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1 Introduction

At RAN#69 plenary meeting, a new WI, namely NB-IOT was approved [1] based on techniques described in [2]. The modes of operation are recapped as follows:
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

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
And the following options for downlink and uplink are stated:

· OFDMA on the downlink

· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)

· 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 complexity of NB-IOT options. The system designs of these options could be referred to [2]. For fair comparison, in the analysis frequency reuse 1/1 is assumed for all options.
2 Discussion
2.1 Transmitter side
2.1.1 Transmit filter
Since DL option with 15 kHz subcarrier spacing uses the same CP length of LTE, thus minimally 1.92 MHz sampling rate corresponding to 128-point IFFT is used at transmission to keep CP sampling number to be integer. And for DL option with 3.75 kHz subcarrier spacing, a 240 kHz sampling rate is assumed by a 64-point IFFT with 3.75 kHz sub-carrier spacing. Assuming the same number of tap, the computational complexity is proportional to sampling rate, thus the computational complexity of DL option with 15 kHz subcarrier spacing is 1.92*1000/240=8 times more than that of DL option with 3.75 kHz subcarrier spacing. In fact, for DL option with 15 kHz subcarrier spacing with larger sampling rate than DL option with 3.75 kHz subcarrier spacing, a filter with larger number of taps should be used to keep the same filter duration in time domain, thus achieve the same ability to manage out of band emission.
Specifically, 16-tap real-symmetric digital filter is assumed to be employed, which would require 8 multiplications and 15 additions per I and Q sample, or 46 operations per output IQ pair. Then, DL option with 15 kHz subcarrier spacing requires 1.92*46=88.32 million operations per second, and DL option with 3.75 kHz subcarrier spacing requires 0.24*46=11.04 million operations per second.
In comparison, for LTE with 10 MHz bandwidth, the same digital filter would require 15.36*46=706.56 million operations per second.
2.1.2 IFFT processing
A 128-point IFFT is used for DL option with 15 kHz subcarrier spacing due to the same reason in section 2.1.1, and a 64-point IFFT for DL option with 3.75 kHz subcarrier spacing. Assuming radix-2 algorithm is used for N-point IFFT with number of operations as 5*N*log2(N) , then the computational complexity of DL option with 15 kHz subcarrier spacing is (5*128* log2(128))/( 5*64* log2(64))=2.33 times more than that of DL option with 3.75 kHz subcarrier spacing for one IFFT operation.
Specifically, for DL option with 15 kHz subcarrier spacing, 14*1000*(5*128* log2(128))=62.7 million operations are required assuming 14 symbols for 1 millisecond. For DL option with 3.75 kHz subcarrier spacing, 64-point IFFT could be further optimized by the split radix algorithm [4] of Yavne, which requires 1160 operations for a 64-point IFFT. Therefore, for DL option with 3.75 kHz subcarrier spacing, 17*1000/5*1160=3.944 million operations are required assuming 17 symbols for 5 millisecond.
Therefore, the computational complexity of DL option with 15 kHz subcarrier spacing is 62.7/3.944=15.9 times more than that of DL option with 3.75 kHz subcarrier spacing.
In comparison, in LTE with 10 MHz bandwidth an OFDM symbol generated by 1024-point IFFT requires 5*1024*log2(1024) = 51200 operations. This results in a total of 14*1000*51200 = 716.8 million operations per second.
2.1.3 Memory requirement

Code block size would impact the memory requirement in transmitting, as base station has to store the encoded bits for following modulation and transmission. Therefore, the memory requirement considering the most memory consuming part (storing encoded bits for transmission) is proportional to code block size and number of simultaneously scheduled UE, and is independent to DL options. NB-IOT is proposed to restrict the maximum code block size and number of simultaneously scheduled UE to have less memory requirement than LTE.
2.1.4 Summary of transmitter side
The computational complexity for transmitter side is shown in Table 1.
Table 1 summary of computational complexity for downlink

	
	DL option with 15 kHz subcarrier spacing
	DL option with 3.75 kHz subcarrier spacing
	LTE

	Transmit filter (Mop/s)
	88.3
	11.0
	706.6

	IFFT processing (Mop/s)
	62.7
	3.9
	716.8

	Sum of Computational complexity (Mop/s)
	151.0
	14.9
	1423.4

	Note: The transmit filter is not needed for DL option with 15 kHz subcarrier spacing, and there is no increase over LTE for IFFT, if in-band operation is assumed.


It could be concluded from the above analysis that
· Both DL options have less computational complexity than that of LTE.

· Both DL options could have less memory requirement than that of LTE, if the maximum code block size and number of simultaneously scheduled UE are restricted.

· DL option with 3.75 kHz subcarrier spacing has less computational complexity than that with 15 kHz subcarrier spacing, due to the reduced sampling rate and less size FFT operation.
2.2 Receiver side
For all these functionalities analyzed below, the complexity is doubled if two receiving antennas are assumed.
2.2.1 Matched filter
For UL option with FDMA, suppose the three-stage filtering with down-sampling is used, for a 40-ms segment with a sampling rate of 240 kHz, it can be estimated that 245 thousand multiplications and 230 thousand additions are required for the 1st filter to extract 3 60-kHz channels, 360thousand multiplications and 345 thousand additions for the 2nd filter to extract 12 15-kHz channels, and 228 thousand multiplications and 216 thousand additions for the 3rd filter to extract 36 3.75-kHz channels. Consequently (245+230+360+345+228+216)*1000/0.04 = 40.6 million operations per second are required.  The PRACH sub-carriers are processed the same way as data sub-carriers for UL option with FDMA.
For UL option with SC-FDMA, sampling rate of 320 kHz, and 17-tap band-pass filter are assumed. Then the computational complexity is 320*1000*(17*2+ 16*2) = 21.12 million operations per second. For PRACH, 16 times up-sampling of 160 kHz is assumed as indicated by figure 13 in [5] to achieve the required accuracy for SC-FDMA. Then the computational complexity is 16*160000*(17*2+16*2) = 169.0 million operations per second. A 128-point FFT requires 4*(128/2)*log2(128) = 1792 multiplications and 3*128*log2(128) = 2688 additions. Thus, the overall complexity for FFT processing is (1792+2688)*14*1000/6 = 10.5 million operations per second. Therefore, the matched filter for UL option with SC-FDMA needs (21.12*4/5+169/5)+10.5 =61.2 million operations per second totally.

For LTE with 10 MHz bandwidth, a 1024-point FFT requires 716.8 million operations per second. Assuming 10 active UEs in the uplink, each being allocated 5 RBs, 10 64-point IFFTs result in 268 million operations per second. Thus, the overall complexity is 984.8 million operations per second.
2.2.2 PRACH sequence detection
Sequence detection is not required for UL option with FDMA described in section 7.3 of TR 45.820[2].

As the preamble sequences are sent for UL option with SC-FDMA, thus sequence detection is required. As defined in [5], there are 64 preambles maximally. Then at each PRACH slot, 64 detection attempts are required. The required computational complexity for a PRACH detection attempt is 491 complex multiplications and 490 complex additions, resulting in 491*6+490*2 = 3928 operations. In addition, due to 233.3us maximum round trip delay, the potential delay in terms of samples is 233.3us*160kHz*2 = 75 samples considering 2 times up-sampling. Therefore, the required computational complexity for PRACH sequence detection is 3928*75*3*1000/12 = 73.7 million operations per second.
For LTE, assume 64 sequences for random access with format 0 and one random access region in one subframe. The required computational complexity for a PRACH detection attempt is 839 complex multiplications and 838 complex additions, resulting in 839*6+838*2 = 6710 operations. In addition, due to 5.77 us maximum round trip delay (for 1732m ISD), the potential delay in terms of samples is 233.3us*1.28 Msps = 299 samples. Therefore, the required computational complexity for PRACH sequence detection is 6710*299*1000 = 2006 million operations per second.
2.2.3 ToA estimation based on random access request
For UL option with FDMA, ToA is estimated by the base station receiver to correct the timing of the uplink bursts prior to symbol demodulation. The initial ToA estimation for a given UE is performed by the base station using the pilot symbols contained in the uplink burst corresponding to the random access request from the device. The decoding result of the random access request could be fed back to improve the ToA estimation accuracy. The time searching algorithm is performed based on 40-ms segments, requiring 31779 operations for each segment. The decoding of the random access request burst which can be used to improve the accuracy of ToA estimation requires 94677 additional operations for each segment.  In the worst case of 12 RACH sub-carriers, the computational complexity is (31779+94677)*1000/40*12= 37.8 million operations per second.
Considering 40-ms segment and 32 samples per symbol according to sub-clause 7.3.6.1.2 in [2], the memory requirement for one segement is 40*3.75*32*2*16 = 153.6 kilo bits. For 12 RACH sub-carriers, of which 6 are assumed with 8 repetitions and the other 6 with 1 repetition, the memory requirement of ToA estimation is 153.6*6*8+6) = 8294.4 kilo bits.

For UL option with SC-FDMA, the ToA estimation is based on processing of PRACH. As assumed in [5], the maximum round trip delay is 233.3us. With 16 times oversampling to 160 kHz [5], the potential delay in terms of samples is 233.3us * 160kHz *16 = 597 samples. At each sample, 512-point FFT and 491-point complex correlation are needed. For 512-point FFT, 4*(512/2)*log2(512) = 9216 multiplications and 3*512*log2(512) = 13824 additions are required. For 491-point complex correlation, 491*4=1964 multiplications and 491*2+490*2=1962 additions are required. Thus for ToA estimation of one UE, 597*(9216+13824+1964+1962) = 16.1 million operations are required. Considering traffic model of CIoT, 10.2 attempts per second is assumed, thus the required computational complexity of ToA estimation for UL option with SC-FDMA is 16.1*10.2 = 164.2 million operations per second.

Considering 12 ms PRACH and 160*16=2560kHz sampling rate, the memory requirement for one PRACH  is 2560*12*16*2 = 983 kilo bit, considering 16 bits for each I or Q data. Then for 60 repetitions of PRACH format 2 [3], the memory requirement is 983*60 = 58980 kilo bits.

For LTE, assume 64 sequences for random access with format 0 and one random access region in one subframe. The maximum round trip delay is 5.77 us assuming 1732m ISD. Considering 2 times up-sampling, the potential delay in terms of samples is 5.77us * 1.28Msps*2 = 15 samples. At each sample, 1024-point FFT and 839-point complex correlation are needed. For 1024-point FFT, 5*1024*log2(1024) = 51200 operations are required. For 839-point complex correlation, 491*6+490*2=3926 operations are required. Thus for ToA estimation of one UE, 15*(51200+3926) = 0.83 million operations are required. Assuming 1 attempt per subframe, then the required computational complexity of ToA estimation for LTE is 0.83*1000 = 830 million operations per second. Considering 16 bits for each I/Q data, the memory requirement is 1.28Msps * 1ms * 16 *2=40960 kilo bits.
2.2.4 Frequency offset tracking and compensation
In order to resist the negative impact of frequency offset and frequency drifting, the base station can track and compensate the frequency error for uplink transmissions. For UL option with FDMA, an ML algorithm for 40-ms segment is typically performed to estimate the frequency offset, which requires 2651 operations per segment per sub-carrier. For frequency offset compensation, 150*6 = 900 operations every 40 ms per sub-carrier are required. Therefore, a total of (2651+900) * 36 * 1000/40 = 3.3 million operations per second are required.
For UL option with SC-FDMA, frequency offset tracking is based on both phase differentiation and searching due to the sensitivity of SC-FDMA to frequency offset. For a 6-ms M-subframe, 72 complex multiplications and 71 complex additions are required for phase differentiation, and 72*2 complex multiplications and 72*2-1 complex additions and 1 sum of squares are required for one search. In total (72*6+71*2+(72*2*6+(72*2-1)*2+3)*11)*1000/6 = 2.2 million operations per second are required for the frequency offset tracking. For frequency compensation, 72*12*6*1000/6=0.86 million operations per second are required. Therefore, a total of 3.16 million operations per second are required.

In comparison, for LTE, frequency offset tracking is based on both phase differentiation and searching. For a 1-ms subframe, excluding 8 subcarriers of PUCCH, 504 complex multiplications and 503 complex additions are required for phase differentiation, and 504*2 complex multiplications and 504*2-1 complex additions and 1 sum of squares are required for one search. In total 92.7 million operations per second are required for the frequency offset tracking. For frequency compensation, 50.4 million operations per second are required. Therefore, a total of 143.1 million operations per second are required.
2.2.5 Channel estimation and equalization
For UL option with FDMA, pilot symbols based channel estimation and coherent detection is used. A total of 5180 operations are required for each 40-ms burst, resulting in 5180*36*1000/40 = 4.8 million operations per second.
For UL option with SC-FDMA, channel estimation should be performed on two DMRS firstly, which requires 72*2*6 = 864 operations. Then, we assume a simple interpolation in time-domain only to obtain channel status information on data REs, which requires 72*12*(2*2+1*2) = 5184 operations. For equalization, it can be easily calculated that 72*12*6 = 5184 operations per TTI are required. Totally, it results (864+5184+5184)*1000/6 = 1.8 million operations per seconds.
For LTE, uplink channel estimation based on the 2 DMRS sequences in a subframe requires 7200 operations. Then, a simple interpolation in time-domain to obtain channel status information on data REs requires 43200 operations, and the equalization for a 1-ms subframe requires 43200 operations. Totally (7200+43200+43200)/0.001 = 93.6 million operations per seconds are required.
2.2.6 Decoding
For turbo decoding, the computational complexity is mainly proportional to the maximum data rate support by system design of NB-IOT, and the memory requirement is proportional to code block size. The computational complexity NB-IOT could be less than LTE, due to less maximum data rate. And NB-IOT could have less memory requirement than LTE by restricting code block size.
2.2.7 Summary of receiver side
The computational complexity analysis is summarized in Table 2, and the comparison between NB-IOT uplink options is shown in Figure 1. Note that for all receiving functionalities except decoding, the complexity of both NB-IOT and legacy base stations are doubled assuming two receiving antennas.
Table 2 summary of computational complexity for uplink (without decoding)
	
	UL option with FDMA
	UL option with SC-FDMA
	LTE

	Matched filter (Mop/s)
	40.6
	61.2
	984.8

	PRACH sequence detection (Mop/s)
	0
	73.7
	4005.0

	ToA estimation (Mop/s)
	37.8
	164.2
	830.0

	Frequency offset tracking and compensation (Mop/s)
	3.3
	3.2
	143.1

	Channel estimation and equalization
	4.8
	1.8
	93.6

	Sum of Computational complexity (Mop/s) (see note)
	173.0
	608.2 
	12113.0

	Note: For all receiving functionalities in the table, the complexity of both NB-IOT and legacy base stations are doubled assuming two receiving antennas.
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Figure 1 Computational complexity for uplink assuming 2 receiving antennas (without decoding)
It could be concluded from the above analysis that

· UL option with FDMA has less computational complexity and memory requirement than that of LTE.

· UL option with SC-FDMA has less computational complexity than that of LTE. However, the memory requirement is larger than that of LTE, due to large repetition numbers in random access for extreme UEs in ToA estimation.
· UL option with FDMA has less computational complexity and memory requirement than that of SC-FDMA. This is because UL option with FDMA has lower sampling rate than SC-FDMA, does not need PRACH sequence detection, and has less requirement on ToA estimation.
3 Conclusions
In this contribution, we give some analysis on base station complexity of NB-IOT options in NB-IOT WID. It could be concluded for downlink options that:
· Both DL options could be supported by legacy LTE through software update.
· Both DL options have less computational complexity than that of LTE.
· Both DL options could have less memory requirement than that of LTE, if the maximum code block size and number of simultaneously scheduled UE are restricted.
And it could be concluded for uplink options that:
· UL option with FDMA could be supported by legacy LTE base stations through software update.

· It has less computational complexity and memory requirement than that of legacy LTE base stations.
· Further study is needed for UL option with SC-FDMA to be supported by legacy LTE through software update.
· It has larger memory requirement than that of LTE for ToA estimation. The reduction on memory requirement would be challenging due to large number of repetitions in random access and up-sampling ratio.
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