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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In RAN4#75, the issue of Doppler offset of physical random access channel (PRACH) under high speed train scenarios was discussed [1, 2]. It was brought to attention on the impact of Doppler offset on the PRACH detection performance when UE speed exceeds 350km/h. In the following, we further investigate this issue, and based on the investigation, make suggestions on the possible solution.

Impact of Frequency Offset on PRACH Signals
PRACH Preambles

Assume the  root Zadoff-Chu sequence is [3]



where the length  of the Zadoff-Chu sequence, a random access preambles is created from the root Zadoff-Chu sequence by the following cyclic shifts 




where   is the cyclic shift (For simplicity, the modulo-operation on the Zadoff-Chu sequence is assumed implicitly without shown explicitly in the following discussion). The unrestricted sets of cyclic shifts  are determined by



where is configured by the higher layer with the RRC parameter zeroCorrelationZoneConfig [4].
PRACH Preambles for High Speed Cells

In the presence of frequency offset , Zadoff-Chu sequences lose their zero autocorrelation property. 

The distortion of a PRACH ZC sequence due to frequency offset  can be expressed as follows [5]:







where  is a constant independent of n, and thus has no impact on the absolute value of Zadoff-Chu sequence correlations during PRACH detection. The above equation implies that if  the frequency offset  will result in cyclic shifts  on the Zadoff-Chu sequence . 






For example, if the frequency offset equals to the PRACH subcarrier spacing of the shift will be , we have . In this case, the transmitted Zadoff-Chu sequence  will be detected as another Zadoff-Chu sequence  by the receiver. This is the well known issue that the cyclic shift distortion caused by the frequency offset may create false alarm correlation peaks whose relative amplitude to the correct peak depends on the frequency offset.
Currently, the solution adopted in LTE to address this issue is to define the cyclic shifts for restricted sets for high speed cells by masking some cyclic shift positions in the ZC root sequence [3]:







where the parameters for restricted sets of cyclic shifts are derived from  under the condition of, where corresponds to the and given by the following [3]





where  is the smallest non-negative integer that fulfils . For all other values of , there are no cyclic shifts in the restricted set. 
The RRC parameter highSpeedFlag [4] provided by network determines if the UE should use unrestricted or restricted set. 
PRACH Detection for High Speed Cells
The usage of the restricted sets makes it possible to retain an acceptable false alarm rate, while maintaining a high detection performance even for high-speed UEs as long as the Doppler shift is within [-1.25KHz, +1.25KHz] as explained in the following.
PRACH Detection when Frequency Offsets within [-1.25KHz, +1.25KHz]
The PRACH detection when Frequency Offsets within [-1.25KHz, +1.25KHz] was discussed previously [5, 6, 7]. In the following, we give a brief description of the approach.










Let us denote  as a shifted Zadoff-Chu sequence with the cyclic shift from the  root Zadoff-Chu sequence and  as a shifted Zadoff-Chu sequence with frequency offset of . As mentioned before, when , the received Zadoff-Chu sequence becomes . Therefore, PRACH detection for high speed UE may be implement by using three detection windows [5, 6, 7]: one corresponds to Zadoff-Chu sequence with no Doppler shift, and other two corresponding to the Zadoff-Chu sequences  with the cyclic shifts , as shown in Figure 1.

Figure 1. PRACH Detection for Frequency Offsets within [-1.25KHz, +1.25KHz]



In Figure 1, denote the two cyclic shift detection windows corresponding to the frequency offset of , and denotes the cyclic shift detection window corresponding to no frequency offset. 




At the receiver side, the received power delay profiles (PDPs) from these three detection windows are then combined to make the final PRACH detection decision. Regardless the maximum correlation value is detected by which detection window (or the detected Zadoff-Chu sequence is or , the receiver knows the transmitted Zadoff-Chu sequence is, since  are excluded from the restricted sets. 
[bookmark: _Toc409103717]PRACH Detection when Frequency Offsets outside [-1.25KHz, +1.25KHz]

In order to determine the PRACH detection when Doppler shifts exceed +/-1.25KHz, let us first take a look at the absolute correlations between the received Zadoff-Chu sequence with frequency offsets in the range of [-2*1.25KHz, +2*1.25KHz] with the shifted Zadoff-Chu sequence corresponding to cyclic shifts of , as shown in Figure 2.

Figure 2. Correlation of Zadoff-Zhu sequence with frequency offset
It can be observed from Figure 2 that
· For low mobility UE with frequency offset within the range of [-0.5*1.25KHz, +0.5*1. 25KHz], the received Zadoff-Zhu sequence is mainly correlated with the transmitted reference Zadoff-Zhu sequence, and the maximum correlation takes place in the detection window W.
· 
For high mobility UE with the frequency offset exceeding the range of [-0.5*1.25KHz, +0.5*1. 25KHz], but within [-1.25KHz, +1. 25KHz], the maximum correlation may take place in the detection window W- or W+ with the cyclic shifted ZC sequence with shifts of ().The PRACH detection approach with three detection widows and PDP combining should work properly with the frequency offset range.
· 

When the frequency offset exceeds the range of [-1.25KHz, +1. 25KHz], but still within [-1.5*1.25KHz, +1.5*1. 25KHz], the maximum correlation may still take place detection window W- or W+ with the cyclic shifted ZC sequence with shifts of . However, the performance of the PRACH detection approach may be degraded since the correlation of the received Zadoff-Zhu sequence with other cyclic shifted ZC sequence with shifts ofbecomes stronger, and the PDP combining with other detection windows may not help. Miss-detection rate could increase when frequency offset is closer to +/-1.25KHz.
· 
When the frequency offset exceeds the range of [-1.5*1.25KHz, +1.5*1. 25KHz], the PRACH detection approach with three detection widows will not work. The maximum correlation will take place with the cyclic shifted ZC sequence with shifts of, which is outside of the three detection windows. 

Therefore, in order to support PRACH detection when frequency offset exceeds the range of [-1.5*1.25KHz, +1.5*1. 25KHz], additional detection widows corresponding to the shifts ofcan be used as shown in Figure 3.

Figure 3. PRACH Detection for Frequency Offsets within [-2.5KHz, +2.5KHz]

With the additional two detection windows , the problem of miss-detection due to frequency offset exceeding [-1.25KHz, +1.25KHz] can be avoided. That is, the receiver should be able to catch the transmitted Zadoff-Chu sequence for the frequency offset up to [-2.5KHz, +2.5KHz].


It should be pointed out that although adding two detection windows makes it possible to avoid miss-detection, there is still the issue of false alarm or detection ambiguity with current restriction set of cyclic shifts. For example, if the maximum correlation takes place in the detection windows , the receiver may not be able determine unambiguously the transmitted  Zadoff-Chu sequence  with current restriction set. Therefore, a further investigation is needed on whether the current cyclic shift restriction set in TS 36.211 is suitable for the frequency offset exceeding the range of [-2.5KHz, +2.5KHz], and if not, whether and how to introduce  a new restricted set of cyclic shifts. This issue will be discussed in [8].
Summary 
In this paper, we discussed the impact of frequency offset on the PRACH detection. It was observed that current PRACH requirements defined in TS 36.211 
· should work properly when the frequency offset is within the range of PRACH carrier sub-spacing, i.e., +/-1.25KHz.
· may still work with possible performance degradation when the frequency offset slightly exceeds the range of PRACH carrier sub-spacing, i.e., +/-1.25KHz.
· will not work properly when the frequency offset exceeds the range of exceeds the range of 1.5 times PRACH carrier sub-spacing, i.e., +/-1.25KHz.

To support PRACH detection when frequency offset to the range of [-2.5KHz, +2.5KHz], one option is to add additional detection widows corresponding to the shifts of in PRACH detection. However, adding two detection windows alone does not solve the detection ambiguity. Further investigation is needed on the introduction of a new restricted set of cyclic shifts for frequency offset range up to [-2.5KHz, +2.5KHz].
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