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1. Introduction
In TR 36.888 [1], repetition of (E)PDCCH across multiple subframes had been identified to be a candidate solution which can provide 20dB coverage improvement. Other techniques, such as PSD boosting, compact DCI, higher aggregation level, can help to reduce the required number of repetition. In addition, some specification impacts have been indentified, such as specification of starting subframe of first transmission and the maximum number of repetitions, timing relationship between (E)PDCCH and PDSCH/PUSCH.

This paper analyzes the PDCCH coverage enhancement techniques and provides some discusses on the downlink control channel detection and timing relationship with data channel.  

2. PDCCH coverage enhancements
Repetition of (E)PDCCH across multiple subframes is a candidate solution for downlink control channel coverage improvement. Simulation results in [2] showed that around 20 repetitions at the aggregation level of 8 CCEs could meet the requirement for FDD (~ 9.7dB gain) and hundreds of repetitions were needed to bridge the gap with single Rx (~ 14.6dB gain). In addition, some other observations are made. For example, reducing DCI payload from 27 bits to 10 or 5 bits, the required repetition number can be reduced to the half. However, with the repetition number increasing, which means a decreasing operational SNR, the gain by reducing payload becomes smaller. With single Rx and reducing DCI payload from 27 bits to 10bits, about 25 (as opposed to 8~10) repetitions can maintain the same coverage for FDD with 2 Rx. 50 (as opposed to ~20) repetitions are expected in order to achieve the coverage improvement target. From the simulations and observations provided in [2], repetition of PDCCH across multiple subframes is required to achieve 15dB coverage improvement target.  
Proposal #1: Repetition of PDCCH across multiple subframes is required to achieve the 15dB coverage improvement target. The PDCCH payload size reduction can be further studied.
3. Design on repetition of (E)PDCCH across multiple subframes 
Different UEs may have different coverage requirements, therefore multiple repetition numbers are needed for supporting scalability of spectral efficiency. For example, targeting {9.6dB, 7dB, 5dB, 3dB} coverage gaps, {20, 8, 4, 2} repetitions are required. In order to minimize the spectral efficiency impact, eNB may choose different repetition numbers for (E)PDCCH transmission based on the coverage quality of each UE. Therefore, multiple levels of repetition number for the enhanced (E)PDCCH is proposed. 
Proposal #2: Design multiple levels for (E)PDCCH coverage improvement with different repetition numbers.

In current LTE system, UE detect several aggregation levels (ALs) within a pre-defined search space. In coverage enhancement mode, repetition across multiple subframes is needed. In order to reduce the blind detection complexity for MTC UE, it’s proposed that AL in each subframe is identical, i.e., a single AL in all subframes. In addition, because more repetitions are needed with a smaller frequency domain AL for the same coverage gap, considering the power consumption of MTC UE (shorter reception time), the single AL in each subframe (frequency domain aggregation level) shall be the largest aggregation level (AL 8 for PDCCH). Considering the CCE resource in each subframe and flexibility to support other UEs, larger aggregation level in frequency domain than the current LTE system in each subframe is not recommended at least for PDCCH. The single aggregation levels in frequency domain for EPDCCH can be further studied. 
Proposal #3: A single aggregation level in each subframe is supported for (E)PDCCH coverage improvement. Aggregation level 8 in each subframe coverage improvement is supported for PDCCH. Further study the single aggregation level for EPDCCH.
UE needs to know the first transmission of (E)PDCCH with coverage improvement. In [3], some analysis has been given. One solution is (E)PDCCH repetition can start from any subframe. This solution gives eNB more flexibility, but UE needs to attempt to decode it in each subframe (one example given in Figure 1). 
Another solution is the first transmission of (E)PDCCH can only be chosen from a valid set of predefined subframes, for example, subframe index mod n =0, where n is the repetition number. This solution will limit eNB’s flexibility. For example, eNB need to hold the packet till a valid subframe. However, it allows UE only attempts the detection for a (E)PDCCH from the pre-defined subframes (one example shown in Figure 2). This solution will help UE to reduce the blind detection number within a fixed time. Since the MTC UEs in coverage hole is delay tolerant, it is acceptable to limit the start subframe to a pre-defined valid set of subframes. 
Proposal #4: Limit the first transmission of (E)PDCCH repetition in a pre-defined subframe set.
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Figure 1 An example of  UE detection for (E)PDCCH repetition starting from any subframe
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Figure 2 An example of UE detection for (E)PDCCH repetition only start subframe choosing from a valid set of predefined subframes 
UE needs to know the maximum repetition number of (E)PDCCH [1] in case of combining with other signals. UE will report the coverage quality to eNB [4] and based on the coverage quality report, eNB can choose a proper repetition number for each physical channel for different UEs. As mentioned above, different coverage gaps or different payload sizes needs different repetition numbers. In [5], it was proposed to configure the maximum repetition number during RRC connection to each UE. However, if this configured repetition number cannot provide enough coverage improvement (e.g., with inaccuracy report), UE will loss the RRC connection. In addition, in current LTE system, SIBs, Msg 2 and Msg 4 still rely on (E)PDCCH. UE can not read the configuration before connected to the network. Therefore, blind detection for (E)PDCCH is required unless the downlink channel for initial access is redefined. On the other hand, eNB may power boost (E)PDCCH if there is no other UE (or fewer UEs) to be served in the same subframe. From this perspective, blind detection for a pre-defined aggregation levels in time domain shall be adopted. It allows eNB to adjust the repetition levels without informing UE. For example, eNB can choose a larger aggregation level in time domain if the previous transmission failed or use a smaller aggregation level if eNB find UE can always successfully decode the transmission. This will not increase the UE’s complexity with well-defined starting subframe of repetition. UE only need attempt to decode combined LLR with different repetitions since channel estimation and demodulation is needed in each subframe (every multiple subframes). 
Proposal #5: Extend multiple aggregation levels with different repetition numbers to time domain.
4. Timing relationship with data channel 
Because both control channel and data channel need repetition. The current timing relationship of (E)PDCCH and PDSCH/PUSCH (e.g, same subframe for (E)PDCCH and PDSCH; 4 subframe gap between (E)PDCCH and PUSCH for FDD) needs to be revisited [1]. For example, there are two directions [3]
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[6] for the timing relationship for PDCCH and PDSCH shown as Figure 3. One is (E)PDCCH and PDSCH sharing the same starting subframe and the other is that  PDSCH is transmitted after (E)PDCCH. 
If (E)PDCCH and PDSCH share the same starting subframe, UE needs to buffer all the potential data channel since UE does not know PDSCH position in frequency domain before PDCCH is decoded. UE may combine the demodulation signals of all the potential PDSCH resource [6]. In order to avoid “over combining” (i.e., blindly combined more than the maximum repetition), the repetition number of PDSCH cannot be smaller than (E)PDCCH, unless the repetition number of PDSCH is pre-known to the UE. This will bring in additional restriction for eNB’s scheduling. In this case, breaking the current timing relationship seems necessary so that UE can learn the resource allocation and repetition number of PDSCH. Details may need further study such as how to define/signal the starting subframe of PDSCH.  
Proposal #6: Design a new timing relationship of (E)PDCCH and PDSCH. Consider to transmit PDSCH after PDCCH and further study the details.
[image: image3.png]e
—— f )

o ° ?‘Rﬂ/umtﬂpwhdl\:

—





Figure 3 Example of timing relationship between (E)PDCCH and PDSCH
5. Conclusion
In this paper, we analyzed the (E)PDCCH coverage improvement technique and the timing relation with data channel. 
Based on the observations and analysis, we proposed:
Proposal #1: Repetition of PDCCH across multiple subframes is required to achieve the 15dB coverage improvement target. The PDCCH payload size reduction can be further studied.
Proposal #2: Design multiple levels for (E)PDCCH coverage improvement with different repetition numbers.

Proposal #3: A single aggregation level in each subframe is supported for (E)PDCCH coverage improvement. Aggregation level 8 in each subframe coverage improvement is supported for PDCCH. Further study the single aggregation level for EPDCCH.
Proposal #4: Limit the first transmission of (E)PDCCH repetition in a pre-defined subframe set.
Proposal #5: Extend multiple aggregation levels with different repetition numbers to time domain.
Proposal #6: Design a new timing relationship of (E)PDCCH and PDSCH. Consider to transmit PDSCH after PDCCH and further study the details.
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