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1 Introduction
In RAN#69 meeting, a new work item ‘Narrow Band Internet of Things, NB-IOT’ is approved [1]. In the WID, some descriptions related to downlink is given as following:
· OFDMA on the downlink

· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)

In this contribution, we will discuss the considerations on NB-IOT downlink physical channel designs.
2 DL subcarrier spacing considerations
It was clearly defined in WID [1] that NB-IOT should support 3 different modes: stand-alone operation, guard-band operation, and in-band operation. 
For in-band operation, the deployment of NB-IOT needs to respect the LTE system without causing impact to legacy UEs. For example, within the 200kHz NB-IOT transmission, it should be ensured CRS and PDCCH are protected so that its operation can be transparent to legacy UEs. In that sense, adopting any subcarrier spacing other than 15kHz may complicate the design or result in less efficient transmission in order to avoid contamination to legacy LTE common reference signals or control channels. 

For guard-band operation, there is no backward compatibility issue and the resource can be better utilized for NB-IOT transmission. However, the large downlink transmission power (ex. 38dBm) may contribute some leakage to LTE in-band which results in degraded performance for legacy users. With the deployment of NB-IOT with 15kHz and proper gap specified, it is possible to alleviate the leakage problem by preserving the orthogonality between NB-IOT and LTE carriers. 
Proposal #1: 15 kHz subcarrier spacing should be supported for in-band and guard-band operation.
It was also described in [1] about the RF requirement for stand-alone operation that at least the GSM mask should be met. This may cause some challenge to the OFDM transmission which is known for its side-lobe leakage. Some techniques, like windowing or TX filtering, should be applied to conform to the spectrum masking requirement. Fig. 1 shows an example of power spectrum density of NB-IOT downlink transmitting signals with 15kHz subcarrier spacing. Though the spectrum shaping technique helps to meet the GMSK mask, it introduces interference to adjacent OFDM symbols which effectively decreases the CP length. For example, for the legacy LTE numerology with normal CP the TX window duration consumes up to 61% of CP length. Consider the TU channel which is the common channel model assumption for evaluation. Even though its maximum delay is 5us, more than 90% of the path energy is confined within 1.6us, which allows the leftover 40% CP length to accommodate most multipaths. Further, we can also consider extending the CP length for 15kHz subcarrier spacing to relax the requirement of timing estimation. For example, if extended CP (with length 8.3us) defined in legacy LTE system is applied, about only 34% of CP length is consumed for TX windowing which allows some margin to tolerate timing error. In light of no additional resource waste required for stand-alone NB-IOT to avoid RE collision with legacy LTE, it is justified to pay some overhead for increasing CP length. 
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Figure 1: The power spectrum density of NB-IOT downlink transmitting signal for subcarrier spacing 15kHz with CP length 4.7us (about 7% CP overhead)

Observation #1: NB-IOT with downlink 15kHz subcarrier spacing is feasible for stand-alone operation.
3 General DL physical channel designs
Some design concept and details about NB-LTE physical layer have been proposed and described in [2]. In this section, we propose some alternative designs for NB-IOT with in-band operation using 15kHz subcarrier spacing. 
3.1 PSS/SSS/PBCH occurrence
To support in-band operation, the NB-IOT downlink physical channels should avoid any possible collision with legacy LTE signals. Before system information is acquired, the MBSFN subframe configuration is unknown to the NB-IOT device. Therefore at least synchronization signals (PSS/SS) and broadcast channel (PBCH) should avoid the possible MBSFN subframs (#1, #2, #3, #6, #7, and #8). Fig. 2 illustrates our proposal for the PSS/SSS and PBCH occasion based on the 15kHz numerology described in [2].
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Figure 2: Illustration of PSS/SSS/PBCH occasion
In the proposed design, PSS/SSS retain the same duty cycle (4 PSS or SSS subframes over 80ms) as NB-LTE low density option. Here we locate PSS (SSS) in adjacent subframes #9 and #0 (#4 and #5) which allows better chance for coherent combine of the correlation results among different subframes. Further, it allows the possibility to distinguish normal CP or extended CP according to the time difference between the peaks of adjacent PSS results. The PBCH is also allocated at subframe #9 and #0. They are designed to be as close to PSS/SSS as possible. This allows the NB-IOT device to retain the minimum RX ON cycle (15/40, assuming 2 subframes warm-up before PSS and lasting 1 subframe after PBCH) when it intends to acquire the MIB of a known cell followed by the timing/frequency refinement.  
3.2 PBCH design

Though the position of legacy LTE CRS can be obtained after cell search procedure, the sequence is unknown before obtaining the allocated PRB index for in-band NB-IOT operation. One solution to solve the problem is introducing assisting reference signal for PBCH demodulation. An example of assisting reference signal is shown as Fig. 3. Additional overhead is expected for assisting reference signal.
Another option is indicating PRB index or blind detection for possible PRB indexes. For example, a new physical channel/signal can be introduced to indicate PRB index at least for in band mode. Alternatively, pre-defined PRB index or possible PRB index set can be pre-known known to UE so that UE can blind detect for PRB index. This direction may increase UE complexity. Further study may be needed for reference signal for PBCH demodulation.
Fig. 3 shows the resource allocation of within a PBCH subframe. Fig. 4 gives an example to demonstrate the PBCH coding chain assuming the MIB size of 34. It is noted that the main difference between the proposal here and the design in [2] are:
1. Within one PBCH subframe, all available REs other than legacy PDCCH, CRS and NB-CRS (if defined) are used for conveying the coded bits of PBCH. 

2. Only 4 times of repetition is required within one PBCH block.

The above two altogether provide better resource utilization while maintaining similar effective code rate. It is shown in our companion paper [3] that the proposed PBCH design here can also meet the 164 dB MCL target.
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Figure 3: The resource allocation of PBCH and the assisting CRS (NB-CRS) for NB-IOT in-band operation
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Figure 4: The exemplary figure for PBCH encoding chain and resource allocation
3.3 M-PDCCH monitoring

Low power consumption is an important requirement to the cellular IOT device. In legacy LTE design, the UE needs to monitor the PDCCH of every subframe in RRC_CONNECTED mode. This results in RX current consumption floor that is difficult to reduce. Considering the sparse traffic and latency insensitive property of cellular IOT application, it is beneficial from UE power consumption point of view to limit the subframes that the NB-IOT device needs to monitor. For coverage extension mode, repetition of M-PDCCH is needed. The starting subframe of M-PDCCH is limited to a subset of subframes to reduce UE power consumption. The M-PDCCH design principle of Rel-13 eMTC WI can be adopted for NB-IOT. However, considering delay torrent traffic of NB-IOT, the interval of starting subframe of M-PDCCH may be longer to further reduce M-PDCCH monitoring.
Similar to the design in Rel-13 eMTC, upon the acquisition of system information, the UE will monitor a subset of subframes which is a cell-specific configuration. They are regarded as the entry for control information monitoring after camping on the cell. Fig. 5 illustrates the M-PDCCH subset monitoring by pink bars. On top of that, we may divide the NB-IOT devices into several different groups to further reduce the M-PDCCH monitoring. For example, a UE may be assigned to monitor M-PDCCH Group 0 only. Then it allows UE to save power by waking up only 2 subframes for every 40ms. 
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Figure 5: Illustration of M-PDCCH subset monitoring for NB-IOT in-band operation
Another important feature of cellular IOT is to support massive connections in the network. It may be likely that a configured M-PDCCH subset may become insufficient as traffic becomes busy, especially for standalone case which does not have additional frequency domain resource. Therefore, the “extended M-PDCCH” is designed here to fulfill the capacity requirement. While UE is monitoring the M-PDCCH subset, it can be designated to monitor extended M-PDCCH subframe with specified subframe number and monitoring cycle, which are UE-specific signaling. This allows the NB-IOT eNodeB to flexibly assign the resource for conveying control information according to the traffic load. Fig. 6 provides the illustration of the extended M-PDCCH concept in time domain. 
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Figure 6: M- PDCCH can designate the NB-IOT device to monitor extended M-PDCCH
In summary, the design principle of the M-PDCCH monitoring here is to reduce the UE power consumption by restricted set for M-PDCCH monitoring; while maintaining the network capacity by introducing extended subframes to prevent M-PDCCH blocking.
4 Conclusion
In this contribution, we discussed several general aspects regarding to the NB-IOT downlink physical design. Based on the discussions, we have following observation and proposal: 
Proposal #1: Single downlink NB-IOT carrier solution with 15 kHz subcarrier spacing should be supported for in-band and guard-band operation.
Observation #1: NB-IOT with downlink 15kHz subcarrier spacing is feasible for stand-alone operation.
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