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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], for the uplink: 
· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.
· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.
[bookmark: _Ref426290311]In this contribution, we focus on the design of NB-PUSCH with 15 kHz subcarrier spacing. A special NB-PUSCH symbol repetition pattern is used to mitigate performance degradation when a large timing advance (TA) error is expected. The performance of NB-PUSCH with 15 kHz subcarrier spacing is analyzed in [3].
Numerology of NB-PUSCH with 15 kHz subcarrier spacing
We propose that NB-PUSCH with 15 kHz subcarrier spacing follows that of LTE PUSCH.
The UL time units are shown in Figure 1. The OFDM symbol duration, CP lengths, slot duration, and subframe duration are exactly the same as LTE PUSCH.
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[bookmark: _Ref425955766]Figure 1: Time units for NB-PUSCH.
Proposal 1: The numerology of NB-PUSCH with 15 kHz subcarrier spacing follows that of LTE PUSCH.
Number of subcarriers supported for multi-tone transmissions 
For multi-tone transmissions, we propose that transmissions based on 12-subcarrier are supported. In such cases, a UE is allocated with the entire NB-IoT uplink PRB.
[bookmark: _GoBack]Proposal 2: For NB-PUSCH multi-tone transmissions, transmissions based on 12-subcarrier are supported.
Since single-tone transmissions are supported according to [2] and it is expected that at least UEs who require extreme coverage extension will use single-tone transmissions, it is desirable to allow single-tone and multi-tone UEs to transmit at the same time through frequency-division multiplexing (FDM). This requires multi-tone transmissions to include partial PRB UE allocation in the frequency domain.
Proposal 3: For NB-PUSCH multi-tone transmissions, a UE may be allocated with less than 12-subcarrier.
Since SC-FDMA is used for NB-PUSCH, it is preferred that the DFT size , , is limited to , where  and  are non-negative integer numbers. As shown in [3], while UE in good coverage benefits from being scheduled with a larger bandwidth, UE in bad coverage is power limited and will not benefit from larger bandwidth allocation. Thus for system spectral efficiency, it is desired to have a range of N to allow the network to schedule UEs in different coverage with spectrally efficient bandwidth allocation. We propose that the number of subcarriers allocated to a UE includes the following values {2, 4, 8, 12}.
Proposal 4: For NB-PUSCH multi-tone transmissions, the number of subcarriers allocated to a UE includes the following values {2, 4, 8, 12}.
NB-PUSCH formats based on 15 kHz subcarrier spacing 
We describe NB-PUSCH based on SC-FDMA with 15 kHz subcarrier spacing. Two NB-PUSCH formats are used. Format 1 is the same as LTE PUSCH, except for the number of subcarriers allocated to a UE is not necessarily an integer multiple of 12. Format 2 has exactly the same slot and subframe durations as well as slot format as LTE PUSCH. However, it only uses one single subcarrier and has a special repetition pattern.
NB-PUSCH Format 1
NB-PUSCH Format 1 is exactly the same as LTE uplink. It has the same slot format as LTE PUSCH. Specifically, for the normal cyclic prefix (CP) case, there are 7 symbols in a slot and the middle OFDM symbol is a Demodulation Reference Symbol (DMRS), see Figure 2. NB-PUSCH Format 1 is used for all the UEs who use NB-PRACH with a preamble based on the Zadoff-Chu sequence (see [4]) to initiate random access. NB-PUSCH Format 1 can use either multiple subcarriers or single subcarrier. 
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[bookmark: _Ref440016029]Figure 2: NB-PUSCH Format 1.
1.1 NB-PUSCH Format 2
NB-PUSCH Format 2 is used for UEs who use a NB-PRACH preamble of the single-tone frequency-hopped format (see [5]) to initiate random access. Within a slot, it also has 7 OFDM symbols, each with duration identical to what is defined for LTE PUSCH. Furthermore, NB-PUSCH Format 2 uses only one single subcarrier. Subframe and slot formats of NB-PUSCH Format 2 are shown in Figure 3. Here, the main difference compared to Format 1 is that some slots are dedicated to data symbols and some slots are dedicated to DMRS. The overhead due to DMRS is however the same as LTE uplink in that one slot in every 7 slots are used for sending DMRS. Each slot carries one modulated symbol with 6 repetitions as shown in Figure 4. Here, the illustration is based on 1.92 MHz sampling rate and thus one OFDM symbol before CP insertion has 128 samples. As shown each repetition does not contain CP and thus is not aligned with the regular OFDM symbol interval. An aggregated CP of 54 samples is inserted before the first repetition. In addition, a guard symbol before the CP is used. Figure 5 illustrates the repetition pattern and slot format as shown in Figure 4, but with colors to better illustrate the relationship between the CP and the last repetition of the OFDM symbol. Note that slot format and repetition pattern as illustrated in Figure 4 and Figure 5 apply to both data and DMRS slots.
[bookmark: _Ref433902654][image: ]
[bookmark: _Ref440016265]Figure 3: NB-PUSCH Format 2
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[bookmark: _Ref433903060]Figure 4: Symbol repetition pattern according to NB-PUSCH Format 2. (Note that each repetition does not include CP and thus does not align with OFDM symbol boundary)
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[bookmark: _Ref433903570]Figure 5: Symbol repetition pattern according to NB-PUSCH Format 2.
Without timing error, the signal as illustrated in Figure 5 is received at the base station. The base station uses the blue bars as the OFDM symbol boundaries and follows regular LTE receiver processing, i.e. discarding the first 10 samples, taking the next 128 samples as the data portion of the first OFDM symbol, discarding the next 9 samples, taking the next 128 samples as the data portion of the second OFDM symbol, discarding the next 9 samples, taking the next 128 samples as the data portion of the third OFDM symbol, etc. The data portion of the first OFDM symbol in this case does not have any contribution from the NB-PUSCH Format 2 signal shown. It may however consist of other UE signals not shown. The data portion of the second OFDM symbol consists of a contribution from the NB-PUSCH Format 2 signal, starting with the orange colored portion to the green colored portion. This portion is a cyclic shift of the original 128-sample repetiton, and thus the orthogonality with all other UEs is preserved. The data portion of the third OFDM symbol consists of a contribution from the NB-PUSCH Format 2 signal, starting with the yellow colored portion to the orange colored portion. Again, this portion is a cyclic shift of the original 128-sample repetition, and thus the orthogonality with all other UEs is preserved. The data portion of the third OFDM symbol is a cyclic shift of the data portion of the second OFDM symbol. This means that effective channel coefficient in the frequency-domain needs to be phase rotated according to the relative time shift (e.g. 9 samples as shown in Figure 8). Thus, in order to combine these two OFDM symbols coherently, a suitable phase shift needs to be applied. Without going into much further details, it can be seen that the above description applies to all the remaining OFDM symbols in the slot.
Figure 6 shows an example where the timing advance error is very large (e.g. 60 samples, i.e. 47 s). The base station receiver still follows the same operation as described before, i.e. discarding the first 10 samples, taking the next 128 samples as the data portion of the first OFDM symbol, discarding the next 9 samples, taking the next 128 samples as the data portion of the second OFDM symbol, discarding the next 9 samples, taking the next 128 samples as the data portion of the third OFDM symbol, etc. The only difference is that the NB-PUSCH Format 2 as shown will cause interference to OFDM symbols 1 and 7 of the other UE signals. However, OFDM symbols 2 through 6 maintain orthogonality with all other UE signals. Furthermore, as described before, the base station receiver needs to apply suitable phase shifts in order to be able to combine different repetitions of the UE signal coherently. Interference from NB-PUSCH Format 2 to other UE signals however will have negligible impact as the received signal power level of NB-PUSCH Format 2 is expected to be much lower compared to NB-PUSCH Format 1 signals. It is worth pointing out that although NB-PUSCH Format 2 is not orthogonal to NB-PUSCH Format 1 OFDM symbols 1 and 7 when the TA error is large, NB-PUSCH Format 1 signals do not cause any interference to NB-PUSCH Format 2 in the scenario illustrated in Figure 6. This is because that the 128-sample data portion in every OFDM symbol interval contains a regular full-length NB-PUSCH Format 1 OFDM symbol. Such a signal after DFT will not have any contribution at the subcarrier frequency allocated to NB-PUSCH Format 2.
Although in the description above we use 128-sampling for the data portion, note that with 15 kHz subcarrier spacing 16-point FFT suffices. Thus, the 128 samples can be down-sampled to 16 samples before FFT. As such, the receiver complexity is lower with 15 kHz subcarrier spacing compared to 2.5 kHz as 2.5 kHz subcarrier spacing requires 128-point FFT.
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[bookmark: _Ref433904463]Figure 6: NB-PUSCH Format 2 signal received at the base station with large timing advanced error. 

Note that the basic transmission unit of NB-PUSCH Formats 1 and 2 is one slot, which has the same duration as an LTE slot. Thus, NB-PUSCH with 15 kHz subcarrier spacing using the proposed formats will fit any LTE TDD configuration. 

NB-PUSCH MCS examples
Examples of NB-PUSCH for 144 dB and 154 dB coupling loss are shown in Figure 7 and Figure 8, respectively. Both MCSs can be mapped to NB-PUSCH Format 1 based on LTE uplink SC-FDMA waveform.
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[bookmark: _Ref433905823]Figure 7: NB-PUSCH configuration for achieving 144 dB MCL. (mapped to NB-PUSCH Format 1)
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[bookmark: _Ref433905899]Figure 8: NB-PUSCH configuration for achieving 154 dB MCL. (mapped to NB-PUSCH Format 1)

Figure 9 shows a configuration for achieving 164 dB MCL based on NB-PUSCH format 2. After pi/2-BPSK modulation, there are 3840 symbols. Each of these symbols is repeated 6 times according to Figure 4, and with CP and guard time it occupies one entire slot. Thus, 3840 slots are needed. For every 6 slot with data symbols, one slot of DMRS is added. Thus, 640 DMRS slots are added. Overall, it requires 4480 slots, i.e. 2240 subframes.
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[bookmark: _Ref433906146]Figure 9: NB-PUSCH configuration for achieving 164 dB MCL. (mapped to NB-PUSCH Format 2)
Conclusions
In this contribution, a design of NB-PUSCH based on 15 kHz subcarrier spacing for NB-IoT uplink is presented. Two NB-PUSCH formats are proposed. Format 1 is exactly the same as LTE PUSCH and is used by NB-IoT UEs with coupling loss 154 dB or lower. Format 2 is designed to preserve UE orthogonality when the TA error far exceeds the CP interval. Format 2 is used by NB-IoT UEs with coupling loss higher than 154 dB. The performance of the proposed NB-PUSCH design is analyzed in [3]. The basic transmission unit of NB-PUSCH Formats 1 and 2 is one slot, which has the same duration as an LTE slot. Thus, NB-PUSCH with 15 kHz subcarrier spacing using the proposed formats will fit any LTE TDD configuration.
We make the below proposals.
Proposal 1: The numerology of NB-PUSCH with 15 kHz subcarrier spacing follows that of LTE PUSCH.
Proposal 2: For NB-PUSCH multi-tone transmissions, transmissions based on 12-subcarrier are supported.
Proposal 3: For NB-PUSCH multi-tone transmissions, a UE may be allocated with less than 12-subcarrier.
Proposal 4: For NB-PUSCH multi-tone transmissions, the number of subcarriers allocated to a UE includes the following values {2, 4, 8, 12}.
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