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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In RAN4#75, the impact of high Doppler shift on physical random access channel (PRACH) performance in high speed train scenarios was discussed [1, 2]. A concern was raised on the PRACH detection when uplink Doppler shifts exceeding current PRACH subcarrier channel spacing when the train travels faster than 350km/h. In RAN4#76, we discussed the impact of high Doppler on PRACH detection [3], and the limitation of the existing cyclic shift restriction set defined in TS 36.211 [4] to a frequency offset within PRACH subcarrier spacing, i.e., +/-1.25KHz. We also proposed a new cyclic shift restriction set for uplink frequency offset up to twice of the PRACH Subcarrier Spacing, i.e., +/-2.5KHz [5]. During online and offline discussions, a number of questions were asked on the new cyclic shift restriction set [6]. In the following, we provide a further discussion on the proposed new Cyclic Shift Restriction Set.

Background
For facilitating the discussion, in this section we first give some background information on PRACH preambles and recap the new cyclic shift restriction set proposed in [5]
PRACH preambles for low speed cells

Define the  root Zadoff-Chu sequence for PRACH preambles as [4]



where  is the length of the Zadoff-Chu sequence. PRACH preambles are created from the root Zadoff-Chu sequence by the following cyclic shifts 




where   is the cyclic shift. For cells serving only low speed UEs, the unrestricted set of cyclic shifts  are  determined by



where is configured by higher layers with the parameter zeroCorrelationZoneConfig. 
Restricted set of cyclic shifts for high speed cells




To deal with the cyclic shift distortion caused by the frequency offset for high speed cells, a restricted set of the cyclic shifts is defined in [4], based on the cyclic shift, which corresponds frequency offset of the PRACH subcarrier spacing . For the root Zadoff-Chu sequenceZC root sequence, the is given by [4]




where  is the smallest non-negative integer that fulfils . The restricted set of the cyclic shifts is created by masking some cyclic shifts [4]:




where the parameters  are derived from  as follows:
· 
, the parameters are given by 


· 
For, the parameters are given by


· 
For all other values of , there are no cyclic shifts in the restricted set. 
The usage of the restricted sets currently defined in [4] makes it possible to retain an acceptable false alarm rate, while maintaining a high detection performance even for high-speed UEs when Doppler frequency shift is within [-1.25KHz, +1.25KHz].
A new restricted set of cyclic shifts for extra high speed cells
As mentioned before, the effective of restricted sets of cyclic shifts currently defined in [4] is limited with Doppler frequency shift being within [-1.25KHz, +1.25KHz]. In order to deal with Doppler frequency shift  out of the range +/-1.25KHz, a new restricted set of cyclic shifts for extra high speed cells was proposed in [5] for supporting the Doppler shift up to +/-2.5KHz, as follows [5]: 


From the  root Zadoff-Chu sequence, random access preambles with zero correlation zones of length are defined by cyclic shifts for the new restricted set according to


where the cyclic shift is given by






where  is given configuration parameter zeroCorrelationZoneConfig provided by higher layers. The variable  is the cyclic shift corresponding to a Doppler shift of magnitude  as defined in TS 36.211. The parameters for the new restricted sets of cyclic shifts depend on . 

For , the cyclic shifts for the new restricted set is defined as follows:



For , the cyclic shifts for new restricted set can be defined as follows:



For all other values of , there are no cyclic shifts in the new restricted set. 
Discussion on the new restricted set of cyclic shifts
Impact of the new restricted set on PRACH capability
As well known, Zadoff–Chu Sequences have a number of important properties [7]. Among them, the following two are directly relative to the performance o the new restricted sets of cyclic shifts for PRACH:  
· Property A: ZC sequences have ‘ideal’ cyclic autocorrelation (i.e. the correlation with its circularly shifted version is a delta function); and 
· 



Property B: The absolute value of the cyclic cross-correlation function between any two ZC sequences is constant and equal to   (=839 for PRACH), if the sequence index differences of two ZC sequences is relatively prime with respect to  (Note: This condition that can be easily guaranteed since =839  is a prime number for PRACH preambles).


Based on Property A, it is favoured to obtain more PRACH preambles by cyclically shifting the same root ZC sequence, since the RACH preambles generated by cyclically shifting the same root ZC sequence are orthogonal sequences. For a non-restricted set of the cyclic shifts, the number of the RACH preambles that can be generated by cyclically shifting the same root ZC sequence depends on the configuration parameter . In general, the network selects the value of  based mainly on the consideration of maximum delay spread and time uncertainty of the UEs due to the cell size. 
Number of root ZC sequences required for the restricted sets of cyclic shifts

For HST scenarios included in this SI, the largest inter-cell distance is 5km, or cell radius is about 2.5km. With radius of  2.5km, it is practical to use =26 [6]. In this case, one root ZC sequences can be used to derive as much as 32 PRACH preambles, and it only needs two root ZC sequences to derive 64 PRACH preambles required for a cell. 
With the current restricted set of cyclic shifts in TS 36.211, the number of PRACH preambles can be generated from one root ZC sequences for the restricted set is about 1/3 of the number for the non-restricted set, considering the fact that for each cyclic shift included in the set, two cyclic shifts corresponding to +/-1.25KHz of PRACH subcarrier frequencies should be excluded from restricted set. Thus, around 6 root ZC sequences are needed for the same inter-cell distance of 5km for existing restricted set. 
With the new proposed restricted set of cyclic shifts [5], the number of PRACH preambles can be generated from one root ZC sequences for the restricted set is about 1/5 of the number for the non-restricted set, considering the fact that for each cyclic shift included in the set, four cyclic shifts corresponding to p*1.25KHz (p=+/-1, +/-2) of PRACH subcarrier frequencies should be excluded from restricted set. Thus, about 10 root ZC sequences are needed for the same inter-cell distance of 5km. 

Observation 1: With a configured , if the number of root ZC sequences required to generate 64 PRACH preambles for a cell with a non-restricted set of cyclic shifts is x, then the number of root ZC sequences required to existing restricted set of cyclic shifts is 3x, while the number of root ZC sequences required to new restricted set of cyclic shifts is 5x. 
Observation 2: For the HST scenarios with inter-cell distance of 5km, the numbers of root ZC sequences required to generate 64 PRACH preambles for a cell are 6 for the existing restricted set of cyclic shifts, and about 10 for new proposed restricted set.
Number of root ZC sequences available

According Table 5.7.2-4 in TS 36.211, there are total 838 root ZC sequences available for the use of PRACH preambles. Therefore, although the number of root ZC sequences for the new proposed restricted set of cyclic shifts is about more than the existing the non-restricted set of cyclic shifts, there should more than enough root ZC sequences available for the very high speed cells with the interested cell size. Consider the fact that the absolute value of the cyclic cross-correlation function between any two ZC sequences is constant and equal to , which is only about -30dB, the impact of using the new proposed restricted set of cyclic shifts on the PRACH detection performance should be minimum. 
Observation 3: For the HST scenarios discussed in this SI, there should be more than enough root ZC sequences for the proposed restricted set of cyclic shifts. In addition, the impact of using new restricted set on PRACH performance should be minimum due to low correlation between PRACH preambles from different ZC sequences.
Impact of the new restricted set on specification and implementation
Another question of the new restricted set is the impact on the specification and implementation. From the specification point of view, it will surely have impact on both RAN1 and RAN2 specifications. From RAN1 specification point of new, it needs to incorporate the proposed new restricted set into TS 36.211. From RAN2 specification point of new, it needs to define the message for the network to inform UE to use the new restricted set. From implementation point of view, the change should also be simple. Both eNB and UE will need to follow the additional rule for the selection of the ZC root sequence and the selection of the cyclic shifts. 
Observation 4: There should not significant impact of using new restricted set of cyclic shifts for both specification and implementation.
PRACH detection with the new restricted set




As discussed in [3], when the frequency offset exceeds the range of [-1.25KHz, +1. 25KHz], the maximum correlation of the received preamble will not take place with the same cyclic shifted ZC sequence. Instead, the cyclic shifted ZC sequence may take place with the cyclic shifted ZC sequence with shifts of or even . In order to avoid miss-detection, multiple detection windows may need to be implemented, corresponding to the cyclic shifted ZC sequence with shifts of or .Proper power combining of the correlation values obtained from the detection windows may need to be implemented  in order to ensure proper PRACH detection performance. It is worthy to point out that it is necessary to have multiple detection windows in order to miss-detection regardless whether the new restricted set is adopted or not. The purpose of the proposed new restricted set is to avoid false alarm or ambiguity in the PRACH detection, but not miss-detection. 

Observation 5: Multiple detection windows, corresponding to the cyclic shifted ZC sequence with shifts of , are required for the HST PRACH detection to avoid miss-detection. The implementation of the new restricted set will help to avoid false alarm or ambiguity in the PRACH detection, when the cyclic shifts caused by high Doppler exceeds +/-1.25KHz.
PRACH detection with the legacy UEs
For legacy UEs that does not support the new restricted set of the cyclic shifts, the eNB may also need to use multiple detection windows described in previous section in order to catch the UE transmitted PRACH preamble. Since these UEs do not use the new restricted set, the false alarm or detection ambiguity may take place. In this case, the detection ambiguity may still be solved with additional steps after the detection, which will be up to eNB’s implementation with possible degradation of the PRACH performance. 
Summary
In this paper, we made a further discussion on the proposed new Cyclic Shift Restriction Set with the following observations: 

Observation 1: With a configured , if the number of root ZC sequences required to generate 64 PRACH preambles for a cell with a non-restricted set of cyclic shifts is x, then the number of root ZC sequences required to existing restricted set of cyclic shifts is 3x, while the number of root ZC sequences required to existing restricted set of cyclic shifts is 5x. 
Observation 2: For the HST scenarios with inter-cell distance of 5km, the numbers of root ZC sequences required to generate 64 PRACH preambles for a cell are 6 for the existing restricted set of cyclic shifts, and about 10 for new proposed restricted set.
Observation 3: For the HST scenarios discussed in this SI, there should be more than enough root ZC sequences for the proposed restricted set of cyclic shifts. In addition, the impact of using new restricted set on PRACH performance should be minimum due to low correlation between PRACH preambles from different ZC sequences.
Observation 4: There should no significant impact on both specification and implementation with the new restricted set of cyclic shifts.

Observation 5: Multiple detection windows, corresponding to the cyclic shifted ZC sequence with shifts of , may be required for the HST PRACH detection to avoid miss-detection regardless whether the new restricted set of cyclic shifts is used. The purpose of the new restricted set will help to avoid false alarm or ambiguity in the PRACH detection, when high Doppler exceeds +/-1.25KHz.
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