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Introduction
In this contribution, we discuss the design of the transmission bandwidth agnostic synchronization signals. 
In RAN1#85, it was agreed that NR should support flexible operating bandwidth as follows [1],  
· NR should support of flexible NW and UE channel bandwidth
· FFS: NR carrier bandwidth should consider to allow efficient unlicensed spectrum access
· The NR physical-layer design should allow for fine granularity in terms of NR carrier bandwidth 
· The NR physical-layer design should be such that devices with different bandwidth capabilities can efficiently access the same NR carrier regardless of the NR carrier bandwidth
· FFS: minimum bandwidth
· FFS: There should not be an assumption that devices necessarily support the same set of bandwidths for transmission and reception
· FFS: There should not be an assumption that the network carrier bandwidth is necessarily the same for downlink and uplink

In RAN1 NR Ad-Hoc in January, 2017, the agreements on the transmission bandwidth of synchronization channel over the system bandwidth are as follows [2],  
· For frequency range category #1 (below 6 GHz) where [15 kHz, 30 kHz, 60 kHz] are candidate subcarrier spacing values:
· Candidate minimum NR carrier bandwidth are [5 MHz, 10 MHz, 20 MHz]
· Candidate transmission bandwidth of each synchronization signal are about [1.08 MHz, 2.16 MHz, 4.32 MHz, 8.64 MHz]
· For frequency range category #2 (above 6 GHz) where [120 kHz, 240 kHz] are candidate subcarrier spacing values:
· Candidate minimum NR carrier bandwidth are [20 MHz, 40 MHz, 80 MHz]
· Candidate transmission bandwidth of each synchronization signal are about [8.64 MHz, 17.28 MHz, 34.56 MHz, 69.12 MHz]
· The above frequency range categories may be further divided into different categories with different parameters
· FFS on bandwidth of additional synchronization signal(s) if defined
· NR minimum carrier bandwidth for carrier which does not support initial access is FFS
· FFS: UE bandwidth

SS-Block Bandwidth Analysis
The initial access procedure starts with the UE acquiring the NR system DL transmission timing by detection of the DL synchronization signals(s), e.g., NR-PSS/NR-SSS.  UE might detect more than one set of NR-PSS/NR-SSS.  UE will select the strongest detected NR-PSS/NR-SSS and use as the reference time and perform the RRM measurements. 

The synchronization signals and associated system reference signals for channel measurements need to support diverse range of the system bandwidth.  In LTE, the system bandwidth is from 1.4 MHz to 20 MHz.   In order to support diverse system bandwidth, the synchronization signals could be designed based on smallest system bandwidth.  UE could detect the synchronization signals and retrieve the system bandwidth from the system information.   LTE starts with 1.4 MHz as smallest system bandwidth.  The synchronization signals are designed based on 6 PRBs of 1.4 MHz bandwidth.   

Wider bandwidth of synchronization signal is helpful to obtain higher time-resolution which is proportional to the SS bandwidth. The wider SS carrier bandwidth is good to improve the detection performance to achieve the sufficient accuracy since a larger bandwidth implies better processing gain with diversity effects.   Secondary synchronization signal could also benefit from a larger bandwidth with large number of sequences   for generating large number of cell ID. If the similar design principle that SSs occupy the minimal system bandwidth is used in NR, the detection performance of initial acquisition of synchronization signals may be compromised. 

In NR, it was agreed RAN1 NR Ad-Hoc in this January that for frequency range category #1 (below 6 GHz), the candidate minimum NR carrier bandwidths are [5 MHz, 10 MHz, 20 MHz] and the candidate transmission bandwidths of each synchronization signal are about [1.08 MHz, 2.16 MHz, 4.32 MHz, 8.64 MHz].  For frequency range category #2 (above 6 GHz), the candidate minimum NR carrier bandwidths are [20 MHz, 40 MHz, 80 MHz] and the candidate transmission bandwidths of each synchronization signal are about [8.64 MHz, 17.28 MHz, 34.56 MHz, 69.12 MHz]. Take frequency range category #1 as an example, NR system would need to support small system bandwidth such as 5 MHz requested by several operators.  The PSS transmission bandwidth should support 4.32 MHz.  It is thus preferable to define a suitable SS bandwidth for each transmission bandwidth.
Transmission Bandwidth Agnostic Synchronization Signals Design 

With the addition of the eMTC and NB IoT features, the system bandwidth supported by LTE span down to 180 KHz and up to 20 MHz.  Additional synchronization signal type of 1 PRB was added for the initial acquisition of the NB IoT system embedded within LTE carrier. Only NB IoT UEs would be able to detect the narrowband synchronization signals.    

The NR system would support even large bandwidth span from 180 kHz to more than 80 MHz.   If the synchronization signals are based on smallest system bandwidth, the detection performance of initial acquisition of synchronization signals might be compromised due to smallest processing gain of synchronization signals.   If the synchronization signals are designed for larger system bandwidth with longer sequence for better detection performance, the narrowband system with smaller system bandwidth would not be able to use it.  

One solution for above issue is to have a design of system bandwidth agnostic synchronization signals, where a set of subsequences, which can be used as the synchronization signals for different system bandwidths, are generated from one base sequence.  The base sequence selected for the generation of the set of subsequences should have the optimal auto-correlation and cross-correlation properties, e.g., a Zadoff-Chu sequence. The set of the generated subsequences as the synchronization signals for different system bandwidths should also have optimal or near-optimal auto-correlation and cross-correlation properties, such as the Zadoff-Chu sequences or asymptotic Zadoff-Chu sequences.Figure 1 illustrates an example of the system bandwidth agnostic synchronization signal design.  .   If the sub-optimal sequences through extension or truncation from the optimal sequence have similar performance, the NR system could use one base sequence to generate different length of sequences for narrowband and wide band system.   Narrowband UE could detect the synchronization signals configured for wideband system.    The basic requirements for the system bandwidth agnostic synchronization sequences are as follows,
· Good auto-correlation properties between sequences in different subcarrier spacing – good auto-correlation would provide large processing gain to lower the required SINR in the initial system acquisition.
· Low cross-correlation between sequences with same or different subcarrier spacing synchronously or asynchronously – low cross-correlation would have the effects of interference rejection when multiple synchronization signals are transmitted from all TRPs in the cluster.
· Large number of sequences – large number of sequences would avoid any collision in detection in dense deployment scenario.

Proposal 1:  NR should support more than one length of synchronization signals for different system bandwidths.   System bandwidth agnostic synchronization signals should be considered for the NR initial access.  


Figure 1: An illustration of system bandwidth agnostic synchornization signals in frequency domain

Bandwidth Agnostic PSS Design 
1.1 Design Background and Bandwidth Agnostic PSS Design

In this section, we will take the following length-256 Zadoff-Chu sequence  as an example to introduce the bandwidth agnostic PSS design, 









As shown in the Appendix, the first and the last 64 even points of the sequence  are the length-64 ZC-sequences .  The first 64 and the last 64 odd points of the sequence  are the length-64 asymptotic ZC-sequences in the form of , where A is a phase rotation constant. The relation between  and  and  are shown in the Appendix.

Because the sequences constructed with the odd points or even points of the sequence  are either either ZC-sequences or asymptotic sequences, and thereby have better properties of auto-correlation and cross-correlation, the principle of the bandwidth agnostic PSS design is to permute the even sequences at the bottom of the subband and odd sequences at the top of the subband as shown in Figure 2



Figure 2 Bandwidth agnostic PSS design



In Figure 2, , and . Each quarter subband can serve as  the PSS for the corresponding narrow band system. The PSS detection with the total 256 carrier is introduced in next section.

1.2 Detection of larger band signal 
For any sequence with length M, the truncated sequence M/2 in the transform domain can be constructed by IFFT of only even points with length M/2 and IFFT of only odd points with length M/2. The proof is shown as below. Let X(n) be a sequence with length of 256 


Thus, in the IFFT processing, we can truncate the length-256 Zadoff-Chu sequence into two length-128 sequences:  one has the even points of the length-256 Zadeoff-Chu sequence and other has the odd points of the length-256 Zadeoff-Chu sequence. Based on the PSS design with permutation depicted in section 4.1, the received signals could be processed with 128 points IFFT on the even and odd points separately with band-pass filter and 2 time down-sampling filter in time domain.

1.3 Simulation of larger band signal 
The correlator at the receiver uses the sliding window for the peak detection of the received bandwidth agnostic PSS signals as shown in Figure 3.  


[bookmark: _Ref471662590]Figure 3:  Sliding window peak detection
Simulation results of auto-correlation and cross-correlation are shown in Figure 4 and Figure 5.  
[image: ][image: ]
[bookmark: _Ref471662916]Figure 4: Auto-correlation of bandwidth agnostic PSS seqeuence (left) and Zadoff-Chu sequence repetition in the freuqency domain (Right)


The auto-correlation of bandwidth agnostic PSS design is shown in the left side of Figure 4. The right side shows the auto-correlation of the repetition design. In the repetition design, the Zadoff-Chu sequence with length of 64 points  are mapped to the frequency domain with 4 repetitions. , that is, the Zadoff-Chu sequence  are mapped to the subcarriers [0~63], [64~127], [128~191] , [192~255] respectively. As shown in Figure 4, the magnitude of the first sidelobe for the bandwidth agnostic PSS design is approximately the same as that of the PSS design with 4 repetitions. But, the number of first sidelode is far less than that of the PSS design with 4 repetitions..
[image: ][image: ]
[bookmark: _Ref471662926]Figure 5: Cross-correlation of bandwidth agnostic PSS sequence (left) and frequency repetion PSS sequence (right)
Figure5 illustrates the comparison of the cross-correlation properties of the bandwidth agnostic PSS design and the PSS design with 4 repetitions of length-64 ZC-sequence. As shown in the figure, the cross-correlation of bandwidth agnostic PSS design (left) has better cross-correlation performance than that with 4 repetitions of length-64 ZC-sequence. .

Conclusion
In this paper, we discussed the transmission bandwidth and synchronization signals design for diverse range of bandwidths supported by the NR system for the initial access and mobility management.  A bandwidth agnostic PSS design was presented that is capable of supporting various NR bandwidths. In additional, we provided both theoretical analysis and simulation evaluation on the autocorrelation and cross-correlation properties of the bandwidth agnostic PSS design. Based on the discussion of the paper, we propose the following,  
· Proposal 1: NR should support more than one length of synchronization signals for different system bandwidths.   System bandwidth agnostic synchronization signals presented in this paper should be considered for the NR initial access.  
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Appendix

A length-4N Zadoff-Chu sequence, , where N is an integer,  has the following characters. 
When N is an even number, then 
· 
the first N even points in  construct a length-N Zadoff-Chu sequence, 
· 
the last N even points in  also construct a length-N Zadoff-Chu sequence;
· 
the first N odd points in  construct a length-N asymptotic Zadoff-Chu sequence, 
· 
the last N even points in  also construct a length-N asymptotic Zadoff-Chu sequence.

When N is an Odd number, then 
· 
the first N odd points in  construct a length-N Zadoff-Chu sequence, 
· 
the last N odd points in  also construct a length-N Zadoff-Chu sequence.
· 
the first N even points in  construct a length-N asymptotic Zadoff-Chu sequence, 
· 
the last N even points in  also construct a length-N asymptotic Zadoff-Chu sequence;

Proof:  Assume N is an even number. 
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the first N even points of . We have 



 is a length-N Zadoff-Chu sequence.
· 

Let n=2(m+N), m=0,1,…,N-1, and is the sequence of the last N even points of  . We have 



 is also a length-N Zadoff-Chu sequence.
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the first N odd points of . We have 
 





where .  is not a Zadoff-Chu sequence but with auto-correlation property asymptotic to the closest odd-length Zadoff-Chu sequence . The asymptotic even-length Zadoff-Chu sequence has the auto-correlation similar to that next odd-length Zadoff-Chu as in the following figures (In the Figures, N is assumed to be 63).
[image: ][image: ]
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the last N odd points of , we have 



 where 

Assume N is an odd number. 
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the first N even points of , we have 



 is a length-N asymptotic Zadoff-Chu sequence.
· 

Let n=2(m+N), m=0,1,…,N-1, and is the sequence of the last N even points of  . we have 




where .  is also a length-N asymptotic Zadoff-Chu sequence.
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the first N odd points of , we have 
 




where .  is a length-N Zadoff-Chu sequence.
· 

Let n=2m, m=0,1,…,N-1, and is the sequence of the last N odd points of , we have 
· 



is a length-N Zadoff-Chu sequence.
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image13.png
bandwidth agnostic ZC with preprocessing
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image14.png
ZIC sequence repetition in frequency domain
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ZC sequence repetition in frequency domain
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ZIC with 63 points
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