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NB-CIoT - Impacts to Legacy Base Stations
1 Introduction
At GERAN#62, a study item named “Cellular IoT” (CIoT) was created, aiming to evaluate how to support low throughput and low complexity machine type communications [1]. NB-CIoT was proposed as one of the candidate solutions (see sub-clause 7.3 of the CIoT TR [2]).
It is envisaged in Annex A of [2] that
“It is expected that the Cellular IoT technology is at least deployable on existing radio access sites based on:

· 3GPP GSM/EDGE multicarrier Base Stations.
· Multi Standard Radio Base Station, which may or may not support GSM/EDGE operation specifications.”
This document provides some analysis on the impacts of NB-CIoT to MCBTS and MSR base stations. 
2 Discussions
2.1 Transmitter side
The downlink transmission chains of NB-CIoT can be found in sub-clause 7.3.2.4 of [2]. Most transmission processing is very similar to or simpler than legacy base stations. The biggest difference is the OFDM modulation and the associated channel filter for managing out-of-band emissions. These processes represent a significant amount of the required processing complexity.
2.1.1 Computational complexity
For PSCH, the processing of 2 times up-sampling and pulse shaping require 4.32 million operations per second. 

For other downlink channels, the forward link modulation is accomplished by an inverse FFT process on a block of modulated frequency domain symbols. The output of this process is extended with a cyclic prefix by inserting the last 6 samples of the block at the beginning, thus creating a time domain transmission block of 70 samples. The natural rate for the sample transmission is 240 kHz, thus each block of 70 samples represents 291.6 usec. The computational complexity of the FFT is well established, with the split radix algorithm [4] of Yavne requiring 1160 operations for a 64 point FFT. Computing this FFT continuously at the block output rate requires a total of 4.0 million operations per second. 
For all downlink channels, in addition to the FFT and/or pulse shaping, the transmitter may employ a digital filter to manage emissions outside the 200 kHz channel bandwidth. The design of this filter would be an implementation decision balancing complexity against analog filtering in the signal chain, however, for an example a 16 tap real-symmetric digital filter is assumed to be employed. This filter would require 8 multiplications and 15 additions per I and Q sample, or 46 operations per output IQ pair. At the output sample rate of 240 kHz this represents 11.04 million operations per second. The total for both processes represents 11.04+(4.0*31/32+4.32/32)=15.05 million operations per second.
In comparison, in LTE an OFDM symbol generated by 1024-point IFFT requires 4*(1024/2)*log2(1024) = 20480 multiplications plus 3*1024*log2(1024) = 30720 additions. This results in a total of 14*1000*51200 = 716.8 million operations per second.
For a burst with normal symbol rate in MCBTS, totally 16328 operations are required for pulse shaping. And thus the computational complexity for a carrier with normal symbol rate in MCBTS is 16328/(577*1e-6) = 28 million operations per second.
In summary the computational complexity of NB-CIoT DL transmitter is a minimal proportional of legacy MSR base station supporting LTE, and is much less than that required for one carrier in MCBTS.
2.1.2 Memory requirements
The most aggressive MCS in terms of memory requirements is MCS-6 (MCS-8 requires less memory due to puncturing). For each data channel, the maximum CBS of 1200 bits and rate 1/2 convolutional coding generate 2.4×103 coded bits. This results in a total of 36 kilo bits for 15 data channels in maximum.
For LTE with 10 MHz system bandwidth, assuming 4-layer spatial multiplexing and the largest TBS (Transport Block Size) of 26, the decoded bits have a length of 2*75376=150.752 kilo bits, which are translated into 454.3 kilo bits after TB CRC insertion, CB segmentation, CB CRC insertion and rate 1/3 Turbo coding. Hence the required memory for NB-CIoT occupies only a small portion of that for LTE.
For MC BTS, considering DAS-12 for downlink [5], the required memory is 3*2022*8 = 48.528 kilo bits for a single carrier.
2.2 Receiver side
The functionalities at the receiver side that contribute most in terms of complexity include matching filter, ToA estimation for RACH, CFO estimation and compensation, channel estimation and equalization, and decoding. For all these functionalities except decoding, the complexity of both NB-CIoT and legacy base stations is doubled if two receiving antennas are assumed.
2.2.1 Matching filter
In the uplink of NB-CIoT, there are 12 sub-carriers, each of which is filtered at the receiver to obtain the target base-band signal. 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, 120 thousand multiplications and 115 thousand additions for the 2nd filter to extract 4 15-kHz channels, and 76 thousand multiplications and 72 thousand additions for the 3rd filter to extract 12 3.75-kHz channels. Consequently (245+230+120+115+76+72)*1000/0.04 = 21.5 million operations per second are required.
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. The overall complexity is 984.8 million operations per second.
For a burst in MCBTS, 182436 operations per second are required for adaptive filtering. And thus the computational complexity for a carrier in MCBTS is 182436/(577*10^-6) = 316 million operations per second.
2.2.2 ToA estimation based on random access request
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 MS 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 4 RACH sub-carriers, the computational complexity is (31779+94677)*1000/40*4= 12.6 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 4 RACH sub-carriers, of which 2 are assumed with 8 repetitions and the other 2 with 1 repetition, the memory requirement of ToA estimation is 153.6*(2*8+2) = 2764.8 kilo bits.
For a burst in MCBTS, 7827 operations per second are required for uplink synchronization. And thus the computational complexity for a carrier in MCBTS is 7827 /(577*1e-6) = 13.6 million operations per second.
2.2.3 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. 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) * 12 * 1000/40 = 1.1 million operations per second are required.
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.
For a burst in MCBTS, 2592 operations per second are required for AFC. And thus the computational complexity for a carrier in MCBTS is 2592 /(577*1e-6) = 4.5 million operations per second.
2.2.4 Channel estimation and equalization
In the uplink of NB-CIoT, 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*12*1000/40 = 1.6 million operations per second.
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.
For a burst in MCBTS, 271225 operations per second are required for channel estimation and equalization. And thus the computational complexity for a carrier in MCBTS is 271225 /(577*1e-6) = 470 million operations per second.
2.2.5 Decoding
Assuming MCS-11 for 8 PUSCH sub-carriers and MCS-0 for 4 PRACH sub-carriers and 8 iterations per decoding attempt, the computational complexity of the Turbo decoding is 174 million operations per second. The required memory in the extreme case (i.e. for UL MCS index 7 and CBS index 11, 8 data sub-carriers) is 1920*(2^3*2+1)*2*8 = 4178 kilo bits in maximum.
For LTE, assuming 64QAM with rate 3/4 coding, in a 10-ms frame, the number of processed data bits is (600-8*12)*log2(64)*(7*20)*3/4 = 317520, which needs 84841 million operations per second. The maximum code block size in LTE is 6144 (see sub-clause 5.1.4 of [4]), thus the required memory is 6144*(2^3*2+1)*16*42 = 70189 kilo bits, excluding 8 PUCCH RBs.
For MCBTS, a convolutional code with 7 registers is used for uplink [6]. Considering UAS-11[6], the computational complexity is 1612*2^7*(2+1)/(20/1000)= 31 million operations per second for one carrier. And if 8 sub-channels for a carrier are all activated, the required memory is 1612*2^6*16*8 = 13205 kilo bits.
2.3 Summary of computational complexity and memory requirement

 The total computational complexity and memory requirement are summarized in Table 1.
Table 1 summary of computational complexity and memory requirement
	
	NB-CIoT
	MSR
	MCBTS

	Computational complexity (Mop/s)
	262.7
	88000
	1667.2

	Memory requirement (kilo bits)
	6978.8
	70643.3
	13253.5


2.4 Impacts to the radio units
As shown in our companion contribution [3], the downlink PAPR when one out of a number of GSM carriers is re-farmed to NB-CIoT has negligible impact on existing PAs for MCBTS. Since the PAPR tolerance of an MSR base station is expected to be not lower than that of MCBTS, no problem is foreseen for the support of NB-CIoT by existing MSR radio units.
3 Conclusions
In this document, the impacts of NB-CIoT to legacy base stations are analyzed. It can be seen that 
· The required computational complexity for NB-CIoT is trivial comparing with the support for LTE, and the required memory is a small portion of that for LTE. 
· Comparing with one carrier in MCBTS, less computational complexity and memory are required by NB-CIoT system.
· The MCBTS and MSR radio units can be fully reused.
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