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1 Introduction

At the RAN1 #84 meeting, the following was agreed with regard to the NB-IoT DL carrier frequency determination in different operation modes [1]:
· For NB-IoT DL carrier frequency determination in in-band operation mode
· Before RRC connection, the UE only expects NB-PSS/SSS in PRBs which satisfy the following:

· The maximum offset from the LTE channel raster to the center frequency of an NB-IoT carrier which transmits NB-PSS/SSS is no more than 7.5 kHz

· NB-PSS/SSS of an NB-IoT carrier is aligned to a PRB indexed by nRB in in-band operation mode

· The set of nRB  consists of LTE PRB indices in the following Table (starting from 0)  on the next slide
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· For NB-IoT DL carrier frequency determination in guard-band operation mode, before RRC connection, the UE only expects NB-PSS/SSS in PRBs which satisfy the following:

· The center frequency of a NB-IoT carrier which transmits NB-PSS/SSS is fd kHz away from LTE center in guard-band operation mode

· Each fd is such that the NB-IoT carrier is within the guard-band, and the center frequency is with a frequency separation from LTE centre which is at most 7.5 kHz offset from the 100 kHz channel raster.

· Note: the 15KHz numerology is still assumed in the guard band
Additionally, at the same meeting, the following was agreed regarding the length of NB-PSS sequence for each symbol:

· The sequence for NB-PSS is generated at each OFDM symbol

· Length-11 Zadoff-Chu Sequence in frequency domain is used for sequence generation for each OFDM symbol and 11 REs are used per OFDM symbol.

During the 2nd RAN1 ad-hoc meeting on NB-IoT, the following was agreed for the detailed design of NB-PSS [2]:

Conclusion: As there is clearly not consensus to revert the decision from RAN1#84, and only one of the short-code proposals has support from the long-code proponents, we adopt the NB-PSS design from R1-161981:

• Base sequence: Zadoff-Chu sequence of size 11 with root index 5 and no shift

• Code cover: [1  1  1  1  -1  -1  1  1  1  -1  1]
In this contribution, we share our views on the remaining details regarding the options for the location of the NB-PSS within an NB-IoT carrier, its relationship to the channel raster and DC subcarrier for the NB-IoT DL, and the OFDM baseband signal generation mechanism for all modes of operation for NB-IoT DL.

2 Options regarding the location of NB-PSS within an NB-IoT carrier
For in-band operation mode, due to the need to align with LTE PRB boundaries and subcarriers (the latter in order to maintain OFDM orthogonality between LTE and NB-IoT DL transmissions), there would be a resulting additional frequency offset (in addition to the frequency offset due to the UE’s oscillator) due to the offset of the center frequency of an NB-IoT carrier from the 100 kHz channel raster (termed as “raster offset”).

Here, it is worth clarifying that the “center frequency of the NB-IoT carrier” is the reference to indicate the location of the NB-IoT carrier in frequency with respect to the 100 kHz raster. It does not imply that the actual “DC subcarrier” is in between two subcarriers. In fact, the DC subcarrier should be aligned with one of the actual subcarriers since if the DC tone is in between two subcarriers, this would impact higher impact from DC interference to all other subcarriers due to loss of OFDM orthogonality as well as result in orthogonality loss between LTE and NB-IoT DL transmissions. 
Note that this is independent of the DC subcarrier handling at the UE receiver, for which, it may even be possible to place the DC subcarrier outside of the 180 kHz of interest via a “low-IF” based receiver architecture instead of “zero-IF” design.

It is preferable that the center of the NB-PSS is aligned to the DC subcarrier for the NB-IoT carrier; i.e., the “zero-frequency tone” in baseband corresponds to the central element of the NB-PSS sequence for each OFDM symbol. This may help in  reducing the detection complexity by using the “central symmetry property” for certain receiver algorithms.
However, since the NB-PSS occupies only 11 REs in frequency domain per OFDM symbol (“11-subcarrier NB-PSS”), and each NB-IoT carrier/PRB has 12 tones (12 REs per OFDM symbol), as described in [3], it may be possible to optimally place the NB-PSS within the NB-IoT carrier depending on the PRB location for in-band operation mode such that the effective frequency offset that the UE has to handle during NB-PSS acquisition is reduced from a maximum of 7.5 kHz to a maximum of 5 kHz across all operation modes and LTE system bandwidth values (even or odd). Note that this frequency offset is the frequency offset for the center of the NB-PSS and the known raster locations that the UE searches for NB-IoT cells.
Thus, we arrive at two options regarding the placement of the NB-PSS within an NB-IoT carrier. These are elaborated below along with the resulting implications:
· Option 1: Fix the subcarrier locations for NB-PSS and hence the DC subcarrier (the latter following from the need to align NB-PSS center with the DC subcarrier of the NB-IoT carrier)
· Fixed mapping on to either of: (i) subcarriers #0 through #10, or, (ii) subcarriers #1 through #11, for all operation modes
· The DC subcarrier would correspond to either subcarrier #5 or subcarrier #6 respectively

· The raster offset (is defined w.r.t. center of the NB-IoT carrier; in between subcarriers #5 and #6) is 2.5 kHz for even system BW and is 7.5 kHz for odd system BW
· The effective maximum frequency offset that the UE needs to handle in addition to frequency offset due to its own oscillator is same as the raster offset due to the fixed relative location of the NB-PSS center frequency and the center frequency of the NB-IoT carrier
· Option 2: NB-PSS can be optimally placed in different PRBs 

· The sub-options are same as before, but now, they can be different depending on PRB used for NB-IoT for in-band operation mode
· The DC subcarrier would accordingly also move between either #5 or #6 in different PRBs
· The raster offset (is defined w.r.t. center of the NB-IoT carrier; in between subcarriers #5 and #6) increases by 2.5 kHz (to 5 kHz) for even system BW and reduces by 7.5 khz (to 0 kHz) for odd system BW
· The effective maximum frequency offset that the UE needs to handle in addition to frequency offset due to its own oscillator is reduced from 7.5 kHz to 5 kHz
· The UE requires additional hypotheses for NB-SSS detection since the latter is assumed to occupy 12 subcarriers
For Option 1, the effective additional frequency offset can be same as the raster offset, i.e., limited to +/- 7.5 kHz. 

In order to keep the ambiguity due to raster offset to maximum of +/-7.5 kHz, the UE can search for the PSS center (DC subcarrier) at frequencies {fRasteri - 7.5 kHz} or {fRasteri + 7.5 kHz} every 100 kHz corresponding to the sequence of {fRasteri} raster points, depending on whether the NB-PSS is fixed to tones #0 through #10 (PSS center = tone #5) or tones #1 through #11 (PSS center = tone #6), respectively. 
Thus, this takes into account that the PSS center (DC subcarrier for NB-IoT) is 7.5 kHz removed from the NB-IoT carrier center frequency.
From the summary above, the trade-off between the two options is between lower maximum additional frequency offset for NB-PSS detection in in-band operation mode against additional hypotheses for NB-SSS (for all modes). 

Observation 1:

· Option 2 can provide lower maximum additional frequency offset for NB-PSS detection (maximum of +/- 5 kHz compared to maximum of +/-7.5 kHz frequency offset for Option 1) at the expense of additional hypotheses for NB-SSS detection.
Based on this observation, we have a slight preference in favor of Option 1. 
Proposal 1:

· Option 1: fixed mapping of NB-PSS to either subcarriers #0 through #10 or subcarriers #1 through #11 is slightly preferred.
· Consequently, the DC subcarrier for the NB-IoT DL transmissions is fixed to either subcarrier #5 or subcarrier #6 which is the center of the NB-PSS.
3 OFDM baseband signal generation for NB-IoT downlink
In this section, we describe the details of OFDM baseband signal generation for NB-IoT DL assuming that the NB-PSS mapping is according to Option 1 of the previous Section. Considering the three different modes of operation for NB-IoT, it is necessary to define a unified signal generation in baseband. 

Further, the DL signal generation should be with respect to the DC subcarrier of the NB-IoT carrier that is common for all operation modes, and not with respect to, say, the LTE DC subcarrier for in-band operation mode. This ensures that there is no phase distortion caused at the OFDM symbol boundaries due to the frequency shift between the LTE DC subcarrier and the NB-IoT DC subcarrier. This phase distortion cannot be compensated at the UE receiver since the UE would not know the LTE carrier frequency before acquiring NB-PSS/NB-SSS/NB-PBCH.
 Also, as elaborated in the previous section, note that the alignment of the DC subcarrier for NB-IoT DL transmissions with either of subcarriers #5 or #6 ensures that orthogonality between LTE DL transmissions and NB-IoT DL transmissions can be maintained.
In the following, we describe the baseband signal generation that should be specified similar to that for LTE DL (Section 6.12 in TS36.211 [4]) assuming that the NB-PSS is mapped to subcarriers #1 through #11 and the DC subcarrier (zero-frequency at baseband on subcarrier #6). In this case, the time-continuous signal 
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 subcarrier spacing, sampling rate Ts = 1/30.72 MHz, or N = 128 and sampling rate Ts = 1/1.92 MHz, and NscRB = 12. The OFDM symbols in a slot shall be transmitted in increasing order of 
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[image: image14.wmf]kHz

 

15

=

D

f

subcarrier spacing and normal CP case from Table 6.12-1 of TS36.211.
In case the NB-PSS center and DC subcarrier is aligned with subcarrier #6 or if Option 2 from Section 2 is adopted, then the above equation would need to be adjusted accordingly.
Proposal 2:

· Specify a common OFDM baseband signal generation for NB-IoT downlink for all operation modes that is described with respect to the DC subcarrier of the NB-IoT carrier.
· The OFDM baseband signal generation should follow the example in equation (1) above.
4 Conclusions

In this contribution, we presented our views on the remaining details regarding the options for the location of the NB-PSS within an NB-IoT carrier, its relationship to the channel raster and DC subcarrier for the NB-IoT DL, and the OFDM baseband signal generation mechanism for all modes of operation for NB-IoT DL. Our views are summarized via the following observation and proposals:
Observation 1:

· Option 2 can provide lower maximum additional frequency offset for NB-PSS detection (maximum of +/- 5 kHz compared to maximum of +/-7.5 kHz frequency offset for Option 1) at the expense of additional hypotheses for NB-SSS detection.
Proposal 1:

· Option 1: fixed mapping of NB-PSS to either subcarriers #0 through #10 or subcarriers #1 through #11 is slightly preferred.
· Consequently, the DC subcarrier for the NB-IoT DL transmissions is fixed to either subcarrier #5 or subcarrier #6 which is the center of the NB-PSS.
Proposal 2:

· Specify a common OFDM baseband signal generation for NB-IoT downlink for all operation modes that is described with respect to the DC subcarrier of the NB-IoT carrier.
· The OFDM baseband signal generation should follow the example in equation (1) above.
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