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Introduction
At the RAN #69 meeting, a new work item (WI) on specification support for Narrowband Internet of Things (NB-IoT) was approved [1] with the objective of supporting low complexity devices that support 180 kHz UE RF bandwidth, operating delay tolerant traffic, having low data throughput requirements, and supporting significantly long battery life. It was also agreed to support three modes of operation [1]: 
Mode 1: NB-IoT as a stand-alone deployment, e.g., by reusing one or more GSM carriers; 
Mode 2: NB-IoT deployed in the guard-band of an LTE carrier; and 
Mode 3: NB-IoT deployed in-band within a regular LTE deployment. 
Further, it was agreed as one of the objectives of the WI, to support a single synchronization signal design for the three different modes of operation, including techniques to handle overlap with legacy LTE signals.
In this contribution, considering the NB-LTE solution described in [2], we present an analysis on device complexity with focus on the initial cell search operation as this procedure is one of the primary contributors to the overall device complexity. The required number of real-time computations and total run-time memory are used to estimate the baseband complexity for cell search procedure. The other aspects of device complexity like RF transceiver architecture, baseband processing for control and data channels, and memory requirements for the protocol stack implementation were presented in [3]. In the rest of the contribution, the terms NB-IoT and NB-LTE are used interchangeably with the understanding of NB-LTE as a candidate solution for NB-IoT for the current analysis.
UE complexity for cell search for NB-IoT
Cell search consists of frame and OFDM symbol boundary timing detection by using primary and secondary synchronization signals, referred to as M-PSS and M-SSS respectively. The prefix “M” is used to differentiate NB-LTE physical channels from LTE physical channels. The design of the M-PSS is based on the description for M-PSS design in [2]. 
UE complexity for M-PSS detection
One of the most computationally intensive parts of cell search is the correlation with the primary synchronization signal (M-PSS) sequence. This correlation needs to be performed over the periodicity of M-PSS. Defining  as the period of M-PSS and assuming a sampling frequency ,  samples needs to be stored in input sample per time period . These samples need to be correlated with the M-PSS sequence of length . An efficient method to perform correlation of long sequences is DFT-based overlap-save method. This approach is also known as fast correlation and makes use of the circular convolution theorem.  i.e.,  , where the operator is the element-wise multiplication of two vectors and  is the Fourier transform operator. The effective length of the correlation is  with the DFT size  ideally being a power of 2, leading to an FFT-based implementation, and  samples corresponding to M-PSS spanning 11 OFDM symbols at  sampling rate. Hence, to calculate a correlation over  samples with a sequence of length ,  correlations need to be calculated to get results for segments of size . 
Assuming that only normal CP is supported for NB-IoT deployments, only a single correlation operation would be needed. Otherwise, two correlations (for normal and for extended CP) would need to be conducted. The FFT of the M-PSS sequence samples can be pre-computed and stored in the buffer. Hence, a total of 2 FFT/IFFT operations need to be performed per correlation segment, one FFT for the input segment and one IFFT operation.
The effort to calculate an -point FFT or an IFFT is  by using the split-radix algorithm for FFT computation. In addition, each correlation would require  real-valued operations corresponding to the element-wise multiplication of the length- FFT vectors. Finally,  real-valued operations for the final squaring operation would be needed for each correlation operation. The overall complexity in terms of millions real-valued operations per second (MOPS) is finally given by  with .
A sampling rate of  is assumed for M-PSS detection and M-PSS periodicity in NB-LTE is , resulting in 4800 samples. Therefore,  correlation segments using 1024-point FFT needs to be performed. Further, considering the differentially encoded M-PSS sequence generation in [2], the UE needs to perform a differential decoding on the received samples resulting in a complexity of (4800-1)*6/(20*1000) = 1.44 Mops corresponding to 4799 complex multiplications. The computational complexity for the correlation operations amount to, and the total computation complexity for M-PSS detection can be obtained as 25.1 Mops. 
During M-PSS detection, assuming support of only normal CP, the UE needs a total of 4 FFT buffers of length 1024 (one for the FFT of M-PSS sequence samples, one for FFT of input samples, one for the input, and one for storing the result) and one correlation buffer to hold the 4800 samples of the M-PSS correlation results. Assuming 2 bytes per complex sample, these operations require 8 kB and 9.4 kB of memory respectively, giving a sum of 17.4 kB of memory requirements for M-PSS detection.
In [2], M-PSS/SSS design with two possible configurations are proposed with the difference being in terms of the periodicity of the M-PSS/SSS transmissions – a baseline M-PSS/SSS periodicity of 20ms which is assumed in the complexity analysis above, and another higher density M-PSS/SSS design wherein the M-PSS/SSS are transmitted every 10ms. While the UE may not be aware of the density of M-PSS/SSS used for initial cell search operation, this will not have any significant impact on the device complexity and the above analysis still holds true. 
Specifically, the UE can use a 20ms window for the correlation operations in time-domain and accumulate the correlation results over multiple such windows. Finally, for the decision step, the UE can consider two hypotheses – one in which the peak detection is performed over the entire 20ms duration and another hypothesis for which the UE averages the two halves of the 20ms window and performs peak detection over the resulting 10ms duration. 
Once the timing estimation is performed, the carrier frequency offset estimation is done by first performing element-wise multiplication of the received samples corresponding to the M-PSS of length  with the element-wise conjugate transpose of the stored version of the M-PSS sequence. This is followed by an autocorrelation operation with a suitable lag to extract the frequency offset information. For the purpose of complexity analysis we assume the worst case complexity corresponding to this auto-correlation step being performed with a lag of a single sample – leading to 188 complex multiplications. The overall complexity for the frequency offset estimation can then be estimated as ( Mops per M-PSS period.
UE complexity for M-SSS detection
For M-SSS detection we consider a design that is very similar to the design in [4], except that, we consider that the M-SSS sequence is generated based on 61-length Zadoff Chu (ZC) sequence in the frequency domain with cyclic time shifts applied to each base sequence. In other words, the M-SSS is generated using cyclic shifts applied as phase rotations in the frequency domain, while the rest of the steps including multiplication of the scrambling code, zero padding, mapping to OFDM symbols and conversion to time domain samples as described in [2]. This modification facilitates implementation of a low complexity algorithm for M-SSS detection (explained in the sequel) while at the same time providing acceptable detection performance as demonstrated in [6]. 
For decoding of the secondary synchronization signal (M-SSS) sequence, for frequency domain processing, the operations for 16-point FFT using split-radix algorithm amounts to 168 real-valued operations per OFDM symbol. An algorithm similar to [4] can be used to reduce complexity for M-SSS detection. After FFT, M-SSS sequence extraction, and descrambling with the 8 potential scrambling codes (considering possibility of both regular and higher density M-PSS/SSS being transmitted by the base station), a differential encoding between neighboring samples is conducted. This results in a signal with a phase rotation as a function of the M-SSS root. This differentially encoded signal is transformed into the time domain by an IFFT, transforming the phase rotation into a timing offset. The root index can be determined by detecting the peak of the signal. The total complexity of this step is 8 [scrambling] * ( 360 [differential coding] + 1160 [IFFT] + 239 [peak identification] ) = 14072 operations.
In a second step, the cyclic shift of the M-SSS sequence needs to be determined. Multiplying the received M-SSS sequence with the reference M-SSS sequence with the root estimated according to the previous step yields a phase rotation depending on the cyclic shift. By another IFFT this phase rotation is transformed into a time offset in time domain. This time offset corresponds to the cyclic shift. The complexity of this second step is 366 [product] + 1160 [IFFT] + 255 [peak identification] = 1781 operations. Combining the root with the cyclic shift gives one out of the potential 504 cell IDs.
The total complexity of M-SSS detection is therefore 1008 [FFT] + 14072 [step 1] + 1781 [step 2] operations, or roughly 0.84 MOPS. The 0.84 Mops consider a single hypothesis for M-SSS detection steps 1 and 2. Multiple hypotheses for step 1 and step 2 are possible within the Mops budget demanded by M-PSS detection. . 
For the memory requirements for M-SSS decoding, storing the base sequences would require 61 [ZC sequence-length] * 60 [number of sequences] * 2 = 7320 bytes and 64 bytes for storing the 8 binary scrambling sequences.
For the working buffer requirements for M-SSS, the requirement is rather small, compared to the working buffer for M-PSS detection. Hence, no additional memory is needed for M-SSS detection. 
If higher density M-SSS are transmitted by the base station, the UE can be aware of this based on the detected M-PSS. Accordingly, the M-SSS received in each 10ms period can be combined in order to improve the detection performance and avoid false alarms without any noticeable increase in the baseband complexity.
The memory requirements and computational complexity for cell search are summarized in Tables 1 and 2 respectively. 
Table 1. Memory requirements for cell search 
	Operation
	Memory

	Total memory for M-PSS detection 
	17.4 kB

	Memory for M-SSS 
	7.2 kB

	Estimated Sum
	24.6 kB



Table 2. Computational complexity of cell search 
	Operation
	Complexity 

	M-PSS effort
	25.21 Mops

	M-SSS effort
	0.84 Mops

	Estimated Max
	[bookmark: _GoBack]25.21 Mops


 
Observation 1:
· The cell search procedure for NB-LTE involves a total computation complexity of 25.21 Mops and a memory requirement of 24.6 kB for the considered M-PSS/SSS design.

Proposal 1:
· Consider the M-PSS/M-SSS design of NB-LTE with M-SSS sequence based on frequency domain generation of length-61 ZC sequence with application of cyclic time shifts as the baseline for the single synchronization signal design applicable to the three modes of NB-IoT operations. 
Conclusion
In this contribution, we provided an analysis of the device complexity for cell search procedure for NB-IoT based on the design described in [2]. Based on the discussion presented, we summarize our views through the following observation and proposal:
Observation 1:
· The cell search procedure for NB-LTE involves a total computation complexity of 25.21 Mops and a memory requirement of 24.6 kB for the considered M-PSS/SSS design.

Proposal 1:
· Consider the M-PSS/M-SSS design of NB-LTE with M-SSS sequence based on frequency domain generation of length-61 ZC sequence with application of cyclic time shifts as the baseline for the single synchronization signal design applicable to the three modes of NB-IoT operations. 
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