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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. At RAN#70, a revised work item description was approved, see [2].
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, as well as scattered spectrum for potential IoT deployment.
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
NB-IoT will support 180 kHz UE RF bandwidth for both downlink and uplink. Furthermore according to [2], NB-IoT downlink is based on OFDMA using 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP).
In this contribution, we discuss the design consideration for NB-PDSCH. In particular, we focus on the issues listed below.
· Downlink numerology
· Resource multiplexing between users
· Channel coding
NB-IoT downlink numerology
We propose that NB-IoT numerology follows that of LTE with one PRB.
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.
The DL time units are shown in Figure 2. The OFDM symbol duration, CP lengths, slot duration, and subframe duration are exactly the same as LTE. Furthermore, the slot format is exactly the same as that in LTE. 
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[bookmark: _Ref425955766]Figure 2: Time units for downlink NB-IOT.

Proposal 1: NB-IoT downlink numerology follows that of LTE with one PRB.
Resource multiplexing between users
In LTE, the basic schedule unit for PDSCH is 1 ms subframe in time and 12 subcarriers in frequency. In this section, we discuss whether the same basic scheduling unit may be applied to NB-IoT.
Regarding basic scheduling unit in frequency, a relevant question is whether frequency-division multiplexing (FDM) is needed for NB-PDSCH. With FDM, a scheduled UE may be allocated with less than 12 subcarriers. FDM may be beneficial when a UE in extremely poor coverage is scheduled continuously for a long time, e.g. 100’s of subframes. In this case, having available resources for other UEs, either NB-PDSCH or NB-PDCCH, prevents the downlink PRB of NB-IoT from being blocked out during a long NB-PDSCH transmission to a UE with poor coverage. An example of FDM applied to NB-PDSCH/NB-PDCCH is illustrated in Figure 3. As shown, the NB-PDSCH for UE-1 is allocated with  subcarriers and for 100’s of consecutive subframes. During UE-1’s NB-PDSCH transmission, the scheduler may serve NB-PDSCH or NB-PDCCH to other UEs using the remaining  subcarriers.
Such a FDM solution however introduces complexity to NB-PDCCH search space as the search space configuration as well as NB-PDCCH configuration will depend on the number of subcarriers available for NB-PDCCH. It is desirable that NB-PDCCH is configured for 12 subcarriers in all cases.
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[bookmark: _Ref437862698]Figure 3: FDM for simultaneously serving NB-PDSCH and NB-PDCCH to multiple UEs.

There are other solutions that can be used to prevent the downlink PRB of NB-IoT from being blocked out during a long NB-PDSCH transmission to a UE with poor coverage. One solution is to introduce transmission gaps for a long NB-PDSCH transmission. An example is illustrated in Figure 4. During a long NB-PDSCH transmission to a coverage-limited UE, transmission gaps are introduced to allow the scheduler to serve other UEs. In fact, the system can preserve the same amount of resources, on average, for serving other UEs, either based on the FDM solution shown in Figure 3 or based on the transmission gap solution shown in Figure 4, as long as   . Using the transmission gap solution and time-division multiplexing (TDM) principle for NB-PDSCH allows NB-IoT to keep the basic scheduling unit in frequency as 12 subcarriers, same as LTE. It further simplifies the configuration of NB-PDCCH since NB-PDCCH will then be configured always based on 12 subcarriers.
Proposal 2: The basic scheduling unit in frequency for NB-PDSCH consists of 12 subcarriers.
Proposal 3: Transmission gaps are introduced for NB-PDSCH serving UEs with coupling loss 164 dB or higher, who are expected to have long transmission time.
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[bookmark: _Ref437864651]Figure 4: Introducing transmission gaps during a long NB-PDSCH transmission to a coverage-limited UE.
Ideally, the basic scheduling unit in time for NB-PDSCH may be the same as that in LTE as well, i.e. one subframe. This should work fine for UE in normal coverage. However, for UEs in extended coverage, one subframe is too short as the actual transmission time will likely span over many subframes due to the amount of repetitions needed to increase coverage. For a UE who needs coverage extension of 10-20 dB over LTE, the transmission time would have to be extended. Thus, a larger basic scheduling in time may be considered for UEs who need large coverage extension.
Proposal 4: For UEs who require coverage extension less than 10 dB, the basic scheduling unit in time for NB-PDSCH is one subframe, i.e. 1 ms. For UEs who require coverage extension 10 dB or higher, the basic scheduling unit in time for NB-PDSCH is X subframes, X>1. The value of X is FFS..
Channel coding scheme
To reduce UE complexity, we propose that the LTE tail-biting convolutional code is used instead of turbo code for NB-PUSCH.
The complexity of tail-biting convolutional code can be reduced by using a conventional Viterbi decoder with a small extension factor as proposed in [3]. In essence, the decoder works with any level of trellis extension. At the end of the extended trellis, the trace-back path starts from the ending state that has the best accumulated decoding metric. The ending state does not have to be the same as the starting state on the circular trellis. The decoded bits are taken from the middle of the trace-back path, and a circular shift is applied to restore the right ordering of the decoded bits. Figure 5 illustrates trellis extension and the trace-back path (represented in red), which starts from the state that has the best decoding metric at the end of the extended decoder trellis. The decoded bits along the trace-back path,  are identified, where  is the trellis extension factor and  is the length of the information block. The edge  decoded bits on both ends of the extended trellis is discarded, giving  decoded bits, . Afterwards, a proper circular shift gives the decoded bits in the right order, .
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[bookmark: _Ref437867054]Figure 5: Extend the decoding trellis by x% of the full trellis.
Figure 6 - Figure 8 show performance of tail-biting decoding in AWGN with various trellis extension factors for coding rates 0.3, 0.6, and 0.9, respectively. It can be seen that for coding rate 0.6 and lower, it suffices to use extension factor 5%, or equivalently 50 extra trellis stages for a block size of 1000 information bits. For a higher coding rate, a higher trellis extension factor is needed to achieve performance close to the maximum likelihood (ML) decoder. For example according to Figure 8, using extension factor 15%, or equivalently 150 extra trellis stages for a block size of 1000 information bits, the suboptimal decoder performance is close to the ML decoder. 
In conclusion, the complexity of tail-biting decoder can be significantly reduced, compared to the ML decoder, by using a regular Viterbi decoder with a small trellis extension factor. Furthermore, the complexity increase due to trellis extension compared to a decoding a tail-terminating code may be eased by allowing for a longer processing time for NB-PDSCH. Since the rate-matching algorithm for the LTE tail-biting convolutional code is well developed in [4], it is beneficial to adopt it for NB-PDSCH.

Proposal 5: NB-PDSCH adopts the LTE tail-biting convolutional code.
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[bookmark: _Ref437868372]Figure 6: LTE tail-biting convolutional code performance with a small trellis extension. Code rate 0.3 and information block length 1000 bits.
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Figure 7: LTE tail-biting convolutional code performance with a small trellis extension. Code rate 0.6 and information block length 1000 bits.
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[bookmark: _Ref437868376]Figure 8: LTE tail-biting convolutional code performance with a small trellis extension. Code rate 0.9 and information block length 1000 bits.
Conclusions
In this contribution, we have discussed a number of design considerations that should be taken into account for NB-PDSCH design. Based on the discussions, we make the below proposals.

Proposal 1: NB-IoT downlink numerology follows that of LTE with one PRB.
Proposal 2: The basic scheduling unit in frequency for NB-PDSCH consists of 12 subcarriers.
Proposal 3: Transmission gaps are introduced for NB-PDSCH that has long transmission time.
Proposal 4: For UEs who require coverage extension less than 10 dB, the basic scheduling unit in time for NB-PDSCH is one subframe, i.e. 1 ms. For UEs who require coverage extension 10 dB or higher, the basic scheduling unit in time for NB-PDSCH is X subframes, X>1. The value of X is FFS.
Proposal 5: NB-PDSCH adopts the LTE tail-biting convolutional code.
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