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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#69 meeting, the “NB-IoT” WI [1] was approved based on outcome of the GERAN SI on cellular IoT[2].
In this contribution, we give some analysis on uplink receiver design and complexity for NB-IoT to show that FDMA with GMSK can be easily implemented by software update in LTE eNBs.
Discussion
The uplink receiver architecture for NB-IoT with FDMA is shown in Figure 1. First, the received signal passes the DDC (Digital Down Converter) and multi-channel multi-rate filter bank to down sample the signal. Then the channel estimation, equalization and demodulation are applied. Finally the bit level processing such as Turbo decoding is applied. If GMSK is used in uplink, GMSK receiving filter as the last stage of the filter bank is used to transform the signal into a pseudo-BPSK signal and then similar procedures as BPSK can be used in later stages.
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[bookmark: _Ref433711446]Figure 1 Uplink receiver architecture for NB-IoT with FDMA

Digital down converter
The first process for narrow band system is to extract its signals from LTE wide band signal, which is accomplished by a digital down converter. The block diagram is shown in Figure 2. 
The first stage is a 5-stage cascaded integrator-comb (CIC) filter with decimation factor of 16. In addition, since it can be implemented without multipliers, the computational complexity is low for baseband signals with high symbol rate. Then with a baseband sampling rate 15.36 MHz, the computational complexity is (15.36*5+0.96*5)*2 = 163.2 million additions per second. Note that the operations of CIC filter are only additions and subtractions, which have minor computational complexity.
The second stage is a 19-tap real filter with decimation factor of 2. Then with incoming sampling rate of 960 KHz, the computational complexity is 0.96/2*19*2 = 18.24 million multiplies per second, and 0.96/2*18*2 = 17.28 million additions per second.
The third stage is a 21-tap real filter with decimation factor of 2. Then with incoming sampling rate of 480 KHz, the computational complexity is 0.48/2*21*2=10.08 million multiplies and 0.48/2*20*2 = 9.6 million additions per second.
NCO can be implemented with pre-stored coefficients and linear interpolation applied in order to get fine resolution. The computation complexity is 15.36 * (2 multiplier and 1 adder) , i.e. 30.72 million multiplies and 15.36 million additions per second.
Therefore, totally 205.44 million additions and 43.68 million multiplies per second are needed for narrow band filter.
The magnitude response of this filter is in Annex A.
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[bookmark: _Ref434221681]Figure 2 block diagram of multi-stage multi-rate filter chain
Such a digital down converter is common to FDMA and SC-FDMA 2.5kHz uplink receiver. For SC-FDMA 2.5 kHz, a separate FFT with 2.5 kHz subcarrier spacing shall be used. So the sampling rate of the incoming signal with 15.36MHz should be down sampled to 320 kHz. 
Most of the operations are of very low sampling rate except the NCO and CIC filter. Implementing this does not present a problem to state-of-the-art LTE capable base stations.
[bookmark: _Ref434394373]Observation 1: The digital down converter, which is common to both FDMA and SC-FDMA based uplink options for NB-IoT, can be implemented by software upgrade in LTE eNBs.
Multi-channel multi-rate filter bank
A three-stage programmable FIR filter is used for matched filter to extract signals for each sub-channel, where the last stage also serves as a matched filter for PSK or GMSK. An example of a multi-channel, multi-rate filter bank for a 1.875 KHz is shown in Figure 3.
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[bookmark: _Ref434327799][bookmark: _Ref434327794]Figure 3 block diagram of filter bank (1.875 KHz sub-channel as an example)
In the worst of computational complexity, there are 72 sub-channels with 2.5 kHz sub-channel spacing.
The first stage is a 17-tap FIR filter to extract three 60-kHz channels. Thus there 60*1000*17*2*3=6.12 million multiplies and 60*1000*16*2*3=5.76 million additions are required for one second.
The second stage is a 25-tap FIR filter to extract twelve 15-kHz channels. Thus there 15*1000*25*2*12= 9 million multiplies and 15*1000*25*2*12=9 million additions are required for one second.
The second stage is a matched filter with 41 taps to extract twelve 15-kHz channels. It is a root-raised-cosine (RRC) filter for PSK modulation, or GMSK receiving filter for GMSK modulation. Thus there 1.875*1000*41*2*72= 11.07 million multiplies and 1.875*1000*40*2*72=10.8 million additions are required for one second.
The down converter by NCO would need 240*6 + 60*6 + 15*6 = 1.89 million multiplies per second.
Therefore, totally 28.08 million additions and 25.56 million multiplies per second are needed for narrow band filter.
Considering the very low sampling rate of the filters (at most 240 kHz), either DSP platform or FPGA based module can easily support the above processing. 
Observation 2: The multi-channel multi-rate filter bank can be implemented by software upgrade in LTE eNBs.
Channel estimation and GMSK/PSK demodulation
The receiving process for GMSK signal for narrow band system can be accomplished by a similar way to BPSK as shown inFigure 4. The first stage, i.e. GMSK receiving filter, is the last stage of the filter bank in section 2.2. Then the following steps for GMSK receiving could use the same processes for BPSK, which are channel estimation, Wiener interpolation, 1-tap equalization and BPSK demodulation. Details of analysis on GMSK receiving can be found in Annex B.
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[bookmark: _Ref434651557][bookmark: _Ref434651553]Figure 4 Receiving process for GMSK signal
Pilot based channel estimation is used, where only 2 pilots in 4-pilot-group are used to estimate the channel. Afterwards, CSI at each data symbol is estimated by Wiener interpolation using neighboring 12 pilots with an 11 by 12 matrix. Then the estimated CSI is applied to data symbols by 1-tap equalization. The results then can pass the BPSK demodulation to obtain soft bit information for following decoding process.
Taking 40ms burst as an example. There are 1440 pilots and 3960 data symbols. Using half the pilots, the channel complexity needs 1440/2*6 multiplications. The Wiener interpolation requires 12*2*3960 multiplies and 11*2*3960 additions. And the 1-tap equalization need 3960*6 multiplies. 
Therefore, totally 3.078 million multiplies and 2.178 million additions are required for GMSK reception.
Considering the flat response in frequency domain for the narrow band transmission, 1-tap equalization can be applied while the link performance is still very good. The multi-slot channel estimation based on Wiener interpolation can be applied in order to get better channel estimation performance. Such a channel estimation methodology is very similar as used in LTE system or SC-FDMA based system.
Observation 3:  The channel estimation and GMSK/PSK demodulation can be implemented by software upgrade in LTE eNBs.
Bit-level processing
Since both options of NB-IOT uplink candidates re-use LTE based Turbo coding, uplink receiver can reuse the LTE turbo decoding which is typically a hardware accelerators. The special processing such rate matching and de-rate matching, etc can be processed with software considering the very low system throughput of around 100kbps.
Summary
The computational complexities are summarized in Table 1. For comparison, the counterpart in LTE receiving process is also computed as following and shown in the Table 1.
For LTE with 10 MHz bandwidth, a 1024-point FFT requires (1024/2)*log2(1024)*14/1000*6=430.08 million multiplies and 1024*log2(1024)*14/1000*2=286.72 million additions per second. Assuming 10 active UEs in the uplink, each being allocated 5 RBs, ten 64-point IFFTs result in 10*(64/2)*log2(64)*14/1000*6=161.28 million multiplies and 10*64*log2(64)*14/1000*2=107.52 million additions per second. Thus, the overall complexity is 591.36 million multiplies and 394.24 million additions per second.
[bookmark: _Ref434614442]Table 1 Computational complexities of FDMA with GMSK uplink receiving
	
	
	Number of multiplies (million per second)
	Number of additions (million per second)

	LTE
	FFT/IFFT
	591.36
	394.24

	NB-IoT with FDMA uplink
	NB filter
 (See note)
	43.68
	205.44

	
	Filter bank
	25.56
	28.08

	
	GMSK receiving
	3.078
	2.178


		Note: the narrow band filter is common for both uplink options of NB-IoT.
Since the computational complexity of multiplies is several times higher than that of additions, number of multiplies are more useful in determining the computational complexity.
[bookmark: _Ref129681832]Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we give the analysis on uplink receiver design and complexity for NB-IoT. The followings are observed:
Observation 1: The digital down converter, which is common to both FDMA and SC-FDMA based uplink options for NB-IoT, can be implemented by software upgrade in LTE eNBs.
Observation 2: The multi-channel multi-rate filter bank can be implemented by software upgrade in LTE eNBs.
Observation 3:  The channel estimation and GMSK/PSK demodulation can be implemented by software upgrade in LTE eNBs.
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Annex A. Digital down converter
The digital down converter is shown in Figure 2. The baseband signal with 15.36 MHz sampling rate is firstly low pass filtered by a Cascaded Integrator-Comb (CIC) filter, followed by two FIR decimating filters to achieve a low sample-rate of 240 KHz for further processing.The magnitude response of the filter chain is shown in Figure 5. It could be shown that the gain in the desired bandwidth is within ±0.5dB, and attenuation larger than 18dB at 120 kHz. Note that the response ripple could be further smoothed by using larger number of taps in the last stage of the filter chain.
[image: ][image: ] 
[bookmark: _Ref434225748]Figure 5 The magnitude response of filter chain
Annex B. [bookmark: _Ref434394253]GMSK receiving
Gaussian Minimum Shift Keying (GMSK) is a continuous phase modulation scheme in which the phase of the carrier signal is varied by the information to be transmitted.  It has very compact output power spectrum and a constant envelope, which make it attractive for low cost battery powered devices.
With GMSK modulation, the signal is expressed as

where  is the modulation index,  is the differentially encoded bit sequence,  is the frequency pulse, and  is the symbol interval. Using Laurent decomposition, this signal can be decomposed into a sum of pulse amplitude modulated signals. The decomposition of GMSK can be written as:

where  and  are the signal and shaping filter respectively for the q-th pulse amplitude modulated signal. For the time bandwidth product 0.3, the signal for  contains the majority of the energy. The transmitted signal can therefore be approximated as:

with

Therefore, at the receiving side, the signal after one-tap equalization would have ISI as

where  could be well approximated by a three tap filter, and  is the bit sequence. Then by a receiving filter against, the received signal would be

Sampling r(t) at every symbol interval  and multiplying with  give the signal:

Then the real part represents the data symbol and the imaginary part represents the inter-symbol interference. Let , and the subsequence stages are in the same manner with BPSK demodulation.
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