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1 Introduction
Our NB-PSS and NB-SSS designs are presented in [1] and [2] respectively. In this contribution, we present performance evaluations for the various synchronization signal designs. The receiver processing algorithms and their complexity are discussed in our companion contribution [3]. 
2 Performance evaluations
In this section, we provide performance evaluations for initial and non-initial cell search. 
2.1 Timing acquisition results – Initial cell search
In this section, we present timing acquisition results for initial cell search. The simulation assumptions are tabulated in Table 1. For standalone mode, a transmit filter consisting of 19 taps is used in order that the NB-IoT signal fulfils the GSM PSD mask. For inband operation, no such filter is used. The results tabulated in this section are for extreme coverage for standalone and in-band operation. 
Table 2: Simulation Parameters for initial cell search
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz

	Subcarrier Spacing
	15 kHz

	Coupling loss
	164 dB

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

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

	Frequency Offset
	As indicated in the simulation results.

	Antenna Configuration
	1 Tx, 1 Rx for standalone
2 Tx, 1 Rx for in-band



We simulate the NB-PSS short sequence designs proposed in [1], [4] and [5]. Here, we present the results for total network synchronization time that includes NB-PSS detection, timing estimation, frequency offset estimation and cell ID & 80 ms frame timing detection using NB-SSS. The receiver starts with no timing reference and a frequency offset of . Multiple 10 ms windows are accumulated for the NB-PSS designs in [1], [4] and [5]. The same NB-SSS design [2] is used for all the NB-PSS designs for fairness. The various algorithms used for receiver processing are described in our companion contribution [3] and are summarized below.
1. Algorithm 1: 11 part-correlation with multiple hypotheses tests
2. Algorithm 2: 44 part-correlation without multiple hypotheses tests
3. Algorithm 3: 1-symbol differential followed by full correlation
4. Algorithm 4: Autocorrelation based detection [5]
For the different design options, we use the following algorithms:
· For the scheme in [1], we use the following algorithms 1, 2 and 3.
· For the design in [4], we used Algorithm 3.
· For the design in [5], we used Algorithm 4.
The results are summarized in the tables below for the two modes: standalone and in-band scenarios. Note that the PSS detection rate represents the percentage of cases that converge to the correct timing and frequency offset. The SSS detection rate is calculated for only those users that converge to the correct timing. The reported timing offset (and frequency offset) are the 90 percentile timing offset (and frequency offset respectively) error. The standalone simulations were run for 1000 ms and the inband simulations were run for 5000 ms. 

Table 3: Performance results for network synchronization for standalone +/- 18 kHz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	144.82
	204.14
	195.80
	194.62
	322.48

	50th percentile (ms)
	80
	120
	120
	100
	220

	90th percentile (ms)
	280
	500
	420
	400
	760

	PSS detection rate (%)
	99.7
	98.3
	99.2
	99.1
	96.5

	SSS detection rate (%)
	99.4
	99.1
	99.2
	99.2
	98.1

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-47~47




Table 4: Performance results for network synchronization (in ms) for standalone +/- 25.5 kHz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	156.92
	240.94
	185.82
	192.24
	340.12

	50th percentile (ms)
	100
	180
	120
	120
	220

	90th percentile (ms)
	280
	5400
	420
	420
	780

	PSS detection rate (%)
	99.5
	97.1
	99.3
	99.3
	96.1

	SSS detection rate (%)
	99.4
	99.1
	99.2
	99.2
	98.1

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-47~47




Table 5: Performance results for network synchronization (in ms) for in-band +/- 18 kHz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	496.9
	1489.1
	943.2
	980.6
	1602.5

	50th percentile (ms)
	360
	1380
	640
	660
	1020

	90th percentile (ms)
	900
	5000
	2140
	2200
	5000

	PSS detection rate (%)
	99.3
	91.2
	98.2
	98.2
	73.8

	SSS detection rate (%)
	99.8
	98.3
	99.4
	99.0
	98.2

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-117~117



Table 6: Performance results for network synchronization (in ms) for in-band +/- 25.5 kHz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	637.9
	1620.1
	961.6
	991.3
	2033

	50th percentile (ms)
	520
	1500
	640
	680
	1420

	90th percentile (ms)
	1320
	5000
	2010
	2000
	5000

	PSS detection rate (%)
	98.7
	88.1
	98.2
	98.1
	72.2

	SSS detection rate (%)
	99.7
	96.5
	99.3
	99.0
	97.9

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-47~47




2.2 Timing acquisition results – non-initial cell search
In this section, we present timing acquisition results for non initial cell search. The algorithms used for receiver processing are same as in Section 2.1. The results tabulated in this section are for extreme coverage for standalone and in-band operation. 
Table 7: Simulation Parameters for non-initial cell search
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz

	Subcarrier Spacing
	15 kHz

	Coupling loss
	164 dB

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

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

	Frequency Offset
	1800 Hz

	Antenna Configuration
	1 Tx, 1 Rx for standalone
2 Tx, 1 Rx for in-band



We simulate the NB-PSS short sequence designs proposed in [1], [4] and [5]. Here, we present the results for total network synchronization time that includes NB-PSS detection, timing estimation, frequency offset estimation and 80 ms frame timing detection using NB-SSS. Note that the user already knows the cell ID and need not estimate it again. The receiver starts with no timing reference and a frequency offset of . Multiple 10 ms windows are accumulated for the NB-PSS designs in [1], [4] and [5]. The same NB-SSS design [2] is used for all the NB-PSS designs for fairness. 
Table 8: Performance results for network synchronization (in ms) for standalone +/- 1800 Hz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	137.96
	173.83
	177.3
	176.12
	306.17

	50th percentile (ms)
	100
	120
	120
	120
	180

	90th percentile (ms)
	200
	320
	340
	340
	680

	PSS detection rate (%)
	100
	99.7
	99.7
	99.6
	96.5

	SSS detection rate (%)
	100
	100
	100
	100
	99.8

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-47~47




Table 9: Performance results for network synchronization (in ms) for in-band +/- 1800 Hz CFO
	Statistic 
	Intel
Algo 1
	Intel
Algo 2
	Intel 
Algo 3
	LG 
Algo 3
	Qualcomm
Algo 4

	Average (ms)
	410.79
	744.69
	720.41
	756.28
	960

	50th percentile (ms)
	320
	640
	600
	640
	960

	90th percentile (ms)
	700
	1380
	1380
	1380
	1610

	PSS detection rate (%)
	99.7
	98.1
	99.7
	99.6
	74.1

	SSS detection rate (%)
	99.8
	99.6
	100
	99.0
	99.1

	Time offset (us)
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16
	-4.16~4.16

	Residual frequency offset (Hz)
	-47~47
	-47~47
	-47~47
	-47~47
	-47~47



From the simulation results, it can be seen that design in [1] shows consistently good performance and should be adopted as baseline design for NB-PSS. We got very poor performance for the Primary synchronization Signal design in [5]. The design in [4] provides comparable results to the design in [1] when Algorithm 3 is used for receiver processing of both the algorithms. 

3 Conclusions
[bookmark: _GoBack]We discussed remaining details of the NB-PSS sequence design in [1]. In this document we provided the cell search results for using the NB-PSS designs in [1], [4], and [5]. It is proposed to use the NB-PSS design in [1] as baseline.
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