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1 Introduction
At GERAN #66, it was proposed to combine components of NB-OFDMA and NB-M2M to form a new solution for CIoT [1]. The converged solution, namely narrowband CIoT (NB-CIoT), is described in [2]. The PAPR of the NB-CIoT downlink with frequency reuse-1/3 was studied in [3]. In this document, additional simulation results and performance analyses of NB-CIoT PAPR are provided.
2 PAPR Analysis
In this study, we consider a total of up to 6 channels: n GSM channels and 1 NB-CIoT channel, where n = 1, 2, 3, 4 or 5, with channel spacing 400 kHz. The base sampling rate for the GSM and the NB-CIoT carrier is 270 kHz and 240 kHz respectively. The transmit power for each GSM carrier is assumed to be 43 dBm. 
To evaluate the impact on base stations, we further assume that existing multi-carrier base stations can support peak transmit power 7.66 dB above the average power. The baseline assumption of 7.66 dB PAPR is the PAPR at a probability of 10-4 of 6 GMSK carriers. In the sequel, only GMSK modulation is considered for GSM for it has the lowest PAPR. 
When PAPR reduction is considered, a hard clipping followed by a low-pass filter is applied on the NB-CIoT signal before it is combined with other GSM channels. The two-sided 3 dB bandwidth of the low-pass filter is 400 kHz and its impact on CP margin is negligible.
2.1 Frequency reuse 1/3

We first study the case where the NB-CIoT carrier has a frequency reuse of 1/3. In this case, 4 subcarriers for BPSK, 7 subcarriers for QPSK, and 4 subcarriers for 16 QAM were assumed. The transmit power of the NB-CIoT carrier is assumed to be 38.2 dBm. The PAPR distributions for n GSM + 1 NB-CIoT are shown in Figure 1 and the PAPR values at a probability of 10-4 are shown in Table 1. Assuming the maximal transmit power that a base station can support is 7.66 dB above the average power with (n+1) GSM channels, the allowed PAPR of n GSM + 1 CIoT is provided in the table. 
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Figure 1 CCDF of downlink PAPR (CIoT reuse 1/3)
Table 1 PAPR at a probability of 10-4 for n GSM + 1 CIoT (CIoT reuse 1/3)
	
	n = 1
	n = 2
	n = 3
	n = 4
	n = 5

	Allowed PAPR 
	9.42
	8.75
	8.45
	8.28
	8.17

	PAPR (dB)
	6.98
	6.92
	7.18
	7.51
	7.79


From Figure 1 and Table 1, we can see that for all cases, the PAPRs at a probability of 10-4 are smaller than the allowed PAPR. Hence no clipping is needed if the base stations can support (n+1) GSM channels with up to 7.66 dB PAPR at a probability of 10-4. 
2.2 Frequency reuse 1

In this section, we study the PAPR of frequency reuse of 1. In this case, there are a total of 45 subcarriers, 8 subcarriers for BPSK, 29 subcarriers for QPSK, and 8 subcarriers for 16 QAM. The total transmit power of the NB-CIoT carrier is 43 dBm. The PAPR distributions for n GSM + 1 NB-CIoT are shown in Figure 2 and the PAPR values at a probability of 10-4 are shown in Table2. 
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Figure 2 CCDF of downlink PAPR (CIoT reuse 1)

Table 2 PAPR at a probability of 10-4 for n GSM + 1 CIoT (CIoT reuse 1)
	
	n = 1
	n = 2
	n = 3
	n = 4
	n = 5

	Allowed PAPR
	7.66
	7.66
	7.66
	7.66
	7.66

	PAPR (dB)
	8.74
	8.40
	8.36
	8.40
	8.50


From Figure 2 and Table2, we can see that the PAPRs at 10-4 in all cases are above 7.66 dB by at least 0.7 dB. 
Next, we apply the hard clipping on the NB-CIoT signal to reduce the PAPRs of the n GSM + 1 CIoT signal. The results are shown in Table3.
Table 3 PAPRs at 10-4 for n GSM + 1 CIoT after clipping the CIoT signal (CIoT reuse 1)
	
	n = 1
	n = 2
	n = 3
	n = 4
	n = 5

	PAPR (dB)
	8.74
	8.40
	8.36
	8.40
	8.50

	Clipping threshold
	7.4
	6.7
	5.6
	3.4
	2.0

	PAPR after clipping
	7.63
	7.63
	7.66
	7.66
	7.88

	EVM (clipped symbols)
	10.0%
	11.4%
	13.8%
	19.4%
	23.6%

	EVM (overall)
	0.8%
	1.3%
	2.6%
	7.0%
	11.0%


From Table3, we have the following remarks:
· For the cases where n = 1 and 2, the hard clipping can reduce the PAPRs to 7.66 dB with EVMs small enough for 16 QAM modulation even over clipped symbols. For example, the largest EVM measured on the clipped symbols is only 11.4%, less than the 12.5% requirement in LTE.
· For the case where n = 3, the PAPR can also be reduced to 7.66 dB with satisfactory EVM, 13.8% over clipped symbols and 2.6% overall. Assuming that the EVM over all symbols is 13.8%, the SNR reduction on 16QAM-2/3 is 0.1 dB as compared to EVM of 12.5%. 
· For the cases of n = 4 and 5, a simple hard clipping may not be able to reduce the PAPR to 7.66 dB without a significant impact on EVM. However, in both of the cases, the PAPR at 10-4 is less than 1 dB above the allowed PAPR. This suggests a possible solution in practice: reduce the maximal transmit power of GSM TCH channels by 1 dB and reduce the number of subcarriers of NB-CIoT from 45 to 35. The impact on throughput due to a reduction of the transmit power of TCH channels by 1 dB is negligible [4].
The PSDs of CIoT signals before and after the clipping are provided in Figure 3. 
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Figure 3 PSD of the CIoT signal before and after clipping (CIoT reuse 1)

From Figure 3, we can see that for all n, the PSDs of the clipped CIoT signals are within the GSM PSD mask defined for PSK signals.
Note that in the cases of frequency reuse 1 it could be beneficial to not populate all the available subcarriers to allow flexibility in smart scheduling and reduced interference. The impact of reduced number of subcarriers is considered for the case n = 3, 4 and 5. In order not to disrupt downlink channel estimation, pilot symbols are always transmitted even in unoccupied subcarriers. 

We first tried a total of 40 sub-carriers, within which there are 8 subcarriers for BPSK, 24 subcarriers for QPSK, and 8 subcarriers for 16 QAM. Similar to Table 3 and Figure 3, we show the results in Table 4 and Figure 4.

Table 4 PAPRs at 10-4 for n GSM + 1 CIoT after clipping the CIoT signal (CIoT reuse 1, 40 sub-carriers)
	
	n = 3
	n = 4
	n = 5

	PAPR (dB)
	8.17
	8.26
	8.37

	Allowed PAPR (dB)
	7.78
	7.76
	7.74

	Clipping threshold
	6.4
	4.6
	1.0

	PAPR after clipping
	7.77
	7.76
	7.73

	EVM (clipped symbols)
	11.9%
	16.1%
	26.0%

	EVM (overall)
	1.5%
	4.0%
	13.7%


[image: image4.emf]-4 -3 -2 -1 0 1 2 3 4

x 10

5

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

CIoT only

Freq (Hz)

PSD (dB/Hz)

 

 

No clipping

Clipping 6.4dB

Clipping 4.6dB

Clipping 1.0dB

GSM PSD mask


Figure 4 PSD of the CIoT signal before and after clipping (CIoT reuse 1, 40 sub-carriers)

For n = 4 and 5, we further reduce the number of total sub-carriers to 35, where there are 8 sub-carriers for BPSK, 19 sub-carriers for QPSK, and 8 sub-carriers for 16 QAM. Similarly, the results are shown in Table 5 and Figure 5 respectively.

Table 5 PAPRs at 10-4 for n GSM + 1 CIoT after clipping the CIoT signal (CIoT reuse 1, 35 sub-carriers)
	
	n = 4
	n = 5

	PAPR (dB)
	8.14
	8.27

	Allowed PAPR (dB)
	7.86
	7.82

	Clipping threshold
	5.8
	2.3

	PAPR after clipping
	7.86
	7.81

	EVM (clipped symbols)
	13.2%
	22.2%

	EVM (overall)
	2.1%
	9.5%
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Figure 5 PSD of the CIoT signal before and after clipping (CIoT reuse 1, 35 sub-carriers)

From Tables 5 and 6, we can see that with hard clipping a baseline base station designed for 4 GSM channels can support 3 GSM + 1 CIoT if no more than 40 NB-CIoT subcarriers are occupied in the CIoT channel; a base station designed for 5 GSM channels can also support 4 GSM +1 CIoT channels if no more than 35 CIoT subcarriers are occupied.  

3 Summary

In this document, we have studied the downlink PAPR of n GSM+1 CIoT and presented performance of a simple hard clipping for PAPR reduction. In the case of reuse 1/3 for NB-CIoT, we have shown that clipping is not needed if the base stations designed for (n+1) GSM channels can support up to 7.66 dB PAPR. 
In the case of frequency reuse-1, we have shown that in cases n = 1, 2, and possibly n=3, the simple hard clipping can be applied to ensure PAPR below 7.66 dB with satisfactory EVM and PSD. In addition we have identified two other possible practical solutions to the PAPR problem of NB-CIoT frequency reuse 1 with n>=3. For n=4 and 5, one can reduce the maximal transmit power of GSM TCH channels by 1 dB and use only 35 NB-CIoT subcarriers without the need of PAPR reduction. The other possible solution is to reduce the number of occupied NB-CIoT subcarriers to 40 in the case of n=3 and 35 in the case of n=4 in conjunction with PAPR reduction on NB-CIoT signal only.   
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