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1. Introduction
At RAN #69, a new work item named Narrowband Internet of Things (NB-IoT) was approved to specify a radio access solution for cellular internet of things [1]. The following options for uplink are stated. 

· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA)
· Technical analysis will either perform a down-selection or decide on inclusion of both.
In this contribution, we give some analysis on base station receiver complexity of uplink NB-IoT options. The system designs of these options could be referred to [2]. For fair comparison, frequency reuse 1 is assumed for all options.
2. Discussion
Otherwise not specified, the complexity specified here is based on the operation for one receiving antenna. The method and values of computational complexity for all parts of UL option with FDMA are same with those of [3] for consistency. The method and values of computational complexity for some parts of UL option with SC-FDMA are also same with those of [3] except the parts that are over-estimated, such as matched filter, PRACH sequence detection, and ToA estimation.
2.1. Matched Filter
For UL option with FDMA, the three-stage filtering with down-sampling in [3] is used and thus total 40.6 million operations per second are required. The complexity related to PRACH for UL option with FDMA is not considered here, just same as [3].
For UL option with SC-FDMA, the sampling rate is 320 kHz. if a 17-tap band-pass filter is used, the operation needed per second is given as 320*1000*(17*2 + 16*2) = 21.12 million operations per second.
· For the PRACH slots, 3 different PRACH formats are used for different coverage classes [4-5]. For PRACH format 0 and 1, 4ms segments with 312.5Hz subcarrier spacing is used in 80 kHz bandwidth. For PRACH format 2, 160ms segments with 2.5Hz subcarrier spacing is used in 80 kHz bandwidth.
· For slots with PRACH format 0, a 1024-point FFT is used which requires 20480 multiplications and 30720 additions. Considering a configuration of 12 segments during 960ms, the overall complexity for FFT processing is (20480+30720)*12*1000/960=0.64 million operations per second.

· For slots with PRACH format 1, a 1024-point FFT is used. Considering a configuration of 24 segments (two segments with 12 repetitions for each) during 960ms, the overall complexity for FFT processing is (20480+30720)*24*1000/960=1.28 million operations per second.

· For slots with PRACH format 2, since the FFT process can be shared with PUSCH, we do not count the corresponding complexity of FFT here.
· For the PUSCH slots, a 128-point FFT is used, which requires 1792 multiplications and 2688 additions, as calculated in [3]. Since 15% resource in the time domain is configured for PRACH format 0 and 1, the overall complexity of PUSCH for matched filter is (1792+2688)*14*1000/6*0.85=8.89 million operations per second.
2.2. PRACH Sequence Detection and ToA Estimation
For UL option with FDMA, the computational complexity of sequence detection is not counted and the same value in [3] is considered for the computational complexity of ToA estimation, i.e., total 37.8 million operations per second.

For PRACH format 0 in UL option with SC-FDMA, we can obtain the ToA estimation and RACH sequence simultaneously by taking de-correlation, IFFT, and peak index detection. Since we consider the 233.3us maximum round-trip delay, RACH preamble length of 251, and 320 kHz sample rate, the minimum required number of RACH sequences with different root index is 20, to support up to 64 preambles. Here one RACH sequence can generate multiple preambles with different cyclic shift. Thus, for RACH sequence detection and ToA estimation, twenty length-251 complex multiplications, and twenty 1024-point IFFT are required per PRACH segment. A 1024-point FFT requires 20480 multiplications and 30720 additions. A length-251 complex multiplication requires 251*6=1506 operations. Thus the total number of operations for ToA estimation and PRACH sequence detection for one RACH slot is (20480+30720+1506)*20 =1.05 million operations. Since 12 RACH segments per 960ms are configured, total required operation per second is 13.1 million operations.
For PRACH format 1, since 12 repetition is used, twenty length-251*12 complex multiplication, and twenty 1024-point IFFT are required per PRACH segment. A 1024-point IFFT requires 20480 multiplications and 30720 additions. A length-251*12 complex multiplication requires 251*12*6=18072 operations. In addition, combining of them is required for energy detection and ToA estimation which requires 1024*2*3*4*(4+3)=172032 operations. Thus the total number of operations for ToA estimation and PRACH sequence detection for one RACH slot is (20480+30720+18072+172032)*20 =4.8 million operations. Since two RACH segments (with 12 repetitions for each segment) per 960ms are configured, total required operation per second is 10 million operations.

For PRACH format 2, 100 symbols with 3 repetitions of each symbol are transmitted within 160ms. A 1024-point FFT is used for CFO estimation, and then a 128-point FFT is used for ToA estimation. Thus, (20480+30720)+100*7+(1792+2688) = 56380 operations are required. Assuming configured once per 960ms, 32*56380/0.96=1.88 million operations are needed per second.
In total, when considering 3 different PRACH formats, 13.1+10+1.88=24.98 million operations are needed for PRACH sequence detection and ToA estimation.
2.3. Frequency Offset Tracking and Compensation
We use the values specified in [3] for the computational complexity regarding frequency offset tracking and compensation, which are 3.3 million operation for UL option with FDMA and 3.16 million operations per second for UL option with SC-FDMA.

2.4. Channel Estimation and Equalization
We use the values specified in [3] for the computational complexity regarding channel estimation and equalization, which are 4.8 million operation for UL option with FDMA and 1.8 million operations per second for UL option with SC-FDMA.

2.5. Decoding
For the same reason specified in [3], we did not count the computational complexity regarding decoding process.

2.6. Summary
The computational complexity analysis is summarized in Table 1, and the comparison between NB-IOT uplink options is shown in Figure 1. The number in Figure 1 corresponds with the numbers in the first column of Table 1. Note that for all computational complexity of both options are doubled assuming two receiving antennas.

Table 1. Summary of computational complexity for both uplink options except for decoding
	
	Processing Steps
	UL option with FDMA
	UL option with SC-FDMA

	1
	Matched filter
	40.6
	31.9

	2
	PRACH sequence detection & ToA estimation
	37.8
	24.98

	3
	Frequency offset tracking & Compensation
	3.3
	3.2

	4
	Channel estimation and equalization
	4.8
	1.8

	
	Total (Assuming 2 receiving antenna)
	173.0
	123.8


It could be concluded from the above analysis that

· UL option with SC-FDMA has less computational complexity compared to that with FDMA. One of the main reasons is that filter operation in single carrier system is much more complex than FFT.
3. Conclusions

In this document, we give some analysis on receiver complexity of base station for both NB-IOT uplink options in NB-IOT WID. It could be concluded from the above analysis that 
· UL option with SC-FDMA has less computational complexity compared to that with FDMA. One of the main reasons is that filter operation in single carrier system is much more complex than FFT.
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