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1 Introduction

In RAN#65, a WI on a new UE for MTC operation [1] has been approved. According to the WID, three aspects for a new MTC UE are specified, a new low complexity UE category/type, coverage enhancement for a new UE category/type and other delay-tolerant MTC UEs, and power consumption reduction for the UE category/type.

In RAN1#80bis, regarding physical downlink control channel for a new low-complexity MTC UE, some agreements and working assumptions were made as follows [2],

	Agreement:
· In a subframe, a maximum aggregation level equivalent of L=24 ECCE is introduced for LC/CE Ues
  
Agreements:
· Confirm the working assumptions:
· Rel-11 EPDCCH is a starting point for design of a physical downlink control channel for MTC at least for MTC UEs in coverage enhancement
· For Rel-13 low complexity UEs in enhanced coverage, the demodulation of the physical downlink control channel for MTC is based on at least DMRS
· Rel-11 EPDCCH is a starting point for design of the physical downlink control channel for MTC UEs in normal coverage
· The demodulation of the physical downlink control channel for MTC is based on at least DMRS for MTC UEs in normal coverage
· For the physical downlink control channel repetition for Rel-13 low-complexity MTC UEs in enhanced coverage, the following techniques are supported
· In order to allow cross-subframe channel estimation, location of a PRB-set for physical downlink control channel for MTC is the same during at least X subframes
· X value and indication are FFS
· This does not preclude dis-continuous transmission for the physical downlink control channel for MTC
· Working assumption: Same precoding matrix is assumed per antenna port and at least one PRB for at least X subframes
· Frequency hopping is supported over the system BW
· If/when frequency hopping is applied, frequency location is switched according to a pattern every Y consecutive subframes, where Y is equal to or larger than X, assuming re-tuning time is included in Y
· Configurability of X, Y, and frequency hopping is FFS
Note: RAN1 currently uses following terminology for DL physical control channel for Rel-13 MTC UEs with the same meaning, and RAN1 asks spec editors to take care it later
· physical downlink control channel for MTC
· M-PDCCH
 
Agreements:
· Multiple ECCE aggregation levels and multiple numbers of repetitions are defined in specification for ‘Physical downlink control channel for MTC’
· A set of possible combinations of {ECCE aggregation level, number of repetition} is defined in the spec
· FFS: what combinations of ECCE aggregation levels and numbers of repetitions to support
· The following earlier RAN1 agreements are not affected by the above FFS.
· For Rel-13 low complexity UEs in enhanced coverage and at least unicast channel at least for system BW>1.4MHz
· For enhanced coverage UEs, one ‘Physical downlink control channel for MTC’ containing one DCI is allowed to be mapped to fully occupy available REs in 6 PRB pairs
· In a subframe, a maximum aggregation level equivalent of L=24 ECCE is introduced for LC/CE UEs
· FFS: how to define starting ECCE indices
· A subset of the above set of combinations can be semi-statically configured for constructing a UE-specific search space for ‘Physical downlink control channel for MTC’ by higher-layer signaling
· If configured by higher-layer signaling, it is FFS whether signaling is implicit or explicit.
· Parameters defining an ‘Physical downlink control channel for MTC’ blind decoding candidate in a UE-specific search space (USS) include at least an ECCE aggregation level and a number of repetitions
· FFS: Other signaling mechanisms and parameters in addition to above set of combinations for constructing UE specific search space


In this contribution, we provide more detailed design of M-PDCCH search space for Rel-13 low-complexity UEs with respect to above aspects and agreements.
2 Subframes for M-PDCCH search space

2.1 Starting subframe location
For UE complexity reduction and power saving, it would be desirable to reduce unnecessary M-PDCCH monitoring. For example, in case of coverage enhancement, a UE does not need to monitor M-PDCCH during PDSCH reception, since PDSCH would be transmitted using resources as much as possible to reduce repetition number. As a similar case, monitoring M-PDCCH during PDSCH transmission occurred in the same narrowband for other UEs would also waste UE power. So, it would be worth to consider restricting M-PDCCH monitoring subframes as shown in Figure 1. Also, TDM of search space among UEs can be considered for resource utilization and load balance.
Regarding these aspects, period and offset of starting subframes for M-PDCCH monitoring can be configured UE-specifically. Then, a UE would start M-PDCCH monitoring according to this configuration.
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Figure 1. Starting subframes for M-PDCCH monitoring

Proposal 1: For coverage enhancement MTC UEs, M-PDCCH monitoring subframes can be restricted to subset of subframes, and Period and Offset of starting subframe of M-PDCCH monitoring can be configured UE-specifically. 
2.2 Valid subframe
For M-PDCCH transmission for MTC UEs, it needs to be discussed which subframe can be used for M-PDCCH transmission. In our opinion, at least following subframes can be treated as invalid subframes, so these subframes would be not assumed to be used for M-PDCCH transmission.
· MBSFN subframes: MBSFN subframes for PMCH transmission are not able to transmit M-PDCCH. However, a part of MBSFN subframes not carrying PMCH can be used to transmit M-PDCCH bundle for MTC UEs. When those fake-MBSFN subframes are used for MTC UEs, whether the MTC UE needs to differentiate those from regular subframe needs further consideration. If fake-MBSFN subframe also carries the same CRS as to the normal subframe, from a MTC UE perspective, there is no need to differentiate those fake-MBSFN subframes from normal subframe. In such a case, one configuration to indicate a set of subframes not available for a MTC UE downlink transmission may be sufficient. If fake-MBSFN is carrying different CRS pattern from normal subframe, MBSFN subframe configuration needs to be indicated to a UE as well.
· Special subframes: In TDD, special subframe with some configurations such as configuration 0 and 5 are invalid for M-PDCCH transmission.
· Gap subframes: If switching time between two narrowbands is about 1msec, a gap subframe which is used for narrowband hopping which is known to the network is not used for M-PDCCH transmission.

· Measurement gap: UE does not expect M-PDCCH transmission in subframes of a measurement gap used for RRM and/or CSI.
These invalid subframes can be occurred during M-PDCCH repetition. Regarding on handling of invalid subframes during repetition, we can discuss two options. First option is that invalid subframes are skipped and not counted for M-PDCCH repetition. Then, when M-PDCCH repetition number is R, these R subframes consist of valid subframes only. Another option is counting invalid subframes for M-PDCCH repetition but not transmitting M-PDCCH in these invalid subframes. In this option, actual transmission of an M-PDCCH with repetition number R may take place in fewer subframes if there are some invalid subframes during the repetition. In order to avoid combining signals received in the invalid subframes, the UE needs to know where the actual M-PDCCH transmission occurs in either case. More specifically, depending on scenarios/design, there are many gap subframes which the network may not know whether the UE would perform retuning function. For example, if a UE is allowed to autonomously retune to center 6PRB to acquire PSS/SSS, autonomous frequency retuning gap may be necessary. Another example is that a UE may retune to different narrowband to read RAR which is expected by PRACH for SR transmission, the UE may also need retuning and RAR reception gap. In those cases would not be assumed as invalid subframes though a UE may not be able to monitor/aggregate M-PDCCH repetition over those. 
Proposal 2: Valid subframes composing M-PDCCH search space should be defined. 
3 M-PDCCH search space details

In the last meeting, it was agreed that a set of possible combinations of {ECCE aggregation level, number of repetition} is defined in the spec, and a subset of these set can be semi-statically configured for M-PDCCH USS [2].

In current specification, search space of EPDCCH is defined per aggregation level L for an EPDCCH-PRB-set. Thus, similar to EPDCCH, search space of M-PDCCH can be defined per combination of {L, R} where L is aggregation level and R is repetition level (i.e., the number of repetition). If multiple sets of M-PDCCH search space can be configured, search space can be defined per combination of {L, R} in an M-PDCCH set.
Then, in this section, we would like to discuss about composition of UE monitoring aggregation levels and repetition levels and detailed design of search space for a combination of {L, R}
3.1 Aggregation levels and Repetition levels of M-PDCCH candidates
To decide the composition of aggregation levels (AL) and repetition levels (RL), we need to discuss about whether M-PDCCH multiplexing is necessary or not.

· Multiple DCIs transmission for a UE: For FD-FDD case, a UE can transmit PUSCH bundle while receiving PDSCH bundle using different uplink/downlink frequency region. Regarding TDD case, transmitting PUSCH bundle while receiving PDSCH bundle is possible using separated uplink/downlink subframe location. To make a UE transmits PUSCH bundle while receiving PDSCH bundle, a UE needs to receive both downlink grant and uplink grant while M-PDCCH monitoring. Transmitting more than one DCI to a UE is also natural considering a UE can receive both downlink grant and uplink grant in USS in current specification.

· DCI multiplexing for multiple UEs: Especially for PUSCH transmission, PUSCH multiplexing in a subframe would be desirable considering a PUSCH bundle would be transmitted by no more than 1 PRB for PSD boosting. Then, multiplexing multiple DCIs for uplink scheduling should be considered. A possible mechanism of configuring multiple sub-bands for concurrent uplink grant scheduling can be considered, however, this may restrict the scheduling flexibility. 

Considering above aspects, the design should allow possible multiplexing of multiple DCIs in a narrowband in a subframe. For normal coverage UE scheduling, it is straightforward to assume that multiple DCIs can be multiplexed in the configured M-PDCCH monitoring PRBs.

Proposal 3: It is assumed that multiple DCIs can be multiplexed in the configured M-PDCCH PRBs. 

As discussed in Rel-12, the total aggregated resource (TAR) for one DCI can vary depending on the coverage enhancement (CE) level and link adaptation of a UE. Though it may depend on the accuracy of measurement, UE mobility, and others, it is generally considered that the gap between two CE levels is relatively large (e.g., 5 dB), i.e., finer granularity of semi-static CE level configuration can be challenging. Thus, generally, we think that some link adaptation to adjust the amount of TAR would be necessary. Furthermore, this flexibility for transmission M-PDCCH and DCI multiplexing could be necessary considering various applications of MTC UEs. So, we can consider maintaining multiple aggregation levels for MTC UEs. In addition to multiple aggregation levels, monitoring M-PDCCH candidates with various repetition levels also can be considered. Then, in terms of adjusting TAR, we can consider overall two approaches – (1) fixing the repetition number in subframes (RL), and change the used resource in one subframe (AL) and (2) change the used resource in one subframe (AL) and the repetition number (RL) together. 

· Option 1: Multiple ALs and single RL
In this option, within an M-PDCCH transmission period, a UE monitors search space for a subset of {L, R} where values of each value R in the subset are same. Then, repetition number of all M-EPDCCH candidates would depend on the coverage enhancement level of a UE. An example of this option is shown in Figure 2 (a).
Regarding on DCI multiplexing, multiple DCI for a UE or different UEs can be transmitted using different M-PDCCH candidates which are composed with different resources. 

Using this approach, a UE could perform decoding in one subframe for all decoding candidates, and lower specification impact is expected since large portion of current definition of search space can be reused, e.g., by simply extending one of the existing EPDCCH search space configuration over multiple subframes.
· Option 2: Multiple ALs and multiple RLs
In Option 2, UE monitors decoding candidates for multiple ALs and multiple RLs. Depending on coverage level of a UE and PRB-set size of M-PDCCH, the values of multiple ALs and multiple RLs in a subset of {L, R} would be changed. For example, the subset of {L, R} can consist of {AL1, RL1}, {AL1, RL2,}, {AL2, RL1}, and {AL2, RL2} when a MTC UE is in CE level 1. If the CE level is changed to level 2, the subset of {L, R} can be changed to {AL 2, RL2}, {AL2, RL3}, {AL3, RL2}, and {AL3, RL3}. 

Two examples for this option are shown in Figure 2 (b) and (c). Compared to Figure 2(c), in the example in Figure 2 (b), starting subframe locations for all candidates are aligned to the starting subframe location for M-PDCCH monitoring. So, there can exist unusable resource for M-PDCCH scheduling when M-PDCCH is transmitted using a candidate with low repetition number. 
In terms of power saving perspective, it could be possible to have short sleeping when M-PDCCH decoding is succeeded quickly if PDSCH/PUSCH is not transmitted immediately after M-PDCCH transmission. If PDSCH/PUSCH is assumed to be transmitted immediately after M-PDCCH transmission, there can be power saving effect by reducing IDLE time to complete reception of one unicast control/data transmission. To make it possible, a UE should know the decoding candidate index for M-PDCCH transmission, since the starting subframe of PDSCH depends on the last subframe of the decoding candidate. This power saving can be enjoyed only in limited circumstances and with some assumptions. For example, if a UE needs to monitor more than one candidate, it would be hard to obtain the power saving effect, since a UE should monitor another decoding candidate even if it succeeded decoding of one candidate. If a UE monitors both DCI for downlink schedule and uplink grant at the same time, a UE cannot stop receiving repetition until it finishes successful decoding on both.
If there can be multiple decoding occasions for each repetition number and I/Q combining is used for M-PDCCH reception, Option 2 would requires additional I/Q buffer to store data for different RLs separately.
[image: image2.png]——> time f—— time. f—> time

]

|

1

7]
Multiple EPDCCH candidates with ‘AL Multiple ALs with RL1 Multiple EPDCCH candidates with ‘RL1"
Multiple EPDCCH candidates with ‘AL’ Multiple ALs with RL2 Multiple EPDCCH candidates with ‘RL2'
Single or Multiple EPDCCH candidate(s) with ‘AL3" Multiple ALs with RL3. Multiple EPDCCH candidate(s) with 'RL3"




(a)                                                      (b)                                                       (c)
Figure 2. Examples of decoding candidates for a subset of {L, R}
In either approaches, we considered that multiple ALs should be supported to allow possible multiplexing of multiple DCIs. As we do not see a major benefit of Option 2 compared to Option 1 from the power consumption perspective in spite of additional specification work, we prefer Option 1 where multiplexing among multiple UEs and link adaptation is accomplished via adapting aggregation levels. If Option 2 is considered, to minimize unusable resource for M-PDCCH scheduling as shown Figure 2 (b), multiple decoding occasions as shown in Figure 2 (c) (i.e. Option 2 with Option B in below subsection) needs to be considered as well. If blocking can be an issue with Option 1, consider Option 2 with multiple decoding occasions as shown in Figure 2 (c).
Proposal 4: Multiplexing and link adaptation of M-PDCCH based on multiple aggregation levels is supported.
3.2 Subframe indices for an M-PDCCH candidate
Subframe indices corresponding to an M-PDCCH candidate for a combination of {L, R} would be depend on the composition of starting subframe locations of decoding candidates of {L, R}. For discussion, two options are listed as follows.
· Option A: Single starting subframe location
Subframes composing a decoding candidate can be the same for all decoding candidates for a combination of {L, R}. In this option, as shown in Figure 3 (a), one or multiple candidates consist of same subframes. Then, the subframes corresponding to M-PDCCH candidate(s) for {L, R} would be consecutive R subframes from the starting subframe for M-PDCCH monitoring.
· Option B: Multiple starting subframe location
On the other hand, the number of M-PDCCH candidates for {L, R} can be more than one, and subframes composing each candidate can be composed differently. As shown in Figure 3 (b) and (c), each candidate can consist of consecutive R subframes from a starting subframe of the decoding candidate, and this starting subframe can be different for each candidate. 
For this option, decoding candidates for a combination of {L, R} can be indexed in two ways. One way in Figure 3 (b) is indexing decoding candidates located in lower same subframes first. In this way, for example, to locate 2 candidates per starting subframe location even if more than 2 candidates can be located for a starting subframe, the number of decoding candidates per starting subframe should be configured to define subframes composing a decoding candidate. One example of subframe indices from the M-PDCCH monitoring starting subframe corresponds to a decoding candidate m can be [image: image4.png]R(|Im/Nc])+i



, where NC is the number of decoding candidates per starting subframe location, and i = 1, …, R.
Another indexing method is shown in Figure 3 (c). If the decoding candidate index is increased by 1, the starting subframe location also changed to next location. If the number of decoding candidates is larger than the number of starting subframe locations, the location of starting subframe can be shifted cyclically. One example of subframe indices from the M-PDCCH monitoring starting subframe corresponds to a decoding candidate m can be [image: image7.png]
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, where NS is the number of subframes composing the search space and i = 1, …, R.
When Option B is used, not to increase the blind decoding complexity, the number of candidates per a combination of {L, R} should be reduced. Also, as mentioned in Section 3.1, if Option 2 is considered, it would be desirable to apply Option B to minimize unusable resource for M-PDCCH scheduling.
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Figure 3. Examples of decoding candidates for {L, R}
Observation 1: When Option B is used, it is necessary to restrict the number of candidates per a combination of {L, R}.
Observation 2: If Option 2 is considered, Option B seems more appropriate to reduce resource waste. 

3.3 ECCE indices for an M-PDCCH candidate

When an M-PDCCH candidate consists of multiple subframes, ECCE indices in each subframe composing an M-PDCCH candidate should be defined. 

In subframes composing an M-PDCCH candidate, if current EPDCCH to ECCE mapping function is used without any modification, ECCE indices corresponding to an M-PDCCH decoding candidate can be changed for each subframe. If aggregation level is not large, this option can obtain diversity gain within a narrowband. However, M-PDCCH resource collision issue between two decoding candidates of different UEs can be happened. Also, since RE location of a decoding candidate changes every subframes, it would be hard to perform I/Q symbol combining and multiple subframe channel estimation especially for localized transmission.
To address these problems, ECCE indices for an M-PDCCH candidate can be maintained during multiple subframes or all subframes composing the candidate. 
4 Conclusion 

In this contribution, we discussed detailed design of M-PDCCH search space for enhanced coverage UEs. Based on the discussion, we have some proposals and observations as follows,
Proposal 1: For coverage enhancement MTC UEs, M-PDCCH monitoring subframes can be restricted to subset of subframes, and Period and Offset of starting subframe of M-PDCCH monitoring can be configured UE-specifically. 
Proposal 2: Valid subframes composing M-PDCCH search space should be defined. 
Proposal 3: It is assumed that multiple DCIs can be multiplexed in the configured M-PDCCH PRBs. 

Proposal 4: Multiplexing and link adaptation of M-PDCCH based on multiple aggregation levels is supported.
Observation 1: When Option B is used, it is necessary to restrict the number of candidates per a combination of {L, R}.

Observation 2: If Option 2 is considered, Option B seems more appropriate to reduce resource waste. 
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