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1 Introduction
This document summarizes the evaluation results that have been presented to RAN1 NB-IoT Adhoc#2 for NB-IoT NB-PSS. The latest version presented at RAN1 NB-IoT Adhoc#2 meeting from each company is used.
2 Summary of NB-PSS performance

 [Sourcing company names

Source 1 = Ericsson

Source 2 = Huawei, HiSilicon
Source 3 = MediaTek
Source 4 = Intel

Source 5 = LG

Source 6 = Qualcomm

Source 7 = ZTE]
Table 1. Summary of the performance of different designs

	Metrics
	Huawei/Ericsson design
(Algorithm 1)
	Intel design
	LG design (algorithm 3)
	Qualcomm design (algorithm 2)

	
	
	algorithm 3
	Algorithm 4a
	Algorithm 4b
	
	

	
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 5 [11]
	Source 7 [2]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 1 [1]
	Source 2 [9]
	Source 4 [5]
	Source 5 [11]
	Source 7 [2]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 6 [6]

	NB-PSS Detection Rate
	100%
	100%
	99.0%
	99.7 %
	1.50%
	69.3%
	98.2%
	
	100%
	100 %
	61.70%
	94.8%
	98.7%
	94.1%
	5.60%
	45.7%
	88.1%
	99.4 %
	3.30%
	98.1
	99.89%
	100%
	100 %
	100%
	88.4%
	72.2%
	99 %

	NB-PSS False Alarm Rate
	
	0.00%
	1.0%
	
	0.00%
	11.4%
	
	
	0%/0.1%
	
	0.30%
	1.4%
	
	
	0.00%
	2.0%
	
	
	0.00%
	
	
	
	
	0.00%
	11.0%
	
	1 %

	NB-PSS detection time for 50 % users
	120 ms
	180ms
	332 ms
	720 ms
	/
	2063 ms
	
	
	40 ms
	240 ms
	\
	861 ms
	
	1030 ms
	
	> 5000 ms
	
	820 ms
	/
	
	1418ms
	30 ms
	280 ms
	550ms
	504 ms
	
	180 ms

	NB-PSS detection time for 90 % users
	460 ms
	540ms
	1333 ms
	2900 ms
	/
	> 5000 ms
	
	1935ms
	650 ms@95% percentile
	1130 ms
	\
	3260 ms
	
	4510 ms
	
	> 5000 ms
	
	3170 ms
	/
	
	
	560 ms@95th percentile
	980 ms
	870ms
	2026 ms
	
	620 ms

	Average NB-PSS detection time
	
	260ms
	549 ms
	
	/
	
	
	
	
	
	\
	1180 ms
	
	
	
	
	
	
	/
	
	
	
	
	560ms
	773 ms
	
	273 ms

	Total Sync. time for 50 % users
	165 ms
	
	873 ms
	824 ms
	
	3510 ms
	640ms
	
	
	334 ms
	
	1290 ms
	520ms
	1264 ms
	
	> 5000 ms
	1500ms
	934 ms
	
	680ms
	
	
	
	
	
	1420 ms
	

	Total Sync time for 90 % users
	565 ms
	
	1933 ms
	3234 ms
	
	> 5000 ms
	2010ms
	
	
	1374 ms
	
	3990 ms
	1320ms
	7244 ms
	
	> 5000 ms
	5000ms
	3614 ms
	
	2000ms
	
	
	
	
	
	5000 ms
	

	Average Total Sync. time
	251.2 ms
	
	1076 ms
	1223.9 ms
	
	
	961.6ms
	
	
	518.5 ms
	
	1542 ms
	637.9ms
	1785.4 ms
	
	
	1620.1ms
	1366.1 ms
	
	991.3ms
	
	
	
	
	
	2033 ms
	

	Complexity (in Mops/sec
	37.428
	37.4
	37.91
	25.8576
	25.8
	26.34
	25.8
	
	
	474.592
	434.4
	476.99
	107.88
	260.484
	517
	260.72
	149.84
	25.8576
	25.8
	25.8
	
	
	36.72
	49.8
	36.72
	44.88
	25.62

	Memory (Bytes)
	9.6 kB
	19.2k
	13.6 kB
	4.8 kB
	9.6k
	8.8 kB
	
	
	
	12 kB
	24k
	12.25 kB
	
	2.4 kB
	24k
	2.46 kB
	
	4.8 kB
	9.6k
	
	
	
	24 kB
	48k
	24 kB
	
	24 KB


3 Observations
1. Huawei/Ericsson long NB-PSS design [8] provides far better signal detection performance than any o NB-PSS design in terms of detection probability and detection latency (at least 2x~3x).
2. The partial correlation based receiver algorithms (i.e. 4a and 4b) employed by Intel short NB-PSS design requires extraordinary computational complexity which may not be affordable for the ultra-low cost UEs.

3. The computational complexity of all the other receiver algorithms other than the partial correlation based receiver algorithms (i.e. algorithm 4a and 4b) is comparable.

4. The differential algorithm (algorithm 3) employed by Intel and LG design achieves worse NB-PSS detection performance than other algorithms due to the noise enhancement.

5. The Qualcomm design and LG design utilizing the auto-correlation receiver algorithm (algorithm 2) achieves better signal detection performance than Intel design based on the differential algorithm (algorithm 3). 
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Appendix  I
There are four design options for NB-PSS as follows:

Huawei/Ericsson design [8]: the NB-PSS is generated from two length-139 root-1 Zadoff-Chu sequences which are complex conjugate of each other, as proposed in our companion contribution. 

Intel design [3]: a Zadoff-Chu sequence is used for each NB-PSS symbol and each sequence corresponds to a unique root index.  The root indices are {1, 10, 2, 9, 3, 8, 4, 7, 5, 6, 5}. 
LG design [11]: a pair of Zadoff-Chu sequences (root index 5) are used for adjacent two NB-PSS OFDM symbols and a code cover {1, 1, -1, -1, 1, -1, -1, 1, -1, 1, 1} is applied across different PSS symbols.
QC design [6]: an identical Zadoff-Chu sequence (root index 5) is used for each NB-PSS symbol and a PN-like code cover  {1, 1, 1, 1, -1, -1, 1, 1, 1, -1, 1} is applied across different PSS symbols.
The following receiver algorithms are proposed by the proponents for different designs:

Algorithm 1: Cross correlation of the received sequence with two local NB-PSS replica .

Algorithm 2: Auto correlation between different portions of the received sequence.

Algorithm 3: Cross correlation between the differential version of the received sequence and the differential version of the local NB-PSS .

Algorithm 4: Partial cross correlation of the received sequence with the local NB-PSS replica 

a. Partial cross correlation across 11 OFDM symbols with 3/5 frequency hypotheses.
b. Partial cross correlation across 44/22 blocks is used without any frequency hypotheses.
Note that both Algorithm 2 and Algorithm 3 involve multiplying two potentially very noisy samples. This is known to have a drawback of noise enhancement at a low operating SNR. Note that to support 164 dB MCL for in-band or guard-band operation, the SNR for NPSS may be as low as -12.6 dB.
Table 2. Huawei/Ericsson NB-PSS design [8] with receiver algorithm 1 in [9]
	Metrics 
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]

	NB-PSS Detection Rate 
	100%
	100%
	99.0%

	NB-PSS False Alarm Rate 
	
	0.00%
	1.0%

	Coarse timing error (99%)
	
	-6.25us ~ 6.25us
	

	Coarse CFO error (99%)
	
	-550Hz ~ 550Hz
	

	NB-PSS detection time for 50 % users 
	120 ms
	180ms 
	332 ms

	NB-PSS detection time for 90 % users 
	460 ms
	540ms 
	1333 ms

	Average NB-PSS detection time 
	
	260ms 
	549 ms

	SSS Detection Rate
	99.1 %
	
	99.6%

	Total Sync. time for 50 % users
	165 ms
	
	873 ms

	Total Sync time for 90 % users
	565 ms
	
	1933 ms

	Average Total Sync. time
	251.2 ms
	
	1076 ms


Table 3. Intel NB-PSS design [3]
	Metrics 
	Source 1 [1]
	Source 2 [9]

	Source 3 [7]
	Source 4 [5]
	Source 5 [11]
	Source 7 [2][5]

	
	Algorithm 4a
	Algorithm 3
	Algorithm 4b
	Algorithm 2
	Algorithm 3
	Algorithm 4a 
	Algorithm 4b 
	Algorithm 4a
	Algorithm 4b
	Algorithm 3
	Algorithm 4a
	Algorithm 4b
	Algorithm 3
	Algorithm 3
	Algorithm 3

	NB-PSS Detection Rate 
	100 %
	99.7 %
	94.1 %
	2.30%
	1.50%
	61.70%
	5.60%
	94.8%
	45.7%
	69.3%
	98.7%
	88.1%
	98.2%
	99.20%
	100%

	NB-PSS False Alarm Rate 
	
	
	
	0.00%
	0.00%
	0.30%
	0.00%
	1.4%
	2.0%
	11.4%
	
	
	
	
	0%/0.1%

	Coarse timing error (99%)
	
	
	
	-115us ~ 115us
	-2.25us ~ 2.25us
	-5us ~ 5us
	-10.4us ~ 10.4us
	
	
	
	
	
	
	
	

	Coarse CFO error (99%)
	
	
	
	-659Hz ~ 659Hz
(+N*14.12kHz)
	-600Hz ~ 600Hz
(+N*14.12kHz)
	\
	\
	
	
	
	
	
	
	
	

	NB-PSS detection time for 50 % users 
	240 ms
	720 ms
	1030 ms
	\
	\
	\
	\
	861 ms
	> 5000 ms
	2063 ms
	
	
	
	
	40 ms

	NB-PSS detection time for 90 % users 
	1130 ms
	2900 ms
	4510 ms
	\
	\
	\
	\
	3260 ms
	> 5000 ms
	> 5000 ms
	
	
	
	1935ms
	650 ms@95th percentile

	Average NB-PSS detection time 
	
	
	
	\
	\
	\
	\
	1180 ms
	
	
	
	
	
	
	

	SSS Detection Rate
	97.5 %
	98.3 %
	97 %
	
	
	
	
	97.0%
	85.5%
	75.6%
	99.7%
	96.5%
	99.3%
	
	

	Total Sync. time for 50 % users
	334 ms
	824 ms
	1264 ms
	
	
	
	
	1290 ms
	> 5000 ms
	3510 ms
	520ms
	1500ms
	640ms
	
	

	Total Sync time for 90 % users
	1374 ms
	3234 ms
	7244 ms
	
	
	
	
	3990 ms
	> 5000 ms
	> 5000 ms
	1320ms
	5000ms
	2010ms
	
	

	Average Total Sync. time
	518.5 ms
	1223.9 ms
	1785.4 ms
	
	
	
	
	1542 ms
	
	
	637.9ms
	1620.1ms
	961.6ms
	
	


Table 4. LG NB-PSS design [11]
	Metrics
	Source 1 [1]
	Source 2 [9]
	Source 5 [11]
	Source 4 [5]
	Source 7 [2]

	
	Algorithm 2
	Algorithm 3
	Algorithm 2
	Algorithm 3
	Algorithm 3
	Algorithm 3
	Algorithm 3

	NB-PSS Detection Rate 
	100 %
	99.4 %
	99.08%
	3.30%
	99.89%
	98.1
	100%

	NB-PSS False Alarm Rate 
	
	
	0.90%
	0.00%
	
	
	0.00%

	Coarse timing error (99%)
	
	
	-54us ~ 54us
	-3us ~ 3us
	
	
	

	Coarse CFO error (99%)
	
	
	-4.7kHz ~ 4.7kHz
(+N*14.12kHz)
	-767Hz ~ 767Hz
(+N*14.12kHz)
	
	
	

	NB-PSS detection time for 50 % users 
	350 ms
	820 ms
	980ms
	-
	
	
	30 ms

	NB-PSS detection time for 90 % users 
	1220 ms
	3170 ms
	2320ms
	-
	1418ms
	
	560 ms@95th percentile

	Average NB-PSS detection time 
	
	
	1224ms
	-
	
	
	

	SSS Detection Rate
	99.4 %
	99.4 %
	
	
	
	
	

	Total Sync. time for 50 % users
	454 ms
	934 ms
	
	
	
	680ms
	

	Total Sync time for 90 % users
	1394 ms
	3614 ms
	
	
	
	2000ms
	

	Average Total Sync. time
	648 ms
	1366.1 ms
	
	
	
	991.3ms
	


Table 5. Qualcomm NB-PSS design [6]  with receiver algorithm 2 in [9]
	Metrics 
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 5 [11]
	Source 4 [5]
	Source 6 [6]
	Source 7 [2]

	NB-PSS Detection Rate 
	100 %
	100%
	88.4%
	98.54%
	72.2%
	99 %
	

	NB-PSS False Alarm Rate 
	
	0.00%
	11.0%
	
	
	1 %
	

	Coarse timing error (99%)
	
	-25.8us ~ 25.8us
	
	
	
	
	

	Coarse CFO error (99%)
	
	-957Hz ~ 957Hz
(+N*14.12kHz)
	
	
	
	
	

	NB-PSS detection time for 50 % users 
	280 ms
	550ms
	504 ms
	
	
	180 ms
	40 ms

	NB-PSS detection time for 90 % users 
	980 ms
	870ms
	2026 ms
	2547ms
	
	620 ms
	590 ms@95th percentile

	Average NB-PSS detection time 
	
	560ms
	773 ms
	
	
	273 ms
	

	SSS Detection Rate
	99 %
	
	28.4%
	
	
	
	

	Total Sync. time for 50 % users
	394 ms
	
	> 5000 ms
	
	1420 ms
	
	

	Total Sync time for 90 % users
	1254 ms
	
	> 5000 ms
	
	5000 ms
	
	

	Average Total Sync. time
	547.5 ms
	
	
	
	2033 ms
	
	


Table 6. Summary of receiver complexity
	Metrics 
	Algorithm 1
	Algorithm 2
	Algorithm 3
	Algorithm 4a
	Algorithm 4b

	
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 6 [6]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]
	Source 1 [1]
	Source 2 [9]
	Source 3 [7]
	Source 4 [5]

	Complexity (in Mops/sec) 
	37.428
	37.4
	37.91
	36.72
	49.8
	36.72
	44.88
	25.62
	25.8576
	25.8
	26.34
	25.8
	474.592
	434.4
	476.99
	107.88
	260.484
	517
	260.72
	149.84

	Memory (Bytes)
	9.6 kB
	19.2k
	13.6 kB
	24 kB
	48k
	24 kB
	
	24 KB
	4.8 kB
	9.6k
	8.8 kB
	
	12 kB
	24k
	12.25 kB
	
	2.4 kB
	24k
	2.46 kB
	


Appendix  II

Table 7. Simulation settings
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz

	Subcarrier Spacing
	15 kHz

	SNR
	-12.6 dB1

	Sampling Frequency (Fs)
	1.92 MHz (A/D); 240 kHz (PSS detection)

	Cyclic Prefix
	10 samples for the 1st and 7th OFDM symbol within a subframe, 9 samples for the rest

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

	Timing drift
	Proportionate to carrier frequency offset 

	Power Boosting for NB-IOT (In-band and Guard-band)
	6 dB

	Frequency Offset
	Randomly generated as one of the values in the set of {-18 kHz, 18 kHz}, which corresponds to a frequency offset error of 20 ppm for initial cell search;

	Raster Offset
	7.5 kHz

	NOTE1: -12.6 dB corresponds to an MCL of 164 dB for in-band and guard-band operation.


Note 1: It is not clear whether timing drift caused by frequency raster offset modeled by source 4, 5 and 7 is the same as source 1 2 and 3 where continuous timing drift is modeled at a sampling frequency of 1.92 MHz.
Note 2: Source 7 assumes a 1.92MHz sampling rate for both NB-PSS detection and A/D, which may give a better performance for short sequence design. However, the device complexity analysis is not provided. It is foreseeable that a significant increase of Mops/s due to the use of such a high sampling rate. 
Note 3: Source 1, 4 and 6 assumes 2 Tx antennas whereas Source 2, 3, 5 and 7 assumes 1 Tx antennas. Therefore, it can be misleading to compare evaluation results where in one case Tx diversity has been exploited but in the other case Tx diversity has not been exploited, since Tx diversity will provide a performance gain for all NPSS designs.
Note 4: the results provide in source 1 is can be seen as a performance upper bound for all the designs. This is to ensure a fair comparison among all the designs without knowing the exact optimized peak (threshold) detection algorithm from different sourcing companies. 

To be more specific, in the evaluation performed in source 1, it is assumed that a “genie” tells the PSS detector whether the maximum peak within the search window (e.g. 10 ms for all the short sequence proposals) is within +/- 2.5 us of the true PSS position. If the maximum peak within the search window is within +/- 2.5 us of the true PSS position, the PSS detector takes the detected timing information to proceed the subsequent steps, such as frequency synchronization and SSS detection. 

Note 5: Different threshold values are set by source 2 for different designs and different algorithms. Each threshold value used by source 2 is chosen to meet 1% false alarm rate in AWGN channel and a certain range of coarse timing/frequency estimation error simultaneously. This setting can ensure the complexity for fine timing/frequency estimation (at 1.92MHz) is not overwhelming
� 22 correlators are used by Source 2 for algorithm 4b while 44 correlators are used by other sources for algorithm 4b





