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[bookmark: _Ref409106980]Introduction
At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1].
The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
A non-legacy based design known as Narrowband LTE (NB LTE) has been described in [2] and [3]. In this contribution, a design for the cell search procedure in NB LTE is presented.
Background
Essential functions of a cell search procedure are to detect a suitable cell to camp on, and for that cell, obtain the symbol timing and synchronize to the carrier frequency. When synchronizing to the carrier frequency, the mobile station needs to correct any erroneous frequency offsets that are present, and perform symbol timing alignment with the frame structure from the base station. In addition, in the presence of multiple cells, the mobile station also needs to distinguish a particular cell on the basis of a cell ID. Thus, a typical cell search procedure consists of determining the timing alignment, correcting the frequency offset, obtaining the correct cell ID, and the absolute frame number reference.
LTE Cell Search
Cell search in LTE uses two synchronization sequences, the PSS (Primary Synchronization Sequence) and the SSS (Secondary Synchronization Sequence) in the 7th and 6th OFDM symbols respectively, of the 1st and 6th subframe of every 10 ms frame. This is depicted in Figure 1. Note that this design is for FDD systems only. In systems operating in TDD mode, the PSS and SSS are placed in a different position within the frame.
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[bookmark: _Ref425341896]Figure 1 : Frame structure for PSS and SSS in LTE
504 unique cell identities are supported in LTE, and this is further divided into 168 cell identity groups, with three cell identities within each group. As a result, three PSSs are used to provide the cell identity within a cell identity group. For a given cell, the PSS always contains the same information, and hence can be considered to be repeated every 5 ms. This enables the user to determine the timing of the cell and also correct the frequency offset within 5 ms after initiating the cell search. The position of the PSS gives the location of the SSS, which occupies the previous OFDM symbol. The sequences used in the SSS are interleaved in a different manner in the two subframes within a frame to obtain the correct frame timing and determine the particular cell identity group from the 168 possible alternatives.
The three PSSs are length-63 Zadoff-Chu sequences extended with 5 zeros at the edges and mapped to the center 73 subcarriers. The DC subcarrier is not transmitted, therefore, only 62 elements of the Zadoff-Chu sequences are used. The SSS is composed of two length 31 m-sequences interleaved in a specific manner in the two subframes (swapped in the frequency domain) to determine the correct frame timing. Since 31 cyclic shifts of an m-sequence are possible and all of them are orthogonal to one another, the SSS for a cell identity group is composed of two specific cyclic shifts of the two m-sequences.
NB LTE Cell Search
In order to maximize synergies with the LTE design, NB LTE relies on a time remapping of the LTE resources as described in [2]. However, a time domain remapping of the PSS and SSS would result in the synchronization sequences spread over multiple subframes. This may not be desirable because of the need for a contiguous sequence in the time domain to simplify receiver processing. Therefore, cell search in NB LTE follows the same principle as in LTE, but with suitable modifications in the design of the different sequences to improve the cell search capability. The structure of the cell synchronization sequences used in NB LTE is provided in Figure 2. 
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[bookmark: _Ref425163418]Figure 2 : Proposed frame structure PSS and SSS.
Depicted in Figure 2 are the
(a) Primary Synchronization Sequence (PSS): Three Primary Synchronization sequences are used as in LTE to determine the three cell identities within a group. The PSS spans 6 OFDM symbols and is used to determine the subframe timing as well as correcting the frequency offset. Note that in this design, the PSS is contiguous in time.
(b) Secondary Synchronization Sequence (SSS): The Secondary Synchronization Sequence spans 6 OFDM symbols and is used to determine the cell identity group and the M-frame timing. In order to support the same number of cell identity groups as in LTE, 168 different SSS are designed. 
From the design, it can be seen that the PSS and SSS are repeated on average every 15 ms and occur 4 times within a 60 ms M-frame. Specifically, in the 2nd and 7th M-subframes, the synchronization sequences are present in the 3rd subframe and in the 4th and 9th M-subframes, the synchronization sequences are present in the 6th subframe. In the subframes containing the synchronization sequences, the PSS occupies the last 6 OFDM symbols, and the SSS occupies the 2nd to 7th OFDM symbol. While the 1st and 8th OFDM symbols can be used to carry other information, the design allows the 1st OFDM symbol to be left vacant in order to support legacy LTE (when NB-LTE is deployed within an LTE carrier).
With respect to LTE, the design of the synchronization sequences in NB LTE are very much similar in the sense that each instance of PSS and SSS occupies 72 subcarriers both in LTE as well as in NB LTE (one OFDM symbol contains 12 subcarriers in NB-LTE), except for the fact that the PSS/SSS are repeated 4 times within an M-frame compared to 2 times repetition within a frame in LTE. This is done to enable faster synchronization as well as to reduce memory consumption at the user terminal. However, because of the 4 times repetition, a slightly modified design is required for the SSS to obtain the M-frame timing, which we describe in the next section.
Structure of PSS and SSS

In LTE, the structure of the PSS allows a low complexity design of the timing and frequency offset estimator, and the SSS is designed to obtain frame timing and enable support for 168 unique cell identity groups. The sampling rate in the downlink is equal to 1.92 MHz.
Primary Synchronization Sequence Design

Three different PSSs are specified in NB-LTE. In LTE PSS design, a certain number of frequency hypotheses are used for each PSS in order to determine the symbol timing and a coarse estimation of the frequency offset. Adopting the same design in NB LTE would give rise to a higher receiver processing complexity due to the use of multiple frequency hypotheses. In order to cater to this problem, a sequence resembling a differentially encoded Zadoff-Chu sequence in the time domain is proposed for the PSS. We start with a base sequence of length 71, and three different Zadoff Chu sequences are obtained using three different roots u. Thus, we have

The base sequence  is then differentially encoded to give a sequence  as follows 

The sequence  is then oversampled by a factor of 10 to give a length-720 sequence  as follows:
,      
Note that the above expression for  captures the oversampling effect. The sequence  is then padded with 48 zeros to obtain a length-768 sequence. 
Now, we try to design a sequence in the frequency domain that is “close” to the sequence . This is done by dividing the length-768 sequence into 6 length-128 sub sequences, where the subsequence  is given by . We then take the 128 point FFT of this sequence, denoted as . We keep only the first 12 points of the resulting FFT discarding the rest giving  and then perform a 128 point inverse FFT operation to obtain another sequence . Here,  can be viewed as the symbols modulating the 12 OFDM subcarriers in a specific OFDM symbol.  The PSS generation for a particular root  is given in Figure 3.
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[bookmark: _Ref427056926]Figure 3 : Generation of the PSS
A cyclic prefix of length 9 is then added to each of these 6 sub sequences  to give the PSS. The specific design allows backward compatibility with legacy LTE system. Since each of the sub sequences constitutes one OFDM symbol and there are 6 subsequences in total, the PSS occupies 6 OFDM symbols. The total PSS length is equal to (128 + 9)*6 = 822 samples. In order to justify the fact that the subsequences of the generated PSS signal are contained in a 180 kHz bandwidth, we provide the frequency domain response of the 6 subsequences  for root  in Figure 4. This shows that the leakage outside the 180 kHz bandwidth is zero, making the design orthogonal to legacy LTE signals contained in adjacent frequencies.
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[bookmark: _Ref427064626]Figure 4 : Frequency domain responses of the PSS subsequences
It should be noted that Figure 3 provides a method for generating the PSS, and the actual PSS to be used during transmission need not be generated every time using the same complex procedure at the transmitter/receiver. The complex coefficients corresponding to the PSS can be generated offline, i.e., , and these can then be stored directly at the transmitter/receiver. Also note that even though the PSS is generated at 1.92 MHz, the occupied bandwidth is much less than that. Therefore, at the receiver, we use a sampling rate of 192 kHz to do all the processing that is related to estimation of timing and frequency offsets using the PSS. This reduces the receiver complexity for cell search considerably. 
A comparison with LTE reveals that the frequency of occurrence of the PSS in NB LTE gives a slightly larger overhead for the PSS in LTE. Specifically, the synchronization sequences used in LTE occupy 1.43 % of the total transmission resource, and the ones used in NB LTE occupy approximately 2.8 % of the total resource. This extra overhead comes with the advantage of reducing the synchronization time as well as the memory consumption by a factor of 2, leading to improved battery life and lower device cost. 
Secondary Synchronization Sequence Design

The Secondary Synchronization Sequence (SSS) is designed in the frequency domain, and occupies 12 subcarriers in each of the 6 contiguous OFDM symbols. Thus, the number of resource elements dedicated to the SSS is equal to 72. The SSS is composed of two length 31 Zadoff Chu sequences padded with 5 zeros at the beginning and end. The two sequences are chosen in order to provide support for 168 unique cell identity groups. The reason for using Zadoff-Chu sequences in NB LTE compared to m-sequences in LTE is to provide robustness to the “phantom cell effect”, which arises due to the presence of a common sequence for two different cell identity groups. 
Since the PSS/SSS occur 4 times within an M-frame, the LTE design of the SSS cannot be used to provide the frame timing. This is because of the special interleaving structure that can determine only 2 positions, whereas we need to determine 4 positions. Therefore, a scrambling sequence is used on top of the two concatenated Zadoff-Chu sequences in order to provide information about the frame timing. 4 scrambling sequences are required to determine the 4 locations within the M-frame, which can be leveraged to obtain the correct frame timing. The SSS mapping is provided in Figure 4.
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[bookmark: _Ref427057816]Figure 5 : Generation of the SSS
Specifically, the SSS is given as , where  denotes the cell identity group and  determines the location of the SSS, i.e., the number of SSS in the M-frame that have occurred before the current SSS. We have





and




Note that  is composed of two Zadoff Chu sequences and determines the cell identity group.  The cyclic shifts  and  are chosen to provide a specific cell identity and the cyclic shift  is used to remove the “phantom cell effect” present in LTE design.  is the scrambling sequence composed of cyclic shifts of a base sequence  and is used to indicate the SSS location within an M-frame in order to obtain the frame timing. Note that the cyclic shift  is dependent on . The values of  and  for a specific  are provided in Annex A.
Simulations
Based on our updated design, we provide results for the synchronization performance during initial as well as non-initial cell search for the two worst case scenarios. For initial cell search, we assume a single cell scenario at 164 dB MCL. For non-initial cell search, we assume the presence of two interfering cells transmitting at the same power and located at same distance from the user terminal. The corresponding MCL is taken to be 164 dB. Note that these two scenarios are the worst case scenarios of interest, and the synchronization performance in all the other scenarios is better that the ones considered here.
The simulation assumptions are taken from [5]. The frequency offset is taken to be +/- 20 ppm for initial cell search and +/- 2 ppm for non-initial cell search. The detection rate is observed to be 100 % for initial cell search and 97.1 % for non-initial cell search. The maximum number of frames to be used for detection is taken to be 50. Details of the detection procedure are given in [5]. 
The CDF of the time required for detection is provided in Figure 6, and that of the timing error is provided in Figure 7. It can be seen that the residual timing error is within +/- 9 samples, i.e., +/- 4.7 us.
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[bookmark: _Ref427068004]Figure 6 : CDF of the time required for signal detection at 164 dB MCL                       (left) Initial cell search (right) Non-initial cell search
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[bookmark: _Ref427068005]Figure 7 : CDF of the timing estimation error after signal detection at 164 dB MCL (left) Initial cell search (right) Non-initial cell search
After the timing estimation process, frequency offset estimation is carried out. The CDF of the number of 15 ms signal block required for frequency offset estimation is shown in Figure 8, followed by the estimation error in Figure 9. The frequency offset error is within 50 Hz for most of the realizations. 
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[bookmark: _Ref427068006]Figure 8 : CDF of the time required for frequency offset estimation at 164 dB MCL. (left) Initial cell search (right) Non-initial cell search
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[bookmark: _Ref427068007]Figure 9 : CDF of the frequency offset estimation error at 164 dB MCL              (left) Initial cell search (right) Non-initial cell search
After the timing and frequency offset correction, the cell identity and frame location procedure is carried out. The CDF of the time required is provided in Figure 10.
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[bookmark: _Ref427068008]Figure 10 : CDF of the time required for cell ID detection at 164 dB MCL                   (left) Initial cell search (right) Non-initial cell search
The total synchronization time is provided in Table 1.
[bookmark: _Ref427067055]Table 1 : Comparison of network synchronization time (in ms) for initial and non-initial cell search at 164 dB MCL
	Synchronization Time
	Scenario

	
	Initial
(Noise only)
	Non-Initial            (2 interferers)

	50 %
	300
	285

	90 %
	1200
	1200

	99 %
	3135
	2070

	Average
	467.724
	459.237



Complexity
An analysis of the complexity of the detection process is provided in [4]. The analysis is done on the basis of 1.92 MHz sampling rate at the receiver during the detection procedure. However, we would like to point out that our evaluations are based on using a sampling rate of 192 kHz, which gives rise to a 10 times reduction in the complexity that has been calculated in [4]. Taking into account this factor of 10 reductions in the receiver processing algorithms for cell search, the total number of PSS operations becomes 188.35 Mops/sec. For SSS processing, the inner product step in [4] requires 144 ops/root/scrambling , giving a total of 6.87 Mops/sec. Combined with PSS, this becomes equal to 195.22 Mops/sec which is roughly three times the complexity of NB-CIoT. The three times increase is due to the fact that we use 3 PSS’s in our design whereas NB CIoT uses only one. 
We now evaluate the memory requirements for our solution. For the timing detection step, the receiver sampling rate is 192 kHz, giving 2880 complex samples per 15 ms. Assuming 1 byte memory for each real sample, this requires a storage of 5.76 kB. Next, we need to store the correlation values obtained from the three different PSS sequences. The PSS sequences used in the detection step are of length 82 (down sampling by 10 from length 822), and require  492 bytes of memory. The correlation coefficients are real valued, and we have 3 such correlations. This requires 8.64 kB of memory. Thus, in total, we require 8.64 + 5.76 + .492 = 14.892 kB memory for the timing estimation step. For the frequency estimation step, we need to buffer only the samples corresponding to the PSS, which is of length 82. This requires much lower memory than the time estimation step. After time estimation, the memory can be freed and used for frequency estimation. This, in total, we require around 15 kB memory for the time and frequency estimation procedure using PSS.
For the SSS, the sequences can be generated on the fly and stored in the memory after the PSS detection step is over. The base sequences are of length 31, and 30 such sequences are required. This gives a memory requirement of 31*30*2 = 1.86 kB. The four scrambling sequences are binary sequences, and this requires a memory of 62*4/8 = 31 bytes. Since each SSS requires knowing the two roots and the cyclic shifts, this requires storage of 315 bytes (assuming 5 bits are required for each of the roots and cyclic shifts). Thus, the total memory required for SSS sequence storage is 2.21 kB. In order to acquire the SSS, we need to buffer 128*6 samples, requiring 1.536 kB memory. After FFT processing, the received SSS comprises of a 72 length sequence, requiring 144 bytes of memory. Since we need to store one correlation value for each of the cell identity groups and the position of the SSS within the frame, this requires storage of 168*4 coefficients, requiring 1.344 kB memory. Thus, the total memory used in detecting the cell ID is given as 3.024 kB. This memory can be reused from the PSS detection step, and is much lower than 15 kB.
Thus, the total memory is given by 15 kB + 2.21 = 17.21 kB, which is comparable with the NB CIoT solution.
Conclusions
A cell search and synchronization signal design for NB LTE has been proposed. The design is very much in line with the cell search design in LTE and follows similar guidelines, along with suitable modifications to optimize the solution for IoT applications. 
Evaluations for the worst case scenarios in initial as well as non-initial cell search show good performance. 
[bookmark: _GoBack]References
GP-140421, “New Study Item on Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (FS_IoT_LC) (revision of GP-140418)”, source VODAFONE Group Plc. GERAN#62.
[bookmark: _Ref425406999]GP-150779, “Narrowband LTE – Concept description”, source Ericsson LM; Nokia Networks; AT&T; Alcatel-Lucent; Alcatel-Lucent Shanghai Bell; Intel; Sierra Wireless; Sequans, GERAN#67.
[bookmark: _Ref426461326]GP-150803, “Reuse of LTE L2/L3 layers for Cellular IoT”, source Alcatel-Lucent; Alcatel-Shanghai Bell; Ericsson LM; MediaTek Inc.; Panasonic Corporation; Sierra Wireless; S.A.; ZTE Corporation; Nokia Networks; Sequans, GERAN#67.
[bookmark: _Ref427065241]GP-150882, “NB-LTE – Preliminary MS complexity analysis “, source Qualcomm-Incorporated, GERAN #67.
[bookmark: _Ref427065959]GP-150785, “Narrowband LTE – Cell search performance evaluation”, source Ericsson LM; Nokia Networks, GERAN #67.
[bookmark: _Ref426362667]Annex A : Secondary Synchronization Sequence Design
The values of the roots of the Zadoff-Chu sequences and their cyclic shifts to be used for the SSS of a particular cell identity group are provided in Table 1.
[bookmark: _Ref425169265]Table 2:  for a specific cell identity group 
	
	
	
	
	
	
	
	

	0
	1
	2
	0
	84
	1
	5
	12

	1
	2
	3
	0
	85
	2
	6
	12

	2
	3
	4
	0
	86
	3
	7
	12

	3
	4
	5
	0
	87
	4
	8
	12

	4
	5
	6
	0
	88
	5
	9
	12

	5
	6
	7
	0
	89
	6
	10
	12

	6
	7
	8
	0
	90
	7
	11
	12

	7
	8
	9
	0
	91
	8
	12
	12

	8
	9
	10
	0
	92
	9
	13
	12

	9
	10
	11
	0
	93
	10
	14
	12

	10
	11
	12
	0
	94
	11
	15
	12

	11
	12
	13
	0
	95
	12
	16
	12

	12
	13
	14
	0
	96
	13
	17
	12

	13
	14
	15
	0
	97
	14
	18
	12

	14
	15
	16
	0
	98
	15
	19
	12

	15
	16
	17
	0
	99
	16
	20
	12

	16
	17
	18
	0
	100
	17
	21
	12

	17
	18
	19
	0
	101
	18
	22
	12

	18
	19
	20
	0
	102
	19
	23
	12

	19
	20
	21
	0
	103
	20
	24
	12

	20
	21
	22
	0
	104
	21
	25
	12

	21
	22
	23
	0
	105
	22
	26
	12

	22
	23
	24
	0
	106
	23
	27
	12

	23
	24
	25
	0
	107
	24
	28
	12

	24
	25
	26
	0
	108
	25
	29
	12

	25
	26
	27
	0
	109
	26
	30
	12

	26
	27
	28
	0
	110
	1
	6
	16

	27
	28
	29
	0
	111
	2
	7
	16

	28
	29
	30
	0
	112
	3
	8
	16

	29
	1
	3
	4
	113
	4
	9
	16

	30
	2
	4
	4
	114
	5
	10
	16

	31
	3
	5
	4
	115
	6
	11
	16

	32
	4
	6
	4
	116
	7
	12
	16

	33
	5
	7
	4
	117
	8
	13
	16

	34
	6
	8
	4
	118
	9
	14
	16

	35
	7
	9
	4
	119
	10
	15
	16

	36
	8
	10
	4
	120
	11
	16
	16

	37
	9
	11
	4
	121
	12
	17
	16

	38
	10
	12
	4
	122
	13
	18
	16

	39
	11
	13
	4
	123
	14
	19
	16

	40
	12
	14
	4
	124
	15
	20
	16

	41
	13
	15
	4
	125
	16
	21
	16

	42
	14
	16
	4
	126
	17
	22
	16

	43
	15
	17
	4
	127
	18
	23
	16

	44
	16
	18
	4
	128
	19
	24
	16

	45
	17
	19
	4
	129
	20
	25
	16

	46
	18
	20
	4
	130
	21
	26
	16

	47
	19
	21
	4
	131
	22
	27
	16

	48
	20
	22
	4
	132
	23
	28
	16

	49
	21
	23
	4
	133
	24
	29
	16

	50
	22
	24
	4
	134
	25
	30
	16

	51
	23
	25
	4
	135
	1
	7
	20

	52
	24
	26
	4
	136
	2
	8
	20

	53
	25
	27
	4
	137
	3
	9
	20

	54
	26
	28
	4
	138
	4
	10
	20

	55
	27
	29
	4
	139
	5
	11
	20

	56
	28
	30
	4
	140
	6
	12
	20

	57
	1
	4
	8
	141
	7
	13
	20

	58
	2
	5
	8
	142
	8
	14
	20

	59
	3
	6
	8
	143
	9
	15
	20

	60
	4
	7
	8
	144
	10
	16
	20

	61
	5
	8
	8
	145
	11
	17
	20

	62
	6
	9
	8
	146
	12
	18
	20

	63
	7
	10
	8
	147
	13
	19
	20

	64
	8
	11
	8
	148
	14
	20
	20

	65
	9
	12
	8
	149
	15
	21
	20

	66
	10
	13
	8
	150
	16
	22
	20

	67
	11
	14
	8
	151
	17
	23
	20

	68
	12
	15
	8
	152
	18
	24
	20

	69
	13
	16
	8
	153
	19
	25
	20

	70
	14
	17
	8
	154
	20
	26
	20

	71
	15
	18
	8
	155
	21
	27
	20

	72
	16
	19
	8
	156
	22
	28
	20

	73
	17
	20
	8
	157
	23
	29
	20

	74
	18
	21
	8
	158
	24
	30
	20

	75
	19
	22
	8
	159
	1
	8
	24

	76
	20
	23
	8
	160
	2
	9
	24

	77
	21
	24
	8
	161
	3
	10
	24

	78
	22
	25
	8
	162
	4
	11
	24

	79
	23
	26
	8
	163
	5
	12
	24

	80
	24
	27
	8
	164
	6
	13
	24

	81
	25
	28
	8
	165
	7
	14
	24

	82
	26
	29
	8
	166
	8
	15
	24

	83
	27
	30
	8
	167
	9
	16
	24
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