3GPP TSG-RAN WG1 #76
      R1-140240
Prague, Czech Republic, 10th – 14th February 2014
Source:     MediaTek Inc.

Title: Analysis on (E)PDCCH search space design in coverage enhancement mode
Agenda Item:    7.2.2.2.3
Document for:   Discussion and Decision

1. Introduction
In RAN 1# 75 meeting, some agreements on (E)PDCCH for UE-specific search space in enhanced coverage mode:
Agreement
· For UEs in enhanced coverage mode for MTC
· For UE-specific search space, 
· (E)PDCCH to schedule PDSCH is supported.
· Repetition of (E)PDCCH with multiple levels is supported. 
· From the UE perspective, the possible starting sub-frames of (E)PDCCH repetitions are limited to a subset of sub-frames. 
The following aspect is for email discussion until RAN1 #76 meeting
· Whether to use the same PDCCH candidate m (including same aggregation level) in each repetition, with similar principle for (E)PDCCH
In this paper, we first analyze whether UE needs to monitor several levels (aggregation level or repetition level), and then discuss the search space design to reduce UE blind detection number. 
2. Discussion on (E)PDCCH search space design
2.1.  PDCCH candidate in each repetition
Repetition of (E)PDCCH with multiple levels is supported for UE-specific search space in enhanced coverage mode. The (E)PDCCH candidate in each subframe shall be known by UE. Otherwise, as discussed in [1], the blind decoding duration, complexity and power consumption significantly will significantly increase if UE has to attempt for every combination possibilities. The combination possibilities need to be reduced.
Using the same (E)PDCCH candidate m (including same aggregation level) in each subframe was proposed in [2] as one potential solution. Another solution is to pre-define a (E)PDCCH candidate pattern, e.g.,  mi th PDCCH candidate will be used in ith repetition. Obviously, using the same (E)PDCCH candidate m needs less specification effort. Moreover, since the pattern of mi th PDCCH candidate in ith repetition is pre-defined, once eNB select m0 in the first subframe, (E)PDCCH candidates mi in the following subframe(s) are also fixed. This means the same scheduling flexibility between the two options. Considering the specification effort and the minimal benefit from a pre-defined hopping pattern of (E)PDCCH candidate in each repetition, using the same (E)PDCCH candidate m (including same aggregation level) in each repetition is recommended.
Proposal #1: Use the same (E)PDCCH candidate m (including same aggregation level) at each repetition.
In the current LTE system, the starting location of the UE-specific search space is determined in every subframe using a hashing function. If using the same (E)PDCCH candidate m in the search space, different CCEs (REs) will be used to transmit the DCI message. In order to further reducing UE complexity (e.g., allowing coherent combination), the hashing function (the starting location of USS) can be fixed in each subframe during the repetitions of (E)PDCCH. With the assumption of same REs carrying same coded bit (for that UE) in each repetition, UE can coherently combine the same (E)PDCCH resources in different subframes, even though 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 time bursts. Minor specification impact is expected for this simple solution. In addition, if there is a normal UE blocked by the coverage enhancement (CE) mode UE in one subframe, the search space in the next subframe will be different between the normal UE and CE-mode UE. It will be helpful to reduce the blocking rate.
Proposal #2: Use the same hashing function to determine the starting location of USS at each repetition.
2.2. UE monitor multiple aggregated CCE numbers
In the current LTE system, UE monitors 4 aggregation levels {1, 2, 4, 8} for PDCCH and 4/5 aggregation levels for EPDCCH. eNB selects an aggregation level and transmits to UE based on the channel status of that UE. This flexibility will also be needed in coverage enhancement mode, even though the aggregated CCE numbers (i.e., CCE aggregation level plus repetition number) of (E)PDCCH for a stationary UE may not need to be dynamically adjusted. In such a low SNR region with inaccurate CSI feedback, it is hard for eNB to find a proper aggregation level plus repetition number. With UE being asked to blindly detect multiple levels, it allows eNB to try different aggregation level or repetition number before converge to a proper one. For example, eNB can adjust the aggregated CCE numbers based on some a-posteri statistics (e.g., by counting the number of success or failures). On the other hand, if UE only monitors one aggregated CCE number of (E)PDCCH, eNB may need to use a conservative (i.e., large) CCE number for the UE in coverage enhancement mode. Otherwise, RLFs can happen frequently. Either case will result in waste of radio resources and UE power. As a result, UE should monitor multiple aggregated CCE numbers of (E)PDCCH.
Proposal #3: UE shall monitor multiple aggregated CCE numbers of (E)PDCCH.
2.3. Search space design to support multiple aggregated CCE numbers
There are two ways for UE to monitor multiple aggregated CCE numbers:
· Alt 1: One repetition level (RL) and multiple aggregation levels (AL) in frequency domain
· Alt 2: Multiple repetition levels and one aggregation levels in frequency domain
Assuming UE monitoring two aggregated CCE numbers, e.g., [16, 32] CCEs, and the single AL in frequency domain is the largest aggregation level in one subframe. In Alt1 UE monitors AL-4/8 and RL-4, and in Alt 2 UE monitors AL-8 and RL-2/4. The latency of Alt 2 is expected to be smaller than Alt1 because if the largest AL is used in one subframe to transmit a (E)PDCCH, a smaller repetition level is needed in the time domain. The power consumption will also be smaller with a shorter reception time. 
Observation #1: Monitoring multiple repetition levels and maximal aggregation level in each subframe has smaller latency and lower UE power consumption.
Assume UE needs to monitor BDn for aggregation level n. The blind detection (BD) number is BD4 + BD8 after 4 repetitions for Alt 1 and BD8  for Alt 2 after 2 or 4 repetitions. Assuming BD4 = BD8, the total candidate (E)PDCCH number is the same (BD4 + BD8 = 2BD8 ) for Alt 1 and Alt 2. However, the blind decoding complexity of (E)PDCCH comes from the fact that the UE has to finish transport block decoding before HARQ feedback or UL transmission. For Alt 2, only BD8 is required at each repetition level “checkpoint”, but a total of BD4 + BD8 are needed to be finished for Alt 1 after accumulating a given number of repetitions. Therefore, Alt 2 has a lower complexity of (E)PDCCH blind detection because the required BD number is smaller at each repetition level “checkpoint”. 
Observation #2: Monitoring multiple repetition levels requires lower blind detection complexity than a single repetition level with multiple aggregation levels in frequency domain.
A good search space design shall have a lower blocking rate and provide a full utilization of resources. For simplicity, assume EPDCCH is used for UE in coverage enhancement mode and does not share the same PRBs with normal coverage UEs. If we follow the current specification to support multiple aggregation levels in each subframe for Alt1, some unused CCEs may exist (shown as Figure 1). It is hard to acheive a full utilization of all the CCEs. For Alt 2 using the same aggregation level in each subframe but monitoring multiple repetition levels in time domain can fully utilize all CCEs (assuming UE will monitor all the EPDCCH candidates in frequency domian). Therefore, under the same condition, Alt 2 can support more UEs than Alt 1 within a given number of subframes, that is, lower blocking rate is expected for Alt2. 
Observation #3: Monitoring multiple repetition levels in time but a single aggregation level in each subframe can improve the utilization of CCEs if normal and MTC UEs do not share the same resources.
If normal UE and CE-mode UE share the same EPDCCH PRB resources or if PDCCH is used to support CE-mode UEs, it is not easy to calculate the blocking rate. Historically, blocking rate only considers how many UEs are blocked in one subframe and the block rate of different subframes is assumed to be independent. However, the same (E)PDCCH candidates in continuous subframes may be occupied by one CE-mode UEs, the blocking rate may need to be modified as the blocking rate over a given time window, i.e., the chance that a UE cannot be supported within a given time window. With this new defination of  blocking rate, other than the CCE number occupied in one subframe, we also need to consider the subframes affected by a CE-mode UE. For example, double repetition levels are required by AL-4 than AL-8, which means more subframes are affected.  Moreover, as we discussed in the previous section, using the same starting location of USS can help to reduce the blocking rate becasue the starting location will change from subframe to subframe for normal UEs. As a result, even though the blocking rate will increase due to  CE-mode UEs, the blocking rate can be minimized with a well-defined search space.
Based on the above observations on latency, UE power consumption, blind detection complexity and a better utilization of resources, the following proposals are made:
Proposal #4: UE monitors multiple repetition levels of (E)PDCCH.
Proposal #5: A single aggregation level in frequency domain is enough that that is the maximum aggregation level in frequency domain. 
If UE monitor multiple repetition levels of (E)PDCCH, there may have a misunderstanding between UE and eNB on the repetition levels of (E)PDCCH. Because UE may able to decode the (E)PDCCH at a smaller repetition level than what the eNB transmitted with. This may cause UE to incorrectly determine the starting subframe of scheduled PDSCH or PUSCH. One simple way is to indicate the actual repetition level of (E)PDCCH in DCI to help UE determine the starting subframe of PDSCH and PUSCH. Alternatively, a different hopping or scrambling can be used for different repetition levels. However, it may increase UE buffer size. Further study is needed on the detail design of (E)PDCCH search space and how UE can unambiguously determine the starting subframe of PDSCH/PUSCH.
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Figure 1: CCE aggregation and PDCCH multiplexing. (Figure 10.32 in [4])

3. Conclusion
In this paper, we analyzed the search space design of (E)PDCCH in coverage enhancement mode. Some observations are made:
Observation #1: Monitoring multiple repetition levels and maximal aggregation level in each subframe has smaller latency and lower UE power consumption.
Observation #2: Monitoring multiple repetition levels requires lower blind detection complexity than a single repetition level with multiple aggregation levels in frequency domain.
Observation #3: Monitoring multiple repetition levels in time but a single aggregation level in each subframe can improve the utilization of CCEs if normal and MTC UEs do not share the same resources.
Based on the observations and analysis, we proposed:
Proposal #1: Use the same (E)PDCCH candidate m (including same aggregation level) at each repetition.
Proposal #2: Use the same hashing function to determine the starting location of USS at each repetition.
Proposal #3: UE shall monitor multiple aggregated CCE numbers of (E)PDCCH.
Proposal #4: UE monitors multiple repetition levels of (E)PDCCH.
Proposal #5: A single aggregation level in frequency domain is enough that that is the maximum aggregation level in frequency domain. 
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