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1. Introduction
[bookmark: OLE_LINK49][bookmark: OLE_LINK54][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK33][bookmark: OLE_LINK62][bookmark: OLE_LINK61][bookmark: OLE_LINK78][bookmark: OLE_LINK52][bookmark: OLE_LINK53]Repetition of (E)PDCCH across multiple subframes had been identified to be a candidate solution to provide 20dB coverage enhancement in study item phase. Other techniques, such as PSD boosting, compact DCI, higher aggregation level, are also considered as alternatives to reduce the required number of repetition [1]. Some specification impacts have also 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.
In RAN 1# 74b meeting, some agreements on repetition level of physical channels have been made during the discussion on PRACH coverage enhancement:
Agreement:
· After the initial random access procedure, for a physical channel using repetition, the repetition level is up to network
This paper we further analyzes the design of starting subframe and repetition of (E)PDCCH across subframes for different coverage enhancement mode. 
1. PDCCH coverage enhancement
[bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK338][bookmark: OLE_LINK337][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK16]Repetition of (E)PDCCH across multiple subframes is a candidate technique for coverage enhancement. 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 about 140 repetitions were needed to bridge the gap with single Rx (~ 14.6dB gain) for 27 bits DCI payload. With reducing the payload to 10 bits, the required repetitions can be reduced to ~10/20 for 2Rx/1Rx (as opposed to 20/140 repetition with 27 bits payload).  From the simulations and observations provided in [2], we can observe that repetition of PDCCH across multiple subframes is required to achieve 15dB coverage improvement target.  Similar results are expected for EPDCCH.
[bookmark: OLE_LINK336][bookmark: OLE_LINK335][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK20][bookmark: OLE_LINK341][bookmark: OLE_LINK342]Proposal #1: Repetition of PDCCH across multiple subframes is required to achieve the 15dB coverage improvement target. Compact DCI can be further studied to reduce PDCCH repetition number. 
1. Design on repetition of (E)PDCCH across multiple subframes 
2. [bookmark: _Ref371092235]  Starting subframe 
UE needs to know the starting subframe of (E)PDCCH with repetition in coverage enhancement mode. In [3] and [4], some analysis has been made on the design of starting subframe of (E)PDCCH repetition. In general, there are the following two solutions.
One solution is (E)PDCCH repetition can start from any subframe. This solution gives eNB more flexibility, but UE needs to attempt to decode (E)PDCCH starting from each subframe. After combining the candidate (E)PDCCH resources after a known number of (E)PDCCH repetitions (refer to as a “checkpoint”), UE will attempt (E)PDCCH detections on the combined resources (as legacy blind detection procedure within one subframe). Assuming in each checkpoint the blind detection number is , the detection number within  subframes (i.e., within M ms) can be expressed as
,						(1)
where  is the repetition level. If UE monitors more than one repetition level (say ), the total blind detection number within  subframes can be written as
 . 			 (2)
For example in Figure 1, within 5 subframes, for a known repetition level 2 or 4, the detection number is  or  . If UE monitor both repetition levels, the total detection number is .
Another solution is limiting the starting subframe of (E)PDCCH within a valid set of predefined subframes. Within  subframes, assuming the number of the valid starting subframe corresponding to a certain repetition level is , (E)PDCCH blind detection number within  subframes can be expressed as
 .							 (3)
Similarly, if UE monitors  repetition levels, assuming within  subframes the number of valid starting subframe for repetition level  is , the total blind detection number is
 .						(4)
There are several methods to define the starting subframe, such as (as shown in Figure 2):
· The valid starting subframe is configured by eNB (for each repetition levels), e.g., every subframe # 0
· (SFN * subframe index) mod   =0, where  is the maximum repetition level if UE can monitor multiple levels (as Example A in Figure 2)
· (SFN * subframe index) mod    =0, where   is the corresponding repetition level (as Example B in Figure 2)
As shown in Figure 2, within 8 subframes, if UE only monitors repetition level 4, the blind detection number is . If UE monitors repetition level 2 and 4 simultaneously, the total blind detection number for example A and B are   and  respectively. It can be observed that the total blind detection number depends on the set of the valid starting subframes and the number of repetition level UE needs to monitor. Moreover, the total blind detection number within a given time can be reduced by limiting the starting subframe in a valid set. However, with limitation of starting subframe, there will be some constraint for eNB to transmit a (E)PDCCH to the UE. For example, eNB has to wait until a valid starting subframe. Considering the delay torrent traffic in coverage enhancement mode, the latency introduced by limiting the starting subframe can be acceptable, e.g., with a latency of 10 ms order.
Observations #1: Limiting the starting subframe of (E)PDCCH repetition to a valid set can reduce the total blind detection number. The restriction for eNB or the latency introduced by limiting the valid starting subframes is acceptable.
Based on the observation and considering the tradeoff between latency and UE complexity/power consumption, it is worthwhile to limit the starting subframes of (E)PDCCH to a pre-defined/configured valid set. Details can be further studied. 
Proposal #2: Limit the starting subframes of (E)PDCCH  to a valid set of subframes. The details of starting subframe design can be further studied.


[bookmark: _Ref367798145]Figure 1 An example of  UE detection for (E)PDCCH repetition starting from any subframe


[bookmark: _Ref367798314]Figure 2 An example of UE detection for (E)PDCCH repetition with the starting subframe choosing from a valid set of subframes
2.   Frequency domain aggregation levels
From equation (1)-(4), we can see that the complexity of blind detection also depends on the number of (E)PDCCH candidates at each checkpoint (similar to the blind detection number in each subframe for UEs in normal coverage). In the current LTE system, UE monitors several (E)PDCCH candidates under different aggregation levels (ALs) within a pre-defined search space (Hashing function). For example, UE monitors 6/6/2/2 PDCCH candidates for AL-1/-2/-4/-8 in USS, and 4/2 PDCCH candidates for AL-4/-8 in CSS in the current specification. 
In coverage enhancement mode, it will require more repetitions (in time domain) if using a smaller AL in one subframe (in frequency domain) to achieve the same coverage requirement. Considering that the longer reception time will result in larger UE power consumption, it is reasonable to use the largest AL in one subframe to transmit a (E)PDCCH so that a smaller repetition level is needed in the time domain. In this case, UE only needs to monitor one single AL at each checkpoint (This means  is smaller than in normal coverage in each subframe). Considering the total number of (E)CCE in each subframe and the blocking rate, a larger aggregation level in frequency domain than the current LTE system (i.e., AL-8) is not recommended at least for PDCCH. If there is extra power in PDCCH region, eNB can using PSD boosting to shorten the repetition level. Since more PRBs can be allocated for EPDCCH transmission, whether to introduce a larger AL in one subframe for EPDCCH can be further studied. 
Observation #2: In order to achieve the same coverage enhancement level, smaller AL in each subframe results in more repetitions in time domain and thus longer reception time for UE compared with large AL and accordingly,  larger UE power consumption and longer latency.
Proposal #3: A single aggregation level in frequency domain is supported for (E)PDCCH coverage enhancement and AL-8 is recommended for PDCCH and further study the case for EPDCCH.
2. Search space in each subframe
So far, the transmission of (E)PDCCH is assumed to be on a set of aggregated (E)CCEs and then repeated over multiple subframes. In general, it can be viewed as a way to extend search space design to multiple subframes. Again, the simple solution is to repeat the same (E)PDCCH on the same resources (i.e., the same REs) in different subframes [1]. With the assumption of same REs carrying same coded bit (for that UE) in different subframes, UE can coherent combine the same (E)PDCCH resources in different subframes. Although considering the unknown large frequency offset at the receiver, it cannot do coherent combination over too many subframes. LLR combination can always be used across coherence time bursts. The specification impact is small for this simple solution. 
There are many other solutions to extend aggregation levels into time domain for (E)PDCCH coverage enhancement. For example, different search spaces can be used in different subframes. As long as UE knows the search spaces in each subframe (e.g., the logical index of (E)CCE in each subframe), UE can decode the (E)PDCCH span on multiple subframes. However, it will not reduce blocking rate since still the same number of (E)CCEs is occupied in each subframe. Since PDCCH or distributed EPDCCH already obtains most of the frequency diversity gain, not much performance improvement is expected by occupied different (E)CCEs (or REs) in different subframes. In addition, it will introduce additional specification efforts.
Observation #3: Repeating (E)PDCCH in the same frequency resources over multiple subframes allows UE to implement coherent combination and it has less specification impact. Other search space designs will not reduce blocking rate or provide much performance improvement but need additional specification efforts. 
Proposal # 4: Repeat (E)PDCCH in the same REs in multiples subframes. 
2. Repetition in time domain 
eNB should have the flexibility to choose a suitable repetition level to transmit (E)PDCCH to UE based on the channel condition and the possible power boosting. UE needs to know at least the maximum repetition level to avoid over combination. As discussed in section 3.1, the blind detection number also depends on the repetition level UE monitors. It is reasonable to limit the number of repetition levels that UE monitors to reduce the blind detection number so that to reduce the complexity. With the assumption of that UE is close to be stationary, it may not need to dynamically adjust the repetition levels of (E)PDCCH for a UE. However, if there is spare power, eNB can use PSD boosting to reduce the repetitions of (E)PDCCH to shorten the reception time so that to reduce UE power consumption. In addition, in such a low SNR region with inaccurate CSI feedback, it is hard for eNB to find a best repetition levels for (E)PDCCH and other physical channels. With UE blind detecting for multiple repetition levels, it allows eNB to try different repetition levels before finding a proper level. For example, eNB can adjust the repetition levels based on some posterior statistics (e.g., by counting the number of success or failures).
Observations #4: Limiting the number of repetition levels that a UE monitors can reduce the blind detection number and complexity. But allowing multiple levels makes it possible for an eNB to adjust the repetition levels to save resource, shorten the latency, and reduce UE power consumption.  In addition, it allows eNB to try different repetition levels until finding a proper value.
Furthermore, for SIB transmission, if (E)PDCCH is needed, the repetition of (E)PDCCH for SIB may need to be transmitted with the maximum repetition level to accommodate the worst UEs in the cell. As discussed in [5], eNB may want to adjust the coverage enhancement target by changing the repetition level. For example, eNB may only support 5dB coverage enhancement rather than 15dB coverage enhancement if radio resources are tight. Since SIB is a broadcast channel, the overhead has large impact to spectral efficiency. As a result, if UE can monitor multiple repetition levels of (E)PDCCH, it will give eNB flexibility to improve the spectral efficiency. Similarly, for other common channel such as RAR and paging, eNB can adjust repetition levels based on the coverage status of the targeted group of UEs. 
Observations #5: To improve the spectral efficiency, eNB can adjust repetition levels of the (E)PDCCH that schedules the PDSCH carrying SIB and other common channels, if UE monitors multiple repetition levels. 
As discussed in section 3.1, monitoring multiple repetition levels can increase the blind detection number. However, with a well-designed valid set for allowed starting subframes and limited blind detection candidates at each checkpoint, the total blind detection number should be acceptable. For example, if UE only need to monitor AL 8 within USS and CSS at each checkpoint, , which is much smaller than 44 BD for normal UE at each subframe (i.e., a “checkpoint”). For example A and example B in figure 2, if UE monitors two repetition levels (e.g, repetition level 2 and 4), the total blind detection number within 8 subframes is  or . Compared with normal UE monitoring 44 blind detections in each subframe (without considering DCI format 4), it is acceptable for a UE in coverage enhancement mode. The details can be further studied.
Observations #6: The increases of blind detection numbers for UE to monitor multiple repetition levels of (E)PDCCH is small compared to  a single pre-defined repetition level, and the total blind decoding number is still much smaller than that for normal UEs.  
Proposal #5: UE monitors multiple repetition levels of (E)PDCCH. The number of repetition levels of (E)PDCCH can be further studied, along with the design of valid starting subframes. 
1. [bookmark: OLE_LINK50][bookmark: OLE_LINK51]Conclusion
[bookmark: OLE_LINK219][bookmark: OLE_LINK218][bookmark: _Ref251049932][bookmark: OLE_LINK8][bookmark: OLE_LINK9]In this paper, we analyzed the (E)PDCCH coverage improvement techniques such as the starting subframe and repetition level design. Some observations are made:
Observations #1: Limiting the starting subframe of (E)PDCCH repetition to a valid set can reduce the total blind detection number. The restriction for eNB or the latency introduced by limiting the valid starting subframes is acceptable.
Observation #2: In order to achieve the same coverage enhancement level, smaller AL in each subframe results in more repetitions in time domain and thus longer reception time for UE compared with large AL and accordingly,  larger UE power consumption and longer latency.
Observation #3: Repeating (E)PDCCH in the same frequency resources over multiple subframes allows UE to implement coherent combination and it has less specification impact. Other search space designs will not reduce blocking rate or provide much performance improvement but need additional specification efforts. 
Observations #4: Limiting the number of repetition levels that a UE monitors can reduce the blind detection number and complexity. But allowing multiple levels makes it possible for an eNB to adjust the repetition levels to save resource, shorten the latency, and reduce UE power consumption.  In addition, it allows eNB to try different repetition levels until finding a proper value.
Observations #5: To improve the spectral efficiency, eNB can adjust repetition levels of the (E)PDCCH that schedules the PDSCH carrying SIB and other common channels, if UE monitors multiple repetition levels. 
Observations #6: The increases of blind detection numbers for UE to monitor multiple repetition levels of (E)PDCCH is small compared to  a single pre-defined repetition level, and the total blind decoding number is still much smaller than that for normal UEs.  
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. Compact DCI can be further studied to reduce PDCCH repetition number. 
Proposal #2: Limit the starting subframes of (E)PDCCH  to a valid set of subframes. The details of starting subframe design can be further studied.
Proposal #3: A single aggregation level in frequency domain is supported for (E)PDCCH coverage enhancement and AL-8 is recommended for PDCCH and further study the case for EPDCCH.
Proposal # 4: Repeat (E)PDCCH in the same REs in multiples subframes. 
Proposal #5: UE monitors multiple repetition levels of (E)PDCCH. The number of repetition levels of (E)PDCCH can be further studied, along with the design of valid starting subframes. 
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