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1 Introduction
At the RAN #83 meeting, a number of agreements were reached on the synchronization signal design for NB-IoT: 
Agreements:
· Confirm working assumption on supporting 504 PCIDs
· PCID is indicated by NB-SSS 
· FFS whether some bits of the NB-IoT frame number are derived from NB-SSS
· FFS how many bits of NB-IoT frame number are indicated
· FFS relationship (if any) between NB-IoT frame number and SFN of LTE in guard-band and in-band cases
· Operation mode is indicated in one of the following ways:
· Alt-1:Indication is by NB-SSS
· Alt-2: Indication is by NB-MIB
· Other options are not precluded
· FFS whether the number of values that can be indicated is equal to or less than the number of operation modes (i.e. 3) 
· The following resource mapping rules are complied with:
· The first 3 LTE OFDM symbols are not used by NB-PSS/NB-SSS
· FFS for special subframe in TDD
· NB-PSS/NB-SSS are punctured by LTE CRS (if a collision exists)
· FFS for CRS ports 2,3 in FS2
· NB-PSS/SSS occupy fixed number of OFDM symbols in each synchronization subframe 
· Normal CP: NB-PSS and NB-SSS span 11 or 9 (one value to be selected) OFDM symbols and X OFDM symbols respectively in each subframe transmitting the synchronization signal
· One value of X to be selected in the range 6 to 11, at least for FDD
· Extended CP if supported: NB-PSS and NB-SSS span 9 OFDM symbols and Y OFDM symbols in each subframe transmitting synchronization signal 
· One value of Y to be selected in the range 6 to 9, at least for FDD
· FFS: NB-PSS/SSS are punctured by LTE CSI-RS and PRS if collision occurs
In this document, we discuss the various options for NB-PSS, also highlighting the differences in correlation properties of the various options. In Section 2, we discuss desired correlation properties of various options. In Section 3, we discuss our proposed option and provide performance evaluations for the same in Section 4. Note that in our companion document [18] we present the NB-SSS design.

2 Discussions on NB-PSS
We discuss the various desirable properties of NB-PSS and their effect on correlation performance in the next few sections.


Number of NB-PSS sequences
In order to offer the better performance of coherent detection for SSS by estimating the channel from PSS, LTE adopted multiple PSS sequences with a trade-off in PSS detection complexity [15]. Those different PSS sequences would help to improve the channel estimation performance by relaxing SFN effect due to a single PSS sequence from all the cells. Thus, LTE PSS/SSS can support both coherent and non-coherent SSS detection.
The UE needs to operate three parallel correlators for three different PSS sequences. However, the root indices 29 and 34 are complex conjugate to each other which enables a ‘one-shot’ correlator – two correlation outputs for u=29 and 34 can be obtained from correlation with either u=25 or u=29 [16]. The conjugate property holds in both time and frequency domain, for any sampling rate, with the central symmetry mapping in frequency domain [17]. Thus, in LTE, only two parallel correlators are needed.
If coherent detection of NB-SSS is not considered, more than one NB-PSS sequences may not be needed (e.g. NB-PSS and NB-SSS are located far from each other). On the other hand, if there is any need to carry additional signature in NB-PSS (e.g. additional frequency offset – 0kHz, 2.5kHz, 7.5kHz for channel raster information, or operating modes of inband, guardband, and standalone), multiple NB-PSS sequences may be considered. Given that the multiple NB-PSS sequences may imply additional UE complexity due to additional hypotheses tests, of the increase in UE complexity needs to be considered, if introduced.

Observation 1: Multiple NB-PSS sequences may not be needed for coherent NB-SSS detection from channel estimation using NB-PSS.

Correlation property
The autocorrelation property and the frequency offset sensitivity (i.e., large frequency offset) are one of the most important criteria for NB-PSS sequence design. In LTE, good auto-correlation property was achieved by using Zadoff-Chu (ZC) sequences. Due to the CAZAC (Constant Amplitude Zero Auto Correlation) property, the LTE PSS can achieve time/frequency flatness (that implies low PAPR/CM and no dynamic range in frequency domain), good auto/cross-correlation profiles, low complexity detection at UE (by exploiting complex conjugate property, e.g. u1=29 and u2=63-29=34, and by exploiting central symmetry property) etc. However, due to the nature of CAZAC sequence which has dual property in time and frequency domain – the shift of pure ZC sequence in frequency domain will be translated in time domain (and vice versa). Therefore, in the context of timing synchronization using ZC sequence, the frequency/time offset will display the time/frequency offset, respectively, and those cannot be distinguished naturally. It was well known that the central root indices in the available root sequence index vector have less frequency offset sensitivity and in LTE the root indices u=25, 29 and 34 were selected to provide three cell IDs within a cell ID group [13]. When the root indices were selected, partial correlation was considered to overcome large frequency offset in initial cell search. Due to the phase rotation in time domain due to large frequency offset, it is noted that the partial correlation would need to be considered not only for ZC sequence but also for other sequences [14] under large frequency offset especially in initial cell search although the window size for each partial correlation may be different depending on the exact design. Hence, since UE does not know the frequency offset environment in initial access (potentially large in this NB-IoT such as up to ±18kHz FO (±1.2 normalized FO to the subcarrier spacing), the default operation would need to be assumed to use the partial correlator.
Regarding the consideration of integer frequency offset, UE might need to do a few hypothesis tests on the different integer frequency offset locations. For instance, considering up to ±18kHz FO (±1.2 normalized FO with respect to the subcarrier spacing), UE might need to perform at least three hypothesis tests on 0Hz, -15kHz and +15kHz around the assumed center carrier frequency (according to frequency raster) by correlating the received signal with the known NB-IoT PSS sequences as a part of timing acquisition step. Therefore, the cross-correlation between the predetermined NB-PSS sequence and the frequency-shifted sequence would need to demonstrate good correlation properties.
The cross-correlation property also needs to be considered if multiple NB-PSSs are used. In general, multiple number of NB-PSS codes will require multiple hypothesis tests in timing synchronization, which may imply additional complexity. However, as in LTE, the complex conjugate property (see u1=29 and u2=34 (Nzc-29)) will be able to avoid such additional complexity by ‘one-shot’ correlator exploiting the complex conjugate property. For instance, if the additional frequency offset hypothesis tests to the given frequency raster in NB-PSS detection is needed for 2.5kHz and 7.5kHz raster in in-band and guard band operations, the second NB-PSS can be generated by taking complex conjugate from the first NB-PSS sequence. This would allow to increase the number of NB-PSS sequences without increasing the receiver complexity.
Our proposed PSS design (described in Section 3) is investigated in terms of correlation property together with a couple of proposals made in RAN1#83. We picked two proposals [1][7] providing details of the evaluations. We used 1.92MHz sampling rate for getting correlation profiles.
[bookmark: _GoBack]Figure 1 (a) and (b) depict the auto-correlation profiles for frequency offset 5kHz and 10kHz (i.e. fractional frequency offset only), respectively. The cross-correlator to obtain timing synchronization is based on partial correlation to overcome frequency offset effect. For the schemes in [1] and [7], the NB-PSS occupies 22 OFDM symbols with 20ms periodicity. For the proposed design, it uses 11 OFDM symbols with 10ms periodicity. Note that all the schemes have the same NB-PSS overhead (22 symbols every 20 ms). It is observed that the proposed design demonstrates good auto-correlation property under the fractional frequency offset.
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(a) FO=5kHz                                                                        (b) FO=10kHz
[bookmark: _Ref440226683]Figure 1 Normalized auto-correlation profiles with partial correlation under fractional frequency offset

Under the integer+fractional frequency offset environment, the parallel correlators for the different integer frequency would be needed to figure out the correct integer frequency offset. To this end, the desirable property would be to demonstrate the low correlation profile between the received signal with integer frequency offset and the local copy of the reference signal. The higher correlation profile in this case would result in the false peak detection. Figure 2 (a) and (b) show the auto-correlation profiles for FO=18kHz (ΔFO=1.2) and FO=-18kHz (ΔFO=-1.2), respectively. It is observed that the proposed design demonstrates the good (i.e. low) correlation profile in the different integer frequency offset hypothesis (approximately -14dB) while others show the ambiguity peak at the wrong timing location (around ±130 samples) with -7dB level.
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(a) FO=18kHz                                                                  (b) FO=-18kHz
[bookmark: _Ref440228537]Figure 2 Normalized auto-correlation profiles with partial correlation under integer+fractional frequency offsetsAs discussed above in the context of “Number of NB-PSS sequences”, in case when the additional NB-PSS codes are needed to indicate information of different frequency raster offset (e.g. 0kHz and 7.5kHz), it is proposed to generate the second NB-PSS code by taking complex conjugate (or Nzc-u where u is the root index of the first code). By doing so, the additional sequence can be obtained. Thus the UE can operate a ‘one-shot’ correlator without increasing the complexity. Figure 3 depicts the cross-correlation property when UE receives the first code but performs the correlation based on the second code. The good cross-correlation is observed with our proposal. 
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[bookmark: _Ref440229294]Figure 3 Cross-correlation between two NB-PSS codes according to the proposal (the second sequence is generated by complex conjugate (Nzc-u1) of the first sequence (u1))

Observation 2: The auto/cross-correlation properties are important in NB-PSS.

Time/Frequency flatness
One property of ZC sequence is the flatness of response in both time and frequency domain. Partitioning the sequences into multiple OFDM symbols would break the dual-flat property –selective response in time (i.e. high PAPR/CM) with frequency domain mapping, or selective response in frequency domain (i.e. large dynamic range) with time domain mapping (similar to DFT-S-OFDM). However, the high-PAPR/CM issue may not be significant in downlink as long as the PAPR/CM is is not very high. However, the later might be an issue in frequency domain processing by using NB-PSS (e.g. Moose algorithm for fine frequency tracking) – hence it may be desirable to avoid large fluctuations in signal power. In general, CAZAC sequence is used to achieve low fluctuations in both time and frequency domain. Thus, if such desirable properties are broken, the use of CAZAC sequence for NB-PSS becomes dispensable. In general, since NB-PSS is used for the earliest step of the initial cell search, it needs to ensure good time and frequency domain properties.
Figure 4 (a), (b) and (c) show the frequency responses for R1-156464, R1-157455 and Proposed NB-PSS design. It is observed that R1-156464 and R1-157455 show large fluctuation in frequency domain (~40dB differences) while the proposed design shows perfectly frequency flat response.
[image: ][image: ]
(a) R1-156464 [1]                                                                             (b) R1-157455 [7]
[image: ]
(c) Proposed
[bookmark: _Ref440294729]Figure 4 Frequency responses for different NB-PSS designs

Regarding CM/PAPR, both time domain generated NB-PSS (R1-156464 and R1-157455) and proposed NB-PSS have the constant envelop properties in time domain.

Observation 3: It is desirable to achieve low fluctuations in power in designing NB-PSS in both time and frequency domain.

Sequence type and generation
ZC sequence based NB-PSS sequence design can be a good starting point as in LTE PSS. As discussed above, the ZC sequence offers several benefits – CAZAC property (flat in both domains), good auto/cross-correlation, etc. In addition, the root index pair (u1 and Nzc-u1) provides the complex conjugate property to enable low complexity detection. Hence, it is desirable to keep the ZC sequence properties such as time/frequency flatness, correlation, root index pair (complex conjugate), etc.
If sequences for each OFDM symbol is generated by shortening the long ZC sequence, such desirable properties disappear (either time or frequency domain properties). Therefore, it would be desirable that NB-PSS is generated for OFDM symbol separately. Our proposed NB-PSS design in Section 3 can keep all such desirable properties – good auto/cross-correlation, low fluctuation of signals both in time and in frequency domain, low complexity detection, etc. The complex conjugate in the consecutive NB-PSS symbols offers low complexity detection in sliding the received signals for correlation (i.e. the complex conjugate parts in the second OFDM symbol can reuse the results of the first OFDM symbol [16]). When additional NB-PSS sequence is needed (e.g. frequency raster offset), simultaneous correlator is realized by complex conjugate operation. When ZC is generated per OFDM symbol, it would be desirable to keep the same generation method – i.e. frequency domain generation, as in LTE.

Observation 4: For NB-PSS, it is desirable that ZC sequence is used and generated at OFDM symbol level and in the frequency domain.

It has been proposed that binary sequence generated in time domain be considered for NB-PSS due to complexity (i.e. the complex multiplication can be avoided by sign converter – flip/flop operation). However, it typically requires pulse shaping to transmit and the binary property may not be maintained in oversampling (e.g. 1.92MHz sampling rate). The performance loss resulting from the distortion needs to be considered. Also, when Fast Correlation (using convolution theorem) is used to reduce the receiver complexity in timing acquisition, processing of the complex domain signal cannot be avoided. In spite of complex domain signal in time domain, there are several methods to reduce the detection complexity with ZC sequence – e.g. by using central symmetry property [17], sign correlator [19], etc. Thus, eventually the complexity would be similar to LTE. Hence, ZC sequence, which provides many benefits as discussed above, is desirable as NB-PSS.  

Observation 5: Binary sequence is not needed only for the complexity considerations for NB-PSS.

3 Proposal of NB-PSS
As indicated earlier, NB-PSS does not provide information about the cell identity as in LTE. NB-PSS just provides time synchronization and is used to estimate and compensate for frequency offsets. 
NB-PSS is generated in the frequency domain and is spread across NPSS OFDM symbols in time. The NB-PSS is composed of length  root  ZC sequences. 

ZC sequences of length NZC = 11 are used. The ZC sequence is mapped to achieve the central symmetry property just like LTE PSS (i.e. index 5 is corresponding to DC of the PRB). Each OFDM symbol carries a sequence corresponding to a unique root index. For NPSS (=11) symbols in a subframe used for NB-PSS transmission, the root index corresponding to the i-th symbol () is given by . The time location of NB-PSS symbols is shown in Fig. 5. The presence of complex conjugate pairs eliminates the timing ambiguity resulting from integer frequency offsets. The root indices used for the 11 symbols are (1, 10, 2, 9, 3, 8, 4, 7, 5, 6, 5). This  symbol NB-PSS sequence is repeated every 10 ms in time. 
[image: ]
Figure 5. Time domain location of NB-PSS and NB-SSS transmission for NB-IoT

4 Conclusions
We presented the desirable properties of NB-PSS and proposed a NB-PSS sequence design. The observations are noted below:
Observations:
Observation 1: Multiple NB-PSS sequences may not be needed for coherent NB-SSS detection from channel estimation using NB-PSS.
Observation 2: The auto/cross-correlation properties are important in NB-PSS.
Observation 3: It is desirable to achieve low fluctuations in power in designing NB-PSS in both time and frequency domain.
Observation 4: For NB-PSS, it is desirable that ZC sequence is used and generated at OFDM symbol level and in the frequency domain.
Observation 5: Binary sequence is not needed only for the complexity considerations for NB-PSS.
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