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Introduction
In RAN1#89, the following agreement have been made regarding to NPRACH reliability enhancement [1]:

Agreements:
   For reduction of NPRACH false alarm probability, FFS between:
· Alt 1: Sharing the same NPRACH resources as Rel-13 NPRACH formats, with symbol or symbol-group level scrambling; maintaining feasibility of FFT processing and orthogonality of preambles on different tones
· Alt 2: A frequency shift of k*0.75 kHz is applied to all NPRACH signal in a Cell.
· FFS k=[-2, -1, 0, 1, 2] or [-2, -1 1 2].
· FFS if to apply a phase rotation of m*pi/2 with m=0,1,2,3 is applied to the 4th symbol group of each repetition.
· Signaling of the above frequency shift and phase rotation is FFS.
· Alt 3: 3.75 kHz subcarrier spacing with minimum hop distance 3.75 kHz with new hopping pattern
· Combinations of the above alternatives are not precluded

In RAN1#92, NPRACH reliability enhancement was discussed with the following working assumption [2]:

Working assumption: 
· Sharing the same NPRACH resources as Rel-13 NPRACH formats, with symbol or symbol-group level scrambling; maintaining feasibility of FFT processing and orthogonality of preambles on different tones.
· Down-select the following alternatives at RAN1#92bis:
· Symbol level scrambling
· Symbol group scrambling
Objected by Qualcomm to set the above WA as agreement 
Huawei and HiSilicon believe that the above WA should be agreement 

It is important to note that it has been agreed that any new solutions for NPRACH reliability need to maintain feasibility of FFT processing and orthogonality of preambles on different tones.  In this document, we continue our study in [3] by providing additional simulation results and discussions, in particular, different receiver implementation architectures and associated performance.
NPRACH Receiver Architecture
Since it has been agreed that new solutions to NPRACH reliability need to maintain FFT processing, we examine two proposed solutions, symbol-level scrambling and frequency shifts of k*0.75 kHz, in the context of the existing NPRACH receiver architectures. 
 Since NPRACH and NPUSCH can have different tone spacing 0.75 kHz vs 15 kHz, there are two receiver architectures: in one architecture, separate FFT processes are employed between NPRACH and NPUSCH; and in the other, same FFT process is shared by NPRACH and NPUSCH. The two implementation architectures are discussed below.
The first implementation architecture where separate FFT engines are applied respectively for NPRACH and NPUSCH is shown in Figure 1 below. For NPRACH, FFT can be applied either on the symbol basis with FFT tone spacing 3.75 kHz or on the symbol group basis with FFT tone spacing at 0.75 kHz. It is worthy of noting that
· The two FFT engines have different timing since NPRACH symbols and NPUSCH symbols are not aligned.
· A frequency shift of 1.875 kHz is required before the FFT for NPRACH because the NPRACH tone grid don’t align with that of 15 kHz NPUSCH tone grid.

[image: ]
Figure 1: eNB receiver implementation Option 1 with 2 FFTs
Alternatively, it is possible to use one FFT engine for both NPUSCH and NPRACH as shown in Figure 2. The FFT engine is based on the subcarrier spacing of 15 kHz. Since NPRACH symbols are not aligned with NPUSCH symbols, only 17 or 18 OFDM symbols energy are integrated although an NPRACH symbol group duration equals 20 NPUSCH symbol durations without CP.  As compared to implementation option 1, there is a potential loss of 10% or about 0.5 dB in signal energy. 
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Figure 2: eNB receiver implementation Option 2 with one FFT
For each NPRACH tone, the estimate of a symbol group is obtained as a weighted sum of all the FFT outputs of the 17 or 18 OFDM symbols, i.e.  where y(k,s) is the kth FFT output of the OFDM symbol s within an NPRACH symbol group and the weight  can be calculated offline for each NPRACH tone. The structure of the NPRACH receiver with 15kHz SCS FFT is shown in Figure 3 below. 
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Figure 3: NPRACH receiver with 15 kHz SCS FFT shared with NPUSCH
Symbol-level Scrambling
To enhance NPRACH reliability, three alternative solutions were proposed and outlined in the agreements.  
For DFT based symbol-level scrambling, since eNB does not know the arrival time of the signal and the symbols within a symbol group are no longer the same, significant loss in signal energy is expected. As shown in Fig. 4, if the FFT window of duration of one NPRACH symbol is applied and the FFT window happens to have the boundary of two symbols in the middle, then the output of the output of the FFT could be close to 0 because the two symbols have almost opposite phase, e.g., 1 and exp(j4/2). Similarly, if a long FFT that spans the whole symbol group is applied, significant loss in signal energy can happen depending on the arrival time. 
[image: ]
Figure 4: Example timing of received NPRACH signal and FFT window.

In addition, symbol-level scrambling will introduce interference between intra-cell NPRACH signals at different subcarriers as shown in Figure 5 unless the scrambling sequence of the cell is all ones. It can be readily checked that unless n=0 or the FFT window for subcarrier X is aligned with symbol boundaries of subcarrier Y, there exist interference from subcarrier Y to X.  There could be a timing for FFT window that minimizing the interference from subcarrier Y to X, but this window timing may not be optimal for another interference subcarrier. In addition, this would mean a timing search is performed for each subcarrier. In summary, we have the following observation.


Figure 5: Intra-cell NPRACH interference due to symbol-level scrambling.

[bookmark: _Hlk510796082]Observation 1: With symbol-level scrambling, it’s unclear how to maintain FFT processing without significant loss in signal energy and NPRACH signals at different tones within a cell are no longer orthogonal.  

Frequency Shift 
For frequency shift based approach, since the bandwidth of an NPRACH signal is 0.75 kHz while the hopping distance is integer multiples of 3.75 kHz, different frequency shifts as an integer multiple of 0.75 kHz can be applied at different cells. Doing so, any two completely overlapped NPRACH signals associated with different shifts are orthogonal to each other. If partially overlapped, the interference seen by one NPRACH signal is significantly reduced w.r.t the power of the interferer. 
Figure 6: NPRACH subcarrier locations with integer multiple of 0.75 kHz shifts.It is noted that both implementation option 1 and option 2 can be used for this approach. For implementation option 1 with FFT at 3.75 kHz, if ignore the legacy UEs, i.e., there is only one value of n in a cell, same implementation except that the frequency shift applied to NPRACH branch is 1.875 kHz+n*0.75 kHz instead of 1.875 kHz. If there are two frequency shifts in a cell, e.g., n=0 for legacy UEs and n=3 for new UEs, FFT with SCS=0.75 kHz can be applied for NPRACH. 
If the implementation option 2 is considered, both legacy UEs with k=0 and new UEs can be handled with the same architecture with only different weights. The weights can be calculated offline and thus there is no increase on computational complexity. 
Observation 2: For NPRACH with frequency shift, both of the two existing receiver architectures can be applied without increase in implementation complexity. NPRACH signals with different k values can be detected without additional FFT processes. 

Simulations were performed to compare the performance of different receiver implementation options. The common simulation assumptions are listed below.

Table 1 Simulation Assumptions
	Parameters
	Description
	Notes

	ToA distribution
	Within NPRACH CP
	If otherwise, the number of interferers and hence collision probability are doubled, each with reduced power level.

	Frequency offset
	Uniform in [-100 100] Hz.
	

	Number of Repetitions
	32
	

	MCL
	164 dB
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Figure 7: Timing errors for MCL=164 dB, 32 repetitions, AWGN (two NPRACHs on the same tone but with different frequency shifts, i.e., k=0 and 1) 
 [image: ]
Figure 8: Timing errors for MCL=164 dB, 32 repetitions, AWGN (two NPRACHs on the two adjacent tones)
As can be seen from the figures, the two implementation options have comparable performance in both AWGN and TU fading channel while option 2 has lower complexity.  In addition, it can be seen that even with another interfering NPRACH signal with the same tone index but different shift value k, satisfactory performance is obtained with typical frequency offsets. 

Symbol Group Scrambling
Scrambling can be applied on symbol group level, i.e., one scrambling number per symbol group, to allow differentiation between NPRACH signals from different cells. This would allow eNB to detect the presence of NPRACH interference(s) and remove the corresponding repetition in energy detection and timing estimation. In the absence of frequency offset, the phase shift between symbol groups 1 and 2 and that between symbol groups 3 and 4 are either equal or have opposite signs. A simple version of scrambling is to have a phase shift on symbol group 4 only. This will allow the detection of an interferer with different phase shift. The phase shift value should be large enough to allow reliable interference detection, for instance in the form of /2*m, m=0, 1,2, 3.  
At CE levels 0 and 1, the collision rate may be even higher due to significantly larger arrival rates. Special concerns are the interference from an NPRACH to an NPRACH with a larger number of repetitions, say from CE level 0 to CE level 1. In such a case, the received interference power could comparable or even higher than the target signal. Without special care, a single repetition of a strong interferer can cause false alarm of a target 4-repetition NPRACH resource or cause significant timing error of a 4-repetition NPRACH signal.  Since phase shifts can be used to identify NPRACH signals from other cells, it can be effective in both reducing false alarm and improving timing accuracy.  
To demonstrate the effectiveness of above proposed phase shifts, timing errors with and without phase shifts are compared for MCL at 154 dB in Figure 7 and for MCL at 144 dB in Figure 8, respectively.
[image: ]
Figure 9 Timing errors with and without phase shift: MCL=154 dB, 8 repetitions, 50% collision rate.

[image: ]
Figure 8 Timing errors with and without phase shift: MCL=144 dB, 4 repetitions, 50% collision rate.

As can be seen from the figures, the timing error due to a 0dB interferer with phase shift is comparable or better than that due to a 5dB interferer without phase shift. In both cases, there is a significant chance that the timing error is larger than the CP duration when colliding with a 5dB interferer without phase shift. 

In case of collision of an interfering signal with an empty NPRACH repetition in a cell, the interfering signal can almost always be detected and hence false alarm can be avoided at CE levels 0 and 1.

Both the above two schemes are effective in enhancing NPRACH reliability significantly and require minimum change in UE. Networks can configure one or both. Hence we propose the following:

Proposal 1: Adopt the following enhancements for NPRACH:
· A frequency shift of k*0.75 kHz is applied
· FFS k=[-2, -1, 0, 1, 2] or [-2, -1 1 2].
· A phase rotation of m*p/2 with m=0,1,2,3 is applied to the 4th symbol group of each repetition.
· Exact signaling of the above frequency shift and phase rotation is FFS: by SIB or by specification as cell ID dependent.
3. Summary
In this document, we have presented simulation results and demonstrated the effectiveness of the proposed NPRACH reliability enhancement schemes. The observations are:
Observation 1: With symbol-level scrambling, it’s unclear how to maintain FFT processing without significant loss in signal energy and NPRACH signals at different tones within a cell are no longer orthogonal. 
Observation 2: For NPRACH with frequency shift, both of the two existing receiver architectures can be applied without increase in implementation complexity. NPRACH signals with different k values can be detected without additional FFT processes. 

[bookmark: _GoBack]The proposal is:
Proposal 1: Adopt the following enhancements for NPRACH:
· A frequency shift of k*0.75 kHz is applied
· FFS k=[-2, -1, 0, 1, 2] or [-2, -1 1 2].
· A phase rotation of m*p/2 with m=0,1,2,3 is applied to the 4th symbol group of each repetition.
Signaling of the above frequency shift and phase rotation is FFS: by SIB or by specification as cell ID dependent.
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