3GPP TSG GERAN 1/ 2 Ad-hoc #3
Tdoc GPC150494
Kista, Sweden 
(Revision of GPC150411)


29 – 2 July 2015

Source: 
Qualcomm Incorporated, Neul Ltd, Huawei Technologies Co., Ltd., 
              
HiSilicon Technologies Co., Ltd
Title:    
NB-CIoT – PSCH design and performance
Agenda:
1.4.2.5
Document for:
Discussion
1 Introduction
TR 45.820 [1] contains description of the NB-OFDMA and NB-M2M concepts for GERAN Cellular IoT. At GERAN #66, a converged solution, which uses components of NB-OFDMA and NB-M2M, was proposed (see [2]). 
In this document, we present the design for the physical synchronization channel (PSCH), along with its performance evaluation. The proposed PSCH design is similar to the design used for the NB-OFDMA solution [2], but with the following modifications:

1- A new PSS (Primary Synchronization Signal) design is introduced, based on Zadoff-Chu sequences.
2- The synchronization slot length and periodicity has been adapted to align with the NB-CIoT frame structure [4].

Section 2 presents the modified PSCH design, section 3 provides detailed simulation results to study the performance of the synchronization channel, and section 4 concludes this document.
This document is an update to [6]. The main change is to analyze the synchronization performance in a worst case scenario, in which sync transmissions from multiple cells overlap but are not completely aligned at the receiver device.
2 Physical Synchronisation Channel (PSCH)
In NB-CIoT, the PSCH is used to provide time and frequency synchronization for devices. In a companion document [4], a frame structure is proposed for NB-CIoT, in which the frame duration is 1280 ms and is sub-divided into 8 subframes each of duration 160 ms. Some resources are allocated for the transmission of PSCH in each subframe, as shown in Figure 1.

In the proposed design, one slot, indicated by S, during each subframe is allocated to PSCH, where the duration of a PSCH slot is 5 ms. This implies a periodicity of 160 ms for NB-CIoT synchronization.
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Figure 1 NB-CIoT frame structure

The PSCH consists of two parts:

1. PSS (Primary Synchronization Signal): used for initial symbol-level time synchronization and CFO (Carrier Frequency Offset) estimation.

2. SSS (Secondary Synchronization Signal): mainly used for frame-level time synchronization and carrying cell-specific identity information. SSS can also be utilized to refine the CFO estimation from PSS, and to detect false alarms.

Assuming a 240 kHz sampling rate, a PSCH slot of 5 ms duration has 1200 samples. Figure 2 shows the proposed PSS/SSS design within a PSCH transmission.
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Figure 2 PSCH design

PSS and SSS together have 1196 samples. In addition, two guard samples are inserted at the beginning and two guard samples at the end to limit the inter-symbol interference. 

To limit the PSCH bandwidth, the PSS and SSS are pulse-shaped before transmission.

2.1 Primary Synchronization Signal (PSS)
The PSS signal consists of two Zadoff-Chu (ZC) sequences PSS-1 and PSS-2, each having 330 samples (at 2X up-sampling). PSS-1 is generated based on [image: image4.png]


, a 165-length ZC sequence with root index 1, while PSS-2 is based on [image: image6.png]5, = conj(5,)



, the complex conjugate of [image: image8.png]
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More specifically, PSS-i samples consist of [image: image11.png]5; (n)



 samples after 2X up-sampling and passing through a pulse-shaping filter.
It can be shown that the peak position of the cross-correlation between ZC sequence [image: image13.png]


 and a frequency-shifted version of [image: image15.png]


 has an offset of [image: image17.png]


 samples according to,
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in which, [image: image20.png]fo



 is the frequency offset FO, [image: image22.png]


 is the sampling frequency and [image: image24.png]


 is the length of the ZC sequence. The corresponding shift in the peak position of [image: image26.png]5, = conj(5,)



, is [image: image28.png]


. Therefore, the difference between the correlation peak positions of PSS-1 and PSS-2 can be used to estimate the position of the synchronization slot as well as the value of the frequency offset. 

The initial FO estimation based on the position of the ZC correlation peaks has a limited granularity of  [image: image30.png]


. A finer estimation can be achieved by evaluating the phase shift of the PSS correlation samples. We further note that the residual FO after the initial estimation may be so large that cannot be detected in the second iteration due to a [image: image32.png]2m



 rotation. This large residual offset can potentially be detected by applying a few (e.g., 5) coarse FO and fine time offset (e.g., {-1,0,+1} sample) hypotheses for SSS detection.

2.2 Secondary Synchronization Signal (SSS)
The second synchronization signal (SSS) consists of two sequences SSS-1 and SSS-2, and is mainly used for frame-level synchronization and cell identification by conveying the index of the PSCH slot within a frame and the physical cell ID of the base station. The SSS may also be used for finer synchronization and as a means for False Alarm (FA) detection.

Each sequence, SSS-i, i=1,2, is generated based on a 67-length ZC sequence:
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In which [image: image35.png]


 is the ZC sequence length, and [image: image37.png]


 is the ZC root index. With [image: image39.png]


, it is possible to generate up to 66 different sequences by choosing various root index values. The combination of the two IDs [image: image41.png](uy. up)



 provides sufficient information (>12 bits) to encode the physical cell ID (9 bits) and the slot index (3 bits). 

The two SSS sequences, SSS-1 and SSS-2, are repeated twice to increase the detection reliability, and, similar to the PSS signal, SSS is 2x up-sampled and pulse-shaped before transmission.

3 Performance Evaluation

In this section, we present simulation results for the following two scenarios:

1. Initial cell search: where the NB-CIoT device has no prior knowledge of any existing cell, and has a large (up to 20ppm) initial FO with respect to the available cell(s). In this scenario, the device may choose any detected cell as its serving cell.

2. Cell reconfirmation: where the NB-CIoT device has previously acquired timing from a cell, but has lost its timing synchronization while its FO to the target cell is limited (up to 2ppm). In this scenario, the device is required to detect the same cell, potentially in the presence of a number of interfering neighboring cells. 

For the multi-cell scenarios, we also study two cases: (1) asynchronous multi-cell, and (2) synchronous multi-cell. In the former case, the transmissions from the neighbouring cells arrive at the receiver device with random delays, while in the latter we assume the neighbouring cells are roughly synchronized in time and frequency and have the same receive delays at the NB-CIoT device.

Table 1 summarizes the simulation set-up. Note that in these performance evaluations, a pulse-shaping filter, whose coefficient are provided in Table 1, has been used for both transmitter and receiver sides.
Table 1 Simulation setting
	Scenario
	Initial cell search
	Cell reconfirmation

	Number of cells
	1,2,3
	1,2,3

	Target cell to select
	Any cell
	Cell no 1

	MS initial carrier frequency offset
	Randomly chosen from 

{-20ppm, +20ppm}
	Randomly chosen from 

{-2ppm, +2ppm}

	Cell initial carrier frequency offset
	Asynchronous
	Randomly chosen from {-0.05ppm, +0.05ppm} for each cell

	
	Synchronous
	Randomly chosen from (-0.05, +0.05) ppm for each cell 

	Cell initial timing offset (Rx delay at MS)
	Asynchronous
	Randomly chosen from 0 to 1 sync period duration (160ms) for each cell, with a granularity of 1 sample

	
	Synchronous
	Randomly chosen from -2 to +2 samples (at 240KHz) for each cell, with a granularity of 1 sample

	Interference
	Interfering cells have the same Tx power and path loss to MS as the serving cell

	MCL (dB)
	164, 154, 144

	BS Tx power (dBm)
	40

	Channel Model
	TU-1 Hz

	Pulse Shaping Filter coefficients 
	[0.015,0.042,-0.058,0.035,0.474,0.474,0.035,-0.058,0.042,0.015]


In the simulations, a device declares a successful cell reconfirmation when the SSS correlation (of both SSS sequences) of the target cell passes a pre-determined threshold. Our studies for synchronous multi-cell initial search procedure, where the synchronization signals from neighboring cells overlap, shows the MS device may detect an invalid SSS_1 id or SSS_2 id or detect an invalid combination of SSS_1 and SSS_2 ids. Note that in the former, at least one of the two detected ids do not correspond to any of the overlapping sync signals, while in the latter the detected ids correspond to two different cells and their combination is not valid. This will lead to potentially a large FA probablity especially.
In order to resolve the mentioned issue, the MS device declares a succesfull acquisition of a cell at sync iteration K, only if the corrleation energies of all the corresponding SSS sequences at iterations K and K-1 meet the threshold criterion. It should be noted that such mechansim is not needed for the cell reconfirmation procedure, where the device has prior knowledge of the SSS ids it needs to detect.
Therefore, we assume that a device declares a successful initial cell acquisition whenever it finds any cell, where the (normalized) SSS correlation energy of both SSS-1 and SSS-2 sequences passes a predetermined threshold (e.g., 0.1 in this simulation study) over two consecutive iterations. For the case of cell reconfirmation, successful cell detection is declared when the SSS threshold of the target cell passes the threshold.

We evaluate the synchronization performance using the following metrics:

(a) Synchronization latency: this is the time (number of sync periods) required for a device to declare a successful cell selection/reconfirmation.

(b) False Alarm (FA) probability: for those cases where the device declares a successful cell selection/reconfirmation, this is the probability that either the acquired cell ID is invalid (for the initial cell search scenario), or the residual timing error is unacceptably large (e.g., larger than 2 samples = 2/240e3 = 8.3 usec), or the residual frequency error is very large (e.g., larger than 200 Hz).
(c) Residual frequency error: for those cases with successful cell acquisition, this is the residual CFO estimation error.
(d) Residual Timing error: for those cases with successful cell acquisition, this is the residual timing error. 

Table 6 in the Appendix summarizes the synchronization latency results for various scenarios.
3.1 Initial Cell Search

We first study the performance of a single-cell scenario in the initial cell search case (Figures 3 and 4).
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Figure 3 Synchronization latency in initial cell search (single-cell)

Table 2 FA probability in initial cell search (single-cell)

	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01
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Figure 4 Residual frequency and timing errors in initial cell search (single-cell)

3.1.1 Initial Cell Search – Synchronous Multi-cell

Figure 5 demonstrates the synchronization latency at 164 dB MCL and for various synchronous multi-cell scenarios. The rest of this section focuses on the 3-cell scenario (Figures 6 and 7).
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Figure 5 Synchronization latency in initial cell search (synchronous multi-cell, 164 dB)
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Figure 6 Synchronization latency in initial cell search (synchronous 3-cell)

Table 3 FA probability in initial cell search (synchronous 3-cell)
	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01


(a) 
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Figure 7 Residual frequency and timing errors in initial cell search (synchronous 3-cell)

3.1.2 Initial Cell Search – Asynchronous Multi-cell

Figure 8 demonstrates the synchronization latency at 164 dB MCL and for various asynchronous multi-cell scenarios. The rest of this section focuses on the 3-cell scenario (Figures 9 and 10).
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Figure 8 Synchronization latency in initial cell search (asynchronous multi-cell, 164 dB)
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Figure 9 Synchronization latency in initial cell search (asynchronous 3-cell)

Table 4 FA probability in initial cell search (asynchronous 3-cell)
	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01


(a) 
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Figure 10 Residual frequency and timing errors in initial cell search (asynchronous 3-cell)

3.2 Cell Reconfirmation

We first study the performance of a single-cell scenario in the cell reconfirmation case (Figures 11 and 12).
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Figure 11 Synchronization latency in cell reconfirmation case (single-cell)

Table 5 FA probability in cell reconfirmation case (single-cell)
	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01


(a) 
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Figure 12 Residual frequency and timing errors in cell reconfirmation case (single-cell)

3.2.1 Cell Reconfirmation – Synchronous Multi-cell

Figures 13 and 14 present the synchronization performance of a synchronous 3-cell scenario.
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Figure 13 Synchronization latency in cell reconfirmation case (synchronous 3-cell)

Table 6 FA probability in cell reconfirmation case (synchronous 3-cell)
	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01


(a) 
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Figure 14 Residual frequency and timing errors in cell reconfirmation case (synchronous 3-cell)

3.2.2 Cell Reconfirmation – Asynchronous Multi-cell

Figure 15 demonstrates the synchronization latency at 164 dB MCL and for various asynchronous multi-cell scenarios. The rest of this section focuses on the 3-cell scenario (Figures 16 and 17).
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Figure 15 Synchronization latency in cell reconfirmation case (async multi-cell, 164 dB)
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Figure 16 Synchronization latency in cell reconfirmation case (asynchronous 3-cell)

Table 7 FA probability in cell reconfirmation case (asynchronous 3-cell)
	MCL
	164 dB
	154 dB
	144 dB

	False Alarm Probability
	<0.01
	<0.01
	<0.01


(a) 
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Figure 17 Residual frequency and timing errors in cell reconfirmation case (asynchronous 3-cell)

4 Summary

In this contribution, we have presented a design for the NB-CIoT synchronization channel, PSCH, and studied the performance of PSCH channel for two cases: (a) initial cell acquisition, and (b) cell reconfirmation. For both cases, we took into account the inter-cell interference effect by simulating single-cell, 2-cell and 3-cell scenarios. For the multi-cell scenarios, we further considered two variations: synchronous and asynchronous deployments. 

The study shows that 90% acquisition probability can be achieved within 1.28 seconds at 164 dB MCL using the worst case scenario. In the asynchronous deployment, the residual frequency offset estimation error is shown to be less than 45 Hz with higher than 95% and 90% confidence for 154 dB and 164 dB MCL, respectively. In the case of synchronous multi-cell, the residual frequency error is less than 45 Hz with higher than 90% and 85% probability for 154 dB and 164 dB MCL, respectively. The residual CFO can be further compensated using the available pilots in the downlink control and data channels, for example during reception of the Primary System Information. 

It is proposed to add description of synchronisation mechanism to TR [3] and a companion pCR for synchronisation description is provided in [6] and performance evaluation is provided in [7].
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Appendix

Table 8 Synchronization Latency (in seconds)

	MCL
	164 dB
	154 dB
	144 dB
	164 dB
	154 dB
	144 dB

	Synchronization latency
	Mean value
	90 percentile value

	Initial Cell Search
	3-cell (Sync)
	0.482
	0.386
	0.389
	0.8
	0.48
	0.48

	
	3-cell (Async)
	0.39
	0.322
	0.321
	0.64
	0.32
	0.32

	
	2-cell (Sync)
	0.51
	0.367
	0.36
	0.96
	0.48
	0.48

	
	2-cell (Async)
	0.446
	0.325
	0.321
	0.64
	0.32
	0.32

	
	1-cell
	0.653
	0.343
	0.321
	1.28
	0.32
	0.32

	Cell Reconfirmation
	3-cell (Sync)
	0.445
	0.291
	0.278
	0.96
	0.48
	0.48

	
	3-cell (Async)
	0.403
	0.222
	0.209
	0.96
	0.32
	0.32

	
	2-cell (Sync)
	0.383
	0.239
	0.22
	0.8
	0.48
	0.32

	
	2-cell (Async)
	0.371
	0.198
	0.184
	0.8
	0.32
	0.32

	
	1-cell
	0.332
	0.169
	0.161
	0.64
	0.16
	0.16
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