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1 Introduction
For the synchronization signal design for NB-IoT, it has been described in the WID [1] that

· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
In RAN1#83, it was further agreed [2]
· Confirm working assumption on supporting 504 PCIDs
· PCID is indicated by NB-SSS 

· The following resource mapping rules are complied with:
· The first 3 LTE OFDM symbols are not used by NB-PSS/NB-SSS
· FFS for special subframe in TDD
· NB-PSS/NB-SSS are punctured by LTE CRS (if a collision exists)
· FFS for CRS ports 2,3 in FS2
· NB-PSS/SSS occupy fixed number of OFDM symbols in each synchronization subframe 
· Normal CP: NB-PSS and NB-SSS span 11 or 9 (one value to be selected) OFDM symbols and X OFDM symbols respectively in each subframe transmitting the synchronization signal
· One value of X to be selected in the range 6 to 11, at least for FDD
· Extended CP if supported: NB-PSS and NB-SSS span 9 OFDM symbols and Y OFDM symbols in each subframe transmitting synchronization signal 

· One value of Y to be selected in the range 6 to 9, at least for FDD
Further, in RAN1 #NB-IoT AdHoc meeting, for NB-PSS/NB-SSS it was also agreed [4]:

· One transmission of NB-PSS, NB-SSS, NB-PBCH, and NB-PDSCH never overlaps between multiple LTE PRB bandwidths for inband operation

· The number of subcarriers for NB-SSS is 12

· The number of subcarriers for NB-PSS is 12 or 11

· FFS: exact number of subcarrier

· NB-PSS uses the last 11 OFDM symbols of subframes in which NB-PSS occurs for normal CP

· NB-SSS uses the last [11] or [9] OFDM symbols of subframes in which NB-SSS occurs for normal CP

Besides, for the channel raster design:

· 100kHz channel raster is assumed by UEs in all three operation modes (i.e. standalone, guard-band and in-band)

· The NB-IoT NB-PSS/NB-SSS center frequency is aligned to 100kHz channel raster in standalone mode
In RAN1#84, it was agreed [7]
· The periodicity of NB-PSS transmission is 10ms.

· The sequence for NB-PSS is generated at each OFDM symbol

· Length-11 Zadoff-Chu Sequence in frequency domain is used for sequence generation for each OFDM symbol and 11 REs are used per OFDM symbol.

· The 11 root sequence indices are FFS. 
· NB-PSS is transmitted in subframe 5

· NB-SSS is transmitted in subframe 9 

· Number of symbols for NB-SSS: 11

· NB-SSS base sequence is constructed from one or more ZC sequences

· Length FFS

· FFS whether multiple root sequences are used or a binary scrambling code
In this contribution, we provide the NB-PSS detection receiver complexity analyses and NB-IoT synchronization performance evaluations for the short NB-PSS sequences proposed in [5] and [6]. In our complexity and performance comparisons, we take the long NB-PSS sequence proposed in [3] to be the reference. 
2 NB-PSS detection receiver complexity analyses

In Table 1, we summarized the UE complexity of NB-PSS detection, which dominates the UE complexity of cell search. The complexity is shown in terms of millions real-valued operations per second (MOPS). One long [3] and two short [5]

 REF _Ref445804689 \r \h 
[6] NB-PSS sequences are compared.

Table 1 Summary of complexity analyses
	Design 
	Long seq. [3] 
	Short seq. [5]
	Short seq. [6]

	Receiver algorithm 
	1
	2-1
	2-2
	2-3
	3

	Sampling frequency 
	240 KHz
	240 KHz
	240 KHz
	240 KHz
	240 KHz

	Correlation method
	Full cross-correlation
	Partial cross- correlation using one OFDM symbol segment
	Partial cross- correlation using quarter OFDM symbol segment
	Differential then cross-correlation
	Auto-correlation with several different lags

	Number of NB-PSS
	2
	1
	1
	1
	1

	Multi-bin number
(to cover +/- 25.5kHz)
	1
	5 (15KHz bin size)
	1
	1
	1

	MOPS
	37.91
	476.99
	260.72
	26.34
	36.72

	Relative complexity
	1x
	12.58x
	6.9x
	0.69x
	0.97x

	Memory (kB)
	13.6 kB
	12.25 kB
	2.46 kB
	8.8 kB
	24 kB

	Relative memory
	1x
	0.9x
	0.18x
	0.65x
	1.76x


2.1 Long NB-PSS sequence design in [3]
Use full cross-correlation which is implemented by overlap-save method to obtain two NB-PSS correlation profile. Assuming the operation sampling rate is 240 KHz then the total samples 
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 during a NB-PSS period is 240KHz*20ms = 4800 and the golden NB-PSS sequence length is
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segments to compute 20 ms NB-PSS correlation profile, where 
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 is the FFT size in overlap-save method. The number of operations for a N-point FFT/IFFT is 
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is the complex multiplication (OPs=6) in frequency domain for each segment in overlap-save method. After obtaining the cross-correlation profile, a square (OPs=3) function is applied for each NB-PSS correlation profile, the complexity is 
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 and we can select the 
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to minimize the MOPS to be 37.91.
For the NB-PSS detection, UE needs a total of 
· 2 ( Input + Result) FFT buffers of length 1024; and
· 2 (PSS1/PSS2) power profile buffers.
; which results in 2*2(kB) + 2*T*1(B) = 13.6kB memory in total.

2.2 Short NB-PSS sequence design in [5]
In this section, there are three receiver designs are analyzed. For the first two receiver designs, the partial cross-correlation is used and the segment size is one OFDM symbol and quarter OFDM symbol respectively. For the third design, a cross-correlation between differential of received signal and differential of golden NB-PSS is computed.
2.2.1 Partial correlation

Assuming the operation sampling rate is 240 KHz (i.e. regular down sample from 1.92MHz) then the total samples 
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 during a NB-PSS period is 240KHz*10ms = 2400. For each segment in partial correlation, we also use the overlap-save method to compute the cross-correlation. For different partial correlation segment size 
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 in units of OFDM symbols, the total number of segments are 
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segments to compute 10 ms NB-PSS correlation profile, where 
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 is the FFT size in overlap-save method. The operations for a N-point FFT/IFFT is 
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. In the first step, the complexity of cross-correlation for all segments is 
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. Then we apply the square function on the correlation profile for each segment, the complexity is 
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 and we select 
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If we select 16 received samples irregularly (on 1.92MHz sampling rate) for each OFDM symbol to achieve the 240KHz operation rate. Because the root indices for NB-PSS symbol index 8 and 10 are the same, the K would be reduced to 
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 in overlap-save method will be increased from 1 to 7 for different input sampling phase on each NB-PSS symbol. (i.e. there are only 7 different sampling phases among 11 NB-PSS symbols, not 8). The modified MOPS is 
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For the NB-PSS detection, UE needs a total of 
· 2 ( Input + Result) FFT buffers of length 64 for 
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· B power profile buffers.
; which results in 2*0.125(kB) + B*T*1(B) = 12.25kB memory in total for 
[image: image40.wmf]1

=

S

. And 2*0.03125(kB) + B*T*1(B) = 2.46kB memory in total for 
[image: image41.wmf]4

1

=

S

.

2.2.2 Differential cross-correlation

A cross-correlation between differential of received signal and differential of golden NB-PSS is computed. The cross-correlation is also implemented by overlap-save method. Assuming the operation sampling rate is 240 KHz (i.e. regular down sample from 1.92MHz) then the total samples 
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 during a NB-PSS period is 240KHz*10ms = 2400, and the golden NB-PSS sequence length 
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 is the FFT size in overlap-save method. The operations for a N-point FFT/IFFT is 
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. Because the effect of frequency offset on received signal will become a constant phase rotation after doing differential function, the complex value coherent combine across a NB-PSS period would be used. Then the coherent combine costs 
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For the NB-PSS detection, UE needs a total of 
· 2 ( Input + Result) FFT buffers of length 1024; and
· 1 complex profile buffers.
; which results in 2*2(kB) + T*2(B) = 8.8kB memory in total.

2.3 Short NB-PSS sequence design in [6]
The sliding window auto-correlation would be used to compute the NB-PSS correlation profile. Assuming the operation sampling rate is 1.92 MHz then the total samples 
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 during a NB-PSS period is 1.92MHz*10ms = 19200. To compute the auto-correlation by recursive method, one complex multiplier (new element) is required for each sample. And based on the code cover 
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 complex adder for different lag 
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 (minus the old element and add the new element when combine all segments) is required for each sample. The normalized factor 
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 is the different lag for auto-correlation. Then the complexity is 
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. To obtain the average of complex value correlation across Y PSS transmission, the complexity is 
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 multiplication between real value and complex value for the other lags auto-correlation and (X-1) complex adder is required. At weighting combine stage the total complexity is 
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then the MOPS is 293.76 at 1.92MHz operation rate. If we select 17 samples from the 1.92MHz raw data (operation rate is small and close 240KHz), the MOPS will become 36.72.
For the NB-PSS detection, UE needs a total of 
· 
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complex sub auto-correlation buffers; and
· 1 complex profile buffers.
; which results in (4+1)*T*2(B) = 24kB memory in total.

3 NB-IoT synchronization performance evaluations 
3.1 Simulation assumptions
We evaluate the different NB-PSS sequence performance for the design in [3], [5] and [6]. And the most critical scenario, MCL 164 dB under in-band ICS with 7.5 KHz channel raster offset, is simulated only. The transmitted NB-SSS sequence is the same among these evaluations. The detail simulation setting is listed in Table 2
Table 2: Simulation settings
	Scenario 
	In-band, initial cell search

	Carrier frequency
	900 MHz

	Channel model
	TU

	Doppler spread
	1 Hz

	Initial frequency offset1
	+/- 20 ppm

	SNR
	-12.6 dB2

	Antenna configuration
	1Tx 1Rx

	Sampling rate
	1.92 MHz (A/D); 240kHz (PSS detection)ing rategurationand chitted filter to  four different NB-SSS sequence PSS subframe allocation in 



























	Power boost for NB-IoT signal
	6 dB

	Timing drift 
	Proportionate to carrier frequency offset 

	Timing offset 
	Uniformly distributed between in the interval of [0,80) ms in steps of size 1/1.92MHz 

	Channel raster offset
	+/- 7.5KHz

	Number of interferer
	0

	Number of realizations
	1000

	Note1: For each simulation realization in initial cell search, a random initial frequency offset is selected from the set {20ppm, -20ppm}. For each simulation realization in non-initial cell search, a random initial frequency offset is selected from the set {2ppm, -2ppm}.
Note2: Under MCL 164 dB, the SNR for in-band operation mode is -12.6 dB
Note3: Under MCL 164 dB, the SNR for stand-alone operation mode is -4.6 dB


3.2 Simulation results
The detail simulation results are listed in Table 3. A pre-defined threshold is used for NB-PSS peak detection. Assume “X” is the total number of realization, “Y” is the number of realizations that NB-PSS correlation profile peak exceeds the pre-defined threshold, “Z” is the number of realizations that the estimated NB-PSS timing is within the ideal timing window (i.e. |the residual timing error| = |estimated timing – ideal timing| ≤ 2.08us = 4 samples at 1.92MHz), and “S” is the number of realizations that detect the correct Cell ID by NB-SSS. Then the definition of NB-PSS detection rate is “Z/X”, the definition of NB-PSS false alarm rate is “(Y-Z)/X”, the definition of NB-PSS miss detection rate is “(X-Y)/X”, the definition of NB-SSS detection rate is “S/Y”, and the definition of NB-SSS false alarm rate is “(Y-S)/Y”. The statistic of NB-PSS detection time and total synchronization time are both shown in Table 3. The total synchronization time is include the time of NB-PSS detection, fine timing estimation (i.e. spend 10 NB-PSS periods), coarse frequency estimation (i.e. spend 10 NB-PSS periods. The function is activated only for short sequence design. For long sequence design, the coarse frequency offset could be obtained at NB-PSS detection stage.), fine frequency estimation (i.e. spend 10 NB-PSS periods) and Cell ID detection by NB-SSS.
Table 3 : the comparison of synchronization performance 
	Design 
	Long seq. [3] 
	Short seq. [5]
	Short seq. [6]

	Receiver algorithm 
	1
	2-1
	2-2
	2-3
	3

	MOPS
	37.91
	476.99
	260.72
	26.34
	36.72

	Relative complexity
	1x
	12.58x
	6.9x
	0.69x
	0.97x

	Memory (kB)
	13.6 kB
	12.25 kB
	2.46 kB
	8.8 kB
	24 kB

	Relative memory
	1x
	0.9x
	0.18x
	0.65x
	1.76x

	NB-PSS detection rate
	99.0%
	94.8%
	45.7%
	69.3%
	88.4%

	NB-PSS false alarm rate
	1.0%
	1.4%
	2.0%
	11.4%
	11.0%

	NB-PSS miss detection rate
	0.0%
	3.8%
	52.3%
	19.3%
	0.6%

	NB-SSS detection rate
	99.6%
	97.0%
	85.5%
	75.6%
	28.4%

	NB-SSS false alarm rate
	0.4%
	3.0%
	14.5%
	24.4%
	71.6%

	NB-PSS detection time at 50% confidence
	332 ms
	861 ms
	> 5000 ms
	2063 ms
	504 ms

	NB-PSS detection time at 90% confidence
	1333 ms
	3260 ms
	> 5000 ms
	> 5000 ms
	2026 ms

	The average of NB-PSS detection time 
	549 ms
	1180 ms
	1740 ms
	1802 ms
	773 ms

	Sync. time at 50% confidence
	873 ms
	1290 ms
	> 5000 ms
	3510 ms
	> 5000 ms

	Sync. time at 90% confidence
	1933 ms
	3990 ms
	> 5000 ms
	> 5000 ms
	> 5000 ms

	The average of sync. time 
	1076 ms
	1542 ms
	1943 ms
	2168 ms
	539 ms1


Note 1: The valid realizations are only 1000*28.4% = 284 in the average of sync. time. 

In the simulation results, the receiver algorithm 1 and 2-1 could achieve good NB-PSS/NB-SSS detection rate. However, the complexity of algorithm 2-1 is 12.58 times than algorithm 1 and the average of NB-PSS detection time is almost twice than algorithm 1. 
We think the performance of algorithm 2-2 and 2-3 are not acceptable. We select the pre-defined peak detection threshold to give a trade-off between NB-PSS and NB-SSS detection rate. However, within 5 sec total simulation time, the NB-PSS detection rate is still worse in algorithm 2-2 and 2-3.
In the algorithm 3, the NB-PSS detection performance is better than the algorithm 2-2 and 2-3. We observe that the residual timing error in algorithm 3 (<1.5µs at 95% confidence) is larger than the one in algorithm 1 (<1.5µs at 95% confidence) and 2-1 (<4.9µs at 95% confidence), further more the performance of frequency estimation is worse due to the larger residual timing error. It means that the UE may increase the cell search receiver complexity to improve the performance of timing and frequency estimation and achieve the acceptable SSS detection rate.
Observation #1: The long sequence design proposed in [3] provides a better trade-off between UE cell search receiver complexity and NB-IoT synchronization performance than the short sequence design proposed in [5]  
Observation #2: The receiver complexity of partial correlation algorithm is too high to be acceptable.
Observation #3: The receiver complexity of the differential algorithm is lowest but the performance is not acceptable.
Observation #4: The receiver complexity of the auto-correlation algorithm is low but the accurate timing and frequency estimation under MCL 164 dB are the problem.
4 Conclusion
In this contribution, we provide the NB-PSS detection receiver complexity analyses and NB-IoT synchronization performance evaluations for the short NB-PSS sequences proposed in [5] and [6]. In our complexity and performance comparisons, we take the long NB-PSS sequence proposed in [3] to be the reference. The observations are summarized as follows:
Observation #1: The long sequence design proposed in [3] provides a better trade-off between UE cell search receiver complexity and NB-IoT synchronization performance than the short sequence design proposed in [5]
Observation #2: The receiver complexity of partial correlation algorithm is too high to be acceptable.
Observation #3: The receiver complexity of the differential algorithm is lowest but the performance is not acceptable.
Observation #4: The receiver complexity of the auto-correlation algorithm is low but the accurate timing and frequency estimation under MCL 164 dB are the problem.
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_1519565281.unknown

_1519592738.unknown

_1519565184.unknown

_1519564673.unknown

_1519565019.unknown

_1519564563.unknown

_1519562171.unknown

_1519563182.unknown

_1519563384.unknown

_1519563431.unknown

_1519563214.unknown

_1519562543.unknown

_1519563066.unknown

_1519562192.unknown

_1519561846.unknown

_1519562086.unknown

_1519562112.unknown

_1519561859.unknown

_1519561649.unknown

_1519561678.unknown

_1519561512.unknown

_1519558708.unknown

_1519560104.unknown

_1519560537.unknown

_1519560839.unknown

_1519560214.unknown

_1519559294.unknown

_1519559463.unknown

_1519559015.unknown

_1519558301.unknown

_1519558579.unknown

_1519557651.unknown

_1519557803.unknown

_1519558025.unknown

_1519557715.unknown

_1519557444.unknown

