Page 1
3GPP TSG RAN WG1 Meeting #84	R1-160410
Budapest, Hungary, 18th - 20th January 2016

Source: 	Intel Corporation 
Title:                     	On NB-IoT Primary Synchronization Signal Design
[bookmark: Source]Agenda item:	    7.2.1.1.4
[bookmark: DocumentFor]Document for:	Discussion and Decision

1 Introduction
At the RAN WG1 Ah-hoc meeting in January, a number of agreements were reached on the synchronization signal design for NB-IoT [1]. 
Agreements
· 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
In this contribution, we present our NB-PSS design from [2], and provide further performance evaluations. Note that the NB-SSS design is discussed in our companion contribution in [3].
2 Design principles for NB-PSS
We discussed the various desirable properties of NB-PSS and their effect on correlation performance in our contribution to Ad-hoc meeting in January [2]. We summarize the properties here:
1. Multiple NB-PSS sequences may not be needed for coherent NB-SSS detection from channel estimation using NB-PSS: multiple PSS sequences in LTE were introduced to overcome SFN effect from the different cells in synchronous network [9] for coherent SSS detection by using channel estimation of PSS to be applied on SSS. If non-coherent detection for NB-SSS is targeted, multiple NB-PSSs may not be needed. Carrying information on NB-PSS (like Cell ID, mode of operation, raster frequency offset, etc.) may be considered by increasing NB-PSS sequences. However, NB-PSS detection is a major component of device complexity and thus, increasing hypotheses tests resulting from additional sequences should be avoided. Thus, unless one-shot correlator for NB-PSS detection is considered (e.g. complex conjugate of a first NB-PSS sequence), it is not recommended to send any other information over the NB-PSS, which would result in device. At most, one bit of information can be embedded in the NB-PSS sequence by using NB-PSS sequence and its conjugate complex, to enable one-shot correlator, as two sets of sequences. More discussion can be found in our companion papers [4] [5].

2. The correlation properties are important in NB-PSS: this is to ensure that the chosen sequence for NB-PSS has good correlation properties for a wide range of frequency offsets while achieving the primary purpose (i.e. timing synchronization). The autocorrelation property and the frequency offset sensitivity (i.e., large frequency offset) are one of the most important criteria for NB-PSS sequence design. Using ZC sequences that have inherent CAZAC property and have excellent time-frequency flatness property is a good candidate for NB-PSS. 


3. It is desirable to achieve low fluctuations in power in designing NB-PSS in both time and frequency domain: this is to ensure good time and frequency domain properties of the chosen sequence. The PAPR/CM may not be critical for downlink as long as the PAPR/CM is less than normal OFDM transmission – but still need to be less than that. Frequency domain flatness property is also important to meet the requirement of dynamic range in frequency domain [10]. Since NB-IoT transmission is narrow band transmission which experiences flat-fading in the given allocation, the received signal in frequency domain will show almost flat range. If there is signal fluctuation in frequency domain due to non-flat frequency response, it would require more ADC bits, which is related to UE cost. Thus, it is not advisable to segment a long ZC sequence over multiple symbols [6], [7] and break the excellent inherent properties of CAZAC sequences as it is shown up to ~40dB signal fluctuation. 

4. For NB-PSS, it is desirable that ZC sequence is used and generated at OFDM symbol level and in the frequency domain: if a separate ZC sequence is generated in each symbol, the properties of CAZAC sequences are retained, i.e., good auto/cross-correlation, low fluctuation of signals both in time and in frequency domain, low complexity detection, etc.


5. Binary sequence is not needed only for the complexity considerations for NB-PSS: it has been proposed that binary sequence generated in time domain be considered for NB-PSS due to complexity (i.e. the complex multiplication can be avoided by sign converter – flip/flop operation) [8]. It is proposed to use complementary Golay sequences for computation complexity considerations at the receiver. When binary sequences are used for correlation, receiver computations may include complex value additions by avoiding complex domain multiplications. However, it typically requires pulse shaping to transmit and the binary property may not be maintained in oversampling (e.g. 1.92MHz sampling rate). Since the signal was generated with 180 kHz bandwidth (12 subcarriers), if the sampling rate is not an integer multiple of 180 kHz (for e.g., if sampling rate is 240 kHz, 1.92 MHz, etc.), the binary property does not hold and the interpolated signal is complex values. Since the NB-PSS time-domain signal is generated based on integer multiple of 38.4 MHz frequency clocks, one option for maintaining binary property would be to use a high sampling rate (least common multiple of 180 kHz and 1.92 MHz), which implies filtering operation, resulting in oversampling to generate a 5.76 MHz signal, which would demonstrate binary signal after 32-factor decimation. This oversampled signal then needs to be decimated 32 times to generate a 180 kHz signal. However, even with this complex oversampling and decimation, a prerequisite for binary operations is that the samples of the time domain representation of the NB-PSS sequence are equidistant, e.g. when being sampled at 3x1.92 MHz = 5.76 MHz, the symbol centers are 32 samples are apart from each other. This equidistant-condition is broken by insertion of Cyclic Prefix (CP). Thus, the receiver might be perfectly in sync at OFDM symbol N, but not with subsequent OFDM symbol N+1 as the CP (which is now fraction after decimation) has broken the regularity, as shown in Fig. 1. The performance loss resulting from the distortion needs to be considered. Moreover, oversampling and decimation do not come for free and the extra processing needed to maintain binary processing needs to be accounted for when doing complexity comparisons between complex domain sequences (like ZC sequence) and binary sequences (like Golay sequences). Additionally, when Fast Correlation (well-known DSP-text book technique using convolution theorem) is used to reduce the receiver complexity in timing acquisition, processing of the complex domain signal cannot be avoided. Hence, the benefit of binary property can be hardly used. In spite of complex domain signal in time domain, there are several methods to reduce the detection complexity with ZC sequence – e.g. by using central symmetry property of ZC sequences, sign correlator, etc. Hence, ZC sequence, which provides many benefits as discussed above, is desirable as NB-PSS.  
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Fig. 1. Example of issues with maintaining binary sequences with oversampling
Observation 1: Maintaining binary sequence property for various sampling rates for binary sequences require a lot of extra processing, defeating the purpose of use of binary sequences for low complexity detection.
3 Proposal of NB-PSS
As indicated earlier, NB-PSS is used by the NB-IOT UE to perform timing synchronization and then estimate the frequency offset. It is not recommended that the cell ID information is carried by NB-PSS. Generating the ZC sequence in the frequency domain helps maintain the good CAZAC sequence properties. Each NB-PSS symbol is composed of short ZC sequences of length  and the NB-PSS consists of  such symbols. A ZC sequence of root  is given by




Fig. 2. Frequency domain mapping (same as LTE PSS)
The ZC sequence is mapped to achieve the central symmetry property [9] just like LTE PSS (i.e. index 5 is corresponding to middle of the PRB) as shown in Fig. 2, which is the same mapping as LTE PSS. Each OFDM symbol (except the last one) carries a sequence corresponding to a unique root index. For NPSS (=11) symbols in a subframe used for NB-PSS transmission, the root index corresponding to the i-th symbol () is given by . The time location of NB-PSS symbols is shown in Fig. 2. The different root index pairs eliminate the timing ambiguity resulting from integer frequency offsets and the complex conjugate by pairwise root indices offer efficient correlator (to save the complexity). The root indices used for the 11 symbols are (1, 10, 2, 9, 3, 8, 4, 7, 5, 6, 5). This  symbol NB-PSS sequence is repeated every 10 ms in time. Note that schemes in [6], [7], [8] and the one presented here have the same NB-PSS overhead, because all of them use 22 symbols over 20 ms window for NB-PSS transmission.
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Figure 3. Time domain location of NB-PSS and NB-SSS transmission for NB-IoT

4 Performance evaluations
4.1 CM/PAPR comparisons
In this section, we present the CM/PAPR properties of the various waveforms proposed for NB-IOT. The proposed waveform has very good CM/PAPR properties.
[bookmark: _Ref440777564]Table 1 Cubic Metric / PAPR
	Comparison metric
	160182 [6]
	160079 [7]
	[bookmark: _GoBack]Proposed

	Cubic Metric [dB]
	0.55
	1.25
	1.27

	PAPR [dB]
	7.78
	7.69
	4.98



4.2 Timing acquisition results
In this section, we present timing acquisition results. 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 required. The results tabulated in this section are for extreme coverage for standalone and in-band operation. 
Table 2: Simulation Parameters
	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 scheme proposed in Section 3 and [7]. The schemes in [6] and [7] show similar performance because of almost identical design and we include the performance of only [7] here. In this paper, we just concentrate on the NB-PSS evaluation. The receiver starts with no timing reference and a frequency offset of . Multiple 10 ms windows are accumulated for the scheme presented here. For the design in [7], accumulations over multiple 20 ms windows are done. 
Multiple hypotheses tests for integer frequency offset
First, for all these schemes, a partial correlator on a symbol length basis is used and multiple hypotheses tests are used to tackle integer frequency offsets (0, +/-15 kHz, etc.). The scheme presented here is 11 symbols long; thus 11 part correlator is used. For the scheme in [7], the NB-PSS symbol is 22 symbols long, thus for fairness, 22 part correlator is used. We later also present results for a different detection algorithm that does not use multiple hypotheses tests on integer frequency offset values for all these schemes. 
The coarse timing is obtained using 240 kHz sampling frequency, which is then further refined using a higher sampling frequency of 1.92 MHz. We present the required time to achieve timing and frequency synchronization in the figures below. 
The results are summarized in the tables below for the two modes: standalone and in-band scenarios.
Table 3: Time required for timing synchronization (in ms) for standalone
	Statistic 
	+/-7.5 kHz CFO
	+/-18 kHz CFO
	+/-25.5 kHz CFO

	Average 
	Proposed
	135.1
	Proposed
	132.1
	Proposed
	140.9

	
	R1-160079
	∞
	R1-160079
	138.8
	R1-160079
	158.4

	50th percentile
	Proposed
	110
	Proposed
	110
	Proposed
	130

	
	R1-160079
	∞
	R1-160079
	120
	R1-160079
	160

	95th percentile
	Proposed
	280
	Proposed
	240
	Proposed
	290

	
	R1-160079
	∞
	R1-160079
	260
	R1-160079
	320



Table 3: Time required for timing synchronization (in ms) for in-band
	Statistic 
	+/-7.5 kHz CFO
	+/-18 kHz CFO
	+/-25.5 kHz CFO

	Average 
	Proposed
	540.5
	Proposed
	610.6
	Proposed
	676.1

	
	R1-160079
	∞
	R1-160079
	678.6
	R1-160079
	710.7

	50th percentile
	Proposed
	470
	Proposed
	570
	Proposed
	650

	
	R1-160079
	∞
	R1-160079
	600
	R1-160079
	700

	95th percentile
	Proposed
	1030
	Proposed
	980
	Proposed
	1120

	
	R1-160079
	∞
	R1-160079
	1140
	R1-160079
	1350



As can be seen from the timing acquisition results, the proposed scheme has superior performance. It is observed that the scheme in [7] fails to achieve good timing synchronization performance for +/-7.5 kHz frequency offset with the partial correlator. This is because of the presence of ambiguity peaks a few samples apart, as shown in our contribution to the ad-hoc meeting in January [2]. It is impossible to distinguish between the ambiguity peaks for frequency offsets close to half a subcarrier spacing (~7.5 kHz). This leads to faulty frequency offset estimation and multiple hypotheses tests using NB-SSS are needed to correctly detect the timing, which is not considered here. For the other frequency offsets, the partial correlation algorithm works for [7] as can be seen from the table.


Reduced complexity decoder for avoiding multiple hypotheses tests
The partial correlator using segments that are symbol length long needs multiple hypotheses tests to avoid ambiguity peaks resulting from high frequency offsets. The use of multiple hypotheses tests can be done away with if the number of partial correlations being done to compute the correlation results is increased. The trade-off here is the loss of coherent combining gain because of smaller partial correlations. Here we use a quarter of a symbol length for partial correlation for the scheme proposed (leading to 44 part correlator). For the design in [7], a full correlator can be used as suggested in [6], [7]. The presence of the peaks from PSS1 and PSS2 can be used to detect the correct timing, irrespective of the frequency offset.
Table 4: Time required for timing synchronization (in ms) for standalone
	Statistic 
	+/-7.5 kHz CFO
	+/-18 kHz CFO
	+/-25.5 kHz CFO

	Average 
	Proposed
	151.9
	Proposed
	148.8
	Proposed
	156.8

	
	R1-160079
	238.9
	R1-160079
	261.24
	R1-160079
	272.0

	50th percentile
	Proposed
	150
	Proposed
	140
	Proposed
	150

	
	R1-160079
	250
	R1-160079
	250
	R1-160079
	270

	95th percentile
	Proposed
	350
	Proposed
	320
	Proposed
	365

	
	R1-160079
	450
	R1-160079
	450
	R1-160079
	450



Table 5: Time required for timing synchronization (in ms) for in-band
	Statistic 
	+/-7.5 kHz CFO
	+/-18 kHz CFO
	+/-25.5 kHz CFO

	Average 
	Proposed
	531.32
	Proposed
	637.7
	Proposed
	698.28

	
	R1-160079
	928.84
	R1-160079
	1075.8
	R1-160079
	1145.8

	50th percentile
	Proposed
	470
	Proposed
	590
	Proposed
	640

	
	R1-160079
	930
	R1-160079
	990
	R1-160079
	1070

	95th percentile
	Proposed
	1180
	Proposed
	1300
	Proposed
	1850

	
	R1-160079
	1910
	R1-160079
	2550
	R1-160079
	2550



As expected, increasing the number of parts to account for large frequency offset worsens performance, but the performance hit is not huge. However, results are superior to [7], for which a full correlator was used. Approximately 10% of the cases simulated under [7] do not converge to the correct timing for both standalone and in-band operation mode. The 95 percentile represents the maximum time the detection algorithm was run for all frequency offsets for the standalone case and +/-18 kHz and +/-25.5 kHz frequency offset for in-band case. This is because of the presence of ambiguous peaks that lead to incorrect frequency offset estimation, and need multiple hypotheses tests of NB-SSS to resolve the timing ambiguity. We do not perform these extra hypotheses tests to resolve the ambiguity. The additional hypotheses tests lead to additional complexity and power consumption at the UE.
Observation 2: The proposed NB-PSS design shows the good performances for all modes (standalone and in-band operation modes) for all the evaluated frequency offset values of 7.5 kHz, 18kHz and 25.5 kHz and both the detection algorithms considered – partial correlator with multiple hypotheses tests and partial correlator without multiple hypotheses tests.
5 Conclusions
We presented the desirable properties of NB-PSS and proposed a NB-PSS sequence design. The observations and proposals are noted below:
Observation 1: Maintaining binary sequence property for various sampling rates for binary sequences require a lot of extra processing, defeating the purpose of use of binary sequences for low complexity detection.
Observation 2: The proposed NB-PSS design shows the good performances for all modes (standalone and in-band operation modes) for all the evaluated frequency offset values of 7.5 kHz, 18kHz and 25.5 kHz and both the detection algorithms considered – partial correlator with multiple hypotheses tests and partial correlator without multiple hypotheses tests.
Given the discussions, analyses, and simulation results, it is proposed to consider the NB-PSS design in Section 3 for NB-IOT primary synchronization signal
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