
3GPP TSG RAN WG1 NB-IoT Ad-Hoc Meeting                                       R1-160044
Budapest, Hungary, 18th - 20th January 2016
Source:               ZTE

Title:                    NB-PDCCH Design of NB-IoT 
Agenda item:      2.1.1.2
Document for:    Discussion and Decision

1 Introduction

In the revised WID “Revised WI: NarrowBand IOT (NB-IOT)” ([1]) approved in RAN #70 meeting, downlink numerology was down-selected to:

· OFDMA on the downlink

· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 
In RAN1#83 meeting, the following agreements and working assumption on downlink design were made [2]:
Agreement:
· NB-IoT supports a physical downlink control channel, NB-PDCCH.
Working Assumption:
· NB-IoT supports operation with more than one DL tx antenna port.
· For operation with 2 DL tx antenna ports, NB-IoT uses SFBC.
In this contribution, we discuss NB-PDCCH design including NB-REG definition, NB-CCE definition, and the search space of NB-PDCCH.
2 Transmission Scheme
Since only 15 kHz sub-carrier spacing is adopted for downlink of NB-IoT, NB-PDCCH should be designed based on LTE system at least for in-band operation. Considering common design for three operation modes, NB-PDCCH should be based on LTE system for three operation modes. In order to avoid interference with downlink control channel of LTE system, the structure of EPDCCH can be reused for NB-PDCCH as the starting point, for example, to occupy the rest of OFDM symbols excluding the first few of PDCCH. DMRS based solution results in more overhead, and localization and distribution transmission schemes of EPDCCH would complicate UE implementation. Considering that there may be no CSI feedback for NB-IoT, SFBC mode can provide enough good performance. Therefore, SFBC mode based on CRS is preferable for NB-PDCCH. 
Proposal 1: To confirm working assumption in RAN1 #83:

· NB-IoT supports operation with more than one DL Tx antenna port.
· For operation with 2 DL tx antenna ports, NB-IoT uses SFBC.
Proposal 2: SFBC based on CRS should be used for NB-PDCCH.
3 NB-REG definition
There are potentially two ways to define NB-REG, one is to follow the concept of EREG, and the other is REG based.

3.1 EREG type

EREG structure of EPDCCH is shown in Figure 1a. One ECCE has fixed number of EREGs with equal interval. For example, ECCE #0 is made up of EREG #0, #4, #8, #12. Note that in the context of NB-IoT, the reference signal, e.g., DMRS, can be replaced by CRS, as shown in Figure 1b. SFBC mode can be done in the following ways:
· Alt.1:  SFBC code in one EREG

· Alt.2:  SFBC code in adjacent EREGs in modified ECCE

For Alt.1, since each EREG has 9 REs, there would be an orphan RE, which leads to certain resource waste. Further, non-adjacent REs are not suitable for SFBC code. 
For Alt.2, SFBC code could use adjacent RE pair in adjacent EREGs with modified ECCE mapping. At least two adjacent EREGs would be selected for mapping one ECCE. For example, ECCE #0 is combined with EREG #0, #1, #2, #3 or EREG #0, #1, #8, #9. RE pair in EREGs of ECCE 0 are adjacent in frequency.
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                                      (1a)                                                                                       (1b)

Figure 1 EREG structure
Alt. 2 seems to be a better choice if EREG is used as NB-REG because RE pair used for SFBC code is adjacent in frequency. There are 16 EREGs in one subframe and 4 ECCEs would be generated with 4 EREGs in one of them. When support different CP types and different subframe types, different NB-CCEs may have different number of NB-REGs. And 2 ECCEs would fully occupy one subframe similar to EPDCCH if available REs are not enough. 
Considering that EREG type is designed for MIMO transmission which is not suitable for SFBC, REG based approach should be considered for NB-PDCCH.
3.2 REG type
NB-REG structure of NB-PDCCH based on REG type is shown in Figure 2a. A NB-REG contains 4 REs which are adjacent in frequency. Assuming 4 CRS ports and normal CP, one PRB would contain 36 NB-REGs. Table 1 shows the number of NB-REGs for different CP types and CRS ports, in stand-alone or guard-band mode. 
Alternatively, NB-REG with 2 REs can also be considered, as shown in Figure 2b if two antenna ports are supported. Table 2 shows the number of NB-REGs made up with 2 REs for different CP types and CRS ports.
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Figure 2 NB-REG structure
Table 1 Number of NB-REGs, 1 NB-REG contains 4 REs, stand-alone or guard-band operations
	4-RE NB-REG
	4 CRS ports 
	2 CRS ports

	Normal CP
	36
	38

	Extend CP
	30
	32


Table 2 Number of NB-REGs, 1 NB-REG contains 2 REs, stand-alone or guard-band operations
	2-RE NB-REG
	4 CRS ports
	2 CRS ports

	Normal CP
	72
	76

	Extend CP
	60
	64


For in-band operation, Table 3 and Table 4 show the number of NB-REGs if first 3 OFDM symbols are occupied by legacy PDCCH.

Table 3 Number of NB-REGs, 1 NB-REG contains 4 REs, in-band operation
	4-RE NB-REG
	4 CRS ports 
	2 CRS ports

	Normal CP
	29
	30

	Extend CP
	23
	24


Table 4 Number of NB-REGs, 1 NB-REG contains 2 REs, in-band operation
	2-RE NB-REG
	4 CRS ports
	2 CRS ports

	Normal CP
	58
	60

	Extend CP
	46
	48


Considering that legacy PDCCH would not seriously impact one NB-CCE, NB-REGs with equal interval can be selected for one NB-CCE. For example, NB-CCE index 0 are composed of NB-REG {0 4 8 12 16 20 24 28 32} as referred to Figured 2a in which each of the 4 NB-CCEs contains 9 NB-REGs. If the total number of NB-REGs within one PRB is not integer multiple of 4, NB-CCEs in a PRB may include different number of NB-REGs. For each NB-CCE, NB-REGs are selected with equal interval starting from the available lowest NB-REG index. For different CP types, a NB-CCE may have different number of NB-REGs. Two NB-CCEs would fully occupy one subframe similar to EPDCCH if available REs are not enough.  For in-band operation, REs may not be enough when the first few OFDM symbols are occupied by legacy PDCCH , as shown in Table 3 and Table 4.
If maximum 2 DL TX antenna ports are supported, NB-REG composed of 2 REs may be considered due to its finer granularity. In this case, more OFDM symbols would be used for one NB-CCE than that NB-REG composed of 4 REs. 
For in-band operation, LTE CRS can be used for NB-PDCCH demodulation. For standalone and guard band operation modes, NB-RS can be designed based on CRS. Common NB-REG definition should be considered for the three operation modes.
For common design consideration, the number of NB-REGs is fixed in one subframe for certain CP type for three operation modes. All resource elements are available except REs of 4 CRS ports. For example, if normal CP used, 72 NB-REGs is defined with NB-REG composed of 2 REs. For in-band operation, some NB-REGs are punctured and 58 NB-REGs are available. If extended CP used, 60 NB-REGs is defined with NB-REG composed of 2 REs. For in-band operation, some NB-REGs are punctured and 46 NB-REGs are available. Fixed number of NB-REGs in one subframe can be defined for three operation modes and some NB-REGs can be punctured for in-band operation during NB-CCE mapping. 
Proposal 3: To support SFBC transmission, NB-REG structure of NB-PDCCH based on REG type is preferable. NB-REGs with equal interval can be selected for one NB-CCE.
· NB-REG composed of 2 REs is slightly preferable.
· Fixed number of NB-REGs in one subframe can be defined for three operation modes and some NB-REGs can be punctured for in-band operation during NB-CCE mapping.
· 4 or 2 NB-CCEs can be defined in one subframe. 
4 NB-CCE mapping
Similar to EPDCCH, NB-CCE mapping may have 2 alternatives below.

Alt. 1: localized mapping
Alt. 2: distributed mapping
For Alt.1, it refers to the case that all NB-REGs of an NB-CCE would come from the same subframe as shown in Figure 3 for an example. 
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Figure 3 Localized mapping
For Alt.2, it refers to the case that NB-REGs of an NB-CCE would be distributed over multiple subframes as shown in Figure 4 for an example.
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Figure 4 Distributed mapping
We prefer Alt. 1 due to unclear diversity gain of Alt. 2. In addition, Alt.1 is more suitable for TDM multiplex with PDSCH. 
Proposal 4: Localized mapping should be used for NB-CCE mapping.
5 Impact of repetition in coverage enhancement
To achieve 20 dB coverage enhancement target, about 50 times of repetition are expected for downlink control channel while about 200 times repetition would be needed for PDSCH. If resources are continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage, two main problems would occur.

· Downlink control and traffic of other UEs may be blocked
· UL grant may be blocked
For NB-IoT, there is only one PRB bandwidth. If resources are continuously occupied by NB-PDCCH and PDSCH for a UE in enhanced coverage, it would have more serious effect than eMTC. As shown in Figure 5, traffic of other UEs may be blocked in downlink while resources would be wasted in uplink if UL grant is blocked. 
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Figure 5 Example of continuous mapping of NB-PDCCH and PDSCH in enhanced coverage
To resolve such blocking problem, mapping NB-PDCCH and PDSCH to discontinuous subframes would be helpful. An example of discontinuous mapping based on scheduling window is shown in Figure 6. Scheduling window concept is described in [3]. It is just like an analogy of the LTE system bandwidth to a time domain scheduling window as shown in Figure 7. Length of scheduling window could be integer multiples of frames, such as 60ms. Location of NB-PDCCHs is always in the front part of the scheduling window and followed by scheduled NB-PDSCHs. In order to reduce UL grant blocking problem, search spaces independently defined for UL grant and DL grant could be considered. 
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Figure 6 Example of discontinuous mapping of NB-PDCCH and PDSCH in enhanced coverage
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Figure 7 Scheduling window
Observation 1: Downlink traffic of other UEs may be blocked if downlink resources continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage.
Observation 2: UL grant may be blocked and UL resources would be wasted if downlink resource continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage.

Proposal 5: NB-PDCCH repetition should be distributed over multiple scheduling windows. 
Proposal 6: Search space independently defined for UL grant and DL grant could be considered. 
6 Search Space
6.1 USS

Similar to USS of Rel-13 eMTC, most design of search space could be reused. 

· Starting subframe

In order to reduce complexity of blind detection, starting subframe could be configured by eNB.

· Aggregation level

Multiple aggregation levels are supported in the subframe set for normal coverage while only maximum aggregation level is supported in the subframe set for the extreme coverage. Since available resources are different for in-band operation and other two operation modes, aggregation levels could be different for different operation modes.
· Subframe set

Similar to PRB set in eMTC, subframe set could be configured for NB-IoT by eNB in order to support multiple aggregation levels and candidates. Same signals in eMTC can be used with different meanings. Starting subframe is the first subframe in the subframe set.
· Number of repetitions
For normal coverage, number of repetition is 1. For extended and extreme coverage, maximum number of repetitions could be configured by eNB and other number of repetitions could be obtained implicitly. Especially for NB-IoT, when scheduling window is used, additional signaling may be needed to configure the number of repetitions within a scheduling window and among scheduling windows. If repetition within a scheduling window is not used, the number of repetitions only indicates the repetitions among scheduling windows, which is similar to eMTC configuration. When the repetition within a scheduling window and the repetition among scheduling windows are used together, the total number of repetitions is the number of repetitions within a scheduling window multiplied by the number of repetition among scheduling windows.
Different from eMTC USS, narrowband configuration for NB-IoT USS is no longer needed. And most design in Rel-13 eMTC could be reused for NB-IoT.  Similar to eMTC, the maximum number of blind detection should not be larger than that for LTE in single subframe.
A search space example for discontinuous transmission based on scheduling window is shown in Figure 8, in which a subframe set is composed of 4 subframes, and the subframe set is repeated twice within a scheduling window and four times among scheduling windows. Length of a scheduling window is configured by eNB and can be equal to the number of PRBs within the LTE system bandwidth. A UE monitors its search space only from the starting subframe. An NB-IoT UE should blindly detect the possible aggregation levels {16, 8, 4}. The numbers of repetitions within and among scheduling window are both configured to be 2, so the total number of repetitions is 4. Similar to eMTC, the NB-IoT UE will blindly detect different R (R3 = Rmax, R2 = Rmax/2, R1 = Rmax/4). Candidate sets {Number of aggregation, Number of the repetitions, Number of BD trials} are summarized in Table 5.
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Figure 8 Example of discrete mapping Search Space for NB-PDCCH in enhanced coverage
Table 5 Candidates for blind detection
	Number of subframes for NB-PDCCH
	Candidates

	4 subframe set
	[{4,1,1}{8,1,1}{16,1,1}
{4,2,1}{8,2,1}{16,2,1}
{4,4,1}{8,4,1}{16,4,1}]


Proposal 7: For search space determination of NB-IoT, starting subframe, aggregation levels for Rel-13 eMTC could be reused , while the number of repetition and subframe set need to be slightly re-defined.
6.2 CSS

Similar to Rel-13 eMTC, CSS should be defined according to different message types. 

For paging, RAN2 has agreed to support paging message for NB-IOT. So NB-PDCCH CSS is necessary at least for paging message. Starting subframe could be determined by paging opportunity (PO). Maximum aggregation level which fully occupies the subframe set could be always used and subframe set can always be the maximum value such as 8. Different Cell ID and UE ID would use the only one PRB bandwidth. Number of repetitions is similar to USS, except that it is configured by cell-specific signal. 
For RAR, scheduling based CSS can be taken as the starting point. The starting subframe and the subframe set could be configured by eNB. Aggregation levels are determined by PRACH CE level. The number of repetitions is similar to USS, except that it is configured by cell-specific and PRACH CE level specific signal.  
Similar to USS, scheduling window is also used for CSS to reduce the potential blocking. The number of blind detections can be defined the similar way as in eMTC and can take the value of 4. 
If different CSS(s) are configured independently, different CSS(s) may be overlapped in time domain. 
CSS and USS would be configured independently. Since CSS and USS may be overlapped in time domain, the maximum number of blind detections should consider both of the two search space types at the same time.
Proposal 8: NB-PDCCH CSS is necessary and CSS should be defined according to different message types.
· For CSS of paging, starting subframe is determined by PO, maximum subframe set and aggregation level are always used, only the number of repetitions needs to be configured by cell-specific signal.

· For CSS of RAR, starting subframe, subframe set and number of repetition need be configured by cell-specific and PRACH CE level specific signal.
7 DCI format
DCI format for Rel-13 eMTC can be reused as the starting point. For DL grant, the resource allocation fields should be optimized for NB-IoT. For example, resource allocation unit is one PRB and DL scheduling is based on subframes in time domain. 
For UL grant, it needs further study whether different DCI formats are required for single-tone and multi-tone. This depends on whether resource allocation fields for single tone and multi-tone can be shared.

For DCI format, the following issues also need to be considered:

· Whether the same or different size is used for DL grant and UL grant?

· Whether or not different DCI formats are used for different coverage levels?
For the first issue, similar to eMTC, the same DCI size could be used for DL grant and UL grant. However, if search spaces are independently configured for UL grant and DL grant, different sizes can be used for DL grant and UL grant.
For the second issue, similar to eMTC, different DCI formats can be defined for NB-IoT with different coverage levels. One DCI format is for normal coverage, another DCI format is for extended and extreme coverage. 
Proposal 9: For DCI formats of NB-IOT, DCI format for Rel-13 eMTC can be reused as the starting point with the following to be considered.
· Resource allocation optimization is needed.
· Same size is used for UL grant and DL grant when search space is not independently defined for UL grant and DL grant.
· Different DCI formats can be defined for NB-IoT with different coverage levels.
8 Conclusions

In this contribution, considerations on NB-PDCCH have been discussed. We make the following observation and proposals:
Observation 1: Downlink traffic of other UEs may be blocked if downlink resources continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage.

Observation 2: UL grant may be blocked and UL resources would be wasted if downlink resource continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage.
Proposal 1: To confirm the working assumption in RAN1 #83:

· NB-IoT supports operation with more than one DL Tx antenna port.
· For operation with 2 DL tx antenna ports, NB-IoT uses SFBC.
Proposal 2: SFBC based on CRS should be used for NB-PDCCH.

Proposal 3: To support SFBC transmission, NB-REG structure of NB-PDCCH based on REG type is preferable. NB-REGs with equal interval can be selected for one NB-CCE.
· NB-REG composed of 2 REs is slightly preferable.

· Fixed number of NB-REGs in one subframe can be defined for three operation modes and some NB-REGs can be punctured for in-band operation during NB-CCE mapping.
· 4 or 2 NB-CCEs can be defined in one subframe.
Proposal 4: Localized mapping should be used for NB-CCE mapping.
Proposal 5: NB-PDCCH repetition should be distributed over multiple scheduling windows. 

Proposal 6: Search space independently defined for UL grant and DL grant could be considered.
Proposal 7: For search space determination of NB-IoT, starting subframe, aggregation levels for Rel-13 eMTC could be reused, while the  number of repetition and subframe set need to be slightly re-defined.
Proposal 8: NB-PDCCH CSS is necessary and CSS should be defined according to different message types.

· For CSS of paging, starting subframe is determined by PO, maximum subframe set and aggregation level are always used, only number of repetitions needs to be configured by cell-specific signal.

· For CSS of RAR, starting subframe, subframe set and number of repetition need be configured by cell-specific and PRACH CE level specific signal.
Proposal 9: For DCI formats of NB-IOT, DCI format for Rel-13 eMTC can be reused as the starting point with the following to be considered.
· Resource allocation optimization is needed.
· Same size is used for UL grant and DL grant when search space is not independently defined for UL grant and DL grant.

· Different DCI formats can be defined for NB-IoT with different coverage levels.
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