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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
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
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. Furthermore, It was determined that both downlink and uplink shall allow 180 kHz UE RF bandwidth and OFDMA shall be used for the downlink. However, two numerology options are under consideration for downlink OFDMA: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing.
In this contribution, a downlink design based on 15 kHz sub-carrier spacing is described. The proposed solution has great synergy with LTE, and supports all the three modes of operations required by NB-IOT. Since the design is based on 15 kHz subcarrier spacing, it maintains orthogonality with adjacent LTE PRBs for LTE guard-band and in-band operations. The design maintains the same numerology with LTE, and thus preserves a unified LTE evolution path toward further MTC and IoT enhancements in the future. Synergies with LTE maximize both the speed to market and economy of scale.
General design principles
One important objective for the downlink design is to maintain orthogonality with the mobile broadband (MBB) traffic if NB-IOT is deployed within or immediately adjacent to an LTE carrier. To achieve this, NB-IOT downlink is based on OFDMA and has the same subcarrier spacing, OFDM symbol duration, slot format, slot duration, and subframe duration as LTE. Furthermore for the in-band operation, within the NB-IOT PRB certain downlink resource elements (REs) are protected and not made available to any of the NB-IOT layer-1 (L1) channels. These protected resources are those used for certain LTE physical channels and signals including CRS, CSI-RS, PRS, PSS, SSS, PDCCH, PCFICH, PHICH, and MBSFN. By protecting these REs, any impact on legacy LTE UE is avoided.
Since the proposed design is based on LTE, NB-IOT is intended to inherit most of the embodiments of LTE MTC enhancements in Release 12 and currently specified within Release 13, e.g. physical layer enhancements to MTC (eMTC), Power Save Mode (PSM), extended DRX (eDRX) cycle, etc. A deployed LTE or multi-standard base station can be upgraded to NB-IOT features through a software update. 
Further, depending on spectrum and resource availability, multiple narrowband carriers may be defined from the network’s perspective for both DL and UL to facilitate efficient system scalability with increase in the number of IoT devices. Scheduling between multiple narrowband carriers can be considered as well. Such system deployments can also benefit from frequency diversity gains with possible UE retuning from one narrowband to another.
The NB-IOT data rates sufficiently cover a wide range of IoT use cases. For a vast majority of the UEs in the network, the coverage condition is good and a higher bit rate around 100 kbps can be achieved. For the exceptional cases of UE in extremely limited coverage condition, e.g. deep underground or basement, the data rate can be scaled down to enhance coverage.
In addition to having high synergy with the LTE physical layer, the proposed design can reuse the higher layer designs of LTE to a very large extent, see [2].
These synergies with LTE maximize both the speed to market and economy of scale achievable compared to other solutions. 
The concept description in the remainder of this contribution serves as a representative example, which may be tailored to further address issues such as TDD or for improved performance.
Downlink Physical Layer
Channelization
The subcarrier spacing and channel bandwidth of downlink NB-IoT is illustrated in Figure 1. It occupies only one LTE PRB, i.e. 180 kHz of transmission bandwidth.
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[bookmark: _Ref425955759]Figure 1: A NB-IOT carrier consists of 12 subcarriers with 15 kHz subcarrier spacing.
Frame structure
The DL time units are shown in Figure 2. The OFDM symbol duration, slot duration, and subframe duration are exactly the same as LTE. Furthermore, the slot format is exactly the same as that in LTE. The basic schedule unit in time for DL is 1 ms subframe. This is the same as in LTE. However, to facilitate the transmission of very short packets, a UE may be allocated with less than 12 subcarriers when it is scheduled.
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[bookmark: _Ref425955766]Figure 2: Time units for downlink NB-IOT.
Physical channels and signals
NB-IOT will support all the LTE downlink physical channels, except for PCFICH, PHICH and PDCCH, i.e.:
· PBCH: Used for broadcasting essential system information.
· PDSCH: Used for sending downlink UE data and control information.
· EPDCCH: Used for carrying downlink control information (e.g. scheduling information.).
PDCCH is not needed for NB-IOT as its function is entirely taken by EPDCCH.
PCFICH, which in LTE is used for dynamically signaling the number of OFDM symbols allocated for control channels, is not needed since PDCCH is not included in NB-IOT.
PHICH, which in LTE carries Hybrid ARQ (HARQ) acknowledgements (ACK/NACK) for uplink data transfers, is not needed as Hybrid ARQ (HARQ) acknowledgements in a NB-IOT system can be sent using EPDCCH instead. 
Like LTE, physical signals are provided
· PSS and SSS: Used for cell search. They provide cell identity information. We assume that NB-IOT and LTE share the same cell ID.
· CRS: Cell-specific reference symbols used for channel estimation.
· DMRS: Optional UE-specific reference symbols used for channel estimation.
The other LTE physical signals such as CSI-RS used for supporting multi-antenna operation, and PRS used for estimating positioning information are not included.
Multiplexing of PBCH, PDCCH, PDSCH, PSS, SSS, CRS, and DMRS will be described below. For the remainder of this contribution, we will use prefix “M-“ to describe NB-IOT physical channels and signals, e.g. M-PDSCH and M-EPDCCH, etc.
Synchronization channel (M-PSS and M-SSS)
NB-IOT supports two types of synchronization channel density. The lower density option has one occurrence of M-PSS and M-SSS in every other radio frame, as shown in Figure 3. The periodicity of M-PSS and M-SSS is 20 ms. With this option, M-PSS is transmitted during subframe 4 in every even-numbered radio frame, and M-SSS is transmitted during subframe 9 in every even-numbered radio frame. For the subframe carrying M-PSS, the last 11 OFDM symbols are used for transmitting M-PSS. The placement of M-PSS avoids collision with essential LTE signals such as PDCCH and MBSFN, if deployed inside an LTE carrier. A small number of M-PSS resource elements may collide with LTE CRS. In such cases, the M-PSS RE is punctured to preserve the LTE CRS. For the subframe carrying M-SSS, OFDM symbols 5, 6, 9, 10, 12, and 13 are used for transmitting M-SSS. The M-SSS placement avoids collision with all LTE essential signals including PDCCH, CRS, MBSFN, etc. Note in our description, the OFDM symbol, subframe, and radio frame numbering all starts from 0. Although the lower density option of synchronization channel can be used in most of the deployments, using a higher synchronization channel density may benefit cell search performance in special deployment scenario that has a low transmit power level for the NB-IOT PRB. Thus, a higher density option is also defined for NB-IOT synchronization channels. This is illustrated in Figure 4. Each occurrence of M-PSS and M-SSS is exactly the same as the lower density option. The only difference is that the periodicity of M-PSS and M-SSS transmission is reduced from 20 ms to 10 ms. Since each M-PSS occurrence is the same in both options, the UE needs only calculate M-PSS correlation once during initial cell search. The M-PSS correlation value can be accumulated according to two different hypotheses of the M-PSS density. NB-IOT uses only one M-PSS sequence, which is used to determine the subframe timing as well as correcting the frequency offset. Using only one M-PSS sequence results in lower M-PSS detection complexity. The M-SSS is used to determine the cell identity and the timing within an 80 ms M-PSS/M-SSS repetition interval. In order to support the same number of cell identity groups as in LTE, 504 different M-SSS patterns are designed. Details of NB-IOT synchronization channel and cell search performance can be found in [3].
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[bookmark: _Ref430780732]Figure 3: Synchronization channel (lower density option).

[image: ]
[bookmark: _Ref430784103]Figure 4: Synchronization channel (higher density option).

Broadcast channel (M-PBCH)
In NB-IOT, the essential system information, e.g., system frame number (SFN), for initial access to a cell is carried on M-PBCH. NB-IOT M-PBCH processing procedure follows that of LTE [4] with revised resource mapping tailored to 180 kHz channel. 
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[bookmark: _Ref430958775]Figure 5: M-PBCH Structure
To support in-band deployment, NB-IOT avoids collision with certain LTE signals as much as possible.  The proposed NB-IOT M-PBCH structure is shown in Figure 5. The M-PBCH transmission time interval (TTI) is 640 ms, and the transmissions occur in subframe 0 in each LTE frame. In subframe 0, M-PBCH occupies 11 OFDM symbols, but avoid using the resource elements that may be taken by LTE CRS. 
The NB-IOT M-PBCH structure has taken into account the following in-band deployment constraints.
1) NB-IOT M-PBCH uses subframe 0, avoiding collision with LTE MBSFN that may occur in subframes 1, 2, 3, 6, 7, and 8.
2) NB-IOT M-PBCH symbols avoid collision with all LTE CRS (up to 4 antenna ports).
3) NB-IOT M-PBCH symbols avoid collision with LTE PCFICH, PHICH, and PDCCH that may use up to the first 3 OFDM symbols in a subframe (for >1.4 MHz LTE bandwidth).
4) After cell search, NB-IOT UE does not know the LTE CRS values (though it can derive their positions from cell ID obtained in cell search). To enable channel estimation and coherent demodulation of M-PBCH, additional NB-IOT CRSs are defined within the PRBs used for M-PBCH, i.e., the NB-IOT CRSs, as shown in Figure 5.  
With the 640 ms TTI, there are 8 blocks of M-PBCH. Each block is masked with a unique scrambling code. Thus, the UE has to attempt decoding by up to 8 times. After a successful M-PBCH decoding, the UE acquires the timing information within the 640 ms TTI of M-PBCH. This means that the 6 least significant bits (LSB) of the SFN need not be included in the system information block.
M-EPDCCH
M-EPDCCH is used to signal downlink control information (DCI). Overall, the same design principle of the EPDCCH as in Release-13 eMTC is re-used. Specifically, each M-EPDCCH consists of one or more enhanced control channel elements (ECCEs). Each ECCE consists of four or eight enhanced resource element groups (EREGs), where each EREG corresponds to nine resource elements (REs).Unlike EPDCCH in LTE, all OFDM symbols of each subframe can be utilized for M-EPDCCH when NB-IOT operates in stand-alone manner. In inband operation, it is assumed that the resource elements that are not protected for LTE and not taken by NB-IOT control channels are allocated to M-EPDCCH. LTE rate-matching algorithm will be used to adjust the number of encoded bits according to the number of REs available to M-EPDCCH. Furthermore LTE EPDCCH coding and modulation scheme is adopted for NB-IOT M-EPDCCH.
 [image: ]
[bookmark: _Ref430959079]Figure 6: M-EPDCCH Structure
Figure 6 illustrates the M-EPDCCH structure.
M-PDSCH
M-PDSCH is used for sending UE data. The resource elements that are not protected for LTE and not taken by NB-IOT control channels are allocated to M-PDSCH. LTE uses turbo code as the PDSCH coding schemes. In consideration of UE decoding complexity and memory requirement, NB-IOT uses the LTE tail-biting convolutional code for M-PDSCH. QPSK modulation together with the LTE rate-matching scheme can be adopted to configure M-PDSCH.
Resource elements assignment for different physical channels
In LTE, multiplexing of different physical channels is well defined according to 3GPP TS 36.211, see [5]. For example, Figure 7 shows how different physical channels and physical signals are multiplexed onto a system bandwidth of 15 PRBs within a radio frame. As seen, the middle 6 PRBs have many essential channels that are needed by legacy LTE UEs. 
For NB-IOT, the system bandwidth is only 1 PRB. Thus, when deployed inside an LTE carrier, one of the LTE PRB outside of the middle 6 PRBs may be used to serve NB-IOT UEs. The NB-IOT physical channels and signals will be all multiplexed onto this PRB. The multiplexing scheme is essentially the same for all NB-IOT deployment scenarios, except for the in-band deployment, in which certain resource elements on the NB-IOT PRB will be protected for preserving the performance of legacy LTE UEs.
[image: ]
[bookmark: _Ref425956358]Figure 7: Legacy LTE Resource element multiplexing and allocation among different physical channels.	
In-band deployment
For in-band deployment, one main objective is to avoid impact on legacy LTE UEs, and thus certain REs need to be protected and not used by NB-IOT. For M-EPDCCH and M-PDSCH once the necessary NB-IOT system information (such as cell ID) is acquired, the NB-IOT UE figures out the location of the protected REs. The necessary system information is acquired at least through M-PSS, M-SSS, and M-PBCH. During the process of system information acquisition, however, the UE is not aware of the protected REs. Thus, the placement of M-PSS, M-SSS, and M-PBCH is chosen to avoid collision with LTE CRS, PRS, PSS, SSS, PDCCH, PCFICH, PHICH, and MBSFN.
An example is given in Figure 8. The M-PSS and M-SSS are placed with consideration of avoiding collisions with LTE essential control channels and MBSFN. When PSS and SSS are transmitted, they get the entire downlink bandwidth of 1 PRB, except for the REs where LTE CRS may be transmitted.
M-PBCH REs are allocated in subframe 0, avoiding potential collisions with aforementioned essential LTE physical channels and signals. For example, LTE PDCCH may take up to the first 3 OFDM symbols in subframe 0. Thus, the first 3 OFDM symbols are not used by M-PBCH. Although after cell search, the UE knows the location of LTE CRS, the sequence values of LTE CRS are however not known. Thus, LTE CRS cannot be used as reference symbols for M-PBCH demodulation. Instead, M-PBCH uses new NB-IOT specific M-CRS as reference symbols for demodulation.
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[bookmark: _Ref425956363]Figure 8: M-PSS, M-SSS, and M-PBCH placement to avoid potential collision with LTE essential resource elements.
In Figure 8, the notion of protected resources is for the placement of M-PSS, M-SSS, and M-PBCH. Once the UE acquires system configuration information it learns how the LTE cell is configured and can infer the REs that can be allocated to M-EPDCCH and M-PDSCH. For example, the system configuration may indicate that there is no MBSFN subframe in the LTE cell, non-MBSFN subframe configuration, or a set of subframes usable for NB-IOT UEs, etc., and thus these resources may be made available to M-EPDCCH and M-PDSCH. In LTE, the number of OFDM symbols allocated to PDCCH may vary from subframe to subframe. However, in some networks, most of the UEs may support EPDCCH, and as a result there might not be a need to allocate more than one or two OFDM symbols per subframe for PDCCH. The system configuration information may include such information to the UE. Furthermore, the UE may learn through M-PBCH decoding whether the cell uses two or four transmit antennas. Based on this information, a NB-IOT UE can figure out the resource multiplexing map as illustrated in Figure 9, as an example. As a baseline, the LTE DMRS’s or CRS’s are used as reference signals for M-EPDCCH and M-PDSCH demodulation respectively. However, other reference signals or their combinations including LTE DMRS, LTE CRS, or NB-IOT specific reference signals may be further considered for enhancements to M-EPDCCH and M-PDSCH demodulation.

[image: ]
[bookmark: _Ref428792124]Figure 9: A NB-IOT resource element multiplexing example. (NB-IOT deployed inside an LTE carrier configured with 2 antenna ports, 1 OFDM symbol per subframe for downlink control, and no MBSFN subframe)

Guard-band and stand-alone deployments
For guard-band and standalone deployments, there is no need to protect any LTE essential resource elements. A NB-IOT UE will acquire such information from M-PBCH. All the protected resource elements shown in Figure 9 will be made available to M-EPDCCH and M-PDSCH. An example is given in Figure 10. Note that the placements of M-PSS, M-SSS, and M-PBCH are exactly the same in the inband deployment (Figure 9), guard-band deployment, and stand-alone deployment (Figure 10).
[bookmark: _GoBack][image: ]
[bookmark: _Ref430788505]Figure 10: A NB-IOT resource element multiplexing example. (NB-IOT deployed in LTE guard-band or stand-alone)
[bookmark: _Ref426294543]Scheduling of M-PDSCH resources
The basic scheduling unit in time in a NB-IOT system is 1 ms, same as that in an LTE network. However, to better support the transmission of very short packets, a UE may be scheduled with less than 12 subcarriers.
With decreasing channel quality the number of bits that can be carried in one M-PDSCH PRB decreases. In other words, the transport block size that can be received with a desirable block error rate decreases. As explained in [2], the relative L1/2 protocol overhead increases with decreasing transport block size. In order to reduce the relative protocol overhead, the size of a transport block needs to be increased by expanding it in the time domain beyond a subframe.
Transmit filtering
Transmit filtering of NB-IOT depends on the mode of operation. For LTE in-band and guard-band operation, one transmit filter is commonly applied to LTE and NB-IOT. Thus, in these cases the transmit filter has bandwidth that is much wider than the NB-IOT bandwidth of 180 kHz. For stand-alone operation, the transmit filter is applied to NB-IOT only, and this the filter bandwidth is approximately the same as the NB-IOT bandwidth.
Conclusions
In this contribution we describe a DL design based on 15 kHz subcarrier spacing that builds on top of the existing LTE physical layer design. It aims to maximize the re-use of LTE physical layer principles such as its DL numerology. The coding, modulation, and rate matching framework already established in LTE can also be reused. 
The DL design is provided to show feasibility, and could be seen as a baseline for further discussion and optimization in the future. Simple design as well as synergy and compatibility with LTE are important optimization criteria.
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