS index, and/or allocating a larger PUSCH bandwidth. The effect of these techniques is shown in Table 1. By increasing the MCS from MCS 5 to MCS 9, there is expected to be a 40% effective data rate gain for a given transmission power. Further, increasing the PUSCH bandwidth to 6 PRBs can add another 45-50% gain compared to single-PRB allocation under ideal conditions. It must be noted, however, that the choice of TBS ultimately depends on the amount of data in the UE transmit buffer. In case of small amount of data, a large TBS will simply be padded with zeros and is not useful for improving the spectral efficiency.
Table 1 Overhead from MAC+RLC signalling and CRC for MCS 5

	PUSCH BW
	Transport block size

(TBS)
	Payload data fraction

(TBS-16-8)/(TBS+CRC)
	Expected data rate gain relative to TBS 72 bits

	
	MCS 5
	MCS 9
	MCS 5
	MCS 9
	MCS 5
	MCS 9

	1 PRB
	72
	136
	0.50
	0.70
	/
	40%

	6 PRB
	504
	936
	0.91
	0.95
	82%
	90%


In Table 2, simulation results for effective data rates are provided for 1 PRB and 6 PRB bandwidth allocations. The SNR in each case corresponds to the maximum coupling loss (155.7 dB) that needs to be supported by the Rel-13 LC UE in coverage enhancement. It is observed that increasing the PUSCH bandwidth from 1 PRB to 6 PRBs provides about 58.8% gain the effective data rate. This gain primarily comes from the reduction in overhead for the 6-PRB case as discussed above. Additionally, some gains could be from time diversity since the transmission time is significantly longer in case of 6-PRB transmission. However, the gains are found to be somewhat smaller than the ideal gains discussed in Table 1, presumably on account of poorer channel estimation. The simulation parameters are listed in the Annex. 
Table 2 Throughput and effective data rate for 1-PRB and 6-PRB PUSCH bandwidth (BW), MCS 5
	PUSCH BW
	SNR (coupling loss 155.7 dB)
	Transport block size (TBS)
	Transmission Time (T) at 10% BLER
	Throughput

TBS*0.9/T bps
	Effective data rate

(TBS-8-16)*0.9/T bps
	Data rate gain relative to TBS 72 bits

	1 PRB
	-16.3 dB
	72
	100 ms
	648
	432
	/

	6 PRB
	-24.0 dB
	504
	650 ms
	698
	665
	53.9%


Observation 1 For Rel-13 LC UEs in coverage enhancement, segmenting large data into several small TBSs can significantly degrade the spectral efficiency.
Longer TTI

As discussed in the previous section, it is beneficial to use large TBS in coverage enhanced mode to reduce the overhead from RLC+MAC headers and CRC. Since the modulation scheme is restricted to QAM in coverage enhancement, the PUSCH bandwidth might be increased to support a large-enough TBS. However with a 6-PRB allocation, the UE occupies an entire narrowband for the duration of the transmission. In case of large coverage enhancement, this might be up to a few hundred subframes.  Reserving such a large number of resources for a single UE might be unacceptable from a system capacity perspective.

Instead, it is possible to spread the coded bits after rate matching over several subframes, with only a single PRB allocated for PUSCH. Therefore in each subframe, only a fraction of the coded bits are transmitted as shown in Figure 1. In this figure, the legacy rate matching and redundancy versions (RVs) are used for simplicity. The transmission time of a particular RV thus spans several subframes in case of longer TTI (6 subframes in the figure). In normal coverage, a longer TTI is not preferred in order to meet latency constraints and time-frequency relationships. However in large coverage enhancement, it is acceptable to have a higher latency, and the time-frequency relationships are expected to be aligned to the end of a bundle. The benefit of using a longer TTI is that the power spectral density of PUSCH increases, potentially leading to better channel estimates and improved performance. Additionally, the frequency resources are freed up for other UEs that can be used to increase the system capacity.
[image: image1.png]Coded bits spread over several
subframes after rate matching

6 PRBs

1PRB





Figure 1 Transmitting coded bits over several subframes (longer TTI) to increase power spectral density and system capacity
The BLER performance of longer TTI transmission is evaluated in Table 3 for a coupling loss of 155.7 dB. The transport block size is 504 bits in each case, and the legacy rate matching as well as RV cycling is used. The transmission time to achieve 10% BLER is found to be better in the case of longer TTI. This gain is expected to be on account of improved power spectral density of DMRS symbols, leading to better channel estimation. Since the data symbols in PUSCH are DFT-spread over the entire available bandwidth, their energy after de-spreading is expected to be independent of the bandwidth. It is observed that a longer TTI leads to approximately 22% gain in transmission time. The simulation parameters are provided in the Annex. 
Table 3 Performance of spreading code bits over 6 subframes for MCS 5

	TTI [PRBs]
	SNR (coupling loss 155.7 dB)
	Transport block size (TBS)
	Transmission time (T) for 10% BLER
	Effective data rate

(TBS-8-16)*0.9/T bps
	Data rate gain relative to TBS 72 bits

	1 ms [6 PRBs]
	-24.0 dB
	504
	650 ms
	665
	53.9%

	6 ms [1 PRB]
	-16.3 dB
	504
	552 ms
	782
	81.0%


Observation 2 In coverage enhancement, transmitting a large TBS over several subframes can provide data rate gains.
From a UE perspective. it can be simple to support a longer TTI since the same bits need to be mapped to time resources instead of frequency resources. However, this can require significant changes in the specification. In case of special subframes, or in TDD, special handling might be required for the subframes over which PUSCH may not be transmitted.  
Observation 3 Spreading the PUSCH transport block over several subframes (longer TTI) can lead to significant specification impact.

Frequency Hopping

The PUSCH simulations results show significant gains from frequency hopping across the system bandwidth on account of frequency diversity. However, frequency hopping across narrowbands requires a guard interval during which the UE will not be able to transmit/receive any signal. The frequency hop interval therefore depends on the gains from frequency diversity at the cost of some symbols lost to the guard interval. In the typical MTC scenario the UE is nearly stationary and the resulting channel conditions vary slowly. This implies that the frequency diversity gain depends primarily on the location of the PRBs used for PUSCH transmission. For a given set of frequency hopping PRBs, the channel conditions are not expected to vary significantly over the duration of the bundle transmission. The frequency diversity gains from these PRBs can be extracted by transmitting over them a small number of times within a bundle. In other words, there is no additional gain expected from hopping between the same set of PRBs several times within a bundle. On the other hand, several hops will actually cause an increase in the number of required repetitions on account of loss of symbols to the guard interval.
In coverage enhancement, the PUSCH performance can be improved significantly by using cross-subframe channel estimation. The channel estimates are averaged over several subframes by applying a sliding window technique. However, the channel estimation filter needs to be reset after each frequency hop. To ensure maximum gains from cross-subframe channel estimation, it is desirable to have longer frequency hop interval. The results with different frequency hop intervals and cross-subframe channel estimation with window size of 8 is shown in Figure 2. The bundle size is 128 and MCS 5 is used with a single-PRB PUSCH allocation. It is observed that for frequency hop every 10 subframes (i.e. 12 hops within the bundle), there is a gain of approximately 1 dB compared to the no-hopping case. This gain increases to approximately 2 dB when the frequency hop interval is increased to 50 subframes (3 hops within the bundle). The effect of frequency retuning guard interval is not considered, which will reduce the gains further in case of several frequency hops.
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Figure 2 Effect of frequency hopping interval on BLER performance (bundle size 128, MCS 5, 8 SF channel estimation)

Observation 4 A large frequency hop interval (Y) is sufficient to extract frequency diversity gains in case of nearly stationary UEs in large coverage enhancement.
3 Conclusions

Based on the discussion above, we observe that

Observation 1
For Rel-13 LC UEs in coverage enhancement, segmenting large data into several small TBSs can significantly degrade the spectral efficiency
Observation 2
In coverage enhancement, transmitting a large TBS over several subframes can provide data rate gains.
Observation 3
Spreading the PUSCH transport block over several subframes (longer TTI) can lead to significant specification impact.


Observation 4
A large frequency hop interval (Y) is sufficient to extract frequency diversity gains in case of nearly stationary UEs in large coverage enhancement.
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Annex: Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	2 GHz

	System Bandwidth
	10 MHz

	Antenna
	1×2, low correlation

	Channel Model
	EPA, 1 Hz Doppler

	Carrier Frequency Offset
	0 Hz

	MCS
	5

	Cross-SF channel est filter length
	4 subframes

	Frequency hop interval
	5 subframes (unless specified)

	Frequency hop bandwidth
	50 PRBs


Gain from longer freq hop interval
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