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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#69 plenary meeting, a new WI named “NB-IOT” was approved based on the outcome of the SI on the cellular IOT [1]. According to the WID, NB-IOT should support 3 different “operation modes”: 
1.	‘Stand-alone operation’ utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	‘Guard band operation’ utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	‘In-band operation’ utilizing resource blocks within a normal LTE carrier
Furthermore according to [1], NB-IOT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals.
In this contribution, a downlink physical layer design proposal for NB-IOT is described. Two subcarrier spacing options are considered: 15 kHz and 3.75 kHz.
General design principles
The proposed downlink design is based on orthogonal frequency division multiple access (OFDMA). The target is to achieve deep coverage, optimal spectrum efficiency, low UE complexity, long battery life, and reasonable latency performance for cellular IOT applications.
The structure of physical layer channels and signals is simplified based on LTE. For example, EPDCCH is supported but PDCCH is not supported. PCFICH is also precluded (the HARQ acknowledgement is sent by EPDCCH). The simplification of the physical layer channels aims to reduce the UE complexity.
Synchronization signal design is crucial to optimize UE complexity, battery life and latency performance. Both high accuracy and quick acquisition are equally important. The former must be satisfied even with a short cyclic prefix (CP), and the latter has significant impact on power consumption and latency.
The downlink transmit power and available resources are significantly different in different operation modes. For example, the transmit power is 43 dBm for standalone deployment, while only 35 dBm or even lower for in-band deployment. About 30% downlink resources are unavailable because of avoiding collisions with LTE PDCCH and CRS for in-band deployment, while 100% resources can be used for NB-IOT in standalone and guard band operation modes. Consequently, it is necessary to optimize the resource allocation for each operation mode, especially for the common control channels and signals such as PBCH and reference signals.
To achieve 20 dB coverage enhancement, a large number of repetitions may be required. According to the preliminary simulation results, a transmission with 100 bytes lasts for one or several seconds in the in-band deployment [2]. If only one PRB is allocated to NB-IOT, UE may need to wait a long time before the transmission ends, and this significantly increases the latency of the transmissions with good link quality. To provide flexible and quick scheduling, UE may be allocated only some of the twelve subcarriers. Then UEs with different coverage requirements can transmit simultaneously by frequency division multiplexing.
The concept description in the remainder of this contribution serves as a representative example. The performance can be further optimized in future meetings.
Physical layer numerology
15 kHz subcarrier spacing
Frequency domain parameters:
· Subcarrier bandwidth = 15 kHz
· Number of subcarriers = 12
· Baseband sampling rate = 1.92 MHz (15kHz * 128) 
· Guard space at each side of the 200 kHz system bandwidth for standalone deployment = 10 kHz
Time domain parameters:
· FFT length = 128 samples = 66.7 µsec 
· 1 subframe consists of 14 OFDM symbols
· 1 frame consists of 10 subframe
· Cyclic Prefix (CP) length:
· OFDM symbol 0/7: 10 samples (5.2 µsec)
· OFDM symbol 1~6/8~13: 9 samples (4.7 µsec)
3.75 kHz subcarrier spacing
Frequency domain parameters:
· Subcarrier bandwidth = 3.75 kHz
· Number of subcarriers = 48
· Baseband sampling rate = 480 kHz (3.75 kHz * 128) 
· Guard space at each side of the 200 kHz system bandwidth for standalone deployment = 10 kHz
Time domain parameters:
· FFT length = 128 samples = 266.7 µsec 
· 1 subframe consists of 14 OFDM symbols
· 1 frame consists of 10 subframe
· Cyclic Prefix (CP) length:
· OFDM symbol 0/7: 10 samples (20.8 µsec)
· OFDM symbol 1~6/8~13: 9 samples (18.8 µsec)
[bookmark: _Ref129681832]Stretching downlink numerology in time domain
The 15 kHz subcarrier spacing is used in in-band operation, and the 3.75 kHz subcarrier spacing can be considered in standalone operation. Whether 15 kHz or 3.75 kHz subcarrier spacing is used in guard-band operation is FFS.
The two subcarrier spacing options can co-exist very well in different operation modes. The time-domain frame structure is designed based on 15 kHz subcarrier spacing, and is stretched by a factor of 4 to derive the frame structure for 3.75 kHz subcarrier spacing (see Figure 1). Consequently, with 3.75 kHz subcarrier spacing,
· The sub-frame length is increased from 1 ms to 4 ms, and the frame length from 10 ms to 40 ms.
· The number of subcarriers within one 180 kHz resource block is increased from 12 to 48. As a result, more flexible DL scheduling is possible via FDM, e.g. more coverage classes can be defined and the number of simultaneous transmissions (one per coverage class) is increased.
· The CP length is increased from 4.7/5.2 us to 18.8/20.8 us. The long CP significantly improves the robustness against the inter-symbol interference (ISI) caused by tighter out-of-band emission and timing error requirements in standalone operation.
· The 48 usable subcarriers are numbered from the lowest to highest frequency as 0, 1, .. 47. Subcarrier 24 is the DC subcarrier and will not be used. The overhead of the DC subcarrier is 2.1% with 3.75 kHz subcarrier spacing. In comparison, the overhead is 8.3% with 15 kHz subcarrier spacing, if one subcarrier is also reserved as DC subcarrier.


[bookmark: _Ref434493488]Figure 1: Stretching downlink numerology in time domain and 
thereby reducing subcarrier spacing from 15 kHz to 3.75 kHz
Observation 1: 3.75 kHz subcarrier spacing has much lower DC overhead than 15 kHz subcarrier spacing.
Physical channels and signals
The following physical signals are provided to assist the downlink transmission.
· Narrowband primary and secondary synchronization signal (NB-PSS and NB-SSS) – cell detection, timing and frequency acquisition, physical cell ID indication, operation mode indication
· Narrowband reference signal (NB-RS) – channel estimation and measurement
The following downlink channels are supported 
· Narrowband physical broadcast channel (NB-PBCH) – broadcasting essential network and cell specific configuration information (MIB)
· Narrowband enhanced physical downlink control channel (NB-EPDCCH) – carrying control information (e.g., paging, RACH response, DL/UL assignment, ACK to PUSCH, power control). Note that this operation is evolved from the legacy EPDCCH.
· Narrowband physical downlink shared channel (NB-PDSCH) – carrying UE unicast data, some control information, and broadcast system information (SIBs)
Narrowband synchronization signal (NB-PSS and NB-SSS)
Synchronization signal comprises primary synchronization signal (NB-PSS) and secondary synchronization signal (NB-SSS). NB-PSS is used for cell detection, subframe- and symbol-level timing synchronization, and carrier- and sampling-frequency synchronization. NB-SSS is used for frame-level timing synchronization, physical cell ID indication, and other network configurations indication (e.g., operation mode).
To minimize the UE complexity, the synchronization signal design should be common for all three operation modes. Resource allocation for NB-PSS and NB-SSS is shown in Figure 2. The period of NB-PSS and NB-SSS is 20 ms and 40 ms, respectively. In each period, NB-PSS occupies the subframes 0 and 5 in the first frame, while NB-SSS occupies the subframe 0 and 5 in the last frame. Consequently, the overhead of NB-PSS and NB-SSS is 10% and 5%, respectively. 

 
[bookmark: _Ref433893088]Figure 2: Synchronization signal resource allocation
The last 11 OFDM symbols of the occupied subframe are used for transmitting the synchronization signal. The placement avoids collision with essential LTE signals (e.g., PDCCH, MBSFN) for the in-band deployment. Besides, the REs colliding with LTE CRS will be punctured in the in-band deployment.
Details of the narrowband synchronization signal design and cell search performance can be found in [3]. 
Narrowband reference signal (NB-RS)
NB-RS can be used for demodulation, channel measurements, and maintaining synchronization
Standalone and guard band operation
For standalone and guard band operation modes, all the REs can be used for NB-IOT. NB-RS reuses the pattern of LTE CRS for two transmit antennas, which is shown in Figure 3. Support of 4Tx won’t affect the current design and can be investigated later.


[bookmark: _Ref433893215]Figure 3: NB-RS for standalone and guard band operation
In-band operation
For in-band deployment, some REs in the NB-IoT PRB are not used to avoid the collision with LTE PDCCH and CRS. 
LTE CRS can be used by NB-IOT UEs in good coverage areas. However, for NB-IOT UEs in poor coverage areas, the LTE CRS power spectrum density is too low to achieve accurate channel estimation. The problem can be solved by introducing dedicated NB-IOT RS (NB-RS). It may be desirable for eNB to decide whether NB-RS is transmitted or not. However, some certain cases should be clearly specified, e.g., NB-RS used for NB-PBCH. Other cases are FFS. As shown in Figure 4, two cases are illustrated.
For the PRBs carrying the control or data messages for UEs with normal coverage, NB-IOT UE only uses the LTE CRS. No NB-RS is transmitted in those RBs.
For the PRBs carrying the control or data messages for UEs with poor coverage, NB-RS is transmitted. The relationship of the power spectrum density of NB-RS and other channels are FFS. Both NB-RS and LTE CRS can be used by NB-IOT UE for channel estimation. The example pattern of NB-RS is shown in Figure 4.


[bookmark: _Ref433893225]Figure 4: NB-RS for in-band operation
Proposal 1: Dedicated NB-IoT reference signal (NB-RS) is used for in-band operation.
Proposal 1.1: Dedicated NB-RS is always used for NB-PBCH.
Proposal 1.2: UE-specific NB-RS for NB-EPDCCH and NB-PDSCH is allocated by the eNB.
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Narrowband physical broadcast channel (NB-PBCH)
NB-PBCH follows similar design principle as LTE with necessary optimization. Some of LTE PBCH design can be reused in NB-PBCH, e.g., channel coding and rate matching. 
NB-PBCH carries the essential system information. The TTI of NB-PBCH transmission is 640 ms. Each TTI comprises 8 blocks. Different scrambling codes are applied to different blocks. By blindly decoding each block with maximum 8 attempts, UE can acquire the timing of the 640 ms TTI, which implies the 6 least significant bits (LSB) of the SFN.
For in-band and guard band deployment, the resource allocation for NB-PBCH is shown in Figure 5. The transmissions occur in subframe 9 of each frame, which avoids the collision with LTE MBSFN. The overhead is 10%. In the in-band case, the REs used by LTE PDCCH and CRS are reserved. Besides, NB-RS is needed to ensure accurate channel estimation in extreme coverage. The available resources for system information transmission are 100 REs per NB-PBCH subframe for normal CP. In the guard band case, all the REs unoccupied by NB-RS can be used for transmission, i.e. 152 REs per NB-PBCH subframe. Consequently, shorter latency can be achieved in standalone and guard band deployment. 


[bookmark: _Ref433893249]Figure 5: PBCH for guard band and inband deployment

For standalone deployment, the resource allocation for NB-PBCH is shown in Figure 6. PBCH is transmitted not only with 152 REs in each allocated subframe, but also with 8 dB higher transmit power. Consequently, lower density can be used in this case. PBCH transmissions occur in subframe 9 of each odd frame. The overhead is 5%.


[bookmark: _Ref433893322]Figure 6: PBCH for standalone deployment
Proposal 2.1: The same NB-PBCH subframe periodicity is used for in-band and guard band operations. The NB-PBCH subframe periodicity for standalone operation is lower than that for in-band and guard band operation.
Proposal 2.2: For in-band operation, the OFDM symbols used by LTE PDCCH and LTE CRS within the NB-PBCH subframe should not be used by NB-PBCH. 
Proposal 2.3: For guard band and standalone operations, all OFDM symbols within the NB-PBCH subframe are used by NB-PBCH. 
Narrowband enhanced physical downlink control channel (NB-EPDCCH)
NB-EPDCCH is used to send downlink control information (DCI) and uplink acknowledgement. Similar to Release-13 eMTC, common search space and UE-specific search space are supported by NB-EPDCCH. The cell-specific common search space of EPDCCH is configured in one of the SIBs (e.g., SIB2). UE monitors common search space before obtaining its corresponding UE-specific search space configuration through downlink signalling. Figure 7 shows the general flow of obtaining NB-EPDCCH configuration for each UE.


[bookmark: _Ref433893335]Figure 7: Common and UE-specific search space indication
For example, the concepts of enhanced control channel element (ECCE) and enhanced resource element group (EREG) can be reused. However, there may be only one RB available for NB-IOT. To allow low latency for UEs with good link quality, frequency division multiplexing (FDM) resource allocation within a single RB can be applied to NB-EPDCCH between coverage classes. An example is shown in Figure 8. In the example, NB-EPDCCH of each coverage class occupies 4 subcarriers. Period and search space are configured independently between coverage classes. It is seen that normal coverage has much shorter period than extended and extreme coverage, which ensures low latency for UEs with small coupling loss. Four options are proposed for the subcarrier number configuration of each coverage class, which is shown in Table 1.


[bookmark: _Ref433893348]Figure 8: NB-EPDCCH resource allocation
[bookmark: _Ref433893364]Table 1: Subcarrier number configuration for NB-EPDCCH and NB-PDSCH
	Configuration index
	0
	1
	2
	3

	Subcarrier number
	4
	6
	8
	12



Proposal 3: FDM within an NB-IoT PRB is supported for NB-EPDCCH between different coverage classes.
[bookmark: _Ref434244305]Narrowband physical downlink shared channel (NB-PDSCH)
NB-PDSCH is used for sending UE data, control information and system information (SIBs). For standalone and guard band deployment, all the resources not occupied by the other NB-IoT physical channels and signals can be allocated to NB-PDSCH. For in-band deployment, NB-PDSCH should also avoid being allocated to the REs taken by LTE PDCCH and CRS.
[bookmark: OLE_LINK17]To reduce the complexity and memory requirement of UE device, tail-biting convolutional code is used for NB-PDSCH instead of turbo code. The LTE rate-matching is reused to make the coded bits fit the allocated resources. QPSK is the mandatory modulation for NB-PDSCH, while 16QAM is optional. 
As shown in Figure 8, FDM resource allocation can be applied between NB-PDSCH and EPDCCH in addition to TDM resource allocation. The purpose is to enable low latency for UEs with small coupling loss.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Proposal 4: NB-PDSCH uses the tail-biting convolutional code already defined in LTE.
Proposal 5.1: FDM within an NB-IoT PRB is supported for NB-PDSCH.
Proposal 5.2: FDM within an NB-IoT PRB is supported between NB-EPDCCH and NB-PDSCH.
Resource elements assignment in different operation modes
The impact of channel raster on the NB-IOT resource allocation is analyzed in []. When deployed inside an LTE carrier, only a limited number of RBs are available for NB-IOT to fit the 100 kHz channel raster. For guard band deployment, the channel raster constraint leads to an interval of 45 kHz between the edges of NB-IOT and LTE.
In the NB-IOT RB carrying all physical channels and signals, different resource elements assignment is applied according to the operation mode.
In-band operation
For guard band deployment, the resource elements assignment is shown in Figure 9.
In each RB, 36 REs are reserved to avoid the collision with LTE PDCCH, while 16 REs for LTE CRS. The overhead of punctured resource elements is about 31%.
The overhead of synchronization signal (NB-PSS and NB-SSS) is 15%. PBCH is transmitted in subframe 9 of each frame, which takes 10% resources. Meanwhile, the SIB transmission is expected to occupy another 10% resources to reach a balance between the overhead and performance. In the RBs allocated to the transmissions of UEs with extended and extreme coverage, additional 16 REs are used for carrying NB-RS.
According to the above analysis, on average 40 REs per RB are available for NB-EPDCCH and NB-PDSCH.


[bookmark: _Ref433893389]Figure 9: Resource elements assignment for in-band operation
Guard band operation
For guard band deployment, the resource elements assignment is shown in Figure 10. Comparing to the in-band deployment, the downlink capacity and data rate is improved as no puncturing is needed. With separated PA for NB-IOT and LTE, the transmit power of the NB-IOT RB can be as large as 38 dBm, which further increases the capacity, data rate, power consumption and latency performance.


[bookmark: _Ref433893405]Figure 10: Resource elements assignment for guard band operation
Standalone operation
For standalone deployment, the resource elements assignment is shown in Figure 11. With 43 dBm downlink transmit power and no puncturing, the spectrum efficiency, capacity and data rate are much higher than that of inband deployment. The PBCH overhead is reduced from 10% to 5%, as it only occupies subframe 9 of every odd frame. The overhead for SIB transmission is also probably reduced by at least twice.


[bookmark: _Ref433893414]Figure 11: Resource elements assignment for standalone operation
Conclusions
In this contribution, a physical layer downlink framework for a narrowband 180 kHz carrier is described. It aims to optimize spectrum efficiency, UE complexity and power consumption, and latency performance for NB-IoT. The concept description is provided to show the key issues on the performance optimization for cellular IOT applications, and could be seen as a baseline for further discussion and optimization in a potential work item phase.
Three key design issues are summarized in the following.
· Common synchronization signal design with a single high performance PSS is proposed for all the deployments. Compared to the three PSSs scheme used in LTE, single PSS reduces UE complexity significantly. The non-differential receiver processing ensures quick acquisition even for the in-band deployment.
· The reference signal pattern and the NB-EPDCCH general principles are inherited from LTE. The coding, modulation, and rate matching framework already established in LTE can also be reused.
· Different resource allocations are applied to NB-PBCH and reference signal for different operation modes. It helps improve spectrum efficiency, battery life and latency performance according to the available resources in each scenario. 
· FDM based resource allocation within a single RB is applied to NB-EPDCCH and NB-PDSCH. Compared to the PRB-level scheduling in LTE, it provides reasonable power consumption and latency performance for UEs with good link quality, especially in the in-band deployment. 
Besides, a number of proposals are provided on the system performance optimization:
Proposal 1: Dedicated NB-IoT reference signal (NB-RS) is used for in-band operation.
Proposal 1.1: Dedicated NB-RS is always used for NB-PBCH.
Proposal 1.2: UE-specific NB-RS for NB-EPDCCH and NB-PDSCH is allocated by the eNB.
Proposal 2.1: The same NB-PBCH subframe periodicity is used for in-band and guard band operations. The NB-PBCH subframe periodicity for standalone operation is lower than that for in-band and guard band operation.
Proposal 2.2: For in-band operation, the OFDM symbols used by LTE PDCCH and LTE CRS within the NB-PBCH subframe should not be used by NB-PBCH. 
Proposal 2.3: For guard band and standalone operations, all OFDM symbols within the NB-PBCH subframe are used by NB-PBCH. 
Proposal 3: FDM within an NB-IoT PRB is supported for NB-EPDCCH between different coverage classes.
Proposal 4: NB-PDSCH uses the tail-biting convolutional code already defined in LTE.
Proposal 5.1: FDM within an NB-IoT PRB is supported for NB-PDSCH.
Proposal 5.2: FDM within an NB-IoT PRB is supported between NB-EPDCCH and NB-PDSCH.
One observation is provided on the subcarrier spacing:
Observation 1: 3.75 kHz subcarrier spacing has much lower DC overhead than 15 kHz subcarrier spacing.
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