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Introduction
At the 3GPP RAN WG1 meeting #84, an agreement was made for NB-PSS to use a length-11 Zadoff-Chu sequence in the frequency domain for each OFDM symbol (so-called ‘short-sequence’ NB-PSS). However, that meeting’s minutes noted that this agreement can be revisited if significant issues appear.
In this contribution we raise our concerns that this agreement leads to the adoption of a substantially sub-optimal NB-PSS signal. This is because no method for initial cell search is known to us at this time to receive ‘short-sequence’ NB-PSS signals with both good performance and reasonable complexity. In contrast, the ‘long-sequence’ NB-PSS signal [2] provides very good performance, because it can use cross-correlation over the entire NB-PSS sequence, while at the same time has low processing complexity by exploiting the complex conjugate relationship between the two ZC sequences.
We evaluate the complexity of three possible schemes for initial cell search:
1. Short sequence detection using cross-correlation by parts
2. Short sequence detection using cross-correlation with differential of signal
3. Long sequence detection using direct cross-correlation over the full length (11 OFDM symbols) of the NB-PSS1 and NB-PSS2 parts of the long sequence NB-PSS
We created trial implementations for a generic DSP for the schemes 1 and 3 above, and we present three types of complexity results, as follows:
· Generic complexity results in MOPS
· Estimated complexity in DSP clock cycles per second, required to perform only the arithmetic operations, based on the number of cycles required per operation in the DSP evaluated
· The actual algorithm complexity in Mcycles/s in the DSP evaluated, including load/store and control flow operations
We also give memory requirements for these three processing schemes.
However, for the short sequence style of NB-PSS design, we observe that there is a trade-off between synchronization performance (in terms of detection latency) and computational complexity. We find that scheme 2 above (short sequence detection using cross-correlation with differential of signal) has a reasonable complexity but it suffers from degraded performance. The loss in performance is because it involves a signal ‘differential’ operation which enhances noise at low SNR. This effect is discussed and simulated in section 3.2.2.2.


Characteristics of the DSP used in this evaluation
In this evaluation we used a generic dual-MAC DSP. The numbers of cycles taken on this DSP by arithmetic operations and FFTs of relevant sizes are listed in Table 1. We avoided using FFTs bigger than size-512 because of the increased amount of memory they require.


	Operation
	Number of cycles

	Multiplication of complex 16-bit numbers
	2

	Addition of complex 16-bit numbers
	1

	Squared amplitude of complex 16-bit number
	1

	Multiplication of complex and real 16-bit numbers and accumulation of the result
	1

	FFT-64
	590

	FFT-512
	6081


[bookmark: _Ref445821472]Table 1: DSP cycles for a generic dual-MAC DSP 


NB-PSS schemes and detection methods
General
All methods include computation of cross-correlations, which we assume to be performed using the overlap-save method. As part of this, the FFTs are implemented using the split-radix FFT algorithm, thereby requiring 4Nlog2(N)-6N+8 operations (OPS) for a length-N FFT.
All methods involve accumulation across multiple repetitions of the NB-PSS sequence. For the short sequence, the NB-PSS is repeated every 10ms, whereas for the long sequence it is repeated every 20ms. 
We assume that the accumulation buffers use 16-bit precision. This is because 8-bit precision is insufficient, especially when the accumulated numbers are squared correlations (thus having a large dynamic range). Besides, the power of the input data to the PSS detection processing may vary, contributing to increase the dynamic range of the accumulated numbers. It may be possible to use 12-bit precision for the accumulation buffers, but the additional processing burden to convert the data to/from a natural number size used in typical DSP fixed-point processing units (e.g. 16 bits) is undesirable.
We have also assumed that no forgetting factor is used in the accumulation processing for the purposes of the complexity calculation, though, if used, this would have a modest additional complexity impact.


Short sequence NB-PSS detection
Detection using cross-correlation by parts
The cross-correlation by parts method is described in [1] for short-sequence NB-PSS detection. 
This method involves calculating cross-correlations over relatively small parts of the NB-PSS sequence and then non-coherently adding the part cross-correlations. The resulting correlation is accumulated over multiple repetitions of the NB-PSS sequence (10 ms).
Performing cross-correlation only over short signal sequences ensures that the part correlations are not severely degraded in the presence of carrier frequency offset (CFO). Additionally, multiple CFO hypotheses are tested to reduce the CFO-induced loss in cross-correlation quality, which can be significant even for the part correlations.
The shorter the part correlations the fewer CFO hypotheses need to be tested, but performance is degraded as there is less coherent and more non-coherent integration.
We evaluated part correlations of one OFDM symbol length with five CFO hypotheses. The memory required for the accumulation buffers is equal to the number of hypotheses times the number of samples per NB-PSS repetition interval at 240 kHz, so 5 buffers of 2400 16-bit words, in total 24 kbytes.

	Parameter
	Symbol
	Value

	FFT length
	L
	64

	FFT MOPS
	F
	4*L*log2(L)-6*L+8


	FFT DSP cycles
	G
	590

	Number of distinct part correlations

	M
	10

	Number of CFO hypotheses
	H
	5

	Part-sequence correlation length (samples @240 kHz)
	P
	16

	Samples per overlap-save block
	B
	L - P + 1 = 49



Table 2: Parameters for short-sequence NB-PSS detection using cross-correlation by parts

	Step Description
	Complexity estimate (expression based on arithmetic operations)
	Complexity estimate (based on arithmetic operations) at 240 kHz
	Actual complexity 

	
	OPS/sample
	DSP cycles/sample
	MOPS
	DSP Mcycles/s
	DSP Mcycles/s

	FFT
	F/B
	G/B
	5.7
	2.9
	

	Apply CFO
	H*L*6/B
	H*L*2/B
	9.4
	3.1
	

	Multiply signal FFT with part-sequence FFT
	H*M*L*6/B
	H*M*L*2/B
	94.0
	31.3
	

	IFFT
	H*M*F/B

	H*M*G/B

	284.0
	144.5
	

	Square
	3*H*M

	H*M

	36.0
	12.0
	

	Add to accumulation buffer
	H*11
	H*11
	13.2
	13.2
	

	Total
	
	
	442.4
	207.0
	250.1


Table 3: Complexity of short-sequence NB-PSS detection using cross-correlation by parts
Detection using cross-correlation with differential of signal
It is possible to handle CFO by performing what we call in this contribution a ‘differential’ operation on the received signal, where the ‘differential’ signal is obtained by multiplying the received signal with a delayed and conjugated copy of itself. After this, a cross-correlation is performed with the differential version of the NB-PSS sequence.
The peak of cross correlation obtained in this way is a complex number whose angle depends on the CFO. This is accumulated over multiple repetitions of the NB-PSS sequence (10 ms).
The memory required for the accumulation buffer is equal to the number of samples per NB-PSS repetition interval at 240 kHz, so 1 buffer of 2400 complex words with 16-bit real and imaginary parts, in total 
9.6 kbytes.

	Parameter
	Symbol
	Value

	FFT length
	L
	512

	FFT MOPS
	F
	4*L*log2(L)-6*L+8


	FFT DSP cycles
	G
	6081

	Differential sequence correlation length (samples @240 kHz)
	P
	172

	Samples per overlap-save block
	B
	L - P + 1 = 341



Table 4: Parameters for short-sequence NB-PSS detection using cross-correlation with differential of signal


	Step Description
	Complexity estimate (expression based on arithmetic operations)
	Complexity estimate (based on arithmetic operations) at 240 kHz
	Actual complexity 

	
	OPS/sample
	DSP cycles/sample
	MOPS
	DSP Mcycles/s
	DSP Mcycles/s

	Multiply to produce differential signal
	6
	2
	1.4
	0.5
	

	FFT
	F/B
	G/B
	10.8
	4.3
	

	Multiply signal FFT with differential NB-PSS sequence FFT
	L*6/B

	L*2/B

	2.2
	0.7
	

	IFFT
	F/B
	G/B
	10.8
	4.3
	

	Square
	3

	1

	0.7
	0.2
	

	Add to accumulation buffer
	2
	1
	0.5
	0.2
	

	Total
	
	
	26.4
	10.2
	Not available


Table 5: Complexity of short-sequence NB-PSS detection using cross-correlation with differential of signal


Detection for the short-sequence NB-PSS scheme in [3]
An NB-PSS sequence that uses autocorrelation processing for detection is proposed in [3]. This involves calculating four cross-correlations with differential of signal Ak, with lags k = 1,2,3 and 4 OFDM symbols, and combining them to produce a cost function for NB-PSS timing detection.
For this complexity analysis we assume that the values Ak are calculated using the overlap-save method.
To avoid loss in performance, the values Ak, as well as the cost function, need to be accumulated across multiple repetitions (spaced by 10ms) of the NB-PSS sequence using individual accumulation buffers. Therefore the memory required for accumulation is 5 buffers of 2400 complex words with 16-bit real and imaginary parts, in total 48 kbytes.

	Parameter
	Symbol
	Value

	FFT length
	L
	512

	FFT MOPS
	F
	4*L*log2(L)-6*L+8


	FFT DSP cycles
	G
	6081

	Number of different-lag differential sequence correlations
	M
	4

	Longest differential sequence correlation length (samples @240 kHz)
	P
	172

	Samples per overlap-save block
	B
	L - P + 1 = 341



Table 6: Parameters for short-sequence NB-PSS detection using the scheme in [3]

	Step Description
	Complexity estimate (expression based on arithmetic operations)
	Complexity estimate (based on arithmetic operations) at 240 kHz
	Actual complexity 

	
	OPS/sample
	DSP cycles/sample
	MOPS
	DSP Mcycles/s
	DSP Mcycles/s

	Multiply to produce differential signals
	M*6
	M*2
	5.7
	1.9
	

	FFT
	M*F/B
	M*G/B
	43.3
	17.1
	

	Multiply signal FFT with differential NB-PSS sequence FFT
	L*6/B

	L*2/B

	8.6
	2.9
	

	IFFT
	M*F/B
	M*G/B
	43.3
	17.1
	

	Update accumulation buffers for individual autocorrelations as well as overall cost function

	(M+1)*2
	M+1
	2.4
	1.2
	

	Compute the cost function: 3 complex multiplications + 3 real*complex multiplies + 3 complex additions
	3*6+3*2+3*2


	3*2+3


	7.2
	2.1
	

	Square the cost function
	3
	1
	0.7
	0.2
	

	Total
	
	
	111.2
	42.6
	Not available


Table 7: Complexity of short-sequence NB-PSS detection using the scheme in [3]
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[bookmark: _Ref445913937]Performance degradation when using cross-correlation with differential of signal
At negative (and decreasing) SNRs, the SNR of the differential signal obtained by multiplying the received signal with a delayed and conjugated copy of itself degrades much faster than the SNR of the original signal. 
At relatively high (i.e. more than about +5 dB) SNR, the differential or auto-correlation processing gives the expected 3 dB degradation in SNR due to a doubling of the noise power (in linear terms) when the input sample are multiplied. At low (i.e. negative) SNR, the differential or auto-correlation processing gives a much larger degradation in SNR because the square term on the noise dominates, which means that, in the limit, the SNR doubles in dB terms (i.e. becomes much more negative). 
This is illustrated in Figure 1. In the upper plot, the blue curve shows the relationship between input SNR and output SNR from the differential operation. The red curve is a reference line that simply shows output SNR equal to input SNR. In the lower plot, the blue curve shows the SNR degradation due to the differential operation, in other words this is the difference between the blue and the red curves in the upper plot. In the lower plot, the red line simply indicates 3 dB degradation, which is the limiting value for high SNR. 
[image: C:\Users\a00345285.CHINA\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\noise_enh.png]
[bookmark: _Ref445906224]Figure 1: SNR of signal before and after ‘differential’ operation

This noise enhancement effect impacts the detection reliability of methods that rely on a differential of the signal to combat CFO, including auto-correlation methods.
To illustrate this we simulated the missed detection probability corresponding to a false alarm probability of 1%, for detecting the NB-PSS sequence proposed in [1] at a sample rate of 240 kHz.
To keep this comparison simple, we perform the detection over a single instance of the NB-PSS signal (no accumulation of correlations over multiple NB-PSS repetitions) and we assumed that the CFO is zero.
The results in Figure 2 show that relying on cross-correlation of the differential signal with the differential NB-PSS sequence requires ~7 dB higher SNR (in the SNR region of interest) in order to obtain the same performance (same Pmiss), compared with doing direct cross-correlation with the NB-PSS sequence. The impact of this is that more accumulations of NB-PSS repetitions would be required with the differential method in order to recover the ~7 dB loss in underlying performance and so provide a reliable detector. Therefore, the synchronization latency is expected to be much longer for the differential method (the exact increase in latency is impacted by the TU 1 Hz channel model, due to the effect of time diversity).

[image: ]
[bookmark: _Ref445826566]Figure 2: Degradation (increase) in the probability of missed detection due to cross-correlation with differential of signal



Long sequence NB-PSS detection
The long sequence NB-PSS signal proposed in [2] is designed so that in the presence of CFO it can still be detected by cross-correlation over the full length of 11 OFDM symbols, thereby providing the benefit of coherent integration over this amount of time.
A further benefit of the long sequence NB-PSS signal is that a coarse CFO estimate is obtained directly from the distance between the NB-PSS1 and NB-PSS2 peaks at the point of detection. This is because the distance between these peaks is proportional to the CFO, due to the complex conjugate relationship between the NB-PSS1 and NB-PSS2 sequences.
The detection procedure involves running cross-correlations with the first and second halves of the NB-PSS and accumulating them over multiple repetitions of the NB-PSS sequence (20 ms).
The receiver maintains two accumulation buffers, for correlation with NB-PSS1 and NB-PSS2. The memory required for the accumulation buffers is equal to the number of samples per NB-PSS repetition interval at 240 kHz, so 2 buffers of 4800 16-bit words, in total 19.2 kbytes.
	Parameter
	Symbol
	Value

	FFT length
	L
	512

	FFT MOPS
	F
	4*L*log2(L)-6*L+8


	FFT DSP cycles
	G
	6081

	NB-PSS sequence correlation length (samples @240 kHz)
	P
	189

	Number of NB-PSS sequences to correlate against
	M
	2

	Samples per overlap-save block
	B
	L - P + 1 = 324



Table 8: Parameters for long-sequence NB-PSS detection using direct cross-correlation with the NB-PSS sequence

	Step Description
	Complexity estimate (expression based on arithmetic operations)
	Complexity estimate (based on arithmetic operations) at 240 kHz
	Actual complexity 

	
	OPS/sample
	DSP cycles/sample
	MOPS
	DSP Mcycles/s
	DSP Mcycles/s

	FFT
	F/B
	G/B
	11.4
	4.5
	

	Multiply signal FFT with NB-PSS1 and NB-PSS2 sequence FFT
	2*L*6/B

	2*L*2/B

	4.5
	1.5
	

	IFFT
	M*F/B
	M*G/B
	22.8
	9.0
	

	Square
	M*3

	M

	1.4
	0.5
	

	Add to accumulation buffer
	M
	M
	0.5
	0.5
	

	Total
	
	
	39.6
	16.0
	31.2


Table 9: Complexity of long-sequence NB-PSS detection using direct cross-correlation with the NB-PSS sequence

The key benefit of this approach is that the signal structure, being composed of two concatenated ZC sequences which are complex conjugates of each other, allows a low complexity receiver algorithm while maintaining the performance associated with direct cross-correlation over the length of the PSS sequences (since no differential or auto-correlation processing is used, so there is no noise enhancement effect).

Complexity comparison summary

	Scheme
	Complexity estimate (based on arithmetic operations) at 240 kHz
	Actual complexity in DSP Mcycles/s
	Memory for accumulation buffers (kbytes)

	
	MOPS
	DSP Mcycles/s
	
	

	Short sequence, cross-correlation by parts 
	442.4
	207.0
	250.1
	24

	Short sequence, cross-correlation with differential of signal
	26.4
	10.2
	Not available
	9.6

	Short sequence method of [3]
	111.2
	42.6
	Not available
	48

	Long sequence
	39.6
	15.5
	31.2
	19.2


[bookmark: _Ref129681832]Table 10: Complexity comparison summary

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: Even in the presence of large CFO, the long sequence NB-PSS design allows low complexity, high performance detection by direct cross-correlation with the signal, over the entire length of the NB-PSS1 and NB-PSS2 sequences (11 OFDM symbols each).
Observation 2: To handle large CFO, the short sequence NB-PSS designs require either (a) cross-correlation by parts followed by non-coherent adding of the part-correlations, or (b) cross-correlation with differential of signal. Both these methods give worse performance than direct cross-correlation over the entire length of the NB-PSS sequence, due to loss of coherent processing gain for (a) or due to noise enhancement for (b).
Observation 3: Short sequence NB-PSS detection using cross-correlation by parts followed by non-coherent adding places a very high complexity requirement on the UE.
Observation 4: Short sequence NB-PSS detection using cross-correlation with differential of signal has relatively low complexity, but has poor performance due to the noise enhancement caused by the signal differential operation.
Observation 5: The short sequence method of [3] has a high memory requirement compared with the other methods, and is also expected to have degraded performance compared with the long sequence method due to the noise enhancement caused by the signal differential operation.
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