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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IoT (NB-IoT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
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
Furthermore according to [1], NB-IoT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
A narrowband LTE based solution (called NB-LTE) was proposed and included in [3] and is now under investigation under the NB-IoT work item [1]. 
In this contribution, we analyse the base station complexity of NB-IoT candidates. A frequency reuse 1/1 is used for all options in order to give a fair comparison. 
General Discussions
In the NB-IoT work item description [1], OFDMA on the downlink with two different subcarrier spacing numerologies, i.e., 3.75 kHz and 15 kHz, will be considered. For the uplink, FDMA with GMSK modulation, and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) will be considered. 
In [3], some discussions of the BS complexities are given. However, the discussions in [3] exclude some of the design choices at the BS sides that can be implemented efficiently for the SC-FDMA based UL design, as well as the OFDMA downlink design with 15 kHz subcarrier spacing. In this contribution, we outline some more efficient designs alternatives to the ones [3], and analyse the base station complexity accordingly. 
Note, in this contribution the FFT algorithm is based on the split radix algorithm [5] of Yavne. This algorithm is also used in [3] to calculate the complexity of FFT. In the split radix algorithm [5] of Yavne, assuming  point FFT is used, the number of real multiplications required is , and the number of real adds is .
Transmitter side
In-band and Guard-band deployment
Since LTE use 15 kHz subcarrier spacing, for the in-band and guard-band deployment of NB-IoT system with 15 kHz subcarrier spacing can re-use the IFFT operation at the base station. Therefore, no increase over the LTE IFFT operation can be expected. Moreover, as the NB-IoT system with 15 kHz subcarrier spacing is orthogonal to the LTE system, no additional channel filtering or guard-spacing between the NB-IoT carrier and the LTE carrier are needed. 
For the NB-IoT system with 3.75 kHz subcarrier spacing, as it is not orthogonal to the LTE system, in the guard-band deployment, at least 200 kHz guard-spacing is needed between the NB-IoT carrier and LTE carrier [6]. Furthermore, as the 3.75 kHz subcarrier spacing is not the same as the LTE system, a separate IFFT implementation is needed. As estimated in [3], 3.944 million operations per second are needed for the IFFT operation. If a 200 kHz guard-spacing is not available, e.g., in the guard-band of a 5 MHz LTE carrier, additional channel filtering may also be required. At this moment, it is not certain how to deploy a NB-IoT carrier with subcarrier spacing of 3.75 kHz in-band.
As the transport block size in NB-IoT system is much smaller than the LTE system. Therefore, NB-IoT system requires much less memory than the LTE. 
Observation 1: Supporting NB-IoT system with 3.75 kHz subcarrier spacing is more costly than supporting NB-IoT system with 15 kHz subcarrier spacing in the guard-band deployment. Due to lacking of information, the cost of deploying NB-IoT system with 3.75 kHz subcarrier spacing cannot be estimated yet.
Observation 2: For in-band and guard-band deployment, NB-IoT system with 15 kHz subcarrier spacing has no increase over LTE IFFT processing, and no additional channel filtering or guard-spacing between the NB-IoT carrier and the LTE carrier are needed. For NB-IoT system with 3.75 kHz subcarrier spacing, at least an addition of 3.944 million operations per second are needed for the IFFT operation, and a 200 kHz guard-spacing is needed in the guard-band deployment.
Stand-alone deployment
As discussed in [3], for stand-alone deployment, the complexity is proportional to sampling rate. The current design of NB-IoT system with 15 kHz subcarrier requires a higher sampling rate than the 3.75 kHz subcarrier spacing. Therefore, the complexity of using 15 kHz subcarrier is higher. However, as the system only operates in a 200 kHz bandwidth, the sampling rate can be further reduced. Moreover, as pointed out in [3], both options, i.e., NB-IoT system with 3.75 kHz or 15 kHz subcarrier, have much lower sampling rate than the common deployed LTE system. Therefore, the current MSR BS has no difficulty in supporting both options.  
Receiver side
In this section, we discuss the complexity of the BS receiver side. For the complexity of UL with FDMA, we refer to the discussions given in [3]. However, for the UL with SC-FDMA, we discuss some efficient design choices that offer comparable complexity to the FDMA option. Moreover, SC-FDMA receiver processing can re-use accelerated FFT algorithms which may have already been deployed in the MSR BSs that is used for the LTE UL reception. On the contract, the UL with FDMA requires different processing units to handle the receptions. Furthermore, according to [4], as two different classes of UEs are defined for the UL FDMA system, it increases the cost and time to implement and test the support of both UE classes. 
Observation 3: SC-FDMA design can re-use the processing components in the current MSR BS that supports LTE. But for UL with FDMA, additional development and test costs are foreseeable, especially to support two different classes of UEs. 
Matched filter for PUSCH and PRACH
As the sampling rate of SC-FDMA 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. The current PRACH design of the SC-FDMA based solution is given in [7], where 3 different PRACH formats are used for different coverage classes. For PRACH format 0 and 1, 4ms segments, 312.5 Hz subcarrier spacing, and 80 kHz bandwidth are used.  For PRACH format 2, 160 ms segments and 2.5 kHz subcarrier spacing are used. 
For slots with PUSCH, a 128-point FFT is needed, which requires 516 real multiplications and 2308 real additions. Thus, the overall complexity for FFT processing is (516+2308)*14*1000/6 = 6.6 million operations per second. However, as around 11% resource is configured for PRACH, 6.6*(1-0.11) = 5.9 million operations per second are needed for PUSCH. 
For slots with PRACH format 0, a 1024-point FFT is needed, as the current PRACH has 312.5 Hz subcarrier spacing. Therefore, 7172 real multiplications and 27652 real additions are needed. Thus, the overall complexity for FFT processing is (7172 + 27652)*4*3= 417888 operations per 1.28 second. 
For slots with PRACH format 1, a 1024-point FFT is needed, as the current PRACH has 312.5 Hz subcarrier spacing. Therefore, 7172 real multiplications and 27652 real additions are needed. Thus, the overall complexity for FFT processing is (7172 + 27652)*12*2= 835776 operations per 1.28 second. 
For slots PRACH format 2, a 128-point FFT is needed, which requires 516 real multiplications and 2308 real additions. Thus, the overall complexity for FFT processing is (516+2308)*300 = 847200 operations 1.28 second. In total 21.2 million + 5.9million + (417888+835776+847200) /1.28 = 28.7 million operations per second is needed for matched filtering of SC-FDMA. 
 PRACH sequence detection and ToA estimation
Different from the description in [3], the PRACH sequence detection and ToA estimation for the current SC-FDMA design can be efficiently done jointly. 
[bookmark: _GoBack]Referring to [7], 18 preambles Zadoff-Chu sequences are used for PRACH format 0 and format 1. For the worst case, we assume these Zadoff-Chu sequences are generated from different roots[footnoteRef:1]. Therefore, for detecting PRACH format 0, 2*18*251 = 9036 real multiplications are needed. Then, for each possible preamble a 1024-point IFFT, which requires 7172 real multiplications and 27652 real additions, is used for ToA estimation. As 18 preambles are used, 18 * (7172 + 27652) + 9036 = 0.64 million operation are used per segment. In total, 4*3*0.64 = 7.7 million operations are needed per 1.28 second.  [1:  If some of the sequences are generated from the same root, the detection complexity can be further reduced by observing different cyclic shifts values. ] 

For PRACH format 1, 12 repetitions are used. As 18 preambles are used, 2*18*251*12 = 108432 real multiplications are needed. Then, for each possible preamble, a 1024-point IFFT, which requires 7172 real multiplications and 27652 real additions, is used for ToA estimation for each preamble. Assuming each 3 of the repetitions are added coherently, and then combined non-coherently for energy detection and ToA estimation. So, 1024*2*3*4*(4+3) = 172032 operations are needed for the combination. In total, 18*(7172 + 27652+172032) + 108432 = 3.8 million operations are used per segment. In total, 2*3.8 = 7.6 million operations are needed per 1.28 second.
For PRACH format 2, we first add each 3 OFDM symbols together to get one pilot symbol. This is repeated 100 times within 160 ms to yield 100 pilots symbols. This operation requires 2 * 3 *100 = 600 real additions. First a 1024-point FFT is used for CFO estimation, and then a 128-point FFT is used for ToA estimation. Therefore, (7172 + 27652) +100*(4+3) + (516+2308) = 38348 operations are needed for one PRACH channel. As 18 PRACH format 2 channels are configured, 18*38348 = 0.7 million operations are needed per 1.28 second.
In total, when considering 3 different PRACH formats, (7.7 + 7.6 + 0.7) / 1.28 = 12.5 million operations are needed for PRACH sequence detection and ToA estimation. 
Summary
We refer to [3] for the complexity of frequency offset tracking and compensation as well as channel estimation and equalization. The computational complexity analysis is summarized in Table 1, where the numbers of UL option with FDMA and LTE are taken from [3] directly without modification. 
[bookmark: _Ref431216235]Table 1 Comparison of computational complexity for UL (excluding decoding)
	
	UL option with FDMA (see note a)
	UL option with SC-FDMA
	LTE (see note a)

	Matched filter (Mop/s)
	40.6
	28.7
	984.8

	PRACH sequence detection (Mop/s)
	0
	0 (see note c) 
	4005.0

	ToA estimation (Mop/s)
	37.8
	12.5
	830.0

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

	Channel estimation and equalization
	4.8
	1.8 (see note a)
	93.6

	Sum of Computational complexity (Mop/s) (see note b)
	173.0
	92.4
	12113.0

	Note a: These values are taken from [3].
Note b: Numbers are doubled due to the use of two receiving branches.
Note c: The number of operations is included in ToA estimation. 



Observation 4: By using efficient designs at the BS, the computational complexity at the BS receiver is much smaller for SC-FDMA than for FDMA. 
Conclusions
In this contribution, based on the discussion, we have the following observations. 
Observation 1: Supporting NB-IoT system with 3.75 kHz subcarrier spacing is more costly than supporting NB-IoT system with 15 kHz subcarrier spacing in the guard-band deployment. Due to lacking of information, cost of deploy NB-IoT system with 3.75 kHz subcarrier spacing cannot be estimated.
Observation 2: For in-band and guard-band deployment, NB-IoT system with 15 kHz subcarrier spacing has no increase over LTE IFFT processing, and no additional channel filtering or guard-spacing between the NB-IoT carrier and the LTE carrier are needed. For NB-IoT system with 3.75 kHz subcarrier spacing, at least an addition of 3.944 million operations per second are needed for the IFFT operation, and a 200 kHz guard-spacing is needed in the guard-band deployment.
Observation 3: SC-FDMA design can re-use the processing components in the current MSR BS that supports LTE. But for UL with FDMA, additional development and test costs are foreseeable, especially to support two different classes of UEs.
Observation 4: By using efficient designs at the BS, the computational complexity at the BS receiver is much smaller for SC-FDMA than for FDMA.
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