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1. Introduction
One of the WI objectives is to provide coverage enhancement as described below [1].
· Provide a relative LTE coverage improvement – corresponding to 15dB for FDD – for the UE category/type defined above and other UEs operating delay tolerant MTC applications with respect to their respective nominal coverage. 

· Specify the following techniques (which shall be applicable for both FDD and TDD) to achieve this:

i. Simplification of PHICH and PCFICH functionality or alternative mechanism to PHICH and PCFICH functionality so that coverage limited UE is not constrained by PHICH and PCFICH physical channels

ii. A mechanism(s) to support scalability of spectral efficiency impact for coverage improvement by identifying UE requiring additional coverage improvement and informing eNB the amount of coverage the UE requires.

iii. Repetition/TTI bundling and extension to PSD boosting for applicable channels/signals identified during study phase.

iv. A relaxed requirement for “probability of missed detection” for PRACH.

· When defining the detailed solutions for the above coverage enhancement techniques, relative spectral efficiency impact and cost/power consumption impact should be taken into account, and divergence of solutions between the new UE category/type and other UEs (mentioned above) should be minimized where possible.
(E)PDCCH coverage enhancement is an important topic and some potential solutions were also proposed during the SI phase. In this contribution, we will further investigate the (E)PDCCH coverage enhancement by analyzing potential problem and providing possible solution.
2. (E)PDCCH Coverage Enhancement
In the following discussion, we assume 20 dB relative coverage enhancement because the target value of 15 dB for FDD is only identified in the WID and not identified for TDD [1]. The PDCCH (format 1a) needs to be enhanced by 14.6 dB for FDD and 19.8 dB for TDD, similarly for the EPDCCH with a similar number of REs. The coverage target can be achieved by repetition of the (E)PDCCH across multiple subframes. Simulation results show that around 100-200 subframe repetitions at the aggregation level of 8 CCEs can achieve the coverage target of the PDCCH (format 1a). Similar results are observed for the EPDCCH [2]. 
Although it is expected that these devices will be scheduled during a less loaded period, there is still a considerable cost for all these subframe repetitions.  For instance, using aggregation level 8 for the PDCCH and 100 subframe repetitions for 10 MHz, 800 CCEs will be occupied by one single device for a single transmission.  This may be viewed as 400 missed scheduling opportunities assuming an average CCE aggregation level of 2.  Alternately, it can be viewed as being able to schedule only one device in the downlink in 38 subframes (assuming CCEs are equally split between uplink and downlink scheduling) [3]. In this situation, other techniques to reduce the required number of subframe repetitions such as PSD booting, higher aggregation level and compact DCI are necessary. 
PSD boosting can improve the coverage of the (E)PDCCH by borrowing power from other REs in the same symbol, but it may cause inter-cell interference. More (E)CCEs are aggregated for the (E)PDCCH in a subframe could also improve the coverage. However, the maximum allowable aggregation level in one subframe is limited by the resources available in the subframe [4]. Alternatively, the size of the DCI could be reduced when some of the fields are unnecessary or with limited scope. For example, if bandwidth for DL data channel is reduced to 1.4 MHz, the resource allocation field in DCI could be compressed accordingly. As a result, compact DCIs have lower coding rate for a given aggregation level which in turn improves coverage [4][5][6][7].
According to the discussion above, it is observed that compact DCI is a promising technique. However due to the inclusion of CRC with the length of 16 bits, the gain brought by compact DCI diminishes as the reduction of DCI size. For example, simulation results in [7] show that the gain is 1.3 dB from the DCI size of 29 bits to 19 bits while it is 1.1 dB for the DCI size of 19 bits to 9 bits. Based on these observations, the length of the CRC should also be shortened.
Proposal 1: Shortened CRC should be considered to reduce the number of subframe repetitions.
3. Shortened CRC
As analyzed above, shortening the length of the CRC could be considered to guarantee the performance gain of compact DCI and further reduce the number of subframe repetitions. However, simply shortening the CRC length will cause a problem in CRC masking with RNTI.
In LTE system, the RNTI is implicitly carried with the DCI for identification by masking the CRC, as shown in Fig. 1. The length of the CRC and RNTI is the same. With the assumption that the initial CRC sequence is  
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Fig. 1 RNTI handling with normal CRC
The problem in the RNTI handling rises after shortening the CRC length as shown in Fig. 2. Shortened CRC is not able to carry the RNTI sequence with traditional masking due to different lengths.
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Fig. 2 Problem in RNTI handling with shortened CRC
One possible solution to this problem is to perform some repetition of the CRC part until the total length of CRC is 16 bits and then use the legacy masking method to carry the RNTI sequence as shown in Fig. 3. 
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Fig. 3 Possible solutions to the problem in RNTI handling with shortened CRC
This solution mainly focuses on the UEs in the coverage enhancement mode. If one UE is in the coverage enhancement mode, it should perform channel decoding based on the total size of the DCI and CRC repetition. Since all the DCIs monitored by this UE will be repeated in the same way, the number of blind decoding keeps the same. After the channel decoding, the UEs de-mask the CRC and get multiple repetitions of the CRC part. Based on the multiple CRC part, further error correction could be performed on this part. Therefore bit error rate on the CRC part could be reduced and then the BLER decreases accordingly. On the other hand, if one UE is not in the coverage enhancement mode, a normal CRC is applied and the (E)PDCCH decoding is performed in the traditional manner.
Proposal 2: RNTI handling with a shortened CRC should be carefully investigated.
4. Discussion
To verify the performance of the shortened CRC method proposed in this contribution, we analyze and compare the performance of the following four options by link-level simulation.
· Option 1:  Subframe repetition only
· Option 2:  Subframe repetition + compact DCI 
· Option 3:  Subframe repetition + compact DCI + shortened CRC with 8 bits RNTI
· Option 4:  Subframe repetition + compact DCI + shortened CRC with 16 bits RNTI
We use the following metrics to evaluate the performance of the proposed method.
· The required number of subframe repetitions: the required number of repeated subframes to achieve 1% BLER.
· Spectral efficiency: transmitted information bits per second per RE
· False alarm probability: the probability that one UE detects the DCI not intended for it.
· Probability of miss detection: the probability that a transmission error passes the CRC check.
The detailed parameters used in the link-level simulation are listed in Table I. 
Table I.  Detailed Parameters 
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Fig. 4 BLER performance with different subframe repetitions

Fig. 4  represents the BLER when different numbers of subframe repetitions are performed. To achieve the 1% BLER, approximately 14 subframe repetitions are required for option 1. Option 2 requires approximately 11.6 subframe repetitions and a reduction of 17.1 % could be achieved compared to option 1 due to a lower coding rate. Option 3 requires 8.7 subframe repetitions and could further reduce the number of required subframe repetitions by 25 % compared to option 2 with a further lowered coding rate. Option 4 requires 10 subframe repetitions with about 13.8% reduction compared with option 2 due to more robustness on the CRC part. Compared with option 3, option 4 shows inferior performance. This is because option 3 obtains more robustness on both data part and CRC part while option 4 only obtains more robustness on the CRC part. 

As for the spectral efficiency, it could simply be obtained by 
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. In the equation, 36 is the number of REs on one (E)CCE, 8 is the aggregation level for the (E)PDCCH transmission in each repeated subframe, and 
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 is the required subframe repetitions to achieve the BLER of 1%.  Based on the size of the DCI and CRC in the four options and the required subframe repetitions, the spectral efficiency for option 1, option 2, option 3, and option 4 are 10.4 bits/s/RE, 9.6 bits/s/RE, 9.6 bits/s/RE, and 11.1 bits/s/RE, respectively. Therefore, the four options achieved similar performance levels.
All UEs need to perform blind decoding at the start of each TTI within its search space and the search space of different UEs could be overlapped. When there is transmission error on the RNTI1-masked CRC sequence of (E)PDCCH 1 intended for one UE 1, UE 2 with RNTI2 which differ in only the error bit from RNTI 1 has the risk of detecting the (E)PDCCH intended for UE 1. If UE 2 detects (E)PDCCH 1, and de-masks the RNTI1-masked CRC with RNTI2, then the error on the CRC sequence could be corrected and UE 2 could pass the CRC check. In this situation, a false alarm occurs. The false alarm probability is related to the CRC error probability and the number of UEs that have a potential false alarm risk in one cell. For the four options, the CRC error probabilities are different due to the different coding rates. For option 3, due to much less supported RNTIs with 8 bits, the number of UEs that have a potential false alarm risk in one cell is much higher than that of the other options. Furthermore for option 4, due to more robustness on the CRC part, less CRC error probability is achieved. Therefore best false alarm performance is expected for option4.
[image: image11.wmf]2

4

6

8

10

12

14

10

-6

10

-5

10

-4

10

-3

10

-2

10

-1

Number of subframe repetition

False alarm probability

 

 

Option1

Option2

Option3

Option4


Fig. 5 False alarm probability with different subframe repetitions
Based on the analysis above, we obtain the false alarm probability in Fig. 5.  According to the result, option 2 achieves better performance than option 1 due to a lower coding rate. Option 4 achieves the best performance due to more robustness on CRC. Option 3 encounters the worst performance due to much less supported RNTIs with 8 bits.
Miss detection occurs when there is a transmission error that passes the CRC check. The probability of miss detection depends on the BLER and the length of the CRC. Fig.6 shows the probability of miss detection. Due to the shorter CRC length in option 4, the probability of miss detection is higher than in option 1 and option 2. Assuming the number of subframe repetitions with the BLER of 1% for option 4, i.e., 10 subframe repetitions, it achieves a sufficiently low miss detection probability of 0.014%. For other cases, similar can be said in that the miss detection probability is sufficiently low assuming an adequate number of subframe repetitions.
Miss detection will not have a serious side effect on the system. If one UE encounters a miss detection, it will unsuccessfully decode the PDSCH based on the wrong information. Then the UE will feed back a NACK to trigger retransmission. On the other hand, if there is a transmission error without miss detection, the UE will feed back DTX, and retransmission will also be triggered.
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Fig. 6 Probability of miss detection with different subframe repetitions
Based on the analysis and comparison above, the performance of shortening the CRC is summarized in the following observation.
Observation 1: RNTI handling with a shortened CRC can achieve the following performance.
(1) Reduce the number of subframe repetitions
(2) Keep the spectral efficiency 
(3) Reduce the false alarm probability
(4) Increased probability of miss detection in some situations with little impact on the system
5. Conclusion
In this contribution, we further investigated the techniques for (E)PDCCH coverage enhancement by analyzing the potential problem and providing possible solution. Based on our investigation, our proposal can be summarized as follows.
Proposal 1: Shortened CRC should be considered to reduce the number of subframe repetitions.
Proposal 2: RNTI handling with a shortened CRC should be carefully investigated.
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