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[bookmark: _Ref421460494][bookmark: _GoBack]At RAN1 meeting #83, RAN WG1 concluded the technical evaluation on the solution [1] (as tasked in [2]). In RAN Plenary #70 the work item description was modified [3].
One of the open items in terms of NB-IOT UL is the used modulation schemes. In this document we continue the evaluations of the NB-IoT UL access based on the guidelines given in [1]:
· Proposal for NB-IoT UL
· Single-tone transmissions are supported
· 2 numerologies should be configurable for Single-tone transmission: [3.75]kHz and 15kHz
· A cyclic prefix is inserted
· Frequency domain Sinc pulse shaping in the physical layer description
· Multi-tone transmissions are supported
· Multi-tone transmissions are based on SC-FDMA
· 15 kHz UL subcarrier spacing
· Additional mechanisms for PAPR reduction FFS
· The UE shall indicate the support of Single-tone and/or Multi-tone
· Details to be discussed by WGs


In RAN WG 1 meeting various analyses were shown evaluation the PAPR and compliance with the GSM spectrum mask [5], [6], [7], [8], to list few. In this contribution we continue the evaluations and  evaluate the CM, PAPR and signal spectrum for different allocations and modulations.
As the support of single tone and/or multitone support indication is not yet clear, we split the considerations to two parts, operation in single tone and operation in case of multitone. In context of this paper we have defined in high level these as follows; in single tone case eNB reserves (and allocates) UE with single tone frequency domain resource while in multitone case UE is allocated with resource that extends over multiple tones. For single tone case with the two numerologies, we have focused on the pi/2-BPSK and pi/4-QPSK modulations. In case of multitone case we have looked at SC-FDMA with same modulations as the single tone, but also consider 8-BPSK [11][12].  8-BPSK was evaluated in addition as it was expected to have good spectral properties, while it would imply higher receiver complexity and lower spectrum efficiency.
As in [5] the spectrum of the signal together with the GSM mask is shown in the figures. In separation to [5] we have now considered only measurement bandwidth of 30 kHz, but show basically two different mask realizations. As given in 45.005 [14], the first mask considered (Table a1 in 4.2.1.3, and A.1a in Annex A in [14], referred as Case 1 here) is only applicable to GMSK modulation while for other modulation schemes slight mask relaxation is allowed at 250kHz and 400kHz offsets (Table a1 with Note * in 4.2.1.3, and A.1b in Annex A in [14], referred as Case 2).  These are shown mainly for reference purposes and the max. requirements and way they are set is to be agreed in RAN WG4.
We do not extensively consider different methods to lower the CM/PAPR as it would seem preferable to leave it to the device implementation, allowing each vendor to use the most efficient method according to their selected TX architecture to meet the requirements set by RAN WG4. 
We have also considered different PA architectures to get overall picture of the requirements for the NB-IOT PA architecture. Three different PA models were used in the spectrum mask evaluation; linear PA and hard-limited PA and a LTE PA used in various RAN4 analyses. Hard-limited PA saturates the signal to the RMS level of the input signal (as in [5]). In case of the LTE PA model, we reused the nonlinearity model of a LTE UE PA. We assumed that there is a 2 dB loss due to the passive components after the PA, and correspondingly the PA to be dimensioned for 25dBm maximum output power. Thus, together with the insertion loss of the RF front-end, the modified model behaves identically to the original LTE PA model. None of these PA models necessarily match to the actual final NB-IOT but it could be assumed that performance could be approximated between of the given models.

UL transmit signal pulse shaping and windowing
As shown in previous RAN WG1 meeting in various contributions, the PAPR performance and spectral characteristics of SC-FDMA signal can be improved to meet the set targets [5][6][7]. In this section we have used similar approach as described in [5], with some modifications, briefly described below. The windowing and filtering are applied at 1.92 MHz sample rate.

Windowing and overlapping
Symmetric windowing with 6 sample (3.125µs) overlap is applied to the signal at 1.92 MHz sample rate. Thus the symbol length is kept unchanged (512+36  and 128+9 samples for 3.75 kHz and 15 kHz tone spacing, respectively). The window slopes are linear. 
Filtering
A 17-tap FIR filter is used as transmit filter, running at sample rate 1.92 MHz. Apart from nonlinearities, this filter provides sufficient spectral shaping to ensure that the power spectral density falls with-in the limits of GSM spectrum mask. The same filter was considered for all cases considered in next section, e.g., no specific optimisations were done for the single tone case. For 15kHz numerology and corresponding CP length, the filter could have some impact to the signal quality. Estimated EVM resulted due to the filtering was below 5%. The link level performance with fading channel was not evaluated, as was done for DL in [9][10].
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Figure 1.  Illustration of used filter taps


UL PAPR, CM and spectrum for single tone SC-FDMA with 3.75kHz and 15kHz numerology
In this section we show the evaluation results for the PAPR and spectrum mask for the two numerologies given in [1]  for the single tone transmission. In case of the 3.75kHz numerology we have just assumed the symbol and CP durations to be 4-times of the 15kHz LTE numerology. Similarly as in [5] paper, random symbols have been generated from the modulation constellation and after CP and filtering are applied, the PAPR and CM are calculated. The used CM definition is given in Annex B. In addition spectrum mask is plotted while assuming different PA structures. 
Firstly, the transmitted signal characteristics were evaluated assuming linear PA model. Table 1 summarises the CM and PAPR results using the windowing and filtering described in Section 2 for both considered modulations and numerologies.  The both evaluated metrics stay at relatively low levels implying feasibility for simple PA architectures. The inconsistency in PAPR between pi/2-BPSK and pi/4-QPSK was due to filtering and windowing at symbol boundaries.
Observation 1: CM and PAPR seem to indicate that pi/2-BPSK and pi/4-QPSK are suitable modulations for the single tone transmission. 

The resulted power spectrum masks are shown in figures 2 to 7. With 3.75kHz numerology the signal spectrum resulted by different PA structures, remains below both considered spectrums. For 15kHz numerology, there is a slight overshoot in case of 15kHz for the Case 1 GSM spectrum mask. It is good to not that this occurs with pi/2-BPSK modulation and LTE  PA model,  implying that it would seem possible to meet the spectrum with proper window design. 

Observation 2: Both modulations can meet the Case 2 spectrum mask and with 3.75kHz also the Case 1 mask can be met.

Table 1. CM and PAPR for pi/2-BPSK and pi/4-QPSK with single tone SC-FDMA
	
	3.75kHz
	15kHz 

	
	CM [dB]
	PAPR 99% [dB]
	PAPR 99.9% [dB]
	CM [dB]
	PAPR 99% [dB]
	PAPR 99.9% [dB]

	pi/2-BPSK, single tone
	0.0
	0.0
	0.2
	0.1
	0.6
	0.6

	pi/4- QPSK single tone
	0.0
	0.0
	0.1
	0.1
	0.1
	0.2
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Figure 2.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with (a) 3.75 kHz and (b) 15kHz numerology at edge allocation with linear PA
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Figure 3.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with (a) 3.75 kHz and (b) 15kHz numerology at edge allocation with hard-limiting PA
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Figure 4.  Power spectrum for pi/2-BPSK assuming single tone SC-FDMA with (a) 3.75 kHz and (b) 15kHz numerology at edge allocation with LTE PA
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Figure 5.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with (a) 3.75 kHz and (b) 15kHz numerology at edge allocation with linear PA
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Figure 6.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with (a) 3.75 kHz and (b) 15kHz numerology at edge allocation with hard limiting PA
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Figure 7.  Power spectrum for pi/4-QPSK assuming single tone SC-FDMA with (a) 3.75 khz and (b) 15kHz numerology at edge allocation with LTE PA


UL PAPR and spectrum for multitone SC-FDMA with 15kHz numerology
In this section we show the evaluation results for CM, PAPR and spectrum mask in the case of multitone transmission. In addition to the pi/2-BPSK and pi/4-QPSK evaluated also in Section 3 for single tone, also 8-BPSK have been considered.  As in Section 3, random symbols have been generated from the modulation constellation and CP, windowing and filtering applied. 
As in previous section, first the transmitted signal characteristics were evaluated assuming linear PA model. Table 2 summarises the CM and PAPR results using the windowing and filtering described in Section 2. Furthermore spectrum mask results are shown for the same PA models as in Section 3. 
As could be expected, increased number of tones gives raise for the CM (and PAPR) of pi/2-BPKS and pi/4-QPSK modulations, being mostly in order of 2dB. Typically pi/2-BPSK achieves lower CM than pi/4-QPSK apart the 2-tone case. In 2-tone case due to frequency domain realization of pi/2-BPSK caused by modulation rotation, it would be more preferable to use normal BPSK in case of 2-tone transmission (see Annex C for BPSK results with 2-tones). With 8-BPSK the CM stays near 0dB in all cases.

Observation 3: CM for pi/2-BPSK and pi/4-QPSK is in order of 2dB, while 8-BPSK results near 0dB CM.
Observing the power spectrum the number of considered tones is low (2-4 tones) all modulations can meet both considered spectrum masks, except for the theoretical hard liming PA model. With the hard limiting PA pi/2-BPSK and pi/4-QPSK exceed Case 1 GSM based masks, and the margin for 8-BPSK is also reduced, while with LTE PA model both masks can be met. In the case of the evaluated 8 and 12 tones allocation, theoretical hard limiting PA model leads again to the largest spectral regrowth, resulting both pi/2-BPSK and pi/4-QPSK modulation to have problems meeting the considered spectrum masks. Also 8-BPSK has low margin with 8-tones and a slight overshoot of Case 1 mask with 12-tones. In case of LTE PA model, pi/2-BPSK and pi/4-QPSK can meet the Case 2 mask with 8-tones, while with 12-tones only pi/2-BPSK can meet the mask.
Observation 2: With multitoned transmission when considering GSM mask, there appears to be some need for back-off or PAPR reduction depending on the PA design with pi/2-BPSK and pi/4-QPSK.


Table 2. CM and PAPR with multitone SC-FDMA
	
	2-tones
	4-tones
	8-tones
	12-tones

	
	CM [dB]
	PAPR [dB]
	CM [dB]
	PAPR [dB]
	CM [dB]
	PAPR [dB]
	CM [dB]
	PAPR [dB]

	
	
	99 %
	99.9%
	
	99 %
	99.9%
	
	99 %
	99.9%
	
	99 %
	99.9%

	pi/2-BPSK
	2,6
	3,1
	3,1
	1,8
	3,2
	3,2
	1,6
	3,7
	4,1
	1,2
	3,4
	4,2

	pi/4-QPSK
	1,6
	2,5
	2,5
	2,1
	4,2
	5,4
	2,1
	4,5
	5,7
	2,2
	4,5
	5,6

	8-BPSK
	-
	-
	-
	0,2
	0,8
	1,3
	0,2
	0,8
	1,3
	0,1
	0,9
	1,1







	[image: ]
(a)
	[image: ]
(b)


Figure 9.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK and (b) pi/4-QPSK with linear PA and 2-tone allocation
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Figure 10.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK and (b) pi/4-QPSK with hard-limiting PA and 2-tone allocation
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Figure 11.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK and (b) pi/4-QPSK with LTE PA and 2-tone allocation
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Figure 12.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with linear PA and 4-tone allocation
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Figure 13.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with hard limiting PA and 4-tone allocation
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Figure 14.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with LTE PA and 4-tone allocation
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Figure 15.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with linear PA and 8-tone allocation
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Figure 16.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with hard limiting PA and 8-tone allocation
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Figure 17.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with LTE  PA and 8-tone allocation
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Figure 18.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with linear PA and 1PRB allocation
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Figure 19.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with hard-limiting PA and 1PRB allocation
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Figure 20.  Power spectrum for multi tone SC-FDMA with (a) pi/2-BPSK, (b) pi/4-QPSK and (c) 8-BPSK with LTE PA and 1PRB allocation

On the back-off
The results in Section 4 seemed to show that (assuming the GSM spectrum masks) there could be some need for back-off especially when considering pi/2-BPSK and pi/4-QPSK with the theoretical hard limiting PA. As noted in previous sections the used CM-metric is not fully calibrated to indicate the needed power back-off (and should be used only to relative comparison), an effort was made to evaluate the needed back-off to meet the considered GSM mask. Case 2 mask was selected, as it would better align with the considered modulations. It is good to note that as these are not based on actual NB-IOT PA models, nor there is any agreed definition of the transmitter requirements (ACLR), no conclusion on the final absolute level of power back-off should be drawn from these results. 
Evaluation of the approximated back-off was carried out so that the input signal (of the PA) was reduced and the resulted spectrum was compared against the chosen GSM spectrum mask. The level at which which the power spectrum mask of the signal (with 30kHz measurement BW) met the mask is shown in Table 3. It can be seen from the table that depending of the case the approximated back-off varies significantly. With 8-BPSK no back-off is needed, while with hard limited PA up to 3.3dB would be needed with pi/4-QPSK. The back-off difference between different modulations is largest at the high number of tones, which would correspond to high data rate scenarios. Comparing the results with different PA models, it could be anticipated that it could be possible to achieve near 0dB back-off up to 8-tone allocations with all modulations, while with pi/4-QPSK some back-off is likely to be needed with full PRB allocation. As such allocations would appear to refer to scenarios when UE would not be in power limited conditions, negative implications to device battery life and system performance would seem avoidable. 

Table 3. Approximation of the needed back-off to meet GSM Case 2 spectrum mask
	Approximated MPR [dB]

	#tones
	pi/2-BPSK
	pi/4-QPSK
	8-BPSK

	
	hard lim. PA
	LTE PA
	hard lim. PA
	LTE PA
	hard lim. PA
	LTE PA

	1
	0
	0
	0
	0
	-
	-

	2
	0
	0
	0
	0
	-
	-

	4
	0
	0
	0
	0
	0
	0

	8
	1,4
	0
	2,0
	0,1
	0
	0

	12
	2,5
	0,1
	3,3
	2,7
	0
	0





Conclusions
In this contribution we have evaluated different modulation options for single tone and multitoned SC-FDMA transmission. 
In case of single tone transmission, considering supporting both evaluated modulation schemes pi/2-BPSK and pi/4-QPSK would seem feasible and therefore it is proposed that:
Proposal 1: Select pi/2-BPSK and pi/4-QPSK modulation for single tone transmission.
In order to offer higher datarates and better spectrum efficiency, it would seem preferable to support also pi/4-QPSK, while it may set more stringent requirements for the PA and result to some need of back-off in case of full allocations. While 8-BPSK has good spectral properties and would seem therefore attractive from PA design perspective, it would imply higher receiver complexity and would not offer the data rate increase. 
Proposal 2: Select pi/2-BPSK and pi/4-QPSK modulation for multitone transmission.
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Annex A Description of the 8-BPSK
In this Annex we give a short description of the 8-BPSK considered in multitoned scenarios. The general block diagram of the modulator can be seen in Figure A.1. The weighting factor , was set to =sqrt(1/2) to create the considered 8-BPSK. The resulting constellation and trellis are shown in Figure A.2.
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Figure A.1: Block diagram of 8-BPSK modulator
[image: ][image: ]
Figure A.2. Modulation constellation and trellis



Annex B Used Cubic Metric definition
The initial cubic metric definition is given in [13]. Using this as a starting point and assuming that the reference signal vref(t) has a raw cubic metric of 0dB, the power de-rating difference between the signals v1(t) and vref(t) with 0dB raw cubic metric can be simply expressed by


This is used to compare the signals properties.  It is good to note that this has not been calibrated with any practical PA models (for used NB-IOT signals) to predict the needed power back-off.




Annex C 2-tone results for BPSK
Table C.1 summarises the CM and PAPR results for 2-tone SC-FDMA and Figure C.1 shows the power spectrum assuming different PA structures.
Table C.1: CM and PAPR results for 2-tone SC-FDMA with BPSK
	
	2-tones

	
	CM [dB]
	PAPR 99% [dB]
	PAPR 99.9% [dB]

	pi/2-BPSK, single tone
	0.1
	0.4
	0.4
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Figure C.1.  Power spectrum for multi tone SC-FDMA with (a) linear, (b) hard-limiting and (c) LTE PA with BPSK and 2-tone allocation
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