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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IoT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. At RAN#70, a revised work item description was approved, see [2].
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers, as well as scattered spectrum for potential IoT deployment.
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
NB-IoT will support 180 kHz UE RF bandwidth for both downlink and uplink. According to [2], NB-IoT downlink is based on OFDMA using 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP).
Furthermore according to [2], NB-IOT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals.
In this contribution, we study the performance of the synchronization signal design provided in [3], and provide fair comparisons with the synchronization signal designs of [4] and [6]. 
[bookmark: _Ref429119571]Simulations
1.1 Simulation assumptions
The simulation assumptions are aligned with the assumptions agreed in [7] and tabulated in Table 1. In order to reduce the number of test cases and at the same time provide a fair comparison between different designs, we only present results for the following three scenarios:
1. Initial cell search in standalone mode at 164 dB MCL
2. Initial cell search in in-band mode at 164 dB MCL
3. Initial cell search in guard-band mode at 164 dB MCL
[bookmark: _Ref412221147]Table 1: Simulation Parameters
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz [7]

	Subcarrier Spacing
	15 kHz

	SNR
	Standalone : -4.6 dB1
In-band : -12.6 dB2

	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

	Antenna Configuration
	Standalone : 1 Tx, 1 Rx [7]
In-band and Guard-band : 2 Tx, 1 Rx

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

	Frequency Offset
	Initial Cell Search: 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.

	Raster Offset
	7.5 kHz [9]

	Number of realizations
	1000

	NOTE1: -4.6 dB corresponds to an MCL of 164 dB for standalone           operation.
NOTE2: -12.6 dB corresponds to an MCL of 164 dB for in-band and guard-band operation.



For the standalone operation, a transmit filter consisting of 19 taps described in [8] is used so that the NB-IOT signal fulfils the GSM PSD mask. This is essential to reduce the leakage outside the transmission bandwidth, thereby causing minimal interference to other systems, e.g., GSM.
For in-band (guard-band) operation, the adjacent PRBs of the NB-IOT PRB are occupied by LTE signals on both sides (one side). For both the operation modes, the NB-PSS transmissions from the two antennas are provided. We illustrate this in Figure 1 for the design in [3], and a similar technique is applied to the designs provided in [4] and [6] while evaluating performance in in-band deployment. It can be seen that the sign of the NB-PSS and NB-SSS transmitted from the second antenna is reversed after every 10 ms and 20 ms block respectively, which is the repetition interval of the corresponding signal. This enables transmit diversity, since the receiver sees two independent channels for the NB-PSS (NB-SSS) that alternate every 10 ms (20 ms).
[image: ]
[bookmark: _Ref430942808][bookmark: _Ref430942789]Figure 1: Transmission scheme for NB-PSS/NB-SSS in in-band operation
1.2 Initial Cell Search
A comparison of the detection rate, the false alarm rate and total synchronization time for a desired percentage of the mobile stations during initial cell search is provided in Table 2 for the different designs at 164 dB MCL. The detection rate is the number of realizations where the presence of NB-PSS was detected correctly. The false alarm rate is the number of occurrences which were detected correctly using NB-PSS but resulted in an incorrect cell ID after NB-SSS detection. During the synchronization procedure, the sub-frame timing is first estimated using the NB-PSS, followed by the estimation of carrier frequency offset using the same NB-PSS. After the timing and frequency offset is known, the NB-SSS is used for detecting the timing within the 80 ms block as well as the unique cell ID. In obtaining the total synchronization time, we assume that the frequency offset estimation procedure is started during the last block used for signal detection. Because of very low SNR, an accumulation of the correlation with NB-PSS/NB-SSS over multiple blocks is required. The accumulation period of NB-PSS is taken as 200 ms for all the different designs.
We observed that the presence of raster offset results in a degradation of the cell ID detection performance for the design in [3] when operating in inband-mode. In order to resolve this issue, we hypothesize over different raster offsets during cell ID detection using NB-SSS. The raster offsets used for hypothesizing are 5 kHz and -5 kHz. Hypothesizing results in an identical cell ID detection performance compared to the case where no raster offset was assumed.
[bookmark: _Ref419713384]Table 2: Comparison of synchronization performance between designs proposed in [3] and [4] for initial cell search at 164 dB MCL.
	% of Users
	Standalone deployment
	Guard-band deployment
	In-band deployment

	
	Design in [3] 
	Design in [4]
	Design in [3] 
	Design in [4]
	Design in [3] 
	Design in [4]

	Detection Rate
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %

	False Alarm Rate
	0.2 %
	0.6 %
	0.1 %
	0.6 %
	0 %
	1.1 %

	Sync. time for 50 % users
	45 ms
	55 ms
	145 ms
	155 ms
	195 ms
	175 ms

	Sync time for 90 % users
	225 ms
	155 ms
	545 ms
	515 ms
	655 ms
	635 ms

	Average Sync. time
	103.34 ms
	81.22 ms
	239.11 ms
	229.08 ms
	300.36 ms
	280.15 ms



Based on the results, we make the following observations:
Observation 1: For all deployment modes, the design in [4] achieves the best performance among all designs. These results are also aligned with [5].
Observation 2: Using a higher density for NB-PSS/NB-SSS in [3] does not benefit much compared to the design in [4]. This is due to the different NB-PSS sequences used.
In order to observe the benefits of higher density of NB-PSS/NB-SSS, we evaluate the performance of both the designs in [3] and [4] using the same NB-PSS. We also include the special case when NB-IoT is deployed within a 20 MHz LTE carrier, further reducing the transmit power by 3 dB, i.e., from 35 dBm to 32 dBm. The results are shown in Table 3.
[bookmark: _Ref441829339]Table 3: Effect of enabling a higher density for NB-PSS/NB-SSS during initial cell search at 164 dB MCL
	% of Users
	Guard-band deployment
	In-band deployment
	In-band deployment, 20 MHz LTE

	
	Design in [3] using NB-PSS of [4]
	Design in [4]
	Design in [3] using NB-PSS of [4] 
	Design in [4]
	Design in [3] using NB-PSS of [4] 
	Design in [4]

	Detection Rate
	100 %
	100 %
	100 %
	100 %
	100 %
	100 %

	False Alarm Rate
	0.5 %
	0.6 %
	0.4 %
	1.1 %
	4 %
	3.3 %

	Sync. time for 50 % users
	95 ms
	155 ms
	125 ms
	175 ms
	475 ms
	325

	Sync time for 90 % users
	365 ms
	515 ms
	435 ms
	635 ms
	1955 ms
	1225

	Average Sync. time
	163.54 ms
	229.08 ms
	191.82 ms
	280.15 ms
	702.83 ms
	454.41 ms



[bookmark: _GoBack]Observation 3: Using a higher density for NB-PSS/NB-SSS as proposed in [3] gives a performance improvement.
In our evaluations of the design in [6] that uses a short sequence, it was found that it does not give good frequency offset estimation performance. It was observed based on our frequency offset estimation algorithm that a small fluctuation in the timing error can cause significant degradation to the performance of frequency offset estimation. We provide some insight into the details of frequency offset estimation using short sequences in Section 3. Therefore, in order to make a fair comparison of the design in [6] to the other designs, we provide in Table 3 the time required for NB-PSS detection for the three designs.
[bookmark: _Ref441579897]Table 4: Comparison of timing estimation performance between different designs for initial cell search at 164 dB MCL.
	% of Users
	Standalone deployment
	In-band deployment

	
	Design in [3] 
	Design in [4]
	Design in [6]
	Design in [3] 
	Design in [4]
	Design in [6]

	Detection Rate
	100 %
	100 %
	100 %
	100 %
	100 %
	99.9 %

	Detection time for 50 % users
	40 ms
	20 ms
	   40 ms
	120 ms
	120 ms
	570 ms

	Detection time for 90 % users
	180 ms
	100 ms
	260 ms
	550 ms
	540 ms
	2230 ms

	Detection time for 90 % users
	600 ms
	380 ms
	710 ms
	1520 ms
	1460 ms
	4550 ms



Based on the results provided in Table 4, we make the following observations:
Observation 4: The design in [6] shows worse performance compared to the designs in [3] and [4]. The performance claimed by [6] does not seem to be met, which claims a total synchronization time of 80 ms and 900 ms for the standalone and in-band deployments respectively. We believe this is due to the receiver algorithm used for timing estimation. In the receiver algorithm, an auto correlation of the received sequence is required. At low SNR, this leads to noise enhancement which affects the performance.
Sensitivity of short sequences to timing errors
We investigate the effects of using a short sequence for frequency offset estimation in the presence of timing errors. In Figure 2, the frequency offset estimation error as a function of the timing error is shown in the absence of noise for the repetition based short sequence as well as the long sequence. Two algorithms are used for frequency offset estimation for the repetition based short sequence. Algorithm 1 relies on a coherent combination of the entire NB-PSS, and Algorithm 2 relies on a coherent combination over the short sequence and a non-coherent combination over the multiple instances of the short sequence. We observe that while the long sequence is robust to timing errors, the short sequence may cause a frequency offset error of +/- 14 kHz when the timing error is larger than +/- 2.6 us. 
[image: ]
[bookmark: _Ref441585581]Figure 2: Frequency Offset estimation error versus timing error for short and long sequences
During the initial cell search phase, the frequency offset can be as large as 25.5 kHz. This leads to a timing drift of 28.33 ppm, meaning that within a 10 ms interval, the timing error increased by 0.28 us. After NB-PSS detection, the frequency offset estimation procedure also requires accumulation over multiple NB-PSS instances in order to get good accuracy. However, because of the time drift, if the accumulation period is longer than 100 ms, the timing error would be greater than 2.6 us, leading to an incorrect estimated frequency offset. In Figure 3, we show the output of the frequency offset estimator for short as well as long sequences for different timing errors in the absence of noise. It can be seen that even if the timing error is as small as 2 us, the peak corresponding to the incorrect frequency offset is comparable in magnitude to the peak corresponding to the actual frequency offset. This would give rise to incorrect estimation at low SNRs.
[image: ][image: ][image: ][image: ]
[bookmark: _Ref441585791]Figure 3: Comparison of the frequency offset estimator output for different timing errors.
Based on these observations, we conclude that using short sequences may result in incorrect frequency offset estimation even if the timing errors are small. This aspect needs to be investigated in more detail before using short sequences for synchronization.
Conclusions
In this contribution, we investigate the performance of the different synchronization signal designs proposed for NB-IoT. Based on the evaluations, we make the following conclusions.
Conclusion 1: The performance of NB-PSS proposed in [4] achieves the best performance. Therefore, it is proposed to use the same as the NB-PSS for NB-IoT.
Conclusion 2: Enabling a higher density option as in [3] for the synchronization signals can lead to improved performance for users in extreme coverage in in-band and guard-band operation modes. Therefore, it is proposed to use different densities for the synchronization signals to boost performance for users in extreme coverage in in-band/guard-band operation modes.
Conclusion 3: The use of a short sequence for NB-PSS as proposed in [6] does not achieve good frequency offset estimation performance in the presence of timing errors caused due to time drift during accumulation. Therefore, it is proposed to further investigate the technical merits of the design.
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