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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The WID on further NB-IoT enhancements includes the following objective [1]:
NPRACH reliability and range enhancements
· If found necessary, reduce false alarm probability for NPRACH detection due to inter-cell interference on NPRACH [RAN1, RAN2, RAN4]
In RAN1#92bis meeting, the followings are agreed:
Agreement
Confirm the following working assumption made in RAN1#92 with the Note.
· [bookmark: OLE_LINK545][bookmark: OLE_LINK546]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:
· [bookmark: OLE_LINK549][bookmark: OLE_LINK550][bookmark: OLE_LINK553]Symbol level scrambling
· Symbol group scrambling

In this contribution, we discuss the remaining details of the false alarm probability for NPRACH detection due to inter-cell interference.
[bookmark: _Ref129681832]Performance of Rel-13 NPRACH
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK667][bookmark: OLE_LINK668][bookmark: OLE_LINK337][bookmark: OLE_LINK338]As analyzed in [3], the possibility of NPRACH collision between cells would be expected to be low or even zero in some cases. For example, in a lightly-loaded network the possibility of NPRACH transmissions collision is low. For intra-site cells and synchronized inter-site cells, staggered NPRACH resources between these cells can be strictly arranged by network configuration. But in non-synchronized inter-site cells, non-overlapping NPRACH configurations cannot be guaranteed due to the uncertainty timing of each cell. For such cases, both the overlapping ratio between cells and the probability of overlap is uncertain. In order to analyze the false alarm problem, some discrete values, i.e. 25%, 50%, 75% and 100% were agreed for the study. We provide the false alarm simulation results assuming the receiver is configured to detect the NPRACH of 164 dB MCL in the serving cell but actually only interference transmitted from the neighbor cell. The inputs at the receiver are noise and interference. The selected values of SIR are in the range of {5, 0, -5} dB. The receiver uses an energy detector to differentiate the different hopping patterns between cells. The simulation results are shown in Table 1, the missed detection probability is 1% when the receiver fails to detect the correct preamble (the miss detection probability is 1.36% when the receiver fails to detect the correct preamble, or the timing error exceeds the permissible range [-3.646, +3.646] ). 
[bookmark: _Ref489550362]Table 1 False alarm probability of Rel-13 NB-IoT under 164 dB MCL
	[bookmark: OLE_LINK3]SIR (dB)
	5
	0
	-5

	100% overlap
	1.79%
	6.62%
	4%

	75% overlap
	0.97%
	4.79%
	3.86%

	50% overlap
	0.56%
	3.19%
	3.55%

	25% overlap
	0.19%
	1.4%
	2.43%



[bookmark: OLE_LINK1][bookmark: OLE_LINK4][bookmark: OLE_LINK140][bookmark: OLE_LINK149][bookmark: OLE_LINK177]Observation 1: Inter-cell interference causes NPRACH false alarm rates of over 1% for 164 dB MCL across a range of SIR values.
[bookmark: OLE_LINK570][bookmark: OLE_LINK571]False alarm reduction solutions and simulation results
[bookmark: OLE_LINK224][bookmark: OLE_LINK225]Sharing the same NPRACH resources as Rel-13 NPRACH formats with symbol or symbol-group level scrambling can eliminate or reduce the interference, and it is beneficial for resource utilization. 
Symbol level scrambling
Proposed solution with symbol level scrambling
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK579][bookmark: OLE_LINK580][bookmark: OLE_LINK587][bookmark: OLE_LINK40][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK89][bookmark: OLE_LINK90]For false alarm reduction, the scrambling codes of a target cell and an interfering cell should be different, i.e. distinguishable, and ideally they should be orthogonal. A well-understood set of scrambling codes are orthogonal sequences used for PUCCH in LTE, from Table 5.4.2A-1 of TS 36.211, which have the useful property that the sequences after cyclic shifts are also orthogonal, as shown in Table 2. To simplify standardization and simulation effort, we can re-use these for NB-IoT and the UE can determine its sequence index among the scrambling codes by Formula 1,  is narrowband physical layer cell identity， is frequency location of the first symbol group of a NPRACH signal.
[bookmark: OLE_LINK588][bookmark: OLE_LINK589][bookmark: OLE_LINK590][bookmark: OLE_LINK591]Formula 1

[bookmark: OLE_LINK554][bookmark: OLE_LINK557]Table 2 The symbol level scrambling code set
	Sequence index  
	Orthogonal sequence

	0
	


	1
	


	2
	


	3
	


	4
	




Symbol level scrambling with 12 subcarriers for a target cell and an interfering cell is illustrated in Figure 1, assume that  of target cell is 100,  of interfering cell is 101. The scrambling codes for different symbol groups of a NPRACH signal with the same scrambling code. 
The scrambling code design has the following desirable features:
· The scrambling codes of NPRACHs with the same starting subcarrier and hopping pattern in a target cell and an interfering cell are different.
· The scrambling codes of 5 adjacent NPRACH signals of intra-cell are different.

Figure 1 Illustration of proposed symbol level scrambling for a target cell and an interfering cell
[bookmark: OLE_LINK54][bookmark: OLE_LINK55][bookmark: OLE_LINK539][bookmark: OLE_LINK540][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK65][bookmark: OLE_LINK541][bookmark: OLE_LINK542][bookmark: OLE_LINK559][bookmark: OLE_LINK560][bookmark: OLE_LINK585][bookmark: OLE_LINK586]For symbol level scrambling, as shown in Figure 2, the scrambled symbols on tone f1 are {X11, X12, X13, X14, X15, X16}, the conjugate complex number of scrambled symbols on tone f1 are{, , , , , }, and the scrambled symbols on tone f2 are {X21, X22, X23, X24, X25, X26}. Assume that tone f1 is the target and tone f2 is the interference. After removing the CP, the eNB should regard the 5-length scrambled symbols as a whole to process can maintain the orthogonality between tones. With 5 symbols’ length receiver window, the symbol level scrambling codes after cyclic shift are orthogonal, so the interference from tone f2 on tone f1 is zero, shown in Formula 2. 
[bookmark: _Ref490142748][bookmark: OLE_LINK566][bookmark: OLE_LINK567][bookmark: OLE_LINK568]Formula 2  




[image: ]
[bookmark: _Ref488423289][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK527][bookmark: OLE_LINK528]Figure 2 Rel-13 NPRACH symbol groups with 5 symbols’ length receiver window
In the receiver side, the process flow could be:
· Remove CP and extract the 5 scrambled symbols’ length signals as received signals.
· Estimate ToA by performing correlation between local reference signals and received signals. FFT/IFFT operations are used instead of time domain correlation. It is because circular convolution can achieve fast correlation equivalently. The local reference signals are generated as scrambled symbol groups with ideal timing.
· 
Descramble the received signals, the scrambling code can be derived from and .
· Detection of the descrambled signals.
[bookmark: OLE_LINK346][bookmark: OLE_LINK347][bookmark: OLE_LINK348]The receiver side process flow is shown in Figure 3.

[image: ]
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK708][bookmark: OLE_LINK709]Figure 3 Example of receiver processing flow of proposed symbol level scrambling
For eNB receiver implementation, with the symbol level scrambling code set, to ensure orthogonality between subcarriers, a 5-symbols length receiver window is used to process these symbols in the FFT/IFFT operation. Thus the nominal complexity is 4x higher compared to symbol-by-symbol FFT process. However, the receiver can operate at a lower sampling rate to handle such a narrowband signal, thus the total complexity of the 5-symbol process for NPRACH signal can be reduced.

Simulation results of proposed solution with symbol level scrambling
[bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK335][bookmark: OLE_LINK336][bookmark: OLE_LINK139][bookmark: OLE_LINK333][bookmark: OLE_LINK334]Based on the same simulation assumption and detection method as Rel-13 NPRACH, for symbol level scrambling, a MCL of 144 dB for 2 NPRACH repetitions, the missed detection probability is 1% when the receiver fails to detect the correct preamble (the miss detection probability is 1.32% when the receiver fails to detect the correct preamble, or the timing error exceeds the permissible range [-3.646, +3.646] ), the simulation results of false alarm probability are shown in Table 3. And a MCL of 164 dB for 32 NPRACH repetitions, the missed detection probability is 1% when the receiver fails to detect the correct preamble (the miss detection probability is 1.44% when the receiver fails to detect the correct preamble, or the timing error exceeds the permissible range [-3.646, +3.646] ), the simulation results of false alarm probability are shown in Table 4.
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Table 3 False alarm probability of symbol level scrambling under 144 dB MCL
	[bookmark: OLE_LINK633][bookmark: OLE_LINK634]
	Proposed symbol 
level scrambling
	 Rel-13 
NPRACH

	SIR (dB)
	5
	0
	-5
	5
	0
	-5

	100% overlap
	0.05%
	0.19%
	0.45%
	0.7%
	0.71%
	 0.86%

	75% overlap
	0%
	0.05%
	0.15%
	0.82%
	1.11%
	1.34%

	50% overlap
	0%
	0%
	0%
	0%
	0%
	0%

	25% overlap
	0%
	0%
	0%
	0%
	0%
	0%



[bookmark: _Ref488681481][bookmark: OLE_LINK665][bookmark: OLE_LINK666][bookmark: OLE_LINK534][bookmark: OLE_LINK535][bookmark: OLE_LINK62]Table 4 False alarm probability of symbol level scrambling under 164 dB MCL
	[bookmark: OLE_LINK688][bookmark: OLE_LINK689]
	Proposed symbol 
level scrambling
	Rel-13 
NPRACH

	SIR (dB)
	5
	0
	-5
	5
	0
	-5

	100% overlap
	0.18%
	0.16%
	1.01%
	1.79%
	6.62%
	4%

	75% overlap
	0.06%
	0.08%
	0.68%
	0.97%
	4.79%
	3.86%

	50% overlap
	0.09%
	0.07%
	0.58%
	0.56%
	3.19%
	3.55%

	25% overlap
	0.12%
	0.12%
	0.14%
	0.19%
	1.4%
	2.43%


[bookmark: OLE_LINK50][bookmark: OLE_LINK51] As shown in Table 3, for 144 dB MCL the ratio of NPRACH false alarm rates of over 0.5% significantly decreases. As shown in Table 4, for 164 dB MCL the ratio of NPRACH false alarm rates of over 1% significantly decreases.
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK180][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK150][bookmark: OLE_LINK712][bookmark: OLE_LINK713]Observation 2: Orthogonal symbol-level scrambling codes applied to Rel-13 NPRACH significantly decrease the occurrence of NPRACH false alarm rates of over 1% for 164 dB MCL and 0.5% for 144 dB MCL.
[bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK84][bookmark: OLE_LINK85]Additionally, we evaluate the performance of intra-cell multi-user case assuming three NPRACH signals. One is the target UE and the others are interference. Based on proposed symbol level scrambling, we provide the ToA estimation accuracy results of no interference and interference with different SIR, the selected values of SIR are in the range of {5, 0, -5} dB. For 144 dB and 164 dB MCL, the simulation results of ToA estimation accuracy are shown in Figure 4 and Figure 5.
[image: ]
Figure 4 Timing estimation error of a target user with two interferers in the same cell in 144 dB MCL
[image: ]
Figure 5 Timing estimation error of a target user with two interferers in the same cell in 164 dB MCL
[bookmark: OLE_LINK87][bookmark: OLE_LINK88]As shown in Figure 4 and Figure 5, regardless of 144 dB MCL or 164 dB MCL, in intra-cell multi-user scenario, the proposed symbol level scrambling can achieve good ToA estimation accuracy compared to single user case.
[bookmark: OLE_LINK181][bookmark: OLE_LINK182]Observation 3: For intra-cell multi user scenarios, the proposed symbol level scrambling can achieve good ToA estimation accuracy.
Alternative solution with pairwise symbol-level scrambling
[bookmark: OLE_LINK744][bookmark: OLE_LINK745]The detail design can be seen in [4]. Briefly, pair-wise symbol-level scrambling is applied on top of the Rel-13 NPRACH format. There are 3 symbols that effectively act as CP in a symbol group. However, the coverage is definitely lost comparing with Rel-13.
· [bookmark: OLE_LINK746][bookmark: OLE_LINK747]For pair-wise symbol level scrambling solution, the usable signal symbols decrease from 5 to 3 which causes 2.22 dB coverage loss directly.
· [bookmark: OLE_LINK754][bookmark: OLE_LINK755][bookmark: OLE_LINK752][bookmark: OLE_LINK753]Pair-wise symbol level scrambling and Rel-13 NPRACH share the same NPRACH resource. The single receiver always treats them by using same processing. Thus for the UE using legacy Rel-13 NPRACH preamble, it is resulting in 2.22 dB coverage loss on both Rel-15 UEs and legacy UEs in serving cell.
For example, the simulation result of 164 dB MCL is shown in Table 5, the missed detection probability is when the receiver fails to detect the correct preamble. In this simulation, no interference is assumed and to show the significant performance loss in the serving cell by using the alternative solution.
Table 5 False alarm and missed detection probability of pair-wise symbol level scrambling in [4] under 164 dB MCL in the serving cell
	
	repetition
	False alarm probability
	Missed detection probability

	Pairwise symbol-level scrambling
	32
	0.1%
	4.01% (8.3%*)

	
	
	9.24%
	1% (5.5%*)


*Note: the miss detection probability in the bracket is when the receiver fails to detect the correct preamble, or the timing error exceeds the permissible range [-3.646, +3.646] 
[bookmark: OLE_LINK681][bookmark: OLE_LINK682][bookmark: OLE_LINK683][bookmark: OLE_LINK684]It is observed that in the serving cell, under 164dB MCL with 32 repetitions, the solution in [4] with symbol level scrambling does not show good performance. 
[bookmark: OLE_LINK66][bookmark: OLE_LINK685][bookmark: OLE_LINK686][bookmark: OLE_LINK141][bookmark: OLE_LINK151][bookmark: OLE_LINK183][bookmark: OLE_LINK342][bookmark: OLE_LINK343][bookmark: OLE_LINK344]Observation 4: The alternative solution of pairwise symbol level scrambling has significant NPRACH preamble performance impact on both Rel-15 and legacy UEs due to coverage loss.
Symbol-group level scrambling

[bookmark: OLE_LINK16][bookmark: OLE_LINK91][bookmark: OLE_LINK92]For symbol group level scrambling, the scrambling code is added at symbol group level. Like Rel-13 NPRACH, the symbols in each symbol group are the same, so it does not cause inter-subcarrier interference. For false alarm reduction, the combination of different symbol groups is needed. A 4-length orthogonal sequence should be used, so that it is equal to the number of symbol groups in one repetition. The 4-length orthogonal sequences can be 4-length Hadamard sequences. Based on the same simulation assumption and detection method, for symbol-group level scrambling, the missed detection probability is 1%, the simulation results are shown in Table 7. The orthogonal sequence index is derived from . The assumed symbol group level scrambling code set is shown in Table 6.
[bookmark: _Ref489553809][bookmark: OLE_LINK555][bookmark: OLE_LINK556]Table 6 The symbol group level scrambling code set 
	Sequence index  
	Orthogonal sequence

	0
	[1  1  1  1]

	1
	[1  -1  1  -1]

	2
	[1  1  -1  -1]

	3
	[1  -1  -1  1]



Table 7 False alarm probability of symbol group level scrambling under 164 dB MCL
	
	Symbol group level scrambling
	Rel-13 NPRACH

	SIR (dB)
	5
	0
	-5
	5
	0
	-5

	100% overlap
	1.96%
	6.55%
	4.59%
	1.79%
	6.62%
	4%

	75% overlap
	0.98%
	4.78%
	4.46%
	0.97%
	4.79%
	3.86%

	50% overlap
	0.51%
	3.21%
	3.80%
	0.56%
	3.19%
	3.55%

	25% overlap
	0.15%
	1.20%
	2.60%
	0.19%
	1.4%
	2.43%












[bookmark: OLE_LINK575][bookmark: OLE_LINK576][bookmark: OLE_LINK551][bookmark: OLE_LINK552][bookmark: OLE_LINK547][bookmark: OLE_LINK548][bookmark: OLE_LINK543][bookmark: OLE_LINK544][bookmark: OLE_LINK577][bookmark: OLE_LINK578][bookmark: OLE_LINK558]As shown Table 7, the ratio of NPRACH false alarm rates of over 1% does not decrease compared to the Rel-13 NPRACH. For symbol group level scrambling, after descrambling, coherent combination of several symbol groups is needed. The initial phase caused by ToA in each symbol group is not the same. Before the coherent combination, the ToA needs to be estimated, and the phase difference of different symbol groups has to be compensated, as shown in Formula 3. However, it is difficult to estimate the ToA and phase offset accurately, resulting in no improvement on false alarm probability. Assume that tone f1, f2, f3 and f4 are the subcarriers of symbol group 1, symbol group 2, symbol group 3 and symbol group 4 respectively,  are the estimated ToA, T is the period of a symbol within a symbol group. The symbol group level scrambling codes of the interference cell are {, , , }, and the symbol group level scrambling codes of the target cell are {, , , }.
Formula 3  


[bookmark: OLE_LINK581][bookmark: OLE_LINK582][bookmark: OLE_LINK763][bookmark: OLE_LINK764][bookmark: OLE_LINK583][bookmark: OLE_LINK584]Note that the symbol group level scrambling codes are located on different tones, hence the orthogonality of scrambling codes cannot be ensured in case of non-ideal factors in real transmissions.
[bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK20][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK687][bookmark: OLE_LINK152]Observation 5: Symbol group level scrambling applied to Rel-13 NPRACH does not improve the reliability performance properly.
Summary of false alarm reduction solutions
For sharing the same NPRACH resources as Rel-13 NPRACH formats, symbol level scrambling or symbol-group level scrambling can be selected, including proposed symbol level scrambling in section 3.1.1, pair-wise symbol level scrambling and symbol group level scrambling. As discussed above, the summary is as follows:
· [bookmark: OLE_LINK561][bookmark: OLE_LINK562]The proposed symbol level scrambling in section 3.1.1 can decrease false alarm rates for inter-cell interference and achieve good ToA estimation accuracy for intra-cell multi user scenarios.
· The pair-wise symbol level scrambling has impact on NPRACH preamble performance for both Rel-15 and legacy UEs due to coverage loss.
· The symbol group level scrambling does not able to decrease false alarm rates properly for inter-cell interference.
[bookmark: OLE_LINK563][bookmark: OLE_LINK564]Therefore, in order to decrease false alarm rates and ensure the NPRACH preamble performance on both Rel-13/Rel-15 user, the proposed symbol level scrambling in section 3.1.1 is preferred.
[bookmark: OLE_LINK604][bookmark: OLE_LINK605][bookmark: OLE_LINK606]Proposal 1: For NPRACH reliability enhancement, the preamble is scrambled by a symbol-level scrambling code.

[bookmark: OLE_LINK602][bookmark: OLE_LINK603]Proposal 2: For NPRACH formats 0/1, the symbol level scrambling code reuses the 5-length code set from LTE in TS 36.211 Table 5.4.2A-1 (i.e. the orthogonal sequences for ). The symbol level scrambling code selection is as follows:
, where  is narrowband physical layer cell identity,  is frequency location of the first symbol group of a NPRACH signal.
	Sequence index  
	Orthogonal sequence

	0
	


	1
	


	2
	


	3
	


	4
	




False alarm reduction solutions for new NPRACH format
[bookmark: OLE_LINK429][bookmark: OLE_LINK430][bookmark: OLE_LINK439][bookmark: OLE_LINK438]Based on the new NPRACH format (NPRACH format 2) in [5], the proposed symbol level scrambling code is used to reduce false alarm probability. One NPRACH symbol group consists of CP + 3 symbols. Then a set of 3-length orthogonal sequences shown in Table 8 can be used. The UE can determine its sequence index among the scrambling codes by Formula 4,  is narrowband physical layer cell identity， is frequency location of the first symbol group of a NPRACH signal.
Formula 4

Table 8 The symbol level scrambling code set
	[bookmark: OLE_LINK600][bookmark: OLE_LINK601]Sequence index  
	Orthogonal sequence

	0
	[1  1  1]

	1
	

	2
	


[bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK490][bookmark: OLE_LINK491][bookmark: OLE_LINK595][bookmark: OLE_LINK607][bookmark: OLE_LINK608][bookmark: OLE_LINK627][bookmark: OLE_LINK628]
[bookmark: _GoBack]Proposal 3: For FDD NPRACH format 2, symbol level scrambling is applied to improve reliability. The symbol level scrambling code selection is as follows:
, where  is narrowband physical layer cell identity,  is frequency location of the first symbol group of a NPRACH signal.
	Sequence index  
	Orthogonal sequence

	0
	[1  1  1]

	1
	

	2
	



Conclusions
In this contribution, we present our simulation results of false alarm problem and provide possible enhancement solutions on NPRACH. The following observations and proposals are made.
[bookmark: OLE_LINK2]Observation 1: Inter-cell interference causes NPRACH false alarm rates of over 1% for 164 dB MCL across a range of SIR values.
Observation 2: Orthogonal symbol-level scrambling codes applied to Rel-13 NPRACH significantly decrease the occurrence of NPRACH false alarm rates of over 1% for 164 dB MCL and 0.5% for 144 dB MCL.
Observation 3: For intra-cell multi user scenarios, the proposed symbol level scrambling can achieve good ToA estimation accuracy.
Observation 4: The alternative solution of pairwise symbol level scrambling has significant NPRACH preamble performance impact on both Rel-15 and legacy UEs due to coverage loss.
Observation 5: Symbol group level scrambling applied to Rel-13 NPRACH does not improve the reliability performance properly.
[bookmark: OLE_LINK565][bookmark: OLE_LINK569]Proposal 1: For NPRACH reliability enhancement, the preamble is scrambled by a symbol-level scrambling code.

Proposal 2: For NPRACH formats 0/1, the symbol level scrambling code reuses the 5-length code set from LTE in TS 36.211 Table 5.4.2A-1 (i.e. the orthogonal sequences for ). The symbol level scrambling code selection is as follows:
, where  is narrowband physical layer cell identity,  is frequency location of the first symbol group of a NPRACH signal.
	Sequence index  
	Orthogonal sequence

	0
	


	1
	


	2
	


	3
	


	4
	




Proposal 3: For FDD NPRACH format 2, symbol level scrambling is applied to improve reliability. The symbol level scrambling code selection is as follows:
, where  is narrowband physical layer cell identity,  is frequency location of the first symbol group of a NPRACH signal.
	Sequence index  
	Orthogonal sequence

	0
	[1  1  1]

	1
	

	2
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