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1	Introduction
With the completed Rel-13 NB-IoT work in RAN1 and RAN2 [1][2][3][4], RAN4 has started the performance specification work in last meeting.  For uplink, both NPUSCH and NPRACH are under discussion for specification of performance requirements.
In the last RAN4 meeting, we addressed the ToA estimation issue for NPRACH [5].  It was observed that ToA estimation under NPRACH would be much worse than that of legacy PRACH.  Further studies are needed to define NPRACH detection performance and ToA estimation performance [5].
This contribution provides more detailed studies on NPRACH performance.  We observe that NPRACH performance of ToA estimation has strong dependency on specific cell ID and NPRACH signature.  Further new side conditions are proposed to be included for NPRACH performance specification.

2	Overview of NPRACH
As defined in RAN1 [1][2], NB-IoT’s RACH, called NPRACH, is a preamble based channel with single tone (3.75kHz).  One symbol group of NPRACH consists of a sequence of 5 identical symbols and a cyclic prefix (CP).  The symbol groups are frequency hopped, and one NPRACH (with repetition=1) includes 4 symbol groups.
A detailed NPRACH time/frequency structure is shown in Figure 1 with the NPRACH with repetition=2.  Note that the 2nd symbol group has hopped one subcarrier (3.75kHz) from the first symbol group.  And the 3rd symbol group has hopped 6 subcarriers (6 x 3.75=22.5kHz) from the 2nd symbol group.  A random frequency hopping is applied between two NPRACH symbols (between the 4th and the 5th symbol groups).  The random hopping distance is a pseudo-random (PR) number, which uses cell-ID as its initial seed [2].
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[bookmark: _Ref454096115]Figure 1    NPRACH symbols and group hopping

There are two important parameters for an NB-IoT UE to select a specific NPRACH: the hopping distance and the signature.  The hopping distance is the distance between two NPRACH blocks when the repetition >=2.  The signature is the initial subcarrier of the 1st symbol group.  
In the next section, we will show that NPRACH ToA estimation performance has strong dependency on the choice of the hopping distance and the signature.  

3	NPRACH performance evaluation
As discussed in our previous contribution [5], two performance criteria shall be used to evaluate NPRACH performance:
i) Missed detection rate, with a target false alarm rate;
ii) UL timing accuracy.
The first requirement defines the acceptable PRACH detection performance.  From legacy LTE requirements, the missed detection rate shall be <=1% and the target false alarm rate shall be <=0.1%.  The 2nd requirement defines the accuracy of ToA (timing of arrival) so that timing advance information can be correctly estimated.
We focus our study on the ToA estimation performance for NPRACH with the repetition >=2.
3.1	Example hopping patterns with Repetition=2, cell-ID=0
To illustrate the symbol group hopping of PRACH, we use some example hopping patterns shown in Table 1.  The two important hopping factors PR value and the signature are provided to demonstrate the difference.  As discussed, the PR value determines the hopping distance between two PRACH blocks (4 of symbol groups), and the signature indicates the first subcarrier of the 1st symbol group).
[bookmark: _Ref454112577]Table 1    Example NPRACH hopping patterns with repetition=2
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The numbers in the first half of Table 1 are subcarrier indices, which take values from 0 to 11 within the total of 12 subcarriers for NPRACH allocation.  The values in the bottom half of Table 1 are hopping distances between two neighbor symbol groups.
The NPRACH design ensures that intra-symbol group hopping has its hopping distance of +/-1 (antipodal) or +/-6.  The hopping distance between two NPRACH blocks (4 symbol groups for each block) depends on the PR value, which is determined by the Cell-ID.
3.2	Performance dependency on signature and cell-ID
On the receiver side, the ToA estimation accuracy depends on all hopping distance of symbol groups.  With higher hopping distance, better ToA estimation accuracy is expected but it may be sensitive to ambiguities (corresponding unique 2pi phase range covers only fraction of total ToA range).  For the three signatures shown in Table 1, Sign. 0 has low inter-block hopping distance (2) but with antipodal hopping for distance 6, expecting medium ToA accuracy performance.  Sign. 1 has low inter-block hopping distance (2) without antipodal hopping for distance 6.  This could indicate bad ToA estimation performance.  And Sign. 7 has high inter-block hopping distance (10) without antipodal for distance 6.  Good ToA estimation performance but ambiguity problem at low SNR are expected.
This simulation results for these three signatures are shown in Figure 2, with performance of missed detection, false alarm, timing error probability with timing limits at 2.5us, 5us, and 10us.  Repetition=2 and Cell-ID=0 are assumed in the simulations.
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[bookmark: _Ref454097377]Figure 2    NPRACH performance with different signatures: sign. 0 (blue); sign. 1 (red); sign. 7 (green)
From the timing error probability in Figure 2, it can be shown that Sign.1 (red) performs about 1~2dB worse than Sign.0 (blue), and Sign.7 (green) performs best at 2.5us timing limit, but it’s getting worse at 5us and 10us.  Besides, it can be observed that the detection performance for the three signatures are practical identical.  We can observe that
Observation 1:	The NPRACH ToA estimation performance has strong dependency on the choice of NPRACH signature.  No signature dependency is shown for NPRACH detection performance.
Further timing error pdf are provided in Figure 3 to illustrate the potential ambiguity.  The left figure in Figure 3 are the results at low SNR=-4dB.  Sign.7 has the best accuracy performance but ambiguity exists (side lobes at around +-16 and +-32).  The right figure are the results at SNR=0dB, where Sign.7 provides the best ToA accuracy performance (no side lobes because ambiguities are completely resolved by means of the lower distances).
[bookmark: _Ref454138346]Figure 3    Timing error pdf at different SNR levels


Another investigation is the study on the impact of cell-ID.  We studied 10 different cell IDs through simulations.  The simulation results are shown in Table 2 with required SNR as relative distance from the average SNR.  All three timing limits 2.5us, 5us and 10us are used to derive the results.
[bookmark: _Ref454138741]Table 2    ToA estimation performance with various cell IDs (rep=2)
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From Table 2, it is evident that the ToA estimation performance depends on the choice of cell-ID.  Among the 10 cell ID, the performance span can be as high as 5dB at timing limit=2.5us, ~2dB at timing limit=5us, and ~1.8dB at timing limit=10us.
Observation 2: 	The NPRACH ToA estimation performance has strong dependency on the choice of cell-ID.
More NPRACH simulations are performed with various NPRACH repetitions.  The simulation results are summarized in Table 3 as SNR span over 10 cell-ID with repetition 2, 4, 8 and 16.
[bookmark: _Ref454140675]Table 3  ToA estimation performance span with different repetitions
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The ToA performance dependency on cell-ID decreases with increased number of repetition.  But even with 16 repetition, the SNR span can still as high as 1.3dB at 2.5us timing limit.
Observation 3:	The ToA estimation performance dependency on cell-ID decreases with increased number of repetitions.
In order to pick the right cell-ID for NPRACH performance evaluation, we provide the average ToA performance span over the SNR spans of three timing limits.  The average performance are shown in Table 4.  
[bookmark: _Ref454141107]Table 4    Average ToA performance span
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It shows that cell ID=0, 503, 447 have small span overall these repetitions (for signature 0).  We may consider these cell-ID values as candidate cell-ID for test specification.
Observation 4:	Cell-ID 0, 503, 447 have small SNR span for NPRACH ToA estimation (for signature 0).
4	Summary and conclusions
This contribution provides further simulation results to study potential impact on NPRACH ToA estimation performance.  From our study, we have these observations:
Observation 1:	The NPRACH ToA estimation performance has strong dependency on the choice of NPRACH signature.  No signature dependency is shown for NPRACH detection performance.
Observation 2: 	The NPRACH ToA estimation performance has strong dependency on the choice of cell-ID.
Observation 3:	The ToA estimation performance dependency on cell-ID decreases with increased number of repetitions.
Observation 4:	Cell-ID 0, 503, 447 have small SNR span for NPRACH ToA estimation (for signature 0).
We can conclude that the ToA estimation performance significantly depends on cell-ID and the selected signature.  Therefore, it is proper to explicitly assume cell-ID value and signature values for NPRACH performance specification.
Proposal:	The choice of cell-ID and signature shall be included in NPRACH simulation assumptions for performance specification.
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