3GPP TSG GERAN #63










     GP-140565
Ljubljana, Slovenia                              
      Agenda Item: 7.1.5.3.5
25 Aug - 29 Aug 2014
Source: Huawei Technologies Co., Ltd. , HiSilicon Technologies Co., Ltd.

NB M2M - Cell Search Mechanism
1 Introduction
At GERAN#62 a new SI on Cellular IoT was approved [1]. NB M2M design has been proposed as one candidate solution for the study [2][3]. In this contribution, a cell search mechanism for NB M2M system is presented. Other physical aspects for NB M2M system are discussed in our companion contributions [4][5].

2 Cell search procedure
Cell search is the procedure by which a MTC device acquires time and frequency synchronization with a BS and detects the cell ID of that cell. In the NB M2M system, cell search roughly consists of 4 operations: signal detection, symbol timing and carrier frequency synchronization acquisition, frame timing, and physical cell ID identification.
The basic cell search procedure is illustrated in Fig.1.
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Figure 1. Basic cell search procedure.
2.1 Signal detection
Detection of the NB M2M synchronization signals is deployed by MTC devices to search for workable frequency bands during initial access. 
2.2 Symbol timing and carrier frequency synchronization acquisition
Symbol timing and carrier frequency synchronization acquisition is the basis of baseband signal processing. Symbol timing and carrier frequency are usually acquired by correlation (e.g., cross-correlation or auto-correlation) based detection of synchronization signals.
2.3 Frame timing
In our design, frame timing is directly derived from symbol timing as the synchronization channel is not transmitted more than once every frame, to align the edges of traffic burst with the pre-defined basic time unit (i.e., radio frame) [2]. 
2.4 Physical cell ID identification
Similarly to UTRA and E-UTRA, a physical cell ID is introduced for each cell by our NB M2M system to facilitate network planning (e.g., frequency reuse) and cell-specific operation (e.g., scrambling, frequency hopping and etc). The physical cell ID is detected by hypothesis testing of the cell-specific synchronization signals. To reduce the complexity of PCI detection, hierarchical and grouping scheme are applied to the synchronization channel. In this way, the MTC device needs to test fewer possibilities and could terminate its testing as early as it fails to detect the signals at early stage. 
3 Synchronization signal structure
The requirements of low cost, coverage enhancement and low power consumption pose more challenges for the cell search design in our NB M2M system. 
· The initial carrier frequency offset (CFO) could be as large as ±18KHz in 900MHz frequency band because of the usage of low-cost crystal oscillator (e.g., DCXO) whose typical accuracy is assumed to be ±20ppm in the industry [7].

· A MTC device may have to get synchronized with the BS at a rather low SNR to meet the target of 20dB coverage enhancement. For example, the SNR could be as low as -6.6dB to achieve 162.8dB MCL[7]. 

· The synchronization channels occupy considerably limited time-frequency resources to keep lower overhead ratio (compared to small bursty packet size of cellular IoT) and smaller number of frequency searching attempts.
· The number of testing hypotheses as mentioned in section 2.4 should be as small as possible to save the power consumption and to reduce the hardware complexity. 
Synchronization channels/signals play a pivotal role during the cell search procedure. In the following, we elaborate our synchronization signal design while always bearing these challenges in mind. 
3.1 Structure in frequency
As proposed by our companion contribution [4], a physical channel, named PBSCH (physical broadcast synchronization channel) is dedicated to carry synchronization signals and broadcast information for our NB M2M system. The synchronization signals and the broadcast signals are combined designed as they are both cell-specific and provide the common and essential information for the initial access. At least one downlink physical channel per base station sector is reserved for PBSCH which means PBSCH and the data channels (i.e., PDSCH) are multiplexed by frequency division. An example of the frequency band mapping for PBSCH over the total 200kHz frequency band is shown in Fig. 2. The channel with the index ‘6’ is assigned to PBSCH. Frequency hopping is not supported by PBSCH.
The rationale behind this kind of FDM design is the smaller MTC device complexity to get the synchronization and broadcast information. The low SNR environment requires MTC devices to get synchronized to BS and to acquire the system information over a number of repetition transmissions. FDM helps to shorten the synchronization and system information acquisition time so process complexity and storage cost could be reduced. For example, the correlation based detection requires storing the correlation results in the sliding window, the length of which is proportional to the repetition period of the synchronization signal.  
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Figure 2. Frequency location of PBSCH
Furthermore, considering incurred overhead and UE frequency searching complexity, it is beneficial to design the PBSCH with small frequency reuse factor. In our NB M2M system, frequency reuse factor 1 is supported by PBSCH which means the PBSCHs of neighboring cells are completely overlapped in frequency domain. The inter-cell co-channel interference may be a problem by this design, which however will be particularly addressed in section 3.2.4. For the same example of 200KHz frequency band, the channel with the index ‘6’ is fixed to PBSCH in all cells, while all the other channels are used for PDSCH. 
3.2 Structure in time
The structure of PBSCH in time domain is shown in Fig. 3.
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Figure 3. Time structure of PBSCH
PBSCH is repeatedly transmitted to ensure the robustness and to reduce the detection latency. Two types of synchronization signals are contained in PBSCH: primary synchronization signal (PSS) and secondary synchronization signal (SSS) which are transmitted in different set of symbols. These two synchronization signals function differently in the cell search procedure which will be discussed in detail in the following sections. The discussion on the broadcast information transmission is included in our companion contribution [8].
3.2.1 Primary synchronization signal

PSS is used for signal detection, frame timing detection, and symbol timing detection. m-sequence is adopted to generate PSS for its good correlation property. The generator polynomial of the 255-length m-sequence is x8+x6+x5+x4+1. The signal detection could be implemented by comparing the amplitude of the correlation peak with a pre-defined threshold. 
The low SNR environment and large initial CFO aforementioned should be taken into account for the correlation based detection of PSS in the NB M2M system. To encounter low SNR environment, a sufficiently long sequence is required to yield a high correlation peak so that it can be successfully detected from the severe noisy background. On the other hand, the phase rotation of the sample is linearly increased or decreased according to the sequence length at a step size determined by the CFO value so the longer the sequence is, the larger the total phase rotation within the correlation window is expected. This phase rotation would lead to drastic degradation of the correlation performance. In the worst case, the cross-correlation detection may fail given the large initial CFO.
To solve this problem, differential encoding is applied to PSS sequence. For an example, the differential encoding could be implemented by eout(n+1) = bin(n)
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eout(n), 0≤n≤Seq_length-1 and eout(0) = ‘1’, where bin(n) and eout(n) denote the input and output of the differential encoder, respectively. By using differential encoding for PSS, the MTC device can remove the phase rotation caused by CFO offering better cross-correlation detection performance.
Advantageously in the implementation, CFO could be also estimated coarsely according to the phase of the correlation peak, which requires only a few additional calculations. The precise CFO estimation by using SSS could benefit a lot on top of the coarse CFO estimation.
3.2.2 Secondary synchronization signal
SSS is mainly used for precise CFO estimation, including the integer and the precise decimal CFO estimation. The low SNR environment is the main challenge to achieve the target CFO estimation accuracy (i.e.,±90Hz) [7]. In our design, length-257 Zadoff-Chu (ZC) sequence is adopted to generate SSS.
Both the auto-correlation based and the cross-correlation based methods could be used for CFO estimation. Cross-correlation based method shall perform better as its better resistance to large noise compared to auto-correlation. The excellent cross-correlation property of ZC sequence enables the precise estimation of the residual decimal CFO based on the cross-correlation based detection. Particularly, the cross-correlation peak of the ZC sequence shifts according to the value of the CFO existing in the received baseband SSS thus decimal CFO can be derived according to the direction and the interval of the shift respectively. Besides, as mentioned in section 2.1, the initial CFO could as large as ±18KHz, which exceeds the 12KHz signal bandwidth. Hypothesis testing could be used to search the integer CFO. For example, three test points could be set as ±12KHz and 0Hz. 
3.2.3 PCI detection and inter-cell interference mitigation

The m-sequence for PSS and the ZC sequence for SSS are masked by cell-specific scrambling sequences. Physical cell ID is derived based on the blind detection of the scrambling sequences. The interference signals from adjacent cells could be randomized as well so inter-cell interference is mitigated. 

To reduce the complexity of the hypothesis testing in PCI detection, only 36 PCIs in total are supported by our design, which is believed to be flexible enough for the network planning and sufficient to differentiate adjacent cells. Similar to the synchronization design in LTE, hierarchical and grouping scheme is applied to PSS and SSS. The total 36 unique Physical Cell IDs are grouped into 12 groups of three identities. The three identities in a group would usually be assigned to cells under the control of the same BS. Three PSS scrambling sequences are used to indicate the cell identity within the group, and 12 SSS scrambling sequences are used to indicate the identity of the group. The MTC device first tests the three PSS scrambling sequences. Then hypothesis testing is applied to the SSS group corresponding to the PSS with the highest correlation peak. Finally, the PCI is determined according to the SSS with the highest correlation peak. By this hierarchical and grouping design, the total number of tests to identify the PCI is reduced from 36 to 15. 
For PSS, the three scrambling sequences are generated by selecting the 1st, 160th and 196th rows from the 256x256 Hadamard matrix, which is defined in Appendix. The real numbers ‘-1’ and ‘1’ in the original Hadamard sequence are mapped to binary bits ‘1’ and ‘0’, respectively. In addition, each scrambling sequence is generated by discarding the last element of the original 256-length sequence. An “Exclusive-OR” operation is then applied between the m-sequence and the scrambling sequence in a bitwise manner. After that, differential encoding is applied to the scrambled sequence to obtain the final PSS signal. The normalized peak of the sliding cross-correlation between any two of the three scrambled sequences is no larger than 0.16, so inter-cell interference could be effectively mitigated.
The scrambling sequences for SSS are all cut from the Gold sequence, which is generated by using the PCI as the seed. The Gold sequence generation is described in Appendix. The normalized peak of the sliding cross-correlation between any two of the thirty-six scrambled sequences is no larger than 0.1.
4 Simulations
4.1 Simulation settings
Preliminary simulations are carried out to evaluate the cell search performance. The link level simulation assumptions are aligned with section 2.1 of [7]. The coverage enhancement case where SNR is set to -6.6dB corresponding to the target MCL of 162.8dB is simulated. The inter-cell co-channel interference is considered in the simulation. The same transmit power and the same large-scale fading are assumed for both target signal and interference signals, while different small-scale channels are applied to the signals from different cells. The other simulation parameters are shown in Table 1.
Table 1 Simulation assumptions
	Parameter
	Value

	Carrier frequency band
	900 MHz

	Channel propagation
	TU

	Doppler spread
	1 Hz

	Symbol rate
	12 k symbol/s

	Relative Rx delay from between neighboring cells
	randomly chosen from 0 to 1 frame with granularity of 1/16 Tb

	Fs
	192 kHz

	Interference
	2 interfering cells with the same Tx power 

	Antenna configuration
	1T1R

	MS initial carrier frequency offset
	+/-20ppm of targeting cell;
+/-0.5ppm between targeting cell and interfering cell


4.2 Simulation results
Table 2 Simulation results
	Performance metric
	Simulation results (SNR=-6.6 dB, averaged by 10000 times)
	Synchronization time

	Signal Detection in terms of false dismissal probability (FDP) and false alarm probability (FAP)
	{FDP 2.3%, FAP 1%}
	2.56s (32 frames of NB M2M)

	Symbol timing error
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	2.56s (32 frames of NB M2M)

	CFO estimation error distribution
	[-45Hz, 45Hz]: 99.12% 

[-90Hz, 90Hz]: 99.16% 
	640ms (8 frames of NB M2M)


The simulation results are given by Table 2. It is observed that our design shows quite good signal detection performance in terms of false dismissal probability and the false alarm probability in limited synchronization time (i.e., 2.56s). Meanwhile, the symbol timing error is sufficiently low in most case (not larger than 1/4 symbol in 99% cases). 
Our design also yields excellent CFO estimation accuracy even within a relatively short tracking period (i.e., 640ms).
5 Conclusions
In this contribution, a cell search mechanism for NB M2M is discussed based on the design of synchronization signals. The simulation results verify our design in terms of signal detection, symbol and frame timing and CFO estimation performance. 
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7 Appendix 
7.1 Gold sequence generation

Pseudo-random sequences are defined by a length-31 Gold sequence. The output sequence 
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 with the value depending on the application of the sequence.
7.2 Hadamard matrix
A Hadamard matrix is a square matrix whose entries are either +1 and -1. The order of a Hadamard matrix must be 2n, with n≥0. The 1-order Hadamard matrix is shown as following.
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And the 2n-order Hadamard matrix can be derived as following.
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where 1≤n∈N.
7.3 Zadoff-Chu sequence

Zadoff-Chu sequence for SSS is generated according to
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where n = 0 , 1 ,..., 256.
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